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Preface to the
Second Edition

Many wonderful advances have been made in understanding what texture is
all about and in instrumentation to measure the texture and viscosity of foods
since the first edition of this book was published in 1982, Hence the need for
a second ¢

This boak is M.l]l ntended for those who want 1o know more about lexture
and viscosity of food, how these properties are measured and relate to human
assessments of textural quality. It draws together literature from many sources

Iuding journals in e Y, dentistry, engi g, food science, food
technology, physics, psychology and rheology. Scientific and Lmdc Jmlrnsls
dedicated to special food groups, books, pi dings and i
have also been utilized. Jowinal n_f?i_xnm: Studies has been a major source of
information for new developments in the field,

The treatment is descriptive and analytical with the munimum of mathe-
malics. Equations are given only when they illuminate the discussion and then
only in the simplest form. Their derivations, however, are not given, this is not
2 mathematics text book. Additions have been made to every chapter, and
although most ef them are small, their cumulative efTect is great,

Chapter | defines texture terms, discusses the importance of textural prop-
erties of foods, locates texture in the overall area of food science, gives some
interesting general facts about texture, and a brief history of earlier develop-
ments in the field. Chapter 2 describes physical interactions between the human
body and food - a necessary background for the ensuing chapters. A new
section on the hand has been added because gentle squeczing of food is gaining
increased attention, Chapter 3, a new chapter, describes the importance of
physics in lexture measurement. The rigor of the physics approach is needed
in our field, However, the limitations of physics (o resolve complex practical
problems is also noted. Chapter 4 describes the principles of objective methods
of texture measurement. including ideas that have vet to evolve into commercial
availuble instruments, and provides a foundation for the following chapter.




i Preface

A major goal of this chapter is to move the thinking about texture from a food-
by-food hasis to gencral principles that can be applied to all foods, Chapter 5
describes commercial instruments and their use. Although the use of universal
testing machines and computer retricval and analysis of foree-time data have
become widespread (a great advamee in the suthor’s opinion) theee 15 still
a place for the small, simple instruments that are also described, Chapter 6
provides a brief description of commercial viscometers. The description of the
variaus types of viscous flow has been moved to Chapter 3 (physics). There
have been a number of great advances in instrumentation, especially for
controlled shear stress viscometers, Chapter 7 deseribes sensory methods for
measuring texture and viscosity and is an essential component of this book.
Many sensory scientists have no interest in texture. It is hoped this chapler
will awaken their interest in texture as a scnsory sttribute, Chapler 8, a new
chapler, covers our present level of understanding of correlations between
physical measurements and sensory assessments of texture and viscosity.
Chapter 9 outlines a system for selecting a suitable instrument, or a suitable

lest p dure for a 1 testing hins with the mini of time and
cost, Ap‘pn.ndtx I lists the names nn,d .u!t'lrcsscs ul’supphcrs of instruments for
those wha are d in purch Appendix 11 gives data on

texture-temperature relationships I.'hnt are oo long to fit comfortably inta
(_‘I.mpler g, Appgnd_u. 111 lists test conditions for \'px:ul]c foods in universal
testing machines. [ have no vested interest in any corporation that sells texture-
measuring instruments and have endeavored 1o be unbiased in describing
commercial instruments, and to make the list as complete as possible,
Appendix [V gives examples of sensory lexture profiles on eleven different
foods,

Many people will read this book selectively. The practising food technologist
and quality eontroller will concentrate on Chapiers 3, 6 and 9. The professor
and college student might spend most time on Chapters 3 and 4. The sensory
scientist will find Chapters 7 and 8 of greatest interest. The laboratory man-
dger wanting to eslablish a texture laboratory will find Chapter 9 and
Appendix I useful Everybody should find Chapters | and 2 of great interest.

T have exp d my own opini and intery i in this volume
because I believe most readers will appreciate some puidance rather than a
simple listing of many facts of varying levels of usefillness and accuracy. Even
if subsequent reports show the guidance to be wrong at times, | hope most
readers will find useful the methods and vardsticks offered, My personal
conviction that empincal tests have been responsible for most of the successes
in practical food texture measurement 15 reflected in the extended discussion
of empirical methodology. However, it is a pleasure to report that some of
these empirical tests are now being given serious allention by the research
community and are on the way to becoming ngorous, fundamental tests.

I acknowledge wath thanks help from many sources in the preparation of this
second edition. A number of individuals and organizations provided figures or
compled Libles and their contributions are noted wherever that figure or table
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appears. | particularly thank 1 Barnard, 0. Campanella, B. . Heath, M. Peleg,
A, 8. Szezesniak and Z. M. Vickers, cach of whom enitically reviewed one or
maore chapters in the draft stage and made numerous suggestions for improve-
ment, 1 also thank K. C. Dichl, 8. A. Brown, J. Faubion, K. M, Hiiemae,
G. J. Bourne, T. Gibson and N, Marriott who clarified specific points for me,
and B, A, Andersen who typed the many additions and M. M. Walezak who
typed the subject index. My colleague, Prof. M. A. Rao has provided cncour-
agement and fruitful discussions for many years. Representatives from a num-
ber of instrument suppliers have been helpful in clarifying details about their
instruments. 1 sincercly thank each one for their contribution.

The two pictures on the cover depict the dual nature of food texture meas-
urement. Only humans can assess the textural quality of food. In this picture
the firm, plump, succulent texture of slrawberry is measured sensorially while
the fi 15 also i by compression in a machine. | that
mensure physical propertics are widely used and have led to great improve-
ments in building and maintaining a high level of textural quality in most of
our food supply. Nevertheless, instrument readings are worth little unless cal-
ibrated sguinst the human senses, [ thank Stable Micro Systems Inc. for pro-
viding these cover pictures,
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Texture, Viscosity,
and Food

Introduction

The four principal quality factors in foods are the following.

. Appearance, comprising color, shape, size, gloss, uses the optical

sense.
Flaver, comprising taste (perceived on the tongue) and odor (perceived
in the olfactory center in the nose), is the response of receptors in the
oral and nasal cavities to chemical stimuli, These are called ‘the chemical
senses’.

. Texture is primarily the response of the tuctile senses to physical
stimuli that result from contact between some part of the body and the
food, The tactile sense (touch) is the primury method for sensing
texture but kinesthetics (sense of und pasition) and some-
times sight (degree of slump, rate of flow), and sound (associated
with crisp, crunchy and crackly textures) are also used to evaluate
texture,

4, Nutrition comprises major nutrients (carbohydrates, fat, protein) and

minor nutrients (mingrals, vitamins, fiber).

1=
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Other factors, such as cost, convenience, and packaging, are also important
but are not considered quality factors of foods. Of the above listed the first
three are termed ‘sensory acceptability factors’ b they are p |
the senses directly. Nutrition is a quality factor that is not perceived by the
SCOSES.

The sensory acceptability fuctors of foods are extremely important because
people obtain great enjoyment from eating their food and, furthermore, the
enjoyment of food 15 8 sensory pleasure that is appreciated from the cradle to
the grave.




2 Texture, Viscosity, and Food

Importance of Texture

The importance of texture in the overall acceptability of foods varies widely,
depending upon the type of food. We could arbitranly break it into three
groups:

. Critical: Foods in which texture is the dominant quality charactenistic:
for example, meat, potato chips, cornflakes and celery.
Inmportans. Foods in which texture makes a significant but not a dominant
contribution to the overall quality, contnibuting, more or less equally, with
flivor and appearance; for example, moast fruits, vegetables, cheeses, bread
most ather cercal-based foods and candy fall into this category.

. Minor: Foods in which texture makes a negligible contrbution to the
overall quality; examples are most beverages and thin soups.

1=
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Achieving the desired textural quality of food has important economic
iderations. A good ple of this is found in beef. Supermarkets in the
United States sell cuts of beef that range from less than three dollars per kilo
1o more than twenty dollars per kilo, The main determinant in this wide range
of price is its texture, Beel that is tough or dry either sells for a low price or is
made into ground beef or various kinds of sausage, whereas tender beefl
commands a higher price and 15 usually sold in the form of roasts and steaks,
When one considers the many millions of kilos of beef consumed each year in
the United States it becomes abundantly clear that textural quality has major
cconomic importance.

The importance of texture m foods was indirectly pointed out by Schiffman
(1977; Schilfman ef al., 1978), who fed 29 different foods to people who had
been blindfolded and asked them to identify the foods based only on flavor,
The samples had been pureed by blending and straining in order Lo eliminate
texmural clues: Some of the data from Schilfman's work are shown in Table 1.1,
1t is remarkahle to discover how poorly many foods are dentified when their
texture and color are concealed and Qavor is the only aitribute that can be used
for identificanion. Young adults of normal weight were able w identify correctly
only 40.7% of the foods used in the smdy. [t is surprising to find, for anmp!;,
that only 4% of the respondents could identify cabbage correctly by flavor
only, 15% for park, 41% for beef, and 51% for carrots.

The importance of texture, relative to other quality factors of foods, may be
affected by culture. For example, in a study of food patterns of the United St‘atcs
and Caribbean Blacks, Jerome (1975) stated: ‘For Afro-Americans of southem
rural ongin, the element of primary importance associated with food patterns
is fexfure; flavor assumes secondary importance.”

Another indication of the importance of texture in food is the large size of
the dental industry in developed countries. This is due primarily to the fact
that people do not wanl to be deprived of the gratifying sensations that arise
from eating their food. From the nutn I standpoint it i possible to have a
completely adequate diet in the form of fluid foods that reguire no mastication,
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Mormal weight Obese Mormal weight

Foad (young) {yeung) (aged)
Apple ] a7 55
Strawberry 7E 62 33
Fish 78 81 5%
Lemaon 52 15 24
Carror 51 44 7
Banana 4 Ll L]
Beel 41 50 27
Rice 2 12 15
Fotata 19 &9 38
Caven pepper 19 25 1
Fark 15 & 7
Cugumbrer B o o
Lamb 4 6 2
Catbage 4 o o
Mean for 28 foods 40.7 500 304

“Tram Schdlman {1977), Schifiman etal (1978).

bul few people are content to live on such a dict. As their tooth function dete-
rinrates with age, they undergo the inconvenience and cost of dental care that
restores tooth function and enables them to continue to enjoy the textaral sen-
sations thal anse from masticating their food.

The deeply ingrained need to chew on things is also found amang infants.
Growing infants are provided with teething rings and similar objects in order
to give them something to sutisfy their need for biting and chewing. IF the
baby is not given something on which it can chew, it will usually satisfy its
need to chew on items such as the post of its crib, father’s best slipper, or the
expensive toy given by a doting grandmaother,

Szezesnink and Kahn (1971) conducted in-depth interviews with home-
makers and found that texture awareness in the United States is often apparent
at  subconscious level and that it is taken more or less for granted; however,
when the textural aspects did not come up to expeciations, there was a sharp
incrense in the awareness of the texture and eniticism of the textural deficien-
cies, The suthors state that

14 e texture of o food is the way people have leamned to expect it to be. and if it is psychologi-
cally and plysiologically sceeptable, then it will scarcely be noticed. 1f, bowever, the texture
1 mot s it is expected w be it beeomes a focal paint lor enticism and sejection of the food
Care must be taken not 1o underestimaie the importance of texture just because o is taken for
granted when ail i as it should be.

In a widely cited stdy, Schutz and Wahl (1981} obtained 420 valid returns
from a mail ballot to a random group of people living in Sacramento,
California, asking them to distribute 10 points on 4 constant sum scale among
the characteristics of appearance, flavor and texture according to the attributes’
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impertance to the respondent for 94 foods when eaten. The overall means
were 257 for appearance, 4.92 for flavor and 2.51 for texture which implies
that texture 18 less important than flavor in food acceplability, However, if we
assume that the flavor score is equally divided between taste and odor, the
overall means become 2.57 for appearance. 2,46 for ador, 2.46 for taste and
251 for texture and then texture carnes about the same weight as the othes
acceptability factors for foods.

Some other interesting points ubout texture importance {ound m this repor
by Schutz and Wahl (1981) are as follows. (1) Males and those with a highes
education gave significantly higher scores for texture compared with the
group as a whaole. (2) The 10 foods with the highest texture score were rmw
bean sprouts, rmw celery, white bread. shredded wheat cereal, iceberg lettuce,
ontmeil, angel food cake, rw apples, puffed com cereal and raw carrots. 1t i
surprising to find that this group did not include beef steak as having
high texture score, (3) The 10 items with the lowest texture score were all lig-
uidst coffee, cola sofl drinks, red table wine, beer, soy sauce, grape juice
lemon juice, barbecue savce, apricot nector and tomato juice, Texture scones
ranged from 1.33 for coflec to 2,17 for tomato juice with a mean score of
1.745. As pointed out earlier, texture 15 of minor importance for most bever:
ages and hence, it is surprising to find in this report that even coflee scored

1.33 points for texture out of a total of ten points for all acceptability fuctors,

The Vocabulary of Texture

Szezesniak and Kleyn (1963) gave a word association test to 100 people to
determine their degree of fexture consciousness and the terms they used (o
deseribe texture, Seventy-cight deseriptive words were used by the partici-
pants, These authors concluded that texture is a discernible chamcteristic, but
that it is more evident in some foods than others. Foods that clicited the high-
est number of texture responses cither were bland in Navor or possessed the
chirieleristics of crunchingss or crispness.
Yoshikawa ef ol. (1970a,b,c) conducted tesis in Japan that were similar
ta those conducted by Szezesniak's group in the United States, They asked
140 female college students (o describe the texture of 97 foods and collected
406 different words that describe textural charactenistics of foods. In a similur
study Rohm (19590) asked 208 college students in Austria to describe 50 foods
and obtained 105 texture words, Rohm of al. (1994) compared texture words
{in German) g | by stud in Dresden, H and Vienna, These
studies showed the importance of textural propertics as a factor in food qual-
ity and the preat variety of textures found in food. The 10 most frequently used
words in these three studies are listed in Table 1.2, It is interesting to notice
that six of these 10 words are common to all three hsts, It is also noteworthy
that the Japanese used 906 deseriptive words as compared 1o 78 words in the
United States and 105 words in Austnia.
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United States*

Crp Hard Crisp
Dry Soft Hard
Juiy Juey Salc
ol Chewy Crunchy
Creamy Greasy Juiey
Crunchy Viscous Snicky
Chewy Shppery Creamy
Smaoth Crearmy Faty
Senngy Crasp Watery
Hard Crunchy Tough
T8 words A6 words. 105 words
“In descending arder of frequency.

*Seczesmiak and Kleyn (1963)

“Yashikaws et ol (19702).

“Hahm (1980)

Perhaps the richer textural vocabulary of the Japanese is due partly to the

greater variety of p ted in Jag cuising, making them more
sensitive to subtle nuances in textures, and partly to the picturesque Japanese
language which uses many poeie words. For ple, Yoshikawa er al.

(1970a) assign 1o each of the following expressions the meaning of some form
of crispness: kori-kori, pari-puri, saku-saku, pari-pori, gusha-gusha, kucha-
karcha, and shaki-shaki.

Iri a second study (Szezesniak, 1971), a word association lest was given 1o
150 respondents and the results were similar to the first study. This test again
showed that texture is & discernible characteristic of foods and the awareness
of it generally equivalent to that of flavor. This study also found that women
and people in the higher economic brackels showed a higher level of aware-
ness of the texwral propertics of foods than did the general population.

The language used to describe the textural properties of foods is very
impartant, mpu.m]ly 1n sr:n-nn‘ testing and consumer verbalizations of quality,
An int | is needed to ensure that research
reports from different countries are veferring to exactly the same properties.
Table 1.2 shows that there can be many similarities between countries but there
is niot complete unanimity.

Drake (1989) compiled a list of 54 words for textural properties of foods
and with the help of over 50 collaborators found their equivalent n
22 ather languages ranging from Bahasa to Welsh. One conclusion from this
comprehensive compilation is that since every meaning could be found in
every language lhe knowledge and interest in texture is universal and knuws

1b An appendix to Drake's list pm\-'ldcd 200 additienal
Engiish words that have a textural/rheologi
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Lists of texture words in Spamish have been published by Badui (1988)
Anzaldin-Morales ( 1989), and Pedrero and Panghorn (1989).

Anzaldia-Morales (1990) pomted out that some words that nught appea
ta translate into another Janguage easily are not always equivalent. For exam
ple, the English word ‘viscous' might seem (o translate into Mexican Spamst
“viseosa' but that is incarrect. The correct Spanish word is ‘esposo’ meaning
thick. *Viscoso" means slimy like raw egg white or okra.

Lawless ef al. (1997) compared many sensory texture terms in Finnish an
English and reported that the number of terms can be reduced by use o
principal component analyses. They also noted that English often grves mon
than onc meaning to a word whereas they are clearly distinguished with n

biguity about their g in Finnish. For example, the word ‘thick” i
English might refer to dimension (‘a thick potalo chip’) or resistance |
flow (maple syrup is thick) whereas in Finnish the word for thick (dimension
is ‘paksu’ and for thick (viscous) is ‘jahmea’, They conclude that the dimen
sions of fexture are consistent across cultures but there are differences it
nuance, They also state “the similarities in texture words and their conceptua
groupings are more similar than they are different in these two language:
(English and Finnish) having very different linguistic roots’.

Oram (1998) studied the food bulary of Australian schoolchildren ages
611 years, and adults, using 126 words that might relate (o food, 10 non-foo
words (e.g. jump) and 10 non-werds (e, frunp), He found that by age 6
(grade 1 in school) children already have a limited vocabulary that refers to ;
wide range of food atiributes and this vocabulary then grows as they become
older. More than 60% of grade 1 schoolchildren identified as food wards, 2¢
out of the 126 food words presented, and this number increased to 29 for grade
3 schoolchildren, 58 for grade 5 schoolchildren and 68 for adults. More than
75% of respondents in each of the four groups (grade 1, grade 3, grade 5 and
adults) considered the following as food words: chewy, ereamy, crunchy,
fresh, juicy, munchy, watery. The following words were identified as food
words by more than 75% of the respondents in three of the four groups: erisp,
crumbly, crusty, hot, mashed, saucy, spicy.

Texture and Time of Day

Szezesniak and Kahn (1971) reported that time of day exerted a strong influence
on textural awareness and flavor. At breakfast, most people prefir o restricted
range of familiar textures that lubricate the mouth, remove the dryness of
sleep, and can be swallowed without difficulty. New or unfamiliar textures,
and textures that are difficult to chew, are not wanted at break fast.
People are willing 10 accept a wider rnge of textures at the midday meal
Just so long as it is quick and easy to prepare and not messy to cal .n\fu:r all,
this 15 a practical meal with a limited time for preparation and consumption.
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Texture is most appreciated and enjoyed at the evening meal. This is the
time for relaxation, which comes afler the day's work and, for most people, is
the largest meal of the day when several courses are served and a wide range
of texturcs is expected and relished. The appetizer (nondemanding textures
and flavors that stimulate the flow of saliva) 15 perceived as a preparation
for the main meal which follows, and this in turn features a great variety of’
textures, including some items that require considerable energy to chew. No
texture seems to be completely inapprapriate for the main course 5o long as there
are several contrasting textures. The same wide range of textures is relished in
those cultures in which the main meal of the day 15 in the early afternoon.

The dessert features textures that require low energy for mastication and
restore the mouth to a relaxed and pleasant feeling. This is the time for “fun’
foods that are casy to manipulate and leave a nice feeling in the mouth. Soft.
smogth, creamy, or spongy textures are desired, Hard, chewy textures are not
wanted at the conclusion of the meal {Szczesniak and Kahn, 1971).

In yet another report, Szezesniak (1972) swdied the atutudes of children
and teenagers o food texture and found it to be an important aspect of their
liking or disliking of specific foods. The young child prefers simple soft
textures that can be managed within the limited development of the structures
of the mouth. The child extends its range of relished textures as its tecth, jaws,
and pawers of coordination develop. This study also showed that teenagers
have a high degree of texture awareness that sometimes surpasses that of
adults, supgesting that perhaps the next generation of adult consumers may be
maore sophisticated and demanding in terms of textural gualities of the foods
that they purchase. The teenagers of 1972 are now mature adull consumers,
Perhaps the increasing use of texture degeriptors in food advertisements is the
response of the food industry to the texture demands of this age group.

Defective Textures

In a survey of consumer attitudes toward product quality conducted by the
A, C. Nie'sen Co. in 1973, complaints about product quality svere recorded
(Anonymous, 1973}, The results are shown in Table 1.3, Complaints about
a broken or crumbled product {a texture defiect) headed the list at $1% of
respondents. The second item ( product fresh ) 15 Mrequently 1 by
textural properties such as firmness, These data indicate that there is room for
considerable improvement in textural properties of foods that are presently
murketed.

This observation was supported by Cardello (1996b) who stated, ‘while
flavor is commonly found to be the most important sensory factor responsible
far the liking of many foods, texture is often cited by consumers as the reason
for not liking certain foods. This is especially true for foeds the texture of
which may be observed as ereating a lack of controel in the mouth, .. foods
with sticky, sopgy or shmy textures’,
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Type of complaint. Total respondents (%]
Broken or crumbled product 51
Praduct freshness Lo
Cantaminated praduet %
Incorrect carbonation 2,
Bulged can 16
Orher 9
*From Anonymous {1973)

Lillford (1991) also comments on the role that the expectation of textural
quality plays in food acceptance in the following words:

ery Ume

Preference (accepiability) and texture perceplion ane judgments made by cach ofus
we e, withuut much consciens theught. . First, eating is not an activity w which o great deal
of analytical thoupht or concentration is normally spplied. People behuve ag if their achions are
“seripied”, e, they are acting out a process duning which a sequence of events is to be expesteil
Ouily if the onexpeeied oécurs is any judgment logged. Scoend, because of the scnpted prose
dures, seceptability of food & lent on (he deseription ar tation of the properties of
the foud beinp caten, For example, a stmple sujgar glaks can be fubncsted mio a builed sweel
{hard) or an seraled strischure (erunciiy). The one s not normally an acecptable form of Uhe other,
Fortunately for the confectionery industry, both are acceptable food concepts if property
eseribed

Bruhn e o, (1991) studied the perceptions of quality of six fresh fruits by
consumers in California and reported the following levels of dissatisfaction
because of texture defects (too hard, oo soft or mealy): apncat, 37%%; cantaloupe,
20%5; peach. 40%; pear, 35%6; strawberry, 20%5; and tomato, 50%.

The texture of many foods is not static but changes during storage, and these
changes usually lower the textural quality. This is a major reason why con-
sumers like to have *fresh’ foods. Examples of some of the textural changes that
occur during storage are given in Table 1.4. Preventing, or retarding the deten-
ortion of texture during storage is 4 major preoccupation of food scienlists,

Textural Diversity

There is an enormous range in textural charactenistics of foods: the chewiness
of bread crust and of meat, the softness of marshmallows, the crispness of cel-
ery and potaio chips, the juiciness of fresh fruits, the smoothness and melting
sensations of ice cream, the soft toughness of bread, the Nakiness of fish, the
erumbliness of cake, the melting of jelly, the viscosity of thick soup, the fuidhty
of milk. the thick smoothness of yogurt, the creaminess of pie topping and
many others. This great mnge of types of theological and textural p ,- i
found in foods arises from the human demand for variety in the nature of
their food.
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Food Teature change Cause
Bread, crumb Firmness increases, 5 il Starch T i fer from sarch to
gluren
Beead, erust Crisonest decreaves, toLghness increases Moisture migrates from erumb ta crust
Butter and marganne  Firmness and graminess inerease, Growth of fat eryvtals, change in erystal form,
speeadabiliny decreases strengthering af network bands
Cake Famness incirases, molst mouthful decreases . Starch retrogradation, massture migraoon
Cherse, npe Firmness and fracturabalicy increase, Proteafytic chanpes
springiness decreates
Chocolate Graniness develops, surface ‘bloom’ Change of crystal farm, sugar or fat crystaliize on surface
Crackers Lass of crispaess Maisture absorption fram air
Egps, fresh Viscosity decreases Lass of CO; thraugh shell changes protein
Fruit, fresh Saltening, wiling, loss of crispness, loss of Pectin degradation, respiration, brusing, loss ol mosture
juiciness and turgor, weakening of middle lamella
Fruiss, dried Hardening Loss of meisture
Fish, frozen Taughening, dryneas increases, rubk Froten ion especially mynfibnllar progeins,
develops HCHO generated by tnmethylamineosidase
lee eream Coarsencss mereases, Tee crystals enlarge
buttermess clumping of fat glabules
sandiness crystallization of lactose
crumbliness, poor protein hydration
Legume seecs Lese abilny to soften duting coking i £ phytare, hignificati lsking af
N ds, loss of | funcrionahty
Mayataie Emulsion breaks Far crystalfization
Mear, fresh Toughness increases at first, Higar martis
tnughness decreases later autolysis
Meat, froren Freeser burn, dng Surface desiceation, reduced water-holding capaciry
Meat, v dried Tough nEreases, juice dec Maillard rraction
Milk, powdered Stckiness Mosrure absorprion, lactose changes from glassy to
erystalline state
Mustard, pregared Syneress Callnidal aggregavon
Mekles Softening " entymes icrobial
P Crust lases erspoess, filling becomes dry Maisture migrates fram filling to crust
Shelifish Softening and muskiness Protealyss
Sugar confectionery Crystallingy, suckiness Sugars change from amorphous ta crystalline siate
Tortillas Increased fiemness and brictleness, Moisture loss 1o 3w, retrogradatian of starch
decreased roflabiliy
Vegrrables, fresh Toughening {a} ignificanon, ¢.g. asparagus, green beans
() sugar to starch conversion, e.g. green peas, sweet com
Softening Rectin degradation, e g, tomatocs
Pining Chilling injury, e.g. bell peppers, green beans
Loss of enspricss Maksture loss 2nd turgor loss, e.g. lettuce, celery
Heona, turon Firm to soggy Phase change in sugars, possible breakd own of emubuan

Much of this table & derved fram Szezesniak (1997

Table 1.5 lists some of the foods that are produced from wheat. It shows the
wide range of textures that can be developed from a single raw material by the
use of suitable processing technologies. In every case, the processed product
has 1 more tender texture than the wheat grain and it costs much more than the
grans from which it was made
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Wheat grain
Aabic bread
Bagels
Bread
Crumdy
Cruss
Taast, fresh
Melba toast
Breakfast coreal, cold
Breakfast cereal, hot
Bulgur {pecled wheat)
Unceaked
Cooked
Cake (chemically leavened)
Cookes

Muffins

Crackers

Danuts

Flaur

Pasta
Uncookid
Cooked

Ve crust

Fuffed pastry
Pufied wheat
Shredded wheat

Form Texture

" - Eliprical sabid Very hard, vitreous

Shevts, somenmes layered Shghely tough, chewy
40 Ring Tough, chewy
38 Sehid foam Defarmable, chewy, aerated
B Sheet Chewy, tough
5 Sobid foam Cnsp outside, chewy inside
4 Saolid foam Dy, hard, crunchy
3 Flakes. Cnisp, Fracturable, tender
EO Paste. Viscous, gummy, aicky
14 Elliprical sakd Hard, semiglastic
60 Elliptical salid Tendur, moist, chewy
40 Solid foam Diefarmable, tender, moust
4 Diskes Same fypes are hard, crunchy and erumbly,
whereas ochers are sofi and chewy,
dependding on the farmulation
3 Friakle mass Crumbly, tender, mant
4 Flaky disk Crisp, cender, dry, fracturable

24 Rang Tender, defarmabile, adnesive

15 Powder Mot consumed in tha farm
15 Wary shapes Hard, brittle, dry
&0 hany shapes Soft, tender, mass, rubbery, shightly chewy,
dippery surface
1% Sheets, Tender, dry
15 Layered Flaky, highly aerated, chewy
4 Efiptical solid Acrated, ensp, dry
€ Coarse fibers Crisp. dry, fibrous

Some anthropelogists claim that a large part of success of Home sapien
as n species is due to their ability to learn how 1o process cereal and legums
grains into forms that would not otherwise be consumable or nutritious (Lillford
1991).

The diversity of relished textures derives from the complexity of the humas
masticatoy apparatus which will be described in the next chapter, Briefly
there are three different types of teeth, each of which performs a differen
function, The mandible (jaw) can be moved in three planes depending on the

nature of the food. The tongue plays an active role in mastication, and for
sofi-foods such as ice cream and yogurt it is the main agent for developing
a swallowable balus, and the tecth do litle work. Saliva plays a major role
in preparing many foods for swallowing. People want to use the full potential
of the many modes by which can be plished, and this
requires a diversity of textures. There is no one *right” texture; many difTerent
types of textures are relished and demanded by consumers as described shove
However, a ‘right” texture is expected for many foods. For example, celery
must be erisp and moist. whereas fresh peaches must have a soft, melting,
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Jjuicy texture to be considered a high quality product. Although cheeses exhibit
many different textures, cach type of cheese has its own ‘right’ texture, A good
texture in a cheddar cheese would be considered unacceptable for a brie cheese
and vice versi.

An historical example of this human need for variety in food s found in the
Old Testament. When the children of Israe] made their historic 40-year march
from Egypt to Palestine across the great desert, God provided their food in the
form of manna, which fell nightly in sufficient quantity to feed daily this
migrating nation, Manna was a delicious food to eat; it was known as ‘Bread
from Heaven,’ and 15 described as being ‘crisp-and swect as honey.” We know
it provided all the ial b the people were free from iliness
dunng this long penod of time. Despite the high quality and excellent sensory
charactenstics of manna, people became tired of eating it every day and
demanded a change. The record says

and the ehildren of [srael 2lso wept again, and satd, Whe shall give us Mesh o eat! We remeni-
ber the fish, which we did eat in Egypt fresly; the cucombers, and the melons, and the lecks, and
the unions, and the gaslick, But nuw oor soul is dned away. There bs nothing at ull, beside this
mannn, before our eyes {Mumbers 11:4-6).

On another ion the children of Isracl complained about manna, saying
*Our soul loatheth this worthless bread” (Numbers 21:5).

The people of the 215t century are just as insistent in demanding a variety of
textures and flavors in their food as were the children of Istacl many centurics
ago. A large part of the effort of the food industry of our day 15 directed toward
providing both high quality and a wide variety of texturcs and viscositics in
the foods that are provided to the public.

Status of Food Texture Measurements

OF the three main acceptability factors of foods (appearance, flavor, texture).
texture was the last to attruct considerable research ion: Indecd, for many
years texture wus considered the overlooked guality attnibute of foods, This
was teflected i the low proportion o, foods whose texture was routinely
measured and the level of satisfuction with those tests that were used. For exam-
ple, Muller (1969b) reported a survey of food quality measurements made by
the food processing industry in the United Kingdom. A total of 125 companies
reported on 228 food products with the following results:

« 554% of products used some kind of texture test, but 7% of these were
considered to be unsatisfactory,;
= 45% used no texture test, but 47% of that number stated they would use a
texture test ifa good one could be found and 9% had tried using a texture
_test and abandoned i, presumably because it had been unsatisfactory,

Szezesniak (1990) cutlined what she believed were the major reasons for
overlooking texture as a quality attribute for so many years (see Table 1.6).
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1 v maney, b 11 2 national calamity, was spent on biomedical revearch aimed at elucidzurg bt
anatomy and physiolegy of the epe and th ism of calor perception. In centrast, the inability to chew and handle vanaus
tesures in the mauth is et considered a haalth prablem, and no National Institsee of Health (NIH) support %or research an (e
s been wvailable. This, however, may change in the furure a5 the incidense of dysphagia (the inability to swalloww certain foods] 4
mereasiay, amang older peaple and among cancer patients undergaing thinat radiation therapy. Another testure-related problem =
chaking by chuldren on pieces of frankfurters - was brought 1o the antention of NI several years ago as a documented and SR
consemer cancem,

2. Texture is ususlly taken far granted and consumers do nar, a5 a rule, comment an st unless expectations are seriausly violared
pgered. These ions may be with ined ble objects (such as shme or straw), or with unple2sint

Bt
3. G bidlary ta d tesTuire and its p has been generally limited; the phrase ‘it docs not taste a5
"‘"::::l"""‘ 11 the past as meaning that the food has poor Ravor, whereas the consumer might have been refermng ta poar texuts
or A
4. An off-texture does not signal that the foad s unsale 1o ear, in conrass ta odor, color, and flavar. In extreme cases where

putrefacton of protein-based faods feads to the liguification af the originally sald testure, 1 15 the unplessart odar that is the first
indication of the faod being porentially dangerous to health. An off testure usually signifies just poor Tood quality. Wilted lewuce,
SIS potato ehips, o hard, dry whine bread indicares spoiled foad, nor in the semie that |t is hazardous ta one's healeh, but in the
Sese thar it has sulered a senous loss in acceptability, Low meat quality i reflected in the meat being toughy; foughness lawers -
market price of meat thais having an impartant ezanaemic impact.

5 Texture cannot be added 'from a boule, in contrast o aroma, colar and taste, which can be farmulated and introduced

Mmio compounded of pracessed foods. It must be created through in sits reactions, the mechaniums oF which are still incompletely
understood in mast insrances. Even the simpless case, that of wiscosity increase thraugh the use of sarch ar gums, involves 2

reaction mechankm Viscosity of the medium s increased thraugh immobib weaterby feculet v sonte potent

U banding. The mos distinets e created by natare (fruits, vegetables, mear, etc ).

Fram Szcaesniak (1990), Reprinted from Food Tachnology 44(u), page B8 Copynight by lnstitute of Foad Technolagists.

However, with the betier understanding of what fexture 1s, the availability o
convenient universal testing machines to measure texture, the mereasing us
af both instrumental and sensory texture profile analysis, and the public
increasing awareness of texture that has occurred over the last three decade
has created a much improved awareness of texture and its importance, Mucl
progress hias been made since Muller’s 1969 survey,

Nevertheless, considerable work still lies ahead if appealing textures are t
be provided to the market place at all times. Although adequate procedure
exist to messure the texture of many foods, there are still some texture notes
for which satisfactory inst 1 & not yet lable, There i
still much to be learned about texture of foods, how 1o mepsure all texture
notes, and how to manipulate formulation and processing variobles 1o ensure
that hagh textural quality is achieved.

Definitions of Texture

This has been a difficult term to define since it means different things 1o
different people. The dictionary definition of texture is of little help because it
relates mainly to textiles and the act'or art of weaving and. in general, 1o “the
disposition or manner of union of particles or smaller constitucnt parts of
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a body or substance, the fine structure” The dictionary defimition that comes
closest to the needs of the fvod technologist states that texture is ‘the manner
of structure, interrelation of parts, structural quality.’ Websters dictionary
gives examples of texture for textiles and fibers, weaving, artistic compositions.
music, poetry, petrography (the study of rocks), texture of 4 bane er plant, but
does not even mention foeds. In view of this lack of coverage in the dictio-
nary, food technologists have endeavored to produce their own definition of
what 15 meant by texture, These definitions fall into two groups.

Group 1 comprises what might be called * i jented” d
in which the term texture 1s applied v a particalar quality attnbute of o given
type of food. For example, in ice cream grading, texture means the smooth-
ness of the ice cream but does not include other factors such as hardness and
melting propertics. In bread grading, texture means uniformity of the cramb
and even distribution in size of the gas bubbles but does not include the sofiness
or toughness of the bread.

For example, Coles (1998) states, *Bread visual texture refers to the pattern
of luminunce observed in light reflected from the crumb of the leavened
bread. In o conventional loal’ made of white flour, this patterning is almaost
entirely due o the variation i brigh caused by contrast b bubbles
and their walls”, Coles also states that bread technologists take into account
a number of textural features including the number and location of unusually
lurge bubbles, streaking, blind crumb, nonrandom variation of texture within
ashice, and longitudinal variation of texture within a loaf.

Ball ef of {1957) gives two definitions for texture of meat. The first, which
they call a sught definition, is *texture of meat 15 the macroscopic appearance
of meat tissues from the standpoint of I or fi of grain,’ The
second, which they call a feel definition, is ‘the texture of cooked meat is
the feel of smoathness or fineness of muscle tussue in the mouth,” It is note-
worthy that neither of these definilions includes the properties of loughness,
moistness or juiciness which most people consider of great importance in the
quality of meat.

Davis (1937) defines texture of cheese as

that which is evident to the eye, excluding color. .. Texture vanes un meaning i different locul-
Wigs, bt is frequently tiken to mchude bath closencss (absence of cracks) and shortness or
brittleness (eusy breaking of a plug).
Davis also defines *body’ as that quality which is perceptible 1o touch.

Group 2 considers that texture applies 1o all foods and endeavors to develop
definitions that reflect a universal coverage of all foods. Some of these defi-
nitions are as follows:

Texture meuns those percep ute the eval af u food's physical characteris-
tigs b the shin er musche serses uf IJn buccal cavity, plng the af or
pivin { Matz, 19623, v

Texture can be defined a3 the sensory manifestation of the structure of the food and the man-

ner in which this stracture reacts to upplied forces, the speeilic senses volved being vision,
Kancsthetics ind heanng (Szezesnisk, 1990)
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Texture is (he composie of those properties (atinbutes) which snse from the stracioe]
chements of fuod and the manner in whech it registers with the physiological senscs (Shetme,
1470)

In s fullest sense the textural expenence during chewing is a dynamic integration of o,
frel, the prior tactile responses while handling the foodstutl, and 3 psychic anticipatory s
mniznge from the vishle perception of the food’s overall geometry and surface fenture
Tenture should be reganded as o buman construct A Toodstufl cunnol have fexiure, anly pario
lar mechanicd {and olber) properies which are ivelved in producing sensory feelings o
texture nates for the usman betg during the act of chewing the foodstuff (Corey, 1970)

{Texture 18] the attribule of & substance resultmg from 3 combination of physicsl propestia
and perceived by the senses of touch W hesis and hiecl), suzht, and heaning
Physical properties may include saze, shape, mimber, maturs and conformation of constiucs
stractural elements (Jowatt, 1974).

Texture is that one of the three primany sesory propertics of Toods that relates entirely o e
sense of touch or feel and i, therefore, paternially capable of precise measurement abjectvel
by mechanical means in fundamental units of mass or force (Kramer, 1973).

Texmre 15 the wary 1n which the variows constituents and siructural elements of a food A
amanged and combingd in 3 micro- v macrostructure and the external manifestations of the
structure in lerms of Bow und deformation (deMan, 1975)

[Texture comprises) those prop al a foadstafl, app led by the eyes and by the sk
und mitscle senses m e mouth, including wough L ele | Yy IS
1964)

Texture (main): All the mechameal (geemetnical and surfuce) artributes of 3 food produc pe
ceptible by means of mechanical, tenle and, where appropriate, visual and auditory receplor
o for Standard, . Standand 5492, 19492),
Tewture 15 the human plyswolagical-paychol | of a number of rhealozical an
wither propertics of foods and their interactions {MeCanhy, |947).

Tetuse is the atinbute resulting from 3 combination of plysical propertics pereeived by th
senses ol kwmesthesis, Touch (including mouth, feel, sight and hesring), The properties my
wnclude size, shape, number, nature, and conformanon of constituent structural clements
(Brinsh Stansdards Organization No, S085)

Although we do not have an entirely satisfactory definition of texture wy
can say with a high degree of certainty that texture of fonds has the following
charactenstics.

L It is a group of physi

the food.

2 It belongs under the mechanical or rheolagical subheading of physical
propertics. Optical properties, electrical and magnetic properties, und
femperature and thermal properties are physical properties that ure
excloded from the texture defimtion.

. It consists 0f'a gruup of properties, not a single property.

Texture is sensed primanily by the feeling of touch, usually in the mouth,

but other parts of the body may be invalved (frequently the hands)

- It is not related to the chemical senses of taste or odor.

Objective measurcment is by means of functions of mass, distance, and

time only; for example, force has the dimensions MLT 2, wark has the

dimensions ML*T ==, and flow has the dimensions L3771

| propertics that derive from the structure o

= w

&

Since texture consists of a number of different phyvsical sensations. it is prefer-
able to talk about *textural properties,” which infers a group of related propertice,
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nrither than “texture,” which infers a single parameter. There are still many peo-
ple handling foods who talk about the texture of a foed as though it were o sin-
gle property like pH. It is important to realize that texture is a multifaceted
group of propertics of foods. Table 1.7 lists some relations between textural
parameters of foods and popular terms that are used to describe these propertics,

These concepts lead to the following definition. The fextural properties of
a food are that group of physical characteristics that arise from the siructural
elements of the faod, are sensed primarily by the fecling of touch, are related
to the deformation, disintegration, and flow of the food under a force; and are
measured objeciively by functions of mass, time, und distance.

Muller (1969a} claims that the term *texture’ should be discarded because
it is confusing. In present usage it means both an exact physical property and
alsu u perceived property. He proposes two terms to take the place of the word
texture: (1) rheofogy, o branch of physics that describes the physical properties
of the food; and (2) hapraesthesis (from the Greek words meaning scnsation
and touch), a branch of psychology that deais with the perception of the
mechanical behavior of matenals.

Muller compares these two terms with the study of light, which has two dis-
tinct branches: (1) aptics, the study of the physical properties of light, including
reflection, refraction, wave theory, ele; (2) vision, the study of the psychological

and physiological human resp to light, such as the perception of objects,

Machasseal ch A,

Prmery parameters Secondary parameters  Popular terms.

Hardness Saf = firm = hard

Cobesiveness Hortleness Crumbly — erinchy — bratle
Chewiness Tender — chwy — tough
Gurnminess Shart =y mealy —» pasty = gummy.

Vissosiny Thin — viscous.

Elaszicity Plasne — elastic

Adhesveness Sticky —tacky — gooey

Geometncal charactecistics.

Class Caamples

Particle size and shape Curktty, grainy, conrse, et

Particle shape and Fibraus, cellular, aystalline, etc.

orientation

Other charactoristics

Prmary parameters Secondary parameters  Popular cerms

Mlaiture content Dy maist ~» wet -+ watery

Fat contert Oiliness Chily
Creasiress T Cireaty

Hrom S dak ( ¥ d with permission of Institute of Food Technalogits.
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h Wi Compansan of
Physical measurement and
human perception of light and
e, {After Muller, 1969a,}

UGHT TEXTURL
gy ¥ Y
OHTICS VISION RHECQLOGY HAPTAESTHESIS
{physical) (parcened) {physical {percered)
reflection e Young's modulus mauthfcel
refracuian calor shear modulus hardness
wave theory  shape Puissan's ratio chewaness
hyghs and dark nEeatiTy TSy
adaptatian lost comphance adhesiveness

perception of color, light and dark adaptations, etc. Figure 1.1 shows schemat
ically the analogy,

Texture-related Concepts and Their
Definitions

Some other words that are used in a texture-related sense ure:

Kinesthetics, “Those factors of quality that the consumer evalustes with b
sense of feel, especially mouthfeel” (Kramer and Twigg, 1959). This won
comes from the Greek words "kinein® (the muscle sense to move) and ‘aesthe
sis' (perception).

Body. *The quality of a food or beverage, relating variously to its consis
tency, compactness of texture, fullness, or richness’ (Anonymous, 1964)
‘That textural propenty producing the hfeel ion of substance’
(Jowitr, 1974). ‘The quality of a food or beverage relating either to its consis.
tency, compaciness of texwre, fullness, flavor, or to a combination thercof”
(Amenican Society for Testing and Materials, Standard E253-78a).

Chewy. *Tending to remain in the mouth without mpidly breaking up or dis-
solving. Requiring " (Anony 1964). *Py ing the textural
property manifested by a low resist to breakdown on mastication” {Jowii,
1974),

Haptic. ‘Pertaining to th= skin or to the sense of touch in its broadest sense’
(Anonymous. 1964).

Menly. *A quality of mouthfeel denoling o starchlike sensation. Friable'
(A 1964). ‘P ing the textural property manifested by the pres-

ence of components of different degrees of firmness or toughness® (Jowit,
1974).

Mouthfeel. *The mingled experience deriving from the sensations of the
skin in the mouth during and/or after ingestion of a food or beverage. It relates
to density, viscosity, surface tension, and other physical properties of the
material being sampled’ (Anonymous, 1964). *Those textural charactenstics
of a food responsible for producing characteristic tactile sensation on the sur-
fiaces of the oral cavity; the sensation thus produced” (Jowitt, 1974).




Texture Versus Viscosity 17

Getaway, *That texwural property perceived as shoriness of duration of
mouthfeel’ (Jowin, 1974).

The following definitions were all developed by the Internatioral Organiza-
tion for Standardization, Standand 549273, 19749:

Const v, *All the ti Hing from stimulation of the mechanical
receptors and tactile receptors, especially in the region of the mouth, and vary-
ing with the texture of the product.”

Hand fadjective). ‘As # texture charaetenstic, deseribes a product which
displays substantial resistance to deformation or breaking. The corresponding
noun is hardness.”

Soft fadfective). ‘As a texture chameteristic, deseribes a product which dis-
plays slight resistance to deformation. The eorresponding noun is softness.’
Tender {adjectivel. *As n texture characteristic, deseribes a product which,

during i displays hittle to breaking. The corresponding
nown is lenderness.'

Firm {acljective). ‘As a texture characlenstic, describes a product which, dur-
ing ication, displ I i to breaking, The corresponding
noun is firmness.'

Hardness (noun) is the perceived force required to break the sample nto
several pieces during the first bite by the molars (Guraya and Toledo, 1988),

Crimchiness (nowun) 1% the perceived cumulative mtensity of force required
by repeated incremental failures of the product by chewing up to five times
with the molars (Guraya and Toledo, 1988).

Texture Versus Viscosity

Viscosity is defined os the internal friction of a fluid or its tendency to resist
flow. Both gases and liquids have viscosity but viscosity of gases will not be
discussed because there are no gaseous foods However, some foods contain
entrained gases. For example, ice ercam is typieally 50% air by volume, and
apple flesh may contuin 25% gas by velume. Some highly extruded erispy
snack foods such as corn cusls exceed 90% air by volume. Jones ef al, (2000)
showed that in 36 branded ready-1o-eat breakfast cereals the volume atiributed
to pores ranged from 68.2% for flakes made from a mixture of corn, wheat,
oals and barley 10 99.5% for putfed wheat,

At first sight the distinction between texture and viscosity seems simple —
texture applies to solid foods and viscosity applies to fuid foods. Unfortunately,
the distinction between solids and liquids is so blurred that it is impossible lo
clearly demarcate between texture and viscosity. While rock candy can defi-
nitely be considered as a solid and milk a liquid. there are many solid foods
that exhibit some of the properties of liquids and many liquid foods that exhibit
some of the properties of solids Some apparently solid foods behave like
liquids when sufficient siess 15 applicd

a.‘?"‘.’%t_
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The ndistinct separition between solids and Tiquids results in seme conly
sion in the literature between food texture and viscosity and that confusion |
reflected to some extent in this book. The author has followed the arbitrar
distinction that foods that are usually considered to be solid or near-solid ar
thiscussed m Chapters 4 and 5 and foods that are usually considered to be Iy
wd or near-lguid are discussed in Chapter 6. Some of the tests for solid food
deseribed in Chapters 4 and 5 should really be discussed in Chapler 6 o
viscosity, and some of the material in Chapter 6 could have been discussed §
Chapters 4 and 5,

The nature of the overlap between solids and liquids should become mor
clear when the reader reaches the end of Chapter 6. At this point. the reads
should be aware that the distinetion between solids and liquids is not elearcy
and that sorme incansi iesin are found because of this problen

Texture and Food Processing

Much food ing is to changing the textural propertics of th
food, Iy in the direction of weakening the in order to make
easier 1o masticate. From the nutritional standpoint wheat could be eaten 2
whaole grains but most people find them oo hard 1o be appealing. Instead, th
structure of the wheat kemel is destroyed by grinding it into four, which i
then baked into bread with a completely different texture and structure tha
the grain of wheat, The texture ol leavened bread is much softer and le<s dens
than that of grains of wheat and is a more highly acceptable product, judgin
by the quantity of bread that is consumed (see Table 1.5, page 10).

The processing that is needed to develop desirable textural properties i
foods can be expensive. In the United States the wholesale price of wheat i
about 10-20 cents per kilo while the retail price of bread is usually in th
range of onc dollar to several dollars per kilo, The wide disparity 'in pric
between bread and wheat indicates the high cost of conversion of wheat g
into bread and also the price people are prepared to pay 1o obtain the type ol
textures they desire, Breakfast cercals made from wheat that has been rollet
into flakes cost over 82 per kilo which is another indication of the price tha
people will pay Lo convert grains of wheat into & more texturally desirable form

One of the mujor reasons for cocking most vegelables before ¢o plion is
to soften them and make them easier to masticate,

Although much food processing is deliberately designed to modify textural
properiies, there are some instances where thie texiura| changes are inadver-
tent, being a side result of processing for some other purpose. These textural
changes are (requently undesirable. A good example of this is the extreme
softening and severe textural degradation that results from canning, freezing,
or irradiation preservation of fruits and vegetables. In some instances the
damage to texture is so great that the resultant product is unsalable, in which
case that processing method is not used on that commedity. For example, the
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dose of about two million rads (20 kilogray) required to sterilize horticultural
<rops causes such extreme suncmnb of the tissue that it has eliminated the
tive to continue h 1o resolve questions on the safety ofirradiation-
stenlized fruit.
Foods might be classed into two groups, depending on the relative case with
which texture can be controlled:

1. Native foods are those foods in which the original structure of the agri-
cultural commodity remains essentially intact, With these foods the food
technologist has to take what nature provides in the form of fruit, fish,
meat, poultry, vepetables, ete., and can only change the texture
by processing methods such as heating, cooling, and size reduction,
Usually there is almost no direct control over the composition of these
foods, although with some of them it s possible to partially control
the composition and texture by breeding, time of harvest, and eultural
factors.

Formulated foods are those foods that are processed from a number of
ingredients to make 4 food product thut is not found in nature, Many

=

native foods are transft 1 into ingredi for fi lated foods, but
in doing so the native plant or animal structure and organization is usu-
ally lost. Examples of this type of lity are bread. ketchup, ice

cream, jellies, mayonnaise, candy, cheese, margorine and sausage. With
this class of commuodity it is possible to change the formulation by the
number, amount, and quality of ingredients that arc used in addition to
processing vanables, and hence there are more options availuble to con-
trol the texture of the finished product and 1o develop specified
textures and structures not found in native foods.

A large number of ingredients, called “t izing agents” are available to
the food technologist to help bring the texture of foods into the range preferred
by consumers. The Handbook of Food Additives (Ash and Ash, 1995) is an
nternational guide to more thin 7500 substunces that are permitted Lo be
added to foods in one or more countrics. More than 700 of these substances
arc described as hich 5, viscosity modifiers, bodying agents,
gelling agents and stiffening agents. These give the product development
specialist a large array of aids to develop the desired lextures,

Vincent (1986) estimated that the annual world food production of texturiz-
ing agents exceeded one million tons. Starch and modified starches contributed
82% of this amount, Other texturizing agents whose sales exceed 10,000 tons
T annum are pum scacia, alg car cart hyleellul
gelalin, guar gum, locust bean gum, pectin and xunthan gum

Some lexturizing agents are only needed in small amounts. For example,
the US Food and Drug Administration permits the addition of 0.4% caleium
chloride to provessed vegetables Lo improve their firmness. This elfect 1s
achieved by the caleium jons crosslinking the pectin material naturally present
in the vegetable by forming salt bndges.
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Despite the wide range of options availuble, food technologsts have expe
nenced great difficulty in fabricating foods that closcly simulate native food
because of their cellular structure and complex swructural organization, Th
turgor that provides much of the crispness of many fresh fruits and vegetabl
arises from the physiological activity of the living tissuc and is unlikely ev
to be duplcated in o fabnicated anolog.

Textural propertics are uged as the basis of sclection or rejection of certai
parts of foods. Many children dislike the texture of bread crust and engage |
various subterfiges to avoid eating it. Texture is the main reason why the sk
of tome fruits and vegetables is caten whereas that of other fruits and vepel:
bles is not eaten, The skin is usually eaten with the fleshy poruon when it
tender or thin, as in the strawberry, cherry, green pea, and green bean. Tt
skin is usually not eaten when it is texwrally objectionible because it is thie
hard, tough, hairy, fibrous, or prckly, as in the grapefruit, pumpkin. mang

peach, banana, and pineapple. OF course, there are some borderline cases; som
people peel their apples, figs, potatoes, and tomatoes before eating while othe
do not.

A great deal of attention has been given to “texturizing” vegetable protein
Maost people enjay the chewy fibrous texture of muscle meat but this kind
texture is not found in vegetable proteins, Vegetable proteins Iy e
less than animal proteins because the biclogical conversion of vegetab
protein into animal protein by the cow, pig, or chicken is ineflicient, wil
typically, 5-~20% of the protein fed to the animal recovered as edible prote
food, This inefficient conversion raises the cost of animal protein. In contra

the dirsct jon of ble protemn into products with a meatlike ches
texture by modern processing technology is usually 70-90% cfficient
Considerabl I tion is p tly being given 1o imparting

meat-like texture to vegetable protems in order to obtain the desimble chew
texture of meat coupled with the lower cost of the vegetable proteins and (1
some people) avoidance of cholesterol and other undesirable features of mes
Substantial progress has been made in developing meathike textures in vegetab
proteins but more progress is needed before these products are equal to tl
meat in their overall textural propertics.
The problem of imparting a desirable texture to a food is exemplified in t
problems of fish protein concentrate (FPC). The production of FPC mak
ilable for human consumption the protein from many specics of fish
are normally not used. The generl process is to remove the fat and moistu
from the fish and grind the residue into a powder. The problems of developin
a bland flavor and absence of fishy favor, and obtaining stability and gos
nutritional value of the FPC have been solved, but the problem of wtilizin
FPC for food has not been satisfactorily solved. FPC is a dry powder and n
mare a food than 15 wheat flour a food. 1t is a food ingredient thar must b
fabricated inta a food in much the same way as wheat Rour is fabricated ot
bread cookies, and similar products and this has proven to be an extremel
difficult task. Dry FPC has such poor functional properties that it cannot b
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used to develop texture in formulated foods. At the present time the only
satisfactory use for FPC s to add it to existing foods ot levels that are so low
that the textural properties of that food disguise the presence of FPC.

The problem of fabricating vegetable proteins into foods with acceptable
texture is extremely difficult. Only those food weehnologists who have led
with this problem know how difficult it is, Several years apo a chemist, writing
on future sources of food, wrote:

The polymer chenist wh has produced an almost endlcss vancty of fibers, gels, pums, resins,
and plastic products weald cocounter ne major dilficulty in incompasting synthetic food maten-
als m products of nearly any desired consiency or texture, wd could prepare highly pecepuable
counlerparts of steak, Jell-o, cheese, or seafood.

This seientist should be sentenced to spend 10 years hard labor in the product
development laboratory for making such a misleading statement! Acceptabl
texture has been a limiting factor in the development of many fabricated foods.

Texture and Health

Because obesity has become a major health problem in the industnalized
countries the food industry devotes considerable effort to bring low calorie
foods and beverages to the market m an effort to alleviate the problems of
overweipght, Mamtaining satisfying textural properties of manufuctured foods
while reducing or eliminating fat or sugar is a daunting problem,

The Human Nutrition Unit of Sydney University developed a satiety index
(817 a5 1 method 1o measure the filling powers of different foods. They found
that different foods have very different effects on energy production and sati-
ety which is the feeling of fullness that arises afier eating (Holt, 1999}, High
satiety foods tended to have bulky, crunchy, or fibrous textures which makes
them relatively more diflicult to chew and swallow. Holt (1999) give as exam-
ples of high 51 fsods potatoes, oatmeal porridpe, steak, fish, apples, oranges,
brown pasta and baked beans. These authors believe that the consumption of
low fat, bulky, chewy foods gives a long-lasting feeling of satiety and hence
reduees total calorie intake,

Dr Minor Onozuka and his team at Gifu University School of Medicine in
Japan have evidence that chewing stimulates the brain and helps it retain mem-
ory (Onozuka ef al,, 1999, 2000). Mice whose molars were extracted to reduce
masticatory effectiveness did nol perform as well on memory tests as similar
mice with teeth, The aged molardess mice showed a significantly reduced

learning ability pared with ag hed control mice but there was no
difference between control and molarless young adult mice. Onozuka ef al.
suggest there is a link b duced ication ability and hipp pal

neuron loss as a nisk factor for senile impairment of spatial memory, Although
these particular experiments were performed on mice, this work supports a
small but growing bedy of evidence that reduced ability lo masticate is
associated with Alzheimer’s d tia, The tentati 1 is that elderly
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people who want ta retain their memory and fend off dementia should do more
chewing.

Texture and Structure

As pointed out in the definition of texture on pages 12-135 and in a number of
other statements, the textures of foods derive from their structure. The struc-
tural erganization at the molecular level, the microseopic level, and (he maero-
scopic level are major determinants of textural quality. Having noted the
importance of structure Lo texture it must be stated that it 15 beyond the scape
of this book to deseribe in detail food structures and how they are measured.
The reader is referred to the excellent volume “Microstructural Principles of
Food Processing and Engineering” by Apuilera and Stanley (2nd edition,
1999) for a full account of the structural basis af texure.

An example of the connection between structure and texture is given in
Fig. 1.2 which shows the microstructure of an uncooked hydrated lima bean
seed (LHS) and a matching seed boiled in water fur 20 min (RHS), In the raw
seed the lissue breaks across the cells when stressed because the middle
lamella that ts the cells together is ger than the cell walls. During
cooking, the pectic material in the middle lamella is depolymerized, causing it
to become weaker than the cell walls, and fraclure noew oceurs through the
middle lamella leaving the cells unbroken.

Whether plant tissues break across cell walls or between cells has a great
effect on their textural sensations, For example, in the potato it is desiruble to
keep whole cells, because when the cell walls break, starch grains spill ou
imparting an undesirable pasty, gummy, sticky texture. In contrast, for apple,
it is desirable to break the cell walls to allow the cell sap to spill into the mouth
imparting the much relished sensation of juiviness. When the apple flesh fruc-
tures between cells no juice is released and that apple has a dry, mealy texture.

Rheology and Texture

Rheology is the study of the deformation and flow of matter. The science of
rheology can be applied to any product and in fact was developed by scientists
studying printing inks, plastics. rubber, and similar materials, Chapler 3 provides
asimple introduction to the basic concepts of rheology.

Food rhealagy is ‘the study of the deformation and flow of the raw e
als, the intermediate products, and the final products of the food industry®
(White, 1970). In this definition the term *food industry’ should be broadly
defined to include the behavior of foods in the home,

Psyehophysics is ‘the study of the relationship between measurable stimuli
and the i "I tonal Organization for Standand]
trom, bl.snd.‘uzl 9211, ]9??!
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Figmwo 18 Scanning electron micragraph of the fractured surface of @ hydrated lima bean
seed, L35, uncoaked Starch grains can be seen insde the broken cells. RHS, boiled for 20 min
The eell walls do nat bresk. Starch granules can be seen pressing againse the unbroken flexible
cell walls. (From Rockland and Jones, 1974, Reprinced from |, Fead Science 39, 344, 1974,
Copyright by Institute of Foad Technalogivs.)

Psvehorhvology. There arc two types of definitions given to psychorheology.
The first is a seientific definition: (1) psychorheology is a brunch of psycho-
physics dealing with the sensory pereeption of theological properties of foods
Another definition, which might be called a peaple-centered definition, is the
following; (2) psvchorheology is the relationship between the consumer pref-
erences and rheological properties of foods.

Both of these definitions are meant to bridge the gap between the physical
or rhealogical properties of foods and the sensing of those properties by the
human senses (sce Fig. 1.1, page 16).

“The science of rheology has many applications in the field of food accept-
ability, food processing, and handling. A number of foad processing operations
depend heavily upon rheological propertics of the product at an intermediate
stage of manufacture because this has a profound effect upon the quality of the
finished product. For example, the theology of bread dough, milk eurd. and
meat emulsions are important aspects in the manufacture of high-quality
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bread, cheese, and sausage prods The agricultural engi 15 interested in
the ability of foods 1o be handled by machinery and in the creep and recovery
of agricultural products that are subjected to stresses, particularly long-term
stresses resulting from storage under confined conditions such as the bottom
of 4 bulk contamer.

Viscosity, especially non-Newtonian viscosily, is an important componcnt
of the quality of most fluid and semifiuid foods. The food engineer is interested
in the ability 1o pump and mix liquid and semiliquid foods. Plasticity, pseudo-
plasticity, and the property of shear thinning are important quality foctors in
foods and the study of thesc propertics is part of the science of theology.
Awide varicly of foods, such as butter, margarine, applesauce, tomate catsup,
mayonnaise, peanut butter, and many puddings are either plastic or pseudo-
plastic 1n nature, They are required to spread and flow easily under a small
foree but to hold their shape when not subjected to any external force other
than gravity, All of these propertics fall within the field of rheology.

When celebrating the golden anniversary of the founding of the ficld of
rheology, the then pn:slderl‘. ul‘lhe:\mmcm Suclel} of Rheology singled put
for special the i ting rheologi istics of foods in the
following words:

Onc of the warld’s preatest thenlogical laborataries i in the kitchen. Who can cease tn wonder
ut the elasticity of egg white, ar of the Foarm it forms when beaten with sir? At the frensformation
of gelitin troen o watcry solution fo an elastic gel” At the strange few properties ol mayonnaise,
ketchug, peanut buster, or starch paste? O at the way bread dough defies both gravity and

fisgal force as it climbs up the shafi of the beater” (Knieger, 19?9}

Rheology is imy t to the food technologist b it has many appli-
cations i the three major categones of food acceptability:

1. Appearunce. There is 4 small component of rheology in appearance
because certain structural and mechamcal properties of some foods
can be determined by appearance: for example, we can see how well
maple syrup pours from the bottle and covers the pancake.

. Flavor Rheology has no dircct part in this category, although the
manner of food breakdown in the mouth can atfect the rte of release of
Mavor compounds.
Towch, Rheological properties are 4 major factor in the evaluation of
food quality by the sense of touch. We hold foods in the hand and from
the sense of deformability and recovery afler squeczing frequently
obtain some idea of their textural quality. For example, fresh bread is
highly deformable whereas stale bread is not; the fesh of fresh fish
recovers quickly afler squeczing while the stale fish does not. During
the process of mastication a number of theological properties such as the
deformation that occurs on the first bite and the flow propertics of the
bolus (the mass of chewed food with saliva) are sensed in the mouth.

1

(o

The importance of rheology in foods has been well established in the
preceding discussion. However. the science of rheology docs not cover all of
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the aspeets that should be included in the broad definition of food texture,
Mastication is a process in which pieces of food are ground into a very fine
state, but the process of size reduction (synonyms are comminution, disinte-
gration, pulverization, and trituration) does not belong in the field of thealogy.
During mastication the size and shape of food particles and their surface
roughness are sensed and become important attributes of the overall textural
sensation. Brandt ef al, (1963) deseribed the surface propertics of food particles
in the sensory terms of powdery, chalky, grainy, gritty, coarse, lumpy, beady,
fliky, fibrous, pulpy, cellular, acrated, puffy, and crystalline. They are called
*peometrical properties” or, *particulate propertics” because they relate largely
to the mouthfeel of size and shape of particles in the bolus. Bourne (1975a)
suggested that the word *rugosity” or surface roughness 15 an important attrib-
ute of the food particles that are sensed in the mouth.

The abality of the food to wet with saliva and to absorb saliva or to relense
moisture or lipid are important textural sensations that also do not belong
in the field of healogy. Phase changes resulting from temperature changes
occurring in the mouth are an important part of the texture sensation of some
foods; for example, ice cream, chocolate, and jelly melt in the mouth whercas
the oil in hot soup may solidify in the mouth during mastication. These
changes are not rhealogical propertics although they are frequently sensed by
changes in theological properties,

From this evidence we have to conclude that the field of food texture falls
partly within the field of conventional rheology and partly outside this field.
The food technologist certainly needs to define and measure certsin rheolagi-
il properties of foods, but there are many instances where he clussical science
of theology 1s of little help in studies of the textural propertics of foods und
nonrheological techniques are needed.

Rheology defines and measures properiies of foods, But the food technologist
is alzo interested in the process of mastication and the changes in theological
and other textural propertics that oceur during mastication, The faet that funda-
mental rhealogical measurements usually do not correlate as well with sensory
measurements of texture as do empirical tests may result from the incom-
pleteness of the seience of rheology to deseribe all of the changes, or perhaps
even the most important changes that are aetually sensed in the mouth and are
of most interest to the food technologist,

One of the founders of the field of rheology stated,

The Hew of matier t5 sl ned understood and since it 1 not mysterious like electriciy, i does not

atract the attention of the curnous. The propertics arc il delined and they ure imperfoctly mea-

stred of at all, and they ire in nu way Linda 4 i bk of knowledpe which can

be called o science (Bangham, 1930).

Although this comment may not apply today to the field of rheology in
general, it is fair to say that it stll applies to the subfield of food rheology. Only
a small number of rescarch scientists devote their career to food rheology;
there is a large volume of empincal information and a small volume of
utilizable fundamental concepts. The author hopes that this book will help
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systematize the widely scattered body of knowledge in this field and hence
promote the development of the field of food rheology inte a rigorous
scientific discipline.

Early History

1t 15 not easy o decide where to begin citing the work of the early scienlists
who pioneered the development of the study of the texture and viscasity of
foods. Robert Hooke (i England in 1660) enunciated the principle of elastic
deformation of solids, giving rise to the deseriptive term ‘Hookean solid” that
15 still used today. A contemporary, Isaac Newton (in England in 1687), coun-
ciated the law poverning the flow of simple liquids, giving rise to the term
‘Newtonian Auid * However, the findings of these two eminent scientists did
not apply specifically to foods.

Possibly, the first person to develop an instrument expressly for testing foods
wis Lipowitz (1861, Germany), who developed a simple punciure tester for
measuring the firmness of jellies (see Fig. 4.2, page 113). Carpi (1884, [taly)
also developed a punciure tester for cooled olive oil and other fats, SchwedofT
(1889, France) developed a deformation appurmus for jelly based on a torsion
test and | rigidity. v ity, and rel

Babeock (1886) @ the New York State Agricultural Experiment Station
(now part of Cornell University) devised a viscometer consisting of a hollow
brass cylinder 6.4 cm long that was suspended from a 1.1 m long torsion wire,
The eylinder was immersed in milk and caused to oscillate and the degree of
damping uscd 1o measure the viscosity ol milks. Babcock's viscometer design
was used by Woll (18935) at the University of Wisconsin who studied the effects
of processing milk and cream on their viscosity.

Hogarth (1889, Scotland) obtuined a patent for a device that messured the
consistency of dough using the same principles as the modern Farinograph.
Brabender, in Germany (1901-1980) developed a line of cquipment for mea-
suring the rheological properties of fllour dough and founded companics in
Germany and in the United States that still bear his name. Brabender (1963)
recalled that an instrument for dough extensibility was developed in Hungary
by Kosutiny and Rejtd at the beginning of the last century (Kosutany, 1907).
He also pointed out that, in 1903, another “"“Sﬂ"ﬂ" Professor Jend von
Hankd designed an app that | the volume of air that could
be I:lmvn into a disk of washed wheat gluten before it burst, This device was
the forerunner of the Alveopraph.

Wood and Parsons (1891, United States) described 4 puncture test devel-
oncd for mr.'.asunng the hardness of butter. Brulle (1893, France) developed an

e to the hard: of solid Iul.s using the puncture prin-
ciple. Sohn (1893, England), who was independently performing experiments
similar 10 Brulle, felt he had been *scooped” when Brulle’s publication
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appeared, and he hurried anto print with a desenplion of his apparatus
accompanied by a list of seven rules that should be followed to avoid crro-
neous results, Perkins (1914, United States) continued the work of Brulle and
Sohn in developing a puncture test to measure the hardness of fats, Kissling
(1893, 1B9E. Germany) also studicd penetration tests on greases and jellics by
recording the ime for rods of glass, zine, or brass of various diameters o sink
through the sample. Wender (1895, United States) studied the hardness of but-
ter and marganine by measuring the viseosity of chloroform solutions of the
fals in o U-shaped capillary viscometer that he called o *fluidometer.” Lindsay
(1901; Lindsay e al., 1909; United States) measured the consistency of butter
by meaguring the depth that a mercury-weighted glass tube penctrated into
hutter when allowed 1o fall o standard height, Meyeringh (1911, Netherlands)
also used a puncture test while Hunziker er al. (1912, United States) used a
test to butter hardness.

Cobb 1896, Australia) d the hard of wheat grains by measuring
the force required to cut a grain of wheat in half by a pair of pinchers simulat-
ing biting between the {ront teeth, He defended his objective method against
the skeptics by stating, ‘If the relative hardness here given differs from
preconceived notions, so much the worse for the preconceived notions, unless
it is shown that the methods adopted here are fallacious — an unfikely contin-
gency,’ Roberts (1910, United States) used similar procedures to measure the
hardness of wheal grains,

Waugh (1901, United States) clearly described a sensory deformation test
as follows:

Peaches and apricots are picked as soon as they show the first sign of ripening. The well-tmined
picker tests cuch fruit by Laking it between his thumb and fingers and feeling it with the ball of
hiis thumb. The fruit is not syucered or bruceed; bt o i has the faintest feeling of mellovwness its
time has come, and the picker ransfers il to his bagkel.

Leick (1904, G ) 1 Young's modulus of clasticity of slabs
of gelatin gels in tension and compression and showed that the modulus is
approximately proportional to the square of the gelatin concentration. Tow to
measure the flrmness of jellies was a matter of interest 1o a number of early
I 1 ling Al Jer (1906), who was awarded a United Stotes
patent (Alexander, i'.?ﬂS] for his apparatus; E, S. Smith (1909), who was also
awarded a United States patent; Valenta (1909); Hulbert (1913); Sindall and
Bacon (1914); Low (1920); C. R. Smith (1920); Sheppard vf of, (1920); Oukes
and Davis (1922); Freundlich and Seifriz (1923); Sheppard and Sweet (1923);
Poole (1925); and Tracy (1928). Bloom (1925) was awarded a United States
patent for a *machine for testing jelly strength of glues, gelatins and the like”
“This became the Bloom Gelometer, which is still used by the gelatin industry
to measure the jelly grade of gelatins. Tarr (1926, United States) developed the
Tarr-Baker Jelly Tester, a puncture test that meosured the firmness of pectin
jellies. Sucharipa (1923, Uhited States) attempted to measure the firmness of
pectin jellies by means of compressed air.
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Goldthwate (1909, 1911, United States) deseribed the texture of a fruit
Jelly as follows:

The ibeal fruit gelty  wall quiver, not flow, when emovied from it mobd; 2 product with textare
0 terder that f cuts casily with 3 spoun, wnd yet 2o firm that the angles thus produced rtwin their
shape, 3 clear product that i neidser syrugy, gusmmy, sticky, nor tough; neither is o brile and yet
it will break, and daes this with o distinet beautiful eleavayge which leaves sparkling charactens-
e faces

It 15 clear from this description that Goldthwai i! I the multifaceted
nature of texture,

Washburmn (1910, United States) also strugpled to define differences in tex-
tural properties, going to some effort to distinguish between ‘body” and “tex-
ture” of ice cream. Lehmann (1907a, Germany) devised an apparatus called

the ‘I *to the tough of meat and used the same instru-
ment lo the softening of bles during cooking (Lehmann, 1907h).
This was probably the first objective test to meat tough Willard

and Shaw (1909, United States) give results from a puncture test that was used
10 measure the strength of egg shells but did not describe the equipment.

Professor Morris of Washington State University developed the first punc-
ture tester for measuring the firmness of fruit in 1917 but did not publish his
results for several years (Morris, 1925), In the meantime, other workers
became aware of his work and developed their own designs of fruit pressure
testers, sometimes publishing before Morris (e.g., Lewis et al., 1919; Mumneek,
1921; Magness and Taylor, 1925).

A graduate student at Kansas State College by the name of Lyman Bratzler
was assigned by his advisor, Professor Warner, a research problem involyving

ghness of meat. He developed a mechanical shearing device whose principle
of operation is well known today as the Wamer-Bratzler Shear (Warner, 1928;
Bratzler, 1932, 1949). Tressler (1894-1981), who has made numerous contn-
butions 1o the field of food technology, developed o tenderness test for meat
baged on the puncture principle, which he considered to be superior to the
Warner-Bratzler Shear (Tressler ef al., 1932; Tressler and Murray, 1932), He
called the Warner—Bratzler Shear ‘the mousetmap,” possibly because of the
manner in which it snaps back into place when a tough piece of meat finally
shears. Pitn.an (1930) developed a shear test somewhat similar to the Warner—
Bratzler Shear Tor ing the fi of al Is, Tauti er al. (1931,
Japan) developed a physical test for measuring the firmness of raw fish.

Bingham (1914) developed a U-tube viscometer with applied air pressure
that he called a ‘plastometer.’ This apparatus was used by Herschel and
Bergquist (1921) to measure the consistency of starch pastes, and by Parst and
Maoskowitz (1922) for processed comn products.

Davis (1921, United States) devised the three parallel bar test for measuring
the breaking strength or shortness of cookies, calling it a *shortometer” This
was later improved by Fisher (1933), Hill (1923, 1933, United States) devel-
oped the Hall Curd Tester for measuring the firmness of cheese curd: Babcock
(1922, Unated States) developed the falling plummet test for measuring the
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firmness of whipped cream, Vas (1928, Netherlunds) developed a penetrome-
ter for measuring the firmness of cheese curd; and Knaysi (1927) developed
a falling-ball viscomeler to measure the viscosity of buttermilk.

Stewart (1923) found that the volume of popped popcorn correlates well
with popeorn quality. Sayre ond Morms (1931, 1932) measured the volume of”
juice that could be expressed from sweet corn and concluded that it was a
satisfactory test for physical quality of sweet corn. This procedure eventually
feveloped into the S | test (Kromer and Smith, 1946).

e person who must be singled out for specinl mention is Dr George W, Scolt
Blair (1902-1987). Dr Scott Blaw, an Englishman, and one of the founders of
the science of theology, 15 world renowned for his pioncenmg contnibutions to
food rheology and also the rheology of sails, plastics, and biological fluids. He
authored over 250 publications on rheology and is author or editor of seven
books. Because of his early work on flour (Scott Blair ef al, 1927) and later on
dairy products and psychorheology in the 19305 to 1950s, he i5 considered to be
the "father” of food rheology. In 1928, while on a sabbatic leave at Cornell
University he Jeed a meeting in Washington, DC, that resulted in the official
adoption of the term ‘rheology” and the formation of the (American) Socicty of
Rheology, He was also a foundi ber and president of the Bntish Society
of Rheology, A special issue of Journal of Texture Studies (Vol, 4, No. 1, 1973)
ook the form of a festschnill honoring Dr Scott Blair on his seventieth birthday.

A number of ¢ I Yy OF near i v scientists have made
major impacts on the development of texture seience and technology. Some of
those who have retired or are recently deceased are listed below, Dr Amihud
Kramer {1913-1981), Professor of Horticullure at the University of Maryland,
made significant ad in our under ling of texture as a quality atrnb-
ute of fruits and vegetables and led the team that develaped what is papularly
known as the ‘Kramer Shear Press” an instrument still widely used today.
Laurie Lynch (1900-1974) in Australia developed the mulli-pin puncture
tester named the Maturometer for measunng texture and maturity of green
peas and quantificd the relationship between texture, maturity, and chemical

r of peas. D Toshi Sone (1925-1984) in Japan pioneered the
use of fund: tal rheological metheds th characterize the texture of dairy
products and related these propertics o their internal structure. Dr Birger
Drake, in Sweden, made a number of important contributions to our under-
standing of texture including showing how the analysis of food sounds was an
important component of textural quality, especially in erispy and crunchy
foods, Dr Alina S. Szezesniak (now retired), a Principal Scientist at General
Foods Corporation (now part of Kraft Foods), pointed out the multidimen-
sional nature of texture and its importance to the consumer and developed the
principles of texture profile analysis for both instrumental and sensory methods.
She was a Founding Editor of Jowrnal of Texore Studies in 1969 and secved
in that capacity for 10 years. A Festschrilt honoring her achievements was
published in J Teveure Studies Vol 12 issue 2, 1981, Both Professor Kramer
and Dr Szezesniak recerved the Nicholas Appert Award (in 1976 and 1985,
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respectively). the highest award given to members of the Institute of Food
Technologists. Dr § k was app i a Fellow of the International
Academy of Food Science and Technology (IAFoST) in 1999 in recognition of
her outstanding contributions 10 the field of food texture. Peter Voisey (now
retired), an engineer with Canada Agnculture applied new technologies and
enginccring principles to modernize and improve many popular empirical
testing instruments and developed the Ottawa Tex and numerous
attachments for performing different tests with just one machine. He stressed
the need for dimensional standardization and proper calibration of texture-
measuning instuments, Dr Philip Sherman (now Emeritus Professor of Food
Rheology at King’s College, University of London, England) and Founding
Editor of £ Testure Studies, a position he held for 24 vears, greatly strength-
ened the rheological aspects of lexture: measurcment and performed the
classical experiment that established the shear rates normally engendered in
the mouth. A Festschrift hanoring his work was published in J Texture Studlies
Vol 26 issue 4, 1995, Professor Sherman was appointed a Fellow of the
International Academy of Food Science and Technology in 1999 in recog-
nition of his work on food rheology and in extending that work to other
countries, Dr Donald Hamann (1933-1996), Professor of Food Science at
North Carolina State University who conducted pioneering work on torsion,
compression and tensile testing and developed the torsion gelometer and
theoretical principles of fracture propenties of food gels. Dr David Stanley
(now Emeritus Professor of Food Science), University of Guelph, Canada,
highlighted the structural and microstructural basis of food texture, Dr John
de Man (also an Emeritus Professor of Food Science), University of Guelph,
Canada, made many ihutions to the field, especially in texture and struc-
ture of fats and fat-based foods. The author has had the privilege of personally
knowing every person named in this paragraph. Most of this group also played
i less visible role in developing the field by serving on the Editorial Board of
Journal of Teviure Studies.

All of the above made notable contributions to the ficld of food texture and
most of those who are still living maintain an active interest in the field. The
number of scientists in the texture field contmued to multiply in the 19805 and
'990s; their names are referenced throughout the pages of this book, Their
number can be expected to increase well into the 215t century due 1o the
Increasing recognition of the importance of texture as a quality affecting food
acceplanee, value, and utilization.

Suggestions for Further Reading

The Journal of Texture Stdies published bimonthly by Food and Nutrition
Press, 6527 Main Street. PO Box 374, Trambull, Connecticur, 06611, USA
publishes oniginal research, reviews, and discussion papers on rheology.
psychorheology, physical testung and sensory testing of foods. It is the hest
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single source ol information on developments in the field of food texture, food
rheolopy and food viscosity,

The following books and articles contain much useful information. The
older publications will be useful for those who want to trace the development
of wxiure technology,

Aguilera, I M. and DLW, Stanley. 1999, "Microstructural Principles of Food Processing
and Engineering,” Second Edition, Aspen Publishers, Gaithersburg, Maryland.

Berncs, H. A T F Hutton, and K. Walters. 1989. “An Intoduction to Rheology,”
Elsevier, Mew York
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Blanshard J M.V and R. 5. Mitchell, eds. 1988, “Food Structure = Its Creation and
Exaluation,” Butterworths, London.
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Body-Texture
Interactions

Introduction

The properties of texture and viscosity are perceived by the human senses.
Henee, in order to understand texture and viscosity it is necessary to know
something about how the human body interacts with food. Most people are
well aware of the structure and function of the teeth, and everybody is famil-
iar with the process of mastication and how to squeeze food gently in the
hand. Nevertheless, a brief review of these topics is necded to introduce the
discussion of the sensing of texture and viscosity,

Mastication is a process in which pieces of food are ground into a fine
state, mixed with saliva, and brought to approxi Iy body temperature in
readiness for transfer 1o the stomach where most of the digestion occurs, After
some residence time in the stomach the food passes to the small intestine
where digestion continues and from whence the nutrients are absorbed into
the blood and distrit | througl the body. Pulverization of food
is the main function of mastication, but it also imparts pleasurable sensa-
tions that fill a basic human need. Table 2.1 summarizes the degree of size
reduction that must occur before food can be absorbed and utilized by the
bady. The process of mastication 1s an early step in the process of size reduc-
ton to small molecules, Mastication wsually reduces particle size by two to
three orders of magnitude before passing to the stomach where another
approximately 20 orders of magnitude of size reduction are sccomplished by
chemical and biochemical action. If food cannot be reduced to particles of the
order of a few multiples of 107 g, it is not absorbed and utilized but is
excreted

Other parts of the body, principally the hands, ofien interact with food
befare it reacties the mouth. The interaction may be by direct contact between
the food and the hand, or through some implement such as knife, spoon or fork
held in the hand, While mastication 18 a highly destructive process s
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Large coose
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deseribed above, the squeczing of the food in the hand 1s nondestructive and
yet it often provides important clues to the textural quality of the food.

This chapter will give a simple description of the human masticatory appa-
ratus and follow this with a descnption of the hand. Since texture is perceived
by the human senses, one needs to understand how the body interacts with
different foods because this is the foundation on which is built an understand-
ing of what is needed in objective and subjective tests for texture.

Importance of the Tactile Sense

The ion of texture is perceived primanly by the sense of touch, how the
food feels in the band, and in the mouth. The sense of sight is used to assess
the thickness of foods by observing the flow rate of liquids or the degree of
slump of semisolids, The sense of soind perceived by ears is an important fuc-
tor in determining the degree of cnispness or crunchiness in foods. But the
tactile sense is the one used more than all the other senses combined to perceive
the textural properties of foods

To touch and be touched are basic human needs. All five of the human
senses (sight, hearing, taste, odor, touch) are important and have been, and
continue to be the subject of considerable research effort. However, in com-
panson with the other four senses the sense of touch seems (o have been
slighted by the research community judging by the amount of published liter-
ature on each of the senses.

Four of the senses can be deceived fairly easily but it is difficult to deceive
the sense of touch. For example. artificial Aowers can be made so skillfully
that it becomes difficult to tell whether they are real or artificial by looking at
them, but a moment’s touch with the fingers positively identifies which flower
is real and which 15 artificial. Another example of the remarkable sensitivity
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of the tactile sense is found in that frequent human expenence of tuming the
page of the book, magazine or 3 one can il diately tell whether

one or two pages are held between the forefinger and thumb cven though a
single sheet of paper is only 0.04-0.14 mm thick.

Sachs (1988) called touch ‘the inimate sense’ and described its importance
1n the following words.

“Throughout the first few days of Iife, the baby continiies (o be most affccled by the things that
tauch ber: a soft blanket, warin breast, a firm bed Even after she has begun 1o favor sight, she
relies heavily an this mest intimate of senses to gather information about her enviranment. If she
spies, sy, an alphabet block in bier cob, she will prek 0w, tum it over in her hands, then pat it
10 hier mouth = not. ns one might think, G taste the block but o tonch it with her lips aod ongae,
negions of the body that are particularly sensiive to tactile stimuli. She wses her sense of touch,
which is not easaly fooled, 1o confimm ber sense ol sight, whicl, even when fully muetere, is sub-
jee. to all manner of illusions, The fundamental nature of fouch is even more apparent when the
sense is deprived of simulation. Being unable 1o hear ar sec does not prevent ane from sitaining
o happy and frueful exisience, .. But un existence develd of taatile sensation is anather natier
sustained plysical contael with other humans 15 prerequisite for healihy relationships and suc-
cesalul engagement wilh the rest of one'’s environment. ... And among humans, denial of physi-
cal eontact during the firs years of life can cause vidually irrevermible sates of withdrmwal.
Touch, i short, is the core of senticace, the foundation for communication with the warld
argund us, and probably the single sense that is as old as life itself.

Some Definitions

Masticate. To chew, grind, or crush with the teeth and prepare for swallowing
and digestion. Mote: Mastication is 0 process.

Bolus. A mixture of chewed food and saliva in the mouth

Degdutition, The act or process of swallowing food. Deglutition tips the
food into the esophagus (gullet), the tube which lcads down to the stomach.
Deglutition ends the voluntary portion of the digestive process. The rest of the
digestive proecss is involuntary and sutomatic.

Since textural propertics of foods are perceived primarily in the mouth there
is a need to know something about the structure of the ergans and tissues of
the mouth and the actions that occur during mastication.

1. Teeth (dentes) are the main agent for i o {oods and breaking
them inta small pieces. They also play an important role in clear speech and
Tacial structure and app Crooked, decayed, or missing teeth reduce
masticatory efficicncy and cause  disfig and i self-

i From the ext | viewpoint teeth consist of two parts: (1) the
erown is that part that protrudes above the gums and is visible in the mouth
and (2) the ot is that portion that is not visible in the mouth bt is buried in
the gums and serves Lo anchor the teeth in the jawbone,

A cross-sectional cut through a tooth shows that it is composed of several
layers of tissues (Fig. 2.1). The enamel is the very hard external layer that cov-
ers the crown of the tooth and contacts the food during mastication.
Underneath the enamel is the dentin, which s hard tissue forming the body of
the tooth and which constitutes the principal mass of the tooth. The cementum
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Figire 21 Crosssection of a
tooth. (Copyright by the
American Dental Assaciation,
reprinted with permissian. )
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is 4 bonelike tissue that covers the root. The pulp is a soft tissue that occupics
the central portion of the tooth called the pulp chamber. It contains nerves,
arlcries, veins, and lymph vessels. These vessels enter the tooth through small
openings at the tip of the root, The periodontal ligament (membrane) is the
layer of connective tissue that lies between the cementum and the jawbone and
helps to hold or suppert the tooth in its place. Small elastic fibers are con-
nected to the tooth via the cementum along the entire surface of the root.
A cusp is a pointed or rounded surface on the erown of the tooth and is the main
contact surface for breaking up the food. It is a prominence on the chewing
surface of a tooth. Cusps wear flat over years of chewing and are progressively
flattened as one gets older. The teeth are composed principally of calcium
phosphate. Tecth arc not bones; they are much harder and more dense
than bones.

Teeth may be classified according to their shape and the function they per-
form (Fig. 2.2). The incisors, located in the center front of the mouth, are
wedge-shiped and have a sharp flat edge which is used to cut or incise foods,
The cuspids, which are located at the corners of the mouth, have a long heavy
root and o crown with a single pomnted cusp. They are often called the ‘eye’
tecth or canines. These are used to tear foods. The premolars (bicuspids) are
located behind or i back of the cuspids and have two cusps and one or two
roots. They are used to both tear and erush foods. The molars are locuted at the
back of the mouth, Each molar has twe or three roots und several cusps that
occlude with the opposing melars, Their broad erowns are used to grind and
crush the food with a grinding millstone-type of action.

A child in full dentition has 20 teeth (Fig. 2.3). The 10 teeth in each juow
comprise two central incisors, two lateral incisors, two cuspids, two first
molars, und two second molars. These primary (deciduous, milk, or “baby')
teeth appear between 6 und 24 months in the average child and ure shed
berween 6 and 12 years to be replaced by the adult or permanent tecth as the
Jaw inereases in size sulficient o accommodate the larger size and increased
number of adulr teeth
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Full dentition in the adult consists of 32 teeth, 16 m each juw (Fig. 2.3).
Each juw contains two-centrul incisors, two lateral incisors, two cuspids,
two first bicuspids, two second bicuspids, two first molurs, two second molurs,
and two third molars. These teeth erupt from the age of approximately 6 to

Figura 2.2 Normal ecclusion
af permanent tecth, In order
fram lefi ta right: thrd maolars;
second malars; first malars;
wecond bicuspids; first bicuspids,
cuspids; lateral incisors; central
ingisors. {Copyright by the
Amencan Dental Association,
reprinted by permission.)

Hgure 2.3 (a) Erupuon and
shedding of the primary teeth.
{b) Eruption of the permanent
reeth. (Capyrighe by the
American Denral Association,
repnnted by permission.)
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Primary teath Permanent teeth
Eruption Shedding Eruption
(months} (years) (year)
Upper Upper
Central incisar T T4 Cenaral incisor T4
Lareral maisar 9 -4 Lareral incisor E-9
Cugnd 18 1% Cuspid 11-12
First malar 14 10k First bicuspid 10-11
Second molar 4 0% Lecond bicusgid 10-12
First molar 6-7
Second molar 12-13
Third malar 17-21
Lower Lower
Central incisor 6 & Central incisor 6-F
Lateral incisar 7 7 Laweral incisar 7-8
Cuspid 1 o Cuspid 910
First malar 12 n First bicuspid L1012
Secand mola- 0 " Secand bicuspid 11-12
First molar -7
Secand molar 1-13
Third molar 17-21

21 years. The third molars (wisdom teeth) generully appear in the late teens or
early twenties and complete full dentition in the adult. The normal times for
eruption and shedding of teeth are shown in Table 2.2,

Partial or {ull dentures (artificial tecth) may be fitted to offset the loss of
natural teeth. but they do not perform as well as healthy natural tecth (see
Tables 2.4 and 2.6, pages 47, 51). People with reduced masticatory efficiency
caused by incomplete dentition or dentures oflen compensate for the deficiency
by selectng foods that are easier to chew and present less challenge to masti-
catory fanclion,

2, The lips {labia oris) are the two highly mobile fleshy folds that surround
the orifice of the mouth and admit foed and liquid into the oral cavity, The lips
also prevent the loss of food from the mouth between masticatory strokes.
They have a variety of sensory receptors that can judge the temperature and
some of the textural properties of foods, The lips have a high acuity to touch;
they are even more sensitive than the tips of the fingers.

3. Cheeky {buccae) form the sides (lateral walls) of the mouth and face and
are continuous with the lips. They consist of outer layers of skin, pads of sub-
cutancous fat, muscles associated with chewing and fagial expression, and
inner linings of stratified squamons epithelium. The checks keep the food
within the oral cavity and return the food between the tecth between bites,

4. The tongue lingual is a strong. mobile. muscular argan with its base
and central part attached to the floor of the mouth. It occupies much of the oral
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Food Particle site (um) Refersnce

Chocolare 13 Cook, 1982

Chaculate 20 Rostagna, 1969

Chocolate 25 Hintan, 1970

Fandant {sugar crystals) 20-25 Woodnff and Gilder, 1931
lce eream {ice erystals) 35 Fukushima and Kimura, 1992
Marganne (far orysrals) 2 Vaisey-Genser et of., 1989
Swretencd condensed milk (lactase crystals) 1012 Sukiaran st al,, 1993

Tafui {soy particles) 4 Numata e ol 1957

space when the mouth is closea. It is a very active organ during the act of
mastication, working in close proximity to the fecth but scldom caught
between the teeth, Skillful coordinated lar functions b the
tongue and leeth are required for painless mastication. It returns food hetween
the teeth between chews and is actively invelved in mixing the bolus with
saliva and in moving the bolus toward the pharynx during swallowing. It is
used to break up soft foods against the hard palate without the help of the teeth
and is the organ most responsible for sensing the surface or geometrical prop-
erties of foods because of its ability to perceive minute differences in particle
size, shape, finnness, and roughness. The longue demonstrates o more acule
tactile sensibility than uny other part of the body. Two-point sensibilily is
the shortest distance between twa points that can be perceived as two separate
stirmuli, For the tongue this is 1.4 mm, for the fingertip 2 mm, and for the nape
of the peck 36.2mm. The tongue is also the principal organ of taste und an
imporant organ of speech,

The presence of particles can affect textural sensations and contribute to the
liking or disliking of foods. The fecling of the size, shape, and roughness of
discrete particles in the mouth is called *peometrical propertics’ by Brandt
et al, (1963) and ‘particulate properties’ by Hutchings and Lillford (1988).
Particles are deteeted by the tongue and hard palate, especially near the
incisors, A description of the most frequently sensed particles together with
cxamples of foods that exemplify them is given in Table 7.9, page 267, It is
remarkable to find just how small a particle can be detected by the tongue, For
example, Imai ef al. (1999) showed that a sensory panel could detect particles
as small as 6 pm n food.

Tmai et al. (1999) noted that graininess is o desirable feature of bean paste
when the starch cells are 100-150 um across, and of pounded rice cakes when
the rice flour particles are 75-105 pm across, They also point out that graini-
ness is undesirable in smoath foods and cite figures showing how small parti-
cles must be to avoid being detected as discrete particles in the mouth (see
Table 2.3}

3. The palate (roof of the mouth) consists of two sections. To the franl of the
mouth {anterion) lies the hard palate { pulatum ditrum), which consists of a bony
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skeleton covered with a thin layer of sofl tissue. It separates the aral cavity from
the nusal cavity ind presents o hard surface against which foods can be pressed
by the tongue to break them up, spread them out, or mix with saliva.

The soft palate (palatum molle), which lies at the hack of the mouth (poste-
rior), consists of a thick fold of far membrane o ing muscles, ves-
sels, nerves, lymphoid tissues, and mucous glands. During swallowing or
sucking it is elevated to close the opening to the nasal cavity, thus prevenling
food from entering the nazal cavity from the oral cavity,

6. The gums (gingivae) are composed of dense fibrous tissue that surround
the teeth and help anchor them. Healthy gingivae effect a cull ereating a bar-
nier round the Leeth to stop egress from the mouth down the sides of the teeth,

7. Salivary glands provide the saliva that hydrates foods, lubricates the
bolus, and begins the digestion of carbohyJdrates. There are three pairs of sali-
vary glands: the sublingual (beneath the tongue), submandibular (beneath the
jaw), and paroiid (beneath the ear). Secretions from the salivary glands enter
the oral cavity through narrow tubes called salivary ducts

& The upper jaw (maxilla) serves to anchor the upper teeth and is fairly
immobile during mastication. The teeth in the maxilla can be likened to the
anvil against which the food is pressed ro break and erush it by the lower teeth.
The maxilly can move rhythmically during mastication thus contribuling to
separation of the jaws.

9. The lower jaw (mandible) is a horseshoe-shaped bone that anchors the
lower teeth and articulates (moves) pamarily in a reciprocating vertical motion
with approximate sinusoidal speed. A variable amount of lateral (sideways)
motion is also present, depending on the nature of the food. Foods that are
easily crushed (e.g., snack foods such as polato chips) require litthe lateral motion
whereas foods that are tough (such as meat and bread crust) require a rther
large amount of lateral motion to masticate the food. The mandible translates
forward to bring the upper and lower incisors into alignment during biting off.

A number of muscles are responsible for anticulating the mundible. The
most powerful of these is the masseter muscle, which is capable of genemting
high compressive forces arded by two other powerful muscles, the temporal
and medial pterygoid. Lateral and protrusive mevements of the mandible are
largely controlled by the lateral pterygoid and suprahyoid muscles. The jaws
are operated by the most compl lar system in the body: five different
movements are available, most of them generating high forces,

Artizulation of the mandible oceurs about a highly specialized and complex
composite joint called the temperomandibular joint, which allows five
different movements = {ar more than any other joint in the body. The joint con-
tains two compartments, During normal chewing action it acts as a hinge joint
in which the mandible rotates in a vertical direction in the first compartment
(Fig. 2.4), When the jow is opened very wide or protruded forward, the
mandible glides out of the first compartment into the second compartment,
which is a movable shding socket. The mandible can be moved laterally when
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in either compartment, although the extent of the sideways movement is lim-
ited by the lemperomandibular lig From a position in which the inci-
sors are in contact, the mandible may he moved downward to open the jaw,
laterally for a sideways swing, forward in protrusion, and backward in retru-
sion. The temperomandibular joint is remarkable in its flexibility and in the
variety of mavements it can accomplish with great force, It is the key to the
various chewing modes that are available to masticate foods with widely
dilffering combinations of physical properties.

Many people can feel the temperomandibular joint move by lightly placing
the tips of the fingers on the jaw just in front of the ears, The hinge action can
be felt by opening and closing the jow to a moderate degree and the lateral
motion can be felt by swinging the jaw sideways. When the jaw is protruded
or apened very wide, one can feel the joint glide forward from the pure hinge
compartment info the socket compartment,

The vertical articulation of the mandible 1 lly sy ical b
the mandible is a single bone and tin one temp dibular joint
eannot oceur without @ similar coordinating in the corresponding

joint on the opposite side of the mouth.

Temperomandibular joint (TMJ) diseases and disorders are diverse chronic
painful conditions affecting the area where the mandible joins the skull at
the articular fossa. Symptoms include pain in the face or jaw joint arca,
headaches, limited ability to open the mouth, locking of the jaw, and elicking,
or grating sounds on opening or closing the jaw. According to the US National
Institutes of Health, more than ten milhon people are affected by TMI disease

Figure 2.4 The tempero-
mandibular jaint. (3] In occhuded
pasdtion; (b) Opened in pure
hinge pasinon; {¢] Opened as
wide a5 possible; {d) In proeruded
posiion, Notice haw the
mandible slips out of its cup in
positions € and d.
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in the US, most of them being premenopuusal women. The descriplive term
“temperomandibular joint disease” 15 being rapidty replaced in the dental field
by the term "cranio-mandibular pain dysfunction syndrome.”

10. The oral cavity (cavisem aris praprium} is the space bounded by the lips
and cheeks, by the palate above, and the muscular floor below, Tt contains the
teeth and tongue.

11. The pharyar is the cavity at the back of the mouth that connects the
nasal and oral cavitics with the larynx (voice box) and the esophagus (tubular
passageway (o the stomach). When the bolus is pushed into the pharynx by the
tongue, the swallowing rellex is initiated and the following resg oceur in
rapid succession:

a. The soft palate s raised, preventing the bolus from entering the nasal

cavity.

b, The larynx is elevated to prevent the bolus from entering the trachea
(windpipe).

c. The longue presses up against the soll palate, sealing off the oral

cavity from the pharvnx while the pharynx moves upward toward the
bolus.
d. The muscles at the lower end of the pharynx relax and open the eso-
phagus.
The muscles of the upper end of the pharynx contract, forcing the bolus
into the 1 P Isis (al contractions and relaxation of
the muscles along the esophagus that cause a contraction nng lo maove
along the esophagus) moves the bolus down the esophagus to the stom-
ach, When the penistaltic waves reach the stomach, the museles that
guard its entrance relax and allow the bolus to enter. These muscles
contract after the bolus has entered the stomach, closing off the entrance
and preventing regurgitation of the acid stomach contents into the
esophagus.
f. The museles and organs retumn to their normal position.

12, Other. The arm, neck, and shoulder muscles may be brought into use at
times, especially when biting off a picce of tough food.

Qeelusion refers 1o the manner in which the upper and lower tecth meet and
fit together as the jaw is closed. In good occlusion the cusp surfoces of the
upper teeth fit closely to the lower tecth. The medial ocelusal position (or inter-
cuspal position) is that position in which the mandible returns when the jaws
are snapped shut automatically from a wide opening when no food is in the
mouth. In this position the upper and lower molars and cuspids are in direct
contact and the cusps fit together to give an uneven line while the upper inci-
sars lie in front of, and partially cover the lower incisors (see Fig. 2.2, page 37).

From the medial occlusal position the jaw can be protruded (moved forward
afler slight apening) so that the upper and lower incisors meet in readiness for
biting off: in this position the molars do not contact cach other. The mandible
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can be protruded even farther forward by pressing the lemper dibul
Jjoint forward inlo its second compartment. It con also be retruded until the
lower incisors are well behind the upper incisors. From the medial ovclusal
position the lower jow can also be pulled sideways to the nght or lefl (lateral
movement). The ability of the mandible to be moved inall directions from the
medial veclusal position allows a wide mnge of chewing lechnigues to be
employed,

Malacclusion (bad closing) occurs when the cusps of the upper and lower
teeth do not fit well when the mandible is in the closed position, This s & prob-
lem to which dentists devote much attention.

Mastication refers to the entire complex of processes that occurs as the food
15 chewed and brought into a condition ready to be swallowed. It may be a vol-
untary or involuntary act. This is an r:xm.mc]y wmr:lcx set of processes that
is generally not well understood or ication is a biting—
chewimng-swallowing action that is a mmplc‘x shmu!nlwn—molnr feedback
process in which a constant stream of stimuli travels from mouth to brain and
a corresponding stream of instructions trvels from the bramn o the mouth
instructing it how to proceed (Fig. 2.5). This complexity has been well
described by Yurkstas (1965) as follows:

We fail to app the ! of the chewing apparatus. [t is truly remarkable
that miest people pecform this function daily, with lide or no forethought. Masucation involves
the wse uf forces that sometimes exceed 1001 and pressumes that are probably 10,0001 in ™%, One
Tundred blows per mimule are ollen delivered for periods of one-hal o ane hour ot s ime. These
blows are automatically eontrolled ad are precie o withm a few mmdredibs of an inch, since o
mistimet blew or misgaided stroke can case intense pain or ressli in consulerable damagpe.

The Sequence of Mastication

The ume devoted to masticating o food, number of chews, and type of chewing
mation vanes considerably from person to person, and from one food to
another. The sequence below is the most common sequence found with the
majority of foods.

(1) Bite off a piece of food with the incisors (initial breakage phase). Sofl
foods are usually wiped off the spoon with the lips instead of using the
INCISOrS.

(21 Cut into small pieces with the incisors when necessary.

(3} Puncture or tear apart with cuspids and bicuspids as necessary.

(4) Grind into smull particles with the molars, simultaneously mixing the

food into a paste with the saliva using both tongue and teeth. Soft,

smooth foods are manipulated by the tongue more than by the tecth,

This process is mainly one of mixing the food with saliva when there

are no hard picces to be broken down by the tecth (mush phase)

Swallow the liquid portion and fine parlicles, retaining the insulficiently

chewed portion in the mouth,

(5

i
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(6) Continue the grnnding, mixing, and swallowing sequence until the
bolus has disappeared and the mouth is empty and ready to bite off the
next piece (clearance phase). Picrson and LeMaognen (1970) showed
that there is only one deglutition for very soft and liquid foods and that
the number of deglutitions increased as the hardness, dryness, or com-
pactness of the food increased. Hilemae and Palmer (1999) showed that
deglutition of hquids eccurs sooncr than for tntrated foods, and they
developed a model for a bolus formation and deglutition,

Methods and Processes Used for
Disintegration of Food

Dilfferent mastication processes and combinations of processes are used for
preparing foods for swallowing. The main p are described below.

(1) Mechanical disintegration. The teeth do most of the work and saliva
plays a minor role, e.g. meat and most fruits and vegetables. For foods
that release much liquid (for example, oranges and juicy meat) some
swallowing of the expressed liquid may be needed before serious chew-
ing begins.

(2) Softening by absorption of saliva or a beverage that is consumed with dry
foods, .. crackers, dry cookies, potato chips, popcorn. Saliva (or bev-
erage) plays o m.qur mlr. and ils soflening effect may be more important
than the mech tion nccomplished by the teeth, For some
foous saliva absomption may be the rate-determining process that pre-
pares the food for deglutition. Some foods are presaftened by absorption
of'a liquid before placing the food in the mouth. For example, some peo-
ple durk their cookies in tea or milk because they prefer a sofler texture,
On the ather hand, the softening of dry crisp breakfast cereals in milk is
usually considered undesimble,
Melting is caused by a phase change from solid o hquid as food is
warmed in the mouth, e.g. ive cream and gelatin ge's. The cocoa bulter
that provides most of the textural ol chocolate is not h
for having & narrow melting point runge just o few degrees below budv
temperature. [ts rapid conversion from a hard snoppy solid into a vis-
cous flavorful liguid provides delightful sensations. Chocolate substi-
tutes using fats that do not have the same sharp melting characteristic
a5 cocoa hutter usually do not melt completely at body temy and
leave an unpleasant waxy feel in the mouth.

Since viscosity decreases as the temperature increases, cold liguids
become thinner as they warm up in the mouth even when there is no
phase change.

Hardening caused by a p}ume change from liguid to solid as hot foods

are cooled in the mouth, e.g. the oil in hot soup may solidify as it is

(€]

“
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cooled in the mouth changing from an aily mouth feel 1o o Fatty moith

feel.
(3} Thinning caused by dilution with saliva, e.g. thick beverages such as
milk shakes and cream soups. The teeth arc not used or hardly used
The product i stirred around in the moulh by the tongue until sufficient
salivat has been absorbed to render the bolus thin enough 1o be sw
lowed casily.
Thinming coused by stirfing. Some semiliquid foods exhibit what is
known as 'shear thinning” behavior, that is, the viscosity is decreased by
the mechamcal stirring imparted by the tongue and shearing as the tongue
compresses the food against the hard palate (Kokini er of, 1977; Kokini
and Dickie, 1982). Shear thinning behavior is described in Chapter 3.
(7) Solution. Hard sugar candies may be licked or sucked until they simply
dissolve in the saliva. However, there are people who chew them
(mechanical disintegration) in erder to get a shorter but more intense
burst of flavor release.
No disintegration. Thin liquids such as coftee, tea and carbonated bev-
erages are simply swallowed with virtually no assistance from teeth,
tongue or saliva. Slippery foods such as oysters and some Oriental noo-
dles are sometimes swallowed whole with no interaction from the teeth
or suliva and little assistance from the tongue.

6

{

&

Hutchings and Lillford (1988) p late charaetenstic *b n pathways’'
for different foods as they are prepared for swallowing and that two planes
must both be penetrated before swallowing begins.

Plane | is the degree of structure plane. Particle size must be reduced below
a certain level before swallowing can begin.

Plane 2 15 the degree of lubncation planc. A eertain degree of lubrication
st be exceeded before swallowing begins. The lubrication muy come
from free moisture initially present in the mouth, low of salivi, or juice
expressed from the food. In some foods it may come from the release of
oil or fats.

The first fiew chews on a piece of food are generally slow as one manipu-
lates the picce within the mouth to soften it with zaliva or cut it into smaller
pieces with the incisors. When the bolus reaches a consistency that can be
readily managed, the chewing rate is stepped up to the normal chewing rate,
which then resmains fairly constant for the remainder of that ehewing cycle.

The size of the picces of food that are swallowed is known as the *swallow-
ing threshold.” Yurkstas (1965) studied this and concluded:

The reults show that the swallowing threshald was direetly related to masticators perfonnance,
the correlation ecellicient heing significant to the 1% level Thus, peaple with supenior mastica-

. tory ability attained 3 finer degree of food pulvenzation at the swallowing threshold than did

peuple who pessessed dentitions that were less efficient. The person with the diminished ability
to chew compensated for bis dental handicap by swallowing barger particles of food . Prople
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Complete dentitian B 75-97
Third malar mising 78 45-91
“Third and ane ather malar missing 35 17-83
Dentures 35 #-57
“Chewing efficiency is defined as the of faad passing tirough & 20-mesh i

20 chews. Data from Yurkstas { 1965)

1973 4.5 98 a5 34
1975 548 105 7 23
1977 &04 84 3B 0
57y 703 105 48 28
1981 G55 100 24 30

who hid poor dentitions did net compensae for thie dental Iwullnp Ty ehewing for o langer
peniod of time or by invreasing the mamber of masticatory strokes,"

Tahle 2.4 shows the ¢ffect of missing teeth on masticatory performance.

Kapur et al. t1964) showed that the chewing process by natural teeth is pref-
crential; that is, the mursu particles .m. pround more rapidly than fine p:l.rl.mics
as chewing d in subjects with 1
is nonpreferential — all particles are pulverized at random.

It should be noted that the forces exerted by the teeth provide the sbvsy on
the food while the movement of the jaw provides the strain on the food during
mastication. (These two terms are defined in the next chapter,)

The rate at which people chew depends partly on the food and partly on the
person. Each time the author teaches his class m food rheclogy he gives the
students sticks of a well-known brand of chewing gum and asks them (o
measure their chewing rate once the gum has been brought to a *steady- swu:

fition. [n this ¢l ion the mean chewing rate is app
60 chews per minute with a range of 24-103 chews per minute (Table 2 5)
Using informal tests on a number of people on sticks of the same brand of
chewing gum the author has found a chewing rate as low as 26 chews per
minute 1o a high of 132 chews per minute (Bourne, 1977),
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The effect of the food on the chewing rate follows a complex pattern. What
scems to happen is demonstmted schematically in Fig. 2.6, The chewmng rate
remaims approximately conslanl as one moves from foods of low toughness to
foods of mod g This i is achieved by increasing the
oW output of the jaw (power 15 the rate of domg work). As the food contin-
s Lo i in tough the limit of comforable power output is reached.

Taughness —+

Figure 2.6 Schematic
representation of the relationship
berween chewing rate and power
output o foods ef increasing

toughnes

Beyond this point the power output ins approxi arid this is
achieved by slowing the rate of mastication, One chews tough meat and chewy
carnmels more slowly than foods that require less energy for mastication.

The chewing pattern is completely changed with ext Iy hard foods such
as rock candy and nuts in the shell. These foods are usually placed carefully
between the molars where the maximum leverage is available and the force is
steadily increased until the food cracks ar shatters. In these cases the come-
pression rate before breaking is almost zero, The chewing mode is that of
constant rate of increase in force application. This is a stress-dependent type
ol mastication in contrast 1o the usual strain-dependent type.

Rate of Compression between the Teeth

The rate of compression between the teeth varies over o wide mnge and is
alTected by several factors. Table 2.5 indicates the wide range of chewing speeds
from person Lo person on a standard product. Tt has been noted above that the
first few chews on a picce of food are frequently slower than the regular chew-
ing rate and that tough foods are masticated more slowly than tender foods.

How widely the jaw is opened affeets the compression speed. Some people
make short strokes of the jaws whereas others make longer strokes. People
wha make long strokes will have a higher compression rate if they use the
same number of chews per minute because the average compression speed is
the product of the number of chews per minute by twice the distance between
the teeth at the point of maximum opening.

The mandible articulates i approximately the are of a eircle around the
temperomandibular joint. The teeth that are closer to this joint move a smaller
dhstonce than the teeth that are farther from the joint. The incisors are the far-
thest from the joint and move at about twice the speed of the molars, Even
amunyg the molars the first molar meves at a faster rate than the third molar

because of its greater di from the temy dibular joint.

The rate of movement of the jaw follows approximately a sine curve. The
agtual rate of compression will vary i ly throughout each sl
tory stroke, reaching a i speed ol approxi by midstroke and falling

to zero at the end of the stoke,

IFwe assume 60 chews per minute as the average chewing rate, and an average
stroke length of 10mm, then the average compression rate is 1200 mmmin™!,
or 20mms~". As noted above, there will be substantial vanations from this
‘average” figure.
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Soothing Effect of Mastication

Mastication has been found to have a pronounced soothing effect, Chewing
‘soothes the nerves.” Fidgeling activities such as finger tapping, leg swinging,
pipe smoking, adj the hair or ele., greatly decline in fre-
quency when mastication 15 taking place. The sucking and chewing that a fret-
ful baby gives to its thumb or a pacifier is another example of the suothing
effect of mastication. Chewing gum is a harmless way to use the soothing
cffect of mastication to relieve tension. For this reason it would be desirable to
allow students to chew gum duning examinations!

Saliva

The flow of saliva that 15 generuted by the salivary glands (see item 7, page 40)
lubricates the bolus, soflens dry foods, flushes away small food particles,
absorbs juices, initiates the first phase of digestion through its ptyalin content,
and aids deglutition. The act of chewing stimulates the Now of saliva. One
study found that the mean saliva low among a group of people at times of
nonstimulation was 26mlh ™" with o range of 2.5-110ml h~' (Jenkins, 1978).
When the saliva flow was stimulated in the same people by giving them
favored wax (o chew, the saliva flow increased to 46-249 mlh™", It should
be noted that factors other than mastication can stimulate the fow of saliva;
for example, the smell or sight of food or talking about foed. There is the clas-
sical example of Pavioy’s dogs that were conditioned to salivate at the sound-
ing of o bell (Pavioy, 1927).

Saliva generally consists of opproximately 99.5% water und 0.5% solids,
but these figures can vary widely from person to person and from day to day
within the same persan. The main i of saliva is a glycoprotein ealled
mucin which imparts a slimy mucus character o the saliva, thus assisting in
the lubrication of the bolus. Saliva contains the enzyme plyalin tan amylase)
which assists in the biochemical breakdown of the food. The parotd gland
secretion is rich in piyalin but watery because it is low in mucin, The sub-
mandibular gland secretion 15 viscous because it is rich in mucin but is low in
ptyalin. The secretion from the sublingual gland 15 mixed, conlaining both
ptyalin and mucin, Total ash is approximately 0.25%. In a study of 3400 peo-
ple it was found that the pll of saliva ranged from 5.6 to 7.6 with a mean of
6.75 (Jenkins, 1978).

Van der Reijden ef al. (1994) reported that during the day the pH of the ol
fluid in the human mouth changes continuously between pH 6.5 to pH 7.5 due
ta the miake of food and subsequent acid production by microbial fermenta-
tion. Prinz and Lucas (2000) showed that pooled saliva from healthy people is
shear thinning in behivior {see Fig. 2.7) but that certain diseases caused o
substantial decrease in degree of shear thinmng. The term ‘shear thinning®
is explained in the next chapter,
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Figure 17 Viscosity versus

shear rage of pure salva. (From
Prinz and Lugas, 2000, Heprinted
from . Oral Rehabililation 27,
Page 993, Copynght by Blackwell
Srignce Ltd )
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Forces Generated between the Teeth
and Palate

In general the maximum force exerted between the teeth is 15 kg between the
incisors, 30 kg between the cuspids, and 50-80 kg between the molars, This
range in readings is undoubtedly due to the leverage effect — the molars are
much closer to the fulcrum of the mandible than are the incisors.

Oldfield (1960) noted that Borelli measured the total force exerted by the
jaw in 1681 by hanging weights on the Jower jaw, and found that the maximum
weight that could be supported was about 1001b. Table 2.6 shows the maxi-
mum forces that can be cxerted between the teeth among Eskimos and
Americans. The wide differences between the two tribes shown in this table
are undoubtedly due to the fact that the Eskimos cat a great amount of tough.
hard foods and they chew on animal skins to improve the quality of the pelt,
which develops the and other les of the jaw, whereas
Americans, eating mostly soft foods, are never required to develop the mus-
cular strength of the Eskimos, Tt is interesting to notice that the mean value of
2001b for female Eskimos is equal to the maximum value of 2001b for the
American male, The author leaves his readers to draw whatever conclusions
they want from these figures!

Another national ditference in chewing ability is shown in Table 2.7, where
the number of chews required to bring food to the point of deglutition is
shown for a trained American texture panel and a trained Filipino texture
panel. In each case the Filipinos required more chews than the Americans for
the sume type of food. This difference is probably due to the fact that the
Filipina diet is basically cooked rice, which is soft, requires little mastication
and never calls for strong jow muscles. Other foods that are used in the
Filipino diet are generally cut into small pieces before being brought to the
table so that the diet on the whole is hot challenging or demanding from
the textural standpoint.
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Subject Mean Maximuem Mean Maximum
Esksrnay 270 348 00 336
American (natural reeth) 120 200 B5 165
Amencan (dentures) ~&0

“Data taken from Waugh (1957) and Klarsky (1942).

publhed data from A 5. |
Nnputlished data from M. C. Bourne,

French rall 1.8 Ham an white bread 10
Tender stenk 14 Lobster 0.8
Pear (hard) 14 Apple (Macintnsh) o7
Celery {raw) 13 Cucumber (raw) o7
Carrot (raw) 13 Ramed doughnut 0.7
Balogna on roll 12 Broceoll 06
Whate bread (wieh erusts) 11 Potato (bailed) 0.6
Tamatn LA Crabmeat s
Hard rye bread 1.0 Tuna figh [ R ]
Hamburger (broded) 1.0 Shomp 05
Coleslaw 10 Cake 05
e 10 Cabbage (boed) a4
Orange section .0 Carrox (boiled) (E
Freneh rall (with bguad) 1.0 Bieecs {badded) 03

“Diata from Yurkstas and Curby (1953)

Table 2.8 shows the average force per footh required to masticate some
common foods by two wearers of full upper and lower dentures. These data
show o sixfold rnge from 0.3 kg for boiled beets to 1.8 kg for a French roll,
1t would be interesting 1o see whether the same foree levels were exerted by
persons possessing thewr natural teeth,
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First bicuspid Second bicuspid First molar
Food {1oath na. 4) (tooth na, 5) {cooth o, §)
Hard rolls 30 40 30
Rolig ples lguid 24 A5 31
Raw vegetables {taugh) 41 33 26
Raw vegetables {s0ft) 37 31 32
Cooked vegetables 15 19 5
Breads 32 26 43
Bread phus guid 20 27 6
Tough meat 19 48 33
Tender mear 19 29 52
Fish 1 ) 55
Dara from Yarkstas and Curby (1953},

The distribution of forces that were applicd 10 three teeth by two denture
wearers fitted with full upper and lower dentures is shown in Table 2.9, The
authars of this report (Yurkstas and Curby, 1953) state that
Mastication of hard rolls resubted in almost equal farce distnbution smmoeng Use three tecth stud-
iedl. Thits was e b0 the fact that instually the rolls wers masticated i the first anid second bicus-
il area, and, as they were softencd, the molar area was ulilized to 4 greater degree, The ingestion
of liquids with rolls resulied in a slight postenor distribution of focce. The raw vegeubles std-
ted were divided into soft and hard cateporics. Sofler raw vegetebles showed relatively equal
force distribution on all three tecth, while tougher ones such as carts were iasticated in the
first Bicuspid arca. The covked vegetables showed 3 defimnie trend towand the pusterior arca
When liguids were ingested simultanegusly with bread, there was a definite shill towards the
first molar arca in preference for mastication. Softer meats such as hamburger were definitely
masticaterl in the molar area, whercas steaks were generally chewed in the bicuspid reginn.

Takahashi and Nak (1991a) embedded three pressure transducers in a
palatal retainer made of thin acrylic resin that fitted the upper dental arch of
two adult females with normal oral and dental structure, These measurcd the
pressure exericd as they ate gels made with varying concentrations of gelatin,
They found that mean palatal pressure increased from about 100 g cm™ for
1% gelatin up to about 250gem ™ for 3% gelatin, and then progressively
decreased for 6% and 7% gelatin gels, They attributed this decrease to the
subjects transferring the gels to the teeth because they were toe hard to break
up with the tongue,

Ina later study, Takahashi and Nakazawa (1992) using pelatin and agar pels of
varying concentrations, concluded that the oral action was primarily crushing of
the gel against the hard palate up to a gel sirength of 7-10 % 10°dyneem ™
which changed to hiting by the teeth when the required force exceeded this value.

Takahashi and Nakazawa (1991b) also studied the effect of changing the
viscosity of liquids on palatal pressure by dissolving various lcw.-ls of carboxy-
n:cthylcellulnsc in orange juice to give apy i d at
205" ranging from 3.4 to 2300m Pa-s, They found ﬂml the palatal pressure
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almost doubled as the viscosity increased 676-fold and attributed the relative

v of palatal pressure to cf in viscosity to two factors; (1) low
viscosity juices were swallowed n a single deglutition whereas high viscosity
Juices were swallowed in several smaller portions; (2) shear thinning of the
thickened juices coused by stirring with the tongue, dilution with salivi, and
warming towards mouth temperoture,

Tracking Food Movement Within the Mouth

Lee and Camps (1991) used a computer-based procedure 1o track the location
of food samples within the mouth in real time. An outline of a human maxilla
complewe with teeth was shown on the computer sereen. Subjects were given
various foods and used a mouse 10 move a cursor on the screen Lo show whene
they felt the sample was located in the mouth at any point in time and the data
were stored in the form of X and Y coordinates, Figure 2.8 shows some of
these evaluations, Water showed a brielresidence time (two X 0.5 s movements)
b honey required four * 1s and both showed no utilization
of teeth which means that enly the tongue was used for manipulating the prod-
uct. Solid foods showed considerable utilization of the teeth, especially the
molars, The harder foods showed longer residence times, for example, the
hard candy was moved between the molars and cuspids on both sides of
the jow in about 16 X 3 s movements and fresh potato chip showed one X 15
movements on the cuspids followed by three X 15 movements on the molars,

Reasons for Masticating Food

1t is worth noting why food 1s masticated, The major reasons are as fallows,

(1) Gratification. Chewing is an enjoyable sensory expenence that gives
great satisfaction, It is one of the few sensory pleasures that lasts from
the cradle to the grave, This point 1s especially significant for the older
person for whom many other sources of pleasure are diminishing.
Foods should be selected for the elderly that will give them the maxi-
mum masticatory pleasure while satisfying their nutritional needs, and
yet not go beyond the limits set by their reduced chewing ability, As
puinted out on page 2, mamtnining the gratification that comes from
chewing has led to o large dental industry.
Comminution, Breaking the food into smaller picees makes swallowing
possible,
Mix with saliva. This lubricates the bolus and softens many hard, dry
foods, making them easier to swallow. The enzymes in the saliva start
digestion of starches. -
(4) Temperature adjustment. The human race likes to consume much of its
food and drink in a cold or hol condition. The mouth seems 1o be able

(2

{3

—
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Water Fresh potare chip
0.5 srcond interval 1 srcuned mlenvel
Cool whip Stale porata chip
0 5 second mterval 1 vecond imdenval
Hangy Biscuic daugh

¥ weeand wterval 1 secend intervel
Popcam Finn ensps

¥ second inteeval 1 srordd enterval
Red Deficious apple Jupirse

1 second imterval 1 srcand mpervel
Whappers malted milk balls Jolly Rancher hard candy
1 second imterv! 7 secend imtervel

Figure 2.8 Tracking foads in the mouth. (From Lee and Camps, 1991.) Reprinted from |, Teature Shudies B pages 280, 241,
Copymght by Food and MNutrtian Press Ing.

to withstand o wider temperature range than most other parts of the
body and the residence time during mastication brings the food close
to normal body temperature before sending it on to the stomach,
Release flavor. Many substances responsible for odor and tasle sensa-
tions are released as the food is pulverized, causing a stronger stimulus
1o the chemical receptors in the oral and nasal cavitics.

(6) Increase surfoce area. The chemical and biochemical attack on the

food n the stomuch occurs at the surface of each food particle

[&]
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Mastication greatly increases the surface area available to digestion
and also decreases the thickness of cach food particle, thus promoling
rapid digestion.

Nonoral Methods for Sensing Texture

Although most af the sensing of texture occurs in the mouth and with the lips,
it 15 possible 1o textural prop outside the mouth, most com-
monly with the fingers and the hand. [t is a common practice to hold and
squeeze foods in the hand, and this frequently gives a good method for nssess-
ing the textural quality of the food The food may be squeezed between the
forcfinger and the opposed thumb or between two, three, or four fingers and
the opposed thumb. It may be squeezed by pressing with the whole palm on
top of the food which 15 resting on o firm surface such as a table, or the two
palms may be placed at opposite ends of the food and squeczed. The size of
the object frequently determines the method that is used. The forefinger and
opposed thumb are generally used for small objects whereas the entire hand or
two hands are used on large objects such as a loaf of bread, While the hand is
ustially used to touch foods, it is possible to use other parts of the anatomy
such as cheeks, clbows, and feet to obtain some index of the textural qualitics
of foods.

The Hand

Two prominent surgeons (Burion and Rockwell, 1994) describe the unique
combinution of incredible strength, sensitivity, and versatility of the hand as
follows:

The philosophic exalation of the hand by scholass of antiguily is equaled by the profound regard
fior 11s complesity and versatility held todsy by functional snatomists and sargeons. The fand is
compased of material of dexterity, strength, sensitivity, and refinement — all in the most complex
array and condensed into a unit weighing significantly less than | kg, With this amazing tool we
implement the desires of the luman brain, whether requinng the speed and precision of the
fingering hand of u concert vivhinist ur the brute power grasp necda’ to wield a sledgehummer
With the hands the laborer supports a family, the parent loves and cares for o baby, the musician
plays o sonata, the blind ‘read” and the deaf “ualk’,

The hand is & wonderfully complex manipulative tool. Much of our tech-
nology, music and art derive from the wide range of purposeful actions that
can be performed by the human hand as directed by the brain. The hand is a
sensory organ, as well as a manipulative tool, gathering information on touch
and temperature and feeding this back to the brain.

The hand, as a sensory organ, is the main focus of interest for the texture
technologist. A simple description of the structure and operation of the hand
follows. :

The hand (mamis) begins at the wrist (carprey) extending through the palm
{metacarpus) to the five fingers (digits): thumb (pollex), index finger (digins
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indicus), middle finger (digitus medie), ring linger (digitus amularis) and
little finger (Jigifrs miminms).

The skelcton of the palm is composed of five thin, long benes
(metucarpals). The metacarpals are identificd by Latin numerals from
metacarpal T (leading to the thumb) through metacarpal V (leading to the lit-
e finger). The palm is filled by loose connective lissue containing some Fil in
which arc embedded the leng fexor tendons, small lumbrical muscles, nerves
and blood vessels,

Eauch of the four fingers contain three phalonx bones connected end 1o end.
The top of the finger holds the distal phalany, which abuts the middle phedunx
which abuts the provimal phalans which abuts the metacarpal bones of
the palm. The thumb has only two bones, the distal phalany and provimal
phalany. The distal phalanx (end bones) in the fingers and thumb are somewhat
flattened (tuberosity). The fingernail covers the dorsal sides (back) of the dis-
tal phalanx, while the front side (anterior) is covered with a fatty pad in which
are embedded many nerve endings that provide the acute sense of touch
detected by the balls of the fingertips. These nerve fibers connect to corpuscu-
lar receptors that respond to pressure, temperature, pain and itch. The high
degree of sensory innervation in the fingertips allows many intricate tasks to
be performed including the *handfeel” of foods.

The muscles locsted within the fingers and palm (intrinsic muscles) are
small and relatively weak, the main ones being the fumbrical muscles that
surround the knuckles and cause the fingers to spread apart or close together.

The strong clenching mation that is achieved by closing the fingers down
towards the palm 1s mainly achieved by two powerful muscles (extrinsic mus-
tles) located i the front (antenior) of the forearm beginning near the elbow and
continuing about half way ta the wrist These muscles are the flexor digiforum
profimdiis and flevor digitorum supecficialis. The opening of the fingers away
from the palm is achieved mainly by two less powerful muscles that lie in the
back {posterior) of the {orearm, flexar corpi radialis and flevor retinacidim.

It is remarkable that the strong clenching mation of the hand is not powered
by muscles within the hand but by a large mass of muscles concentrated in the
upper forearm some 20-40cm distant from the fingertips. Long tendons
attach to the powerful museles in the middle forearm and extend through the
carpal tunnel in the wrist to the fingertips in a manner suggestive of a rope and
pulley system. The tendons that close the fingers (flexor) are deeply embedded
in the palm while the tendons that straighten them lie just under the skin in the
back of the hand. Most people can see the extensor tendons move when the
fingers are bent and straightened.

The long fMexor tendons that cause the fingers to close are surrounded by
synovial sheaths from the wnst up 1o the last finger joinl. These sheaths lubri-
cale the tendons and allow them to move easily with little friction. Most pro-
ple can sec the long flexor endons moving just above the wrist when they
clench the hand. They ean also see and feel the strong flexor muscles that
power this movement tighten up just below the elbow,
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The thumb is oppasable, In contrast to the fingers, the major muscle that
closus the thumb (whducior poliicis brevis) stretches from the first joint in the
thumb across the lower palm ta about the middie of the wrist, Its motion is
arded by another intrinsic muscle (fexer poflicis). The extrinsic muscles in the
forcarm that help move the thumb are one Qexor (fexor pollicis longus) and
two extensors (extensor pollicrs lougus and extensor polliciy brevis).

The movements of the hand are comples biomechanical aperations invaly-
ing all joints at the same time but they can be broken down into two hasic acts:

(1) Power grip. The fingers form one side of a clamp and the palm the
other side while the thumb is wrapped around the index finger. These
movements are used to hold the stecring wheel of the car, the handle of
a suitcase, and the handles of iools. This grip can exert very strong
forces,

(2) Precision grip. The ball of the thumb presses against the balls of one or
more fingers (oppositive) exposing the sensory surfaces to the product.
This grip can be Iled within short and is the one used
to feel iems such as foods. It 1s also the grip used for writing, painting,
sewing and other delicate tasks.

Sight

A visual manifestation of texture can be found according to the rate and
degree that foods slump or spread when unrestroined (see pages 161, 216 and
224). For example, a firm jelly holds its shupe well whereas a sofl jelly sags to
a greater degree. One observes the viscosity of a liguid or semiliquid food by
watching the rate of flow os it pours from a container or flows across the food
or the plate (Shama et al., 1973).

Sound

Crisp and crunchy foods generate characteristic sounds when masticated. One
person can stand behind a sereen oul of sight of a second person and chew on
various foods and the second person can guickly decide when a crispy food is
being chewed just by histening to the sounds being generated. This subject is
discussed more fully on page 171.
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Physics and Texture

Introduction

This chapter intraduces the reader to the branches of physics that are relevant
to texture, mainly rhealogy and phvsu. il properties of matenals, The concept
of food rheolopy was introduced in Chapter 1, pages 22-26. Physics .; a
branch of science that can quickly become complicated and very math al

For example, Table 3.1 shows the 1 for in
steady simple shear and hinear viscoelasticity recommended by the Society of
Rheology. The Society has two more tables giving mcommcnd:d numcnc!nlun:
for nonlinear viscoelasticity in shear and 1 v Insticity in

One glance at Table 3.1 demunstrates how complex this branch of physies can
become. Fortunately, many of the rheological functions listed in Table 3.1 prob-
ably have litle relevance 1o food.

This account of food physics is introductory and uses the minimum of
mathematics. The reader should consull one or more of the references listed ot
the end of this chapter for a more comprehensive description of the principles
of physics.

Rheology is defined as ‘the study of the deformation and flow of matter”. It
principles can be applied to any kind of material ranging from mobile fuids
stich as water, (o plastics, blood, pamts, cosmetics, soils, glasses, rubber, lubri-
cants, ceramic materials, rocks, and of course, foods and beverages, The Society
of Rheology, which has its headquarters in the United States of America, was
founded in 1929 and now his 8 membership exceeding 1600 members. Other
countries, including Australia, Japan and the United Kingdom have their own
national societics of theology. With this large number of practising rheologists,
it is not surprising 1o find that the field of rheology is well developed and
thriving. It needs to be remembered that most of the rheologieal concepts and
instruments were developed for nonfood products, e plastics, and the food
rheologist, while borrowing freely from conventional rheological theory and

Keclomtonl #
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prictice, needs 1o be alert to the possibility that some of this theory may not
be .spplmhle to foods. As pointed out on page 17, most people have a clear

ding of the 5

solids and liquids. However, there

are many submnn:rs, ncluding

foads, that simul ly possess
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some of the properties of both solids and hquids, and measunng and specifying
their properties 15 sometimes difficult.
The classical definition of rheology divides into two parts
(1) Deformation usually applies to Is that are predominantly solid-
like in nature,

(2) Flow usually applies to materials that are predominantly fuid-like in
nature.

The most important elements in both deformation and flow are the funda-
mental quartities of distance, time and mass,

Distance, symbol I, is measured in meters (m)
Time, symbol ¢, is measured in seconds (s)
Mass. symbol m, 15 measured in kilograms, (kg)

A description of these quantities is given in Table 3.13, page 104, A number
of other quuntities such as area, volume, foree, etc. are derived from vurious
combinations of the above three fundamental elements.

Deformation

This section begins by defining the most common units used for measuring
and defining deformation. The term “displacement” is sometimes used in pluce
of deformation.

Foree, symbol F, has the dimensions mass % length X time™2 {mit™3). The
conve al unit of force is the newton, symbol N, named after the British
physicist, Sir lsaac Newton (1642-1727). The word *load’ is sometimes used
instead of *force.”

Stress is the force per unit area, symbol e (Greek lower case sigma). Tt has
the dimensions mlt ™41 = ml™""2 1t is expressed in units of pascals (symbol
Pa) and named after the French physicist Blaise Pascal (1623-1662) and has
the units newtons per square meter (N m~2). An earlier and now obsolete unit
of stress is the dyne-cm ™2, The equation describing stress is simply:

a = Fid

wheere o 18 the stress achieved when a force F is applied uniformly to a body
with area A.

Figure 3.1 explaing the dilerence between force and stress, Suppose 2 mate-
rial of uniform composition is fashioned into two pieces of the same height with
one picee 1 cm | em square and the other Sem X 3cm square. Now suppose
1 steady force of 100N is uniformly applied to each piece. The foree (or lond!
is 100N on both picces, but in the first piece the stess is 1001 =100 Nem™
whereas in the second picce it is 100125 = 4 Nem™. It is necessary to know
bath the force and the area of the specimen to calculate stress.

If the sample i5 uniform in shape and composition and the deformation is
sall, it 15 generally assumed that the stress is evenly distnbuted throughout
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Figure 11 Stress is dependent
on beth force and area,

arca: 1cm? Scm X Scm = 25¢m?

farce: 100N 100N _
stress: 100/1=100Nem—2 125 = dNem™3

the sample, but when the sample does not present a fat surfuce to receive the
force, e.p. a sphere such as an orange, or if the sample is nonuniform in strue-
ture or composition, e.g. a bread roll, or if the vehicle applying the force has
an uneven surfuce, e.g. the cusp of a melar, the stress is unevenly distributed
throughout the sample. Also, if the deformation is large, or if the material
splits, crumbles or breaks the stress is unevenly distributed. In these cases,
which are frequent in foods, it becomes very difficult, and often impossible to
map the distribution of stress throughout the sample.

Stress 1s most commonly applied to foods in compression but it can alse be
applied in tension ar shear (sideways or lateral),

Strain refers fo the change in size or shape of a material when it is subjected
1o a stress. It is denoted by the Greek letter & (epsilon) and may be described
in several ways

(1) Dimensional units, c.g. ‘the strain is x mm’, i.e. the change in height Al
(2) Simple rtio: Cauchy strain also called “engineering strain®

=t %{ for compression

Al ;

= — for tension

ly
where I, is the height or length of the unstressed specimen and 1 afler
the stress has been applicd and Al is the change in height (x).

(3) Logarithmic ratio: Hencky strain, also called ‘true strain® or ‘natural
strain.’

r:=1|:|i
Iy

where In is the natural logarithm of the ratio of the stressed/unstressed
heights.
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15 Figure 3.2 Uniaxial

compression, shear, and isotropic
{butk) compression of an elastic
salid. In shear the angle # equals
the shear soran 7. {Reprinted
from Hao and Rind 1986.
Enginoering Properties of Foads,
Figure 5.1 by courtesy of Mareel
Diekker Ine.}

el

1

Uniawal compression Shear Bulk compression

A suffix i5 often used to distinguish Cauchy strain () from Hencky strain
{£,). When one of these strains is known, the other can be calculated from it
by using the conversion equation:

g =In(l —&)

Note that both Cauchy and Hencky strains are ratio measurcments and,
therefore, dimensionless. There are other methods for caleulating strain includ-
ing Swainger's strain (£5), Alinansi’s strain (£, ) and Green’s strain (£¢) (Peleg,
1985). All these methods of expressing strain are ubout the sune at small dis-
placements but their values inereasingly diverge at larger displacements.

Also note that stress is ulways @ force measurement and strain is alwuys
based on nt of o di The colloguial use of stress wnd strain
us interchangeable entities (‘the stress and strin of life’) has no place in
physics.

Uniaxial compression is simply P ion in one plane. Tt is the simplest
and most widely used mode of testing food texture and 15 the type of compres-
sion that is used in the universal testing machines that are now present in most
food laboretonies,

Bulk compression compresses the product in all three dimensions, 1t is nsu-
ally aceomplished by hyd f and because of the complex appara-
tus required is rarcly used for food texture measurements,

Shear occurs when a force is apphed laterally (sideways) to a solid body
whose lower face is locked and stationary. The change in angle of the vertical
face (7) is the shear, tan y = Alfk. For small deformations the angle of shear
in radians equals the shear strain, in which case tany = ¥.

The dilference bet uniaxial compression, bulk compression and shear
is illustrated in Fig. 3.2

Linear elastic describes those matenals in which the strain is directly propor-
tional to the stress, and the strain returns to zero when the stress is removed.
For most foods, stresses and stroins must be very small to comply with linear
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Figiwre 3.3 Influence of mineral
oil and emery paper on the true
surface stress~compresson
behaviar of Gouda cheese
samples 25 mm high and 25 mm
diameter tested a1 a crosshead
speed of 500 mm men ™.
{Reprinted from Culioh and
Sherman, 1976, ). Teuture Studies
7, page 356, Copyright by Foad
and Nutriion Press Inc.}

Food Strain limit (%) Reference
Algmare gel S8 Mancini et of, (1999}
Cornarch gel, fned 4 Rovedo etal (1989
Dulce de Leche

confectionery hype 9 Navarra et of. (1999)

comman fype 35 Navarra et of, (1999)

low calone T MNavarro et al, {1999)
Frankfurters 153 Mahsenin and Mieeal (1977)
Frankfurters 38 Skinrer and Rao {1985)
Fruis, fresh 153 Mahsenin and Mitcal {1977)
Mear os Mathevan efaf [1995)

150

: Emery paper o~
100 S ,\_//

&

50

Stress (dyne em =2 x 107%)
/

elastic behavior as shown in Table 3.2, Most texture tests on solid foods use
large strains that are well bevond the hinear elastic mnge.

Effect of Lubrication

In a series of papers, Professor Sherman’s group at the University of London
showed that lubrication, o lack of lubrication, of the contact surface between
the food and compressing platen affects the foree required to reach a given
degree of compression (Culioli and Sh 1976; Abu-Shakra and Sherman,
1984; Atkin and Sherman, 1984: Goh and Sherman. 1987). A nonlubricated
surface requires a higher force than a lubricated surface for the same degree of
compression (see Fig. 3.3). On theoretical grounds it was shown that when a
cylinder of food is compressed it should assume an hour-glass shape. However,
friction between the surface of the food and the contact surface of the com-
pressing platen prevents the lateral movement of the food needed to assume -
the hour-glass shape and the food bulges in the middle. assuming a barrel
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shape. When samples of cheese were lubricated with a thin film of oil they
assumed an hour-glass shape when compressed, but without the oil they
assumed a barrel shape. The barrel shape was even more noticeable when
emery paper was inseried between the cheese and the metal compression
plates. Others have noted differcnces in compression force between lubricated
and nonlubricnted (bonded) compression (e.p. Montejano ef al, 1983a,b;
Casiraghi ef al, 1985; Chu and Peleg, 1985; Nussinovilch ed al, 1992),
Therefore, the surface needs to be lubricated if one 15 to get correct rheologi-
cal data from compression lests.

However, Brennan and Bourne (1994) pointed out that two influcaces ure
present when food is compressed between the molars: (1) saliva octs as a
lubricant; (2) the cusps of the molars act as anchors to hold the surface and
prevent lateral movement. In compression lests on eylinders of Provolone
cheese and chicken frankfurter between molars mounted on 0 TA.XT2 Texture
Analyzer, and with human sut when they comy i them b their
maolars they found that the samples assumed a barrel shape showing that
the anchoring effect of the cusps prevailed aver the lubrication provided by the
saliva. In other words, compression between the molars in the mouth gives
the equivalent of nonlubri | pression even though it is conducted in
a well-lubricated environment. The conclusion from this experiment is that
il one is lpoking for true theological data, the surface should be lubricated,
but if ane wants to duplicate what happens in the mouth there should be no
lubrication in compression tests.

Time Aspects of Deformation

Suppose an article of food of uniform cross-sectional area 1s resting on a rigid
surface with a weightless rigid plate resting on the upper side (Fig. 3.4). Suppose
now that a weight is placed on the plate and that some mechanism is availnble
to measure the change in height of the food under this constant compressing
force,

- Figure 3.5 illustrates what happens when the matesial is perfectly elastic,
When the weight is placed on the food, there is an unmediate deformation
called ‘instantuncous elustic deformation” and no further change with time,
When the weight is removed, the sample i Iy and completely recov-
ers its original height,

Few foods are perfectly elastic, Most foods possess flow properties in addi-
tion to elasticity, most frequently ‘plastic” and *viseoelastic,” The behavior of a
viscoelastic food under these conditions 15 demonstrated in Fig. 3.6. When the
weight is placed on the food. there is an immediate compression of the food
which is the instantaneous elastic deformation. This is followed by a prolonged.
continuous but decelerating rate of deformation called ‘creep’ or ‘retarded
deformation.” The deformation contimuously increases with time and theo-
retically never stops; the slope of the line nover becomes perfectly horizontal,
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Flgire 3.4 Schemazic of
uniaxial deformation of a salid
under & constant force,

Flgur= 3.5 Deformatian-time
relationship far an elastic body
under canstant stress,

:
i Onginal shape
Compressed
Forze
remaved
+
Ly Inatantansolst Instanrancous
= elasor elavic
s deformation recovery
E
£
o
] 1 Time —»
Force
applied

When the weight is removed, there is an instantuneous partial ¢lastic recovery
followed by further recovery with respect to time called ‘retarded recovery, or
‘ereep recovery.” Again, this line theoretically never becomes horizontal. With
these products the commodity does not return to its oniginal height; it is
permanently and irreversibly compressed. This is known as irreversible or
‘permanenl deformation,’ or *sel.’

The viscoelasticity of foods vanes widely. A food that is mostly elastic and
slightly viscoelastic will give a deformation—time response behavior similar
to that shown in Fig. 3.5, whereas a highly viscoelastic product will exhibit
behavior us shown in Fig. 3.6.

Creep and recovery are probably a minor part of the deformation that is nor-
mally sensed in the hand because of the short time duration of the squecze.
Sometinmes it is important; for example, in bread doughs, which are highly
viscoelastic. The irreversible deformation that results from viscoelasticity is
found, for example, in grapefruit that have been tightly packed in a shipping
carton; after being placed on the mble where they are free to resume their
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Force Figure 5.6 Deformason-time
remaved relatronship for aviscaelastic
l Body under constant force.
i
=
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spherical shape, they will retain flat compression faces for many days, demon-
struting the permunent deformation that has occurred.

The above discussion relates to the chunge in height with respect to time
under u constunt deforming force. Another way of measuring the time aspects
of deformation is to measure the change in force over a period of thme at a
constant level of deformation; that is, the product is compressed to a certain
height and held at thit compression while changes in foree are measured. This
15 u test that is easily performed in the Instron and similar instruments (Bourne
et al., 1966). A typical curve for a viscoelostic solid is shown in Fig. 3.7, The
force increases steeply and almost linesrly from O to A when the commaodity
is compressed. At point A the compression is stopped and the produet is held
at a constant height. The foree declines, rapidly at first and then more slowly
as the product continues to deform under the force. This decay of stress under
a constant strin is known as *stress relaxation.” At point B the product is partially
decompressed by raising the compression plate a short distance and stopping
i 1l C. As the product is held with less compression the Torce will
increase apain as the product slowly recovers its original shape. This is known
as “recovery.” An elastic solid gives almost the same compression from O to A
as the viscoelastic solid, but when compression is stopped at A the force does
not clange but gives a honzontal hine until the solid is decompressed,

The relaxation time is the time required for the stress at constant strain to
deerease to Ve of its original value, where e is the base of natural logarithims

2.7183). Since lle = 0.3678, the relaxation time 15 the time required for the
force to decay to 36.8% ol s original value. This can be measured on instru-
ments such as the Instron where 3 constant compressive stmm can be main-
tained and the change in force with respect to time 15 measured. In some cases
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Flgure 3.7 Force-time
relationship for 3 viscodastic
bady under constant
deformation.
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the time to relax to Ve is cxcessive, in which case some lower value is taken as
an arbitrary relaxation time.

Materials Science

Tt ts now time to introduce some fundamental tests that are widely used in the
theary and practice of materials scicnee.

Young's Modulus L : ;
Yaung s modulus of clasticity is the ratio of stress 10 strain when on elastic
solid material is comp d or led. Itisa of stiffness and was

developed by Thomas Young. an English physicist (1775-1829) and it is
described by the equation:
stress FfA

Be—=
strain  AL/L

where E is Young's modulus, F 15 the applied foree perpendicular to the area
defined by the stress, A is the cross-sectional arca of the test matenal, L is the
length or height of the test specimen and AL the change in length resulting
from the application of force £. Young’s modulus is equal to the slope of the
stresi-strain curve. The prefix “Young’s' is sometimes omitted. making this
term “modulus of elasticity.'

T ically, Young's modulus of elasticity should only be used to describe
elastic materials, Since most foods are viscoelastic in narure, and many are of
nenuniform shape, size and structure, it is questionable whether this term should
be used for foods. Mohscnin and Mittal (1977) poimted out the importance of
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Faad Apparent Young's Madulus (Pa)
P, T, £0-140

Banana, fresh B-30

Beead 01-0.3

Carrat, raw 200-400

Gelatin gel 3

Peach, fiesh 20-200

et 120-300

Fftm o 60-140

(Data fram Finney, page 39 in Texture Measuremenrs of Foods 1973 eds A Kramer and
A5, Szczesniak with kind perrission of Kluwer Academic Publishers. )

maintaining the punity of rheological terms, using them only when measure-
ments and definitions are in accord with accepted rheological definitions.
They stated, ‘Rheological terms as used by rheol are firmly established
terms defining the mechamical behavior of a material under stress and strain
conditions, and they should not be employed where mechanical behavior of
the food 15 neither well defined nor understood.” As an example of this
approach, they suggested that the term modulus of deformability should be
substituted in research with food ials for the term modilus of elasticin',
in order to maintain the purity of the well-established and precise ing of
the latter term. It is hoped that the term ‘modulus of deformability” will be
used in the future instead of *Young's modulus of elasticity' for most foods.
Table 3.3 lists values for the modulus of d bility (app: Young's
modulus) for a number of food items spanning o wide range of firmness.

Shear Modulus
Shear modulus is the rtio of shearing stress to shearing strain and 18 described
by the equation:

_ shearing stress _ F/A

P
G shearing strain /L

where G is the shear modulus, F is the applied force parallel to the arca
defined by the stress, vy is the greatest distance of movement in the test mate-
rial, and L is the length. This is sometimes called ‘modulus of rigidity" but still
uses the symbol 'G.’

Bulk Modulus.
Bulk modulus is the ratio of the stress to the change in volume:
hydrostatic pressure P

volumetric strain AWV
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Apparent Poisson's Ratio

£ =005 £,=012 6, =030 & =065 £ =050

Sample
Apple
Red Delicious (3] 025 {
Janagald 017 0.22 f
Idared 024 0.24 f
Bread
Rye (1] 022 0.21 019 0.0
White R [AES 011 o7 o7
Butter 042 o4 Qa3 r
Potato
Raw 038 043 046 r
Steamed 040 042

Heprinted fram Rohm, Jaros and de Haan, 1997, ) Testure Studes 28, page 252. Copyright by

Foad and Nutntian Press Inc.
T, produsct fractured

where & is the bulk madulus, P the force per unit area (pressure) applied
Ily), 7718 the eriginal volume of the unstressed

from all directions (i
matcrial and AF the ehange in volume resulting from the application of

pressure P,

Poisson's Ratio
Poissan's ratio is named after the French physicist Siméon Denis Poisson

(17811840} and is described by the equation:

_ lateral strain _ change in width per umit width _ AIVD
= change in length per unit length  AL/L

wxial strain

where g is Poisson’s ratio, £ is the width of the test specimen and L its length
or height, AD and AL the changes caused by the apphication of 4 stress.

Ifthe volume is unchanged when the stress is upphed Poisson’s ratio is 0.5, Tt
18 less than 0.5 ifthe volume changes. Sincs Water is essentially incompressible,
those foods that contain a high water content such as fruits and vegetables have
a Poisson's ratio elose to 0.5 unless they also contain gas. Highly compressible
products such as fresh bread crumb have 1 very low apparent Poisson’s ratio.
Table 3.4 lists the apparent Poisson's ratio for several foods at different levels of
Hencky strain. Individual cereal grains usually have a Poisson’s mtio between
0.25 and 0.4. Rescarchers oflen assume a ratio of 0.3 for cereal gruins if the
sclual Poisson's rutio is not known (Borgale and Trudayara), 1995),

Interrelations Between Moduli
E, G, K and y arc called *material constants’ because they are inherent to the

material and their valocs should not be affected by the size and shape of the
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Substance Modulus Muasured Caliulared
Steel Shear Bwoan™ 10,0 % 10"
Steel Young's 25 £ 100 192 % 10
Sreel Bulke 16 % 10" 173 %100
Glass Young's TR0 496 % 10"
Rubber Shear 2.9 X 10'° 268 ¥ 10°
Aubber Young's Bx10f 114 % 10%
Rubber Bulk 19 %10 59x 10"

Calculared from dara listed by Muller (1973},

test specimen or by the rute of loading or the machine used to make the mea-
surement. However, us will become evident Jater in this chapter, this is an wdeal
concept, There are often substantial deviations from the ideal in practice,
especially when large strains arc applicd.

Figure 3.2 (page 63) illustrates the difference between compression, shear
and bulk compression.

Rheological theory shows that for elastic materals these four modali are
iterrelated as follows:

G = 3EKI(WK - E)

K= E3( = 2u) = EG/(YG — 3E) = G[2(1 + w)}3(1 — 2u)
E=9GKIK + 6) = 2G(1 + p) = 3Kl = 2u)
r=(E—26)2G = (1 — EBK)2

These equations seem to hold well for materials of construction. Table 3.5

p the experi Iy d vulues with the values calculated from

the three other moduli, For steel and glass there is good agreement between

the measured and caleulited values but for rubber there are major differences,

amounting to as much as five orders of magnitude for shear modulus, It is

obvious that these i juations are inefl for rubber, Since most

faods are more like rubber than steel it is likely that these equations will be of
Jittle use for most foods.

Creep Compliance

The increase in deformation or strain as a function of time is called ‘crecp” and
the ratio of the strain at time ¢ to the constant load is called *creep compliance.
A typical creep pli CUMVE Lt g lly be divided into three seclions
as shown in Fig. 3.8,




72 Physics and Texture

Figure 3.6 Model creep curve.

[Reprnted from Sherman,
Figure 1.9 in Texture
Measuremenis of Foods 1973,
rds. A Kramer and

A5, Szcresniak with kind
permisuon of Kluwer Academic
Publishers, )

Creep Recovery

Creep compliance ) (1)

Section 1: I compl isd 1 by region A and the symbul
JynFig, 3.8,
o
Ey
where Ky is the clastic modulus (Young's Modulus) and £, (1) is

the instantaneous strain (Le. £ is almost zera).
Section 2: Time dependent retarded elustic region denoted by B—C and the
symbol J

Ji =S [1 —expl—rirm)]

where Jy is the retarded clastic compliance, J,, is the mean elastic compliance
and rm is the mean retardation time,

Section 3: A linear region of elastic compliance denoted by the region C-D
and the symbol J,, where J; 1s the newtonian compliance.

When the load is removed there can be an instantancous elastic recovery
from D 10 E and a retarded elastic recovery from Eto E
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A graphical procedure has been developed to solve for all the symbols in
the above equations (for example, see Chen and Fridley, 1972). Jackman and
Stanley (1995} give o useful report on the use of creep-recovery compliance
measurements to study the viscoelastic propertics of fresh tomatocs

Viscosity

Everybody is aware that some liquids flow more easily than others. The poet
Lueretius (96-55 we) wrole,

We sec how quickly trough the colander,

Thie *wines will Mow; on the other hand,

The sluggish olive oil delays, no doubt,

Becanse "us wrought of elements mene large,

Or elsz more eroeked and intertangled.

{emed by Markovitz, 19851

The tendency of a fluid to flow casily or with difficulty has been a subject of
great practical and intellectual importance 1o mankind for centuries. The
famous English physicist Sir Isaac Newton (1642-1727) was one of the earli-
est researchers to study the flow of fluids. Tn his Principia, the section entitled
*On the Cireular Motion of Liquids,’ he stated the hypothesis that ‘the resis-
tance which arises from the lack of slipperiness of the parts of the Tquad, other
things being cqual, is proportional to the velocity with which the parts of the
liquid are separated from one another.” This principle, that the flow of fluid is
direetly proportional to the foree that 15 applicd, is used to desenibe the class of
liquids known as ‘Newtonion fuids.” Water is the best-known Newtonian fluid.

Other scientists have studied more complex liquids; for example, Schiubler
inan 1828 paper on *The Fatty Otls of Germany” included within the physical
constants @ ‘Muidity rtio’ using an instrument that is similar to some of the
simple instruments that arc currently used. Poiscuille (1797-1869) performed
an elegant study of the low of Nluids in capillary tubes and may be considered
as one of the founders of modern viscometry, Sir George Gubriel Stokes
(1819-1903), who was president of the Royal Society from 1885 to 1892, stud-
icd the flow of liguids through an orifice and can be considered the founder of
the efflux type of viscometer.

Some important definitions in viscomelry are set out below.

Laminar Flow and Turbulent Flow
Laminar flow is streamline flow in a fluid. Turbulent fow 15 Auid Now in which
the velocity varies erratically in magnitude and direction.

The difference between laminar flow and turbulent flow 15 illustrated in
Fig. 3.9. Suppose a fluid 15 beng pumped through a pipe at a constant rate and
a thin thread of colored solution is injected into the fowing stream. If laminar
flow is ocourring, the thread of colored solution will move straight down the
wibe, In the case of wrbulent flow there are many eddies and currents, which
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Figure 59 The differance
benween {a) kaminar and
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are shown by the line of colored solution breaking up and forming eddies and
vortices as it moves down the pipe. Laminar flow occurs at slow rates of flow
and turbulent low occurs at high rates of flow,

Ids, 1883) is a

The R

Ids number (Rey

number defined

by an equation that can tike several forms, one of which is the following:

Re = 2pQ/mry

where Re is the Reynolds number (a dimensionless number); o, the density of
liquid; 2, the rate of flow; r, the radius of pipe: and . the viscosity. The point
at which the onset of turbulence oceurs is known as the critical Revnolds num-
ber, Re. The critical value of Reynolds number denotes the rate of flow at
which the Aow chenges from laminar te turbulent flow. For pipe flovs this
oceurs at approximately Re = 2200 and is shown schematically in Fig, 3.9¢.d.

MNewtoniun flow only occurs in the Jam

ar region. Even o Newtonian fluid

will lose its Newtonian behavior when turbulent flow begins, This eritical
Reynolds number determines the Towest veloeity at which rurbulent flow can
take place, but it does not determine the highest velocity for the appearance of
laminar flaw, Tt is possible to obtain a laminar flow above the critical Reynolds
nimber, particularly if the fluid is free of colloidal or suspended matenal and
the pipe is very smooth, giving a metastable region that is somewhat analo-
gous to supercooling and superheating effects that can be found when heating

or tooling pure liquids. The pomnt to

i5 that a N 1 fluid

appears to be non-Newtomun when the shear mte is very high,
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Old aystem (metric) Mew system (S1)
Shear stress
symbsol T {Creck tau) o {Creek sigma )
it dyme cm™? pascal (Pa)
dimenyany dyneem™? newton meter—? (Nm~3)
canyersion TN =107 dyne
1mt = 10%em?
1Pa = 10 dyne em™*
Shear rate
symbol 1 ¥(Greek gamma dar)
uns 37! A0
Viscovity
symbol " 1 {Greck eta)
unic poue (P) pascal second (Pasa)
canversian 0.00P = 1.00Pas
1.00e¢P = 1.00mPas
Kinematic vscasity
| v w{Greek nu)
na sake (50} » = mfyT!
centistoke (c5r) mmis!
conversion teSe = 1 mmés”

Mote that the viscosity of water a1 20°C is 1,00 centipoise or 1.00 millipascal second,

Dynnm»c \c’iscmlqr
Dy y which is fi Iy called *v ity,” or ‘absolut

Viseos-
ity,” is the :nlernul friction of a liquid or its tendency to resist flow. TLis usually
denoted by 1 and is defined by the equation

n=aly

where 1 15 the viscosity; @, the shear stress; and ¥, the shear rate.

A ling to the International Org for Standardization (ISO) the
unit of measurement for dynamic vlscnslty 15 the pascal second (Pa's). Since
the pascal second is & large unit of’ o more unit for low
viseosity fuids is the millipascal second (mPa-s) where 1000 mPa's = 1 Pa-s,

An obsolete, but still widely used unit of viscosity, is the poise (P) named
after the French scientist Poiseutlle (1846). Since this is a large unit of mea-
surement, the centipoise is widely used for low viscosity liquids (100¢P = 1 P).
The reader is encouraged to use the S1 system of Pa-s or mPa-s but should
know how to convert poise and centipoise into ST units because most of the
older literature, and some of the more recent literature, expresses viscosity in
poise, Table 3.6 lists the units of measurement of viscosity in the metnic system
(now obsolete) and the International System of Units (SI) tat were officially
adopted in 1960, The conversion factors that convert metric units to 81 umits
are also given in Tuble 3.6 to help the reuder convert duta m the older literture
mto S1units,
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Substance Viscosity (<P or mPas)
Aar = 1.86 x 10°*
\Waer (0°C) 17311
Water (20°C) 1.000

Water (104%C) 0.2838

2U% Sucroae salution (20°C) 1.967

A0% Suerose solution (207C) 6223

6% Sacrose sobution (20°C) 587

0% Suerose salution (20°C) 40,000
it ether {20°C) 0.23
Glycerod {20°0) 1759

“Table 3.7 shows viscosities of some well-known liquids. Tt is worth noting
that water at 20°C has a viscosity of 1.0mPa-s = 1 cP.

FAluidity
Fluidity is the reciprocal of dynamic viscosity. Tt is o Ily used in place
of viscosity. It is denoted by &, and is defined by the equation

d=yla
Kinematic Viscosity

This is defined as the absolute viscosity divided by the density of the fluid. It
is usually denoted by v

v=n/p=alpy
where v 1s the kinematic viscosity, 7 15 the absolute viscosity and p s the
density in grams per cubic centimeter. The SEunit for kinematic viscosity 1s
the meter-square-second.

An obsolete umt of ki ic Vi ity is the stoke (afier Stokes, 1819-
1903). Tt has the dimensions M7 ™' One centistoke equals 0.01 stoke,
Kinematic viscosily is 4 in efMlux vise because the mte of

flow in this type of viscometer is proportional to density as well as viscosiy,
Kincmatic viscosity is widely used in the petroleum industry where the specific
gravity of liguid hydrocarbons does not vary widely. Kinematic viscosity is
nod used in the food industry to the same extent because o wide range of den-
sities can he d, which I the ki viscosity into a
smaller range than the absolute viscosity. This is exemplified in Table 3.8,
which shows the absolute viscosity and kinematic viscosity of sucrose solu-
tions, The absolute viscosity changes from 1.0 mPa-s for water to 480.6 mPa-s
for 70% syrup, whereas over the same range the kinematic viscosity changes
from 1.0 to 357 4mm* 5™,

Relative Viscosity
This s sometimes called the ‘viscosity ratio,” which is the matio of the
viscosity of a solution to the viscosity of the pure solvent and is defined by
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Absclute viscosity Kinematic viscosity

* Sucrose Specific pravity n (mPas) ¥ {mm?s™")

0 1.00 1.00 100
20 1083 197 182
40 1179 6.22 528
1] 1289 6.7 4.0
70 1350 480.6 3574
7 1375 1628 1188

the equation
Ut = MiMy

where 7. is the relative viscosity; 7, the viscosity of solution; and ., the
viscosity of solvent,

Apparent Viscosity

This is the viscosity of & non-Newtoniun fluid expressed as though it were a
Newtonian fluid. Tt is a cocfficient calculated from empirical data os if the Nluid
obeyed Newton’s law. This concept will be discussed in more detail on
p. 83. The symbol 1, is used to denote apparent viscosity.

Shear Stress
Shear stress is the stress component applied tangential to the plane on which
the force acts, Itis expressed in units of force per unit area. It is a force vector
that p both magnitude and direction. The ST unit for shear stress is the
paseal (Pa) with units of newton meter™ (Nm™

The nemenclature committee of the Society of Rheology recommends that
& be used 1o denote shear stress in simple steady shear flow and that 7 be used
to denote relaxation time or retardation time [Rhieol. Bull. 43(2), 6 (1974)]. In
accordance with this convention, o will be used to denote shear stress in this
chapter. However, the reader i cautioned that the older literature and many
theologists continue to use 7 to denote shecr stress (for example, see Figs 3.17
and 3.22, pages 85 and 92 respectively).

Shear Rate
Shear rate is the velocity gradient established in a fluid as a result of an
applied shear stress, Tt is expressed in units of reciprocal seconds (s™').

The nomenclature committee of the Society of Rheology (see above) ree-
ommends that ¥ be used to denote shear rate and that y be used to denote
shear strain, The use of y to denote shear rate is conventional among rheolo-
gists and will be used in this chapter.

Erumel and Sahar (1975) give some useful guidelines that enable anc to
think in practical terms of what various sh:::r rates mean when related 1o well-
known phenomena. A shear rate of 0.157 nppmx1mntcs rate of film sag, or
flow of film over a vertical plate: 0.1-10s™ 'spprosimates the rate of flow of
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Tigure 390 Viscosiy of water
and suerose salutions as a
function of emperature,

a normal Brookfield reading; 505" ' approximates the shear rate in the mouth;
10-1005™" approximates the shear rate in tumbling or pouring; 100-1000s~"
approximates the shear rute in most home mixers; = 1000 ' approximates
the shear rate in o blender.

Van Wazer ef af. (1963 ) noted the sensitivity of the eye in judging viscosities
of Newtonan liquids between about 0,1 Pa-s (1 P) and 10 Pa-s (100 P) by their
rite of flow. Below about 0.01 Pa-s (0.1 P) and above about 100 Pa-s (1000F)
the eye cannot distinguish differences in viscosity.

Factors Affecting Viscosity

Temperature

There is usually an inverse relationship between viscosity and temperature,
Typical data are shown in Fig. 3.10 which plots the viscosity of water and
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some sucrose solutions as a function of temp Nole also from Table 3.7
that the viscosity of water at 0°C is 1.79mPa-s falling steadily to 0.28 mPa:s
at 100°C,

Concentration of Solute

There 15 usually o direct \n Jationship betw
of a solute and ity at 1
15cos? tion belavior of salt sol

constant lemperatures, [ is typical of the concentration !
Table 3.7 also shows tins phenomenon: water at 20°C has o
1 mPa-s, whereas 80% sucrose solution has a viscosity of app
40,000 mPa-s.

The ion may also d int the type of flow behavior. For
ple, Velez-Ruiz and Barbosa-Canovas (1998} showed that concentrated milk
showed Newtonian flow up to 22.3% solids, power-law flow from 22.3% to
30.5% solids, and Herschel-Bulkley flow above 42.4% solids.

Visconry [miPas)

Concentratian {4 wiw)
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Figure 317 Viscosity-
cuncensratan-maolecular weight
relationstups for hydrolyred
cormstarch syraps. (Fram Murray
and Luf, 1973; caurvesy of Grain
Processing Corp. Reprnted from
Food Techasl, 27, 33. Copynght
by Insuitute of Foad
Technologises )
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There is usually a nonlinear relationship between the molecular weight of the
solute and the viscosity of the solution at equal concentrations, Figure 3,12,
shows the viscosity of corn syrups as a function of molecular weight. Comn
syrup is made by hydrolyzing by degrees high-moleculur-weight starch into
dextrose, 4 simple hexose monosaccharide. The abbreviation DLE. refers
to *dextrose cquivalent” and means the equivalent reducing activity of pure
dextrose. A *36-D.E." syrup means that 100 g of corn syrup solids has the
same chemical reducing capacity as 36 g of pure dextrose. A low D.E. means
a long chain length and high-molecular-weight oligosacchande. Figure 3.12
shows that 5-D.E. corn syrup (consisting principally of long-chain oligosac-
charides) has a much higher viscosity at the same solids concentration than
lower average molecular weight com syrups of equal eoncentration.
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Pressure

The viscosity of most liquids is tally tant over 4 g range of

0-100 atm, Hence the pressure effect can usually be u,nurcd for foods.

Suspended Matter

This usnally increases the viscosity slightly when in low concentrations, but
high concentrations of suspended matter can cause substantial increases
because of entangl bet the particles. High conc of sus-
pended matter usually render the product non-Newtonian and can lead 1o plas-
tic flow or dilatant flow (see pages 82-87). A number of foods are composed
of two phase systems, One of the best examples is fruit and vegetble juices,

purees and ¢ in which insoluble cell wall ial and fibers are
suspended in @ serum contining water-soluble materials such ns sugars,
acids, and salts, The ion of the insoluble suspended matter has a
profound effect on the viscosity and the type of viscous flow. Another exam-
ple is lsions such os may ise and salad dressings where the volume
ion of the di i phase (oil droplets) also has & profound

elfect on the viscosity and the type of viscous flow.

Types of Viscous Behavior

MNewtonian

This is true viscous flow. The shear rate is directly proportional to the shear
stress and the viscosity is independent of the shear rate within the laminar
flow range. The viscosity is given by the slope of the shear stress—shear rate
curve (see Fig. 3.13), Typical Newtonian fluids are water, und watery beverages
such as tea, coffee, beer, and carbonated hw-‘.mgcs‘ SURAT SYTups, most hnm:} s.
edible oils, filtered juices, and milk. A Newtonian fluid g the
type of Nlow properties. The characleristics nflh:s type nfﬂuw are .nl:qu.ﬂely
described by the equation given above (n = a/1). A fuid with high viscosity
is called *viscous' whereas a lluid with low viscosity is called *mobile.”

Many fluid foods are not Newtonian, in fact, they deviate very substantially
from Newtonian flow. And yet there often seems 1o be a mental fixation on

Newtonian-type flow. Some instruments that satisfactorily N
flow arc far from satisfoctory for measuring the flow properties ol' m:m-
Newtonian fluids, yet one often sees food i5t5 using equip !

for Newtonian fluids to measure viscous properties of non-Newtonian ﬂuuh

Much confusion is found in the literature beeause the viscous properties of
non-Newtonian fluids have been measured by instruments that are only appli-
cuble to Mewtonian fluids and the data are erronecusly interpreted using the
concepts of Newtonian fluids
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Figure 313 Neatonian flou:
(2] shear stress versus shear rate
{note that the straight lines begin
at the angin); (b) vscosity versus
shear rate (the wiscasity remains
samstant with changing shear
rate).

Fivnre 3,14 Plasic flow for
three foods A, B, and C. (2] Shear
stress versus chear rate. MNote
that the fines do not begin at
the anigin. There is always an
invercept {“yield stress®) on
the vertical axis, (b) Apparent
wiscamty versus shear rane for
same three feods. The apparent
wneadity decreases with
increasing shear raty, Mote that
the apparent viscosity of flud A
may be greater or less than that
af Muics B and €, dspending an
the shear rate at which the
medsiarement is taken,
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Non-Newtonian Fluids

Most fluid and semifhud foods fall into one of several clusses of non-
Newtonian {luids.

Plastic (or Bingham)

A minimum shear stress knovm as the *yicld stress’ must be exceeded before
flow begins. This type of flow is often found in foods. Tymical examples of this
type of flow are fomato catsup, mayonnaise, whipped cream, whipped egg
white, and margarine. This type of flow is named after Bingham (1922), who
studied the flow properties of printing inks and discovered the important prin-
ciple that no flow oceurs at low stress. He identificd the point st which flow
begins as the *yield stress” The term ‘plastic” refers to materials that exhibit
lhi; yield stress; it does not refer to synthetic plastics.

Figure 3.14 shows the charactenstics of plastic flow for three fluid foods,
Fluid A has a low yicld stress; the mate of flow (shear rate) i3 directly propor-
uonal to the shdhr.;ln-ss afler the yield stress has been exceeded. Fluids B and
C have a higher yield stress than A, The rate of flow of fluids B and C 15 also
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Type of faad and cendition

Chocolave, melted 12
Cream, whipped “00
Cuar gum, 0.5% salids, in water 0
Guar gum, 1.0% selids, in water 135
Drrange juice, cancenmated 60° Hrn 7

Pear puree, 15.3% solids

35
Pear puree, 45 7% solids 333
Protein fram yeast, 10% salids a
Protein fraim yeast, 25% solids 42
Frotein from soy isolate, 205 salids 1271
Protein, whey, 20% 21
Sucrase, 75% in water o
Taemato puree, 115 1olidy 20
Xanthan gum, (.55 salids, in water 0
Kanthan gem, 1,2% salids, in water 45

Sowrce; Rha (1980).

directly proportional to the shear stress after the vield siress has been exceeded.
Table 3.9 lists published values for yield stress of some plastic foods.

Apparent viscosity was defined as the viscosity of a non-Newtonian fluid.
Sinee, in a Newtonian fluid, the flow mite is directly proportional to the shear
stress and the curve begins at the onigin, a single-point measurement sullices
to establish viscosity, One simply measures the shear stress at a standard shear
rate, or the shear rate at a standard shear stress, and by drawing a line from
there to the origin obtains the true Newtonian viscosity. This is known as a ‘one-
point test” and is quite satisfactory for specifying the viscosity of Newtonian
fluids.

‘When this 1est is used (as 15 commonly done) on a plastue fluid, the apparent
viscosity will change, depending on the shear rate, Figure 3.15 shows how
apparent viscosity is measured. Suppose the viscosity of a Newtonian {luid is
measured at shear rate o and shear rate b, The shear stress mensured at shear
rate o (Na) is murked on the graph and o line drawn from that point to the origin.
Similarly the shear stress is measured at shear rate b (N5) and a line drawn
from this point back to the ongm. The slape of the line at both shear rates is
the same; this is characteristic of a Newtonun fluid.

In contrast, when @ one-pomt measurement 1§ made ut shear rate @ on o
Bingham plastic the apparent viscosity is the slope of the lme OPu; ut shear
rate & the apparent viscosity is OPb, The apparent viscosity changes as the
sheur rate changes. This expluing why the term “apparent viscosity” is used
becuse it implies « Newtoniun-type measurement on g non-Newtonian fluid.
Figure 3.15 demonstrates the difficulties that can arise from using Newtonun
concepts for non-Newtoman fluds. A plot of apparent viscosity versus shear
rite for three Bingham fluids is shown in Fig. 3 14b. This should he compared
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Figure 515  Shear soresa-shear
rate plots for 2 Mewtanian Auid
and a plastic Muid. Note that the
wicosity of the Mewtonian fluid
N s the same when messured at
shear rates a, b and ¢, whereas
the apparent wicosity of the
plastic Muid P s different at sach
shear rate,

Shear sireds ar

Shear rate

with Fig. 3.13b. One problem that arises with the use of the concept of appar-
ent viscosity is that Muid A can appear to be more viscous, equally viscous, or
less viscous than fluids B and C, depending on the shear rate at which the test
was performed (see Fig. 3.14b).

Plastic flow is not always as simple as shown in Fig. 3.14. Houwink (1938)
painted out that the shear stress-shear rate eurve for plastic fuids is usually
curved at low shear rates and he postulated three vield values, which are
shown in Fig. 3.16. The extrapolation of the straight-line position of the exper-
imental curve to zero shear rate gives true plastic or Bingham fAow. The down-
ward curvature of the expenimental curve at Jow shear rates is often found in
practice, The shear stress al which curvature begi the shear stress-shear
rate plot is defined as the ‘upper Houwink yield value;” the intercept on the
vertical axis from the extrapol of the straight-line part of the curve is
known as the ‘extrapoloted yvield value' or Bingham value; and the actial
intersection of the shear stress—shear rate plot on the vertical axis is known as
the *lower Houwink yield value.” The deviation from lineanty of plastic flow
at low shear rate is sometimes of importance but for some foods the deviation
is 5o small that it can be safely ignored. For example, Fig. 3.17 shows the
expenimental shear stress—shear rate plot of a meat extrael thal shows true
Bingham behavior with no curvature at low shear rates.

Another tvpe of plastic flow is the type in which the shear stress—shear mate
plot is nonlinear above the yield stress. The curve may be concave downward
{dilatant with a yvield stress), or convex downward (pseudoplastic with ' vield
stress). It is sometimes known as the ‘mixed type.” This type of flow s
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Figure 316  The upper yield
value, extrapolated peld vale
and lower yield value that is
faund in plastic lusds.

Figure 3,17 Shear stress-shear
rate plot for a concentrated meat
extract (T = 77*C), This is a true
Bangham plastic that shows a
linear relationship all the way
dewn ta 2ero shear rate.
{Courtesy of Dr A, L Halmos
and Dr C. T, Reprinted from

. Texture Stuclies 12, page 42,
1981, with penmission from Food
and Nutriiion Press.)
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Figure 318 Pseudoplasc
Flaws: (a) shear stress versus shear
rate {note the convex lne that
begins st the erign]; (b)
apparent wiscosity versus shear
rate (note that the apparent
wiscasity decreases with
mereasmg shear rate},

Figure 349 Dilatant flow
{a) shear stress versus shear
rate (note the concave ling
‘thar begins at the arigin);
{b) apparent vazosity verus
shiear rate (note that the
Apparent ViscasTy increases
with increasing shear rate).

Shear giress of
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described by the Herschel-Bulkley equation, which is discussed on page 89
and 15 illustrated in Fig. 3.20.

Pseudoplastic

In this tvpe of flow an increasing shear force gives a more than proportional
increase in shear rte, but the curve begins at the origin. The term "pseude-
plastic’ was onginated by Williamson (1929); it does not refer to synthetic
plastics. Salad dressings are a good example of this type of flow. Figurc 3.18b
shows that the apy viscosity of a pseudoplostic fluid is d=pendent an the
shear rate and, as in the discussion of plastic flow, it illustrates the danger of
using a single-point measurement and Newtonian concepts [or speifying the
flow characteristics of a pseudoplastic Muid. Many pseudoplastic fuids exhibit
nearly linear shear stress—shear rate behavior at low shear rates. This is called
the *Newtonian regime.”

Dilatant Flow

The shear stress—shear rate plot of this type ol a flow begins at the origin but
15 charactenized by equal increments in the shear stress giving less than equal
increments in the shear rate (Fig. 3.19), Examples are high solids, raw starch
suspensions, and some chocolate syrups. This type of fow is only found in
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liguids that contain a high proportion of insoluble fgid particles in suspension.
Dilatant flow is fuirly rare in the food industry and extremely rare in finished
food products.

This type of low is deseribed as ‘dilatant’ because it is associated with an
increase in volume of the fluid as Now oecurs, and it only cecurs in high con-
centration suspensions, Reynolds (1883), who introduced the term ‘dilatancy,”
gave quicksand 0s an example, stating:

When the water-1o-sand ratio is such that theee is just encugh water o fill ol the veids, snd when
the volume efvoids 15 &t # minkmum, any shear applicd o force that material to flow disturbs the
postlion of the particles and causes a dilation of the voids, This leads (o the situstion 10 which the
wital volume of the vaids 1s greater than the volume of water present. This results in an apparent
partial dryness which increases the resisince of the material to chearing stress. The dryness is
the pesalt of the time necewry for the capllary furees 1o provide the addinonal water required
for complete saturation. When the pressire s removed, the sand becomes wet because the voids
contract, and the waler which has become excess escapes at the surface

An equally good example of this type of behavior can be found with a 60%
suspension of comstarch in water,

True dilatancy can probably exist in any suspension so long as the concen-
tration is high enough for the material to exist in closely packed form. The
property of dilatancy disappears when the suspension is diluted. For example,
a40% comstarch suspension in water shows no dilatant propertics. The densest
packing of spheres is about 74% and one of the least-dense packing 15 about
37%. Henee i is usual to find that the property of dilatancy only appears in
suspensions between about 40% and 70% solids concentration.

Some flmds that do not dilute when sheared may still exhibit a dilatant type
of shear stress—shear rale behavior; that is, equal increments in shear stress
give less than equal increments in shear rate, The general term *shear thicken-
ing" applies to these fluids as well as to dilotant fluids.

The General Equation for Viscosity

All the above types of flow can be deseribed by the equation
c=by' +C

where o is the shear stress, b, a proportionality factor (for a Newtonian fluid
this factor is the viscosity 1), C, the yield stress, 5, the pseudoplasticity con-
stant, which is an index of the degree of nonlinearity of the shear stress—shear
mte curve, and ¥, the shear rate, Figure 3.20a shows all types of flow in
a single graph. Newtonian {low is represented by a straight line starting at the
origin; dilstant flow starts at the origin and is concave downward, whereas
pseudoplastic flow starts at the origin and is concave upward. Plastic flow does
not begin at the origin and is linear and mixed-type flow is curvilinear with a
yield stiress and may be concave upward or downward.

Some authors publish a shear rate=shear stress curve instead of the conven-
tional shear stress-shear rate curve. Figure 3.20b plots the same types of
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Figure 3,20 {a) Shear stress
versus shear rate plots far
vanous fypes of Mow; (b) shear
rate versus shear stress plots for
the same gypes of low.

Shost Eress o
Shearrate v

a Shear rate ¥ b Shear strens o

Tuble 390 R

Typs of flaw £ c Equation form
Newtoaian 1 o a=b7 =51
True plaste 1 =0 G-ty ec
Preudoplastic (BTl ] e
Drlatant 1<se= n T
Psevdoplastic with 3 yield value f0ose1 =g =P HC
Dilatant with a yield value 1w >0 o=bP+C

*The general viscouty equation s o = 67 + C.
*Term & is the tre viscosity .

flow as Fig. 3.20a but with the position of the axes interchanged One should
leamn o recagnize the identity of the various types of flow an both types of
plot.
The general equation for viscosity can be used for all of the above types of
flow. Table 3.10 lists the values for the exponent s and the intercept C for the
various types of flow, the form of the general equation that can be used, and a
simplified version of the general equation that can be used fur that particular
type of flow. For example, the constant C (yield stress) can be dropped out of
the equation for dilatant, Newtoman, and pseudoplastic llow because there is
no yield stress,

Other Flow Equations

A number of other equations, almost all of which are empincal in nature, have
been deseribed in the hterature, These equations usually have no theoretical
foundation, but because they facilitate the handling of empinical data they
have some usefulness. Some of the most common ones are listed below,
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The Power Equation (also known as the
Ostwald-de Wael model)

Although this is often described as the power law it is in fact an empirical rela-
tipnship, This widely used equation iakes the form

o =K'

where 15 the shear stress, & is a consistency index, ¥ is the shear rate, and n is
adi less number that indi the ¢l to Ni tan flow. Fora
Newtonian liquid a = 1, for a dilatant fluid » = 1, and for a pseadoplastic fluid
i< 1, The farther the value of n departs from 1.0 the greater is the deviation
from Newtonian flow. For cxample, a food with a value of n = 0.9 is fairly
close to Newtonian flov: whereas another food with # = 0.3 deviates substan
tially from Newtoniun flow. Most non-Newtonian foods are shear thinning,
i.e.n < |. However, there are occasional examples of a shear-thickening food.
Taking loganthms reduces this equation to the form

logo=Ilog K +nlogy

A plot of the log shear stress versus log shear rate is linear with a slope
equal to n for those fluids that obey the power equation. The power equation is
frequently used by in designing systems for handling fluid foods.
Many systems reduce to a linear relutionship over a wide range of shear rates
when reduced to u log-lot plot, Table 3.11 lists experimentally determined
power equation constants for some fruit purees und Tuble 3.12 for a varicty of
pracessed foods.

Herschel-Bulkley Model

Fluids that obey this model are characterized by the presence of a yield stress
and a linear log shear stress=log shear rate plot (Herschel and Bulkley, 1926).
The equation for this model is

a=gy,+K3"

where gy is the yield stress.

This equation is of the same form as the last two equations in Table 3.10, the
only dilference being in some of the symbals. It takes the same form as the
power equation but with the addition of the yield stress term o,

The numerical value of the exp L indi the cl 1o & lincar
shear stress—linear shear rate plot; the plot is rectilinear when n is | and the
degree of curvature of the plot on linear axes increases as the value of n moves
away from unity,

Casson Equation

This eq was developed for printing inks by Casson (1959), but has been
found to be effective for some foods, particularly chocolate and some other
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Solids Temperature Rheological constants
Praduct (%) {"c) ” K
Applesauce 1na 30 034 116
Applesauce 1no 82 0.34 50
Apricet puree 154 45 037 130
Agiricot puret 154 60 0.8 38
Apricor puree 150 45 032 20
Aprcor puree 150 60 034 88
Apricat concenirate 26.0 4.5 026 L]
Apricot concentrate 260 &0 032 400
Banana puree - 24 D458 (33
Orange juice concentrare - o 0.542 180
‘Orange juice cancenirace = 15.0 0584 1ne
Pear puree 183 3z 0.485 ns
Pear purce: 183 a2 0454 145
Pear purec 26 32 0.450 €20
Pear puree 261 B2 0.455 360
Pear puree 310 32 n.as0 109.0
Pear puree 310 82 0.459 560
Prar purce 3Tz 3z ' DasE 1mo
Pear purce arz B2 0.457 250
e 457 3z 0.479 1550
Pear puree 45.7 &2 0481 160:0
Prach puree 1% 30 025 72
Peach puree 1ne 82 027 58
Plum puree 14 30 034 2
Plum puree 14 B2 0.34 0

Sovree: Daga fram Holdswarth {1971).

quation Parumetees for S

Faod Index i Index K Pan®
Butter, stick, unsaled, Land O Lakes 0074 333
Butter, whipped, umalied, Land O’ Lakes 0.042 ny
Cool Whip, Brdueye 0378 151
‘Cream Cheese, Whipped, Temptee 0061 776
Frosting, canned, Betry Crocker nrs 550
Ketchup, tamata, Hens 0107 T4
Margarine, seick, Parkay 00043 540
Marganne, squeere, Parkay D174 1.6
Marshmaliow Mo, Durkee- Mower nsm 70
Peanue butter, creamy, Skappy 0168 316

Senror: Bestany and Kokini {1953, Reprinted from | Rkealig: 27, page 608 Coppright by Sacieny
af Rheology.
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Shear stress

Shear rate

filled flwids, The equation 15
Vo = Jorg +n, ¥

where o is the shear stress, o, the vield stress, 1, the apparent viscosity,
and ¥, the sheur rate, This equation gives a linear plot for chocolate, Tt is
used us an international standard for measuring the viscosity of chocolale
(Restagno, 1974). Chevalley (1975) reviewed the validity of the Casson equa-
tion for chocolate and factors that afTect its Now behavior. However, Chevalley
(1991) reeommended a modilied Casson equation. Instead of using the square
root of the shear stress (0°*) he found more consistent results using %%,
Acschlimann and Beckett (2000) ized an interlab v study of
chocolate viscosity and recommended simply reporting shear stress readings
al several shear rtes,

Structural Viscosity

The shear stress—shear rate plots for some fluid foods do not follow any of the
types of viscous behavior explained above nor do they obey any of the above
equations, including the general equation for viscosity. Figure 3.21 shows the
shear stress—shear rate plot for an instant pudding. 1t is obvious that this is
unlike any of the flow properties discussed above, and it 15 difficull to reduce
this kind of curve to a suitable equation. The first sharp peak in this curve s
probably related 1o some kind of shear stress needed to start the product
flowing while the hump in the center probably rep ts the breakdown of
some soft structure. The flow at high shear rates probably approximates pseudo-
plistic flow. When this test is repeated on the same sample, the second shear
str hear rate curve frequently pivesa ther line with the bumps absent
or much reduced in size.

Figure 321 Expenmentally
determined shear stress-shear
rate plot for an instant pudding
(Courtesy of Dr A_ 5. Saczesniak }
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Figure 322 Repeaced shear
stress-shear rate curves on the
same sample of concentrared
yeast extract (T = 25°C).
Curve A, First beg, “virgin' sample;
curves B, ‘destroyed’ aample.
(Courtesy of Dr A, L Halmos
and Or C. Tiw. Reprinted from
J Testurs Stndies 12, 43, 1981,
with permission fram Food and
Mutanan Press Inc)
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At the present time there is no accepted method for analyzing this type of
curve and extracting rigorously defined viscosity parameters from it. Halmos
and Tiu (1981), who found a similar shape curve when working with coneen-
trated yeast extracts, measurcd the area between the first and second curves,
expressing this as the work required (o break down the strudtural viscosity
(Fig. 3.22). Presumably, the curve oblained on the second test and subsequent
tesls exhibits plastic flow or hing elose to pseudoplastic flow.

Time Dependency

Thus far we have assumed that the shear stress al a given shear mte remains
constant over a period of time. There are a number of fluids in which the shear
stress is a function both of the shear rate and the time to which it is subjected
to a sheaning force. Wewtonian Muids are time independent; henee, this discus-
sion does not apply to Newtonian fluids. The four major types of time depend-
ency are as follows.

(1) Thixatropic. The appareat viscosity decreases with the time of shearing
but the change is reversible: that is, the fluid will revert to its original state
(“rebuild itsel ™) on standing. Some starch paste gels are in this class.

(2) Shear thinning. The apparent viscosity decreases with time and the
change 15 irreversible: that is. it stays in the thinner state when the shear stress
is 4. This condition is frequently found in foed systems. Some gum
solutions and starch pastes fall into this class,

A fluid may exhibit both thixetropic and shear thinning properties, for
example, when the apparent viscosity decreases with time of shearing and
partinlly recovers its original viscosity after resting.

Figure 3.23 shows shear stress—shear rate curves for a thixotropic and a
nonthixotropic pseudeplastic Muid. Curve A is nonthixotropic; the curve on
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Shear stress

Shear rate §

the way down retraces the same path as on the way up. Curve B is thixotrepic;
the curye on the way down lies below the curve on the way up. The area
between the up and down curve is called a hysteresis loop. Pradipasena an
Rha (1977) reported that some globular protein showed | i
Davis (1573) showed the presence of hysteresis in lard and shortening. The
researcher should be wamed that some hysteresis loops are artifacts; two
examples are (a) a true Newtonian fluid can give an apparent thixotropic hys-
teresis loop if viscous heating warms the liquid and (b) inertial forces can
cause a hysteresis loop to appear if the experiment 15 performed too fast or the
rotor has a large mass,

(3) Rheopectic, The apparent viscosity increases with time of shearing and
the change is reversible; that is, afler resting, the product returns to its original
apparent viscosity, It is rare o find this type of behavior in a food system.

(4) Shear thickening, The apparent viscosity increases with time and the
change is irreversible, that is, i stays thick. When egg while or heavy cream
are whipped their viscosity inereases until they become still. This is an exam-
ple of shear thickening. However, it is not a good example because the change
in viscosily is duc to physical changes in the egg protein and the fat globules
of the ercam. Vernon Carter and Sherman (1980) reported that agueous solu-
tions of mesquite tree gum exhibited shear thickening when the shear mte
exceeded 10057

Figure 3.24 portrays in graphical form the various types of time-dependent
flow. When a fluid is caused to flow at a constant shear rate over a period off
time the apparent viscosity is for Newtonian fluids, it for

Figure 3.23  Shear press-shear
rate curves for a nonthiotrapae
preudoplastic fuid {A) and

a thixotropic pseudoplastie

Muid (B)
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Higuire 3,24 Time dependency
Facrars in Moid Now: (a) ac
constant rate of shear, (b) at
constant shear sress.
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rheopectic or shear-thickening luids, and decreases for thixotropic or shear-
thinning Muids, On the other hand, when a fluid is coused to Now over a penod
of time under a constant shear stress, @ plot of shear rate versus time is con-
stunt for a Newtonwn fluid, it increases for a thixotropie fluid (because the
product is becoming less viscolis), and it decreases for o rheopectic or shear-
thickening fuid (because the product is becoming more viscous),

A fluid may exhibit tme dependency in addition to other viscous properties.
For example, o product may be both plastic and thixotropic, or pseudoplastic
and theopectic. The combination of non-Newtonian flow plus time dependency
brings one into very complex systems, many of which cannot be measured
and described well by presently available instrumental methods. Neverthieless,
the food technologist is faced with handling these systems and needs to obtam
reliable and reproducible measurements, even though there are few guidelines.

Grreen (1949), who was an iate of Bingham, di the
tory state of analysis for some of these complex luids. He discusses a practical
rheologist, *Bill,’ who has viscosily g equip in his lak ¥
and has 1o produce results deseribing the flow properties of the commoditics
being handled in a ing plant, parti Ty with regand to the necd
for quality contral purposes. Green writes as follows:

A dozen theoretical thealegists can give a doren different explanutions s 1o why Bill's mes-
surements produce the kind of cerve they do. Not a single explanation will alter Bill's carves in
ary visible way. Ad far as Bill & concermed, the doren ditferent theorctical explanations might
st s well ot exist. Bil] can, 1 meeessany; getalong wathout them. Bill wll find it more desirable,
hewever, to convert his curves into aumbers ke U, 5, wnd 3. Such numbers are easy 1o enter inlo
reperts and arc much easier to mierpret when making comparisens of different materials, ,
These are mary ways of comerimg CESNEnCY curves into numbers. Which method shoald be
choose?

The last sentence in the above quotation is the end of' a chapler. Green never
attempted to pomnt out the best way for analyzing these complex consistency
curves, The best conclusion that can be drawn about handling substances with
complex flow properties is to make as complete a shear stress—shear rate Stuidy
as possible, using adequate instrumentation and taking into account the posst-
bility of time dependency in order to obtain as complete a picture as possible
of the rheological properties of the system. A single-point measurement of
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viscosity, which is satisfactory for Newtonion fluids, will be far from satisfic-
tory for these complex fluids,

Time dependency is an important factor in the quality of some foods. For
example, Szezesniak and Farkas (1962} found that aqueous solutions of gums
that exhibited no time dependency had a shmy mouthfeel, wh gums that
exhibited o high degree of shear thinning or i py had no sl (see
Fig 3.25). This finding was confirmed by Stone and Oliver (1966).

Another example 15 the manner of change of gelatin dessert. When a gela-
tin gel is put into the mouth it melts into o mobile Auid. This thinning effect
(which is peratire ¢ lled rather than meck Iy 15 an
important sttribute of the textural quality of gelatin desserts. In contrast, dessert
gels made from agar do not melt, becuuse the melting point of agar gels is
about 98°C. One has to chiew these gels into smaull lumps for swallowing, and
this behavior gives an entirely different type of mouthfeel and favor release
than a gelatin dessert gel

T

Weissenberg Effect (Normal Force)

When a rod 15 rolated in some viscoelastic (luids, the (uid climbs up the rod
against the foree of gravity because the rotational force acting in s horizontal
plane produces another force at right angles to that plane; this is called a normal
force. The tendency of a fluid to flow in a direction normal 1o the direction of
shear stress is known-as the Weissenberg effect or normal force (Weissenberg,
1949). The cffect has been observed with some four doughs, cake batlers, melied
cheeses, honevs, and aged condensed milk (see Fig, 3.26).

Fgurs 325 Effect of shear
rate on apparent wscasity of gum
salutions. Group € wers glassed
as very shmy by a semary pancl,
group B as somewhat slamy, and
group A as nonslimy. (Redrawn
from Szceesmizk and Farkas,
1962.)
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Figure 5.26  The Weissenherg
effect: the rotation of the plass
rod causes the aged sweetened
condensed milk to dimb up the
rad because of the normal foree
that is generated by the rotation
Mary doughs alsa exhibit this
phenomenon,

Viscoelasticity

The word “viscoclastic’ means that the i v exhibits same
af the elastic properties of an ideal solid and some of the Mow propenties of an
ideal liquid. Some authors reserve the word *viscoelastic” for muterials thay
are more solid-like than liquid-like and use the term ‘elastico-viscous® for
materials that are more liquid-like than solid-like. A single word “viseoelastic®
will be used here.

Figure 3.27 shows schematically the differences between an ideal elastic
solid which is called a Hookean solid after Robert Hooke (1660 who first
deseribed elastic deformation. an ideal liquid which is called Newtonian liquid
after lsane Newton (16871 whe first desenbed the flow of simple liquids, and
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a viscoelastic material which combines some of the properties of both. Sup-
pose @ uniform block of each of these three muterials has a constant stress
applied for three ume periods and then the stress is removed.

Viscoelasmc

(1) Elastic solid (top line). There is an instantancous deformation when the
deforming force is applied and no further deformation with time, There
is complete recovery of the onginal shape when the force is removed.
Newtanian liquid (middle line). The material begins to flow as soon as
the deforming force is applied and it continues 1o flow as long as the
force is being applicd, There is no recovery of shape when the force is
remnoved,

Viscoelastic salid (buttom line). There is an instantaneous deformation
when the deforming foree is first applied, and then the material continues
1o deform so long as the force is pressing against it. When the force is
remaved there s some recovery of the original shape (elastic component)
but not a full recovery (viscous component)

(2,

-

13

1t can be scen from this figure that the time scale over which the force is
applied can seem to alleet the relative proportions of elastic deformation and
viscous flow. Over a short peniod of time (£) o viscoelastic material will
appear to be mostly elastic whereas over a long period of time (f3) it will seem
to be mostly viscous. This demonstrates an important principle in testing of
viscoelastic materials: the material will appear to be mostly elastic in nature in
an experiment that is performed quickly bul in an experiment that is performed
slowly it will appear to be more viscous. Since the human testing of foods
(squeezing in the hand, chewing with the teeth, manipulating with the tongue)
is usually of short duration, many foods that are actually quite viscoelastic
will appear to be elastic or close o elustic in sensory 1ests.

Dr Marcus Reiner, a prominent founder of the science of rheology pmr\ted
out that, given enough time. everything will flow and cited one example from

Hgura 3.27  Schematic
representatian of response of
elastic, viscous and viscoelastic
bodies to the appheation and
removal of a stress.
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the Old Testament (Reiner, 1964). Soon after the Children of Isracl armived n
their promised land they won a great battle apamst the Canaanites under the
leadership of the prophetess Deborah. After the victory, Deborah sang praises
to God and said: “The mountains melted before the Lord” (Judges 5:5, King
James trmslation), Dr Remer pointed out that the Hebrew word translated as
‘melted” should really be translated as ‘flowed.” During the observation time
of a human, the mountains appear to be rock solid, but given God’s infinite
observation time the mountains can be seen to flow. In other words, everything
flows if you observe it for a long enough time. Remner proposed the following
cauation to describe this effect:
-

il
where D 15 the Debaruh number, 7 is the charactenistic reluxation time of the
material, and Tis the time over which the deformation 1s observed. The relax-
ation time 7 for a perfectly Hookean elastic solid is infinity and for o perfectly
Newtonian liquid it is zero (Reiner, 1964). A high Deboruh number corre-
sponds to solid-like materials and a low Deborah number to liguid-like mate-
rials. As stated above, since T is small for most human-food interactions, the
Deborah number will be high, and some foods will appear to the more solid-
like in sensory tests than a slow-measuring rheometer would indicate.

Viscoelastic behavior can be divided into two generdl rypes.

D=

Type 1: Linear viscoelastic in which the rheological properties are depend-
ent on time alone, and not on the magnitude or rate of apph
stress. Most foods show linear viscoelasticity up to small strains of a few
percent, Table 3.2, page 64 lists the range of linear viscoelastic steain for
several foods.

Type 2: Nonlinear viscoclastic where the mechanical properies are a func-
tion of the time the stress i5 applied. the magnitude ol the stress, and ofien
the rate at which the stress is applied. The study of nonlinear viscoelas-
ticity is experi 1y and th ally much more difficult than linear
viscoclasticity and vet this is the range in which most foods are com-
pressed or sheared in the mouth,

Small Amplitude Oscillatory Testing (SAOT)

The viscous and clastic components of viscoelastic fluids ean be measured by
SAOT. The test material is usually placed between a cone and plate or parallel
plates mounted ina controlled stress rheometer and the cone or plate is made
to oseillute sbout a central point with a sinusoidal angular veloeity ot low
amplitude while the shear stress i1s measured. This is o nondestructive fest
when the amplitude is small. For an elastic solid the shear stress will bz in
phase with the strain but tor a Newtonian fluid the shear stress is 907 out of
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phase with the strain, For a viscoelustic fluid the shear stress lags behind the
strain by an angle of difference O that lies between 0° and 90° (see Fig, 3.28).
The out of phase angle @ is measured. The experimental shear siress-time
curve can be broken down into two components,

(1) The stress component in phase with the shear strain is defined as the
storage {or clastic) modulus G'(G prime). It is the rutio of the stress in
phisse with the strain to the struin. G° = o'ty where o' = shear stress
in phase and ¥ = strain.

(2) The stress component 90° out of phase with the shear strain is defined
as the loss (or viscous) modulus G (G double prime). It is the rtio of
the shear stress oul of phase with the strain 1o the strain. G" = oy
where ¢ = shear stress 90° out of phase.

These functions are related by the equation:

GG’ = loss factor = tan © = loss langent
It should be | that small le oscillatory testing must use

an amplitude that stays within the linear viscoclastic regime.

Figuee 328 The prnciple of
ascillation viscometry. Appled
atrain versus time (2) and
resultant sress versus time that
s measured in an efasuc solid
(b}, Mewronian hquid (c) and
wiscoelastic higuid {d). (Reprnted
from Boume and Rao, 1590,
Page 221 in Instrumental
Methods for Quality Assurance in
Fuods, eds Fung and Mathows.
By caurtesy of Marcel Dekker
Ine.)
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Figwry 5.29 Same
fundamental dements and
models in wientastiory.
{Reprnted from Finney 1973,
prages 49, 50 in Texture
Measurements of Food, eds
A Kramer and A 5. Secresiak
with kind permission af Kluwer
Academnst Publishers |

Mechanical Models

Mechanical models or analogs have been developed to help give 2 menty|
pieture of the different patterns of viscoclasticity. Figure 3.2% depicts an elas.
tic solid as a spring and Fig, 3.29b a Newtouan fluid as a piston moving iy
a dashpat of Nluid. A spring and a dashpot arranged in series (Fig. 129‘;] it
called a Maxwell element and when arranged i parallel & Kelvin-Voigt efe.
ment (Fig. 3.29d). Many other models using various combinations of springs,
dashpots, Maxwell and Kelvin-Voigt models have been proposed far different
foods, Figure 3.29e shows onz example of'a spring linked in parallel with gey-
eral springs and dashpols in series. Numerieal values for dilTerent components

|

E n

& The Hoakean elastic b The Newtanan wacous
element element
E
E n
L
€ The Maswell madel d The Keban-Voigt madel

Ll_lﬂe LI_J'J= 7

3 The genesabired Mavwell mozel
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for cach model can be derived by suitable analysis of stress-sirain curves.
A third element known as the St Venant slider is included in some of these
models to include the concept of a limiting frictional force. There is no defor-
mation when the stress is less than the limiting frictional foree, but above this
threshold it offers no resistance and slides easily. Drake (1971) proposed
another clement *traction fuilure’ represented by two parallel surfaces in close
proximity that move apart when the material fractures, The reader is referred
1o the references at the end of the chapter for more detailed discussion of
mechanical models.

Van Wazer et al. (1963 ) point out that electnical circuits can be used just as
effectively as mechanical models to represent elastic, viscous, and viscoclastic
materials, Electrical models have been used much less frequently than mechan-
ical models in the rheological 1i , probably because most people can
visualize the action of springs and dashpots mare readily than electrieal circuits.

Fracture

Engincers design structures ranging from a pencil to a miles-long bridge with
the intent that the structure will not fail or fracture under normal conditions of
use. The failure of engineenng matenals of construction is almost always an

d ble event b of the Iting ie losses, interruption of
services or availability of products, and, in some cases because human lives
are pul in jeapardy.

In contrast, food scientists want to design structures that will fal under the
limited forces available in the hand and mouth. It can be said that engineers
gre interested in the strength of materials whereas food scientists are interested
in the weak of ials. Therefore, both eng and food scientists are
interested in fracturing of materials, the former W design a structure that will
not fracture and the latter v buwild a structure that will be certain 1o frcture,

There are several types of fracture.

Type 1. Simple fracture is the scparation of a body into two or more pieces
in response to an imposed stress. In most cuses the body breuks into two
or more pieces but sometimes the fracture may be partial when the frac-
ture plane does completely cross the specimen,

Type 2. Brittle fracture in which there is little or no plastic deformation
before fracture and a low encrgy absorption up to fracture, Nuts and good
quality potuto chips are u good example of brittle fracture.

Type 3. Ductile fracture in which there is suk ial plastic de
with high energy absorption before fracture, Meat is un exumple of duc-
nle fracture. 1t must be noted that there 15 a continnous gradicnt from
Brittle to ductile fructure.

Every fracture process involves three steps: (1) erack initiation, (2) cruck

propagation; and (3) final fuilure.
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Figure 3,30 Three models of
orack surface displacement.

{a) Mode 1, apeming or tensile
made; (b) mode 2, shding mode,
(¢} mode 3, rearing mode.
{Reprted fram Callster,
Matenals Seience and Enjineenng
dch Edibon, page 169, Copyright
1497, tha materal is used by
permissinn af John Wiley and
Sans, Inc.)

In brittle fracture the cracks spread very mpidly and catastrophically, Once
the crack 15 mitiated, prop conti T ously without any increase
the magnitude of applied stress, These are called unstable cracks,

In ductile fracture the process proceeds relatively slowly after initiation. The

plastic d ion thal accomy propag requires addi-
tional werk so there is no further extension of the crack unless there is an
increase in the applied stress. There is usually gross deformation at the fracture
surface. These are called stable cracks,

Stress Concentration

Microscopic flaws or cracks usually exist at the surface and within a food. The
applied stress may be concentrated at the tip of these cracks which magnifies
the stress at that point. These flaws are called *stress raisers’ because of their
ability to amplify the stress at the crack, The presence of stress raisers lowers
the force required to initiate fracture. Fujii ef af. (2000) demonstrated the
effects of stress concentration by including plass beads in gelatin gels.
Increasing the glass bead content and/or increasing the diameter of the glass
beads caused 2 substantial reduction of the rupture force in gelatin gels. Stress
raisers have a greater eflect in brittle materials than in ductile materials
because the plastic deformation leads to & more uniform distribution of stress
near the stress raiser.

The three modes of crack growth are shown in Fig. 3.30: (1) the tensile
mode, i.c. the manner in which a foed is tom apart by two hands: (2) sliding
mode, and (3) tearing mode. The sliding and tearing modes are probably the
ones that occur in the mouth during mostication.

It should be noted that the failure mode of many foods may be changed
from a brittle to a ductile fracture or vice versa. Changing the temperature or
moisture content can move the food from a glassy state to a rubbery state by
maving it through the glass transition temperature mnge. Fresh fruts and vep-
etables that have high turgor undergo brittle fracture, but wilting, dehydration
or cooking changes them into ductile materials.

Vincent ef al. (1991) developed a wedge penetration technique to measure
fracture propertics of britle and semibrittle foods such as moderately hand
cheeses and fruits and vegetables, They state that the energy or work of fractore
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R can be caleulated from the following equation:
R= 075 (E Y1 + 0.64Ha)

where £ 15 Young’s medulus of the matenal, u ss the distance between the two
ears of the sample where the wedge is foreing them apart, 15 the hal f-width
of the sample, and a s the length of ene of the ears (see Fig. 3.31). Luyten
et al. (1992} provide a useful review of frcture phenomena in food. They
conclude that tension and bending tests give more information than compres-
sion experiments even though they are more difficult to perform.

The processes of erushing and grinding rely on fracture to reduce particle
size. Rittinger'’s law states that the work required to grnd a product is propor-
tional to the new surface area formed

Guritno and Hague (1994) reviewed theories of size reduction and con-
cluded that they all ure special cases of the general mathematical

Draplacemant

H-2H-+

Figure 3.31  The Fwedge test,
showing the structure of the
we dgv and the dn‘m—mamn of,

K ;‘
where dE 1s the energy required to produce a change. dx is the size of a unit
mass of matenial, X 1s the characteristic dimension, and X and n arc constants
dependent on the grinding hine and the 1. This relationship was
jeveloped for grinding minerals which are nonbiological materials, It is not
known whether it is applicable to food materials,

dE=—

Isotropy and Anisotropy

The words *isotropy” (noun) or ‘isotropic’ (adjective) mean that the material
displays the same propertics with the same values when measured along axes
in different directions.

The words ‘anisotropy” (noun) or * pic’ (adjeetive) mean that the
material displays different properties and/or different values of propertics
when measured along axes in different directions,

Some foods are isotropic wherens other fonds are anisotropic. For isotropic
foous it docs not matter in which direetivn it is tested, but for unisotropic foods
it is essentinl always to test the food from the same direction.

For example, Gonzalez ef ul. (2000) found that the maximum force required
1o cut cooked lasagna with a standard TA-47 blade mounted in n TAXT2
Texture Anilyzer was higher when the blade was orented perpendicular to the
direction of pasta extrusion during its manufacture than when it was oriented

parallel to the direction of extrusion. Therefore, they always set the blade 10
cut p:q:und-cuhr to the extrusion direction to ensure consistent results.
Abbott and Lu (1996) found that apple flesh was anisotropic and that mechan-
icul pmp‘.nlcs measured in compression were significantly influenced by

tation, latitude bety the stem and calyx, and depth from
shn to core, Khan -mr.i Vincent {1993) showed that cylinders of apple flesh

and the ion of strain
eneegy through, the test piece.
{From Vincent f al., 1991,
Reprinted from J, Testure Studies
22, page 47, 1991, Copynght by
Food and MNutntion Press Inc.)
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Table 3,131 51 Base Unts

1 in a radial direction fracture by collapse of'a single laver of cells
at right angles to the force whereas the same size cylinders compressed ing
tangential direction fail in shear. The apple compressed in the radial divection
shows a higher modulus of deformability and lower strain to fracture than
when compressed in a tangential dircetion. Khan and Vincent also showed thy
polato flesh is isotropic anel the compressive propertics are the same no matier
in which direction it 15 tested.

Units of Measurement

s PR b e

and eng| have dac 1 svstem
of unils 1o replace the wide range of measuring units that have been used over
the vears. This system, called the Systéme International d'Unités (Interng
tional System of Units) with the abbreviation S, was adopted at an interng-
tionul conference in 1960. The 81 is basically the metric system extended Lo
give a uniform and rational set of units for all types of measurements. OF
particular interest 10 texture technologists is that ST uses the newton as the
standard unit of force replacing units of mass (e.g. the pound or kilogram) in
expressing force. It i5 incorrect to use mass to express units of force hecause
force has the dimensions mass % length X (time)™". Changing to S eliminates
the disparity of using mass us a measure of force, and it also eliminates using
the gravitational constant g (o convert mass into force units. One newlon force
equals the force generated by gravity on 101.9716¢.

The 51 system includes three classes of units: (1) base units, (2) supple-
mentary units, and (3) denved units.

Quantity

Length meter
Mass lalagram
Time second

Thermodymamic iehin

temperature

Amount of male
substance

Elpctric current ampere

Luminous candela
intengiy

Symbal  Definition

o The meter o5 the lengeh of the path travelled by bght in a vacuem dunng
awme interval of 1/299,792 458 of 2 wecond

g The mass equal to the mass e the snternatienal pratetype of the kilagram

s The doranon of 9,192,631, 770 persods of the ra distion :nnupnnain‘ (T}

the traniinian between the two byperfine levels af the Eround sate of
the cesium 133 atom. 3

K The fraction of 1/273.16 of the thermadynamic temperature of the tiple:
paent of water.

mad The amcunt of substance of 2 system that contains 45 many clementary
entities as there are atoms in 0.012 kg of carboan-12,

" Tha conszant electnc current which, df maintzined in nwo strasghe paraliel

canduciors af infinize leagth, of neglipible circular crass-sectan, and
placed 1 m spar in vacusm, would produce between these conduetors
aforceequalt 2 % 107" Nm ™" affength.

od The cxndela is the lurminous ingenaity in 2 given direction of a wiree that
ity h radanen of freg 520 % 107 hert and that
has a radiant intensity in that direction of 1/6563 wats per steradian
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The base units and their delinition are shown in Table 3.13, Supplementary
units are defined angles and are o lintle interest in texture work. Denved units
arc expressed algebraically in terms of base units and/or supplementary units
(Table 3.14). The prefixes that are used to form decimal multiples and sub-
multiples of ST units are given in Table 3.15. The choice of the appropriate
multiples of an SI unit is governed by convenicnee, the multiple chosen for a
particular application being the one which will lead to numerical values ina

Name af . Commanly
Quantity 51 unit Symbal Dimensians used multiple Conversion factor
Area Square meter m' m - 1w = 1076391 ¥
Valume eubic mcter m' m - 1m* = 1000 hiters
1 liter = 1 dm’
(eubic decimeter)
Frequeney etz He sl - =
Force ewion N mkgsT? - 1M = 1015716
grams force
Presusre, pascal {or Pa HmEorm thga? - 1 bar = 10 Pa
stress newtan perm’)
Dynamic pascal seconsd Pasy msm 7 orm hgsT! m Pass 1 centipoise = 1 mPass
wiscosity
Kinematic aquare meter mis! mis mm? 5~ 1 centisgoke = 1mm?s !
viscauTy per second
Work, energy,  joule ] Hmormikgs™¢ - -
heat .
Power walt W mikgs™t - 1W= 1

Factor Name Symbol
1" tera T
1w’ R G
" w ¥
10

1 heera h
1’ deca da
P dect d
19t centt €
1 ills m
1 micro "
ln—l rana n
ot piee "
Toi ferrtn r
i atto o
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Canversion ta 51 units

Terg=1077]

L3 g
dyne dm 1dm = 107N
poise Ll 1P=01Fas

1 eentipaise = 1 mPas
stake 5 150 = 10" m's"!

1 centipaise = 1 mm's!
lalagram force kgf 1 kgf = 9.60665 N
pounds force [ 1IbF = 44487 N
caloric cal 1cal = 41868 )

practical rnge, The multiple 15 usually chosen so that the numerical value will
be between 0.1 2nd 1000.

Working in SI units renders obsolete many of the old units of measurement.
Some of these are listed in Table 3.16. Since these unils have been in use
for many years the researcher will often find them when reading the hiterature.
These obsolete units should no longer be used in present work. However,
two ohsolele units are still being used by some rescarchers with some

fication: (1) 1.000 ipoise viscosity equals 1.000 mallipascal second;
(2) 1.000 centistoke kinematic viscosity equals 1,000 square millimeter recip-
rocal second.
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Principles of Objective
Texture Measurement

Introduction

There is such a wide range in types of foods and the types of textural and rhe-
ological propertics that they exhibil, and such a wide variety of methods used
to measure these properties, that it becomes necessary to attempt to classily
them o groups in order to understand the system. Several classification
systems have been propounded.

It is possible Lo classify texture measurements according to the commodity
that is being tested; for example, tests that are used for cereals, meat, fish, poul-
ry, bles, fruil, dairy prod fats, confectionery, I

Isi P and oilseeds, and miscell foods.

Matz (1962) classified foods on the basis of their textural properties intp
liquids, gels, fibrous fowds, agelomerates of wrgid cells, unctuous foods, friable
structures, glassy foods, agglomerates of gas-filled vesicles, and combunations
af these. Sone (1972) clussified {oods on the basis of their textural properties
as liquid foods, pel-like foods, fibriform foods, cellular-form foods, edible
oils and fats, and powdered foods.

The classification of lexture measurements on the basis of commodity or
the type of textural properties is usefil but what is probably a better type of
classification is based on the type of test that is used, because many tests are
applicable to more than one type of food. When food is placed in the mouth,
the stricture is d ved by the aet of ication until it is ready to be swal-
Jowed. The basic process of mastication oceurs regardless of what kind of
food is in the mouth, Therelore, it seems logical to concentrate on the type of
test rather than the nature of the food.

Drake (1961) developed a classification system based on the geometry of
the: apparatus as follows: (1) rectilinear motion (parallel, divergent, conver-
gent); 12} circular motion (rotation, torsion); (3) axially symmetric motion
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Direx Indirest Oral Nanoral
Fundamental Opuical Mechanical Fingers.
Empirical Chemiesl Geometncal Hurd
Imitative Acaustical Chemical Eyes
Dther Orher

(unlimited, limited); (4) defined other motions (bending, transversal); and (3)
undefined motions (mechanical muscular .

Table 4.1 lists the type of tests that are used for measuring food texture,
These may be divided into objective Lests that are performed by nstruments
and sensory tests that are performed by people. Objective tests can be divided
into direct tests that measure real textural properties of matenials, and indireet
tests that measure physical properties that correlate well with one or more tex-
tural properties, Sensory lests can be elassified into oral (those tests that are
performed in the mouth) and nonoral (in which some part of the body other
than the mouth is used to measure the textural properties). Sensory tests will

be discussed in Chapter 7.

Fundamental Tests

These fests Hl-defined rheological properties. Before attempting lo
use this class of test on foods, it should be borne in mind that they were devel-
oped by scientists and eng int d in the theory and practice of mate-

rials of construction, and they may not be very useful in measuring what is
sensed in the mouth when food is masticated. The owtlook of the materials
selentist and the food technologist are opposite. One wants to measure the
strength of materials in order o design a structure that will withstand the
forces applied to it under normal use without breaking. The other wants o
measure the strength of food, and frequently weakers its structure deliberately
s that it will break down into a fine state suitable for swallowing when sub-
Jected to the limited crushing forees of the teeth. tmparting pleasurable sensa-
tions during the process of comminution,

For example, intact cereal grains are so hard that most people find it
unpleasant to chew them. Much of the cereal processing is designed to convert
a very hard cereal grain into another form that is easier to chew, g wheat
into bread and maize into tortillas (see Table .5, page 10).

When a test picce is broken into two pieces materials scientists normally
stop the test because they have all the information they need sbout the mate-
rial, In contrast, food technologists consider that a test has barely begun when
a food is broken into two pieces, and they continue the test in order to break it
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down into progressively smaller picecs. Hence, food texture measurement
might be considered more as a study of the weakness of materials rather than
strength of materials,

Fundamental tests gl.m:m!i; assume (1) small strains {1 3% m:mrnuml
(2) the material 15 continuous, hibiting the sume physical proper-
tics in every direction), and Ilumul,x.m,uus and {3) the test picee is of uniform
and regular shape, Most textural tests made on foods fail v comply with one
or more of the three assumptions listed above.

Fund slow to perform. do not correlate as well

F | tests are I
with sensory evaulation as do empincal tests, and use expensive equipment.
They are not used to any great extent in the food industry but they do have a
place in some h lab ies. S iak (1963b) aptly described the
usefulness of fundamental tests as follows:

Since most foodsils do not heve aullpae heolegical properties that are independent of stress
and sirain cond unal since rhy o 1 defined are not mean-
ingful in  practical sense unless relned Iu ﬁ.mmnnal properties, fundamental tests serve the
greatest value o the food gist by p g hases for the o of more mean-
g ful empinical tests

Tuble 4.2 shows the results obtained with apples and peaches by a funda-
mental test and an ¢mpircal test as compared with sensory evaluation of
firmness. The stiffness coellicient, which is essentially an index of Young's

fulus of elasticity and is a fund | test (see page 68), gives consistently

Tower correlations with sensory measurements than does the Mapness—Taylor
test, which 15 an empincal type of measurement. In view of the fact that the
Magness=Taylor pressure tester costs about $100 and one test can be per-
formed in about 305 whereas the acoustic spectrometer that is used to measure
the stilfness coeflicient costs over $30,000 and requires abowt 15 min to make a
test, it can be seen why the {ood industry generally uses empirical tests.

fted delicous apples
Clorober 1968 0.54 0.92
March 1969 Mot significant 0.71
Gianber 1969 068 089
March 1970 04 0.6
Elberta peaches 0sr 0.957

Sayree: Data from Finney (1971a) and Finney and Abboce {1972)
“Samc resanance test, 3 fundarmental test

*Puncrure test, an empencal test.

‘Highest value from 22 experinients.
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Fiyure 41 Schematic
representation of the ideal
fexture measuning apparatus and
it denvatian from empineal,
Ffundamental, and imaative
instruments. (From Boume,
1975b; reprinted with permassion
from D Reidel Publ. Ca )

Muller (1969b) surveyed the types of food wexture measurements that are
used in the United Kingdom and concluded that of the rheological tests used
‘it 15 striking that with a few exceptions the methods employed are empirical,
This might support the jest that theoretically sound instruments do not wark in
practice and those that are theoretically unsound do.”

Empirical Tests

These tests measure parameters that are poorly defined, but from practical
expenence are found to be refated to textural quality. This is the most widely
used class of instruments m the food industry. The tests are usually easy o
perform, rapid, and frequently use inexpensive equipment. Problems with this
type of test are the poor definition of what is being measured, the arbitranness
of the test, frequently no absolute standard 15 lable, and the tests are usy-
ally only :Ili:cliv: with a limited number of commodities. Since empincal
tests are frequently ful in g textural properties of foods and
are the most wldd) used in the food mduslrv. this book will deal with them
extensively. It is the author’s opinion that these tests should be studied in onder
to understand the reasons for their successes and the principles on which they
operate in order to find how 1o make them more effective and to make them
scientifically more rigorous

-~
-

Ideal
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Imitative Tests

These tests imitute the conditions to which the food mutenal is subjected in
practice. This class may be considered as a subtype of empincal test because the
tests are not fundamental tests. Examples of this kind of test are the Farnograph
and other dowgh-testing apparatus that unitate the handling and working of
bread dough, the Bostwick Consistometer and Adams Consistometer that
measure the fow of seoifluid foods across the plate, and butter spreaders.

Figure 4.1 shows scl Hly the relationships among empirical, funda-
mental, and imitative tests, and Table 4.3 lists the ad ges and disad g
of each type. The ideal texture 5 should bine the best
features of the fundamental, empirical, and imitati hods and eliminate the

undesirable features of cach of these. At the present time there is no ideal texture
measuring equipment or system. Empirical methods are used almost entirely.
The future direction of the research should be to move from the empirical

Empinical Simgle to perform Mo fundamental understanding
af the test
Rapid Incomplete soecilfication of
terture
Suirable far rourine quabity concrol #Aebitrary procedure
Good comelation with sensory Cannor canvert data to another
metheds system
Large samples groe averaging effect Usually 'one point”
mEaturement
Calibravion difficult
Lrmtative Clonely duphcates mastication ar Unknown physical equivalen
wther sensory methods measirement
Good correlation with sensary Arbrtrary procedure
metheds
Complete testure measurement Restricted to "bere-sae’ units
Fundamental Ko exactly what i Paar ith semsory
methads
Good calibration Incomplete speailication of
TEatUrE
Slow
Meal Sunple to perform MNane
FRapid
Suitable far routine work
Good correlatvon with sensory
Closely duplicates mastication
Complete texture measurement
Good zalibration
Know exactly what s measured

Can wse large ar small size samples

Source: Adapted from Boume, 1975¢, reprinied with permession of D, Rewdel Publ, Co
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into the wdeal by including more of the fund I and imitative aspects
empincal tests. The ideal texture measuring technique will pmb'lbl) b: some
combination of the present empirical, fund I, and imi it
Another method of classification of food texture instruments is on the basis
of the vanable or vanables that are measured in the test. Table 4.4 gives such
a classification and is the system that will be used throughout this book to dis-
cuss and clasaily the principles of objective measurements of food texture,
The system classifies nccording to the principle of the test, not according to
the kind of fwod. It rests on the assumption that since all foods are ground inlo
1 fine stale during mastication, there must be many comman elements in their
textural propertics that are not restricted to any one commodity group, The
principles of the tests will be discussed in this chupter. Chapter § discusses
commercially available instruments and their operation and Appendix [ lists
the names and addresses of the suppliers of the most frequently used instry-
ments for food texture and viscosity.

Method variable units Examples
1, Force Force {F) i~
a, Puncture F mut Magness-Taglor, ET-Ge
b, Extrusion F mit=? Shear press,
Tenderameter
& Cutting-Shear F mie 3 Woarner-Brarrher Shear
d Crushing P mhtd =
© Tensile £ mit=? -
f Tonque F mit™? Rotary Viscometers
2 Smapping F e Brabender Struct-
o-Graph
h Deformation £ i
2. Dissance
a. Length I Fenetrameters,
Dieformation
b Area B Grawemeyer
Consistometer
© Volume " Bread volume, Juice
volume
3 Time Time{T) t Dstwald Viscormeter
4, Tnergy Work (FXD) = mfts -
5 Rauy FarDor T Dimensionless Specific gravay
measisred twice
6. Mulvple Fand Dand T mit 20 Instron, TA XT2
7. Multiple vanable Angthing Unelear Durometer
B, Chemical analysss  Conceatracon Dimensionless {%)  Aleohol insoluble sabds
2. Miscelanecus Amprhing Amything Oprical denity, crushing
saunds

Sovrce: Adapted from Bourmie 19663, repeinted from . Food 54, 31, 1114, 1966, Copyghe by,
Inszute of Food Technologists,
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Force Measuring Instruments

Force measuring imstruments are the most common of the texture measuring
instruments. Force has the dimensions mass X length X time™?. The standard
unit of force is the newton (N), Because of their multiplicity, this heading
is broken inta the subclassifi (@) , {b) compressi trusion,
(c) cutting-shear, (d) compression, (¢ tensile, () torsion, (g) bending and
snapping, and (h) deformation,

Puncture Test

The | Test the force required to push a punch or probe into a
food. The test is characterized by (a) a force measuring instrument, (b) pene-
tration of the probe into the food causing imeversible erushing or flowing of
the food, and (¢) the depth of penetration is usually held constant.

Puncture testers embody one of the simplest types of texture measuring
instruments and one of the most widely used. The first food puncture tester was
probably the one developed by Lipowitz (1861), who placed a flat disk 1 or 2in.
(2.5 to S em) in dinm on the surface of s gelatin jelly in a beaker (Fig. 4.2). The
flat disk was connected to a funnel by means of a vertical iron rod, and lead shot
was slowly poured into the funnel until there was just sufficient weight to make
the disk penetrate into the jelly. The tatal weight of the shat, funncl, rod, and
disk was used us o measure of jelly consistency. This carly test, although prim-
itive, contains the il el of the p test: namely, a punch that
penetrates into the food, application of an increasing force (lead shot), and
measurement of the yield point foree (by seales not shown in figure), This
apparatus evolved into the well-known Bloom Gelometer.

The second food puncture tester was probably the one developed by Carpi
(1884), who measured the weight required to foree a 2-mm-diam iron rod 1-cm
decp into hardened oils. Brulke (1893 ) used a similar principle for measuring
the hardness of butter, and Sohn (1893) spelled out the procedure necessary Lo
obtain reproducible results with the Brulle instrument. This developed into the
Van Doarn butter tester, The first puncture tester for horticultural products was
developed by Professor Morris in the state of Washington (Morris, 1925). This
evolved into the well-known Magness-Taylor, Chatillon, and EFFI-GI fruit
pressure testers. Tressler er al. (1932) performed a puncture fest on meat,
which evolved into the Armour Tenderometer (Hansen, 1971, 1972),

Punciure testing instruments are all maximum-force instruments, They
may be classed into single-probe instruments, such as the Magness—Taylor,
EFFI-GI, Chatillon, and the Bloom Gelometer, and the ple-probe instru-
ments such as the Armour Tenderometer, the Christel Texture Meter, and the
Maturometer. *

Puncture testing instruments might also be classified by the manner 0 Gy a0 The Upowie Jelly
which the force is applied. A constant rate of appheation of force is used for  Tester, (From Lipowitz, 1851.)
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—

Figure 4.3 Schemaic
representation of the five
dafferent types of force-disrance
curves that are obtained in
puncture tests, (From Boume,
1979b; copympht Academic Fress
Ine. {Lendan} Lid, with
permixsian.)

some of these mstruments (e, Magness-Taylor and other fruit Pressure
testers, the Armour Tenderometer, and the Bloom Gelometer). Motorized test-
ing instruments use a constant rate of travel of the probe, including universal
testing machines such as the Instron and TA.XT2 Texture Analyzer,

Theory of the Puncture Test

When a punch is mounted in an instrument that automatically draws oul g
force—distance or force~time curve (such as the Instron or TA.XT.'!}_ five basic
types of curves arc obtained, as shown schematically in Fig. 4.3, Intypes s g
and € there is an initial rapid rise in force over a short distance of movemen;
as the pressure tip moves onto the commodity. During this stage the commeg.
ity Is deforming under the load; there is no puncturing of the tissucs, This
stuge ends abeuptly when the punch begins to penetrate into the Tood, which
event s represented by the sudden change in slope called the yielf point,
or sometimes “bio-vield point.” The initial deformation stage is not ofgm;
CONCEm in puncture testing.

The yield pownt marks the instant when the punch begins to penetrae into
the food, causing irreversible erushing or flow of the underlying tissues and is
the point of greatest interest in puncture testing. Mohsenin er uf, (1963)
showed that this 15 the point where crushing and bruising begins on fruits such
as apples. Considerable work has been done on the implications of the yield
point and this will be discussed below.

The third phase of the puncture test, namely, the direction of the force
change after the yicld point and during penetration of the punch into the food,

Force ——p
—

Dstance —»
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separates the puncture curves into three basic types: A, the {oree continues o
increase after the yield point; B, the foree i approximately constant after the
yield point; C, the force decreases after the yield point. There is a continuous
change m slope, from positive slope in type A curves to approximately zero
slope in type B curves to negative slope in type C curves. Type A curves menge
into type B curves, depending on the steepness of the slope of the force—
distance curve after the yicld point, and, likewise, type B curves merge into
type C curves. There are occasions when one needs to use subjective enitena
to decide whether i curve is type A or B, or type B or C. The sensory and phys-
ical meaning of the difference between type A, B, and C curves is prescatly
not well understood. Friction of' the food along the sides of the punch accounts
for a slightly increasing positive slope in a limited number of cases (for exam-
ple, see Thompson ef al., 1992), but there are cases (e.g., freshly harvested
apples) where fnction cannot account for the increase in force after the yicld
point has been passed.

A fourth type of curve, shown in curve 1D, is obtained on some starch pastes
and whipped toppings and foams. ILis essentially a type A curve excepl that
the yield point is not sharply delineated by an abrupt change in slope; rather
there is a gradual change in slope, The intersection formed by extrapalating
the two straght-line portions of type I curves is usually a precise and repro-
ducible point that can be used as a yweld point figure; hence, a type D curve
may be considered as 4 specinl case ofa type A curve,

The tvpe E curve is found with some starch pastes. This type of commodity
shows no yield point, behaves essentially as a viscous liquid, and is unsuited
to the puncture test because no meaningful results can be extructed from a
type E puncture test curve at the present time.

Morrow and Mohsenin (1966) showed that the theoretical stress distri-
bution under a ngid die acting ngainst a semi-infinite elastic body follows the
Boussinesq equation:

P= Ff2mala® = r*)** @10

where P is the pressure at any point under the punch, F is the total force
applied to punch, a is the radius of punch, and r is the distance from center of
punch Lo stressed area.

According to this equation the stress in the food is highest at the penmeter
of the punch and lowest at the center af the punch, This 15 demonstrated graph-
ically m Fig. 4.4 This is a tl | stress distribution and there are y
substantial deviations from this equation in practical situations, This equation
only applies before the yield point s reached: that is, during the deformation
stage. The Boussinesq equation does not apply during or afier the yield point.
The point of major interest in this equation is that the distribution of the stress
under the punch is uneven with the highest stresses at the penimeter.

Using the theory of contact stresses between two bodies pressing agninst

each other Yang and Moh. (1974} developed an eq for the initial
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Figpure 4.4 Theoretical stress 1
dsenbution in a semi-infinite

lasnc body compressed under a
ngid phinger. £, surface pressun:
at A; F, total fovee, g, radivs of

punch; r, distance to A,
{Redrawn from Momaw and
Mohsenin, 1966; copyright
Acadermec Press Inc. {London)
Ltd, wath permission,}

Seminfinge

elastic bady

Surface pressure 7 at Paint A

F
p=

Zmava’

Pressure

+

slope in the puncture of Rome varicty apples as follows:

F=—(2n/3)DRly(aé)(a*/R* W1 —a®/RT)"?
_S01=a*/R —14(1—a*/R*) +90 - /R
(1-a* /R (2 - 3(a?/R%)
+n(1~a*/R) = 21— a*/R?)
+3(1=a’/RY +1a* /R +5] 42

where Fis the force; D, the deformution at axis of symmetry: &, the mdius of
curvature of punch;, k;, a complex function; a, the radius of surface of contact,
and £, a value between 0 and 1 (put at 0.7 by authors).
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Compreswon Shear Figure 4.5 Schemartic

.= fees = Perniniter representation of A pUNCTure fest.
(Reprinted from /. Foed Sci, 31,
284, 1966; copynght by Institute
of Food Technologists. )

y

vyy —1
v

Fuk f+ K P+C

Bourne (1966b) has shown that the yield-point foree is proportional to both
the arca and perimeter of the punch, and to two different textural properties of
the food being tested. Figure 4.5 shows schematically what happens at the
point of penetration of the punch into the food. There is compression of the
food under the punch which s proportional to the area of the punch, and
shearing around the edge of the punch which is proportional to the perimeter.
This relationship can be expressed in the form of the equation

F=KA+KP+C (4.3)

where F is the force on the punch (in newtons but sometimes it is measured
in kg or Ib); K., the compression coeflicient of commodity (N mm™); K,, the
shear coefficient of commodity (N mm"]‘- A, the arca of the punch (mm:);
P, the penmeter of the punch (mm); and €. a constant (N,

The validity of the above equation was proved by means of two sels of flat-
faced rectangular-shaped punches: one set had constant perimeter with area
varying from 0.25 to 1.00cm® and the second set had constant area with
permeter varying from 4,0 (o 8.5cm. Two circular punches were included:
one with a cross-sectional area of 100 em® and the other with a perimeter of
4.0cm. These punches are shown in Fig. 4.6,

Each of these punches was pressed into foumed polystyvrene board and the
yield points were measured by means of an Instron machine, Figure 4.7,
which plots the mean puncture force against punch area for the constant
perimeter punches, shows a rectilinear rel hip between | force
and punch area. From the equation it follows that the slope of this line gives
the numerical value of the compression coefficient K and the intercept on the
v axis gives the value (K,P + C).

Figure 4.8 shows that a plot of puncture foree against punch perimeter is
rectilinear provided the area is kept constant. From the equation it follows that
the slope of this line grves the numerical value of the shear coefficient (K.} and
the mtercept on the ¥ axis gives the value (KA + ). Since the values of K,
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Flgure 4.6 Set af rectangular:
faced punches wied Lo eatablish
area. and perimeter-dependence

Canstantarea 1 ¢

of puncrure forer. The dewce in
the lower nght-hand comer holds
the variaus punches. (Reprinted
fram . Fead 5ci, 31, 285, 1966,
copmght by Instirute of Food
Technologin.)

.EE:?;;_-__._., e

Figure 4.7 Puncture farce

versus punch area with canstant
Constant perimeter

penmater on polpstyrene board &
using the rectangular-faced
punches shawn in Fig 4 6. E=K AV (KP+Q)
[Reprinted fram | Frad Sl " ;:/
286, 1966; copynght by Insttute i

L -~

of Food Technologists.)

2
M 5
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¥
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2
¥~ Intercepe = (£,24 €)
o 1 L ; :
] L
025 0 50 :
075 100
1.25
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Intercept = (KA+C)

Puncture farce {kg}

Constant area
Fuk P4 (K a=0)

o L L 1 i 1
a 2 4 6 B 0

Punch penmeter [em)

and K, can be obtained from the slopes of these plots it follows that the con-
stant € can also be obtained by taking the i pt value and substi
known values for either £P or K.4 and caleulating the value for C. Thus, it 15
possible to eval all the p in this from the force mea-
surements made with this series of punches,

This relationship hos been I'oum!. 1o ||pp|} to a wide variety of foods.
Figure 4.9 shows the punct punch-arca relationships for a number of
foods. In cach case a rectilinear relationship was found. A similar rectilinear

lationship was found bet 7 force and punch perimeter for these
same foods (Fig. 4.10).

Tahle 4.5 lists the numenical values of coefficients for a number of food com-
modities. The physical meaning of the constant € would be interpreted from the
punch foree equation as being the foree required W p it Jity with
a punch of zero aren and zero perimeter. Constant € has a value close to zero for
nwsl of the commoditics tested, and in such cases could be neglected without

g any great inag Some o lities have a value for C that
is numum-.ll'l_\' 100 high to be attributed to experimental error, and these C values
are usually negative. In these cases it seems probable (hat there is a zone of
influence around the punch such that the actual compression area on the com-
modity is larger than the area of the punch. However, the real meaning of the
value of € 1n these instances has not yet been elucidated with certainty.

Juckman and Stanley (1992) noted that the zone of influence in puncture
tests on tomato pericarp tissue increased markedly as tomatoes changed from
mature-green to red ripe.

Faguro 4.8 Puncrure foree
vervus punch penmeter with
constant area an palystyrens
board using the nectangular-
faced purenes sthawn in Fig, 4.6
{Reprinted from . Foed Sci. 81,
246, 1966; copyright by Institute
of Fond Technalogists.)
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Figure 4.9 Puncture force
wersus punch area wath constant
perimeter on vanous foods using
the receangular-aced punches
shown in Fig. 4.6, {Reprinted
from ). Foad S, 1, 286, 1966,
eopynght by Instituee of Food
Technologists. }

Figurs 440 Puncture force
wersus punch perimeter with
‘constant area on vanous foads
uging the rectangular punches
shown in Fig, 4.6, (Reprinted
from |, Food Sci, 187, 1966,
cogyright by Institute of Food
Technologists.)
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DeMan (1968) confirmed the fact that the puncture force is dependent on
both the arca and perimeter of the punch with processed cheese, With butter
and margarine, however, he found that the shear coefficient is zero, which
causes the term AP to fall out of the puncture equation and makes the pune-
fre test on these commodities dependent on area only. DeMan considered
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Compression Shear coefficient X,
Commodity coefficient K, (N mm™2) {Nmm™,
Expanded polysyrene 0477 0.333
High-density palysiyrens 1.29 2118
Polpurethane 0350 0.284
Apples (raw, Limbertwig variery) 0737 0157
Apples (raw, Fr. vorBer sariety) 0.631 0.0686
Banana {ripe, yellow) 0.0422 0.0588
Creme-filled wafers o0 013z
Carrat (uncooked core tissuc) 75 —0.02M
Wiener [cold) 0166 0.00392
Potata {Insh, unrooked) 1.06 0.508
Rutabaga (uncookes) 250 T D.E43
Swest potata (uncooked) 1.94 0.863
Vi agar gel 00147 n.o04y
2% agar gel 00618 00284
I agargel oe oasz?

° Zowner Adapted from Bourne [ 19660).

that with fats there is flow rather than compression under the punch, and for
these commoditics he postulated the equation

F=Kd (44)

where F is lhe puncture force; A, thc area of the punch; and Ky, the flow
cuefficient (reg g K., the comy ient)

For circular punches the urea and peri can be substitued by i
of dizmeter that follow from the geometry of circles to give the following
cquation:

F=(m4kD + akD+C (4.5)
where D is the diameter of the punch.

The puncture equation explains why a simple doubling of the area of a
circular punch usual'y fails to double the puncture force. When the aree of
acireular punch is mereased by a factor of 2.0, the perimeter is increased by a
factor J2=141. The puncture force will then be doubled only if the shear
coeflicient K, is zero or if the shape of the punch changed so that both peri-
meter and area are doubled,

In designing punches for a test drm:t, itis pmsbic to give added or less weight
to the shear comy L by 2 or d “lEPLl" lerf: mlm of
the punch. Fipure 4.11 shows two methods of i
rmtio of & punch, The firsst sinple punch at the bouum of l"t[r 4. w has an area
of 1.00em® and a perimeter of 3.55 cm. The nest of four punches immediately
above it has o combined area of 1.00 em® and a combined perimeter of 7.10 cm.
The nest of four punches will normally give a higher puncture force reading
than a single punch, even though the areas are equal because the amount of

Constant ©
(N)

=218
=169
—4.61
v.iga
3g2
=0.588
638
24
147
5.88
=147
3.43
—0.0981
=096
=324
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Figure 411 Tiwo pairs of L
punches, Each pair has equal

face area but different
permeters. {Reprinted from
J Food 5. 31, 288, 19566,
copyright by Institice of Food
Technologisss.)

shearing with the nest of four punches is double that of the single punch, The
second circular punch above the nest of four punches has an area of 0.469cm’
and a perimeter of 242 cm, while its star-shaped partner immediately above
has the same arca but a perimeter of 3.78cm,

It 15 possible to obtain numerical values for the shear and compression
coefficients of a food by using a set of circular-shaped punches (Su and
Humphries, 1972; Bourne. 1975h). Dividing the basic puncture equation
(Ey. (4.3)) through by the arca and converting the penimeter and arca it
functions of the diamcter gives the following equation:

Fid = 4K,(D + K, + 4(/7D? (4.60
According to Eq. (4.6) the plot of F4 against 1/D should be rectilinear witha
slope equal to 4K, and an intercept on the y axis of &, + 407", Dividing
Eg. (4.3) by perimeter and converting the area into a function of diameter
gives the equation; :
FP=KD4 + K + Cl=D (L]
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According to this equation a plot of FiP versus dismeter of the punch should be
rectilingar with a slope equal to £/4 and an intercept equal to K, + /D, The
validity of these equations has been shown to hald quite well for foods, provided
punches larger than approximately 2-mm-diam are used (Bourne 1975h).

The section of o puncture curve beyond the yield pomt (see Fig, 4.3, page 114)

! the force required 1o pencirate into the food. In a type A curve the
penetration foree beyond (he yield point increases with penetration depth; this
type of curve is chamctenstic of freshly picked apples. In a type B curve the
force of penetration is approximately eonstant; this is typical of many apples that
have been held in cold storage fur periods of several months and sofl ripe fruits
such a5 peaches and pears. In type C curves the force to penctrate is lower than
the yield-point force. This type of curve is almost always found with mw veg-
elables. Type D curves an oflen found with starch pastes, and toppings,

Yang and Mohsenin (1974) used contact stress theory to develop an equi-
tion for the penetration of the punch into Rome apples:

F= —mﬁk{ﬁ +nC, 1n(q,{2a]] “8)

where F is the force; a, the radius of the surface of contaet; £, the sheaning
strength; #, a correction factor; €, a correction factor; and Dy, the diameter of”
the assumed cylinder,

Yang and Mohsenin found a good moteh between the experimental data on
Rome apples and the above theoretical equation. It is worth noting however
that Yang and Mohsenin's i | curve is inlly o B type curve
where the | I

tration foree is approxi y Since this was obtained
with Rome apples it seems almost certain that the expenments were per-
formed in the spring on apples that hod been held in cold storage for severnl
months. It is unhikely that this equation would apply to freshly harvested
Rome apples which give an A type curve, There are no experimental data 10
show whether or not Eq. (4.8) applics to foods other than the Rome variety
of apples that have been held in cold storage for several months,

The significance of type A, type B, and type C curves, s far as measuring
sensory tzxtural characteritistics of foods, remains to be detzrmined. With
apples, the type A curve is typical of a freshly harvested juicy crisp apple
whereas the type B curve is typical of dry, sofler, and mealy-textured apples
that have been in storage for several months, The type C curve is frequently
found in raw vegetables and some apples and seems to be associated with a
“woody” type of texture, Much work, however, rermains to be done in this area,

Semi-infinite Geometry

A true puncture (est assumes thiat the sample size 1s so much larger than the
punch that no difference in the puncture foree will be found if the sample is
made even larger. This is called 'semi-infinite geometry.” There should be no
effect from the edges. corners or thickness of the sample on the punciure
faree, A trie puncture test does not vceur 1 there 15 any cracking, spliting of
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Figure 412  The principle of
semi-mfinite grometry, The
puncture test assimes that the
sample is semi-nfinite in size,
i.e. the sample is vo much larger
than the punch that edje eifeas
and bottom effects are
insignificant. (From the Textire
Repart, Volume 3. Copyright by
Texture Technaloges Inc.|

the sample. or if a cylinder of food approxi ly the same di s
the punch is extruded out in front of the punch. Tt is generally accepted that the
diameter of the -ample should be ar least three times the diamete. of the
punch. For fracturable foods the ratio may need to be greater than three.

The principle of semi-infinite g y is shown sch ically in Fig. 4.12,
On the lefi-hand side the sample is more than three times the diameter of the
punch and s infinite g y is maintained. When the sample size dimin-

ishes to the size shown in the central part of Fig. 4.12, semi-infinite geometry
i lost and this will not be a true puncture test. The way to overcome this prob-
lem is shown on the right-hand side of Fig. 4.12 where semi-infinite geometry
is restored by reducing the diameter of the punch to less than one-thind the
diameter of the sample. "

Base Support for Puncture Test 4

Attention needs to be given to the base that supports the specimen being sub-
jected 1o a punciure iest because an inappropriaste support may introduce
errors. When the specimen is large, the punch will only penctrute a small dis-
tance into the food relative to the size of the food and a solid support plate is
correct (Fig. 4.13a). When the specimen is thin (e g.. a cookie) there is a grave
risk of compressing the food against the support plate and the test will become

[ F 1(Fig. 4.13b).

A support plate that has a hole in it cemtered under the punch is needed for thin
or small products (Fig. 4.13¢). This allows the punch to penetrate all the way
through the specimen and into the hole. The diameter of this hole should usu-
ally be 1.5-3 times the diameter of the punch to give adequate support 1o the
specimen. When the hole is almost the same diameter as the punch (Fig. 4.134),
the test changes from true puncture to a *punch and dic” test in which a cylin-
der of material is cut out from the food and pushed into the hole (see below),
When the hole in the support plate is much larger than the punch, the sample
is likely to be bent and pushed into the hole thus changing the test from pure
into a bending test or part bending and part puncture test,

ac ol and comp 100 OF pure comy

The Punch and Die Test
When the sample is thin and the support plate contains a hole whose diameter
is about the same size as the punch diameter, the punch is likely to stamp out
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Sohd suppore Figure 4,13 Carrecr and
incorrect supports for punciure
tese. (From The Textun: Report
Volume 3. Copymght by Testure
Technalagies Inc.)

Comect Incorrect

Support with hnle

1 d 1

Ty e S
[ | | 1 [ ] B =

Carrect Incomrect Incorees

acylinder of foad into the hole (Fig. 4.13d). Although this seems to be & punch
test it uses a different principle known as the punch and die test.

Ahmed ef al. (1973) used the punch and die test on citrus skins using the
equation

§ = FleDT (4.9)

where § = the shear stress, £ = the peak foree, D = dinmeter of the punch and
T = thickness of the skin. For this equation to hold, the cylinder of food
should be punched out all at once. An incorrect low force will be obtained
when the punch breaks through the food at one point only followed by a slow
spreading of the zone of shear failure around the punch s it continues to
descend.

Segars ef ol (1975) mounted a punch and die test cell in an Instron to shesr
through 4 mm-thick slices of cooked beef. The punch had a diameter of
99mm and the hole o dinmeter of 10.0mm. They reported correlution
cocflicients of 0.92-0.98 with sensory evaluation of chewiness and difficulty
of cutting the beef.

Factors Affecting the Puncture Test
The force measured in a puncture test depends on the following factors.

(1) Nature of the food. A sofl product will give a lower puncture force than
u hard product.
{2) Size and shape of the punch (see Eq (4.3, page 117)).
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(3) The number of punches uscd.

(4) Depth of penetration has an effect on some, but not on all foods (see
Fig. 4.3, page 114),

(5) The speed of travel of the punch is a factor when testing viscoelastic
foods because they are strain-rate sensitive.

Advantages of the Puncture Test
The puncture prnciple is probably the most frequently used prnciple for
measunng food texture. Its popularity is the result of a number of advantages,

(1) The tester is mechanically simple and can be performed rapidly.

(2) Itiseasy to perform, whether by hand or in a motorized testing machine.

(3) Tt can be used in most locations.

() It rapidly distinguishes between ples. For ple, Table 4.6 lists
the puncture force on nuts. Despite the wide variation in sizc and shape
of the different kinds of nuts, a puncture test clearly distinguishes
bety themn showing p forces ranging from 4.5N for pine
nuts up to 20.3 N for almonds.

(5) Itis suitable for many different kinds of foods, and to alnost any size
or shape provided a suitable punch diameter is selected. The author has
used punches ranging from 0.05-mm diameter to measure the cell-wall
strength of potato, to 30-mm diameter to measure the stffness of
foams. This feature is particularly useful when the size or shape vary,
For example, the texture of different pasta shapes cannot be compared
by a cutting-shear test, but they can be compared by using the same
diameter punch because the size of the sample does not affect the punc-
ture force so long as it exceeds semi-infinite geometry.

(6} Ttis suitable for b neous foods b cach it can be

| y. For le, ina chocolute bar containing nuts,

ruising and p‘ul’ﬁ'\l rice, cach component can be tested separately

Puncrura Force of

Nut Puncture force and standard deviation (N)
Almond 05247
Brazil nur 170 =58
Cashew W=
Hazelnut 199242
Macadamia 13614
Peanug 133 =29
Pecan 6713
Pine nut 4507
Wl 50=09

Tests were performed in a TANT2 Texture Analyzer using 3 1.17-mm diameter arcular punch
with a fla face. Crasshead speed 3.8mm s™ ' {Unpubhished data from 8. C. Boumne )
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whereas most other test principles can only measure some overall prop-
erty of the composite structure.

Because 1t 15 a rapid test, it can be used to measure the distribution of
textures within particulate foods. For example, Bourne (1972b) punc-
tured large numbers of various kinds of conked bean seeds and found
an approximately normal distribution of puncture forces, as well as the
mange of forees encountered an each lot, Peleg (1974) mapped the
changes in firmness from skin to center of papaya fruit by a series of
punclure tests acrass the cul surface of fruits split in half.

7

o

Compression-Extrusion Test

The compressi xirusion test ists of applying force Lo a food until it
flows through an vutlet that may be in the form of one or more slots or holes
that are in the test cell. The food is P 3 until the of the food
is distupted and it extrudes through these outlets. Usually the maximum force
required Lo accomplish extrusion is measured and used as an mdex of textural
quality. This type of test is used on viscous liquids, gels, fats, and fresh and
processed fruits and vegetables. Since extrusion requires that the food fow
under pressure, 1t seems reasonable to use it on food that will flow fairly readily
under an applied force and not Lo use it on those foods that do not fow easily,
such s bread, cake, cookies, breakfast cereals, and candy.

A simple tvpe of compression—extrusion test is shown in Fig, 4.14, in which
the food is placed in a strong metal box with an open top. A loose-fitting
plunger is then foreed down into the box until the food flows up through the
space between the plunger and the walls of the box, This space is called the
annulus,

In Fig. 4. 14a the food has been placed in a cell and the compressing platen
has just contacted the surface. In Fig, 4.14b the food, has been packed down
solid so that the air between the particles has been removed. Figure 4.14¢
shenws the actual process of extrusion where the food is forced to flow around

e Figare 4,14 Schematie
diagram of a simple cell for back-
extrusion tests. (a) The plunger
l gors down and begins to contact

Plunger

Earuuon cell the surface of the food; (b) The
faod is packed down and some
liquid may be squersed out;

[} The foad is extruded through

the annubus
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Figure 4.15  Typical
Ffarce—distance curve obraired
with a simple compesssan-
extrusion test. (Reprated from
“Rheology and Teature in Food
Quality' {de Man. Yisisey, Rasper,
and Stankey, eds ), p. 265; with
permison of AV Publ Ca)

the space between the edge of the compressing platen and the inside wall of
the cell.

This is called & *back extrusion test” because the food moves in the opposite
direction to the plunger,

The Ottawa Texture Measuring System (OTMS) { Voisey, 1971h) uses a for-
ward cxtrusion lest because the food moves in th me dircction s the
plunger. Voisey and Nonnecke (1972b) developed test eclls for the OTMS that
are square in cross-section and 12.8 cm high. Four sizes of cells were made
with cross-sectional arcas of 20, 30, 40 and 50 cm®. The 30 cm? cell is the most
widely used size. A separate frame holding either a series of parallel wires or
a plate with a grd of holes in it fits into the bottom of the cell. A plunger tha:
is square in cross-section and clears the inner walls by 0.73 mm is driven down
into the cell foreing the food through the wires or holes and the force is mea-
sured. Although (he OTMS instrument is no longer commercially available,
the OTMS test cells can be obtained from the Instron Corporation.

The standard cell of the Food Technology Texture Press (Kramer Shear
Press see Fig. 5.5, page 203) is mixed; hall the food is extruded forward
through the slits in the bottom of the cell and the other half is extruded backs
wards up between the descending blades.

A typical force-distance curve obtained from such an apparatus is shown
in Fig. 4.15. From A to B the food is deformed and compressed 1o pack more
and more tightly into the diminishing space lable under the d it
plunger; there is almost no rupture or breaking of the food. At ::ppm:imalrl;
the point B the food is packed solid and liquid begins to be pressed from high

Farce —s

Dustance
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muisture foods such as fruits and vegetables (lling the interstices. At point B
or soun allerwards the pack is solid except for small amounts of entrapped air,
and the force increases steeply from B to C pressing out more juice in the
process, At point C the food begins to rupture and fow up through the annu-
lus, and this process continues to pont D when the compressing platen
reverses dircetion and the force falls to zero. Point C gives the foree necessary
to begin the process of extrusion, and the platean CD shows the force needed
to continue extrusion. From B to C represents the increasing force being
applicd to an almost incompressible mixture of solids and liguid,

The shape and magnitude of the comg i curve is influenced
by the elasticity, viscoelasticity, viscosity, and rupture behavior of the material:
sample size, deformation rate, sample temperature, type of test cell: sample
test size; and homogencity of the sample (Voisey ef al., 1972), With most pro-
cessed fruits and vegetables and many other foods the plateau CD is honizon-
tal or nearly so. The unevenness of the plateau is caused by varations in the
lirmness or toughness of the particles that are passing through the annulus
zone ol any particular time,

In general, the slope of the curve during the process of extrusion is approx-
imately horizontal, but there are times when it will show a steadily increasing
or decreasing slope, According to Voisey ef al. (1972), the slope of the extru-
sion part of the curve can indicate four different behavior patierns.

(1) The force reduces rapidly with further compression. This indicates that
the sample wos compressed until o eatostrophic failure oceurred, indi-
cating that resistance to shearing is the dominant mechanism of this test.

(2) The force decreases slowly, ind g some shearing resi € com-
bined with some extrusion and possibly adhesion of the sample to
test cell.

(3) An approximately horizontal plateau indicates either shearing of sue-
cessive layers of the sample or a combination of shearing, extrusion,
und adhesion ocourning simultancously,

(4) The force steadily increases as extrusion proceeds, This indicates
further compression of the sample in addinon to various amoums of
adhesion, extrusion, and sheanng.

Ramkumar ef al. (1998) extruded groted cheese curd in an extrusion eell
with a hole in the front end mounted in an Instron and used the Cogswell equa-
tion that was developed for ion of polymer melts:

F=9(n+n=

R ey T 4.10
g "D egenE e (4.10)

where F = muximum extrusion force, n = power law index, Dy = piston
diameter, ya = shear rate of sumple prior to entering the extrusion zone, n& =
apparent elongational viscosity, and pg = apparent shear viscosity,

Hickson ef al. (1982) extruded heat-induced protem gels that had been pre-
pared in o test tube of 13.5 mm intermal dismeter by driving o 9.5 mm plunger
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Figwre 416  Effect of annulus

wadth on manmum extrusion
Faece on fresh green peas. (From
Bourne and Moyer, 1968,
reprinted from Feed Technel. 22,
1015; copyright by Inatitute of
Food Technalagists.)
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mounted in an Instron into the gel and denved the following equaton:

S S G

where n; = viscosity index, I} = plunger velocity, £, = maximum exftrusion
force, L, = distance of plunger travel to reach F. & = rudius of plungerinaer
radius of test ube. @ = (1 — K)(1 + &%)

For the type of test cell shown in Fig. 4.14 the extrusion force is inversely
proportional to the width of the annulus, as shown in Fig. 4. 16 where the max-
imum extrusion force for a uniform sample of sized, graded fresh green pess
is ploted against the annulus width. With o wide annulus, a small change in
annulus width has a small effect on the extrusion force, but as the annulus
width narrows. the extrusion force increases steeply.

The annulus width also affects the evenness of the force in the plateay

region especially for particulate foods. As the annulus width becomes nar-
rower, the force plateau becomes less even, until at very narrow annuls
widths the force fluctuates rapidly along the plateau. Figure 4.17 shows
forcedistance plots for extrusion of fresh green peas in a simple back extre
ston cell. A layer of food material moves up between the plunger and the wall
of the extrusion cell as extrusion is taking place. When the annulus 15 wide 2
large number of peas can be accommodated within the extrusion zone at any
instant of tiume and the extrusion force is the mean force required to crush and
extrude a large number of peas, This averaging elfect results in a uniform
force along the plateau even though the plateau itself is decreasing slowly: As
the annulus width is narrowed fewer peas can be accommodated within the
extrusion zone at any instant, und the averaging effect is reduced. A single
hird pea will therefore muke the force nse to a high level while it is passing
through the extrusion zone, and likewise a single soft pea will make the foree
fall a considerable amount narrow annulus width 15 used. This effect 15
less pronounced in homageneous foods such as yogurt,
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An important question concerning the extrusion testing technique arises:
What width of annulus gives the greatest resolving power in discriminating
between two samples of food that are nearly equal i their texwral properties?
Figure 4.18 shows a plot of the maximum extrusion force of green peas with
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Figure 4,17 Typical
farce-distance curves obrained
from a unifarm lot of fresh green
preas eerrucled i @ simple
extrusion cell with annulus widths
o 1,2,3,4, 5, 7mm. (From
Boume and Moyer, 1968,
reprinted from Food Techaol. 22,
1016; eopyright by lnstinte al
Food Technnlagiss. )

Figure 4.18  Extrusion force as.
a functien of alcohol-insaluble
solids in a compression-cxtrusion
test on fresh green peas using
annulus widths of 1,2, 3,4, 5,7,
10mm, [From Bowrme and
Mayer, 1968, reprinted from Faed
Technol. 22, 1016 copynght by
Instituce of Faod Technologists. )
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Figure 419 Effect ot annulus

vadth an the stope of the log
Faree versus alcohol-nsoluble
salids in compression-eatrunan
test o fresh green peas. (Morted
from data of Boume and Moyer,
1965

004

003

Slape log furce versus AR5

1 2 3 4 3 7 1

Annulus width {mm)

annulus widths ranging from 1 to 10mm against the alcohol insoluble solids
(AIS) of the peas. (Alcohel insoluble solids is a well-established index of
maturily of green peas and allows evaluation of the textural properties of the
peas independently of the extrusion foree.) Figure 4,18 shows that the slepes
of the extrusion force versus AIS curves increase as the annulus widih
decreases. However, we need o take into account the fact that as the annulus
width decreases the test is moving into higher force rnges. This problem s
overcame by plotting the logarithm of the ion force which li
the forces. In the normalized log-force-AIS relationship (Fig. 4.19), the slope
increases steadily from 1 to 4mm annulus and then decreases ngain. There is
a fairly broad plateau from about 4 to 7mm annulus, The greatest resolving
power for green peas pecurs with a 4 mm-wide annulus. 1t is noteworthy that
the FMC Pea Tenderometer and the Texture Press both use slits 18 in. wide
(3.2mm), which comes close to the optimal width for the cylindrical extrusion
cell on preen peas.

The FMC Pea Tenderometer and the standard multibladed test cell of the
Food Technology Texture Test System (Texture Press) (see Fig. 5.5, page 203)
were originally considered to be based on the principle of sheaning under
pressure. Bourne and Mover {1968) pointed out that this class of instrament
was basically an extrusion test on materials such as green peas. Szezesnink
er al, (1970) coneluded from extensive study that different foods undergo
lifTerent types of disintegration in the Texture Press. They made the following
postulates:

(1) Incompression, force is proportional to (sample weight)®,
12} In shear, force is proportional to sample weight.
(3} In extrusion, force is independent of sample weight
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a, Almpst certainly neg an appropriate model

b, Has ane or gative , certainly propri del.

&, Posubly an uppropriate model,

By measuring the forees generated on 24 different foods at virious sumple
test weights and culeulating stundard errors for the various models they were
able to identify the type of disintegration most likely to oceur for that food in
the Texture Press,

The results of this analysis are summarized in Table 4.7. More then one
model was appropriate for many foods. 1L s noteworthy thal pure compression
was not an appropriste model for 2oy of the foods tested whereas pure shear
was an appropriate model for only two foods. Extrusion in eombination with

pression or shear, or comy plus shear was an appropriate mode|
for 21 foods. Only white bread and peanuts did not fit a model that included
extrusion, and these twa commaodities do not flow under pressure, This study
concluded that extrusion is an 1mportant component in the testing of most
foods in the Texture Press,
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Nozzle Extrusion
Voiscy ef al. (1979) developed an extrusion test accessory for the Oz
Texture Measuring System that measures the softness of cake frostings (ieing)
packed in collapsible tubes. Two rollers are pulled over opposite sides of the
tube forcing the frosting through the nozzle, which behaves #s an extrusion
rheometer because the mass-produced tubes are of uniform dimensions and
shape. A high correlation (# = —0.96) was found between maximum extri-
ston force and sensory evalpation,

Benbow (1971} found that the extrusion of ceramic pastes through a shor
circulir hole could be reluted to the die geometry by the expression

P = Yin(dyid) 4.12)

where P 15 the pressure for flow through a short circular hole; A, the arcaof
the barrel; A, the die area; and ¥, a material parameter. Benbow (1981) sug-
gested that this equation would probably hold for food pastes such as cake
frosting.

Pros and Cons of the Back Extrusion Test

The advantages of the back extrusion test are that it is casy to perform, napid
and rugged, The force for the onset of extrusion is independent of sample
weight so [t is not necessary to take the time to weigh each sample. [t is ot
affected by free ligquid, Cleaning after each use need not be thorough and itis
not necessary o dry the cell. A possible disadvantage of this cell is that i
requires o high level of force which may be beyond the capacity of some of the
universal testing machines in which the back extrusion cell is mounted. Alsa,
1L 15 important o ensure that the descending plunger is concentrically posi-
tiuned within the back extrusion cup in order to have a uniform annulus widlh
around its circumference,

Cutting-Shear Test

To an engineer *shear” means the sliding of the contiguous parts of a body rel-
ative to cach other in a direction parallel to the plane of contact under the
influence of & force tangennial to the section on which it acts. The food tech
nologist sometimes uses shear in this sense but more often uses the worl
*shear’ to desenbe any cutting action that causes the product to be divided into
two picces. This cutting action is not the same as true shear, bur is widely
described as ‘shear’ among food technologists. The difference between trus
shear and cutting is shown schematically in Fig. 4.20,

A new term needs to be coined to describe cutting action: this will preserve
the purity of the meaning of the word “shear” and will prevent the confusion
that occurs when anempts are made to apply the theory of shear tests to
cutting tests, :
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Halmaos (1997) proposed the term ‘planar penetration” to describe this test

prnciple. However, the author will use the term ‘culting-shear” to dlmngulsh
this type of test from true shear b i

some y with the
earlier literature while avaiding conlusion with the well-cstablished rheologi-
cal meaning of the word *shear’.

The best-known sheanng apparatus is the Warner-Bratzler Shear (Warner,
1928), The working part of this apparatus consists of a stainless-steel blade
0.040in. {1 mm) thick in which a hole, consisting of an equilateral triangle cir-
cumscribed around a 1-in, cirele is cut and the edges rounded off to a
radius of 0.02in. (0.5 mm}. (In some publi the Warner-Bratzler shear
is misrepresented as having a rectangular-shaped hole in the blade.) A sample
of meat, usually o eylinder 0.5 or 1in. in diam, is placed through the hole and
two metal anvils, one on each side of the blade, move down foreing the meat
mta the V of the triangle until it is cut through (see Fig, 5.7, page 209), A force
gauge measures the maximum force encountered during this cutting action.
This 15 a cutting action rather than a true shear.

Voisey and Larmond (1974) mounted the Warner—Bratzler shear blade and
various adaptations of the blade in the Instron and studied the elTects of chang-
ing the dimensions ol the blade using wieners as the test material, Figure 4.21
shows how the cylindrical picce of wiener is compressed by the descending
anvil and changes cross-sectional shape to conform to the shape of the hole in
the blade. Eventually the sample fills all the available area. The type of failure
appears to be principally tension as the sample is stretched around the blade.
However, a complex stress potlern is established which is a combination of
tension, compression, and shear, It seems probable that most of the so-called
“chear” tests used on foods are similar in pattern and result in what is pre-
dominately tensile failure of the specimens.

Figure 4.20  Comparson of
() true shear Failure with
(k) cutting-shear Falure.

@7%

Figure 421 Schematic of
shearing in the triangular blade of
the Wamer-Bratsler Shear.

&, Unstressed circular test pioce;
b, sample defarms under
compression o il avaiable
space; c, sample; d, tension
failure occurs around the edge of
the ghear blade; T, tensile stress.
{Courtesy of P, W. Vaisey,
reprinted with permission from
Canadian Institute of Food
Science and Technology.)
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Figure 422  Effecs of blade
thackness {+] and dlearance (x)
between blade and amml in
shearing wieners, {Courtesy of
P W, Vnixey; reprinted wath
permizsian fram Canadian
Institwte of Food Science and
Technalogy.)
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Voisey and Larmond (1974) studied the effect of changing the angle of
the cutting edges of the blade. The shearing force increases as the angle of the
blade widens from 307 to about 707 alter which further widening ol the angle
causes no increase in force. These authors also studied the effect of changiag
the thickness of the blade and the width of the clearnee between the blade and
the moving anvil. Figure 4.22 shows that the force increases as the thickness
of the blade increases and it deercases with increasing clearance, These suthoes
also found that the rate at which the test is performed introduces significant
differences in the rupture force and other parameters measured in these tests.
In subsequent work Voisey and Larmond (1977) showed that changing the rate
of travel of the amvil did not significantly increase the correlation between
sensory tenderness rating and the Warner-Bratzler shear rating.

Althongh no similar work has been reported on muscle meat with its intact
fibers, the work of Voisey and Larmond cited above indicates the importance
of standurdizing test conditions.

The specifications for the onginal WamerBratzler blade are given on
page 135, Many of the blades in use today, especially those supphied with some
of the universal testing machines, do not comply with these specifications. The
thickness of the blade, the angle of the hole in it, and the clearnce between the

blade and the anvil varies between manufacturers, The studics of Voisey and
Larmond (1974, 1977) cited above demonstrate that the lack of standardization
of the Warner-Bratzler blade di i is a problem that needs ta he
addressed. T is probably a major cause of the erratic results reported from
different laboratories using the so-culled *Warner-Bratzler® blade on meat.

The original Warner-Bratzler blade was made of stainless steel which is
resistant to wear, Many of the modern Warner—Bratzler blades are manufic-
tured of aluminum alloy which does not wear as well as stainless steel nnd

bably falls out of di | tolerances more quickly than o stainless-

steel blade.
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For beefand large muscles from other animals it is customiry to cul a cylin-
dncdl sample wath cither a 0.5 or lin, (1.27 or 2,33 em) internal diameter
boring teol for the Warner-Bratzler test. For smaller muscles, e.e. chicken
breast, the whale muscle may be inserted ito the tnangular hole of the Warner—
Bratzler blade. Afler the sample has been cut into two pieces. the cross-sectional
arcn of the newly cut surface is measured and a correction factor applicd to the
micasured force to compensate for differences in the area of the musele that wos
cut, The usual way to measure the tional arca of o vlindrical spec-
imen such as muscle is to press the freshly cut surface on a pices of filter paper,
runa pencil hine around the perimeter of the wet spot, and measure its arca cithee
by planimeter, or by cutting it out and weighing after drying,

The relationship between diameter or cross-sectional area of noncylindrical
specimens of the test picec and Warner—Bratzler shear foree is not clear at the
pl:scnl Ilm.. k;\sl.ncr .lml Henrickson (1969) found with cooked pork chops a

1 di and Warner-Bratzler shear force.
When their data are lccn'lculnh_:l as shear force versus 1dmn)‘ the plot nppenrs
to be linear; that is, the shear force is directly proportional to the cross
area, Pool and Klose (1969) found with cooked turkey meat that the shear
foree was proportional to (diom)'* and they pointed out that the fibers failed
intension. Davey and Gilbert (1969), using a wedge-type shear on beef, found
the shear force Lo be propartional (o the square root of the area; that is, pro-
portional 1o the diameter. Culioli and Sale (1981) sheared spun fababean
protein fibers i a rectangular blade double-shear npparatus and found that the
maximum force increased linearly with the initial thickness of the sample over
the range 213 mm. In view of the uneven results between dillerent researchers
the only conclusion that can be made at this time is that the diameter of the test
piece should be stmdardized for any one study,

Wheeler ef al. {1996) reported on the effects of sampling, cooking, and coring
on Wamner—Brateler force values for beel and Wheeler ef al, (1997) compared
Warner-Bratzler shear among five institutions and concluded that
proper execution of a highly standardized procedure is imperative for obtaining
accurate and repeatable Wamer-Bratzler force measurements on cooked beef.

Volodkevich { 1938) spelled Walodkevich) described u shear test
for meat consisting of two wedges, cach with a 2.5-mm radins, that compress
and shear the meat. MacFarlane and Marer (1966} developed a similar double-
wedge apparatus for measuring the tenderness of lamb, calling their apparatus
the MIRINZ Tenderometer. Smith and Carpenter (1973) developed a similur
type of apparatus that was hand operated, calling it the NIP Tenderometer.

Rhodes ef al, (1972) mounted the Volodkevich wedge in the Instron and
studied 10 p that were i from the force—di: curves
using computer analysis. They concluded that

none of the correlations between sensory data and the single instrumental measyrement derved
from foree-deformation curves has improved significantly on thoss already reported in the liter-
ature; o s the wse of muliivanate statistical technigpies . produced any more thun margine]
ndvantages-
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Seideman and Theer (1986) conlirmed the conclusion of Rhodes o ol
(1972). They mounted a Warner-Bratzler blade in an Instron and tested broiled
longissimus muscle steaks from 96 cattle. They extracted six textural parametess
from the resulting foree-time curves and found that peak load (maximum forcs)
was the best predictor of tendemess, and the use of additional instrument me-
surcments did not substantially improve predietability of sensory assessment

Therefore, it scems that simply measuring the maximum foree is all the
information needed from the Wamer—Bratzler test,

The Warner—Bratzler blade is somctumes used on foods other than meat.
For example, Venkateswara ef ol (1986) used the Warner—Bratzler blade 0
cuit through chapaties folded into four lavers and found the maximum ferce
gave a correlation coclficient r = 0.928 with learing resistance measured by
an Elmender paper teaning test.

A number of other single-blade cutting—shear apparatus are described in the
literature; for example, Wiley et al. (1956), whose single-blade shear is now
an optional accessory to the Food Technology Texture Test System. There are
several reports in the literature of cutting-shear testers that are based on the
principle of a wire culling the product; for example, Wilder (1947); Gould
(1949), Vanderheiden { 19701, Brusewitz ef al. ( 1997) and Kachru el al. (1995

The standard cell of the Food Technology Texture Test System (frequently
called Kramer Shear Press) has some elements of shear in the test This
feature of this test cell is discussed more fully on page 133,

The American Association of Cereal Chemists have a standard method for
a cutting—shear test on spaghetti and noodles using a blade mounted in the
TAXT2 Texture Analyzer {AACC Method 66-30),

McComber ef af. (1987) devised a double direct shear test by putting cylin.
drical samples of potato 30-mm diameter % 30-mm high in a special metal
box just large enough to accommodate the specimen. The central section of
the box can be moved laterally and shears out 4 section of the potato shout
10-mm thick leaving another 10-mm section below and above which are
retained in the box, There are two shear planes i this test.

Compression Tests

There are two main types of compression tests.

Uniaxial Compression

The sample is comp 1 in one direction and is ined in the other twa
dimensions, It caunses a change in shape. The volume is unchanged when the
Poisson’s ratio g = 0.5. The volume decreases iFu < 0.5, and the smaller the
valve of u, the greater is the decrease in volume. This is a widely used test
principle for solid foods. It is usually performed in a universal testing
machine. The platen that compresses the food should be larger in diameter
than the food sp for a true comy test. When the platen diameter
i% less than the diameter of the food it becomes a puncture test.
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the sample. This is used for the deformation test (described later)
which imitotes the squeezing of food in the hand. The American
Society of Agricultural Engineers published formulas for calculating

[ 1on force is kept small to ensure

]

For solid foods, uniaxial compression tests can be divided into two closses.

(1) Class A: Ni
there is no fracture, b

3

ing, or any other i

the apy lulus of e E of food materials of convex shape
that are rek 1y firm and h that are p
ous loading g | testing (Fig. 4.23).

Class B; Destructive. The compression force is increased 10 a level
that ensures the sample will break causing irreversible damage to the
sample. This 15 used for instrumental profile analysis (described luter).

Figura 423 Apparent madulus
af elasticity caleulased frem force
and deformation data for vanous
laading geometries. £ = apparent
modulus of elasticity, Pa, (psi);

0 - defarmation, m (in.);

4 = Paisson's ratio; F= force m N
{I6Fy; ®y, Ry = radil of curvature
at the point of canract for the
upper conves surface for loading
case (a), m [in]; B Ry = radi
af curvature at the point of
camnract for lowser convex surface
far loading case (), m {in.); &,
Ry = radii of curvature of convex
bady at the point of contact for
loading cases (b) and {c); (d) =

diameter of curvature of the

spherical indenter, m (in.). K,
and K, in case @ are constants.
{From ASAE Standards, 1998, p.
555, Copynght by American
Society of Agricultural
Enginrers.)
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Figure 424  Uniaxial
¢ompression (2) and bulk
compressian (b) compared

Uniaxial compression can also be used for semisolid foods when e
sample does not fracture but flows out between the compressing platn
and the supporting plate and the supporting hole, This is biaxial fow; it
is called *imperfect Tubricated squeczing flow” and is described under
the heading ‘Miscellancous Methods® {sce page 175).

Bulk Compression

The sample is pressed in three di i usually by means of hydraulic
pressure. [t causes o change in volume but usually no change in shape. Buk
compression 15 scldom used in testing foods, probably because of the slowness
and difficulty of performing a test under conditions where the force 15 applied
by means of hydraulic pressure. Many foods contain vanable amounts of
entrapped gas within their structure and since gases are highly compressible,
the amount of entrapped gas profoundly affects the bulk compressibility of the
food. White and Mohsenin (1967) describe a low-pressure bulk compression
apparatus and Sharma and Mohsenin (1970) give results fram bulk compres-
sion of apples. Finney and Hall (1967) performed bulk compression tests on
potato tubers. Figure 4.24 illustrates the difference between uniaxial compres:
sion and bulk compression.

Tensile Tests

Tensile tests are not widely used with foods, which is understandable because
the process of mastication involves compression, not tension, of the food
between the molars. It has already been pointed out that food fails in tension
in many cutting-shear tests, Mevertheless, o few tensile tests are performed.
One of carliest tensile tests was that of Howe and Bull (1927), who endeav-
ored to measure the tensile strength of meat but encountered difficulty i
making clamps that would hold the meat so that the meat would not tear ot the
clamps. Platr and Kratz (1933) cut picces of bread and cake to a standard
shape, held them between large spring paper clips, and ran water into 2 small
hucket attached to the lower clip until the prece of bread broke and then mes-
sured the volume of water, Personms and Sharp (1938) used a similar simple
apparatus for measuring the tensile strength of potato, Halton and Scot Blair
(1937) experienced difficulty in performing tensile tests on bread dough
because of the saggzing of the dough and overcame the problem by supporting

D¢i “{
] ()

Unstressed Swrevsed Unssressed Stressed
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the dough on u bath of mercury, performing tensile tests in a horizontal plane
instead of the customary vertical planc. It is now known that mercury is
slightly volatile at room temp and that inhalation of the vapor is haz-
ardous to health. Therefore, this technique of Halton and Scott Blair (1937)
should not be used even though the principle of performing a tensile test on a
fictionless honzontal plane is an interesting way to overcome the problem of
handling a food that is too weak to support its own weight,

Guinee and O'Callaghan (1997) performed-tensile tests on Mozzarella
cheese by melting the cheese on a horizontal bifurcated platform consisting of
& fixed clement and a roller lel that {5 free to move along a rail.
After the ends of the cheese are locked in position o motorized winch draws
the roller-mounted half of the platform along the rail until the cheese sheet
breaks. The distance the cheese stretehes up to its breaking point is measured.

Tschoegl ef al. (1970) overcame the problem of dough sag during tensile
testing by suspending doughnut-shaped picces of dough in a fluid of equal
density. This technique was used by Rasper ef ul. (1974) and Rasper (1973),

Nowadays, instruments such as the Instron, Food Technology Texture Test
System, TAXT2 Texture Analyzer or other universal testing machine are
generally used to perform tensile tests,

A | tensile test that the sumple fractures almost instan-
tancously in 3 plane that is approximately perpendicular to the plane of the
applicd tension. The maximum force is the tensile strength of the materiul,
Many {oods subjected to tension do not fuil suddenly; fructure begins with o
small cruck that slowly spreads across the sample over a comparatively long
period of time und the eruck muy or muy not be perpendiculur to the plane of
the applicd tension. Several crucks muy appear und spread simultancously.
This type of break makes it difficult to obtuin & meaningful interpretation of
the tensile force measurement.

Another problem with many foods is that of holding the sample so that the
break oceurs within the sample and not at the jaws that hold the sample. This
problem is often solved by cutting out dumbbell-shaped test picces and holding
the sample at the wide ends. The sample is then more likely 1o break in the nar-
row center portion of the test piece. Poal (1967) devised a unique solution 1o the
problem of holding the sample in tensile tests by using 4 fust-acting strong adhe-
sive (Eastman 910, methyl 2-cyancacrylste) to cement the ends of eylinders of
chicken meat to metal plates, The cement forms a bond stronger than the tensile
strength of the chicken in o minute or two. Pool then mounted the two metal
plates containing the picee of chicken in the Instron to perform tensile tests.

Tung ef eel. (1995) solved the problem of helding the sample when performing
tensile tests on whey protein concentrate gels by casting the gels in the shape of”
a doughnut-shaped ring 30-mm external diameter, | 2-mm internal diameter and
11-mm thick. The ning-shaped pel specimens were hung over dowel pins
mounted in an Instron and subjected 1o a tensile force 1o failure, The gels did not
fail at the point of support, Failure began on the inside surface of the ring where
the stress 15 predicted Lo be slightly higher thin in other parts of the ring,
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E

Figure 4.25  The torque
principle; farce Fapplied at
radius R from center of body
cazses 8 tendency for retation.

Gillett et al. (1978) developed an attachment that allows the tensile strength
of sliced processed meats to be measured in a honizontal plane. Two honzer-
tal plates, each with four rows of protruding vertical metal spikes, are usedio
hold and extend the sample. A cable runs around a pulley to the load cell ofz
recording texturometer and pulls the plates apart when the instrument is oper-
ating. This attachment 1s available as an aceessory for the Food Technology
Texture Test System.

Tensile tests are used 1o measure the adhesion of a food to a surface. In this
type of test the sample of food has a disk pressed onto it after which the force
required to pull it off is measured. Jansen (1961) and Claassens (1955,
19592, b) used this techmigue to measure the stickiness or hesion of butter. The
Texture Profile Analysis | of adhesi the i
furee required to pull the compression surface from the test picee afler the fint
compression and therefore contains one element of tensile testing (Friedman
etal., 1963). Henry and Katz (1969; Henry ef al., 197 1) used this techniquein
an Instron to the adhesiveness of puddings and toppings and devel-
oped and idennfied several tensile parameters from the force—distance cunve
that was so oblained.

Reyes-Vega ef al. (1998) measured the tearing strength of corn tortillas
by cutting 13 mm-wide strips with the center portion angled at 45° from the
vertical o make a lest specimen shaped according to the American Society for
Testing and Matenals method D 624 for plastic films and pulling them apart
at 2mms " until rupture occurred,

Tensile tests are the preferred method for measuring stickiness or adhesive-
ness of foods. Hoseney and Smewing (1999) and Kilcast and Ruoberts (1995)
review the literature on this property whose measurcment has been difficult to
standardize,

Tarsion

In a torsion test a force is applied that tends to votale or twist one pa of
the object around an axis with respect to the other parts. The tendency of 2
force to produce rotatien about an axis is called the torque T with dimensions
mass X leagth® X time™ . If a force of F newton is applicd to a body ot &
meter from the axis of rotation (Fig. 4.25)

Torque T = FR newton meler.

Torque is often expressed in non-S1 units, These can be converted into the 51
unit of newton-meter (N m) by using the following multiples:
IN m torgue equals  1.000 X 1077 dyncm

080,600 ¢ force-cm
9.806 kg force-m
0.00706 oz force-in.
0.1129 b force-in.
1.355 Ib force-fi
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The major application of this test principle 15 in the rotary viscometers that
are widely used to measure the viscous propertics of foods. This application
will be discussed in Chapter 6 which deals with viscosity and consistency
measurements

The Farnograph and the Mixograph are torque mcasuring instruments
(sec pages 211, 212).

Nemitz et al. (1960) and Nemitz (1963) developed a laboratory apparatus
that twisted a whole fish and used it to measure the progress of rigor mortis.
Karacsonyi and Borsos (1961) used a torsion device to measure the strenpth
of dry spaghetti and found it useiul for the detection oﬂuddm failures. Scott
Blair and Burnett (1963) developed a lab v for measuring
the coagulation of renncted milk in a cheese vat called a “cheese curd tor-
siometer.” Hashimoto er al. (1959) used the prnciple of lorsional strain lo
measure the firmness of sausage.

Templeton and Sommer (1933), Mueller (1935), and Voisey and deMan
(1970) used the torque principle to measure the change in consistency of prod-
ucts that are beaten. Figure 4,26 shows how this apparatus can be used to study
the behavior of pruduul.f. that increase in viscosity as lhr:y arc wh:pp\.d
App! i a torque througl: the pping time,
whereas cream reaches a peak viscosity and then lowers in \|sca51ly as it
breaks down to form butter. The figure also shows the development of viscos-
ity 1n epp whites and a topping mix as they are beaten.

Studman and Yowana (1992} developed a torsion test for measuring the
firmness of fruits, A fruil such as an apple is impaled on a spindle that carries
a blade 9.8 mm % 7.8mm. The frunt 15 rotated by hand causing a vertical rod
asymmetrically attached (o the spindle to rotate thus mising its center of gravily,
The rotation of the fruit is continued until the fesh fails completely. The angle

Py

e S Eggwhite

Torque (gem) —#
N : i
3
' /
g
3
"

— Apple

S Cream

Time —&

Figure 4.26 Changes in tarque
as 1 function of whipping time
for egg white, dessert topping,
applesauce and cream. {Drawn
From data in Vaisey and deian,
1970.)
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of the rod measures the crushing strength of the Mesh. The measurement takes
ahout 105 per fruit and can be adapted 1o a wide range of fruits. This deviee
has been named the Massey Twist Tester,

Dichl et al. {1979) designed a torsion test attachment for use in the Instron
and used it to measure structural failure in apple, potato, and honeydew melon
They found tension failure in the torsion tegt but shear failure in simple com-
pression tests, Unlike many previous torsion tests for solid foods, the method
they developed allowed the determination of hoth engineering and true siress
and stroin to failure. Torsion tests of this type have leng been commen for
engincenng materials such as metals and plastics.

Professor Hamann and coworkers at Nerth Carolina State University
improved upon the torsion test for solid foods developed by Dichl et al, (1979)
by adapting the technique to a Brookficld viscometer, This adaptation has
proved to be valuable for testing gels and meat batters (Hamann, 1983, 1988,

1994; Monlejano et al,, 1983a,b; Howe of al., 1994). They pointed out that in
tarsion the true strain (Hencky strain) and ungm::nm= ,.u-;,m (Cauchy strain)
are nearly equal even for large strains, wh in ion (he
true strain is often much larger than the engineering strain ‘.spcuullv when
there is a large degree of compression. This is of particular concern when test:
ing surimi and other gels that require very large strains to reach the point of
fracture,

Hamann’s group showed that in a torsion test where the twisting moment
versus angle of specimen twist is linear up to failure

™= 2KM¢wr? 13)

where 7 = shear stress at failure, M = twisting moment or torque to failure,
r = radius of specimen at its narrowest point and & is a specimen shape
factor which is a function of the smallest diameter of the specimen and the
radius of curvature of the capstan shape.

They also showed that the shear stramn at failure, or maximum strain s

y = 2K/mr’0 14

where ¢ is the angle of twist and 0 is a specimen shape factor which 15 a func-
tion of the diameter of the cylinder before shaping the capstan, the radius of
curvature of the capstan shape, and the length of the shaped section of the
food cylinder. For the torsion testing protocol developed by Hamann and
coworkers for the Brookfield viscometer, K = 108 and () = 8.65 x |0 m™*
and is specific for the shape and dimensions of specimens used with this
device. (2 is slightly larger than that for the specimen shape originally devel-
oped by Dichl ef al. (1979), because the disk-shaped ends of the specimen
used in the Brookfield procedure contribute to the angle of twist which was
not the case in the original

This group also developed a more precise version of the milling machine
developed by Dichl er af (1979) that grinds evlindrical-shape specimens of
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gels and other foods such as fronkfurters into a capstan or dumbbell-shape
with @ minimum diameter of 10 mm at the center. A notched styrene disk is
then cemented to each end of the shaped specimen with methyleyanoacrylate
adhesive and the assembly is placed in a rotary viscometer where it is twisted
until fatlure, The address of Gel Consultants, the company that makes the
milling maching, 15 given in Appendix L

The advantages of the torsion test are that it produces a pure shear stress
and thus maintaing sample shape and volume during the test. Also, tension,
compression, and shear are ereated n equal magnitudes, 452 apart, so that a
visual ex of the [ | speci can determine which occurred.
More significantly. the stress i which a material is weakest, can be deier-
mined. This test principle is particularly suitable for highly deformable ﬂmd:.

such as elastic gels, The disad es are that the shaping and prep of
the sample are time ing. Also, it is not suitable for sucl:y foods such as
caramels and very soft foods such as some cheeses (Truong and Daunbert,
2000).

Bending and Snapping Test

Bending and snapping tesis are usually applied to food that is in the shape of
a bar or sheet. The two most common types of apparatus are shown schemati-
cally in Fig. 4.27. On the left side is the triple beam apparatus in which the
picee of food rests on two supports and a third compressing bar moves down
Dbetween the two supports bending the food until it snaps.

The Bailey Shortometer is used in the baking industry o measure the
shortness and snapping properties of crackers and cookies (Bailey, 1934), The
Struc-0-Graph factured by the Brabender Comy uses the triple-
beam principle for 1 ping and bending in food (see page 212).

The right-hand side of 'Flg 4. 2'." sllm\s n n.'\nnh:u:r beam where the product
is held at one end and is allowed to bend freely throughout its length, The
amount of bending 15 measured either by the distance that the unsupported
end af the Tood moves or by the angle it subtends to the horizontal plane,
Srerling and Simone (1954) used the cantilever bear principle to measure
bending and crispness in almonds, Several laboratory-made instruments
that use this principle have been deseribed in the li for ple, the
R.PC. Droopmeter that the bending of french fries under gravity
(Anonymous, 1966).

Figurs 4.27  Two ways to
! i perform bending and srapping
I’ff///l//////lflllt tests.

Triple beam Cantilever
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Somers (1963) gave the fellowing equation for the bending of shices of
raw potato 28mm > 13mm % 1 mm thick held at one end and considered o
be a cantilever:

Y= WIYSEIL (415

where ¥ is the downward deflection of the potato strip, IF the weight of beam,
I the projected length of the beam (distance from clamp), L the total lengthef
beam, E the app clastic Julus and £ is the of inertia of the
crogs section.,

Suhendro et al. (1998) mounted 30-mm wide strips of corn tortilla that pro-
jected honzontally 6.45mm from a specinl clamp mounted in the TAXTZ
Texture Analyzer using cantilever geometry and measured the force requind
to bend it down 40° from the horizontal position. They reported that the bend-
ing force was significantly correlated with subjective scores for rollability and
flexibility.

Snappy foods are typified by a rigid unbending texture that breaks suddenly
once the fracture force has been reached. Bruns and Bourne (1975) studied
snapping in foods and found that the foree required to snap a test specimen of
uniform i plies with math ical models derived from eng-
neering theory. For uniform bars with a rect lar cross-section the snapping
equation is as follows:

F=2{3c.bh*/L (4.18)

where F is the snapping force; o, the failure stress; b, the width of beam; b,
the height of beamy; and L, the length of beam between supports. For uniform
bars with a cylindrical cross section the snapping equation is

F=gamR/L (417

where F is the snapping lorce; o, the failure stress: R, radius of beam; and
L, the length of beam between supports.

The above equations establish the importance of using samples of unifom
size and shape in this type of test. Particular attention needs to be paid ta the
thickness of the sample because the snapping force 15 proportional 1o the
square of the thickness or cube of the diameter. 1Fit is impossibl: to obtain test
picces of uniform size and shape, it 15 advisable to correct the force dita
according to the equations above.

Leighton et af. (1934) used the sagging of ice cream hars resting on two sup-
pors as 3 means of measuring the apparent viscosity. They used the equation

n = Sgml’/1152RI [ENE]

where 9 is the viscosity; g, the gravity constant; m, the mass of sample; £, the
length between supports; R, the rate of sag in centimeters per second: and
£, the moment of inertia of a cross section (0,0490* for a beam of ciroular cross
section with diameter [, These workers found that the apparent viscosity of
ice cream was in the range of 2 X 107 Pa-s. This seems to be n useful method
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fur measuning extremely high viscosities. Coulter and Combs (1936) used
Leighton’s method to determine the saggmg propertics of butter.

Van [ecke e al. (1995) noted that standard bending tests for engineening
matenals propose that the length of the specimen should be at least 16 times
the thickness beeause shearing and compression factors come into play when
the length/thickness ratio i5 less than about 16, They found this requirement
held for enispy-paffed foods where the deformability modulus increased as the
length/thickness ratio increased from B to 20 <I!'I[i was relatively constunt whl:n
the fitio exceeded 20, In reviewing published values for bending
tests on foods Van Hecke er al. (1995) noted that many of the H.]'!CIle Im. n
Iength/thickness ratio less than 16 which brings into question whether the data
are really reporting a pure bending test.

Baltsavias of wl. (1997) found that short-dough biscuits subjected to a three-
point bending test had o slightly higher (racture stress and strain when the
bottom #ide of the biscuit was upwards than when in the reverse position.
They attributed this to air cells on the bottom side acting as sites for stress
concentration. Baltsavias ef al, (1997) used length/thickness ratios of 13.3 and
20 and found no ditference in resulls between these two span lengths.

Althiough the three-point bending test in which the sample is supported
on two parallel beams is the most widely used geometry for tlm bending—
snapping test, other g ies are 1 used. For . Bourne
et al. (1966) wp‘porlni potito chips over a hollow ring and used a L-m.u!nr dic
to fracture them whereas Segmini ef al, (1999) supported potato chips on three
pins spaced 153 mm apart in the shape of an equilateral triangle and used a
3.3 mm diameter rounded face punch to fracture them.

Alvarez ef al, (2000) cut rectangular beams 40-mm long ¥ 4-mm wide %
g-mm high from apple, carrot, celery and cucumber and mounted them on
parallel supports spaced 32 mm apart for a triple-beam fraicture test. Before
snapping these beams, an artificial crack in the form of a notch was made in
the center of the underside of the specimen by pushing a sharp mzor blade
about half-way nto the specimen. This is called single-edge notched bend
(SENB) geometry which is a well-established test procedure for metals and
polymers. Alvarez ef al. (2000) found SENR y was readily applicabl
1o erisp foods that exhibat linear elastic behavior up to fracture.

Distance Measuring Instruments

Diistance measurements may be divided into three classes: (1) linear measure-
ment with dimension of length, (2) area measurcment with dimension length®,
and (3) volume measurement with dimension length’,

Linear Measuring Instruments

A number of simple testing apparatus that are based upon distance measire-
ments are known. including the Bostwick Consi which the
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distance catsup and fruit puree low along o horizental trough; the Hilker-
Guthrie Plumil, which measures the depth a cyvlindrical metal rod falls i
sour cream and yopurt; the Ridgel which the sag of et
jellies as a means of abtaining the grade of pectin: and the Haugh egg qualiy
meter. which measurcs the height the white of an cgy stands up after breaking
out from the shell. The principle of measurement of these instruments 158
simple that it needs no analvsis, The instruments themsclves will be deseribed
in the following chapter.

A ruler, calipers, or other well-known measuring length instrumenls a
suitable for simple applications, For example, Hoseney e al. (1979) measured
the spread of mechanically rounded balls of dough allowed to rest on 2 smooh
plate with dial calipers and caleulated a spread ratio = width'height of the
dough ball. A higher value indicatcs more spread. The factors affecting the
spread ratio are gravity, pressure of gas developed by the yeast and cohesne
forces within the dough. Dogan and Walker (1999) calculated the spresd of
cookies afler baking and cooling by measuring the width (w) and height (&
and calculating the spread factor as 10w/, For sugar snap cookies they
reported spread factors mnging from 86 1o 102,

Arnott ef al. (1957) measured the meltability of cheeses by placing eylin-
ders of cheese 22-mm diameter % 1 7-mm high in the center of a glass Peiri
dish and baking in a convection oven at 100°C for 15 min. After cooling, the
height and diameter of the melted cheese mass is measured, and the averige
value calculated. Other researchers using this procedure call it the ‘Ameil
Test". Yang et al. (1983) used the Schreiber melting test for cheese by placing
adisk ol cheese 2 3-cm diameter % 0.5-cm high in the center ofa 10-cm diam-
eter Peiri dish wilh a glass cover and baking it for exactly § min in an electn
oven preheated to 232°C. The diameter after baking was measured by placing
the disk on a series of concentric circles with lines drawn 0.65-cm apart.
Guinee ef al. (1999, 2000) measured the Howability of melting cheese by
placing cheese disks 6.5-mm thick and 45 5-mm diameter i an oven at 280°C
for faur minutes then measuring the diameter. They defined flowability as the
percentage increase in diameter of the disk after baking.

Robertson and Emani (1974) injected a stream of liquid dve at high velocily
(10%-10%cms™") through a small erifice (0.254-mm. diam) for a short time
(0.15) into bread, The energy of the stream is absorbed by the bread; hence,
the distance the stream of dve penetrated is an index of bread texture, Good
correlations are reported between sensory tests of bread aging and the liquid jet
penctrometry data.

Penctrometer

The Penetrometer consists of a cone and vertical shafl assembly that is
allowed 1o sink into a solid fat under the foree of gravity for a standard time
after which the depth of penetration is measured. The lefi-hand side of
Fig 4.28 demonstrates the principle. According 1o Haighton (1959) the
following formula applies to cone penetration on solid fats of a wide range
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Figuro 4,28 Principhe of (a) the
penetrometer cone and (b) the
biall indenter.

i -

Depth of penctration

. PP, b

ol hardness:

C = Kiv/p'® (4.19)
where C is the yicld value of the produet, K, a constant whose value depends
on the cone angle, I¥, the weight of cone assembly in grams, and P, the pene-
tration depth after 5.

Mottram (1961) derived a similar formula from studies of penetrometer
Tests on printing inks:

So = KMg/h" {4.20)
where 5, 15 the yield value, M, the mass of cone assembly in grams, g, u grav-
ity constunt, f, the depth of cone penetration, 1 = 2 but varies according ta the
type of il and &, u | Jing on cone angle.

Although Mottrum’s terminology i l'% not lllc same us Hoighton's, Egs. (4.19)
and (4.20) are similar in their essential features.
Mottram published an equation for the constant K as follows:

K = (cos” o cot a)/ o (4.21)
where a = ¥ cone angle (see Fig. 4.28).

Dixon and Parckh (1979) used a cone penetrometer to measure the firmness
of butter and developed the equation

_ cone mass X (cone angle)” "%

(penetration d|:|:alh)2

butter fi

These researchers found that this equation accounted for 96.9% of the
variation in observations and 91% of the variation in sensorially perceived

spreadability of butter.

Huyakawa and deMan (1982) reviewed the literature on methods of con-
verting p ter di into reproducible units with scientific measur-
ing and proposed a Hardness Index HI, where: HI = mass of cone assembly/
penetration depth,

“These authors also pointed out that different authors recommend different
ranges of penetration readings as suitable for good reproducibility:

» Haighton (1959) 7.5-25mm
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» Mornensen and Danmiark ( 1978) S.0-30mm
{cited by Hayakawa and deMan)

» Dixonand Parekh (1979) 2.0-15mm

» Hoyakawn and deMan (1982) 1.5-15mm

The American Oil Chemists Society has a standard for penetrometer used
for measuring the consistency of fats (AOCS Method Cel6-60) and this pro-
cedure is also an official method for the American Association of Cereal
Chemists (method $8-14),

Another lype of penetration test that is used on fats and similar products
the ball indenter that is the principle of the SURDD tester (sec Fig 4281
A steel ball is pressed onto the material with a constant force for a given time,
then it is removed and the diameter of the impression measured (Feuge and
Guice, 1959). This test is similar in puinciple to the Brinell and Vickers hard-
ness testers that are used to measure hardness of metals, The following equs-
tion applics to this test:

H =100P{wD2)DD? — d¥)'?] 422
where H is the hardness index in kilograms per square centimeter; P, the
kilogram force on ball: D, the diameter of ball in millimeters (usually in the
range 3-12 mm for fats); and o, the diameter of impression in material

The same principle is used in the Smetar hardness tester, which measures the
hardness of wheat grains by the size of the impression made by a diamond
indenter (Smeets and Cleve, 19361, It is also used in the adaptation of the Baseol
I 1o the hard: of wheat grains (Katz e al., 1959, 1961)

Rebound Distance
When dry, mature peas that have been soaked and cooked are bounced off 2
inclined surfuce, the horizontal distance they rebound is a function of theie elas
ticity coefficient and is related to textural quality (Crean and Haisman, 1965)
Firm peas bounce Farther than soft peas, Asymmetry of theologically identical
peas causes some scatter, but the method can fractionate peas into several frac-
tions on the basis of their firmness. The principle of the test is shown in Fig
4.2, The relationship between reb { range and fi as | by the
Maturomeler is shown in Fig. 4.30. These authors developed the following
equation for perfect spheres having known coellicients of clasticity:

rebound range = nv cos(d + a = 90) (425

where t=[—v sin(d+ o — 90) = (Vsind(d + a — 90) + 2gh)M v =
uisin"e + e'eos’a)™; ¢ is the angle at which pea leaves the plate and equals
ool (2 col a); a. the angle of the plate to the horizontal; u, the velocity of pe
Just before hutting the plate; ¢, the cocficient of clasticity of the pea: &, the
height of the point of impact above the collecting box; and g. a gravitational con-
stant. The principle of rebound distance has been used for more than a century
by the cranberry industry of northeastern United States to separate soft and sib-
standard eranberries from sound fruit. Bryan et al. (1978) used the principle of
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tion from sound fruit that have a higher coeficient of restitution.

Hamann and Carroll (1971) used a vibratory technique that depends on
elasticity o separate muscadine grapes into maturity grades based on firmness
and Lo sep bruised bluzberries from sound bl ies (Hamann ef al.,
1973).

Lich

etal, (1988) 1 the impact [oree response of lomatoes
of about the same mass. The green wmato (firm) had the highest peak force

Figure 4.29  Principle of the
rebound test: individual peas
sarted into single o by gates B
fall off canveyor belt AC oo
inchined surface D and bounce
into compartments at E.
{Reprnted with permission from
Blackwell Screntific Publications.}

Figernw 4,30 Matunty of pras
versus rebound range in the
bounce test (sce Fig, 4.29)
(Reprinted with permission fram
Blackwell Scientific Publicarions. )
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Figure 4.41  Defarmation of
sdval, fieari, mediem and sofi
solids: {a) compressian divtance
is measured 3t constant foree F;
(b} force required to achicve a
standard campresion i
measuired.

and the shortest contact time, the red tomato (soft) had the lowest peak: foree
and the longest contact time whereas the pink tomate was intermediote n
peak force and contact time,

Bota (1991) i the reb d d of raw cod (illets by compress-
ing thum to 500 g force under a 2,5 cm dismeter platen, then reducing the
foree o 1 g and measuning the distance the fillet rebounded afier | s The ratio
rebound distance/initial deformation agreed with the texture grades of three
Fish Inspection Officers 75-86% of the time.

Deformation :
Deformation is the change in height or diameter of a food under the applica-
tion of a force. Implicit in this definition is the assumption that this 15 a non-
destructive test; that is, the amount of force applied is less than that rv:qun_tii
1o break, rupture or cause any other irreversible damage to the commodity.
This physical property is usually me:!sumd sensorially by squeezing the food
inthe hand. Dy is idered 1o be one methed of meas-
uring the *firmness’ of a commaodity. In fact it is preferable to consider it s a
measurement of *softness’ because the firm product gives a lower reading than
the soft product.

Figure 4.31 shows schematically a straighi-line forc pression reli-
tionship for a firm, medium, and soft commodity, The deformation test usually
mensurcs the deformation under a standard force, The application of force F
1o three ideal dities gives defi jons £; m, and s, respectively, for the
firm, medium. and spfl product (Fig. 4.31a), Occasionally the force required
to ichicve a standard deformation is used (Fig. 4.31b) where standard defor-
mation 2 is achieved by forces s, m, and £ In this case the firm product will
give o higher numerical value than the soft product, but there is a risk that the

firm produet will break under the high force required to achieve the standard
deformation,

Although deformation is widely used sensorially for measuring firmness of
foods, there s lile in the way of i instrumentation availuble for this test. The
Baker Compressimeter is o ¢ 11 lable instrument that is used for
measunng the firmness of bread crumb, the Ridgelimeter is used to measure

I;f”“"' l/lm-n B
/ 7 { Medium
7 i
J s i Soft
F e ey
L1 j,/
Lt E ’D-au-u—. : b £
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the quality of pectin n frt jellies (Cox and Highy, 1944). and the Marius cgg
defermation tester 1s available for measuring the deformablity of whole eggs.
The Instron has been adapted for perforning deformation testing (Bourne,
1967a), and equipment similar to the Instron such as the TA.XT2 Texture
Analyzer could also be adapted w a like manner. The Penetrometer can also be
adopted for deformation testing of foods that are not too ngid or too small
(Bourne, 1973)

Figure 4.32 shows the most common types of force—deformation curves
that are found on foods. The majonity of products give an A Lype curve thal is
concave downward: this shape 1s typical of p such ns ]
and the softer fruits and vegetables. The linear B type curve is found with rigid
products such as firm green fruits and vegetables, hard candv, and eggs in the
shell. This type obeys Hooke’s law, which states that the deformation of a body
is directly proportional to the force applied to it. Hooke (in 1678) enunciated
this law on the basis of tension experiments with metal springs, but any body
that abeys this law in tension or compression is called a Hookean solid. The C
type curve, which is S shaped, is found with breads, cakes and other highly
aerated deformahble foods and some cheeses.

It is obvious that the higher the wpphr.d force the greater will be the defor-
mation, even when the relaii is li From the g y of
Fig. 4.32 it can be seen that the deformation of 1 B type pmdu:l is directly
proportional to the applied force; henee, the deformation at two forces £ and
# are diveetly proportional o those forces; that is,

byfb:=Fy[F:
Type A products are charactenized by a ropid rte of increase in deformation at
low force with the rote d ing as the force increases; that is,

ajfay > F\fF:

Figura 432 Three
charactensoic types of
Toree-defarmatian behaviar,

Force =——#

Distance
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Defarmatian (mm)

Deforming farce (g) 1 Soke B, Firm Beformation ratio (A/B)

N 080 oo 3,64
100 132 oz 252
1090 107 69 1,55
5060 157 149 125
Sowree: Dara from Boume (1967a) reprnted from | Faod Sa. 32, 605, 1967, Copyright By
Insiitute of Foed Technalogists.
Far C type products the d ion i slowly at first and then more

rapidly as the force is increased; hence,
ale<F/F;

Harrett ot l. (2000) postulated three different behaviors for breads that
exhibit the typical C-type curve shown in Fig. 4.32:

Part I Low force — linear efastic deformation occurs,
Part IL. Medium force — plastic buckling of cell walls dominates
Part [T High force — densification of the serated structure occurs.

Since the relationship between force and distance is linear in B type prod-
uets the degree of foree that is applied does not change the deformation rtio
when comparing two samples. For A type products greater resolution between
samples that are of similar quality is obtained with a small deforming force.
This is demonstrated in Table 4.8 which shows the deformation of a fresh, soft
marshmallow and a stale and firmer marshmallow. The amount of deformation

as the deforming force for bath hmall but the
ratio of the deformations declines with increasing force. Table 4.9 shows that
a similar relationship exists for apples. Under 2-kg force the ratio of the defor-
mations of a flnceid and firm apple was 3.2 whereas above 14 kg the ratias of
the deformations became equal,

For foods that exhibit A type charactenistics it is desirable to usc as small a
deforming force as practicable in order to achieve maximum resolution

between samples, Tn order 1o tain cquival | the degree of
precision in the of dist must be higher for firm foods than
for sofl foods because the change in the height of the tirm food is less than for
soft food,

Geometry of the Test Specimen

Small irnegularities in the surface of the test product have the potential to give
large errors in defi ion. This is d ated'in Fig. 4.33, which shows

the deformation curves on vertical evlinders cut from a single frankfurter and
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Force rage. Deformation of Defarmation of deformation
Racod apple fmm)  firm apple (mm) ratian
0-2 ar 0.85 32
-4 1w 04 5
46 o7 0.3 23
6-B 0.55 oa 18
10 045 o3 .5
10-12 04 o3 13
12-14 o4 o3 1.3
14-16 03 03 10
16-18 03 03 Lo .
18-20 03 o3 1o
Sowrcr: Dana from Baurne (19670, reprinted with permission of New York State Agrcubural
Expersment Statian
Tigure 4.33  Effect of
Shape oftest pieee: {rregulacicies fy surface of best
piece on defarmarion test. Nate
how the errors are avercome by
starting the deformation a firde
above rera farce. (From Boume,
19673, reprinted fram /. Foed Sei
105 82, 603, copyright by Institute of
100 ] Food Technalogists.)
L
2
£ osof
2
16 1.6 13 15
0.05 | b th ol
L1 J S )
o 14 o 24 -] 14 (] 15
Deformatian {mm)

tested i the Instron. The first curve was obtained on a piece with plane, par-
allel ends; the next two curves were oblained on test picees with plane ends
that were niot paralicl; and the last curve was obtained on a test piece with one
end curved, The effect of these irregularitics in shape is to produce a ‘tail’ at
the low force end of the curve. These tils represent that portion of the defor-
mation when less than the complete cross-sectional area of the test picce is
being P d. They can duce large errors into the measurement. The
test pieces A-D, all cut from the same frankfurter, show deformations of 1.6,
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2.4, 34, and 2.5 mm under 2 1 kg deforming foree. This source of erior can be
overcome by measuring the deformation from some reference foree level that
is sufficiently above zero to eliminate the effect of the tails. In this case, the
deformations of these four test picees measured between (.05 and 1.05 kg are
1.6, 1.6, 1.5, and 1.5 mm, which is as uniform as one can expeet. Although
cvery care should be taken to minimize the small irregulantics at the contact
surfnces, corrections for these irregularitics can be made by beginming the
deformation measurements slightly abave zero force (Bourne. 1967a).

When the deformation test s performed in o universal lesting machine a
‘tngger foree’ can be installed in the PC program that sturts the measurement
of compression distance when the tngger force is reached.

For those commodities that give a linear or near-linear foree—deformation
relutionship (e, they obey Hooke's law), and also for other commeodities thal
are stressed lightly, it has been shown that the deformation is directly propor-
tional to the height of the samples if the cro ional area is uniform (e.g.
rectangular or circular in cross section).

The equation for Youngs modulus of elasticity (see p. 68) can be rearranged
s follows:

AL = FLEA 4.24)

Young’s modulus of elasticity E is constant for a given sample; hence, ifa con-
stant force F is used, the deformation (AL) is directly proportional to the
unstressed height L and inversely proportional to the arci /1. This cquation has
been confirmed un rectangular solids and upright cylinders cul from agar gels
(Brinton and Bourne, 1972)

The deformation of horizontal cylinders of a commodity is inversely and
Imearly proporiional o the length of the cylinder.

The effect of the changing diameter is more complex. According to Roark
(1965), the change in diameter of o honzontal cylinder under compression is
given by the equation

(DE)"?

1075
where D is the diameter; AD, the deformation; P, the force per unit length;

¥, Poisson’s ratio; E. Young's modulus; and b, 2.15 (PIVE *. According to this

quaition, the d 1on of o hon | eylinder 15 the sum of the two terms,
The lim term ‘} P(1— v?y'wE is independent of the diameter and second term
is a complex function of the diameter. Experimental data on cylinders of agar
gels is in general agreement with Eq. (4.25) {Brinton and Bourne, 1972),

nnngpﬂp" Fapi=r

(4.25)
nE (wE)

el

The effect of changing the di on the deformability of spheres is com-
pl:x bwuus«: the deformation versus diameter plots :m U-shaped. As the
the defi first increases, levels off and then

i The peak d ion is I‘oq_md. at smaller dinmeters as the stiffness

at the gel (coneentration of agar) increases. The peak also oceurs at smaller
dinmeters as the deforming force is decreased.
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Deformaton [mm)

03

Figore 4,33 Effect of diamecer
on defarmation of § and 3% agar
el sphires dlustrated by @ and
O, respectively. (From Brinton
and Dourne, 1972; reprinted
from J, Teshore Studes 3,

page 293, with permission from
Faad and Nutrition Press.)

Diameter [cm)

Figure 4.34 shows that changing the diameter of a sphere can cause the

deflormation to o

under some cil

cs, and d under other

circumstances depending on whether increasing the diameter causes the

deformation

to approach the peak or move away from it. The peak deforma-

tion appears (o be o complex function depending on the nigidity of the gel and
the force of deformation. IFa 5% gel deformed between 50 and 200 ¢ force is
considered typical of the type of test that is commanly applied to whole fruits,
it can be seen that there is a comparatively small change in deformability over
a wide runge of dismeters. From lem up to 5com diameter, the minimum

deformation

is 1.1mm and the maximum deformation is Ldmm. A 500%

change in diameter causes a maximum change of about 30% in deformation,
Except with small diameter 3% soft gel spheres, the rate of chonge in defor-

1y small

mation is ¢

this evidence we draw the t

y d with the change in diameter. From

that small ch ind

will have only a slight effect on the deformation of a food that is approxi-
mately spherical in shape,

According to Hertz theory, the defi ion of a T com-
pressed between parallel plates is given by the equation:
ssFa=ual e A o
g (I=p”
p=2RFUZR ) e L L] vk, (426
o™ 1[ B R ] [ Ry )




156 Principles of Objective Texcure Measurement

Derector

=

Figuee 445 Schemanc of
ataustic spectrameter method
for measunng deformability,

where E 15 the modulus of elasticity; F, force: g, Powsson's ratio; D, deforma-
tion: K, K, constants; £y, Ry, Ry, &, radu of curvature 2t contact poins.

Equation (4.26) can be rearranged and simplified for the case of flat plates
compressing a sphere to give:

B L
_[9L§+=_>] + (a2

This equation prediets an imerse relationship between deformation and radins
{deformation = R™'3), The Hertz theory aprees qualitatively with the expeni-
mental data for large spheres but |t fails to agree for smai] :I:amctcr agar spheres
where there 15 a direct relats p berween i 3 and increas-
ing deformation.

Roark (1965} gives the following formula for deformation of a sphere under

a flat plate:
l L
.5{11 )
E°D (4.28)

where y is the ofsphere and compressing plate; P, total
load; E, Young's modulus and D, diameter of sphere. According to this for-
mla, the deformation should be proportional to (/)% which is similar to
the conclusion of the Hertz equation. 1t should be pointed out that Roark’s
equation is intended to be apphied to ball bearings and similar objects in which
the compressing plate and the test sphere p bly have similar hi I
propertics. The modulus of an agar pel 1s different from that of the metal com-
pression plate by several orders of magnitude. However, Roark’s equation may
apply over a limiled range of large diameters for foods

Real foods of approximate spherical shape such as chernes, apples, onions,
tomatoes, and papayas have a far more complex structure than agar gels. As
Murrow and Molisenin (1966) have pointed out: *an intact product such as froit
violates all fund 1 plions of homogeneity, isotropy, and continuity
that #re nommally required in solving elementary materials seience problems.
When we add to the complex function between deformation and diameter of a
uniform material such as an agar gel the additional complexities of the structure
of intact foods, the need for additional research, both practical and theoretical,

is indi 1 in-order to und: d how the di affects deformation. It may
be that there is a different relationship for each i
Deformation by Acoustics

Another methed of measuring what 15, in effect, deformation of a food is an
acoustical method. The principle is shown in Fig. 4.35. A sound speaker which
is the driver is placed in contact with a food snd caused to produce sound
(sonic waves) of constant amplitude which 15 itted into the food. The
frequency of the vibration is gradually increased from a low to a high value.
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Figurs .36 A recorder eurve
shawing amplitude of sbration
af a fruit versus the frequency of
the input vibranion, {Fram Fnney
etal,, 1968; reprnted from
1. Foud Sai. 32, 643; copyright by
Institute of Faod Technologts.)
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A microphone placed in contact with the food at a position Y0° to the driver
acts as a detector or receiver to pick up the vibrations within the foed t each
freq El ic equig plats the amplitude of vibration within the
food as a function of the driving frequency. The method has been used for
research purposes by Abbott ef wl. (1968ab), Finney and Norris (1968),
Finney et al. (1968, 1978), Finney (1970, 197 1a b.c) and is reviewed by Finney
(1972).

A typical curve is shown in Fig. 4.36. The amplitude~frequency relation-
ship shows a series of peaks that oceur at regular intervals, The first amplitude
peak is called the ‘resonance frequency” because the natural period of vibm-
tion of food is the same as the driver at this frequency, Additional peaks are
found at the first, second, and third harmonics, which are simple multiples of
the resonance frequency and occur at exactly two times, three times, etc., the

freq of the

If the food is in the shape of a uniform cylinder, Young’s modulus of
lasticity can be calculated from the fi ) ing the food
is elastic, pic, homog: , and conti by means of the following
equation:

E=apr*L? 14.29)
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where £ 15 Young’s modulus of elasticity (dynes pur squ.m: ::cnllmelcr}
¢, the density (grams per cubic )i i the d 1
frequency in hentz (eyeles per second); and L, the length of the cylindncal
specimen in centimelers,

Since it 15 frequently inconvenicnt and sometimes impossible to cul a uni-
form eylinder of tissue, attempts have been made W measure the fimmness of
intact units that are appreximately spherical in shape. For these cases Finney
(1971a) defines o *sufiness coeflicient” as f2m, where fis the resonance fre-
quency and m the mass of the arucle, Cooke (1972) and Cooke and Rand
(1973) made o theoretical analysis of the deformation of spheres which
indicated that fFm** should be the mass independent indicator of the shear
maodulus mither than i as used by Finney. Clark and Shackelford (1976)
wsed the shifTness modulus 2m=* on peaches with limited success. Abbatt
ef al. (1997) provide a good update of this technigue.

Slump Test

The slump test is claimed o have been initially developed 1o determine the
flow properties of freshly mixed concrete (Pashias et al., 1996) but it seems
likely that the principle has been used just as long, or even longer, for foods.
The American Sociely for Testing and Materials publishes a standard method
for measuring the slump of freshly mixed conerete using the frustum ofa cone
31em high with lower diameter 20em and upper diameter 10em (ASTM,
1950, Method C143-90). It provides an inexpensive, quick, casy and effective
way to measure the vield stress of high density suspensions. In this test a hol-
low eylinder is placed on a honzontal surface, filled level to the top with the
food, then the cylinder is gently removed and the food s allowed to flow out in
a horizontal direction under the force of gravity. This is a time-dependent free-
surface flow. The profile of the final mound of material as well as the dynam-
ics by which the final shape is altained are governed by the rheology. Two
miethods are used to measure the degree of slump.

Method 1 is used for stiff foods. 1t simply measures the height of the sam-
ple after & standard tume. This is the basis of an official US Department of
Agniculture guality measurement of canned pumpkin pie filling that became
effective in July 1957 which requires that cans of grade A (US Fancy) pump-
kin or squash shall retain not less than 60% of the onginal height of the con-
tainer surface for cans smaller than no. 3 size, and not less than 50% for no. 3
size cans and larger when emplied onto a horizontal surface and allowed to
stand for two minutes (Fig. 4.37).

Method 2 is used for foods that have a lower yield stress. The diameter of
the slumped food 15 measured. This is the basis of the Adams Consistometer,
the TUC Cream Comn Meter and the USDA Applesauce Consistometer {see
Fig. 514, page 224).

Pashias er al, (1996) summarize the theory behind the slump test and note
that itotfers a robust and inexpensive method for directly measuring the vield
stresses in the range 30-800 Pa. They derive the following equation that gives
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a close approximation to the yield stress:
T 1=, J_'
Ty Tl (4.30)

where 7} is vield stress; s dimensionless slump value, e (original height —
slump heightVoriginal height.

Showalter and Christenson (1998) derived the following equation for the
slump test of a Bingham solid:

f=1- h = 11‘_'. In[m] (4.31)

where &° is slump distance (decrease in height): 7, Bingham yield stress;

4 height of unyiclded portion afier the slump. The prime sigos (") indicates
that these are dimensionless numbers, These authors showed that this simple
analysis mimics the experimental results at least as well as the fir more
sophisticated finite element solution for ylcld almss of Binghasm materials,
such as freshly mixed and

Omura and Steffe (2001} dm-::lopcul a centrifugal slntnp test to measure the
yield stress of products such as cream cheese, marganine and peanul bulter
that are too sl 1o flow under gravitational foree alone. Cylinders of product
1.8-cm diameter % 1.8-cm high were cut with a cork borer and impaled on a
pin protruding from a 20-em diameter ring which was spun a1 speeds ranging

Figure .37 The shemp cess
perfarmed on canned pumphin
pie filling. This sample is grade A
(L5 Fancy) because |t retained
mare than 60% af its heyght after
bewng remaved from the can,
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Figure 4,38 Length of gravity
currme as & funenan of time and
pasition, {Fram MeCarthy and
Seymaur, 1993, /. Textwre Studies
B4, page 7. Copyright by Food
and Nutrition Press Inc.)

from 400 (o 700 rpm yielding 1835 g force, The hoight of the specimens was
measured after spinming. The yield stresses caleulated from this cemnfugal
slump test agreed well with values obtained by the vane method.

Twn questions that seem not to have been addressed thus far are at what
level of vield stress is it advisable to switch from method 1 (measure height)
to method 2 (measure diameter) and when does the slump principle become
the gravity flow principle.

Gravity Current Flow

A fluid that 15 released and allowed to Aow under the influence of gravity pri-
manly in a horizontal direction over a solid surface or another Muid of higher
density 15 colled *gravity current flow.’ Well-known examples are the spread-
ing of an oil slick on the ocean, flow of volcanic lwva and the Bostwick
Cansistometer that measures the thickness of tomate purees and similar prod-
ucts (Fig. 4.38). Three flow regimes have been identified in gravity currents
(McCarthy and Seymiour, 1993),

(1) Inertial regime occurs at very short times where the forces of inertia
and gravity predominate.

(2) Viscous regime occurs at intermediate times where flow is determined
by the batance of viscous and gravity forces,

{3) Surface tension regime occurs at long times where viscous forces are
balanced by surface tension forces. The Muid thickness has decreased
50 much that gravitational forces play a minor role in the fow.

MeCarthy and Seymour (1993) give the following equation for flow in the

Bostwick Consistometer:
NG
L=§v[§3_] s

% (4.32)
where L 15 length of gravity current, &, the similarity value which is theoreti-
cally 1.41; g. gravitational constant; g, fluid volume per unit width; v, kine-
matic viscosity, and 1, time. Figure 4.39 plots the distance four Newtonian
Muids flow along the trough of the Bostwick Consistometer versus time'=, The
rectilinear relationships shown in this figure demonsirate that the flow of
fuids in the Bostwick Consistometer can be modeled as a gravity eurrent.

al—'
h
£ —

Flaw ina-dineian (i}
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Figure 439 Expenmental
measurements of the distance
fousr Wewranian Muids low alang
the trough of the Bostwick
Consistometer versus (Line of
Maw)"™. {Fram McCarthy and
Seyrnour, 1993 ) Testure Stuilies
24, page 8. Copyright by Food
and Mutritien Press Inc.}
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Barninger ef al. (1998) confirmed that the Bostwick reading is directly pro-
portional to (kinematic viscosity)"* and since kinematic viscosity is directly
prapartional to time it is cquivalent o (time)™2,

McCarthy and Seymour (1993) conclude that the flow of fluids in the
Bostwick Consistometer can be modeled as a gravity current, although some
modifications are needed to occount for the finite channel width of the
apparitus and the non-Newtonian behavior of fruil and vegetable purees.

Area Measuring Instruments

There are prolably no true arca measuring instruments used in foad texiune

Several such as the Adams Consistometer,
the Cream Corn Meter, and the USDA Standard Consistency Tester (see
page 224) measure the flow of o fluid or semifluid food from a circular con-
tainer out across & horizontal plate and the dismeter is measured al two points
at right angles. This is a distance measurement rather than area but is close 1o
Arei measuring instruments.

Particle Size Distribution
Analysis of particle size distribution of particulate foods by sieving is prima-
rily based on area. Standard woven-wire sicves acl as ‘go-no go’ gauges.

Par with a cross jonal area less than the sereen aperture fall
through (go) whereas those too large are retained {(no go).
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Most sieves are made with woven wires and have rectangolar apertures. The
Amencan Society for Testing and Matenals lists the aperiures an the most
widely used sets of sieves (ASTM Specification E-11-87). The sieve number
is based on the number of wires per linear inch. The number of wires per inch
usually mereases approximately 1.4-fold for each step which means that the
cross-scetional arca (aperiure ) decrcases by 2-fold in cach step since | 47 = 2,
The normal practice is to nest a series of sieves on top of cach other wath the
coarsest sieve en top and the finest onc at the bottom. The sample 1s placed on
the top sicve, and the nest 15 shaken and tapped causing undersize particles to
fall through while the rest of the material 15 held on that sereen. Machines are
available that give a standard shaking and tapping to the nest of sieves, The
amatnt retained on cach sicve is then weighed and exy d as
retained on that sieve. For example, the — 10# +28# fraction (unw.h oi’mrll
eles that pass through a 20 mesh sieve but are retained on a 28 mesh sieve, The
amount retained can also be expressed on n cumulative bosis, that is, the amount

retuined on one sicve is added to the amount relained on each of the suc-
ceeding smaller sieves. A plot of cumulative percentage relamned versus the
log: of the screen af is approximately linear for many products.

The American Society for Agricultural Engineers and the American
Mutional Standards Institute also hme spuiﬁmunm for size analysis, but
these lard. directed towards agricul Is such as grains, hay,
and the like, and do not use sieves lhal are fine enough to diseriminate between
powdered materials (ANSVASAE standard 319.3, July 1997),

A size analysis can be performed on wet foods by washing the! product
undler a stream of running water, For example, Kimball and Kertesz (1952)
washed tomato juices, purces and pastes on a serics of five sieves to quantify
the size distribution of the insoluble tomato solids.

For materials that are water soluble it is possible to wet sieve them by using
a ﬂmd other than water. For unmrllr Kean 119"8! determined the subsieve

it of fincly p I sugars by pending the sam-
ples in anhydrous isopropy! alcohol.

It is difficult to use s:c\cs for sizing very small particles. Other techniques
such as sed L Y ing electron micro-
seopy, photon correlation spectroscopy, amI transmission electran microscopy
must then be used. Im.llr\.cl methods for determining particle size include

el o +

ric i ultrafiltration, dynamic light scat-

tering, single-particle optical sensing, zeta potential, laser diffraction, gos

sorption and diffusiometric methods {Genovese and Lozano, 2000),
Computer-aided digital image processing techniques now allow one to measure

the size, average size and shape of particles (Tan er all, 1994, 1997; Psotka, 2001).

Volume Measurement

There are a number of useful tests in which & volume measurement is made
that correlates well with some textural property. The volume of a loal of bread
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or i cuke mave from a standard formula by means of displacement of small free-
flowing seeds such as carmway seeds is widely used test in the baking industry.
Khan and Elah ( 1980) report that the maximum volume before collapsing of a
batter prepared from wheat flour, baking powder, and water is highly corre-
lated with volume and proten content of bread made from that flour. The
Succulometer (Krumer and Smith, 1946) measurcs the volume of juice
expressed from sweet com as a measure of its maturity, The volume of juice
expressed from various fruils is sometimes used as an index of froit juiciness.

Many attempts have been made 10 measure the moistness of meat and fish by
measuning the volume of fluid expressed under pressure. Child and Baldwell
(1934) made a ‘Pressometer’ in which a core of cooked beefor chicken 1.27-cm
diameter and 1.87-cmm high was wrapped in filter clath and subjected to a pres-
sure 0f 250 pounds for 10 min. The loss in weight of the meat was reporied as
percent press ud, Many others have used pressure to measure the amount of
fluid expressed from meat, poultry and fish including Briskey et al. (1959),
Hamm (19601, Daghjarisson and Solberg (1972), Knrm:s .md Turk ( I976) :mrl
Jouregui ez wl. (1981). There seems to be no i for
the volume 1o expressed fluid. Zhang er al. (1993) n.'vlcwcd ten papers pub-
lished between 1981 and 1993 and found that the sample size varied from 0.2 10
1.3 g, the force from 0.0098 to 57.8 kN and the press time from 0.16 to 20 min.
They recommended test conditions of 1 g sample size pressed at 20kN force for
2 min. However, this recommendation has not been implemented (see for exam-
ple, Ju and Mital, 1999; Kerr et al., 2000; Zormilla ef al,, 2000).

Lee and Patel (1984) found an inverse relationship bet
foree on commercial frankfurters and their sn.llsory]uu.muss A :umpa‘essim
force of 181 kg gave o correlation coefficient of r = 0.117 wherens a force of
2-3 kg gave a value of = 0.92 (Table 4.10). Since a force of 2-3 kg is more

likely to be used in the mouth than very high forees, it seems that the use of
low compression forces would likely give a higher correlation with sensory
assessment of juiciness [or other meat products.

Lucey ef al. (1998) measurcd the volume of whey separating from yogurt
by simply pouring ofl the free liquid and weighing it. They found this gave
betier results than separating the whey by centrifugation.

181 120 20 oz
40 m o2 07
18 60 18 061
2-3 7 9-10 (5}

Compled frnm data of Lre and Parel (1984).
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The US Department of Agriculture standards for canned pumpkin and
squash requires the measurement of the volume of free liquor that separates
after empiying the can and allowing it to stand for two minutes. For grade A
(fancy quality) the volume shall not exceed 10ml for cach 300z (0.85kg) of
product and for grade C (standard quality) it eannot execed 30 ml. The prod-
uct is classed as substandard if the volume of free liquor excceds 30ml

Olorunda and Tung (1984) measurcd the volume of free liquid that sepa-
rated from frozen and thawed plantains and reported that it eorrclated highly
with the degree of eellular damage and texturc quality Joss,

Time Measuring Instruments

Kincmatic viscometers, such as the Ostwald and Zahn measure the time fora
standard volume of fluid 1o flow through a restricted opening. Falling-ball vis-
comelers measure the time for a ball to fall a given distance through a liquid.
These will be described more fully in the chapter on viscosity.

A few other time measuring instruments are deseribed in the literature, The

Gardner Makbil the time requered Tor a disk and shaft 1o fall a
standard distance through a fluid (Gardner ond VanHeuckeroth, 1927). The
British Baking and R h Associ Biscuil Hardness Tester

the time required for a small circular saw rotating at 15 rpm to cut through
a stack of biscuits (Wade, 1968) (sec page 226). Rogers and Sanders (1942)
deseribe a method for measuring the firmness of cheese curd that 15 based on
the time for a cutting head to move a standard distance through the curd under
o constant {orce. Wilder {1947) desenibes a Fiberometer that measures the
time requined 10 cut across aspargus spears by 2 0.041 in ~diam stainless-steel
wire under a force of 3 Ib.

The Falling Number Method used by the baking industry to determine the
a-amylase activity of wheat and rye flours is based on time measurcmient
(Hagberg, 1960, 1961; Perten, 1964, 1967). It measures the time required by
a-amylase to liquefy a gelatinized starch paste to a predetermined viscosity
level. The viscosity level is that which allows the stiming rod 1o fall 70mmin 15
under the influence of grwvity. This techmque has been adopted as a standard
method by several countries and by the American Association of Cereal Chemists
(No. 56-81A), the Intermational Association of Cereal Chemists (No, 107), and
the Intemational Standardization Organization (ISO/DIS 3093), The appartus
is made by Falling Number AB, Box 32072, 8126 11 Stockholm, Sweden.

Work, Energy, and Power Measuring
Instruments

Instruments that use the principle of work and energy are not common
Encrgy and work both have the dimensions mass > length” X time = which is
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equivalent to force X distance. Instruments that plot oul the force-distance
relationship of 4 test can provide work functions by measunng the area under
the force-distance curve or by any other lechnigue that gives the force—
distance integral. The area under the curve can be obtained by several meth-
ods, ncluding (1) measuring the area with a planimeter (convert the area
measurements into work units knowing the foree and distance scales); (b) eut-
ting out the paper under the curve, weighing it, and converting this into area
knowing the weight of paper per unit area; and (c) counting the number of
squares on the paper under the curve. Nowadays, compuler retrieval of
force—time data is comimon, and since the compuler can be programmed 1o
calculate force-time i Is and force-di integrals the

af work functions is becoming much more common.

It 1s important to note that there are two work elements in a compression—
decompression cyele. (1) The area under the curve during compression repre-
sents the work done an the food by the machine. (2) The area under the curve
during decompressi the work d to the hine by
the food as it Ily, the decompression work 15 small but in the
interest ol accuracy it is worth separating these two factors.

The Instron, TA,XT2 Texture Analyzer, the Food Technology Texture Test

System, and other universal testing hines provide a force—di curve
and hence the area under the curve can be converted into true measurements
of work

Power is the rate of doing work and has the dimensions mass X length® X
time™ . A few power measurements have been used. For example, Miyada and
Tappel (1956) attached a Wattmeter to the electric motor that powered a meat
grinder and by taking a reading with the meat grinder nunning empty and then
with meat being run through at a constant rate, they were able to obtain an
index of the tonghness of the meat. Kilborn and Dempster (1965) used a
similar principle to measure the power required to knead dough.

Ratio Measuring Techniques

This 15 not a widely used techni The t b | are di
less since they are derived from the ratio of two measurements of the same
vanable,

The Texture Profile Analysis 1 of cohesi is a ratio b

cohesvencss 15 defined as

area under second bite curve
area under first bite curve

Occasionally relative density correlates with texture, Relative density is the
density of a product divided by the density of water and is a dimensionless
number, For example, La Belle (1964) found that the texture of sour chernies
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and precooked dried beans correlated highly with density. Firm cherries have
1 low relative density because they do not pack down as much as sofl cherries.
Precooked dry beans with good texture have a high density because they are
solid whereas those beans that have puiTed up during the drying process
(butterflied texture) have o much lower relative density. Scott Blair and Coppen
(1940} mensured the bulk density of cul cheese curd and used this as a textural
index of the readiness to proceed with the next step in manufacturing. The
specific gravity of batters has been associated with good volume and textural
quality of baked goods (Funk er al., 1969).

Hosency ef al. (1979) used o ratio method to measure the spreading proper-
ties of wheat doughs, A mixed bread dough is mechanically rounded and
placed on a smoath harizontal plate in a fermentation cabinet at 30°C and
90% R.H. The dough is unrestrained end is free to spread out under the force
of gravity, The width and height of the dough are measured with calipers every
15 min for | h. The spread ratio is calculated as widthvheight. The rescarchers
obtained spread ratios ranging from 1 to 4.

Multiple Variable Instruments

With this class of instrument one variable is measured while several variables
are uncontrolled, The variables may or may not be interrelated and may or may
not be linear. 1t is usually impossible 1o establish true di 1 units and to
convert the results from this type of instrument into a conventional system of
measurement. Henee it is advisable 1o avoid using this type of instrument.

An example of this kind of is the D ter, which was designed
to measure the stiliness of rubber but 1s occasionally used to measure the soft-
ness of foods. It consists of a sprng-loaded probe that muy be hemispherical
or conieal in shape that protrudes from an anvil. The probe is pressed onto the
food until the anvil contacts the food. at which time a reading is taken from the
dial. At this point the probe has penetrated partly into the food, and partly
backward into the instrument by compressing the spring.

Figure 440 shows the relationships of the vanous p Ived. The
forze exerted on the food by the probe has a direct linzar relationship while
the penetration of the probe into the food has an inverse linear relationship
10 the scale reading. The area and the perimeter have an inverse curvilinear
relationship to the seale reading. ILis impossible to convert a D read-
ing to any other system of measurement beeause the force, depth of penctra-
tion, area, and perimeter in contact with the food all vary in dilferent ways.
Table 4.11 shows the irregular manner in which the various parameters change
with instrument mad.mgs

At high D an g force is being applied to a dimin-
ishing area until, lhcof:l.l::l]l\' al a scale read:n,g of 100, the maximum foree
of the spring 15 being applied to the test material at a point source of zero arca;
there is zero penetration of the ball into the test material under an infinitely
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Table 411

Dnirometer scale reading Farce Area Penetration depth Ferimeter
L ] o0 100 100
30 20 1 70 96
60 60 64 0 8
90 90 16 n a3
100 100 ] a (]

Sewrve: From Boume and Mandy (1967); reprineed fiom Food Technol 21(10), 1388, 1867,
Copynght by Institute of Foad Technalogises

large force per unit urea, This chareteristic of the instrument explains why the
Du 15 liable at readings ubove 80, even when used on rubber.

Chemical Analysis

This indireet method is oceasionally used as an index of textural qualities,
Several examples are given below.

Aleohol insoluble solids (AIS) is a good index of the maturity and texture
of fresh, raw green peas (Kertesz, 1935 Association of Official Analytical
Chemists Method 32.006). This method comprises grinding fresh peas m 80%
aleohal in a blender, filtering on a vacuum filter, washing well with 80%
aleohal, and drying and weighing the residue. The success of this test depends
on the fact that as the peas mature the total solids inerease and sugar converts
into starch. Since starch is insoluble m aleohol, there is a rapid change in
AIS as the peas mature.

Figure 4,40 Refanonships
between Force, depth of
penetration of the ball, area and
permerer of the ball and the
Durcmeter seale reading {Fram
Boume and Mandy, 1967;
reprinted from Foed Technel. 21,
97; copyright by Insnitute of Food
Technologises )
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The 17th edition of *Oflicial Methods of Anolvsis® published by AQAC
International now designates this test as *alcohol precipitue,” method 924 08
(AQAC, 2000),

The pericarp content of sweet corn is a useful index of its maturity (Kramer
et al., 1949) Com kernels (100g) are ground in a bleader with water, then
washed well on a 30-mesh sicve, The starchy endosperm and germ are ground
fine enough o pass through the sieve, but the pericarp is sufficiemtly tough that
it is not chopped fine enough 1o pass through the screen. After washing thor-
oughly, the sereen is dried and weighed to give the pericarp content, which is
normally in the mnge of 1 3-5.2%

Brovelli e u! (1998) followed l.hl. procedure of Kramer of al, (1949) 10

the fi of asparagus spears. A ‘Dg sample of asparagus
together with 420m| distilled water are mi | for §min in o GOOW
microwave oven, blended for 1.5 min. in a Waring Blender, then transferred to
1 30 mesh wire screen where 1t is washed under running water until only fibers
remain, Afler drying for 12h in a 68°C hot air oven the dry fibers are weighed
and expressed as a percentage of the inilial 50 g.

Moisture content is sometimes an index of maturity. An example of this is
sweet corn where a commonly accepted standard is <68%, too tough, over-
mature; 63-70%, cream style for canning; 70-76% is whole kemel for
canning; 76-78% is suitable for freezing; >78%, too immuture,

A chemical index of the amount of collagen in meat performed by deter-
mining the hvdroxyproline content has been proposed as an index of meat
toughness. There is as yet no consensus as to the value of This determination
s an index of meat toughness, The subject was reviewed by Szezesniak and
Torgeson (1965),

Miscellaneous Methods

The eritenia for inclusion under this heading are (a) that it is an objective
method, (b) that the measurement correlates well with texture, and (¢) that the
method does not fit into any of the categories described previously.

Optical Methods

The cell fragility method is an optical method that is used 10 measure the
touphness of fish (Love and Mackay, 1962; Love and Muslemuddin, 1972ab).
In thos method a standard weight of fish 1s homogenized in a blender in a mix-
ture of 2% trichloroacetic acid plus 1.2% formaldehyde for a standard time
after which the optical density is measured. Tender fish grind into a fine state
and give a high optical density whereas tough fish remain as fewer large par-
ticles and give a lower optical density. The cell fragility method is reported to
give good results for noafatty fish but less satisfactory results for fany fish or
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fish in which advanced bactenal sporlage has occurred. Love (1983) reviewed
this procedure.

Sound

Drake (1963, 1965) analyzed the amphitude and duration of chewing sounds
over a wide mnge of frequencies. This method shows some promise, particularly
with noisy foods, but large vanations between seunds generated by different
individuals complicate the procedure.

Vickers and Bourne (1976a,b) postulated that the property of crispness is
primarily an acoustical sensation that 1s detected by the ear during the fractur-
ing of crisp foods.

Christensen and Viekers (1981) reported that loudness of chewing sounds
correlated highly with sensory crispness and the high correlation was main-
tained even when a 100 decibel masking noise was used as an auditory block.
Lee er al. (1988) followed the sounds generated during chewing of polato
chips and tortilla chips and found that the intensity of a given frequency range
memlly decreased with :orm:unw, chews, with the higher frequencies

ing inaudible levels. Edmi and Vickers (1985) distinguished
between crispness und cruckliness based on sound analysis and Vickers
(1985) reported on how crispiness and crunchiness are related to pitch and
loudness. Vickers (1991) wiote & succinet review of sound perception and
food quality.

Dacremont (1995) analyzed the spectral composition of chewing sounds of
cight different foods, and classified items into three classes: (1) crispy foods,
such as extruded flat breads, that generate high-pitched sounds with a high
level of frequencies above 5 kHz; (2) erunchy foods. such as raw carrol, that
generate lower piteh sounds with characteristic peaks in the frequency mnge
1.25-2kHz; (3) crackly foods, such as dry biscuits, that generate low-pileh
sounds with a high level of bone conduction.

Brochetti of al. (1992) pointed out that mastication sounds and speech
sounds are both produced within the oral eavity and that speech analysis ech-
niques such as sound spectrography. oscilloscopic malysis and fast Fourier
transformation would be uselul in analyzing mastication sounds.

It seems within the realm of possibility that audi holding exy
crafted hinations of sound freq ies, loud and intervals b
sound bursts may one d.n} be used as standards for defining the textral quali-
ties of crisy or kli

Sounds are occasionally used 1o judge the quality of foods other than crisp
or crunchy. For example, to judge the quality of watermelon some people Ly
one car on the skin of the whole melon while rapping their knuekles on it It is
under ripe if the sound resembles that of tapping your forehead with your
knuckles. If the sound resembles that of rapping vour knuckles on the b cage
of your chest it is just right. If it sounds like rapping your knuckles on your
abdomen il is over ripe.
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Ultrasound Tests
The previous section discussed sound analysis within the range of frequencies
heard by the human car This section I the use of ul 1 with
frequencies higher than can be perceived by the ear (= 16kHz).
The veloeity of propag; ofa F onal ultrasound wave i a solid
material 18 desenbed by the equation:
K 4f)G 05
c+4/3
=[——'"—] (433)
r

where v 15 velocity of the wave, K is the bulk modulus, G s the ngdity mod-
ulus and p is the density of the material. Since a liquid has zero ngidity the
equation for a liquid is:

v=(K/p)** (4.34)

ul are a nondestructive, noni ive and nonintrusive
technique (Povey and MeClements, 1988).

Miles ef af, (1985) found the speed of 2.5 MHz ultrasonic waves in pig adi-
pose tissue explained 88% of the vari inp of
firmness. Nielsen and Martens (1997) rcpon‘.cd that ultrasound velocity in car-
rols gooked for up to 15min gave a linear correlation coefficient r = (.62
whereas auenuation measurements gave 3 correlation of r = 0.52 with Young's
modulus of elasticity. Mulet e al. {1999} found the velocity of 1.OMIz waves
in cheddar cheese decreased as the cheese was heated and auributed this to
changes in the erystallinity of the fat in the cheese. Mizrach and Flitsanov
{1999) reported a second order polynomial cocfficient of determination r* =
0.98 between ul ic velocity and firmne: on rrpcnmg avo-
cado fruits, Mizrach et al. (1994) reported a coefficient of determi: P=
0,999 between firmness and ultrasonic attenuation in melons. Benedito ef al.
{2000a,5) reported coefficient of d i t 1 i velocity
and firmness of Mahon cheese of r* = (.81, for clasticity r* = 0.84, Other
foods tested by ultrasound include beef (Park ef al., 1994); biscuits (cookies)
(Povey and Harden, 1981); cheese (Lee et af, 1992) and tofu (Hack ¢ al.,
1995), McClements (19971 has reviewed the use of ultrasonics in food testing.

Rollability

Friend er al. (1993) devised a simple semiquantitative method for messuring
the textural quality of tortillas, It consists of wrapping a tortilla around a
1.0em diameter wooden cylinder (dowel) and then subjectively rating the tor-
tillz for cracking and breakage on a five-point scale. The rollability scale is:

1 = no cracking (best quality)

2 = signs of cracking but no breaking

3 = cracking and breaking begrmm
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4 = eracking and breaking imminent on both surfaces
5 = unrollable, breaks casily

Using this simple inexpensive device Friend ef ul. (1993) were able to

the d m roll v during storage of tortillas and to identify

which hydrocollowds were most effective in retaining rollability during stor-

age. This test is now widely used to measure the textural quality of tortillas,
chapatics and similar products.

Electromyography

Small electrical currents are present in muscles when they contract, By attach-
ing electrodes to the skin in the appropriate location it is possible to measure
the electrical activity of muscles that are near the surface of the body. A plot
ol magnitude of the electrical current versus time is called an electromyogram
(EMG). Itis a relatively simple method for measuring muscle activity because
it is not invasive or obtrusive and the attachment of the electrodes to the face
does not interfere with nermal masticatory behavior. The masseter and tem-
poralis are two of the major muscles that power mastication and since they lie
just under the checks their electrical activity is castly reached, Tumh:rg ef al.
(1985 were probably the first food sci 1o use elec s

e al. (1989) used EMG to study the chewing pattem nNS Iunch and found
that the chewing encrgy vared from 3 to 108 for the masseter muscle (closing
mouth) and 13 to 154 for the digastric muscle (opening mouth).

Hrown (1994) obtained electromyograms from adults who were given gum
to chew and found that the results were reproducible for each person and that
the EMG patterns were stable over time, but there were significant vaniations
between subjects, However, the subjects in this study reported that electrodes
aftached 1o the face did not interfere with normal chewing behavior. Brown ef al.
(1994a) confirmed that the chewing pattern s stable in each subject for each food
they chew and they used EMG to measure chewing rate, duration of the chewing
sequence. chewing work, manipulation of the bolus, and swallowing events.

Kohyama ef af. (1998) used EMG to study the texture of cooked rice and
found that rice with o high amvlose content required greater masseter muscle
activity than low amylose riee, The differences between the cultivars were
most strongly evident during the first few chews. Kohyama et al. (2000) found
that the number of chewing strokes, masticatory time, and total duration of
maslication as 1 by el praphy showed a higher correlation
with adhesiveness and stickiness than with hardness. They also found that the
differences in mastication patterns among the seven subjects studied were
greater thun between rice Lu!m'

It seems that el is b ing an i 1gly useful ool 1o
study mastication and tcﬂun. (Sakﬂmnlo ef a! 1989; 'Bmwn ef al,, 1994b,
1998: Mathevon ef al., 1994; Duizer ¢f al,, 1996; Mioche and Martin, 199¥;
Mathoniere et al., 2000; Kemsley er al,, 2001).
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Electropalatography

Juck and Gibbon (1995) used the techmique of clectropulatogruphy (EPG) to
record fongue movement during eating and Howmg and its licability to
study dilferences in texture. For EPG, a thin, custom-made arnificial paia]c is
precisely molded ta fit on individual’s hard palate from belind the upper front
teeth {0 the junction between the soft palate and the hard palate, Embedded in
this artificial palate are 62 electrodes that cover the entire artificial palate.
They are arranged in eight rows with eight elecirodes in every row except
row no. | closest to the teeth which has six elecirodes Leadout wires connect
the electrodes (o an external processing unit. When the tongue contacts
an electrode a signal 15 sent to the processing unit which records contacts
every 10ms.

A subject consumed three foods with different textures: (1) low-Tat pasteur-
ized milk (liquid); (2) yogurt (semisolid); and (3) froi jelly (gel). Jack and
Gibbon (1995} divided the contact patierns inlo three phases: phase 1, an
approach phase when the number of EPG contacts increased; phase 2, a period
of full contact between the tongue and 62 electrodes; phase 3. o release phase
when the number of contacts decreased. The data showed there is a rolling

of the tongue beginning near the teeth, spreading back until all the
clectrodes were in contact with the tongue, and then a falling away of the
tongue beginning near the teeth and proceeding to the rear of the palate.

Milk required two of these rolling tongue mations to clear it from the
mouth, yogurt required three, and jelly required up to six rolling cycles, some
of which did not give full contact between the tangue and the clectrodes.

Multiple-point Sheet Sensor (MSS)

Kohyama and Nishi (1997) tested a procedure developed for occlusal analysis
on foods. A plastic sheet 5.6em X 5.6cm hus panted on it in electncally
conductive ink 44 strips in both the x axis and v axis 10 form a grid of 1936
pressure-sensitive points. The maximum pressure limit is 35 kgem™', The
grid is connected to 4 computer that records the duta. Panelists insert the
multiple-paint sheet sensor in the mouth 1o cover the lower teeth and then
chew on foods in as normal a manner as possible. The computer printout gives
a three-dimensional display of the foree at each of the 1936 pressure points. It
also shuws ch.-mgcs in pressure and the location of the pressure peaks during

The simul of | and its spatial distri-
bution provides valuable insights into the process of mastication and how the
food bolus is changing.

Fractal Analysis and Fast Fourier Transform

The fe time plot g ted by compression of some foods shows a series

of steep peaks and dips in mpid succession '3
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fotlures Such a plot is called a *noisy record.” An example of a noisy reeord is
shown in Fig. 4440, page 181, Nowsy plots are commonly found WPu.n

cnspy-crunchy foods such as prepared dry break{ast cereals are F
Denving useful data from no|s3 force-time plots was a nearly impossible task
until fast computers with appropriate sstical sofl became availabl

The algonthm known as Fast Fourier Transform (FFT) seems to be the best
way to filier out noise caused by artifacts in the equipment or procedure and to
measure the jaggedness of the force-time signature. Professor Peleg at the
Umiversity of Massachusets has been leading the development of this tech-
nigque for foods (Barrett ef al., 1992; Peleg, 1993; Rohde er al,, 1993; Peleg
and Normand, 1995; Ulbricht et al., 1995: Borges and Peleg, 1996) (sec also
Brusewitz er of,, 1997 and Norton er al., 1998), This method of analysis of
nuisy data has already been able to characterize the change in texture of dry

fracturable fouds as their moi content changes, Fractal analysis of line
japgedness was reviewed by Peleg (1997),

Imperfect Lubricated Squeezing Flow

This test f dure is cf ized by an i and upward flow of a lig-
uid or semiliquid in a shallow container when compressed at a constant rate
under o wide plate. It shows promise for g the viscous properties of
spreadable foods such a8 pe:mul butter and cheese spn.ads that are difficult to
handle in i Figure 4.41 explains the principle of lubn-

cated squeczing I'Icw. where the food is held in a shallow container such o5 a
Pein dish and the diameter of the descending platen is much smaller than the
diameter of the container. This 5cnlmlry avoids snme of the problems of test-
ing spreadable foods in rotati i (I]sllp at the wall of
the rotating ber; (2) disruption of the caused by ferring into
the viscomeler; (3) unknown or varable amount of friction.

Tigure 2,41 The prnciple of
mperfect lubircated squeenng
Tevw. {Fram Suwonsichon and
Peleg, 199%¢ Reprinted from

J- Food Engineening 39, page 218
Capyright 1993 with permission
of Elsevier Science )
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A plot of log (Force) versus log (height) becomes linear afler several mil-
limelers of travel by the descending platen afler entry effects have been
passed. From the slope of the lincar section of the force—distance plot one can
caleulate the flow behavior index (a) and consistency index (K of fluids that
fit the power cquation

This procedure requires a thin laver of test materinl and a wide platen whose
diameter is 10-fold to 20-fold greater than the thickness of the sample. The
theory behind this test was developed by Chatraei ef al, (1981), Lee and Peleg
{1992) and Damrau and Peleg (1997). The procedure was first used for foods
by Casiraghi et al. (1985) and Bagley er al. (1990). It has been used for tomato
products {Lorenza ef al. 1997), peanut butter (Campanella and Peleg, 1987a),
tomato ketchup, prepared d and ma (Campanella and Peleg,

1987b: Suwonsichon and Peleg 1999¢; Cormadini ef al., 2000}, process cheese
(Campanella ef ol , 1987), Ricotta cheese (Suwonsichon and Peleg, 199%),
fresh com masa (Ramirez-Wong ¢f al., 1996), dulce de leche (Corradini and
Peleg, 2000), and yogurt (Suwonsichon and Peleg, 1999h),
Campanella and Peleg (2001) provide a good review of the theory and
lications of squeczing fow vi ¥

Sliding Pin Consistometer (SPC)

Davey (1983) devised a hand-held instrument for measuring the hardness of
fats that simulates the action of curting with a knife. A cylinder 3,76-mm long
and 0.97-mm diameter is pushed into the fat perpendicular to the surface ofthe
fat. The pin is driven across the fat by a pretensioned spring. When the pin is
actuated by @ trigger mechanism the time for the spring to maove laterally a dis-
tance of 16.4mm is measured electronically. The SPC values on the subcuta-
necus adipose of a side of chilled beef were highly correlated with subjective
seores for fat hardness reported by five expenenced meat cutters (P < 0.001).

Davey and Jones (1985) used the SPC on hard and soft butter, and hard and
soft marganine and reported high correlations with sensory assessment of
hardness and spreadability (r* = 0.96)

Pendulum Impact Test

Lu ef af. (1994) adapted the Tzod pendulum test, that is & well-known test for

ials of 1on (o the breaking igth of rape seed pods.
A pod is clamped in a vettical position directly under the pivot of a pendulum.
A pendulum of adjustable mass and length is pulled back a fixed angle,
released, and allowed to strike and break the pod.

The angle the pendulum swings up after the impact is measured by an opti-
cal encoder and PC. The rupture energy required 1o snap the pod is measured
by the reduction in the angle of the upswing afler snapping a pod compared
with the upswing angle when no pod is present, The advantage of this test is
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that it 15 dynamic and can achieve rates of loading that are comparable with
commercial handling of produce

Universal Testing Machines (UTM)

The use of these i hns b widespread during the last 20 years.
Probably, the first UTM dedicated to work with foads was the Instron machine
purchased by the Department of Food Science and Technology, New York
State Agneultural Experiment Station. Comell University in 1962 The man-
ner in which this gthal o ials testing hine was adapted 10 foads is
deseribed by Boumne et al. (1966).

LUTMs consist of three essential companents:

(1) A drive system that imparts motion to a cross-head that holds part of
the test cell. The drive system may be double screw, single screw,
hydraulic, chain or eccentne ond lever system. High-force capacity
Instron machines are driven by twin screws and low-force capacity
models by a single screw. The standard TA.XT2 Texture Analyzer is
driven by a single screw. The Food Technology Corporation Texture
Test System is driven hydraulically, the General Foods Texturometer is
driven by an eceentric and lever system and the Lioyd model TAS000
15 driven by a chain.

{2} Test cells that hold the food and apply force to it The test cell com-
prises two parts. The lower part which is usually stationery 15 sttached
1o the base of the hing and supy or ins the food being
tested. The upper part of the test cell is attached 1o the moving cross-
head or arm. Different test cells can be mstalled that use any test prin-
ciple requinng rectilincar movement including puncture, gentle
compression for deformation, major compression for texture profile
wnalysis, extrusion, cutting=shear, bending pping and tensile,

(3) A force measuring and recording system that plots the complete his-
tory of the force chunges for the duration of the test. The older UTMs
use u strip chirt recorder whereas the newer UTMs use a computer to
uecumulate both the force—tome wnd force—deformation istory and
display the result on a video screen.

An advantage of UTMs is that the same basic machine can be configured
for different kinds of tests. Previously, n new machine had to be purchased for
every different kind of test, Another advantage is that the complete foree his-
tory is plotted, giving all the changes that occur, including the rate of change
(slopes), maximum force (peaks), fracture events (rapid decreases in force),
area under the curve (work), and frequently other parameters of interest, The
use of recorders tends to reduce confidence in the old one-point instruments
that measure maximum force only. When a pointer moves over a dial and the
maximum foree reading is taken, there appears to be an elemen of certinty
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about the results that leads 1o o feeling of conlidence in the instrument. When
1he same test is repeated 10 o recording mstrument, the maximum force often
seems to be an arhitrary point to use as an index of textural qualities; there is
a loss of confidence in the accuracy of the test and the feeling of infallibility
associated with some of these simple instruments is lost.

Speed of Data Acquisition

A fimte time is required to record the force data gencrated when foods are
compressed. This was often a serious problem when sinip chart recorders were
used. Computer acquisition of force=time data is much faster than sirip chart
recarders so problems associated with speed of acquisition of the data are less
frequent, Nevertheless, even computers take time Lo record the data and errors
cun oceur, especially when the force is changing rapidly.

A I can record infi ion very quickly, store it, then print a graph
and calculate numerical results such as means, standard deviations and any
other desired | analyses when o ient. Instead of using response
time, modern el ics and L syst are specified by their

bandwidth in Hz. A gher bandwidth equates 1o a faster response mte. A
common method Lo estimate transducer bandwidth is 1o measure the time in
seconds between 10% and 90% points of a step response, then use the follow-
ing equation:

transducer channel bandwidth = 0.54/10 09

From this equation, a strip chart recorder with . 0.5 5 response time between 10%
and 90% full scale would have an equivalent bandwidth = 0.34/0.5 = 0.68 Hz.
A high bandwidth system will record force fluctuntions more accurately than a
low bandwidth system. When testing foods in which the foree changes rapidly
(.. brittle foods) a high bandwidth system will record significantly higher force
vathues s compared to the same test on a low bandwidih system. Buyers should
take bandwidth into account when selecting a test instrument.

The following shortened discussion from the first edition referring to strip
chart recorders has been kept in this second edition for three reasons:

(1) Many strip chart recorders are still in use. Most new UTMs huve o PC
but same reseurchers sull prefer to use sinp chart recorders.

(2) Until about 1990 almost all data were gathered on stnip chart recarders.
Therefire, in looking ot data published before 1990 one should keep in
mind the possibality of pen response errors that cause the chart to record
significantly lower fiorces thun the true force thus yielding inaccurate duta.

{3) Even though computer ncquisition of data is fast, time response errors
cun still occur. This may become o problem again in the future as
higher compression speeds are used.

The recorders that are customarily used in the food industry measure variables
that change slowly with ume: for ple, . gas ch rraphy,
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and light spectrometry. Consequently. there has been little question or concern
about whether the recorder is faithfully plotting the measured variable. This
fortunate state of affairs does not apply to texture measuring instrumenis
where rapid changes in force often occur. Many food technologists innocently
{und ly) place | confid wn the graphs that e plotted on
the charts of their recording texturometers.

Figun: 4.43 shows a model that explains the problem. Suppose & force
ives a full-scale force applied instanteously, held
for 15, ﬂlltl then removed instanteously. The solid black line in Fig. 4.42 pives
the correct representation of the chanpe of force with time: however, no
recorder will reproduce this line exactly because it requires a finite period of
time for the pen to travel the width of the chart. This time is known as the pen
response time, The dashed lines in Fig. 4.42 show the plots that will be made
by recorders with pen response speeds of 0.25, 0.5, 1, and 25, The 0.25, 0.5,
and 15 response recorders will correctly give the peak force whereas the 25
response recorder will show only 50% of the carreet peak foree. Although the
aetual full-seale force was applied for exactly 15, no recorder will show this
correctly; the 0.25 s recorder shows the full-seale force having been in effect
for 0.755, the 0.5 Jer shows full-scale force for 0.5s, the 15
response recorder shows full-scale forre ily, and the 25 !
never reaches full-scale force. Table 4.12 summarizes the graphs shown in
Fig. 4.42 und illustrates the fuct thut the errors caused by pen response can be
substantial, and that the error increases as the pen response time increases.

Figure 4.43 shows the nature and magnitude of the errors that can be intro-
duced by pen response speed in a real situation, The same curve has been
traced in the four examples, In each case the solid line shows the true force—
time rel hip obtained by pressing a whole apple for 1 s at high speed
and then dccompressmg it, and the dashed lines show where the recorder
deviates from the correct position.

The 0.25 5 response recorder gives a faithful tracing of changes in force
with time during the compression and correctly shows the initial slope, yield
point, several shoulders, and maximum force at the end of the compression.

Figgre 442 Faree-nme plots
given by 0,25, 05,1 and 25
response recorders when a
fulk-scale force s appled
instantaneously, held for 13,
then removed. (Reprinted from
deMan, Voisey, Rasper and
Stanley (eds), 'Rheology and
Tuxturs in Food Qualiy, p. 248;
with permissien from AVI

Publ. Ca)
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There is an error during decompression because the foree drops 1o zero almost
instantaneously while the pen armived at zero about (0.2 5 later. The 0.5 5 response
recorder gives an incorrect initial slope. misses the abrupt drop in force afier
the yield point, misses the maximum force at the end of the compression by a
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large margin, and shows a larger decompression area than the 0.25 s response
recorder, It does provide an accurate record of the peaks and shoulders in the
curve from about 0.2 10 0.8 s,

The 15 response recorder shows an even greater error in the initial slope,
maximum foree, and decompression, and also fails to record the large shoul-
der at 0.85. The 2 s response recorder grossly misrepresents the record, aside
from showing the trough at 0.5 5 for a short period. The evidence in this figore
should shatter any feelings of mfallibility of recorders and should make cvery
texture technologist aware of the necessity of always being alert 1o the possi-
bility of errors in the trace the pen makes on the chart,

Oceasionally a high-speed recorder is a liability instead of on asset, Voisey
(1971a) gave an example of this by attaching a recorder to @ Mixograph to
mieasure the changes in torue as a wheat dough was kneaded. Figure 4.44a

shows the plot obtained with 0 0,2 5 resj der This shows the
rapid Ml ions from to in such detail that it is dillicult to
see the trend over o penod of somie minutes. Figure 4.44b shows the same test
repeated with a 12 s response fer. The y fi ions are lost but

the slow development of dough strength is shown more clearly. Also, the torgue
scale wus reduced from 160cm kg for the 0.2 recorder 1o 40 cm ky for the 125
recorder, spreading the development curve more fully across the chart. The

point of this ple is that the der’s behavior in any i should
not be taken for granted but should be sclected to give the type and quality of
plots that are best suited to the requi of each particular experiment.

The important point is whether the rate of change of force oecurs more or
less rapidly than the ability of the pen to kecp up with this rate of change,
Figure 4,45 shows the curves that result from compressing a corn curl {a rigid
food) and a cube ol cream cheese (a ieid food) under identical diti
Thee | 4 recorder gives an accurate plot for the cheese, which exhibits a slow
rate of change in force, but the same recorder gives an indccurate trace for the
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Figure 245 Tore-tme plog
for (a) a nigid faad (com cud)
and () & soft food {cream
cheese) compressed at the same
rate in the lnviran, The solid line
shows the true force and the
dashed liney shaw the errors
made by 315 respanse recarder
{Reprinted fram deMan, Vousey,
Rasper and Saanbey (eds),
*Rheclogy and Testure in Food
Qualiy', p. 255; with permission
from AVI Publ. Ca)
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corn curl, which undergoes rapid force changes. The critical factor is the rate
af change of force 1n the speci d to the rate af change
that the recorder can accurately reproduce, Foods that give slow changes in
force when compressed cin tolerate slower response recorders or higher com-
pression speeds than foods that give rapid changes in force.

The force—time plots produced by recording texturometers are generally
curved. Su'ajg]:[-ﬁne portions are usually of short duration. Whenever one
sees long straight lines of uniform slope on the charl or screen one should
'snspeﬂ that perhaps pen response speed is being plotted rather than the true
changes in force, After observing the straight-line portions and the true force—
time plots in Fige 4.43 and 4 45 one should become suspicious when extensive
straight lines of standard slope are seen on their force—time plots. One should
also become suspicious when the tops of isosceles tnangles with a constant
peak angle are seen.

The author has observed Inboratories where months or years of data were
found to be hless because the I T lageed behind the troe
{brees that were generted, and the discrepancy was never recognized.

Most recorder manufacturers will provide the stated pen response speed
of their recorder. The pen response speed can be checked in the Iaboratory as
Tollows: set the chart« gz al the maximum spee d then instantancously
apply a full-scale force to the load cell, leave it there for 2 second or two and
then instantancously remeove it. The slope of the force—time line divided by the
speed of travel of the chart will give the pen response time of that recorder.

Texture Profile Analysis (TPA)

A group at the General Foods Corporation Tethnical Center pioneered the test
that compresses a bite-size piece of food two times in a reciprocating motion
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that imitates the action of the jaw, and extracted from the resulting force-time
curve a number of textural parameters that correlate well with sensory evalu-
dwnol'lhnse parameters { Friedman e al., 1963; Szezesniak eral., 1963). The

t devised especinlly for this purp is the General Foods
Texturometer.

The principle of the TPA test i illustrated in Fig. 4.46: A *bite-size’ sample
of food of standard size and shape is placed on the baseplate and compressed
and decompressed two times by o platen attached to the drive system. To
imitate the chewing action of the teeth there should be a high compression.
The author usually nses a 90% pression when performing TPA tests in
his labomtory. Figure 447 shows a typical TPA curve generated by the
G. F. Texturometer. The height of the foree peak on the first compression cycle
(first bite) was dt.linedmlmrdnm in Fig. 4.47, A is the beginning of the first

ion and B is the beginning of the second compression. Fracturability

(ongmuuy called brittleness) was defined as the force of the significant break

in the eurve on the first bite (shown 45 @ dashed line in Fig. 4.47), The ritio
of the positive force areas under the first and second compressions (Aa/A;)
was defined as cohesiveness. The negative force area of the first bite (Ay)

Figure 4,46  Schemaric
dragram of the two compressions
required for the testure profile
analysis twst, (a) Downatroke
actians duning the first and
secand bites; (b) upstrake
actions duning the first and
secon: bites.
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represented the work necessary to pull the compressing plunger away from the
sample and was defined as adhesiveness. The distance that the food recavered
its height during the time that elapsed between the end of the first bite and the
start of the second bite {BC) was defined as springiness (originally called elas-
ligity). Two other parameters were derived by calculation from the measured
parameters: gumminess was defined as the product of handness X cohesive-
ness; chewiness was defined as the p!od\n.t of gumminess X springiness
{which 18 hardness X coh X spring ). Szezesniak (1975b) gave an
updated account of the development and changes in the technique since 1963

In the original deseription of TPA chewiness was defined as the encrgy
required to masticate a sohd food product and gumminess as the energy
required to disintegrate a semisolid food 1o @ state of readiness for swallowing.
Szezesniak (1995) pointed out that the distinction has ofien been overlooked
that gumminess and chewiness are mutually exclusive. Therefore, in reporting
TPA measurements one should report either chewiness values, or gumminess
values but not bath for the same food.

The texture parameters identified by the General Foods group gave excellent
correlations with sensory ratings (Szezesmuk e ol 1963). Figure 4,48 shows
th» comrelation for the hardness scale, High correlations between senscry and

1s were ok 1 for the other texture parameters.

The Instron, TAXT2 Texture Analyzer and some other universal testing
machines have been adapted to perform a modified texwre profile analysis
(Bourne, 1968, 1974). A wypical Instron TPA curve is shown in Fig. 4.49.
Bourne closely followed the interp ion of Fried et al, (1963) with one
exceplion: instead of measuring the total areas under the curves to oblain
cohesiveness, he measured the areas under the compression portion only and
excluded the areas under the decompression portions.

A typical TPA curve obtained in the Instron differs in several major respects
from that obtained by the GF Tex This can be seen by comparing
Figs 447 and 4.49. The Intron curves show sharp peaks at the end of each
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compression while the GF Te shows ded peaks. These difl;

arise from differences in instrument construction and operation. The GF Tex-
turometer is driven by means of an eccentric rotating at constant speed and
imparting a sinusoidal speed 1o the compressing mechanism, while the Instron

15 driven at eonstant speed. The GF Tex decel, as it apy b
the end of the pression stroke. ily stops. and then slowly aceel-
erates again as it makes the upward stroke. In the Instron app }

the cnd of the comp stroke at

speed, abruptly di

Figure 4.48  Comelanon
berween sensory evaluation and
GF Tenturometer for hardness of
nine selected foods. {Courtesy of
Dr A. 5. Szezesniak; reprinted
from J, Foad Sci. 28, 401, 1963;
capynght by Instnute of Food
Technalogists. )

Figure 4.4% A peneralized
tonture profile analysis curve
obtained from the Instran
Universal Testing Machine.
(Reprnted from Feod Technel, B8,
63, 1978; copyright by Inatitute
of Food Technologists. )
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Mecharical Measured Dimansions of
parameter variable risatisrd varable
Hardnesy Furce i
Cobesieress Rata TRamosERier
Springiness Datance '

Adbesweness Wirk mit-d
Fracturabihity (bnttleness) Force mit=E
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Sewree: Baurne (1966a). Mare Thes t2ble was incomectly presented in the anginal publicancn
The comest rable was published m | Ford 5o, 32, 154, 1967. Copynghe by lnainute of Food
Techrolagss

and performs the upward stroke at constant speed. The constant speed of the
Instron versus the continuously changing speed of the GF Texturometer largely
accounts for the sharp peaks in the Instron in contrast 1o the rounded peaks of
the Texturometer.

Anather difference is that the supporting platform of the GF Texturometer
is flexible: it bends a linle as the load is applied. The Instron is so rigid that
bending of the instrument can be ignored. Yet another difference is that the

2 plate of the T r moves in the are of n circle, whereas in
the Instron it moves rectilinearly. These three factors taken together account
for the dilerences in the TPA curves obtaincd by the GF Ti and the
Instron.

Since the Instron gives both a foree-time and force—distance curve, the TPA
parameters obtained from it can be given dimensions, which are listed in
Table 4.13.

Henry et al, (1971) provided a more detailed analysis of the adt
portion of texture profile curve for semisolid foods such as custard, puddings,
and whipped topping: Idition to the arca of the adhesiveness
curve they d its force (symbolized by £ to denote firmness
under tension), the recovery in the adhesion portion between the first and sec-
ond compressions (£, to denote clastic recovery under tension), and the ratio
of the twa adhesion areas (C, to denote cohesiveness under tension). They cal-
culated gumminess under Iemlun (Ch, = F X Cy X E,). They also measured
the property of stringiness (or, i 1 as the distance the product
was jod dunng d i bcfurc king off (Henry and Katz,
1969). Their experiments ahcmed that eight of these p:lrdm-:tcrs accounted for
more than 90%% of the variation of four sensory fuctors.

Reports on the Texture Profile Analysis of & number of commodities have
appeared i the literarure with some variations on the main themes deseribed
abave. Breene (1975) gave a complete review of this arca,
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Accuracy and Precision of Measurement

It 15 important to distinguish between aceuracy of measurement and precision
of measurement. Accuracy means how elosely the measured value comes to
the true value. Precision means how many significant figures are used to
express the . A nonfood example of the difl between acou-
racy and pru:l.-.wn follows.

The posted air distance between New York’s Kennedy Airport and London’s
Heathrow Airport is 3452 miles, This number, 3452, is accurnte and carries a
Justifiable degree of precision of four significant figures, When the distance is
stated in sequence as:

3452 miles
3453 miles
3462 miles
3552 miles
4452 miles

the degree of precision is maintained but the degree of accuracy is degraded at
each step in the series because the error becomes greater cach time the erro-
neous digit is moved one place to the lefl,

When the distance 15 stated in sequence as;

3452 miles
3450 miles
3500 miles
3000 miles

the number 15 accurate in each step, but the degree of precision is degrading in
cach step because there are fewer significant numbers.

One must be alert Lo expressing mnsuw.-ml.nls to a degree of precision that
cannot be justified by the i h Continuing with the obove
example, the distance from New York to London is 3452 miles, Conversion
tables state | mile = |.609344 km. Therefore, the distance from New York to
Londan can be recaleulated as:

3452 miles X 1.609344 = 5555.455488 km

This value is accurate but is given with an unwarranted depree of precision
because the expressed value of any quantity should not be given to a greater
degree of precision than is obtained by the original measurcment. [n this case,
the distance in miles is given to four significant figures (3452 miles). Hence
after converting into kilometers the result cannot be given to more than four
significant figures (55355 km). Every number afler four significant figure is
worthless because there is no way to detenmine whether or not il is correct.

The accurscy of the force measuring systerr in most universal lesting
machines is siated (o be 0.5% of the lull-scale force. Hence, lorce measure-
ments, and ining a force el t {e.z. work) cannot be
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listed to more than two significant figures from a single measurement, or more
than three sigmificant figures when the mean of several replicate tests 15
reporied. Many UTMs that have a computer readout of foree list the force to
five or mare significant figures. In such cases it must be remembered that any
numbers past three figures are fictitious und should not be used when repart-
ing the results of the test.
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Introduction

This chapter discusses the major inlly available texture measuring
instruments that are available at the present time. The principles on which
these instruments opernte were discussed in the previous chapter. The order in
which the instruments are described will follow the same sequence as used in
the previous chapter. Appendix 1 lists the suppliers of these instruments, lo
whom inguiries for further information and prices should be sent.

Severul instruments that are no longer inlly available are described,
This is because a considerable amount of dats g | by these i
has been published and a brief summary will give the reader a better under-
standing of the significance and meaning of the published data.

Force Measuring Instruments

Hand-Operated Puncture Testers

These testers are derived from the imp 1 type of tester developed
by Magness and Taylor (1925). These are frequently called *pressure tl.stt.rs
but a better deseription would be to class them as ‘puncture testers.” Table 5.1
lists the specifications of these puncture testers and Fig. 3.1 shows some of
the instruments. All these instruments use a spring to measure applied force
with an indicator to show the maximum test foree, This cluss of instrument
is widely used to measure the firmness of fruits ind some vegetables,

‘The Ballauf Company makes two testers, one with a 30-1b spring for finmer
products and the other with a 10-Ib spring. Two punches are provided: 7/16 in.
and /16 in, diam. The punches have a rounded face and un inseribed line
5116 in. back from the front end of the punch, indicating the depth 1o which it
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Force Plunger travel Punch
Full scale 3 o full scale
Manufacturs graduations. foreu [em) DHam (in.) Face Length {om)  Weight (g)
Ballaul Co. 30 %110 13 7/186, 5116 Raunced 52 700
BallaufCa, RLE PP 135 7716, 5116 Rounded a4 530
Chasllon T19-40 MAFFR 40 % 1/2ln 1] 7/16, 516 Flat 50 500
Bkg X 200g
Chatillan 719-20 MILPFR 20 %1/4lb 10 7/16, 5116 Flat 50 asa
Chatiflan 713-10 MRFFR 100 % 20z il 716, 5716 Flat 50 420
45kg % 50y
Chaniion 715-5 MEPFR 5lb # Vor 10 7/16, 516 Flar S0 a0
22hg X 50g
Chapllan 516-1000 MILPFTL 1000 % 10g 1] 0.026,0032, Flag a6 18D
2b X V2o 0.046, 0,056,
0.063
Chanilon 516-500 MAPFR S00% 53 1] 0.026, 0,032, Flar H 140
1 % Yfdoz 0.0468, 0.058,
0.063
ENfrGi 12 A 1ALy 2 76, 516 Rounded 13 170
5% 00kg

Figme 58 Hand operated
jpuncture testers of the
Magness-Taylor ype, From the
bortom up: 30T Ballauf with
7/ 16n-diam punch, 10-1b
Ballauf with 5/16-in.-ciam
panch, 401 ChatBon with
F/16an.-diam punch, 2016
Chaillan with §/16-in-diam
punch, 1000 g Chatillon with
0,056-n ~dism punch, and
BTGl with 716 dam
panch.

should be pressed into the test sample. A splash collar prevents juice from
running buck along the shaft,

Chatillon makes two series of testers. The 719 series covers force ranges
of 5, 10, 20, and 401b and provides 7/16- and 5/16-in.-diam punches. These
have a flat face, there is no inseribed line indicating how far the punch should
penctrate into the test sample, and there is no splash collar. The Chatillon
516 series are smaller, lighter instruments with force ranges of 300 and 1000g,
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Acsmall chuck at the end of the shaft is used to hold one of the five punches
that range from 0,026 to 0.063 in. dham.

The Efi-Gi is the smallest and lightest instrument and most convenient to
handle. It has a dial force gauge and uses the same punches as the Ballauf;
S-kg and 12-kg force scales are available,

The testers are held in one hand, the punch 15 placed against the sample 1o
be tested (most commonly a fiuit), and steadily increasing foree is applicd
until the punch penctrates to the inscribed line. The operator has to decide how
far to muke the punch penetrate for those punches that have no inseribed lines.
The maximum test force is recorded by a pomter on the force gauge. The
pointer must be returned to zero after cach test.

The manner in which these hand gauges are operated alTects the readings
that are obtained. Therefore, it is mandatory to use a standard method to oper-
ate thig class of instrument, Table 5.2 lists the operating rules that have been
devised i our laboratory.

The springs of these instruments should be calibrated regularly to ensure
that they are giving the correet force readings. The Ballauf instrument is cali-
brated by placing the tester vertically on weight scales with the punch down,

Hemave skin from tess site {unless it has been shown the skin does noe affect the result)

Hold food in une band against & rigid vervical surface such as a wall, tree trunk, or heavy
bench, Keep test swelace perpendicular to the punch lace

Haold puncture tester i the other hand with the side of the hand resting on the hip and steadily
‘lean inta’ the tester with hup; this grves a more even rate of foree application than pushing
with the arm Tester must be in & horzantal plare. Erratic motions due ta back of firm support,

and pushing with the hand anly can Jreky which may puriously high
readugs. Since theie are farce sgh farce will be
recorded as the test lorce.

‘When penetration begis, the operator should pavse momentanly in increasing the applied
force. Penetration will continue at constant force 2nd approwimare constant speed with type 8
produers (see Fig. 5.2, page 193). In type C produsts the punch will acederate into the flesh
past the inucribed line. The penetration will stop far the type A produces even though the force
i maintained, the force s now increased in small increments with & pause between each
increment in arder 1o allow the punch ta penetrate as far 35 possible at thar force, connnue
wnosl tip penetrates oo the inscnbed line

LUse & conssant diameter punch for any series of tests. If ncoessary, change to another
mstrigment with a different farce tprng ro cover the force range but do nor change the punch
duarncter dunng the expenment,

Do not test near the edge of the test sample. INthe edge cracks o splits duning a tess the result
should be rejected. This problem can be avercame by testing farther away fram the edje or
using a smaller diameter punch.

¢ i customary 1o use at least 20-30 fruis per test 1o obeain representavve data. Two readings
are usually made on cach Fruit: on oppasite udes midway between the stem and the blossom
endy, and away fram the suzure hine,

Sairce: Fram Bourne {1878k}, with permisuion from Academie Press ine. (Landon) Led.
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applying force steadily until o gwven foree is regisiered on the scale, then
releasing the force and toking the reading on the Ballauf nstrument. Continue
in this way increasing the force in increments of 10% of the range up (o the
force range of the instrument. The weight of the shall assembly to which
the punch is attoched must be subtracted from the instrument reading for
comparison with the spring balanee reading. The shail assembly in the 30-lb
instrument weighs approximately 300g (1002) and the shaft assembly in
the 10-Ib instrament weighs approximately 200 (7 0z). The Ballauf Co. will
recalibrate their instruments il the factory for a nominal fee. These nstru-
ments can also be calit iin a uni 1 testing hine.

The vertical calibration method described in the previous pargraph cam-
pares the instrument spring force plus the mass of the shafl assembly against
a stale reading, There is, therefore, & positive constant crror cqual 1o the mass
of the rod in the calibration readings that must be subtracted. When the instru-
mient i used in the normal horizontal operating position, the mass of the shaft
assembly no longer alfects the reading.

The Effi-Gi is calibrated in the same way as the Ballauf. The zero is adjusted
by adding or removing shims to the inside of the instrument.

The Chatillon pressure testers have a knurled knob at the end of barrel near-
est the pressure tip. Rotating this knob adjusts the zero poinl. The #ero reading
should be checked while holding the instrument horizontal before each use and
adjusted W the correct value. Onee this adjustment has been made the knurled
ring should not be moved. This instrument has a hook at the top end that can be
used for measuring tensile forces, To calibrate, the instrument is held in a
vertical position with the tip upwand, the knurled ring is adjusted to account for
the weight of the shafl to bring the indicator to the zero point, and then weights
are hung on the hook to increase the force applied in suitable increments.

Voisey (1977a) studied the static and dynamic calibration of the Ballaof and
Effi-Gi testers by mounting them in the Instron and found that the primary
source of differences between instrument readings was systematic calibration
ermors. These can be corrected. Voisey (19774) recommended dynamic cali-
bration because this simulates the actual operation of the instrument. He also
supgested that differences between operators could be reduced by training
operators 1o achieve a congtant rate of force increase.

These instruments are widely used in the horticultural industry for measur-
ing the firmness of fruits and some vegetables, but they could quite well be
used for a number of other foods. Ballauf units are operated by holding one

hand over the smooth end of the tester. The Chatillon instrument must be held
by the body because of the tension hook protruding from the top. This poses
no problem for the lower force ranges but for the 40-1b mstrument the body
must be grasped very tightly to supply sufficient force to prevent the body
from shipping through the hand. A complete set of Chatillon instruments is an
ical method for obtaining a wide range of forces and a wide range of
tip diameters. The Effi-Gi is the most compact of the instruments and can be
carried in a pocket. The rounded dial fits comfortably between the forefinger
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and the thumb. The spring on the Ballauf and Chatillon lesters needs to be
compressed a long distance to reach full-scale force, whereas on the Effi-Gi
the distance 15 much less (Table 5.1). This makes a difference when perform-
ing a large number of tests because the amount of work (force X distance)
required to operate the Effi-Gi on similar foods is abaut one fifth tha for the
other testers that cover the same force rnge.

A person using these instruments for the first time may be perplesed by the
different ways m which these puncture testers handle, Sometimes the punch
can be pushed mto the commodity smoothly and gently, making il casy to
control the depth of penctration. At other times the punch tends to penetrate
with less control, and with some foods it suddenly plunges in past the inscribed
line. The punches from these instruments have been mounted in an Instron test-

ing 1 which ically records the i history of the force
changes that occur during tests (Boumne, 1965a; Voisey, 1977a). These studies
have thrown iderable light on the perft of the hand puncture testers

and on how they should be used. Figure 5.2 shows the three basic types of
curves that are obtained with horticultural products. In each case there is an
initial rapid rise in force over a short distance as the punch moves onto the
sumple. During this stage the sample is deforming under the applied force; there
is no puncturing of the tissues. This stage ends abruptly when the punch begins
1o penetrate into the food, which event is represented by the sudden change in
slope called the ‘yield point’ or sometimes ‘bioyield point.” The yield point
occurs when the punch begins to penetrate inta the food, causing irreversible
crushing, The third phase of the puncture test, namely, the direction of the force
change afler the yield point and during penetration of the punch into the food,
scparates the punciure curves into three types: type A, the force continues o
increase after the yvield point; type B, the force is approximately constant afier
the yield point; type €, the force decreases after the yield point.

Figum 5.2 Charactonstic
force-distance curves obtained by
mounting the 57 16:4n..diam punch
af the Ballauf tester in the Instron,
¥P s the yleld peint and MT the
Farce reading that would have been
obtained on a hand aperated
puneture tester. The doed vertical
lines represent the depth of
penstration to the 5/16-in.
inseribed lne on the preasure tip.
{From Boume, 1965a; reprinted
from Feod Technal 19, 414, 1965
Copyright by Institute of Faad
Technalogists.)

Force (kg

o 2
Dustance {cm)



194 Pracoce of Objective Texture Measurement

Fgers 58 Charactenstic
farco-distance curves from

puncture tests on Faw vegetables.

Mate that each one is a fpe C
eurva. (From Bourne, 1975¢;
with permission from D, Aesdel
Publ. Ca}

With type A products (typificd by freshly harvested apples) the hand tester
must be pushed with increasing force afler the yicld point to make the punch
penetrate fo the required depth. Each increment in force causes an increment
in penctration and no further penetration occurs until the force 15 increased
agzun, It is casy to control the depth of penetrtion of the punch tip into 2 type A
commadity.

With type B products (typified by nipe pears and peaches, and apples that
have been held i cold storage a long time) the hand tester must be pushed
until the yield point is reached, the punch then continues to penctrate the
tissue with no further ingrease in force because penetration occurs al approx-
imately constant force, It is fairly easy to contrel the depth of penetration into

a type B product but not as easily as with a tvpe A product. When the punch
penetrates beyond the inscnbed line, the force reading can still be used
because the puncture force is almost independent of the depth of penetration,

For type C products (most raw vegetables exhibit this type of behaviar), the
hand tester must be pushed until the vield point is reached, when the punch
plunges into the tissue very rapidly until it is stopped by the splash collar.
Figure 3.3 shows typical force=distance plots for vegetables, Ttis very difficult
to control the depth of penetration into type C products. When the yield point
has been reached, the spring continues to push the punch with yield point force,

Ithough the resist 1o fon has become much lower, Consequently

the punch accelerales so quickly that even an expericnced operitar cannot

prevent the tip from penetrating into the food past the inscribed line,

Because it i5 impossible to stop the penetration at the inseribed line on the
punch in a type C product, many operators consider the puncture test to be an

y test for bles, but this #s an erroneous opinion. The yield
point for o type C product is the i foree that is | during
Dee:
Patato Squaih
1 Carrot

- Cucumber |

@

7 .

.E I N | |
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the Lest. Since the hand tester uses o maximum fores reading dial, it will read
the yield point (maximum force) correctly, even though the penetration
goes beyond the inscribed line, provided that the test is performed correctly.
Therefore, the hand puncture test can be a useful test on raw vegetables and
uther products that behave in this manner, Table 5.3 shows data in which the
puncture (est was performed using the same punches in the EM-Gi puncture
tester and in the Instron; the hand tester gives the correct measurement of the
yield point of vegetables (within the limits of experimental error), although
the punch peneteated up to the splash collar in every test.

There hus been considerable discussion as to whether the skin should
or should not be removed at the puncture test site. Figure 5.4, which is a

Commedity Hand tester” mean force (kg) Instran® mean force (kg)
Insh pocaroes 10.76 1086
Summer squash w7 4.50
Beets 1223 12.59

Scurce: Fram Bourne (1975¢); with permissian from D, Reidel Publ, Ca. /18- -diam punch,
mean of 25 punches.

05 rester, §/18-n.-diam tip, operated by hand, read dial farce,

#5116 in.-diarn tip maunted in Instran, read off yicld poinc

Ma skin Soft skin Medim skin Tough skin Figure 5.4 Schemane

representation of force-distance
| 'PM”’ (R ) curves nbtained when puncrinng
{/ 15 horticultural products with and

/ # 7 without skin, The left-hand
(8 column shows the three types of
curves obtained with skin
removed at the test site. The next
three calumns show the effect of
s6ft, medium, and tough skin on
./m o A each type of curve. ¥Pis the yield
point and MT the force reading
that would have been obtained
—
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schematic representation denived from thousands of tests wath the instron,
clanfies this peint. The lef-hand column of graphs shows the three different
shapes of force—distance curves that are obtained on horticuliural products
with the skin removed (as discussed above; see Fig. 5.2).

Whenever skin is present it must be ruptured by the punch before any sub-
stantial penctration of the punch into the food ean occur; the foree to rupture
the skin is therefore mcluded in the penetration force and this appears as a
peak in the vicld point force which is superimpased upon a regular type A or
type B curve and an incresse in the height of the peak of a type C foree—
distence curve. The height of the supenmposed peak depends on the toughness
of the skin, In type B and type C products, where the flesh yield pont force 1s
the measured quantity, the increase in reading caused by the skin is always
reflected in a higher force reading. In some cases (.. strowberries) the skin
is 50 sofl that the increase is neghpible. In the case of a type A commodity with
soft skin the force to rupture the skin is less than the force required to penctrate
516 in. IT the skin is of med: gk it 1ly ruptures at about the
same force required as ot the $/16-in. penetration and only o small increase in
farce reading results. Finally, if the skin is quite tough, the force to rupture the

skin is well beyond the normal Magness=Taylor force and the force reading
will be noticeahly d. Figure 5.4 explains why the p of skin
CHUSES an inp foree and at other tin does not.

Since the strength of the skin is not necessarily related to the finnness of the
underlying flesh, it is evident that the skin should be removed if 3 true mea-
surement of Mesh firmness 15 required, unless it has been established that the
skin is so tender that it causes a neghgible increase or that the product exhibits
type A charactenistics and does not have a tough skin.

Equation (4.5) in Chapter 4 (page 121) explains the relationship between
punch diameter and puncture force and shows that both area and perimeter of
the punch are imp . This equation d that the f force
depends on two diffy properties of the test ial and on both the arca
and perimeter of the punch, [t explains why it is difficult to convert data
obtained with ene punch diameter into data obtained with another punch
diameter. For this reason it is datory (o the punch di; n
any one s2t of experiments. 1t is quite aeceptable to change the strength of the
spring as one moves into a higher or lower force range, but punch diameter
should not be changed.

In general, the 7/16-in.-diam punches are used on most fruits because the
force required will be less than 301h, The 3/16-in-diam punch is used on very
hard fruits and raw vegetables when the force would exceed 301b with the
larger punch diameter, The small diameter punches of the Chatillon 516 serics
are frequently used on commodities such as sweet com. green peas, and straw-
berries. Haller {1941} gives a good discussion of fruil punciure testers and
their practical applications and typical results for puncture tests on apples,
pears, plums; and peaches. Table 5.4 gives typical puncrure force figures for

some apple varieties, and Table 5.5 gives tvpical figures for several fruits.
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Prime upper

Variety Hard Firm Firm ripe Ripe eating Timit
Ben Davic 24-17.5 18145 1512 13,5-8 15-9 L]
Deliciaus 20-165 17.5-14 15-1 12-8 12-8 4
Grimes galden -8 1855 16-125 13.5-9 12-8 ]
Janathan 21-16 165-135  14-105 12-8 12-8 8
Home beauty 2518 19-13 16-125  13.5-9 13-9 9
Supmanwinesap  21-16 16.5-13 1411 12-7 12-8 8
W 20-16 17-13 14-10 11-6 - -
Yellow transparent  22-16 17-13 14-10 -6 - -
York impenal 24-16 19-16 17-14 15-8 1310 A0

1t farce with 7/ 16+n.-dlam Magness-Taylar up. Data fram Haller (1931)

Takila 5

Fruit Variety Color Stage Fiernness (Ib)

Apricors Royal Yellwish green 145

Corwemnh yellow 0.0

Greemizh yellaw 1o yellaw kAl

Yellow ta orange a1

“Mums Peauty Gireen ta siraw tip 132

Straw to shight pink op 9.0

Straw to red tp 61

12w 4 wd 4.9

Climas Green o faimnd straw tip 251

Straw 1o greenish pellow 207

Greenish yellow ta red tip 155

174 to 3jd red A9

Feaches Elberta Yellowish green, sligh blush 17.6

Crearm w kight yellow, sight blush 124

Full yellow, 1/3 ta 1/2 red 47

Phillps cling Garenicsh pellaw ta yellaw 120

Yellow, Vidte 12 red BH

Golden yellow, 174 ro 374 red L]

Pears Hartlert Orginal green W32

Original green to light green 2.0

Light green to yellowih green EAI]

Yillowish green 153

Beurre hardy Original graen LER

Ligha green e

Light green to yellowish green n

‘Source Dara from Allen (1932} with permizsion from Diwsian of Agnculiveal Somnies,
Unnersity of California.

Magreas-Taylor tester: T/16-in-iam tip fur apricots and plams; 5710 40 dam 1 foe b
and pears.
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The €PT (Electronic Pressure Tester) uses the stondard Magness—Taylor tips
and microprocessor to delect the biovield point. The fruit is cradled on s plal-
form wath the skin renoved at the test site. The operator pulls down a handle
which forees the metal tip into the fruit to a depth judged adequate by the
operator. Each reading 15 displaved as it is performed. When a batch of fnut
has been lested the imstrument prints the average force and stondard deviation
for that batch. This instrument greatly decreases the time required Lo testa
es, record (he data, and calculate the mean, DeLong ef al
(2000) compared the EPT fruit tester with other fruit puncture testers on three
cultivars of apples by four opertors.

number of g

Mechanical and Motorized Puncture Testers

Bloom Gelometer

The Bloom Gelometer (Bloom, 1923) is a puncture test designed to measure

the strength of gelatins and gelatin jellies. It consists of a hopper full of lead

shot that Hows through @ be onto a pan, thus providing the force necessary

1o make a plunger penetrate into a standard jelly, Borker et al. (1966) reviewed

the early history of gelatin gel testing and discussed the necessity for frequent
ofalig and adj nt of the Bloom gelometer.

The 2000 edition of Official Methods of Analvsis (published by ADAC
International) gives the details for the preparation of a standard gel, For gela-
tin it 15 method 948.21, and for gelatin dessert powders, method 936.09, The
standand methad for determining the jelly strength of glue is described by
DeBeaukeloer er al. (1930), The lard jar ¢ i the Jard jelly 15
placed in the Bloom Gelometer and adjusted until the flat face of the probe is
Just resting on the surface. A 1/2-in-diameter punch is used for gelatin and a
l-in.-diameter punch is used for gelatin desserts. A lever is tripped allowing
lead shot to flow from the hopper into a lightweight aluminum dish on the
scale supported by the punch pan at the rate of 200 = 5p per 55 When the
plunger has penetrated 4 mm into the jelly (which usually occurs suddenly), an
electrical contact shuts ofl'the fow of shot. The shot is weighed and the weight
'_3“7'01 in grams is expressed as the Bloom of that gel, The Bloom Gelometer
15 18 X 19 % 63 cm high and weighs 13 kg,

DeBeaukelaer et al. (1945) showed that the flow rate of 200 g per § 5 causes
errors in soft jellies because the lead shot runs out too fast, and suggested that
for sofl jellies the flow rate should be reduced to 40-50 per 55, Barker and
Sloman {1969) also found that slowing the Alow rate of shot to 45 g per 55 gave

more precise results and recommended that this low rate be incorporated as
an official standand. As noted above, the 2000 official standard continues 1o
use the 200,g per 35 rale of shot flow,

Stevens LFRA Texture Analyzer
© This insmcnt. developed by the Leatherhead Food Research Association
(LFRA) in England, was designed to pecform the standard Bloom test plus a
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number of other tests. The instrument stands aboul 50cm high, 24 cm wide,
and 23 cm deep, and weighs about 12kg, It replaces the Boucher Electronie
lelly Tester, which 15 no longer manufactured.

The standard probe 15 a 1/2-in-diam fat-faced strght-sided acrylic punch
that has the same dimensions as the punch used for the Bloom test, Punches
of other diameters and punches in the form of a needle, ball, or blade arc
also available, Four specds of punch travel are available: 12, 30, 60, and
I20mmmin~". The maximum stroke of the punch is 15em. The penctration
distance is adjustuble from | to 29mm in l-mm steps. In operation, the test
sample 15 placed beneath the punch and the motor activated. The punch moves
downward at the maximuim speed until a force of 3g is registered, when it
automatically steps down to the selected set speed and travels at this speed for
the selected distance. At the end of the stroke it returns to its original position
at maximum speed. An electronic load cell in the base of the instrument
senses the force and registers it on a digital readout, which shows the maxi-
mum force oblained in the test. The instrument has a capacity of 1000 g force
and reads within 1 g. [t can be adapled to a 100-g force capacity and a reading
within 0.1 g for very sofl products.

A der is an optional Y giving force—di ¢ plots of the punc-
ture tests. This instrument is o useful general-purpose puncture tester for soft
products. IUis used on meat pastes, foams, vanous gels, and some fats,

Maturometer

This inst 1, d 1w the of fresh green peas, was
developed in Australin and is extensively used in that country. Its intended
purposes were to obj I the ity of fresh peas and to select
the optimal harvest time during the growth of the crop that gives the yield and
quality required to meet the prod bjectives of the p Its manu-

facture is covered by Austrlian Patent No, 143,316, It consists of 143 1/8-in.-
diam fat-face punches set i an army of 11 rows by 13 rows with individual
puniches spaced on 7/16-in. centers, A metal plate containing 143 matching
c k holes 15 positioned und h the punches.

A pen is lodged in cach recess. When the plate of peas is driven upward by
a motor, the peas are punctured simultaneously by the pins and the maximum
force is measured on a force scale at the top of the instrument (Lynch and
Mitchell, 1950, 1952; Mitchell et al, 1961). A matching perforated plate
mounted over the metal plate that holds the peas prevents the peas from stick-
ing to the punches during the return stroke. The instrument has a force capac-
ity of 4401b in 5-Ib graduations.

Based on extensive ficld testing and sensory evaluation, it was found for
Ausiralian conditions that peas harvested at a maturometer reading of 250 1b
gave the maximum yield of highest guality peas for canning. A somewhat
lower figure is needed for the maximum yield of best—quality peas for freezing,
In using the Maturometer Index (M1) as a basis of payment for quality the
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2 FAnges are ded for field run ungraded peis:

Grade 1 (canning) consists of peas in the range of 230-270 M1
Grade 2 (canning) consists of peas in the range of 190-230 and
270-320 M1

Grade 1 (freezing) consists of all peas up to 200 ML

The M1 of peas in the field increases by an average of 201b per day. By test-
ing field samples daily it is possible to predict when the figure of 2501h will
be reached. This enables a pea processor to know several days in advance
when 10 harvest a field and the number of ficlds that will be harvested on a
given day.

Casimir et al. (1971}, using a single-punch Maturometer. found a simple
correlation cocfficient # ranging from 0.96 w 0.99 between punciure force and
alcohol insoluble solids of individual peas. Casimir ef al. (1967) showed that
high speed of operation of the pea viner caused some bruising and tenderiza-
tion of the peas resulting in lower M: fing;

Christel Texture Meter

This instrument (Christel, 1938) consists of a set of 25 Nat-faced 3/16-in-diam
punches that are held in a metal plate pbove a metal cup 2 in. internul diam and
14in. deep, A removable metal cover containing a set of holes that match the
array of punches above it rests on top of the cup. The food is placed in the cup,
the set of punches is driven down by a hand-operated gear and rack assembly,
and the force is registered on an hydraulic pressure gauge with a force capac-
ity of 100 or 300 [b.

Armeur Tenderometer

This instrument consists of an army of 10 L-in.-diam stainless-steel probes,
3. long, with the last inch tapered to a point (Hansen, 1972), The instrument
and ils operation are covered by the basic United States Patent No. 3,593,572
and by several later patents. Morrew and Mohsenin (1976) analyzed the
mechanics of a multiple conical probe system of this type. In operation the
array of 10 needles is manually pressed 2 in. into the fifteenth rib eye of a beel
carcass. The maximum force duning penetration is recorded on a portable
strmin gauge foree transducer fitted with a peak force indicator. Measurements
of the maximum force on cold rib eves in the chill room on the day afier
Tang hter were found to late well with subjective panel tenderness scores
on the same meal cooked afler 1 week of aging. Hulfman (1974) found the
Armour Tenderometer to be superior to USDA quality grade or marbling a5 a
means of placing cantle into homogeneous tenderness groups.

Some researchers have found low correlations between the Armour
Tenderometer readings and sensory panels (Carpenter ef al., 1972; Dikeman
ef al., 1972) whereas others find poor correlation (Henrickson ef al., 1972;
Parrish et al., 1973; Campion ef al.. 1975; Harns, 19735). Some of these low
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correlations may hove resulted partly from ineormect operator lechnigque
(Voisey, 1976). Nevertheless, this Tenderometer was granted the Industrial
Achievement Award by the | of Feod Technologists in 1973,

Other Puncture Testers

The supplicrs of Universal Testing Machines provide a number of probes of
various shapes and sizes that are suitable for puncture fests on many different
kinds of foods.

Compression-Extrusion Testers

It was pointed out in the previous chupter that the extrusion principle test eells
usually ivolve plex combinations of comy fon, ion, shear, fric-
tion, and perhups other efTects. For the suke of brevity, the word *extrusion’
will be used to describe this type of test, but the reader should remember that

this class of test cell usually involves more than extrusion.

FMC Pea Tenderometer

This instrument was developed by the Food Machinery Corporation as an
objective means for measuring the quality and maturity of fresh green peas
(Martin, 1937: Martin ef al., 1938), A motor-driven grid of 19 stunless-steel
blades 1/8 in. thick and spaced 1/8 in. apurt are rotated through a second reac-
uton grid of 18 similar blades. The peas placed in the cavity between the two
grds are cut and extruded through the slits between the blades, This is
commonly known as a shearing device, but it is evident that most of the action
on peas is ion. The 1on gnd s d in bearings and is free to
rotate, but its rotation is resisted by a weighted pendulum hanging from the
second grid which swings out of the vertical as the reaction grid rotates. The
force exerted during extrusion of the peas is rellected in the angular movernent
of the pendulum and is recorded by o pointer that moves across a sinusoidal
scale. The pomter records the maximum force encountered in each test. The
machine 15 rugged self-contamed, easy to clean, and can stand a lot of abuse
in a processing plant or at @ pea vining station,

Although it 15 widely used by the pea processing industry as an index of
quality and price 1o be paid for the peas, it has some serious drawbacks,
notably the problem of calibration. 1 the blades become dented or warped. a
friction [ is introduced. Voisey and N ke (1971) performed a
detailed appraisal of the Pea Tenderometer and found serious differences
among different Tenderometers being used in industry. The problem of stan-
dardizing this instrument has also been discussed by Bourne (1972a).
Unilever Research in England have devised a standardization procedure they
claim maintains agreement to within = 1.5 Tenderometer units between all

ts in their continental European and British factonies (Pearson and
Raynor, 1975). However, Voisey (1975} still considers the Tenderometer 1o
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have serious deficiencies Despite these problems, this instrument continues o
be a widely used method for measunng the quality of peas m the industry.

Texture Press
This versatile and well-known instrument was developed at the University of
Maryland (Kramer ef al., 1951; Decker et al, 1957). Although it i1s commaonly
known as the *Krimer Shear Press.” the name of the instrument has undergone
several changes. The mstrument was first manufactured by the Bridge Food
Machinery Co. of Philadelphia, and later made by the Lee Corporation of
Washington, DC, and called the Lee Comptroller and later the Lee-Kramer
Shear Press. Later, the nghts to manufacture the instrument were acquired
by Allo Precision Metals Engineening, Inc., of Rockville, Maryland, and was
called the Allo-Kramer Shear Press. Presently, it 1s manufactored by the Food
Technology Corporation of Chantilly, Virginia, and is known as the Food
Technology Corporation Texture Test System, abbreviated to FTC Texture Test
System,
FTC currently produces five vanations on the Texture Press design;

The Model TU, for Tenderometer measurements on fresh peas
‘The Model TM for in plant use on most food products

The Model T-2000 for general plant lab use

‘The Madel TM3-90 computerized system for rescarch labs

The Model TU-12 for field testing using a 12V de¢ power source

The Models TU and TM are watertight designs for plant floor use and have
a mmimum of operator controls for quick on the spol testing. The T-2000,
outfitted with the new TG4-E Integrating Texturegage and TMS-20, with the
computer contral, have more sophisticated hydraulic systems and controls and
are not intended for use in harsh environments. The new Model TU-12 allows
agricultural field men to do matunity and texture sampling in the crop felds.
Model TMS-2000 is shown in Fig, 5.5,

Al this time we will discuss only the basic machine (Model T-2000) fitted
with one of the presently avmlable force measurement devices, that is, Digital
Texture pauge (Model TG4-EI), or a force transducer (loadecll). A number
of accessories and various test cells, can be attached to this instrument
comverting it into a multiple measunng instrument. This mode of operation is
diseussed on page 228 and in Appendix I11, Table 1, page 353,

The basic machine, known as the ‘Texture Press,” 15 64 cm wide, 60cm
deep, %0em high, and weighs about 95kg (see Fig. 5.5). This is a robust
machine that is designed for hard reliable work under wet food processing
plant conditions. The system is driven hydraulically. An electrically driven oil
pump powers the ram to which the moving parts are attached. Switches con-
trol the up and down motion of the ram. The working space for the test cells is

4 X 45in

In the older models the force was measured by a proving ring placed
between the test cell and the bottom of the ram. In the current models the force
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Figure 5.5  The Food
Technalagy Corporation Testure
Fress ("Kramer Shear Press’)
Model TMS-2000, (Courtusy af
Food Technalagy Corporation.)

15 measured by means of a force trmsducer placed between the bottom of the
ram and the test cell that is electrically connected 1o either o direct-reading
digital texture gauge or u TMS-90 computer, both of which can display results
in metrie or English units. The force transducers have long-term stubility;
once calibrated they hold their performance for extended periods of time
unless overloaded or abused. Force transducers should be returned to the
manufacturer periodically for recalibration and inspection.

Six foree transducers ranging from =50 to =3000 b capacity are available,
A special foree transducer is available for use with fresh peas, which is cali-
brated directly in Pea Tenderometer units, and covers the range of (-500
equivalent Tenderometer units, One Tend unit is equivalent to
approximately 6.2 Ib/foree. The digital texture gauge can bo used as o masi-
mum force measuring mstrument by utilizing the peak holding switch on the
front of the texture gauge. It can also be used as a total work calculator by
using the integral switch on the gavge. With the switch in the peak position,
the digital meter will read the peak maximum force and hold this r:admg until
manually reset at the start of the next test,

The standard test cell of the Texture Press consists of a metal box with
internal dimensions 2§ % 2% x 24 in. high (6.6 % 7.3 X 6.4 cm), A set of
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1#8-n ~wide bars spaced 178 i apart dre fixed in the bottom ol the box. Guide
ridges from the ends of these bars nse vertically up the sides of the box. A sel
of ten blades, each 1/8m. thick and 23in. wide, spaced 1/Bin. apart, 15
attached to the press ram. A metal hd containing o set of bars that match the
bars in the bottom fits over the box. In operabon, the food is placed in the tost
cell, the lid is positioned, and the test cell is placed in the machine such that
the shis formed by the bars in the lid arc aligned with the blades on the ram,
When the ram is activated, the set of blades is forced down through the bos,
first compressing and then extruding the material. Some of the materil
extrudes upward between the moving blades, and the remainder extrudes
downward through the bars wn the bottom of the test cell. The moving blades
are propelled down until they pass between the bars in the bottom of the test
cell, When the ram is reversed, the moving blades ascend and retum to ther
ariginal positon. As they ascend, the bars of the stationary test cell lid serape
aff into the cell the food lodged between the moving blades.

The first standard test cell was fubricated in stainless steel, and the moving
blades were a nigid welded unit with the bottom fuces of the blades fat and
parallel. This type of cell was manufactured by the Lee Corporation and Allo
Precision Metals. The rigid construction posed a number of problems, includ-
ing that of friction between the fixed bars and moving blades which can cause
serious errors in measurement, particularly with sofl products (Bourne,
1972a). Adso there could be friction if the blades were burred. twisted, bent, or
in some other way moved out of strict alignment.

The fard test cell factured by the Food Technology Corporation
was changed to aluminum allay, which makes the cell lighter (from almost 6
1o 2.4 kg) and easier to handle. In the new design the moving blades are not
welded but are pinned together, leaving a small amount of free play of the
blades in the attachment connected to the ram. The blades in the new test cell
design self-align with the slots in the box, The clearances between the moving
blades and the slots in the stationary box have been increased slightly, which
reduces the problem of friction between the parts,

A number of vanations of this cell design are available, The CS-1A, which
is fabnicated from stainless steel and Delrin plastic, is designed for use with
high aeid foods. It is geometn . Another variant is
the Model CS-2 with thinner blades and slots; 1t 15 better suited for use with
smaller-sized products such as rice or minced vegetables,

Voigey (1977h) found that some fiction still occurred with the aluminum test
cell and that the amount of friction vared greatly from cell to cell. He consid-
ered that these errors may be acceptable for samples that require a high force,
but noted that ermors could become large for samples that require a low foree.

The bottom faces of the moving blades are slanted in alternate directions,
which climinates the sudden peak force that sometimes occurred when the flat
and parallel blades first engaged the stationary bars at the bottom of the box.

The new design test cell has reduced some of the problems of the old
cell and 15 preferred for general use. Occasionally the old cell may have an

v ientical to the CS
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advintage over the new cell, For example, Ross and Porter (1968, 1969, 1971,
1976} used the old design test cell to study the texture of French fnes. They
were able to obtain good results wath the old model cell with squared-off ends
on the moving blades, but their results cannot be duplicated with the new type
cell with the slanted blades.

The relationship between the weight of material in the eell and the maxi-
mum force during the compression stroke was studied by Szezesniak ef al.
(1970}, and is shown in Fig. 5.6, For twe products (white bread and sponge
cake) a linear relationship is found between sample weight and maximum
force over a imited range ol‘snmph, weight. deMan and Kamel (1981) also
found a lincar force and sample weight for
cooked poultry meat, The relationship for the other foods was nonlinear, tending
toward constant force—weight relationship at high fill weights. Some products
{e.gz. raw apples and cooked dry beans) never reach a linear relationship, Many
products attain a constant force independent of sample weight before the cell
is filled (¢.g. canned beets, peas, carrots, limu beans; frozen peas and lima
beans; and raw snap beans and bananos). Thus, for most foodstuffs the force
per sample weight is not constant but decreases as the sample weight

increases. On these grounds it is advisable to use a constant weight of sample
in the test cell unless tests show that there is a linear relationship between sam-
pleweight and maximum force for that food. Many researchers report Texture

Press data as pounds force per gram weight of product. Figure 5.6 shows that

this procedure is likely to introduce errors, and it should be discontinued.

Tatiomks

1]
f
I|
H ;'/ =]
£ f ,_/f-
2 { LT
3 -
/ /
/ /7
i )
| ‘/' /

Sample weight

Figure 5.6 Typical mammum
force versus sample weight
relatianship lor standard Texture
Press test cell. Behavior (1) is
eaemplified by white bread and
cake, [2) by raw apples and
cooked dry besns, and (3) by
canned or frozen vegetables.
(Reprinied fram . Testure Stdies
1, page 366, 1970, With
permission fram Food and
MNutrinan Press Inc.)
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The speed of trvel of the hydraulie ram is mlintely vanabie from 0 to
2010 min~ ! by adjusting a flow control valve located in the o1l supply pipeline
to the ram. Ram speed is usually expressed as seconds to travel its full stroke
of 3% in. This procedure poses the problem of using a reciprocal scale, thatis,
the higher the number in seconds the slower the speed. The formula for con-
verting scconds to travel full siroke length into inches per minute, assuming
constant ram speed, is

(3.5/5) % 60 = inches per minute

The viscosity, which affects the rate of flow of the hydraulic oil, depends on
the oil temperuture. Henee, ata given setting of the control valve the speed of
the ram will change with changing o1l temperature. Therefore, the ram speed
should be checked after the instniment has been running for some time to
compensate for the effect of the heating of the oil. This is particularly impor-
tant for those commoditics that are strain-rate sensitive and for very slow
ram speeds. Ang ef al. (1960) used the Texture Press at a very slow rate of
0,46 in. min™" and found that after 2 h of operation the oil liad heated to 165°F,
and the speed of travel of the ram had changed. In order to o this prob-
lem they placed a thermostatically controlled electne immersion heater in
the il bath to preheat the oil to 170°F before testing began, This is the only
recorded instance where the temperature of the oil bath needed to be con-
trolled in order to maintain adequate control of the speed of the ram. Voisey
(1972) in a study of the Texture Press discusses the problem of speed control
and concluded that the early models gave inadequate control of mm spead.
Current models incorparate an imp d temperat I flow con-
trol valve in the hydmulic control cireuit.

The Food Technology Corporation provide another extrusion eell (Model
CE-1 Universal Test Cell) that can be operated in several modes. It consists of
a cast-iron cylinder that mounts in the machine frame. A circular piston is
amtached to the ram. [n one mode the piston is a close fit in the cylinder, and all
food placed in the cylinder is pushed out before it. There is some friction
between the piston and the walls of the eylinder. A grid of metal bars or a flat
plate containing a single onfice is inserted in the base of the cylinder, and the
foad is extruded through the grid or the orifice plate. In the second mode, a
pisten with a smaller diameter is used and a solid 5 placed in the botlom
of the cylinder: in this configuration it acts as a back extrusion cell because the
food is extruded upward between the walls of the cylinder and the sides of the
piston, moving in the opposite direction to the motion of the piston. The anau-
lus width in this back extrusion cellis 1/8 in. (3.2 mm), and there is no friction
between the piston and the cylinder.

Ottawa Pea Tenderometer

The Otawa Pea Tenderometer is a special version of the Ottawn Texture
Measuring System (Voisey, 1971b, 1974 Voisey er al, 1972: Voisey and
Nonnecke, 1973a,b) that was adapted specifically for measuring the maturty
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of resh pess (Vowsey and Monnecke, 19720.b, 19730.b.¢). The standard test
cell is constructed of 1/2-in-thick aluminum plate and 15 squorne in cross
section. The internal cross-sectional area of the cell is 30 em? (55 mm along
the cdge), and it stands about 13 cm high. A rectangular plunger made of
12-in-thick aluminum plate 15 attached to a 1-in-diam shaft, The plunger
has i clearance of 0.275 mm from the wall on each side to eliminate friction.
The peas are extruded through a replaceable wire grid that ships into the
bottom of this ccll. The grid consists of nine wires 236 mm diam with a gap
of 3.3mm between the wires. The plunger is driven down into the test cell
al 18.2cmmin™" by a synchronous motor conneeted through o gear box to a
single vertical screw that moves the erosshead

Vettori Manghi Tenderometra

This Italian-built instrument is similar to the FTC Texture Press in that it uses
an army of metal blades that move down and through slots formed by a set of
stationary bars (Andreotti and Agost, 1965). The instrument is constructed
of stainless steel and is driven by a hand-powered crank handle. The capacity
of the test cell is 166ml, which is approximately one third the 450-ml capac-
ity of the FMC Pea Tenderometer. An hydrulic gauge measures maximum
force in Tenderomeler umits on a 0-250 scale, 1t is used mostly for measuring
the matunity af fresh peas. [Lcan be casily disassembled for cleaning,

FirmTech 2

This small instrument. weiglmg only about 7 ke, is designed 1o test small
fruits such as blucbernes, chernes, grapes, plums, and tomatoes. A small
platen gently compresses fruits one by one. Two modes of compression
are available: (1) measures deformation distance under a standard force;
(2) measures foree to attain a given deformation. A third option 15 o perform
apunctire test using a probe smaller than the fruit. A turntable has a number
of depressions around the perimeter, the size and number of depressions
is matehed to the size of the fruit, The instrument is controlled by a deskiop
or laptop computer. A fruit is placed on each depression and the instrument
is started. The fruit under the platen is gently F d, then the hl
automatically rotates to bring the next fruit under the platen and after it has
been compressed, it moves on (0 the pext fruit, and this process continues until
all the fruits on the trntable have been tested. The load cell capacity is 45N,
Approximately 35 is required to test each fruit.

Cutting-Shear Test

‘Warner-Bratrler Shear
The test cell of this apparatus consists of a stainless-steel bl:lde (L040in.
thick in which a hole, isting of an equil 1iiecar S

around a 1-in-diam eircle, is cut and the edpes rounded uﬂ' to a radiug of
002in (Warner, 1928; Bratzler, 1932, 1949). In some publications the
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Warner-Bratzler Shear is misrepresented as having a rectangular-shaped hoke
in the blade. This confusion probably results {rom the fact that the first exper-
imental madel of the Wamer-Bratzler Shear used a blade with a square hole.
Also. some resesrchers are presently experimenting with square blades.

Two sharp-cidged borers that resemble cork borers are provided with the
instrument and are used to cut a 1/2- or 1-in.-dinm sample of meat. This sample
is placed through the hele and two metal anvils, onc on cach side of the blade,
move down, forcing the meat into the V of the triangle until it 1s cut through
A 50-Ib capacity spring force gauge with @ maximum pointer measures
the maximum force encountered during this cutting action. The paneiple of
this test has heen deseribed on pages 134—138. Although commercially avail-
able, the Warner-Bratzler shear has not been patented (see Fig. 3.7).

This instrument measures approximately 23 X 30 % 56cm high and
weighs 14 kg. The anvil moves downward at 23 cmmin™ . However, the actual
shearing rate is less than 23 cmmin ™! because the spring in the gauge s highly
extensible and the blade and the meat move downward to some extent as the
force increases,

A number of studies have been performed to compare Warner-Bratzler
Shear figures with subjective estimates of tenderness of meat. Szezesniak and
Torgeson (1965) thoroughly reviewed the subject of meat tendemess
and its measurement. In summarizing 38 studies on beel, four on pork, and
ning on poultry these authors list correlation coefficients () berween the
Warner-Bratzler shear and some method of sensory testing ranging from
—0.001 to ~0.942. OF the 51 papers listed in this review, 41 reported good
agreement or hetter, and the remainder indicated that correlation was border-
line to poor. S iak and Torg: (1965) 1 on the high degrec
of vanability in the correlation between Warner—Bratzler Shear and sensory
testing and point cut that many factors come into play, one of which is the
reliability of the sensory panel that is used. At the present time there is no
ather device that consistently gmives belter correlations, although the FTC
Texture Press is about as good (Szezesniak and Torgeson, 1965), The subject
of Warner-Bratzler Shear carrelations with sensory tests is also discussed on
pages 298-300 and 335-336.

Although its reliability has often been questioned, the Warner-Bratzler
shear is the most widely used device in the United States for measunng
toughness of meal. One serious difficulty with this test is the great varibility
of meal. Meat toughness varies markedly from animal to animal, from muscle
to musele within an animal, and also from point to point in the same musele.
Meat to be tested should be sheared across the muscle fibers: hence, samples
should be cut parallel to the fibers (Hostetler and Ritchey, 1964). The boring

tool should be sharpened regularly. Variability in meat is also discussed on
pages 305-307.

When cutting the sample core, it is necessary to use a technique that will
give a standard diameter ssmple because the shear force is affected by the

diameter of the test sample (see page 137). A steady, moderate pressure should
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be maintained on the cutting tool as it is twisted in order to obtan o wniform
diameter along the length of the sample. High pressure will give an hourglass-
shaped meat core thal is thinner in the center than al the ends. Uneven pres-
sure will give a core with uneven diameter along its length. Kastner and
Henrich (1969) rec d ing the borer in a“dnill press because
they found that samples cut with the aid of a drill press were more uniform in

Fgure 5.7 The Warner-
Bratzler Shear: the cylinder of
wouod inyerted in the trangular
blade represents 2 prece of meat
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Hand-bared samples. Mashinge bored sampler
Cuming tasl
dizm (em) Mean diam (em) Shear foree |Ib) Mean diam (cm)  Shear force (B)
254 241 184 248 19.6
150 179 & 188 123
nz 12v .5 125 84

Soure: Data fram Kastner and Hennckssn (1969}, Sample mutenal was parcine longimimia
dorsimuscle heated to an inteal tsmperature of 72°C in deep fat az 1407Cand chilled for 24h

in & 4*C cooler before cutting.

diameter, closer to the diameter of the borer, and slightly larger than the hand-
cut samples (Table 5.6). These authors also found that more uniform cores
were obtained when cooked pork was held at 4°C for 24 h before cutting the
samples.

The degree of cooking has a great effect on the toughness of meat; hence, it
is necessary 1o have all meat cooked to the same degree of doneness in any
one study. A higher final internal temperature (or degree of doneness) results
in a higher shear reading, The range of shear readings usually varies from
about 3 1o 25 1b, depending upon the size of the sample, doneness of the meat,
and toughness of the mest. Wheeler ef al. (1996, 1997 noted that the method
of sampling, thawing frozen beef, cooking and canng aflects Warmner-Bratzler
readings (see also pages 335, 336).

Pasta Firmness
Matsuo and Irvine (1969, 1971) used a simulated twooth to deform and eut
through single strands of cooked spaghetti. Vaisey's group in Ottawa designed
i system wherehy ten strands of cooked spaghetti were cut by ten | Smm
thick blades. This system can be mounted in a universal testing machine or
the Ottawa Texturomeier. This group reported poud resulls for measuring
firmness and chewiness of cooked spaghetti with this device (Voisey and
Larmond, 1972, 1973; Vaoiscy ef al., 1978).

The American Association of Cereal Chemists have  standard method for
measuring the firmness of cooked pasta and noodles that uses a small blade to
<cut through the product {AACC Method 66-50).

Torsion Devices

Most of the torsion measuring instruments are used to measure viscosity of
fuids, which will be discussed in Chapter 6 where the subject of viscosity is
cevered. Three instruments that use the principle of torque and are used on
seomsolid foods or in intermediate stages of p ing are described below,
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Fannograph
This is o basie testing instrument that is used in flour mills, bakeries, and
cereal research laboratories to determine the baking quality and moisture-
absorbmg capacity of flour and the handling properties of bread dough (Munz
and Brabender, 1940: Locken er al., 1960; Brabender, 1963). The instrament
works by mixing wheat flour, water, and sometimes other ingredients in o
small mixing bowl that has two Z-shaped paddics thar rotate on a honzontal
axis, The torque required to mix the resulting dough und how this changes
dunng mixing provide a quantitative of rheol | properties of the
donigh that correlute well with the way it handles in the bakery, The method is
highly empincal and requires stnct control of the conditions. The highly stun-
dardized conditions of operation are spelled out in AACC Method No. 54-21,
1CC Method Ne. 11571 and 1SO Method 5530-1
A new model, Farnograph E with a more compact design that works fully

I ically with i ¢ lled operation and display of the torque—
time curve, is now available. It uses the same geometry mixing blades and gives
the same results as the standurd Farinograph.

The basic instrument occupics approximately 120 % 120 em of bench space
and is about 90 em high. Three models are available: Maodel FA2 15 powered by
a two-speed 0.5-hp electric dynamometer mator that drives the paddles at
either 63 or 31.5rpm. Model FAH is also driven by a two-speed 0.5-hp
dynamometer motor that drives the paddles at cither 63 or 126 rpm. Model
DO-V153 (Do-Corder) is powered by a 0.8-hp de dynamometer motor it
drives the paddies at any speed between 20 and 210rpm by means of an
infinitely vanable speed control, The mixing bowl is made of stainless steel
with @ jacket through wineh water is errculated from a temperature bath (o
maintain constant temperature, Two sizes of mixing bowls are available;
50 and 300 g capacity. The capacity refers to the amount of flour that is used.
The actual capacity of the bowl is about 50% maore than the weight of the flour.
A pair of sigma-shaped blades are standard for mixing flour. A pair of delta-
shaped blades can be supplied and are used to study mgredicnts such us short-
enings that cause a change in the consistency.

The blades of the Fannograph mixer/measuring head are driven by a motor
that 15 suspended to swing frecly between precision bearings 1o form a
dynamometer. As the mixer blades encounter  resistance torque from the test
material, the dynamometer reacts by swinging in the opposite dircetion of the
shaft rotation. The reaction torgue acts through the lever system of an analyt-
jeal seale and 15 simultancously recorded on a strip chart recorder. The baking
and milling industry commaonly express their results in Brabender units. One
Brabender umit is one meter-gram torgque,

The Brabender instruments can be calibrated with weights if needed. Most
users of the Brabend have a I serviceman routinely
check cach machine yearly, Cheek ( jard) flour ples are routinely dis-
tributed by the American Association of Cereal Chemists, 3340 Pilot Knob
Road, 5t Paul, Minnesota 55121, to compare instruments.
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Mixograph

This instrument is a recording dough nmuxer that performs substantially the
same functions as the Faninograph, using a small sample of four (30gk A
smaller assembly that accepts a 10-g sample of lour 15 also available (Finney
and Shogren, 1972). The cup contains three ping and four contrarotating pins
in the mixing head that knead the dough (Swanson and Working, 1933,
Larmour ef al., 1939). In 1o the Farinograph, where the hameal
dynamometer measures the reaction of the motor, the Mixograph has the
mechameal dynamometer atached to the mixing bowl and measures 113 rexc-
tion as the dough 1s formed and kneaded, A pen uttached to the anm records
the movement on strip chart.

“The resistance offered by the dough to four vertical pins revolving around
three suitionary pins in the mixing bowl creates a torque in the bowl that is
propertional to the shear strength and elasticity of the dough. The Mixograph
15 a standard physical dough tester { American Association of Cereal Chemsts
Method 54-40A). The Mixograph is 80 x 80 X 45cm high, weighs 50k,
and uses 15 cm-wide chart paper.

Bending

Structograph
This 1 on the triple-k inciple (see p. 145), The

sample rests on two parallel support bars that are .|||.nhu.| 1o an elevitor pla-
form that 15 raiscd at constant speed to contact a sensor bar mounted above
the sample and equidistant between and parallel 1o the two lower knife edges,
A strip chart recorder gives a force—time plot
This instrument is uscful for measuring the force 1o snap brittle foods. It cn
also be used to measure bending deformation from the slope of the force—
distance plot on the chart. For nonbrittle foods, a sharp-edged upper knife or a
pointed cone can be used to measure the force 1o cut through or penetrate the
product. This mstrument has a variable stroke length up o 70mm, and a rate of
travel variable from 8 to 320mmmin~". Samples up to 80mm wide can be
accommodated. The strip chart recorder is 1 80mm wide and the standard chan
speed is 10 mmmin™", but this can be varied by changing gears inside the insru-
ment case. The instrument is approximately $0em wide, 28 em deep, 51 om high,
and weighs 18kg. The force mnges available are 0-500, 0-1000, and 0-2000y,

Tensile Testers
All the uni testing machincs are equipped to perform tensile tests. They
provide a wide range of grips to hold different kinds of foods.

Extensograph
This mstrument is used in conjunction with the Fannua'raph to evaluate the
rheological properties of bread dough in laboratories associated with the flour
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milling and bread-baking industry: 10 consists ol three parts: (1) the dough-
forming devices, which round and roll the dough to standard dimensions,
(2} a temperature-contralled fermentation cabinet 1o allow the dough to relax.
and (3) the mechanism that stretches the dough to breaking and reads the
changes in force wilh extension

Three parameters are obtamed from the Extensograph curve: (1) the encrgy,
which 15 mensured as the arca under the curve; (2) resistance to extension,
which 15 the force at SO0mm stretching measured in EU force units
(Extensograph units), and (3} extensibility, which is the length of the curye,
measured in millimeters,

The standard method for using the Extensograph is described in AACC
Method No. 54-10, 1SO Method No. 3530-2 and ICC Method No, 114/1.

The Es graph can be modified for ter connection for fully auto-

matic tests and evaluation with Windows software.

FTC Texture Test System

This company provides a tension test cell (model TT-1) comprising a pair of
serrmted gripping jaws 1-in. wide. 1t also has available a thin-slice tensile test
cell fmodel ST-1) with o horizontal work table for tensile tests on products
such as sliced bologny, cheese, and bread. This is modeled on the aceessory
developed by Gillett er al. (1978},

Distance Measuring Instruments

Bostwick Consistometer

This simple instrument of o level stainless-steel trough that is rectan-
gular in cross section and comprises two compartments, The first compariment
155 X 5 % 3.8cm high, and it 15 separated from the second compariment by
means of a spring-loaded pate. The second compartment, which is contiguous
with the first compartment, is o trough 5 em wide, 24 cm long, and about 2. 5em
high. The floor of this compartment has o seres of parallel lines drawn across
it at 0.5-cm intervals beginning at the gate and extending to the far end. It
weighs about 800 g (see Fig. 5.8),

In operation, the gate 15 pressed shut and locked in place by means of a trigger.
The first compartment is filled with the material whose consistency is 1o be
tested. This is usually a i § truit or such as appl carrol
puree and other baby foods, tamato catsup and tomato purees; The consistometer
is Jeveled and the trigger is pressed, releasing the gate, which springsup out of the
way. The fluid material is then free 1o flow under the force of gravity from the fiest
compartment into the second compariment, The distance it has flowed from the
gate after 305 is measured in centimeters as the Bostwick Consistometer reading.

When the moving front edge of the flowing product is curved. the distance
1o the forward edge of the curve is taken. In some products syneresis ocours,
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Figme 58 The Bowmwck
Consistometer {a) sample is.in
first comparrment with gate
closed; (b} gate it open and
sample has flowed along the
second compartment

in these cases the clear houid is generally ignored, and the reading is taken st
the front edge of the puree. The width of the clear serum is sometimes also
measured in those products in which considerable syneresis occurs,

The United States standard for tomato catsup stipulates that grade A and
grade B quality should be of good consistency, and flow not more than 9 cm in
305 a1 20°C in a Bostwick Consistometer. Grade C tomato calsup must have

a *fairly good consistency” and flow not more than 14cm in 30s at 20°C ina
Bostwick Consistometer.

Rutgers (1958) reported that tis instrument is suitable for nonlimnlmpic
purces and thick porridges bul not for starch-thickened milk puddings.
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Bookwalter ef al. (1968 found the Consistometer to be switable for processed

s and ther i iched blends. Rao and Boume (1977) found that
the Bostwick Consistometer was suitable for fruit and vegetable purees but not
suitable for nonpureed foods b they adhered to the gate, Tt is not suitable

Tor High solids tomato paste because the paste docs not flow far enough i 305
1o give blc diffi b samples. However, some laboratorics
dilute tomato paste with distilled water 1o reach a standard soluble solids level
{*Brx) and then measire its consistency in a Bostwick Consistometer,

Each vear the US Agency for Inter I Develop ! hundreds
of thousands of tons of o precooked corm—soy blend to undernourished people
in developing countries. One quality specification for this product is that a
slurry of 37 ¢ dry comn-soy blend mixed with 100 m] water at 257C shall give
2 Bostwick reading of less thun 20cm one nunute afler rising the gate
{Konstance ef al., 1999),

The results from this instrument cannol be converted into fundamental
rheological parameters because surface tension, wetting power, and possibly
ather factors other than viscosity are also involved. Nevertheless, it 15 o use-
ful, rapid quality control tool for products that have a vield point but is not too
stiff, McCarthy and Seymour (1993 ) showed that the Bostwick Consistometer
used the gravity flow current principle {(see page 162).

The Hilker-Guthrie Plummet

This simple device was developed 1o measure the consistency or “body' of
cultured eream, bul it con slso be used on other products that have a similar con-
sistency (Hilker, 1947; Guthrie, 1952, 1963). The plummet consists of a hollow
aheminum tube 1/2 in. diam and 4-]_.- i, long weighing about 15 g The lower end
tapers to 178 in. diam and is closed off, A series of insenbed lines numbered | 1o
10 are etched into the tube at 3/8-in. intervals beginning from the top. The plum-
met ismounted in a stand vertically over the commodity to be tested and with the
lower tip exactly 12 in. from the surfaee of the product. Itis released and allowed
1o fall freely into the product. The depth of penetration into the commuodity is
read off the scale after 55, 1tis customary W take the mean of three tests,

Hilker (1947) gives the following figures for relating the plummet reading to
the viscosity of cultwred eream: very thin, 0-2; thin, 2—4; medium, 4-6; good,
6-7.5; slightly heavy, 7.5-8.5; heavy, 8.5-10; very heavy, greater than 10,

Ridgelimeter

This little deviee was developed for judging the grade of frut pectins and the
stiffness of pectin jellies (Cox and Highy. 1944; Anonymous, 1959). The
instrument is ca:mlmllv a height-measuring gaunge, A pectin jelly is made
under dard d pecified by The Insti of Food Technol

Committee on Pectin Standardization (Anonymous, 1959) To make a 5lan-
dard jelly, one assumes a jelly grade and uses (630/assumed grade) grams of
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Figar= 58 The Ridgelimeter.

pectin to make the jelly, The jellies are pourcd into tapered glass mmblers that
are 1,751, 1.d. at the bottom, 2.5 10, Ld. at the top, and internal height exactly
3,125 in. Masking tape is applied to the top of the jar to protrude at least 1i2in,

above the jar (see Fig. 5.9)

The beiling jelly is poured into the jar until it is 1/2in. above the top of the
jar, the excess being retained by the tape. Afler standing for 20-24h ot
25 + 3°C the tape is removed, a wire cutter is moved across the top of the jar
lo remave the excess jelly, and the jelly is carefully tipped out onto a small
square of plate glass that is furnished with the instrument. The pointer of
the dial is moved down close to the surfoce of the jelly. After exactly 2 min the
pointer is moved until 11 just contacts the jelly. The scale pives the percentage
sag to the nearest 0.1%. A jelly of “standard firmness’ has o sag of 23.5%
The true grade of the test is obtained from the formula

true grade = assumed grade (2.0 — % sag/23.5).

1f a more precise calculation 1s needed. a conversion curve given by Cox and

Highy (1944) may be used,
This is a simple but effective instrument and 1s the standard test used by the

industry for establishing the grade of pectins and fruit jellies.

Penetrometer

This useful instrument was first developed for measuring the firmness or the
vield point of ials such as petroleum jelly and bi » but it is widely
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used for measuring the firmness or yield point of butter, marganine, and other
solid fats. The principle is descnibed on pages 148-150.

The Penctrometer manufactured by Precision Scientific is deseribed here
(see Fig. 5.10). Penetrometers that are very similar are made by several other
manufacturcrs, The Penctrometer consists of a vertical rad 3/16 in- diam and
weighing 47.5 g that can be locked in position and then relcased 1o fall freely
under the foree of gravity. At the lower end is a small chuck that can hald var-
sous cones and needles. A dan-diam dial gauge that is connected to a depth
gauge is used 1o measure manually the distance the rad falls afler release o
within 0.1 mm. The dial 15 graduated from 0 to 380 m 1/10-mm increments.
Penctration measurements can be made to a total depth of 62 mm because the
dial pointer can make approximately 13 revolutions.

Figmm 5488  The Penetromener:
different rypes of cones and
needles are shown resting on the
white clath.

—
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This assembly 15 attached 1o a vertical shafl by means of o rack and piman
to adjust the height above the sample, The vertical shafl 1s held in a heavy cast
aluminum base that has a built-in spint level and two leveling feet. A tngger
normally holds the rod at its highest point 1n o locked position. When the
trgger is pressed, the rod is free 1w drop. An optional addition is a solcnoid
trigger assembly controlled by an clectrical timer that when switched on
releases the trigger and then locks ot again afier 55,

T operate, a suitable cone or necdle 15 placed in the chuck, the trigger is
released, and the rod and cone assembly 15 hifled up until it reaches the upper
stop where it 15 locked. The needle should then read 0, If it is not 0, a small
adjusting knob beneath the instrument 15 turned to bring the needle to 0, The
matenal 1o be tested is positioned beneath the cone, and the whole cone and
dial assembly is lowered by means of the rick and pinion until the point of the
cone almost touches the surface of the fat. The mck and pinion assembly is
then locked. The final adjustment to bring the point of the cone exactly inta
comtact wilh the surface of the sample is made by means of a micrometer

2 adjusting screw, The cone and rod assembly is then released and allowed 1o
sink into the food under the force of gravity for 55 when it is locked again.
Weights are provided that can be added to the top of the rod 1o increase the
force on the cone, Then the depth gauge is pressed down gently until it reaches
& stop on the rod. The dial reading indicates the depth of penetration directly
in tenths of o millimeter. When the dial reading has been recorded, the cone
and rod assembly s returned to the 0 position and the instrument is ready to
make the next reading.

There 1s discussion in the literature a5 to the exact meaning of the

Penetrometer reading and whether the reading measures the yield point of the

fat, the y. or some combination of these (see page 149). Although
this matter is not completely settled, the Penet test is a useful test for
solid fats. It is to make on fats at several tlemperatures
inorder to d ine the range of temp over which the fat is workable

(i.e. its plastic range),

Maleki and Siebel (1972) used a Penetrometer 1o measure the deformahil-
ity of bresd and reported a correlation coellicient (#) of .88 between
Penetrometer units and sensory score of sofiness. These suthors used S-cm-
thick slices of bread, a deforming weight of 203 g for 55, Fresh bread gave a
mean deformation of 13.5mm whereas S-dav-old bread gave a mean defor-
mation of 5.3 mm. Underwood and Keller (1945) used the Penetrometer to
measure the consistency of tomato paste.

The Penctrometer can be adapted to measure the deformation of many
foods by using a flat disk in place of the cone (Bourne, 1973). A small flat
disk $mm thick and S0mm diam is cut from a piece of hard plastic and a
1/8-in.-diam brass rod inserted in the center of one side of the disk normal to
the plane of the disk. The-article of food (2.2, 2 tomato or other deformable
food) is placed in position in the Penetrometer and the disk is brought down
close 1o (but not touching) its surface by means of the rack and pinion. The
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! .. ilgpure 511 Change in
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Penetrometer 15 wrned on and the disk and rod are allowed to drop freely for
5s and then locked. The distance the rod and disk have fallen is measured on
the dial gauge. A selected weight is then placed on the upper end of the rod,
and the weighted disk ond rod bly 15 allowed to drop freely agam for 55,
then locked, and o second reading is taken from the dial gauge. The difference
between the two dial rendings gives the defi of the article in units of
0.1 mm for o force chunge cqual to the difference in weight between the rod
and disk assembly and the added weight,

In conventional Penetrometer testing with a cone, it is entical that the point
of the cone be placed exactly at the surface of the food. In the deformation test
the inutinl placement is not critical, since this is a test by difference. The 64-g
mlghl of the unloaded disk and rod assembly is suflicient to give the small
P ¥ F that elimi those ¢rrors that might be caused by
intringic irregularities in the surface of the food piece (Bourne, l%’?a} Thls

hnigue has the ad ge that the P ter is a relatively
instrument that nam ecasily be adapted for measuring the deﬂnmal:;llly ol‘ foods
that are y soft and of ble size.

Figure 5.11 shows how this technique meagured the change in deformation
of two tomatoes as they ripen. Since this is a nondestructive test, the same
tomaty can be tested re iy, eli ing the problem of sample to sample
variation, provided the force uppll‘.d is sulhcu.nl to cause no irreversible
change at the test site.

SURDD Hardness Tester

This instrument was developed by the Southern Utilization Research and
Development Division (SURDD) of the United States Department of
Agriculture (USDA) and is designed to determine the hardness and soflening
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characteristics of fats and waxes, The test 15 based on the Brinell wester that is
used 1o measure the hardness of metals (see p. 149),

The instrument consists of a vertical rod that is free 1o move within a stand.
The lower end of the rod nolds a steel ball having o selected diameter from
0,125 1o 0,500 in. The upper end of the rod holds a small platform an which
weights may be placed. The force is applicd by raising the test sample support
platform upward until all the weight of the ball rests on the sample, In opera-
tion, a sample of the fat is placed beneath the ball, a suitable weight ranging
from 0.2 Lo 6 ke is placed on the plate, and the ball is allowed to penetrale into
the ot under this foree for | min, The diameter of the ball and the weight
are selected so that the diameter of the impression made i the fat is about
one third the dismeter of the ball. The diameter of the impression in the fatis
measured by means of a cathetometer or a magmifying glass with a built-in
scale. This measurement can be made to within 0.02 mm.

Haugh Meter

The Haugh meter is used to measure the quality of eggs. It consists of a
triped stand through the center of which a pin is located that can be moved up
and down by means of a serew. [t is a small instrument, weighing less than 1 kg,
The principle of the measurement is based on the fact that high thick albumen
{the epg white) indicates 1,uod u ty, fresh epps. Figure 512 shows in top
view and silf the rel b It height and egg quality.

In operation, an egg is “Elshﬂi the shell is broken gently and the egy is
spread out on a horizental glass plate. The Haugh meter (see Fig. 5.13)is
placed such that the center pin is over the thick white about 10mm out from
the edge of the volk. The screw s turned until the face of the pin just touches
{'kisses’) the albumen. The gauge measures the height of the albumen above
the plate. Haugh (1937) established that the log of the albumen height is
directly proportional o the egg quality. The basic equation is

Haugh units = 100 log /

where H is the albumen height in millimeters, The factor 100 is used to
remove the decimal,

A correction for the weight of the cgg is necded because large eggs will
have higher albumen than small cggs of equal quality. The equation correeting
for the weight of the e is

[eoaom™ —
Haugh units =100 log H—&”lb?i"l

+18

where G is 32.2 and V. the weight of the egg in grams. The dial gauge
mounted on the triped ts usually calibrated directly in Haugh units by means
of a scale that compensates for vanations in egg weight.
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INTERIOR QUALITY OF EGGS Flgure 5,12 Relananship
[Recammended standards for scanng the quality of broken-out epes) between albumen height and egg
& - quabty (USDA phota).

Since egg quality is largely determined by heredity, the Haugh meter is used
to identify and breed hens that lay top quality eggs with high albumen.
Detailed specifications concerning egg quality have been published. and the
Haugh units of the epgs are one index of that quality (USDA Handbook
No. 75, *Egg Grading Manual'), In order for eggs to be graded AA or Fancy,
they need to maintain o moving average of 72 Haugh units or higher. For eggs
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Flyure 5,18 The Haugh mecer
{USDA phata),

that are laheled Grade A, the flock must maintain @ moving average of 60
Haugh units or higher.

Baker Compressimeter

This instrument measures the {oree 1o press a metal plate onto a 1 2-mm-thick
slice of bread until it has been compressed to 9mm (25% compression), A
small motor gradually applies a force by winding up on a spool a cord
attached to the compressing lever, The force and degree of compression are
measured on two scales, and it s possible to measure forces and deformations
at other than 25% compression. The instrument is also used o measure the
soflness of buns, rollg, cakes, and other leavened baked goods.

The Baker Compressimeter is a standard method for measuring the
staleness of bread (Ceneal Laboratory Methods No. 74-10A, published by the
Amenican Association of Cereal Chermists). The relutionship between the actual
Compressimeter reading and degree of staleness and quality of the bread isa
maiter of discussion among cereal chemists, and some judgment is needed to
interpret the results (Plawt and Powers, 1940; Bice and Geddes, 1949; Crossland
and Favor, 1950; Edel et al., 1950; Thompson and Meisner, 1950: Bechtel
etal., 1953),

Willhoft (1970) developed an empirical equation describing the staling of
bread over a period of six duys:

E = Aty
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where F, 15 the lirmness at time £, measured by an objective test; 1, the time of
initial measurement; A, 2 constant which 15 equal to firmness at time equal
unity; and &, a constant which 15 equal 1o the rate of firming.

He showed that a plot of log F, us log 1 is rectilinear with slope equal
to the mate of firming constant B, The same author reviewed the theory and
mechanism of bread stali
(Willhoft, 1973).

nd associaled changes in lextural propertics

Adams Consistometer and Tuc Cream Corn Meter

These instruments measure the distance a semifluid food Nows across a plate
in a standard time (Adams and Birdsall, 1946). They should be known as the

Grawemeyer and Plund C il priority is gnized (G y
and Plund, 1943).
The Adams © T of a 12 thick sheet of clear hard

plastic (Plexiglas) approximately 37 em square that is leveled by means of
adjustable legs. A senes of concentne eircles are inscribed on the underside of
the sheet at 1/ intervals, The frustum of a stainless-steel cone that is 3 in.
diam at the lower face, 2in, diam at the upper face, and 3 in. high is placed
the center of the plate. The Tue Cream Comn Meter is very similar to the
Adams Consistometer.

In operation, the cone 15 placed in position and filled to the top with the
product. The cone is gently lifted up and the product is allowed to flow out in
two dimensions across the plate. After u standard time the diameter of the
product is measured along two axes ol nght angles to each other, The USDA
specification for standard quality cream-style comn stipulates that the overage
diameter should not be greater than 30.5 em after 30 flow. The product is sub-
standard if the diameter is greater than the 30.5 cm.

USDA Consistometer

‘This is simular in principle (o the Adams Consistometer. The USDA flow sheet
#1 consists of a thin flexible plastic sheet over which the product flows. The
receptacle holding the food is o Perspex ey linder 3 in. i.d. and 34in. high, The
distance of flow is measured from the outer edge of the cylinder in centimeters
(sec Fig. 5.14). This contrasts with the Adams Consistometer, which measures
inches diameter and includes the di of the cone.

The USDA standards for canned appl the di of flow
after 1 min on this sheet. The fow value is taken as the average of the readings
at four quadrants of the flow sheet, The readings are taken at the edge of the
applesauce and do not include any free serum that exudes from the sauce, The
amount of free serum that exudes may also be measured, For grade A apple-
sauce, regular style, the flow should be not greater than 6.5 cm and for chunky
style not more than 7.5 cm. For grade B applesauce the flow should not exceed
§.5 cm for the regular style and 9.5 em for the chunky style.
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Figurw 5.0 The USDA
Consstameter: {a] cylinder

s filled with appbesavee,

(b} etinder s remaved, allowing
sauce to flow out.

s

Volume Measuring Instruments

Loaf Volume Meter

This apparatus consists of a metal box d through o rectangular chute o
a hopper contamning rmpeseed. A loaf of bread is placed in the box, which is
closed, a slide in the chute is pulled out, and the mpeseed is allowed to fill the
box. A calibrated scale on a Pyralin face of the volumeter column gives the direct
reading of the volume of the bread in cubic centimeters. This device is widly
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used in the baking industry 1o measure loal volume, which is onc index of qual-
ity of the loaf (Cathcart and Cole, 1938; Funk ¢f al,, 1969) (see Fig. 5.15).

The standard volumeter consisting ofa box 5% % 114 in. is designed for the
1-1b foaf of bread and can read volumes between 1675 and 3000 cm?. Other
sizes available are the *Pup size,” measuring 400-1000 cm’ *micro’ size, meas-
uring 100-270em’, *half-pound’ size, measuring 9001500 em’, -1 size,
measunng 2475-3800 em’. and a ‘round cake’ size, designed for cakes with

Fiigure 5,15 The Loaf
Vaolumeter. {Courtesy of National
Manufactiring, A Disision of
TMCO Inc )
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measuring volumes of 500-1600 cm®. A *dummy’ loaf of standard size is pro-
vided with each volumeter to calibrate the rapesced level in the hopper.

Succulometer

This instrument i5 designed to measure the volume of juice that can be pressed
from fresh sweet corn and is used as an index of maturity and quality (Meyer,
1929; Sayre and Morris, 1931, 1932; Kramer and Smith, 1946). In operation,
a 100-g sample of cut com is placed in the sample chamber and pressure is
applied through a hydranlic ram that is pumped by hand. A pressure of 5001
is maintained for 3 min and the juice that flows out is collected i a 25-ml
graduated cylinder. The velume of juice decreases as the corn becomes mare
mature, Kramer and Smith (1946) relate the Succulometer values 1o quality of
sweel corn as follows: fancy quality, more than 22 ml of juice; extra standand
19-22 ml: standard. 12-18 ml; substandard, less than 12ml.

The Food Technology Corporation Texture Press is provided with 20
optional accessory in the form of a succulometer cell (Model CR-1), whish
allows the succulometer test to be performed in this apparatus.

Time Measuring Instruments

Kinematic viscometers are time measuring instruments. These will be dis:
cussed in Chapter 6.

BBIRA Biscuit Texture Meter

The British Baking Industry Research Association (BBIRA) Biscwt Tester is
fesigned to the hard: of hiscuits (cookies and crackers) (Wade,
1968). A stack of biscuits is placed in the sample holder and pressed with
constant force against a small eircular saw blade that s rotating at 15 rpm. The
time taken to make the saw cut through the stack is recorded by a counter,
which stops when the is complete. A brush 1 positioned behind the
saw to clean the teeth. The unit is housed in a fiberglass cover with a door to
enable the operator to gain access o the working elements. The door has a
Perspex window in it to enable the opertor to waich the saw cut operation.
This is Iy a T standards must be established
experimentally for cach type of cookie or cricker,

Miscellaneous Methods

Torry Brown Homogenizer

This instrument is an homogenizer that has been especially designed to mea-
surc the toughness of fish by the “cell fragility method” (Love and Mackay,
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1962, Love and Muslemuddin, 1972ab; Whinle, 1973, 19750 A 200-mg
sample of fish tissue i5 dropped into the homogenizer cup with 20 ml of a solu-
tion ¢ g of 2% trichl acid and 1.2% formaldehyde cooled to
below 6°C. The paddle in the cup is rotated at 8730 rpm for 30 5. Muscle from
fresh fish breaks up into small particles forming a cloudy soup that has a high
optical density whereas muscle from tough fish is shredded into large picves
and has a low optical density, For rough work the optical density of the
homogenate can be viewed by eve. For more accurate work the optical density
can be read in an absorpliometer.

This method has been shown to give a good index of the deterioration in the
texture of frozen fish. Fauy fish and fish in an advanced stage of bacterial
decay give spurious readings because of the higher aptical density imparted
to the homogenized liquid by the bacterial cells or fat globules {Love and
Muslemuddin, 1972a b; Love, 1983),

Multiple Measuring Instruments

GF Texturometer

This Texturomeler was developed by the central research group of the General
Foods Corporation (Friedman er al., 1963; Szezesnink ef al,, 1963), The com-
mercial instrument is manufactured in Japan,

A 116-hp electric motor drives an eccentrie that is linked to the activating
arm of the instrument. Beeause i is driven by an ¢ccentrie, the arm moves
through the arc of a circle with the speed varving approximately in a sine wave
fimction, To this arm can be attached a variety of plungers made of Lugite,
aluminum, or nickel, ranging m diameler from 3 to 50 mm.

Positioned underncath the moving arm to which the plungers are attached is
a platform on which the food sample is placed. This platform rests on a can-
tilever beam to which strain gauges are attached, Bending of the beam under
the application of a force is sensed by the strain gauges and recorded elec-
tronically on o strip chart recorder. This instrument is designed for testing
*bite-size” pieces of food. The standard picee 15.a 1/2-in. cuke, but particulate
foods (eg. peanuts) are normally tested as whole units, The mechanics of the
movement of the eccentric and compressing arm have been analyzed by
Brennan ef al. (1975). One T unit is equivalent to
103 g force (=1.03 N}, but the actual vilue can vary to some extent depend-
ing on the voltage output of the recorder batteries.

The GF Texturometer was originally used to develop the instrumental texiure
piofile analysis procedure in which 2 number of texture propertics ane exiracted
from the foree~time curve when a bite-size piece of food is compressed two
limes. However, instrumental texture profile analysis is now usually performed
in universal lesting machines (see pages 182-186). Other applications of the GF
Texturometer are discussed by Szozcsniak and Hall (1975) and Tanaka (1975).
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FTC Texture Test System

These systems are vanations on the Food Technology Corperation Texture
Press, which wis described on pages 201-206 but with a number of additions
that give it expanded utilization, more fexibility m operation, and make it
aftractive for many research purposes. Some additional accessories will also
be described below.

The major feature of the laboratory model, the TMS-90 Texture Test
System, 15 the addivon of & computer to control and maonitor the output signals
from the Texture Press. The computer has an integrated 100 mm wide thermal
printer, which allows a hard copy output of the graphic and alpha numeric lest
results. The system will work i cither metric or English units and has 2
préset texture profile analysis mode with automatic calcalation of TPA param-
cters and statistical results of multiple sample runs.

The hydraulic drive hanism and other cb istics of the ram press
have been described previously (see page 202). The force sensor in this model
is the sirin gauge type force transducer, which provides a continuous signal
that is directly proportional to the force applied and is transferred electroni-
cally to the computer.

The thermal graphics printer is 100mm wide. Afler each test the foree!
distance or force/time graph can be printed. The computer allows the aperator
to expand or contract the graphic scaling as desired,

Some additional Teatures standard in the Model TMS-90 Texture Systems
are the following:

(1) Automatic ram cycling using the ‘Program Mode' that causes the mm
to cycle between up to eight preset positions enabling the instrument to
be used for customized cyclic tests.

(2) A ‘TPA Mode' that allows the operator to perform Texture Profile
Analysis and program p e of I ion. The of can
also select from automatic sample height detection or tell the computer
the dimensions of the sample under test. The computer will automati-
cally calculate the traditional TPA parsmeters at the conclusion of the
test{s).

(3) The TMS-20 will also calculate the work done, slope of the force
curve, time, minimum and maximum forces, and & complete set of
statistival results on a series of tests,

{4) A scrics of six model FTA force transducer load cells with force capac-
ities of =10, 50, 100, 250, 1000, and 30001b that can measure force in
both compression and tension,

(5} A number of different test cells, including: (1) a single-blade shear cell
with a flat cutting face: (b) a meat shear cell with a Veshaped cutting
face that is similar to the Warner—Bratzler Shear blade; (¢) compression
test accessories that can be used for gentle or extreme compression or
cycling T ; (d)a 1 test cell for pressing liquid
from focds such as sweet com to measure juiciness: (e) a miple-beam
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bending test eell; (1) a drill chuck that holds 3716 and 5/16 in. dinmeter
punches for puncture tests; (g) a tension test cell; (h) a thin-shice
tension test cell.

Table ATIL1 in Apperdix 111 (pages 353-337) provides guidelines for test
g various (oods in the Food Technology Corporation Texture Test Sysiem.

Ottawa Texture Measuring System (OTMS)

This general purpose testing machine wus developed by the Engineering
Research Service of Agriculture Canada under the direction of P W Voisey
(Voisey, 1971h, Voisey et al, 1972). It consists of a single screw-operated
press that is driven by wn electric motor via a gear box. A varable-speed motor
with an infinite selection of speeds over the range 2-29 cmmin™' is used for
research applications. The screw is driven via u bruss pin, which breaks when
overloaded; forestalling damage to the press. The serew drives a carriage up
and down two vertical guide rods, Adjustable stops on the guide rod can be set
to stop, start, and reverse the motion of the carriage.

A number of test cells have been develaped for this instrument (Yoisey and
deMan, 1976). In addition, the test cells from most other instruments can be
attached 1o the OTMS by means of an adapter,

Universal Testing Machines (UTM)

The three essentinl components of UTMs {drive system, test cells and force
measunng and recording system) are deseribed on page 177, The first edition
of this book described the operation of the Instron in detail because, at that
time, UTMs were just beginning to become popular and the Instron was the
first UTM to be widely used for foods, The description of UTMs in this edi-
tion will be briel for several reasons.

(1) UTMs are now used in most laboratorics, so a detailed description is no
longer needed.

() Manufucturers of UTMs bring out new models from time to time. They
penodically develop new attachments to perform new kinds of tests.

(3) The sofiware ta drive UTMs is becoming more important. Ease of use,
and case of setting up new tests and a wids range of different kinds of
tests 15 becoming as important as the basic instrument itself The soft-
ware for UTMs is being upgraded regularly.

Therefore, any detailed description in this book is likely to become obsolete
within a few years. The addresses of the major suppliers of UTMs for I'ould
purposes are given in Appendix I The reader is advised to consult their
websites for the latest information on their offerings.

There are many manufacturers of strength of materials UTMs, and most of
these machines can be adapted to work with foods in the same way that the
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Instron was adapted to work with foods (Bourne ef of . 1966). However, many
of them do nat provide test cells for food applh , and the her wall
have to design and make his'her own accessones and computer software, All
the UTMs listed below supply a range of cells appropriate for fonds. Any
mstrument thal uscs a I maotion o food texture can be
duplicated in a UTM by fitung the appropriate test cell components into il
Instruments that use a rotary or hlending movement cannol be duplicated
in UTMs hecause they wark on the principle of uniaxial compression or
exlension.

One precaution that should always be taken when setting up a test cell ina
UTM is to casure that the erosshead travel stops are sct in positions that pasi-
tively prevent accidental metal-to-metal contact of the test cell parts. Most
food tests involve compression in which metal purts approach cach other,
often at high speeds. Unless the crosshead travel stops are properly set, the
metal parts may collide and, since there is no ‘give” in these *stifl” machines,
the load cell will be broken. Repair of a damaged load cell is expensive and
lime consuming. Many UTM suppliers have minimized this problem by
designing the control 1 and drive hanism so that the head
will either stop or reverse direction quickly as soon as an overload is sensed.

Since a number of different test principles are used in UTMs (punciure,

wn, shear, I ion, bending, ete.), any reports of resulis obtained
should carefully specify the type of test and the conditions that were used. For
example, 1t is not satisfactory to report ‘the Instron test correlated highly (or
poorly) with sensory scores.” The test principle and all the operating condi-
tions must also be stated. Another type of test perfonmned in the same Instron
may have given a better {(or worse) correlation. UTMs will give poor results if
an inappropriate test principle or the wrong conditions (e.g. speed of travel)
are used, (See Chapler 9 for more discussion on this point.)

Instron
This was the first UTM adapted to food use (Bourne ef al,, 1966), The Instron
Corporution make a wide range of UTMs for a wide range of products, most
of which are nonfeod. Table AINL2 in Appendic 1T (pages 358-361" lists
details of food applications of the Instron that have been used in the author’s
laboratory using a floor-model machine with a force capacity of 30,000,
Figure 5.16 shows the single screw model No. 5542 that is ofien used for
foods. Tt has a foree capacity of 00N and crosshead specds cover the rnge
0.05-1000mm min~". Other models with twin serews are available that have
4 force capacity up to many tonnes. A wide range of accessories are available
for food texture analysis including fixtures for the Kramer Shear Press und
Otawa Texture Measuring System.

TAXT2 Texture Analyzer
The standard TA.XT2 Texture Analyzer is a single screw machine that was
developed especially for food work. It has a force capacity of 250N and
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Flgure .16 Amadel of the
Instran often wied on foods.
{Caurtesy of Inatron
Corparation.)

erosshead speeds of 6-600mmmin~'. Heavy-duty twin screw models are
availuble up to SO0ON force. The TAXT2 Plus madel offers speeds up to
2400 mm min~".

Figure 5.17 shows the TAXT2 Texwre Analyzer and Table AIL3
Appendix IHT (poges 362-368) lists details of applications to many kinds uf

foods. Stable Micro Systems, and thewr US Distrit Texture Technol
Corp., have developed an extensive library of food apphications and have
blished o rep ion for [ \ly helping with their diy-to-

day texture measurement problems aml to work with them to develop new test
methods and applications in operating their instruments.,

QTS Texture Analyzers

This line of single-serew maclines was developed from concepts originally
blished by the Leatherhead Food R h Association in the United

Kingdom es the Stevens Texture Analyzer. It has a force capacity of 250N and

crosshead speeds from 5 to 1000 mmmin~" in 1 mm increments, A number of

accessories for fond applications are available, Tt can be wtilized as stand alone

bul also can be cantrolled by a computer.

This eompany also supplies the LFRA Texture Analyzer which is a small
instrument with a force capacity of either I'N or 10N and comes with probes
for testing gelatin gels and similar products, It has five choices of crosshead
speed from 0.1 to 2.0mm s~ and is used for testing soft foods such us gelatin
gels, yogurt, butler and marg Tt ineludes the 12.5 mm di probe for
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Figurs S1F  The TAXT2

Teaturs Analyzer. (Courtesy of
Stabile Mitrospsters Lid.)

performing the Bloom test in gelatin and the 25 mm diameter probe for the
Bloom test on gelatin desserts, It can be utilized as stand alone or with com-
puter sofiware 1o analyze the data,

Uoyd Texture Analyzer
A number of accessorizs for testing foods can be attached to Lloyd machines.

The commonly used basic machine is the model TAS00 which is chain driven,
has a force capacity of 500N and speed runge of 1-1000 mm min~". Models
with a higher force capacity are driven by a single screw or double screw
depending on the foree level required.

Tensipresser
This i designed and f: d in Japan, is intended for testing
of foods, chemicals, and packagi jals in ion or tension. It

featares components that are particularly well suited for performing texture
profile analysis under a wide range of test conditions. Model (TTP-3UBX) was
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first manufactored m 1973, The latest model (TTP-30BXIT) has been pro-
duced since 1993, It 15 a single serew machine with o force capacity of 500N
and crosshead speeds of 6-600mmmun~ ' It has attachments to perform a
wide range of texture tests on foods. One interesting feature of Model TTP-
SOBXI1 s that it can be programmed 1o aperate either with @ uniform cross-
head speed or a sinusoidal crosshead speed that approx
the human mandible. The software 15 in Japancse and English, The operator’s
manual 15 available n Japanese but not i English

tes the action of







Viscosity Measurement

Introduction

The definition of viscosity and description of the different types of viscosity
were given in Chapter 3. 1t is ussumed that the reader has already read Chapter 3
because the foundation it provides is needed to gain a full understnding of the
material in this chapler,

The first thing 1o ber in 1 ty is that the viscosity
of Muids 1s ghly temperature dependent (s:c page 78). The Brookfield
Engincering Loboratory pomts out that No, 50 motor oil will change its viscos-
ity about 10% for a 1°C tempersture change at 25°C. This company his encoun-
tered materials whose viscosity changed 50% per degree centigrde, The
viscosity of water at 20°C changes 2.5% per 1°C temperature change. Hence, it
is impossible to measure the viscosity of water with an accuracy of 0.1% unless
the temperature is contrelled to within 0.04°C. Therefore, in all viscosity mea-

itis sl that the temp be closely led

The elfect of temperature on viscosity of sucrose svrups 15 shown in
Fig 3.10 (page 78) and Fig. 3.11 {page 79) and for ;ILpunrmccd upplujmu: in
Fig. £.11 (page 310). The P al which vi ¥ ane
taken should be stated witl all viscosity data because the data are meaningless
unless the temperature 15 known. 1t is assumed that close temperature control
is an essential feature of each system described below.

The various types of viscometers can be classified according to the princi-
ple on which they work.

Capillary Type

The time for a standard volume of fluid 1o pass through a length of capillary
tuhing is measured, The underlying theory behind capillary viscomelers is
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Figure 61 Schemaric
representatian of the Cisowald
wicameter,

developed fully by o number of authors (see. ez, Oka, 1960; VanWazer efaf,
1963) and will not be given here. This type of flow is described by the
Poiscuille equation, which 15 alse known as the Hagen—Poiscuille cquation
(Hagen, 1539, Poiseuille, 1846).

= PRSI
where n i the viscosity, P, the driving pressure; r, the radius of comllary;
1, the time of flow; 1, the valume of flow; and /, the length of capillary,

The driving pressure is usually generated by the force of gravity acting ona
column of the liquid although it can be genernted by the application of com-
pressed air or by mechanical means (es in the Instron Capillary Rhicometer]
The discussion here will be restnicted to glass capillary viscometers,

The Ostwald viscometer 15 one of the simplest of the glass capillary types
and i5 shown schematically in Fig. 6.1 There are a number of variations in the
design of glass capillary viscometers, each with its own specific name and
each claiming certain advantages (VanWazer ef ul, 1963), For example, the
Ostwald—Cannon-Fenske Viscometer, which is a widely used modification of
the Ostwald viscometer, has both arms bent at an angle that brings the center

-




Capillary Type 237

of the upper bulbs directly over the center of the lower bull, thus displacing
the capillary from the vertical position.

The operation of the Ostwald Viscometer will now be described, Other
styles of glass capillary viscometers are operated w a similar manner, the
exact detmls should be provided by the supplier when it 15 purchased

In operation, a standard volume of fuid is pipetied into arm A of the
Ostwald Viscometer, which should be held in a vertical plane (see Fig, 6,11, It
15 nol essential that the capillury be exactly vertical but it should be held repro-
ducibly at the same angle. The fluid runs down the wide-bore wbe C into bulb
12 and U-tube E. The apy 151 1 ina P wiler
bath until the viscometer and ligwid in it reach the standard temperature (about
30min). Suction is then applied at the top of arm B to draw the fluid through
the capillary F into bulb G until the upper meniscus is above the mark um,
The suction s removed and the uid lows from bulb G through the capillary
tube F under the force of gravity. A stop watch is started when the meniscus
crosses the upper mark wm and stopped when it crosses the lower mark [m, The
viseosity 15 caleulated from the elapsed time,

The AVS/N viscometer is a soplusticated glass capillary that uses light
barriers 1o record the time the meniscus passes the set points and displays the
elapsed time on a digital indicator 1o the nearest 0.01 s. This eliminates errors
in operating the stopwatch und allows the operator to attend Lo other dities
once the test has been started,

For a given viscometer of this type, the dimensions of the radius and length
of the capillary are constant and the volume is kept constant. The driving pres-
sure P is proportional to the hydrostatic head and the density of the fuid. The
head decreases as the liguid falls in reservoir G, This viscometer is desimed to
minimize the change in head during the measured portion of the efux time,
and the shape of the bulb G is such that most of the efflux time occurs when the
head 1s close to its mean value, Variations in the pressure head have no effect
on the viscosity measurement of Newtonian fluids but they do affect measure-
ments on non-Newtonian fluids, the magmitude of the deviations depending on
the degree to which the fuid departs from Newtonian behivior. For a
Newtonian fluid the daving pressure P can be replaced by b % g % p, where i
is the mezn head: g, gravity; and p, the density of the fluid. Sinze /i is constant
for a given viscometer, the Hagen-Poiscuille equation can be simplified to

n = Kpt

where K is the instrument conversion factor (whar*/8 1) and is a constant for
cach instrument. This equation can be rearmanged to
wp=Kt or v=Ki

since kinematic viscosity » = nfp. W

Hence the kinematic viscosity v of the fluid is obtained by multiplying the
measured efflux time by the instrument conversion factor K. Most iabumnr_y
supply houses will provide the K value for cach viscometer ot a small addi-
tional cost over the price of the viscometer.
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If the instrument conversion factor K 15 not provided or has been lost, itean
be obtained by measunng the efflus tme for a fluid of known viscosity:

= Kr,

where v, 18 the kinematie viscosity and ¢, 15 the efflux nme for a standard fud
of known viscosity,
Rearranging this cquation gives

K= vl

The Cannon Instrument Co. (PO Box 16, State College, Pennsylvema 16801}
supplies a wide mnge of Newtonian viscosity standards in the form ol a
serics of oils of calibrated viscosity. These are useful for calibrating kinematic
viscomelers,

Glass capillary viscometers are widely used for measuring low to medium
viscosity Newtonian fluids because of their high degree of accuracy, ease of
operation, and low cost. Priel er o/, (1973) developed a system for a Ubbelohde
glass capillary viscometer that yielded data with an absolute accuracy within
three parts per million. An essential part of their sysiem was a thermostat with
a long-time thermal stability of 2 X 107"°C over a period of 4 weeks,

Because of their low cost it is usual to purchase several plass capillary
viscometers if a large number of measurements need 1o be made. This allows
several units to be reaching equilibrivm tempermure while 1 measurement 15
being performed on one unit, It is advisable to purchase a series of viscome-
ters with a range of capillary diameters when a wide range of viscosities are

i, A capillary di should be scl 1 that gives an efflux time
between about 200 and 8005, Figure 6.2 shows some typical glass capillary
viscometers,

The Amernican Seciety for Testing and Matenals (1918 Race Street,
Philadelphia, Pennsylvania 19103) has published o standard test method for
use of capillary viscometers on Newtonian fluids: ASTM D445-79, *Kinematic
Viscosity of Transparent and Opaque Liquids (and the Calculation of
Dynamic Viscosity).” This organization has published another useful document:
ASTM-D446-79, “Standard Specilicati and Oy g Instructions for
Glass Capillary Kinematic Vucom:lus

A number of corrections need to be made when very accurate results ane
needed from glass capillary viscometers, These include correction for the
kinetic energy lost in the stream as it issues from the bottom of the capillary,
and effeets due to the change in the meniscus size and shape as it enters or
leaves the capillary, possible turbulence in the capillary, and inadequate
drainage due 1o liquid adhering to the walls nl' the viscometer, These errors,
and methods for their ion, are di 1in detail by VanWazer ef al,
{1963). The same authors show how the capillary viscometers may be used
for certain non-Newtonian fiids.

The AOAC Official Methods of Analysis Handbook (2000} uses an Ostwald

or Cannon-Fenske capillary viscometer for measunng the viscosity of beer




Capillary Type 239

(Method 974.07). The method specifies that a capillary be selected thot gives
atime range between 50 and 150, the temperature adjusted to 20.00 = 0.05°C,
and that the viscometer be eleaned with chromic acid cleaning solution and
rinsed and drained before use.

The Lamb-Lewis Capillary Viscometer was developed by the National Food
Processors Association (formerly known as the National Canncrs Association)
a5 a low-cost quality-control instrument for use on tomato juice, fruit nectars,
and similar fruit or vegetable juices and blends (Lamb and Lewis, 1959). Itis
used by the fruit and vegetable juice industry as an internal quality standard
{Lamb, 1967). It consists ofa 3.8 cm i.d. X 17.8 em long Lucite chamber from
thic bottom of which protrudes a precision Pyrex glass tube 3 # 0.01 mm 1.d.
and 29cm long (see Fig 6.3). The chamber is filled with liquid which is

Figure 5.2 Some glasy
capillary wiscameters.



240 Viscosity Measurement

Figure 53 The Lamb-Lewis
Capillary Viscameter. (Cawriesy
of National Food Processers
Aasoc )

allowed to flow through the capillary until a steady flow is obtained. A finger s
placed over the capillary outlet to stop flow, the chamber is filled level with the
top, the finger is removed as a stopwateh is started, and the time for the menis-
«cus to reach the calibration line is recorded to the nearest 0.1 5.

The instrument s calibrated so that the time for water at 24 = 2°C to reach
the calibration line is 13.0 = 025

This simple instrument can be made in the laborwtory, The exact specifi-
cations for the composition and dimensions of the parts are given in AOAC
Ofticial Methods of Analysis (2000) as Method 967,16, The ad s of this
nstrument ire:

(1) Low cast
(2} Simple operation
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{3) Rapd

{4) Hundles Newtoman fluids and non-Newtonman fluids

5) The end point is unambiguous. For some efflux viscometers it is some-
times difficult to decide exactly when to stop the timer as the last few
drops of fluid dop owt,

Tube Viscometry

This might be considered as a wide-bore capillary viscometer with a special
capahility to handle suspensions. It consists of a honzontal tube of uniform
cross-sectional area that 15 usually 0.5 m long and may be even longer. The
internal dismeter typically ranges from 6 mm 1o 30 mm. Two pressure trans-
ducers are attached to the pipe 1o record the pressure dmp (AF) aver a given
length of pipe (L). A is maintained at the of the
whe that ensures laminar flow occurs and the volumetric flow rate (() is
measured (see Fig. 6.4).

For o non-Newtonian fluid obeying the power law equation the viscosity is
given by the equation:

e [s.-.g 3n+1]

where 7pa is the apparent viscosity, AP is pressure drop aver distance L, (0 is
volumetric flow rate, R is the rudius of tube, and # is the flow behavior index
of a power law (luid.

Care needs to be taken in operation to ensure that the effects of entrance and
exit flow are negligible. Stefle (1992) gives a thorough account of the theory
behind the tube viscometer.

Pressure
gauge

Tube

Figure 64 Tube viscomater.
{From Saravaces, 1968,
feprnted fram Fsd Tecknalogy
22 (12), page 1589 Copynght by
Insueute of Food Technologies.}
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Saravacos (1968) used a wbe viscometer o study the viscosity of pear,
apricot and peach purees, applesavce, and prape juice, apple juice and their
concentrates. Rao et al, {1974) used one to study the Now behavior of banana,
guava, mange and papaya purees, Xu and Raphaclides (1998 ) used a tube only
30mm long and 2.05 mm Ld. o stedy the flow of concentruted starch dispur-
sions at 95°C. Zimmer ef al. (2001} reporied that although a tube viscometer
had the advantages of being well adapted to measuring in-line viscesity, able
10 handie Nuids containing particulate matter, and amenable to cleaning-in-place
{CIP), " was unable to accurately measure viscosily of a 60% sucrose

| n Methocel solution or a han gum dispersion without additional
calibration cffor. Two aspects of tube viscometry that sometimes couse
difficulties are: (1) maintaining a constant lemperature along the whele length
of the tbe; and (2) lirge quantitics of test material are required compared to
most other viscometers.

Orifice Type

This can be considered as a very short capillary type of viscometer. The time
for a standard volume of fuid to flow through an orifice is measured. Thisisa
simple, inexpensive rapid method that is widely used in quality control of
Newlomian or near-Newtonian liquids where extreme aceuracy is not needed.

Possibly the best known of the arifice viscometers in the food industry is
the dipping-type Zahn Viscomeler. These consist of a stainless-steel 44ml-
capueity cup attached 10 a handle with a calibrated circular hole in the bottom.
In operation, the cup is filled by dipping it into the Auid and withdrawing it
A stopwatch 15 started as soon as it is withdrawn and stopped when the first
break occurs in the issuing stream. The elapsed time gives an empineal value
of viscosity, Table 6.1 gives specifications for the five standard models of
Zahn viscometers, and Fig. 6.5 shows a set of four Zahn viscometers.

Coaxial Rotational Viscometers

These are also known as concentric evlinder or couette viscometers, in honor
of the developer of the first practical viscometer of this type (Couette, 1890),

Spacificatrons for Zahn Yicometen.

Zahn Na. Orifice diameter {mm) Approximate viscosity range (mPass)
1 20 1440

2 7 21-196

3 38 45614

4 a3 148-588

5 53 345-1265
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The principle 15 shown scl ieully in Fig. 6.6. A bob that 15 circular in cross
section is pluced concentncally mside a cup containing the test fluid. Either
the cup or the bob is rotated and the drag of the fluid on the bab is medsured
by means of some kind of torque sensor, The shear rate—shear stress relation-
ship is the sume whether the bol is rotuted and the cup held stationary or vice
versu. This type of viscometer permits continuous measurements to be made
under # given set of conditions and allows time-dependent effects to be stud-
ied, By changing the rate of shear or magnitude of stress it is possible to obtain
viscosity measurements over 4 mnge of sheuring conditions on the same
sample. It can be used for both N ian and nun-N foods. This is
the most comimon type of viscometer that is used in the food industry. It might
be called the ‘workhorse' viscometer, y

The Margules equation (Margules, 1881) applies to the flow of Newtonian
fluids in coaxial rotational viscomelers:

n = (MAmhi) (L/RE - LIRE)
where 7 is the absolute viscosity; M, the torque on the bob or cup; £, the
angular velocity of rotating member; /i, the length of bob in contact with the
fluid; Ry, the rudius of the bob; and R, the radius of the cup. For a given instru-
ment with a given g v and fill of iner this equation reduces to
n = KM
where K is the instrument constant { Lid=wh) (URE = URD).

Figure 6.5 Some Zahn
viscometers [ dippang anfice
type)
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Figere 8.8 Princple of the
cozual retanonal viscometer,

|
e Tgrsson wire.

(_/ Diresvion of rotavan

ok t velouy £}

s

Fluid

The Margules equation 15 nol applicable to flow of non-Newtonian fluids m
coaxial rotation vi elers. More pl | have been derived
1o represenl, or approximately represent, the flow of these complex fluids.
The reader is refermed to dard texts on vi v for the develop
of i pplicable to non-N ian fluids (see, e.g. VanWazer of ul,
1963, Wharlow, 1950).

This type of viscometer may be divided into two clusses.

Class [. Stornter hipe. The shear rate is measured under a controlled tomque.
A constant torque was maintained in the original stormer viscomeler

“ by a falling weight attached to a thin cord that passes over a pulley and

is wrapped around o drum that is connected to the rotor bob, Modem
huve rendered obsalete this method of achicving a constant
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torgue although the stormer viscometer can still be found in some
catalogs

Cluss 2, MacMichael iype, The torque is measured at a controlled shear rate
which 15 a function of the number of revolutions per minute of the
rotiuting member and the geometry of the test cell, The first suceessiul
viscometer of this type was developed by MacMichael (1915).

The major error that occurs in coaxial viscometers is the “end efect,’ which
anses from the drug of the fluid on the ends of the bob. The denvation of the
Margules equation (and other similar equations) an mfimtely leng bob
with no ends. The end effect of the top of the bob is casily eliminated by filling
the cup 1o a level below that necessary to cover the bob. Since the top of
the bob is not in contact with the hquld there is 1o drag. The end effect of the
bottom of the bob can be o d experi Ity by the
torquelangular-speed ratio with the cup ﬁlh.d 1 suml diffe In. s,

iy

;

e T T —— Y
b

Figurs 6.7 Mezsrement of the
end effect in a coamal rotaponal
wiscometer. The torque/angular:
wedocaty ratio (M1 s plated
against the depth of immersion of
the bob in the Mud b, The stereepc

A rectilinear plot should be obtained when the data are plotted (sec Fig. 6.7).
The platis extrapolated to zero on the torque/angular-speed mtio axis. The neg-
ative intereept on the horizontal axis (k) gives the end effect in terms of the

equivalent length of bob with no ends. Tn any mathematical exercise the depth 3

of immersion fi should be replaced by i + K, in order to account for the end
effect, The effeet is practically eliminated when bobs with concave Tog and
botom are used, because air replaces most of the metal end surfuces of the bob.

Cone and Plate and Parallel Plate
Viscometers

The fluid is held by its own surface tension between a cone of small angle that
Just touches a flat surface (Fig, 6.8). The torque cavsed by the drag of the finid
on the cone is measured as one of the members is rotated while the other mem-
ber remains stati v. Fora N 1un fluid the following equation applies:

7 = 3uM2wRi 0

where 7 15 the absolute viscosity; e, the angle of cone (usually less than 27);
M, the torque; Ry, the radis of the cone; and {1, the angular velocity of the
rotating member. For a given instrument with a given geometry this can be
reduced to

7= KMl

where K is the instrument constant 3a/2wRj.
A more detailed analysis of the cone and plaie viscometer is given by
Slauery (1961). :
The special feature of the cone and plate viscometer is that the shear mie is
uniform at all points in the fluid provided that the angle of the cone is small.

ofthe dated kine on the

harzontal axis gives the numerical
value of the end effect (k).
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Viguew 6B Schematic of cone
and plate viscometer,

(l___/ Angular velogity £}

e
|

This mukes the cone and plate viscometer of particular use for non-Newtonian
Muids because the true rate of shear can be obtained comparatively casily,
Other features of this type of viscometer are (1) end effects are negligible, (2)
a small amount of Auid is needed (usually less than 2 ml), and (3) the thin layer
of flud in contact with temperature-controlled metal base plate enables mea-
surements to be made at high rates of shear without the need to compensate
for the heating cMect of the high shear rate.

Parallel-plate geometry is used when the presence of suspended matler in
the fluid does not allow representative fluid to enter into the narrowest part of
a cone and plate viscometer.

Because of the small volume of Muid contained in cone-and-plate, and
parallel-plate viscometers there can be a problem with evaporation of the

solvent which results ina ¢ ion of the atile p 15, This
problem becomes more acute as the test lemperature ls increased becouse the
vapor pressure of liquids i as the temy This problem

cun be ameliorated by enclosing the cone and plate or parallel plate with a
cage designed to reduce the loss of solvent vapor without interfering with the
rotation. Some researchers coat the exposed edge of the fluid around the
penimeter of the cone and plate with a thin layer of low-viscosity ofl 1o retard
cvaporation,

Modes of Operation of Rotational
Viscometers

It heas already been explained that there are two types of rotational viscomelers,
Type | measures the shear stress at a controlled shear rate and Type 2 mea-
sures the shear rate at a controlled shear stress. Both of these can be operated
in several modes.

Made 1: Ramp increase, The shear rate (or shear stress) 15 steadily
increased and the resultant shear stress (or shear rate) is measured. This gives
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o shear stress-shear mte curve. Usually the shear stress—shear rate curve 15
measured up to the maximmm when the test 15 stopped (ascending curve) but
sometimes it continues to be measured as the shear rate (or shear stress) 15
ramped down again to zero (descending curve). An ascending—descending
curve is necded 1o measure hysteresis.

Mode 2 Step increase, The shear rate (or shear stress) is sweadily increased
by sct amounts and the shear stress (or shear rate) is recorded alier each
ncrease. The test can be performed ling only, or ding and
descending

Maode 3 Continueus operation of a consiant seiting. The shear siress is
measured at a constant shear rate or shear rate at constant shear stress over a
penind of time. This mode is used whenever time dependency effects need Lo
be measured (see puges 92-94), i

Mode 4 The ratating sember 3 caused to cycle a small angle, clockvise
and counterclockwise over a period of time. This 15 small-amplitude oscilla-
tion viscometry and is used to the storage modulus G, loss modul
", and loss tangent, tan O (see pages 98, 99).

There are some more exotic geometries that hove been used in coaxial

tatianal s including cone—cone, double cone and plate, coni-
eylindrical, and disk. These will not be discussed here as they are not widely
used in the food field.

Other Rotational Viscometers

There are some empirical viscometers in which a paddle, a cylinder, or bars
rotate in a container, usually with large clearances between the rotating mem-
berand the wall. The geometry of these viscometers is complex and usually not
ble to rig h ical analysis. These instruments are generally
rupged, moderite n cost, and furly easy to manipulate. They have their place,
particularly for quality control purposes in the plant where detailed mathemat-
ical analysis is not needed, They are widely used in industry. Examples of this
type are some Brookfield Viscometers, and the FMC Consistometer,
The Brubender Viscogruph is designed specifically o measure the apparent
ity of starch suspensi and record how the viscosity changes as
the tempemture of the water—sturch slurry is raised past the gelatinization
temperature, held at this elevated temperature for a period, und then cooled
again.
l|“l'lue FMC Cansistometer was originally designed by the Food Machinery
G ion to the i y of tyle corn. It is now distnb-
l,nd by C. W. Brabender Instruments and has been used for routine quality
control purposes for catsup, tomato paste, simined baby foods, and other
products that have o similar consistency, The product is placed in o stainless-
steel eup, the paddle is lowered into the cup, the motor 15 switched on causing
the cup to rotate at a single fixed speed of 78rpm. and the torque on the
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paddle is read from a scale on top of the instrument. Four paddles with
different dimensions are provided with this instrument. The instrument i
approximately 38 em high, 26 cm wade, 31 em long, and weighs about 16kg;
the four paddle sizes available are 2in. X 14in, 2in X Lin, 2in. ¥ 0750
and 1.5in # 1in.

The Corn Industries Viscometer CIV was once widely used to measure
changes in viscosity of corn syrup and starch pastes, but this instrement is no
longer commercially available.

The Brookfield Dial Reading Viscometer is an instrument that may be held
in the hand or supported on a stand, A syncl i type motor gives
a scries of speeds of ratation that are constant, Various spindles that take the
form of cylinders, disks. and T bars are attached to a small chuck. When the
spindle is immersed in the hiquid and the motor switched on, the viscous drg
of the fluid on the spindle is registered as torque on a dial. A Factor Finder
scale provided by the {E enables the of 1w quickly convert the
dial reading into apparent viscosily.

Thg company can supply a Helipath stand that automatically lowers the

kfield V thus ing that the spindie 1s continuously maving
into previoushy undisturbed m:ll:n-'l'l This accessory 15 useful when studying
fluids that exhibit ume eiTects or that have a tendency 1o setle.

The Brookfield Engineering Laboratonies have over 60) vears expencnce
with viscosity measurement and have a good reputation for helping potential
customers identify the precise model of instrument and optimum mede of
operation for their own applications,

Brookfield Dial Reading Viscometers are widely used in the food field.
They have the advantages that they are of moderate cost, portable, simple to
aperte, well adapted to many viscosily problems, give results quickly, can be
used to measure viseosity n almost any container ranging from a 200-ml
beaker to @ 1000-gal tank, can be used on Newtenian and non-Newtonian
liquids, can be used to measure time dependency and hysteresis, are not
affected by large particles in suspension, and require minumum maintenance,
The disadvantages are that there isa limited range of shear rates, the shear rte
can oaly be changed stepwise, the shear rate vanes across the fluid, there can
be problems in obtaining shear tate and apparent viscosity for non-Newtonian
[iquids, and the geometry and flow pattern do not lend themselves (o rigarous
mathematical analysis.

Paddle Viscometry

This type of viscometer consists of two or more paddles attached to a shaft
that 1s caused to rotate at one or more speeds while the torgque resistance is
measured. They may resemble a ﬂ::g or a star-shaped geometry, They are
sometimes called ‘mixer vise b the paddles stir and mix the
product as they rotate. The stirnng action makes lhcm particularly useful for
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food suspensions containing particulates that scitle out. This is an empincal
mstrument; all test conditions must be kept constant to achieve reproducible
results. Researchers are now analyzing the action of this class of instrument
and extracting useful theological parameters even though the shear-rate varics
from point to pomt around the paddies

Rao (1975) pointed out that the averge shear stress is direetly proportional
to the torque and the average shear rate 15 directly propertional 1o rotational
speed. Hence, the slope of the plat of log (torque) versus log (rpm) will give
the value of the flow behavior index i of pawer law fuids. The consistency
ndex K can be found by testing a fluid with known valucs of K and n under
identical test conditions using the equation:

MM, = KK,

where M, 15 the measured torgue for the test fluid and M, the measured torque
for the fluid whose properties are known, K, is the consistency index for the
known fuid. K, can then be computed since M,, M, and X, are known. One
restriction for |.|||s method is that the flow behavior mdcx n of the known fluid
should be about the same value as is » for the test fuid,

Rao and Cooley (1984) showed that an ‘effective shear rmie’ can be experi-
mentally determined for flag and star impeller viscometers by comparing
megsurements on & known Newtomin fuid with measurements on a test mate-

rial that fits the power law flow behavior, Yoo and Rao (1994) used this proce- i

dure to study the rheological propertics of tomato puree and Missaire et al
(1990) to study the rheology of apple pulps.

Stelfe and Ford (1985) used mixer viscometry to study the theology of
starch-thickened strained apricot baby food. Castell-Perez ¢f ol (1987) found
good agreement between a low-cost mixer viscometer and a Rheometrics
Flusds Spectometer for apricol puree and guar gum solution. Briggs and Stefle
(1997} used the Mitschkn method (Mitschka, 1982) 10 caleulate averuge shear
stress and shear rate of a paddie mounted in a Brookfield RV viscometer and
found the results for bunana puree, salad dressing, enchilads swce and
pancake syrup compared 1 bly with those abtained with a cone and plate
viscometer. Castell-Perer and Steffe (1992) provide a good review of the
theory and practice of mixer viscometry.

The Rapid Visco-Analvzer is a useiul example of mixer viscometry (Ross
et al, 1987), It consists of o molded plastic stirning paddle attached to an elec-
tric motor whose shal rotates at constant speed and the current rnq\nna! 1o
drive it is 1} tored by a A di ble al
sample container is s filled with 4 gof flour and 25 ml ul‘watl.r and placed to
surround the paddle, and the motor is started. A split copper block ot 96°C
rapidly heats the mixture through the gelatinization temperature of the starch.
The test takes 3 munutes to perform. The power output correlates with the
apparent viscosity. This has become a routine screening test lo detect sprout
damage 1o wheat quality when wheat is delivered to grain storage sites.
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Falling-Ball Viscometers

This type of viscometer operates an the principle of measuning the time fora
Ball o fall through a liquid under the infiuence of gravity, The falling bl
reaches a limiting veloity when the acceleraion due to the force of gravity
exactly compensated for by the fiction of the fluid on the ball. Stokes
(18191903} was one of the first to study the himiting velocity of falling balls
and the following equation is narmed the *Stokes equation” in his honor:

n=[3te - p 8] /v

where 1 is the viscasity; g, the density of the falling ball; py, the density of the
fluid; B, the radius of the falling ball; g, gravity; and 1, the limiting velosity

This is a simple type of instrument that is useful for Newtonian fluids
but his limited applicability to non-Newtonian fuids, It cannot be wsed fir
opaque fluids because the ball cannot be seen. Stokes' law applies when the
diameter of the ball is sa much smaller than the diameter of the tube through
which it is falling that there 15 no influence of the wall on the rate of fall of
{he ball.

A falling-ball viscometer can be casily improvised in the laboratory {see
Fig. 6.9). Fill a large graduated glass eylinder with the test (luid and gently
drop a steel ball in the center of the eylinder. Allow sufficient distance of fall
for the ball to reach the limiting velocity, then time the fall of the ball witha
stopwateh, Steel ball bearings with a range of precisely controlled diameters
can be pbtained from engineening supply houses. The larger the ball, the faster
it falls. Therefore, it is necessary to select a diameter ball that is small enough
1o fall at a rate that can be measured with some degree of accuracy with a stop-
watch. The lower the density of the ball, the slower it falls. It is possible to
obtain balls of material other than steel that have a different density. For exam-
ple, glass marbles have a density of about 2.6 compared with 7.8 for steel
A glass marble will fall more slowly than a steel hall of equal size,

The Gilmont Viscometer is a falling-ball viscometer in which a glass o
stmnless-steel ball falls down a vertical tube slightly larger than the ball The
interior of the tube 13 beaded to ensure that the ball stays centered as t falls
Gilmont (1963) used the theory of flow rotameters with spherical floats to
denive the following two equations:

n = Ky — pi
where 7 is the viscosity, gy is the density of ball (2.53 for glass and 8.02 for
stainless steel), p is the density of liquid, £ is the time for ball to fall between
o sets of fiduciary lines etched into the be as measured by stopwatch, and
K 15 the instrument constant,

K=ssobr' -R”{z-t-i]
L 100
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where Dy is the dismeter of falling tall, L is the distance the ball falls between
fiduciary marks, R = 100(D), — D)/Dy. and D, is the tube diameter.

In practice, the value of & is usually obtained by measuring the time of
descent for a liquid of known viscosity and the viscosi 1
inta the form:

where 7, is the viscosity of liquid of known viscosity.

The Gilmont Viscometer uses a 10 ml sample. Two sizes of tubes and two
balls (glass and stainless steel) are uvailable, 1t is suitable for Newtoniun
liquids in the viscosity range of 0.25-300mPa's,

Figurs % A falling-ball
wsegmeter improased in the
laboratary [note the gliss marble
falling through the ligud).
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A vananon of the falling-ball viscometer is the rolling-ball viscometer in
which a ball falls through the liquid in o whe inclined at an angle of about 10°
from the vertical. The tube is only shightly larger in diameter than the ball. and
there is o strong milvence of the wall on the ball,

The best-known rolling-ball apparates is the Hocppler Viscometer, The
instrument censists of a heat-resistant chemically inert 20 emi-long plass whe
with a precision bore about 16 mm diam. 1t is enclosed in an 80 mm-diam.
glass tube through which water from a constant temperature bath is circulated.
A screw cap al the top of the tube is removed. the tube i3 filled with sample
(about 30ml), a designated ball is placed in the wbe, all air 15 removed, and
the cap is replaced. When the system has hed equilit the
tube assembly is inverted and the mte of fall of the ball between m"k"'&‘ an

the glass tube 15 measured with 4 stopwatch.

I{ubhmj and Brown (1943) developed gencral relations between the

bl Ived in the line region of fluid fAow for rolling-ball
viscometers which led to the =qunlion

__x‘— B S
AT v P d

where K 15 a dimensionless correlation factor; o, the dumeter of the ball;
D, the internal diameter of the tube; 1%, the terminal rolling velocity of the ball,

, acceleration of graviry: g, the density of the liquid: p,, the density of the
ball; and #, the angle of inclination of the tube to horzontal,

For o given instriment under dard 5 LD, d 0 and K
are constant and the above equation reduces to
7= Clp, =o'V

where € is the instrument cocfficient, which is cqual to (SmA42)Rg siné
DD+ d).

By selecting balls of different composition and dill: 1 Wik
possible to measure viscosities over the range of less than | mPa-s 10 about
200Pa-s. The Hoeppler viscometer can give results reproducible to 0.5% or
better with Newtoman fluids.

Oscillation Viscometry

A vibrating surface in contact with a liquid experiences *surface loading’
because the shear waves imparted 1o the liquid are damped at a rate that is
a function of the viscosity of the liquid The power rcquired to maintain
a constant amplitude of escillation is proportional to the viscosity of the
fluid. Oscillation viscometers usually take the form of a stainless-steel ball
immersed in the fluid and vibrated at high frequency and low amplitude. This
type of vi has the ad pes of high precision, high

Y
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to small changes in viscosity, rapid accumulation of dota, and the cquip-
ment 15 easy Lo clean, The disadvantages are that it operates at one shear
rate only.

The size of the test sample is not eritical so long as it exceeds that volume
below which reflection from the walls of the contuiner pecars. This distance is
usually less than Smm. Roth and Rich (1953) give the following equation
for the propagation distance for the amplitude of the shear waves (o fall to 1fe
of their value in a Mewtonian fluid:

& = (2n)up

where & is the propagation distanee; v, the viscosity of the fluid; p, the density
of the liquid; and w, the vibrational frequency.

A commereinl viscometer of this t/pe 15 available from the Nametre Com-
pany (Fitzgerald and Matusik, 1976: Ferry, 1977). It consists of a llvm ~diam

lished stainless-steel ball hed 10 a teel rod. The ball is
numr.'mcd in the liquid and vibrated at a frequency of 646 Hz and an amplitude
of 25 u. A digital readout dial displays the viscosity. A viscosity range from
about 1 mPa-s 10 100 Pa:s can be measured. Minimum sample size is 33 ml up
10 10Pu-s und 70 ml up 1o 100 Pa-s. The suthor has not seen reports of the use
of this instrument for foods, but it appears to have possibilitics for many
liquids, including in-line quality control (Oppliger ef nl., 1975).

The SOFRASER is another type of oscillution viscometer. Tt immerses o
thin vibrating rod into the fluid to be tested. A constant power input imparts i
mpid low-amplitude oscillation to the rod and the ;Iumfunb s effect is measured
by the change in amplitude of the vibration, The de d as the
viscosity of the test fluid increases. The instrument can be customized to
measure viscositics between 0-10mPars up to 0-1000 Pa-s,

Imperfect Lubricated Squeezing Flow

In this procedure the flud or semifluid is placed oo wide, shallow
container and compressed umlct a platen mounh:d m a universal testing
machine. Since this uses a uniaxial i it 18 descnbed in Chapter 4
{see page 175).

Back Extrusion Viscometry

The principle of the back extrusion test for solids desenbed on page 127 refers
1o compressing solid foods until they disintegrate sufficiently to flow through
a narrow annulus, The same principle can be applied to fluids when it may be
described as a ‘back extrusion” test, but is also often termed *annular pump-
ing’ by rheologists. In both cases, the food is held in a container that is placed
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on the base of o universal testing machine (UTM), a rod or platen attached fo
the UTM crosshead 15 driven down anta the container and the change in force
over time 15 recorded. There are several differences between back extrusion of
sohids and Liquids:
(1) There is no initial packing down for liquids as there is for solids {see
section A-B in Fig. 4.15, page 128).
(2) With solids. the force usually becomes approximately horizontal oace
extrusion begins {(see section C-D in Fig. 4.15, page 12%), whereas,
with liquids the furce increases linearly as long as the rod continues o
descend into the fluid.
{3) A correction for buoyancy force and veloeity imparted to the fluid
needs to be made for liquids. These fuctors ure ignored with solids
because the force 1o disintegrate solids is so high.

Steffe and Dsorio (1987 ). and Osorio and SteiTe (1987) pointed out that the
total force on the descending tod is given by the sum of three factars:

Fy = Imalw + m’ AP + yploma®

where Fy is the total force on the descending rod: a. radius of the red L
depth of immersion of the rod in the fluid: 7w, shear stress at wall of the ok
AP, pressure at depth L; y, sample densily; g, gravity. The first term in
the equation is the force due to the shear stress at the wall (2muln), the
second term is the force responsible for fluid flow in the upward direction
(ma*AP) and the third term represents the buoyancy or hydrostatic force
(L),

If a power-law fuid is tested in u back extrusion cell using two dilferent
speeds of the descending rod. 1ts flow behavior index » is given by the equation:

Fiar L

=i Fzch !n[—'-]
£ n[ Fards ]/ ¥

where & is the flow behavior index; £y, is the force conneeted for buoyaney:

L is the depth of immersion of the rod in the fluid; and 1”15 velocity of travel

of the rod. The suffixes 1 and 2 refer to the first and second test
The consistency coellicient for a power-law Nuid is given by the equation:

rr(_or Y
2 | V(R/aY

where K is a consistency coeflicient; £, the pressure drop per unit length, &, a
dimensipnless flow rute; R, radius of contuiner: o, radius of the descending
rod, and ¥, velocity of the plunger.

This test procedure, although mathematically complex, has great potential
for the food industry because the experimental procedure is simple, rapid and
uscs robust attachments 1o o umiversal testing machine.
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Imitative Viscometers

These empirical instruments imitate the Mlow of non-Newtonian fluid foods
under practical conditions. They are simple instruments that usually give a
one-point measurement. Although they have their limitations they can be use-
ful for quality control purposes. Examples of this type of viscometer are the
Bostwick €. , the G yer and Plund Consistometer (alse
known as the Adams Viscometer), and sag meters. These types were discussed
in the previous chapter,

Use of One-Point Measurements for
Non-Newtonian Fluids

Throughout this chapter and in Chapter 3 the severe problems associated with
attempts to deseribe a non-Newtonian fluid by means of a one-point measure-
ment have been emphasized. However, having expressed these cautions, it
15 now time 1o point out that under certain conditions it is possible to use a
one-point measurement as a quality control technique for non-Newtonian
Tuidds. Tn some highly standardized svstems the change in viscous propertics
during processing moves in a reproducible manner along o predetermined path.
A one-point rement misy faclorily d inc the endpoint in such o
svslem.

An example of this can be found in the concentration of tomato juice to make
catsup, Tomuto catsup is essentially tomato purce that has been favored with
salt, sugar, vinegar, and spices. It is manufactured by adding these ingredicnts
te tomato juice and boiling until n satisfactory consistency is obtained, Close
control of this endpoint consistency is critical, If slightly too thin, the catsup
gushes out of the bortle too fast, whercas if slightly too thick, it becomes
difficult 1o make it flow from the bortle, Figure 6,10 plots the apparent viscos-
ity of tomato puree 4s a function of the solids content in the purce. Although the
flow properties of the puree al each concentration are complex (see Rao et al ,
1981}, the viscous propertics do move in a reproducible way along this com-
plex path. Hence, a single-point apparent viscosity measurcment can be uscd
successfully 1o determing the finishing point for tomato catsup.

Suppliers of Rotational Viscometers
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Figure 6.10  Apparent wscasty
of temato juice and concentrates
as a function of solids
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Although description of the ional vi mast Iy used for
food products was included in the first edition they will not be described in
this edition for several reasons.

(1) Most manufacturers now provide o wade amay of viscomeler types
whereas in the past many manufacturers made only one type, Une

conszant shear rate of 1005,
Meva cultrar. {From Rao rral
1681, Reprnted from |, Testare
Srudes TR page 521 With
permission of Food and Nutrition
Press Inc.)
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2}

3

manufacturer would specialize in controlled shear rate viscometes.
another m controlled shear stress viscometers and vel another wosld
concentrate on designing cqui 18] the normal force. Now-
adays most manufacturces provide almost every type of viscometer
Manufacturers continuously upgrade and cxpand the number of mod-
cls avinlable. They also upgrade their software programs on 4 regular
basis.

Companies are being bought and sold more ofien. A well-known
brand name of viscometer this year may be marketed by a different
Corporation next vear.

A list of the suppliers of the rotational viscometers most widely used for
foods is given in Appendix I, pages 341 -345. Ths list is up-to-date at the time
of writing. The reader is encouraged to contact suppliers direetly because they
can provide the most up-to-date information on their offerings.



Sensory Methods of
Texture and Viscosity
Measurement

Introduction

Sensory evaluation is the measurement of n product’s quality based on infor-
mation received from the five senses: sight, smell, tste, touch, and hearing.
Sensory texture measurement is perceived primarily by touch (the tactile
sense), although the eves and ears can provide information on some important
compenents of the total texture profile of a product. The signals gencrated at
the nerve endings of the senses are Lansmitted via the central nervous system
ta the brain where they are integrated with past expericnce, expectations, and
other conceptual factors before the opinion of the response is summarized
{Amering ef al., 1965; Larmond, 1970),

Sensory methods of measuring food quality may appear to lack the precision
that is desirable in seientific research beeause of the variability from person o
person and variability from hour to hour and day to day in likes and dislikes of
each person. In spite of these obstacles, sensory of texture is
3 very important aspect of food quality that cannot be ignored. Later in this
chapter it will be shown that some sensory testing methodology can be as
reproducible mad precise as physical tests when properly performed.

Importance of Sensory Evaluation

Tnstruments are calibrated in absolute units such as newtons force, millimeters
distance, pascal-seconds usa.nsu}, and so on, but these readings mean i.l.llle
unless correlated with sensory jud of quality. € i

of physical properties with sensory assessments of texture is Ihe subject of the
next chapter, Thete is no point in measuring properties that are not perceived of
notjudged important by the human senses. People will not purchase or consume
food unless it has high plability ding to their perception of quality.
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Sensory methods are the ultimate method of calibrating nstrumental meth-
ods of texture measurement. Even though sensory methods are gencrlly
time consuming, expensive, and not subject to absolute standards, the fac
remaing that eventually all instrumental measurements have to be calibrated
ajainst the human senses. We have to face the fact that if the palate sends
a value judgment message that says the food has undesirable textural proper
tics, then the texture is undesirable regardiess of the readings given by oure
nstruments.

There is a lange body of liteature in which execllent repans of physical
testing and chemical and biochemical analyses have been matched with
sensory testing that was not performed in a scientific manner. It is regretiable
that so much wark of potentially high value is of limited use because it vas
pared with inadequately designed and poorly exceuted sensory studies, The
most common deficiencies have been use of untrained or inadequately trained
judges, use of hedonic scaling instead of intensity scaling, and inadequale
or no definition of the exact meaning of the sensory terms presented to the
panel,

Sensory evaluation offers the opportunity to obtain a complete analysis of
the textural properties of a food as § ived by the human senses. A number
ated, wcluding deformation,
anid spmetimes changes

of processes occor while food is being ma
flow, comminution, mixing and hydration wi
in temperature, size, shope, and surface roughness of the food particles. All of
these changes are recorded with great sensitivity by the human senses, but
many of them are difficult to measure with instruments, The entire complex
of events that occurs during mast on cannol be mensured completely by
instruments, There 15 no mstrument available that has the sophistication, ele-
gance, sensitivity, and range of mechanical motions as the mouth or that can
promptly change the speed and mode of mastication in response to the sensi-
tions recerved duning the previous chew,

Sensory evaluation is important for product development, It is the best
method for evaluating texture of new types of foods in the early stages of
development, especially fabricated foods, and for providing a basis on which
instrumental methods might Later be designed for use as a quality measure and
production control.

Sensory analysis of the textural quality of foad has been used in practice
ever since the first human being walked on the Face of the earth; and food
researchers have performed sensory texture studies for many decades. However,
the comprehensive foundation on which modern sensory texture analysis is
built was laid by Dr Szczesniak’s group at the General Foods Corporation
Technical Center in Tarrytown, New York in the early 19605, (General Foods
Corporation has since become part of Kraft Foods.) Therefore, the sensary
texture profiling procedure developed by that group will be deseribed in detail
first. Additions. modifications, and spin-offs from the basic procedure will
then be described.
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Sensory Texture Profiling

Sinee texture is a mulliparameler attribute, its full description must address
the identification and quantfication ofall the textural properties of a food. The
mast complete system of sensory texture measurement is the General Foods
Sensory Texture Profiling techmque (Brandt ef al., 1963; Szczesniak of al.,
1963; Civille and Szczesniak, 1973, Civille and Liska, 1975). The following
description is based on the material in these references. This 1echnique 15 an
extremely powerful tool and is highly recommended. Most other methods for
sensony analysis of texture may be viewed as partial texture profile technigues.
The best way 1o lesm the procedure and have confidence in it is to do it; it is
less satisfactory to deseribe it because verbal or written deseriptions do not
give the sense cf the strenpth, accuracy, flexibility, and reproducibil‘ty of the
technique that is obtained by actually doing it, One might Tiken this to leam-
ing to drive a car by siting behind o steering wheel and actually drving the car
versus learning 1o drive 5 car by reading about how to drive cars but never
driving one.,

The major steps in the operation of establishing a sensory texture profile are
(1) selection of panel, (2) training the panel, (3) establishing standord rating
scales, (4] establishing a basic texture profile analysis (TPA) score sheet, and
(5) developing a comparative TPA score sheet for each commadity, These
steps will now be described in sequence,

Selection of Panel Members

A properly trained panel leader is needed w start the sensory texture profiling.
It is best for this person 1o hiave been trained in a formal trining workshap
conducted by people who are well experienced with the procedure, The pancl
leader should possess all the attributes needed for panel members described
below and in addition should hive (a) the type of personality that puts people
at ease and encourages them o put forth their best efforts as a group; (b) some
fic training and wnderstanding of the seientific method, although it is not
necessary 1o huve adva reas, () leadership qualities that
will bring the panel to a consensus of opinion without imposing personal ideas,
The general requirements for texture profile panelists are listed in Tnblcl Tl
At least twice as many persons as necded should be chosen for preliminary
stlection because not all persons meeting the requirements in Table 7.1 will be
found suitable. A panel normally comprises five to seven persans. In order to
have & complete panel at all times, it is necessary to start with two to lhllee
times this number to allow for those who cannot pass the preliminary selection
test amd for atntion due to ab locati and reti
In the preliminary selection process each candidate is given four consecti-
live les from the | scale f ted in random order and asked

ced ranming in thes
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Abilay #th a group and develop a feeling of team identity with the group.
Ableto spase the e far mmms {2-3ha dlylurmomi weeks) and the regular operation of the pane for an indefinite pesad
Their supervisor muse agiprove this espenditure ofome willingly, nat reluctantly.

Panel members shold be very mterested in therr work, and dedicated to developing 2 team thut can give resulis with the precacn
and regreducibilay of a soentific

Panel members must have comman sease and ble antelfigence. A bigh 1.Q. i nat essential No specal education o nece
sary. In fact, laboratary technigians and affice saff (for example) frequently make the best panel members because they can mare
readily spare the tune, they are ahyays available; they are less likely to be preoccupied with ather marmers (a5 are senior sttt
und administrators], and hence are able 1o devote therwhole ntrrest o the work ar hand.
6 Panel members should be able 1o diszuss the testa with the ather members af the pancl and be able to reach 2 consenyss. Pecple
with a domineenng or bassy stude, and prople wha are excessiyely Umid or cannar express an epinion are uasuited for pard
work
They shauld be able to develap a professional arsude toward their work, and rake prde in .

They shauld have pood dental healih and na denures beszuse fabie teeth may resnce the perceprion of same cexture atribuis.
Peaple imvabved in the dudupmnl ol the pruduu.u: Inum'd lhunh‘l nul hruﬂlhr panel because they tend to come to the.
ranel with ived ideas of th q
10 I desirable ta b Sers of both gend, 2 4 anngh the panel can comprive predammantly one gender.

4
Fi
3
4

w

o o

Source: Crlle and Secresmak (1973),

*The pand leader should passess the abeye atnbutes and in 2ddition should have the fallswing: (1) the iype of personality that pus
peaple ar ease and magu them ta put feeth ther best offorts as a group; (2) Ieadership qualities thar will bring the pand 123
pasing persanal ideay; and (3) came seientific raiming and understanding of the scientific methad.

to grade themt in order of increasing hardness, Peanuts, carrol. slices. peanut
brittle, and rock candy are easy to obtain, fairly standard in hardness, nothighty
perishable, and are a good set 1o present to the panel. Those persons who can
rank these four dities with plete success in ing order of
hardness are used for further training. Those who are unsuccessfl in tis pre-
liminary test are excluded from further participation.

Roussct-Akrim ef al. (1995) used a series of 20 tests on 25 subjects 1o find
efficient assessors for sensory texture profiling and coneluded that the ability
to complete @ complex profile could be discerned through simple selection
Lests. This study supports the adequacy of the procedure deseribed above,

Training of the Panel

The panel should be located in surroundings thut are conducive to concentra-
tion: a place that is well lighted (not glary), quiet, and free from odors and
distractions that might lower the concentration of the pancl from the task at
und. Successful sensory texture profiling requires much concentration. The
f of the dings should be comfortable. The panel is seated
ammul 1 large table und provided with score sheets as needed, u glass of water
for rinsing the mouth, and a paper cup for spitting out any material that is no
longer needed for the test, There should be room in the center of the table to
hold the samples that are currently being tested. A blackboard, @ set of large
flip sheets of paper, or other form of visual display should be available for
recording scores and any comments made by the panel.
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The first step in the training 15 1o familiunize the panel with the standard
mting scales described in detail in the next section. The panel is presented
with ane complete standard rating scale at a ume. The panel leader gives a full
explanation of the scale and then the panel samples cach item on the scale in
aseending order of magnitude, This is Tollowed by discussion of the scale and
further sampling of the commodities on that scale until the panel fecls they
have mastered the seale. At that time, a food of unknown intensity on the scale
being considered is presented and the pancl 15 asked to rate it 1o the nearest
quarter point on the seale, The scores are called out to the panel leader who
writes them on the board, When all the scores have been recorded, any
differences in the scores are discussed. and sampling of the unknown and the
standards is repeated until the entire panel gives a score within % point of
the mean. The panel should work on cach standard rating scale until they can
ablain this degree of consistency between panclists. When this has been satis-
factorily completed, the pancl moves on to the next standard rating scale and
repeats the procedure. This is continued until all of the scales have been cov-
ered, and the panel hus a clear impression of the type of property being meas-
ured in each scale and the intensities that can be experienced in that scale
using the standard items as anchor points,

When the panel has thoroughly grasped the standard scales; including the
geometnical seales, they develop (as an exercise) o complete texture profile on
asimple product such as soda crackers using the basic TPA score sheel, which
is deseribed in detail below. The complete texture profile is developed in one
session without the presence of any of the food items on the standard scales.

When it is found that panel bers show sub inl disag L in some
areas, the exercise is repeated in the following session with the items from the
standard scales lnble for ref on the d d points, The panel now

repeats the evaluation of the disputed points on the scale using the standard
scales for reference and continues 1o do this until they resolve their diflerences
1o within *'4 point. This exercise generally makes the panel realize the value
of having the standard scales for reference as anchor points.

Having suc fully developed a reproducible texture profile for a simple
product the pane] lu.ma its ullullluu to the commaodity of interest and develops
a texture profile for it. The time required Lo develop o texture profile for the
product of interest varies, With a simple product a good profile may be devel-
oped in two or three sessions. A difficult product may take a number of sessions
before a compl producible, and factory profile is developed

When the basic texture profile for the commodity of interest has been com-
pleted, the panel leader develops the comparative texture profile ballot, which
is discussed on p. 273. The panel then uses the comparative texture profile bal-
lot and perfects it by means of discussions between the panel and the leailer,
and by referring to the standard rating scales when guestions or ditfferences of
Opion anse.

The panel has now been trained and is ready for routine work on the eom-
modity for which the comparative Lexture profile ballot has been prepared.
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Whenever o new commadity is to be studied, the panel utilizes the base
training it has already received. They first develop the basic texture profile
for the new product and then mave on to develop and perfect the comparative
texture profile for that praduct.

Establishing Standard Rating Scales

Textural charactenistics are divided into three classes {Szozesniak ef ol 1963)

Mechanical Characteristics

The mechanical characteristics are related to the reaction of the food to stress
and are made qrantitative by means of standard rating scales, analogous ©
Maohs scale of hard used by mineralogists. The Jard hardness scale
consists of nine food products ranging from low hardness (Philadelphia cream
cheese) to high hardness (rock candy).

Other standard scales are fi bility {originally termed ‘bri %)
(7 points), chewi (7 points), g i (5 points), adhesiveness (3 pﬁlﬁ-ﬂ
and viscosity (§ points), The original standard scales arc listed in Tables
1.2-7.7.

The items selected 1o be used for the standard rating scales sre chosen on |h¢
basis of having that particular textural property as a dominant characteristic
coupled with fairly uniform intervals between points in the desired char:
cleristic, A panel of five to cight people with adequate training can rale the
mechanical propertics of o sumple on each of the six standand scales to within
about one fifth of a point with a high degree of reproducibility,

The items listed in the standard scales shown in Tables 7.2-7.7 were used to
construct the original scales because they were available in eastern United Sttes.

rating  Product Hrand or gpe Manufacturer Sample sire

1 Creamchesse  Philadelphia Kraft foods Taein

2 Egg whire Hard-cacked, § min = i, g

3 Franklurters  Large, uncooked, skinles Magen Daad Kosher  Yein

Meat Products Corp

4 Cheese Yellow, Amenican, pasteurized Kraft foods T
Process

5 Olives Exquisite, gians size, stuffed  Cresca Co 1 olive

L Peamas Cocluall ype invacuem tin - Planters Peanuts 1 it

7 LCarots Uncaaked, fresh - eir

& Peanut brirde  Candy pars Kraft foods -

2 Rockeardy = Oryden and Palmer =

Source: Srcxesniak ot of. (1963); reprnted from |, Food Sci. 28, 398, 1963 syt
of Food Technologes 5 i e bf :
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mting  Produc Brand or ype Manufacturer Sample size
] Lo muffin Finast First Mational Stores. Y,
2 Angel pulls Duetetic, heated  Stella D'Oro BiseuitCa. 1 pulf
for 5 mim at
190°F (88°C)
3 Ciraham crackees Habisza Manenal Basuit Ca Yiin,
wracker
4 Melba toast Inside piece Devombeer Melea Corp Yeen
5 Jan Hazd cookies — Keehler Bicun Co. ¥iein
L] Cinger snaps. Mabisn ‘National Biscuit €o Win
7 Peanut brittle Candy part Keafi foody Yerin

“Thas was anginally known as the 'brinferiess’ seale

Sowree: Srczewnak of i {1963); reprinted fram | Food Sei. 28, 399, 1963, €. it by Institute
of Food Technalogin. Eil £ gl

Table 7.4 Original Chinvimess Scale

Pradict  Average na. =
rating of chows Product Brand or type Manafacturee Sample aizm
1 101 Rye bread Fresh, center cut Pechier Baking Co. i
2 7 Frankfurter Large, uncoaked, shinless Magen David Kasher i
Meat Produers Comp.
3 250 Gum drops Churckde Fred W, Amend Co. Yivin.
[ 3N Sneak Hound, Yein thick broded ~ — din hale
on each side for 10 man %
H 335 Black crowicandy  — Whason Candy Carp e
(] 73 Peanut chews - Whitman Lo, 1 piece
7 567 Toatsie rols Midget size Swaets o of America 1 peece

Sowre: Secaeania ol {1963), reprined from | Food 5. 28, 199, 1963, Copyght by Inwiitute of Faad Technalagius.

Teble 7.5 Driginal Gurmminess Seele

Panel Sample

rating Product Brand or typs Mamufacturer size

1 A0 flour paste Gold Medal General Foods 1t

2 A% Mour paste Giold Medal General Foods Tibs

3 S0% flaur paste Gald Medil Grneral Faads 1ibs ]
4 55% flour paste Cold Medal General Foods 1 i
5 &% Mour paste Giale Mudal General Foods ks

Scurre Szcrcsniak et o (1963), reprinted fram ) Fosd Sci 28, 400, 1963, Capyrighe by Institate
of Fand Technolagite
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Panel

rating Product Brand or Jype Manufactures Sample sire

1 Hydrogenated Crisco Procter and mp
vegetable ol Gamble Ca.

r Buttermilk bocut - Pillsbury Mdls 14 biscat
dough

3 Cream cheese Priladelphia ¥raft Foods hsp

4 Marshrrallow AT DurkeeMunar s
topEing

5 Peanut butter Skippy, smoath Best Foads Hp

Source; Secresniak er o, (1963); reprinted by Food 5o, 28, 400, 1263, Copynghe by instmute
af Food Technalogists.

rating Praduct Brand orrype  Manufacturer Sample size
1 \Water Spring Cryatal Spengs Co, Sup
2 Light eream Sealtes Sealest Foods Hop
3 Heavy cream Sealtest Sealvest Foads 1t
4 Evaporated mifk - Carmatan Ca, 1t
5 Maple gmip Premer 100K Francis . Leggett fop
and Ca.
6 Charcolate syrup = Hershey Chacolate  Yop
Corp.
T Minrure: ¥ cup Hellman's Best Foods Yitsp
mayonraie and
2 thy hoavy <ream Sealies Seahen Foods
& Condensed milk Magnoha, Barden Fonds Mo
wrrtened

Sourcr: Sacresnak ef al, {1963); reprented from J Food Sa 28, 401, 1963, Copynpht by Insatute
of Food Technologist.

Some of them may not be available in other areas of the United States and
many of them are not available in other countries. Under these conditions sub-
stitute commodities must be selected to fill out these scales, Each scale should
encompass the full mnge of intensity of that textural charucteristic encoun-
tered in foods, Other factors to be considered in selection of the standand

commodities are:
1) select well-known brands that have good quality control and give a
consistent quality of the product;
{2} use products that require the i amount of prep in order

to eliminate recipe vanables;
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(31 use products that do not change greatly with small temperature vana-
tiwns or with shori-term storage.

The reference items should be standapdized as much as possible with respect
to s1ze, temperature, brand name, and handling to ensure the stability of cach
scale point,

With these critena in mind it is possible to change any commodity in the
standard scales, An example of this is shown in Table 7.8 where the hardness
and viscosity scales developed for a texture profile panel in Colombia are
shown und contrasted with the original scales developed by the General Foods
Group in eastern United States. Similar scales have been developed in
Colombia for the other mechanical characteristics using different eommodi-
ties than in eastern United States (Bourne et al,, 1975).

When necessary, the scales can be expanded in selected areas to allow for
4 more precise description of differences between closely related samples.
For le, when working with semisolids such as puddings and whipped

Takly L0 Hard, i MY ork-and Bos

Scale value

Bogara®
Hardnew,
1 Philadelphea cheese (Kraft) Philadelphia cheese {Alpana)
2 Cooked ezp white Cooked egg white
3 Frarkfurters (Magen Davd) Cream cherse {Ubate)
s Processed cheess (Kraft) Frankfurters (Suira)
H Pickled olives {Cresca) Maozzasella cheese (LaPrriccta)
& Pearuts {Planters) Feanue (LaRlosa)
¥ Carron {raw) Carrol {raw)
B Pranut brtle [Kraft) Candied peanuts {Colombma)
9 Rack candy Willc candy {Colombina)
Viscayiy
1 Water Water
2 Light cream {Sealvesr) 0% sucrose sywp
3 Huavy cream (Seahies) S0% sucrome yrup
4 Evaparated milk Gl sucrane sprup
= Maple syrup Maple syrup
& Chacolate syrup (Hershey) Qi mveetened condensed
ke + A% water
7 Blature: % cup mayannaise and 5 d d el
2 s heavy cream
4 Swertened condensed milk
Gumemine
1 A0% Gold Medal Mour 41% Comapan flaur
2 455 Cold Medal Mour 45% Comapan flour
] 5U% Gold Medal flour 4% Comapan flaur
4 5% Gald Medal flour 53% Comapan fleur
s s 57% Comapan flaur
[ 60 Cold hedal flowr -

Sources: *Seczesniak of al, (1963); "Boure s af. {1975).

N —
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toppings the lower end of the scale may require the addition of sofier stan-
cream cheese, which ranks number one on the standard seale.
ales can also be expanded between points by adding other sclected
foods to serve as intermediate anchor points. For example, i a given fomme
lated food always has a hardness between 3 and 3. then a new hardness scale
can be constructed just for that fvod us'mb 5t 10 anchor points. In this case
there is no need to use points 1, 2, 6, 7, 8, and 9 of the standard hardness seale
because they will never be uzed for lh1.~. food.

For panel use, the definitions of the mechanical characteristics arc given m
terms that are closely related to the actual pLI'LLpUUtI

Hurdd, is the force required o F a I the malar
teeth (in the case of solids) or between the tongue and palate (in the case of
semisalids). To evaluate the hardness of solid foods, the item is placed between
the molar teeth and the panelist bites dm\n evenly, evaluating the force 1
compress the food. For isolids, h is 1 by comy g the
food against the palate with the tongue.

Fracturability is a parameter that was initially called brittleness. Tt 15 the
force with which a sample crumbles, cracks, or shatters; for cxample, peantt
brittle shatters with greater force than graham crackers. Foods that exhibil
fracturahility are products that possess low cohesiveness and some degree of
hardness. To evaluate fracturability the food is placed between the maolar testh
and the panelist bites down evenly until the food crumbles, eracks, or shatters.
The degree of fracturability of a food is measured as the horizontal foree with
which a food moves away from the point where the vertical foree is applisd
Another factor that helps determine fracturability i the sudd with
which the food breaks,

Chewiness 15 the length of time required to masticate a sample at a constant
rate of force application to reduce it to a consistency suitable for swallowing
An alternative way 1o use this scale is to record the actual number of chews
instead of using the numbers from the scale. To evaluate chewiness the stan-
dard is placed in the mouth and masticated at the rate of one chew per second,
Chewiness 1s the number of cliews required for a standard-sized piece before
the product is swallowed. There may be a wide range in the number of chews
from person to person, but the average number of chews for the whole panel
represents a range for each scale value and adjacent mnges should not overlap.
Even though there may be a wide range in the number of chews different pane-
lists give the same product, each panelist should give the same rank order for
the seven foods in the standard chewiness seale. Note that chewiness should
be used for salid foods but not for semisolid foods (Szezesniak, 1995),

Adhesiveness is the force required to remove material that adheres o the
mouth (generally the palate) during the normal eating process, The technigue
for evaluating adhesivencss is to place the food in the mouth, press it against
the palite, and evaluate the force required 1o remove twith the tongue, Since
the amount of saliva in the mouth affects the degree of adhesiveness, it js desir-

able t rinse the mouth with water immediately prior to each evaluation
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Gumminess is the denseness that persists throughout mastication or the
encrgy required to disintegrate a lid food 1o a state ready for swallowing.
The technique for eval i 15 1o place the sample in the mouth
and move it between the ln:u,u: and the palate. The degree of gumminess is
udied as the extent of manipwlation required before the food dismtegrites.
Note that gumminess should be used for semisolid foods and not for solid
foods (Szczesniak, 1993),

Viscosity is the Torce required to draw a liquid from a spoon over the tongue
The technigue for cvaluating viscosity is o place the spoon containing the food
dircetly in front of the mouth and draw the Tiquid from the spoon over the
tongue by slurping. The degree of viscosity is measured as the force required
to draw the liquid over the tongue.

Geometrical Characteristics
Geametrical charaeteristics are related (o the arrangement of the physical
constitutents of the [ood product such as size, shape, arrangement of particles
withina food, surfuce roughness, etc.; they ane qualitative and partly quantitati
clate to p:\rllcle sm: shape, onentation, and surface
i 1 for g i ! are given in Table 7.9.
chmn.mcnl charctenstics tlu not lend themselves to as elear-cut sealing as
do the mechanical chameteristics. They may be divided into two general groups
of qualities: size and shape, and shape and orientation.

(1) Those related 1o size ond shape are perceived as discrete particles
that are relatively harder thun the surrounding medium or the carriet.

Deseriptive term Example

A, Characterstics relating to particle mre and shape;
Tawdery Confectiancr's sugar
Chalky Raw potate
Gaairy Fanma, Cream of Wheat
Contty Pear sone cefls, sand
Lumpy Comage ehetse
Beady Tapiaca pudding

B Ch i relating ta shape and
Flaky Baibed haddack
e Base of asparagus shaot,

breast of chicken.
Pulpy Deangn sectons
Celilar Faw 3pples, white cake :
Chiffan pie flling, milk shake

Pully Pulled nee, cream pulTs
Craliing Granulated sugar

Sowree, Brandt of of (1963); reprinted from | Food So. 28, 405, 1963, Copynght by Institige
of Food Technologres.




268 Sensory Methods of Texture and Viscosity Measurement

This group can be sculed in the same manner as the mechameal
charactensties. For example, chalky, gnity, gramny, and coarse compnge
2 scale of increasing particle size, Note that this is particle size eval-
ation; the hardness of the particles must be evaluated independently

{2) Charactenstics related to shape and onentation represent highly ongnized
structures of different g ical arrang within cach produst.
For example, a puffy texture is an organization of hard or firm oot
shells filled with large. offen uneven, air pockets (e, puffed no,
whercas an acrated Lexture is a network of relatively small even cells
filled with air and surrounded by cell walls (cg whipped cgg whitc)
The peometrical characteristics are sensed primarily by the tongus but
may be sensed 1o some extent on the palate and on the teeth,

Other Characteristics

Other chamctenstics are properties related 1o the moisture and fat content
of the food as perceived by the human senses: they are qualitative and partly
quantitative. These are sometimes called chemical charactenstics becasse
they measure the factors of moistness, dryness, oiliness, and fattiness, No
standard scales for these characteristics were published in the original texture
prafile method (Brandt ef ol,, 1963), but it should be possible to develop sta-
dard scales for these propertics. These terms are not the same as moisiness o
fat content as determined by chemical analysis, For example, two apples miy
have the same moisture content as determined by chemical analysis butma
sensory test one might be found 1o be dry and mealy while the other 15 moist
and juicy, It is possible to have two cuts of beel that have been shown fo have
equal moisture contents by chemical analysis, and yet one cut will be termed
Jwicy because of the sensation of moisture in the mouth while the other cul
will be determined dry because the sensation of moisture 18 lacking.

It is worth emphasizing that it 18 the sersarion of moistness or oiliness 0
the mouth that must be assessed. There is often a poor correlation between the
release of ol or moisture during mastication and the amount determined by
chemical analysis.

COn one oceasion the author was trining a panel tn work on 4 semiliquid
product with a high content of emulsified sovbean oil, The insisted the
product had a “greasy mouthfeel” Afler tasting pure sovhean oil (*oily’) and
Crisco shorlening (*greasy’) the panel confirmed the product was greasy. In
this case the homopenized oil droplets gave the sensory impression of a solid
fat even though no solid far was used in the formula,

Developing the Basic TPA Score Sheet

A svstematic method of recording all the texture charactenistics of a Liven
food is based upen the “onder of appearance” principle. which relates to the ume
sequence in which the varions atributes of the product appear. Unlike Mlavor,
where the order of appearance of the notes cannot he anticipated, texture
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Basic Tocrune Pronce Batuar
Produgt : Patg: Mame;

1 INITIAL [percened cm fiest Bute)
{al Meehanical
Hardness [1-9 scale)
Fracturabibty (1-7 scale)
Viscosay {1~ seale)
1k} Geomencal
(e} Other characueristios (mossiness, wiliness)
. MASTICATORY (perceivnd daring chewsng)
{2} Miechanical
Gumminess |1-8 seale)
Chewiness {1-7 scale)
Adheviventss (1-5 seale)
[b) Geametacal
(e} Ocher charactensuics (mentness, wilmess)
RESIDUAL (chamges induced during mastication and macnng)
Rate of breakdown
Thpe of breakedawn
Blaisture. Bon
Mauth coating

perceqtion follows a definite patiern reparding the order in which the various
c.hll‘m:l:rlslics are pereeived. These are subdivided into initial (first bite), mas-
tieatory, and residual phases. The basie texture profile score sheet is shown in

Fig. 7.0 This should be consulted frequently during the discussion that
follows:

1. Initial. In the first bite the product is placed between the molars and a single
bite is made, On this bite the hunical properties of hard fi Lility,
and viscosity ure measured also geometrical propertics und other proper-
tes (moistness, oiliness). The mechanical churacteristics ure graded to within
0.2 units on the standard scale, although some particularly itive people
can grade 1o within 0.1 of 2 unit. The geometrical characteristics and ather
charactenisties, if present, are listed without assigning a number to them, but
adjectives such as slight, moderate, or strong may be appended to these
characteristies at this time. There are four potential measures of geometrical
properties: (1) number of particles present; (2) size of particles; (3) shape of
particles; und (4) hardness of the particles. 1t is worth noting that some char-
acteristics may be absent and should be given a score of 0, For example, the
Tracturability scale and viscosity scale are mutually exclusive Ifa food 15 frac-
turable, it is a brittle solid and s not a liquid. A food that has a fracturability
companent will have no vi ity T C ly, ty refers to
liquid foods that have no fracturability, so if a product is given a score on the
viscosity scale the fracturability score will be zero.

2. Musticatery. The second or masticatory phase is performed by pl_:l'.mg a
pizee of food hetween thie teeth end chewing at a standard rate, approximately

Figuree 71 The hasic texture
profile scare sheet. {Courtesy of
Dr A, S Srczesniak.)
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60 chews per minute, and determming the mechanical propertics of gumms-
ness, chewiness, and adhesiveness, and also assessing any peometrical and
other characteristics that appear during chewing. As noted above, chewinss
may be graded on the 1=7 scale or it can be listed simply as the total number
of chews to swallowing. There will always be a score for chewiness of sold
foods. IF gumminess and adhesivencss are absent, they should be given 2
score of U,

Chewiness 15 used for solid foods and pumminess for semisolid foods
However, some foods, c.g. crackers and cake, become semisolid dunng mas
tication, In these cases, chewiness is reported early, and gumminess latc in the
masticatory cycle,

3, Residual charactertstics. The third or residual phase measures the changes
induced in chemical, mechanical, geometrical, and all the charactensiics
throughout the course of mastication up to the completion of swallowing,
These are divided separately into the rate of breakdown, type of breakdias,
maisture absorption, and mouth coating. In the two previous phases (initil
and masticatory), numbers arc used to describe the mechanical characlenstics
and words or phrases are used (o descnbe geometrical and chemical chare
teristics. In contrast, in the residual phase, numbers are rarely used bul phrases
and shor sentences are used to describe these residual chamctenstics. To the
person who has only read about sensory profiling, the residual cf 1
may seem 1o be of minor importance. In fact, the parameters developed in the
residual charactenstics are one of the most important aspects of texture profile
analysis. The fact that these | cannot have b igned (o them
should not be interpreted as a sign of minor importance. These charactenstics
are usually impossible to dupli in instry tal tests, The residual chare-
teristics section of the texture profile is the section where textural parmeters
are least likely to be measured or detected by any instrumental method. It isan
essential part of the total texture profile procedure.

When the panel has completed the basic texture profile ballot for a food, the
leader asks each person in turn to call out the scores they have written on (e
sheetand these scores are wrilten on the board for the rest of the panel to see
Then the leader and the panel examine the scores together. Whenever the
score for any parameter that has a standard rating scale varies by mose
than £0.2 of a point, the leader and the panelists discuss the problems that

WeTe ex d. After di g the situation with the other panelists and
leader, the panclists repeat that section of the ballot and by mcans of discus-
sion and repeated testing g Ity reach a . For those f

for which words, phrases, or sentences are used, the panelists discuss among
themselves any differences and by tasting and discussion (led by the leader)
reach a The sampling—di i 1 ¢ o standard scales-
sampling-discussion sequence continues until a consensus or near consensus
has been reached. Oceasionally one panelist will not agree with the rest of the
panelists. The score of that panelist is tejected from the final report. At first
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glance this seems to be 1 nonscientilic approsch to reject some of the data, but
snloc the texture proﬁlc 15 built around the concept of consensus following

i ion. an out-of=line datum must be rejected 1f it deviates far
ftnm the consensus. However, before it is rejected that panclist must be
allowed to cxplain the weason for their odd score. It somelimes happens that
this person has expericnecd a sensation that the others have missed, but ree-
ognize it after it has been explained, in which case that sensation is added (o
the score sheet.

Figure 7.2 shows o basie texture profile ballot for meatballs, and Fig. 7.3
shows o basic texwre profile ballot for soda crackers, two products with
entirely different texture:

The following simi s and dilferences between these two foods during
the masfication sequence ure found by comparing Figs 7.2 and 7.3.

L. Initiel. Mechanical characteristics show that soda crackers have a lidle
mare hard than the Swedish balls amd more fi Eility, but viscos-
ity is absent in both commoditics. G ical properties of the crackers are
flaky and pufly whereus the meatballs are lumpy with a grainy surface. Other
characteristics show that the crackers are dry whereas the Swedish meatballs
are moist. The surfuce of the meatball is slippery, but the uncut surface is not
slippery.

2. Masticatury. Mechameal characteristics indicate the soda crackers have
no gumminess, whereas the meatballs have a gumminess of 1.2, The number
of chews for mastication 15 approximately the same for both commaodities and
both have a small amount of adhesiveness. The geometrical characteristics of
the soda crack 1o be flaky wi the balls are coarse and
gramy and fibrous particles begin to be felt, Other charactenstics show that
the soda erackers continue to be drv and the meatballs continue to be moist,

3. Residual The rute of breakdown is high for sodu crackers.
The meatballs break down fust, forming grans that break down ot & medinm
rute, In the type of breakdown, the crackers break down into little rough sheets
that change into & smooth dough, whereas the meatballs become @ nonhomo-
genous paste that s grainy and the grain size steadily decreases; some stringy’
fibrous gruins ure present but become more noticeable towurd the end and
require more effort o chew, With moi bsorption, the soda crach
absorb a lot of saliva at 4 slow rate and gradually change into a moist dough;
the saliva mixes eusily with the Swedish meutballs to form s shurry, and the
bolus becomes progressively more moist, leaving residual graims that feel dry.
With mouth coating little pieces of cracker stick to the mouth and gums; there
is some slight residual oiliness with the meatballs, and a few fibrous particles
stick between the teeth and around the mouth

These two foods, although very different in nature, have many similarities
in the texture profile for the initial and masticatory phases, The major
differences between these two commodities show up in residual sensations.
illustrating their importance in the texture profile.
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Figure 7.2 The basic texture
prefile seare sheet for meatballs Basic Textuse Pronce Ballot ron Meatsaus
Product: Swndnhmetballs At Mame

1. INITIAL (perceéved on first bite)
{a) Mecharmeal

Hardress 34
Fracurability 0.7
Vasconty Kot apphestle

(b} Geametrical Liemps, wikh o grainy suefece
{c} Other charactenanes Alans, ureut surface o Winpery and ot surfare is nat sppery

11, MASTICATORY (perrewed during chenrag)

(a) Mechanical
Gurmmenest, 12
Chewingss V7.7 chews
Adhese e 12

(k) Geometrcal Cnarse, grainy, some fibeous particles present

{) Other charagtenstics Adsut

Wi, RESIDUAL fchenger mduced daring maidi and swalowing)
Rate of Breakdawn - Large lerpi break domm fast. Crains broak down ot 4 el te.
Type of breakdown - Lmpy turm inta 4 hamag Fhat o5 gy, and g

decrmaes, Same stringy fIBreus graias sve resnt Gt becams mare szl
tewrrls the ead sad require men effet to chew:
Mo ~ bnially mear. Sahves mives eawly mith shorry ond the kot bemmas
pregretsiorly mare mait. Revideal g feel dy.
Mauth garing - Shehbrudual amect. A frur it partides itack beturen the teeth und srnand B

mateth
Figure 7.3 The baws texture
profile scace theet for sada Basic Tosture Pronlt Baor roi Soos Crackess
erackers. £l W T sl
1. WNTIAL fpervenad on fint e
{a) Mecharcal
Hardness, 4.0
Fraguurabding 25
Wacosiny et apylubls
{b) Gromesreal Haky wnd paify
{€) Ouher charscterivins Doy
I ALASTICATORY (pereied during chening)
{a) Mechamical
Gumminess o
Chewiness 16
Adkesveness 07
(b) Geamesrical g
[c) Other choractenstics Doy
1, RESIDUAL fohang 4 da 4 yepboniag)

Rate of breakdown - High

Type of breakdown - i the beginming it brmaks dowm inta fittls rough sheets, then it changes inko a
ameoth dough.

Moustiute 3 Ssarptaon - i absarks o lot of safiva siowedy and chumges intn s meedt Sough.

Mouth coating = Litife pieces slick b the macth and pumig,
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D g the Comparative Texture Profile
Ana.lys‘s Ballot

The final step in texture profile analysis is to develop from the standard score
sheets a comparative texture profile ballor for each commadity. The basic bal-
lot ean be used for any o dity. Each parative ballot 15 especially
desiymed for a particular commodity and enables one to identifv and quantify
small dilferences in textural properties of similar matenals caused by
differences in quality of ingredients, formulation, storage, or processing. In
the comparative ballot one material is selected as the “target’ matenal whose
textural properties ure desirable to reproduce, It acts as the control and is
assigned a score of zero for every textural parameter,

A basic texture profile ballot for arepa is shown in Fig. 7.4, and a compara-
tive ballot is shown in Fig. 7.5. These should be referred ta frequently in the
following discussion. Arepa is o com-based staple food that is widely used in
Colombia and other countries in Latin America. The textural properties that
hove been identified during the nitial, mastication, and residual phases are
listed in the order of appearunce and the experimental samples are graded
equal to, less than, or greater than the control sample in that particular quality
fattor. The contral in this case was arepa made fresh each day by the tadi-
tienal village method (Bourne ef ul,, 1975). The grading is made scmiquanti=
tatve by grading from 1 to 5 plus and 1 1o 5 minus. One plus means that the
sumple is slightly greater than the control in that particular textural property;
five plus means it is much greater than the control in that particular lextural
property. The minus score is used to indicate shightly less than to much less
than the control sample.

The comparative texture profile ballot identifies those formulations and
processing variables that bring the experimental samples closer to the target.
It is definitely the best technigque for identifying desirable textural propertics
and eliminating undesirabile textural propertics in product formulition and
measuring deviations in texture from a control, standard sample or o competi-
tor’s product. A study of Figs 7.4 and 7.5 shows that 28 difTerent textural chie-
acteristics were derived from the basic texture profile ballot. These figures
show how complete o texture analysis can be developed by a truned sensory
panel. There is no instrumental method or group of methods available that
could give as complete an analysis of texture profile asis seen in Fig, 7.5,

Figure 7.6 shows the results from comparative texture profile for meatballs
that was developed from the basic ballot shewn in Fig, 7.2. The target product
was Swedish meatballs made from pure ground beef and it was given a
score of 0 for every texture note listed in Fig. 7.6. Initial sensations list the
mechanical propertics of hardness and fracturability whereas viscosity docs
notappear. Geometrical properties list lumpiness and seratchiness of the Braing;
and other chamcteristics list slipperiness of the uncut surface and l'"““"‘""_‘
Masticatory Tist the hanical properties of gumminess, chewi-
ness, and adhesiveness; geometrical properties list coarseness, graniness. and

T

-

*
'!'.
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Figure 74 The basic texture
profile scare sheet for arepa.
{From Bawmne etal , 1975,
Ruprinted from |, Texture Studies
@ page 50, 1975, with
permissian of Faod and
Murivon Press. )

Basic Texrurt Provice SHEET FOR ARERA

Product ArpaddePeea  Date  Mame
| INITIAL (pereehed oe first bite)
(a} Mecharcal
Hardress %2
Fracuurabulicy 25
Viscozity

a
Tough shin and cune center. Sandnich ke structure wnth this tg sn
and doughy matain. Black ptches are crispy and lacated exly s the s
fc) Other characvenstcs Dy surfiie and ment center

1L MASTICATORY {perceived durmng chewing!
{a} Mechanical

(B} Lesmencal

Cumminess. ]
Chewiness AL
Adhesreniss (18]

(B) Gromemeal Siaefsce i crarve and center & doughy with litle piecet
{c] Other charactenincs Dy swrffior amd mood cealer
I RESHDLAL fchanges induced daring mastication and wassllewing)

Rate of breakdown - Maderare
Type of breakdown = Sian breaks in hitle thests. Conter reaks in betle purces ta foem 2 moaun i

deugh
Moisture 2bsorption - :"fvm»ms- it e quickly tham the nurfiace. Balun hay sowe I,
e and vaugh pecees
Mouth coating - Ul piees leave o coating in rhe mauth, eipecinlly on the gam wnd berth Aer
mwwliowing, the moath udn

amount of fibrous gruns: and other charactenstics list moistness. Resadial
sensations are listed under the rate of breakdown heading, the rate of break-
down of the grains, and rte of loss of cohesiveness between the particks,
under type of breakdown beading are listed the homogeneity of the bolus,
appearance of stringy fibrous grains, and chewiness of the fibrous grains; under
moisture absorption heading are listed dryness of residual grains, and caseof
mixing of saliva and slurry: under the mouth coating heading are listed oily
mouth coating, presence of residual fibrous particles, and presence of residinl

. sandy particles

The right-hand side of Fig, 7.6 plots the texture profiles of fish balls against
meatballs, Sample X is made from fish instead of beef. Sample O is fish balls
in which 10% of the fish was replaced with textured sov protein. The figure
shows that the fish balls have lower hardness, higher fracturability, less lumpi-
ness, more seratchiness of the grains. less slipperiness, and more moistness
than the meatballs in the mitial : less hewi adhe-
siveness, and coarseness than the meatballs, more graininess, less amount of
fibrous grains, and higher moistness in the masticatory phase; a higher rate of
breakdown of the lumnps, a higher mte of breakdown of the grains, o higher
rate of loss of cohesiveness between the particles. and a higher homogeneity
of the bolus in residual sensations. The fish balls have fewer stringy fibrous
grains, lower chewiness, and less dryness than the meatballs. The fish balls
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Cormuarve Teauae Pronle Bauor roa Asen
Cantrall o= 3
1 Inwial Sensavon I . i
4] Mexsure farce to: (a) bite off wath incisors
{b) pull ut warh hand
{b) Hardnuss
(€} Sideways shding of center
{4} Taughness of sk
(#) Doughmess of cenrer
(N Drymess of skin
g} Moustmess of conter
L Masticaon
(a) Chewimess (no of ehews)
ib) Adhewvencon
fe} Pastiness of center
{d) Giraininess of censer
(r) Toughness of skin
(N Roughness of skon pieces
(g} Drymess of skin pieces.
(h) Moistaess of center
WL Fanal Sersatlons
(a) Rate of breakdawn of skin
(b} Rare of breakdown of center
(e} Moisrness of paste
{d) Graininess of paste
{e) Dryness of skan particles
(1) Roughness of skin partches
(%) Presence of caarse particles other than skin
(k) Absarpeeon of mossture by mass
(1) Absarpmon of maoisture by pieces of skin
U} Mouthcoating of mass
(k) Presener of shin particles arounad mouth
() Scratchiness of rresidual skin partacles

Instrisctaany

Pt an X in ‘0" column F samile is equal v conual

Put 1Xee 5Xon (4} column if sample s mare than eonrol and in { = } column less than
contrel (X = shyhily differens; XX000K » strangly different)

mux with saliva to form a slurry better than the meatballs, have less oily mouth
coating, less residual fibrous particles, but more residunl sendy particles.

The product in which 10% of the fish was substituted with soy protein has a
similar texture profile to the one made entirely from fish; however, there are a
few exceplions, ru:mcl} the au.h\lumllnn of the a0y gives a product thit has
higher i} B and amount of fibrous
grains, and less sandy pamclcs 1f this werea project in product developmient,
various other formulati and f bles would be tried; in each
case the changes in the texture prohle wnuid be noted, particulirly whether the
change in for orf ing brought the exr I sample closer
to the target or further away from the target with certain textural properties.

Figure 75 Comparative
texture profile soore sheet for
arepa (From Boume ¢t ol 1975,
reprinted fram | Tarfure Studies 8
page 1, 1975, with permission
af Foed and Nutnton Press. )
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Figure 7.6 Comparative
teature profile score sheet for
meatballs and fish balls,

Unpublished data fram
M. C. Bourne.

Conmaratve Texrune PROMLE ron Mearsaus ano Fsu Baus

| INITIAL SENSATIONS
(3} hardness
{b) Fractur=hilty
(e} furmpiness
[d) seratebingss of grai
(e} shpperiness {uncut surface)
() messness

1. MASTICATORY
{g) gummness
{h) chewiness
(1) adhesivencis
{j) coarsencss
(k) grasminess
1) ameunt of fibrous grains
{m}) mossture

1. RESIDUAL SENSATIONS
{n} rate of breakdawn af lumpt.
() rate of breakdawn of graws n.a,
{p} rate of lass of cohaivencss benween particles
(g} hamugucity of bolus.
{r) appeararce of stringy, fibrous grains
{8} chewiness of fbros grame x = n.a.
(8) dryress of residual grains
{u) ease of misng of sshivs and shurry
(V) wdy musithioanng

() residual fibrous particles B ‘&'
(x) resicual sandy partiches 94
Siwedish meatballs were wsed 23 contral, Sample "X s

Fish balls. Sample ‘0" is fish balls with 10% replacement
of fish wath soya proten.

Figure 7.7 shaws a texture profile ballor developed for cooked rice. This
is a particularly difficult food for TPA, probably becausc (a) rice is a staple
and people become very sensitive to small differences in textural properties
of foods that are consumed frequently and i large quantities: (b) rice hasa
bland flavor and bland flavars usually ncrease the attention given to textunl
properties,

The examples listed above show how the basic texture profile technique can
be extended to cover all commodities by suitable adaptation.

Variations on Sensory Texture Profile
Analysis

For cettain purp it may not be ry 1o use the entire texture profile.
The parameler of mierest might be simply chewiness, in which case only
the chewiness part of the texture profile would be performed. For example,
Harnngmn and Pearson (1962) used a panel to measure chew count for
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Compamntve Texure Prorwe Bauor ror Cooxes Rice

Scare
; = 0 =1
STAGET. Place a spoenful of fice in mouth, manipulate
genly without bresking kernels, Evaluate keencl
surface for:
Wiines « Degeec ef mocature on kernel surfice
@nd irpe of mioaturs (watery or slarchy),
Kemdl stiekinesy. - Degrer of maniplatian required £
remuve kermeds adherung b tongue
and rvof of ircath
Rosgheess = Teei of the kernel surfisce on the tangae.
Unifarminy ofsare = Rifirs ta sism and shape of indhadual
Eernely
Champinews = Degree ta which kerneli adhere t ame
anether.
Pumpnes = Dgres o whick the kernel i rounsesd
and

STAGE2. Place & spoonful af nice in mouth, Chew twice
with molars. Evaluate;

Hardnens = Foree required to penctrate hermels
with the malar teeth on first chew,

Crombhners = Degres ta which kermels fill apart
when sheared with the tarth

Rubbs R of the kermed o the toeth
priar 19 shearnag

Glumess = Begree b0 which chowed kernels alfers

£ puch ather wfier being shwred and
expeed & st die b starch paste

Inner maiiturs = Amsunt of reunture imade beemd thar
a relrased upar chewing

STACGED Place a spooniul ef rce i mouth. Chew with

malars three or more times. Evaluate

Kerndl undformay - Degrer of texture smilanity between

rasicde il cutiide of herred.

Coheiveness - Diemneness il cokesien of the mess
ol man of chened kermets throughout
mtigation,
Sickiness = Diegrer ta nhoch kermels adhers te dnd

pack i the treti durtag mantication
Descnbe breakdomn = inchudes ste, fope, and um farsity

Alsa the grampirical chanstertios
= abierved darimg breakdune
Muouiture absorption - Degeer ba which salea i abasrbed by
e maned with chewed hernel
Moutharthroat = Degree of cesting perceived m the
cuating msith or throut afize allowing.

measuning the tendemess of pork loins with various degrees of marbling and
found o good correlation between chew count and Wanut—Bmzl.ﬂ. shear
readings. In contrast, Cover ef of, (1962) used a panel to evaluate the juiciness

of beef and six comp of tend fl 1o the tongue and cheek,
sofiness to tooth p , ease of frag across the grain, mealiness,
dhesions b fibers, and ive tissue,

Pl e

Figure 7.7 Comparatne
vesture profile score sheet far
coaked rice, {Courtesy of
DrA. §. Szcaesnink.)
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d than that ob

Szmsmak (1979) reported that for fuid foods such as beverages a deeper
d by the single parameter of viscosity hal

appears in the standard texture profile analysis Table 7.10 lists the
classification of sensory mouthfeel terms, typical deseriptive words, and
examples. as develuped by Szezesniak (1979).

Category (% total) words
Viscosay-related terms 307 Thna
Thick

Feel on soft tusue surfaces 176

Carbanatianelased wrms 1
Beéru:llal Lerma 102
Chemical effest 73
Coanng of oral cayey a5
Resistance to tongue 36
mavement
Afterfeck-mouth. 22
Afteriel-physological a7
Temperature-related a4

Warming
Tharse.

Boverages that have
this property
Water, swed tea, hot tea

Milk shake, eggnog, tomata juice

MUk, hiquewr, hot chozelare

Orange juice, lemanade, pineapple juice
Hat chocolate, eggnug, fee cream soda

Champagne, ginger ale, chub soda

Canger ale, champagns, club sada

Beer, root beer, ice cream soda

Mk shake, eggnog. ligueur

Souillan, iwed tea, hot 1ea, drnk
made fram dry mie

Water, iced tea, canned frui drink

Hot vea, ked tea, lemonade
Wivisbey, usar

Prune juice, pinea pple juice

Milk, eggnag, bot chocolare

Milk, itk shake, ice tream sada, lqueur

Pruns piice, milk, Lght cream
Liquieur, apricat nectar, root beer
Water, iec tea, wine

Hot chacalate, cranbeny juce
Mot chacatare, fight cream, milk
Water, hat tea

Wiater, wed tea, lemonade

Whiskey, hqueur, coffee

Cosa-Coks, water, dnnk made from
dry mix

ke cream soda, mulk shake, iced tea

leed tea, water, mulk

Hottea, boulon, whiskey

Warer

Lemonade, coffee

Sovecs: Suczeamak (19791, eopnated weh pirmissian of Asademe Press Ing (Londony Lid

Beverages that da nat have

this property

Apricat nectar, mik shake,
Burrermdk

Cub soda, champagne, dnk
made fram dry min

Water, milk, champagne

Water, lemanade, cranbeny juie

Frune juice, iced tea, lemaside

Instant orange, ot ted, caffee

Cranberry jace, lemonade, wate

Waner, lermenade, ginger sl

Mk, V-6 juece, priut pacar

Butermilk, hot chacolste,
V-8 juice

Warer, enlk, milk shake

Milk, tea, drink made from
diy in

Water, hot chogolare, canned
Fruie drink

Water, apple cider, whiskey

Water, ginger ale, boallan

Water, pinger ale, champagae

Water, milk, chub sada

Burtermili, beer, canned frut
drink

Water

Water, iced tea, b soda

Mk, pines pple pce, V-8 puice

Buttermmilk, prune juice, het
chocolate

Lemanade, champagne, iced tra

Milk, coffee, cranberny josce.

Ligueir, hot tea

Eggnag

Ginger ale, lemanade, iced te
Milk, coifee, apple cider
Water
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In a similar vein, Civille and Liska (1975) developed a sensory texture
peofiling techmque for semisolid foods {see Table 7.11). They expanded the
order of appearance from three stages into five stages:

Stage 1. Manipulate the semisolid food without compressing and evaluite
heaviness, wetness, wetting and slipperiness.
SIagc 2 Comprcss partially apainst the palate two times and cvaluate

, bo

and spread.

Stage 3. (_ompﬂ:sa completely between the tongue and hard palate. and
evaluate spread, firmness, airiness and cooling

Stage<. Manipulate with the tongue back and forth at ene manipulation pcr
second and evaluate adhesi h rate of di

55,

Seage

Seage I}

Sage v

Stage V

Place a rounded of praduct i the mouth, manipulate withat ct

Evaluate far:
= Heaine weight of product 35 perceved when the prodict is firse placed on the tangue
= Wetneia: degree of muisture un the surface (maisture)
= Weiting: degree ol which the produst wews down with saliva (moivure absorpoon)
= Shipperiness: eegree 1o which the tongue can shde under the product (il far, adhesweness]
PMace a fresh spoonful of product sn the mouth; compress partially agamst the palate, release, and repeat
Evalvate for,
- Fiteanen: furce to compress partially (hardneas)
= Buwsoness: resiience, degree to which the sample returns to the anginal shape (dasicy)
-G : degree of cohes
- Spread: degree towhich the product spreads over the i )

Place a spaunful of product in the mauth; Lompmuwupl!ldlrmunlﬂl‘ﬂll palate
Evalinate for

- Sprend, dr;!!l: ta which the product spreads ver tongue [viscosi i dhesi )
= Firmnew: amount of foree requared ta rampress ully (hardness)

= Ainness; amount of air m the product perceved as very small bubbles { geometncal asrared)

= Cosling: thermal effect an the wongue (thermal maathfeding)

Flace & speanfil in the mouth, mave tongus ack and forth at one maniulation per second
Eneluate for-

force required matenal 1o the moith tn ]
= Smasthaess; absence ol any particles in the product (geemeencal)

- Rar.r darpprarance, vime required for breakdown (g P R
S e e s Sacpe o el v b grdval e
lbmu(ll!tﬂml reacuon, nlumunabsu'pﬂnﬂ MWI .5 1 W=t "5 el
1 degree g R g
= - i aF Ehas he k "
Thpe of dsapp s

- Moatheosting: vype and degroe of coamng i the mouth after mimpnhliﬂ [geammieal, fatfal}
After manipulation and breakdown; swallow the product

Dl ilowed (i

= Fase of ko degree 1o which the broken-d mduﬂmb:-mv . e

- Fuidity: degree vo which the prods -udw\llqwﬂ iy

*
=

Scurrr: Cralle and Liska (1975). Reprnted from . Temure Stadies 6, page 26 cmn;!tl_n'g&ail and Nutrtion Prews Inc.
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Figuie 70 Typical cansumer
texture prafile score sheet for
eeld erreals. (From Secresqiak
et el 1975, Reprinted fram

1 Food 57, 40, 1253, 1975
Copyright by Institute of Food
Technolagists.)

ubrupiness of disappearance, uniformity of disappearance, tpe of disap-
pearance and mouth coating.
S1age 5. Swallow the product and evaluate ease of swallow and fluidity,

Sensory TPA by Consumer Panels

The previous discussion dealt with the operation of an expert trained panel for
texture profile analysis, Szczesnizk er al. (1973) simplified this procedure to
the point where it can be used by untrined consumer pancls. The procedure is
based on the original sensory texture profiling technique (Brandt ef of,, [%3,
Szc.esniak ef ul., 1963) and on popular texture terminoiogy as determined i
surveys (Szezesniak and Skinner, 1973).

A list of descriptive texture terms for the commuodity of interest is compiled
by a trained texture profile panel and used to prepare a ballot. A typical balle
is shown in Fig. 7.8. Texture terms arc listed in random order in the lefi-hand
column, The consumers check one of six boxes alongside each word to ind-
cate the degree to which they feel this sample has the texture chamclenstic
described by that term, ranging from ‘not at all” to “very much so.” Some
antonyms are included in the list of words as an internal check that the respon-
dents understand the meaning of the words. For example, since *soft” asd
*hard" convey bipolanty, a sumple that is rated high on softness should rate low
on hardness, and vice versa. A few comparative terms such as ‘good” and ‘bed’

Anstruchonz: Here i a liet of terms commanly used 1o descnbe toture, that i, haw foods el n

the mauth. Using thete terms, we would hice you to descnbe the testare of this sample. Todo

this, please cheok one of the s bowes along the wde of cach term ro ndicate the degree 1o

which you feel thes sample bas the teaure charactenstic dessribed by that torm ks very

smportant 1o our Ledt that you make a chasce for eech teem.
Notarall Viery masch so

Cop ] o

Saft

Alry o

Hrvle

Chunky a (n] o

Haky Q
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are included in order 10 obtain an overall measure of textural quality. This
technigue has proved successful for o variety of foodstulfs in both central
location and home use situations (Szczesniak ef al., 1975)

Repeatability

Witha properly trained panel, the sensory testure profile analysis method pro-
duces data thon can be reproduced in the same Tocation at different times and
indiffercnt locations with different panels, Figure 7.9 shows the texture profile
for whipped toppings developed by a panel in Scarsdale. New York and
the profile for the same product developed by a different panel in Indiana-
polis, Indiana (Szczesniak et al., 1975), The close match between the two

Mo st all
10 20 in 40 50 6.0
Good 1
fasy o swallow 1 FiA
Oean — TEST 1, Scarsdale, NY -1
]
Ji

Smeath — TESTZ, Indianapolis, i |

Unefarm i

Coul L
d

el s

Disappears quickly
Heavy

Faamy

Dry

Thin

Shppery

Mauth coating

Warm
Greasy
Stucky
Qiiy

Bad £ J

Figura 759 Consamar terure
prafile of whipped 1oppings done
by twa separate panels in two
locations. Mote the hagh degree
of reproducibility of the tast.
{Fram Szczeiniak ot o, 1975,
Reprinted from . Foad S, 40,
1256, 1975, Copynght by
Insnitute of Foad Technologate |
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panels clearly demonstrates the reproducibility of the procedure. Sececsaisk
et al. (1975) also showed that a group can reproduce their score on the same
product even when the second test was conducted 16 months afler the first

test

The Texture Profile as an Objective Method

Testure profiling 15, withoul question, a sensory methed, but this does nol nee
eszarily mean that it 1s a subjective methed. The word *subjective’ has the con-
notation that the persunal feclings, hiases, and previous experiences of B
judge play a major role in the results that are obtained. A subjective method
measures an individual’s response 1o the test material; that is, the data =
some complex combination of the properties of the test material and the per
¢s of the judge, and both factors carry considerable weight

sonal character
in the results.
In contrast, an objective method is usually thought of as an instrumental ot
chemical method. This cancept of an objective method may not be always cor-
rect. The true characterstics of an ohjective method are (1] that the &8
ubtained are independent of the individual observer; that is, the result is
impartial, Erctual, and unprejudiced by the personal characteristics of the
observer; (2) that the results are repeatable and verifiable by others; that .
ather laboratories ean obtain the same results within the limits of experimen

tal error.

The author believes that a properly trained texture profile panel is objective,
not subjective, because the texture profile method complies with the two cnlé-
nin of ohjecuvity enunciated above,

(1) Freedom from personal bias. The data obtained are partly quantitatie
and partly deseriptive, but abways objective because the panel is trained to take
ananalytical approach and use intensity scaling, not acceptahility scaling. The
members of the panel are trained 1o observe and record data, not allowing theit
personal likes and dishikes to influence their results

(2) Repeatability. Results from different panels are reproducible to a high
degree as discussed under the previous heading, The author has seen a pand
prodice a texture profile on a product one week and then reproduce tht
profile a week later in the absence of the previous data, on a product they were
led to believe was diferent but was not. He has personal expenence with s
panel in Ithaca, New York, and another panel in Bogota, Colombia, who gave
substantially identieal texture profiles for the same food,

) Thc texture profile technique passes the tests of imparti and repro-

cibility and should, therefore, be considered as an objective method. I

Tf“"_“ a small group of people to use their mouth as a scientific instrument.
Sl.lllI]Jl' 10 a halance ora pH meter. The advantages of the texture profile eck-
nigue over i‘l_hl" objective methods are that this particular scientific mstr-
ment (the tmined mouth) can messure a number of textural parameters that
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can be measured by no instrument at the present time, and, inm

it ean measure a given textural parameter with greater sensib
Instrument,

instances,
y than an

Modifications to Sensory Texture Profile
Analysis

Many are under the impression that the onginal sensory texture profile anal-
yuis developed by Dr Szezesmiak’s group in the carly 19605 is a npid and
unchangeable procedure. This s not correct. 11 s a flexible method that can be
adapted to nec late different geographical areas. different foods, and
different cultures. 1t can also be expanded 1o pass textural '

ol deseribed in the original procedure.

In reviewing texture profile analysis ten years after it was first announced,
Seczesniak (1975¢) noted that some people assume the originally published
exumples must be adhered (o very strictly, She pointed out that although much
work went into the selection of foods representing various points on the scales
1t was realized from the beginning that;

(1} these foods may not be available in other parts of the world;

(2) some of them would become unavailable in the future:

(3) the intensity of their textuml properties may ch.u:gc because of
chunges in ruw materials or changes in

o
uring p

Tuble 7.8 is an example of how the standard rating scales established in
New York were modified for Bogota, Calombia. Mogen David frankfurters
were assigned o hardness scale of 3 in Mew York, bul Suiza frankfuriers were
assigned a scone of 4 because no frankfurters could be found with similar
hardness 1o Mogen David frankfurters i Bogota, However, a local cneam
cheese, Ubaté, was assigned a hardness score of 3 in Bogota because il was
Tound to be intermediate between cooked egg white and Suiza frankfirters.

For the viscosity scale, sucrose syrups were used in Bogota because the
ereams and evaporated milk used in New York were not available, The stan-
dard viscosity scale in Bogota was shortened 1o seven points instead of the
eight points used in New York, Mavonnaise was nol used in Bogota because
this 18 @ non-Newtonian fluid with a yield stress and it was thought that the
standard scale would be easier to grasp by the panel if all the standards were
Newtonian {luids.

The standard gumminess scale in New York is a six-point scale that uses
mixtures of Gold Medal Bour and water ranging from 40% flour + 60% water
1060% flour + 40% water. When a sample of Gold Medal flour from New York
was taken to Bogota and compared with local flour it was founlll that the local
flour was not quile the same. Therefore, the standard scale in
Bogota used the local tlour with concentrativns r.mg:l:u, from 41% flour

—

e o — w——
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150

Whipped topping
Marshmallow tpping
Nougar i
Mabied milk bally
Frankfister®

Fruit jeflies

+ 5985 water 10 57% flour += 43% water in increments of 496 instead of the
5% increments used in New York (see Table 7.8, page 2635).

Mufioz (1986) gives examples of changes in the foods used in standard
seales in New Jersey because some of the ilems used more than 20 vears aar
lier in New York were not avalable or the textural quality had changed over
the years,

Some standards are likely 10 be from one geographical area it
another. For example, cooked egg whites, peanuts, and carrots that appesr it
the arginal hardness scale are not manufactured products and are unlikely 10
change Lo any great degree over ime or place. These make useful intermational
reference standards that can help anchor the hardness scale.

Muiioz (1986) added scales for d dhesi to lips

gh If-adl ness and springi which are shown in Tables
7.12-7.17. Szezesnizk and Hker (1988) formulated o tentative scale for ser-
sory juiciness which is shown in Table 7.18.

It should be noted that the size of the samples presented to a panel is partef
the standard scale and must be kept constant because sample size can affest
the panel’s judgment (Cardello and Segars, 1989).

The sensory texture profiling technique developed by Dr Sacresnaks
group at the General Food Corporation was the first all-encompassing method
applied to texture. 1t followed the principles developed by the Arthur D Linke
Corp. for flavor profiling. Other programs have since been developed that
include texture profiling including  Spectum™  Descriptive  Analysis
Quantitative Descriptive Analysis (QDA) which relies heavily on statistical
analysis, and Free Choice Profiling (Marshall and Kirby, 1988). These metl-
ods include evaluation of all auributes including general appearance. colot
texure, Bavor and aroma,

Sensory texture profiles for a number of other foods are given in the tables
in Appendix IV These tables demonstrate both the power of the sensary
texture profile method and its adaptability to any food or beverage.

Typejbrand distrbutor Samplesice  Temperalun

Coul Whip, nendairy General Foods Carp. 1ep A0-450F

Fluff Durkee Mawer Tup Raam

Three Musketeee, MBAT Mars Heom, cube Raam
chacalate cowr rmmoved

Whippes =4 LeaF Canfectionery, Inc One piece: Hoom

Bee Franks, caoked & min Oucar Mayer Foods Corp. 14-dn, slice Racm
 boilng warer

Chugkles Nabisco Srands Halfa pleve faam

Sourie; Munoz | 1986, Repanted from | Seaso Stude 1 ‘-57_:.: 1ghs by Food and N Press Ine
*Area compressed with motirs 1 paralicl 1o ur, e e
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Scale Manufacturer/
value Product Type/brand distributar
L} Crucker Premium, unsalted Nabrco Brands
taps, low sodium
a5 Carroi* Uncaoked, fresh, -
unpeeled
75 Agple® Red Dielicious, fresh, unpreled -
10.0 Ham Semoked, caoked Crscar Mayer Foods Corp,
e Tomaio® Uncooked, fresh, unpeeled i
156 Water Filtered

Sample sire

Oine pisce
Hem slice

Verim alsce
H-in. square
Yein, alice
Tiap

Joure Muflaz (1986) Beprnted from § Sevicny Stndies 1, page 69 ‘Copyrght by Feod and Mutntion Preas Inc.

*Asea contacting L s parallel 1o cut.

Table 7.4 Adhesivvness to Lijn Refurence Sealo

Scale
valan Praduct Type/brand
] Tomata Cherry type, uncaokes,
Fresh, unpeeled
an Mougat Three Muskezeers, chacolate
cover removed
75 Breadack -
100 Preteel stick Seix
150 Race crreal Hice Krispies

Manufacnurer
distributor

MBI Mar
Stella D'Cro Biscuis Co.

Bachman Co.
Kellagg Ca

Sampls size

- One piece

Vo cuble

Hall a stick
Half a srick
1,

Saurce: Mufiaz (1956), Reprinted from |, Smsoey Studbes 1, page 70, Copyrght by Foad and Nutrtion Press fnc.

Tabla 715 Roughniss Refersnce Stule

Scale

valus Praduct
] Uelaon desven
50 Ovange prel’
(X} Pataro chip

120 Cranala bar®
150 Thin bread" wafer

Type/brand

Jel-0, prepared
according 1o package

dwetions
From fresh frus
Pringle's regular
Cheviy b

r
Finn Crisp, lighe, nside part

Manufacturer|
distributor

Gereral Foods Corp.

Sampla size
1up.

Vi square
Half a pece

Yarin, square -

Hhein. square

Sourre: Muhior {1966 Reprinted fram | Sensary Studies 1, page 71, Copynght by Food and Nt

"L curside surface for evaliatson,
FLise hack of pradicr far evaluation.

LI
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Scale Manufacturer/
value Product Typefbrand distributor

a Cumemi beur Hanbo Gald bears Hariba GMBH & Co.

n Licarsce - Shoestnng, red lices E.J Brach & Sons, Inc.

75 Amencan cheese Vehveeta, pellaw Kraft

80 Ruce” Ennched lang grain Pathmark {any local brand) 1tap. Reom
150 Caramel Haomemade, light Rokinzan's Candiws T tean: cubes Raam

Saurce: Mufioe (1986), Reprinted from | Sersony Stifes1, page 72, Copynght &y Food and Mutntian Press inc.
Sampl sice refers 1o amunt placed in mauth. For sample serving, eaver bottam of container with indindual preces, assunng that eich
‘one is in contace with the orher. Repear procedure with a second layer. Hold produce far three hours before evaluamon.

*Bring 344 cups of warer and one cup of nce to a boil Lower hear, caver and smmer for 40min

Scale Manufacturer/
walug Product Type/brand distrbutor Samplesire  Temperanm
a Cream cheese Philad, Hralt Viin. cube 40-45°F
50 Frankfurter Bee! Franks, cocked Smin  Hebrew National Kosher Foods Yoeun lice Room
n boiling wates
7.0 Marshmiallow Miniatues Kraft e pocce Roor
150 Gelatin dessert®  Jell-0 and General Fouds Corp, Vein, cube AD4TT
Knax gelatin Knox Gelaone Inc

Source: Mufior [1986). Repeinted from | Sentary Steties 1, page 73, Copynight by Food and SNutntion Press Inc
Anca ik " el

palate s p

*0me packuge ol Jll-0 and one package of Knax gelatin, dissobved in 19 cups of hot water. Cover and reff gerate (40-45F) fae 24h.

Ranking.

R PR RS

Soure: Steaesniak and e (1988, Reprioted. Fom . Serssy Soiiss 1, : o
Foad and Nugsition Press Inc. A =1 pape M ComeEAE
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Nonoral Methods of Tactile Texture
Measurement

Although most of the sensing of texture oceurs in the mouth and with the lips,
it is possible to measure textural propertics outside the mouth, most com-
monly with the fingers and the hand. It is a common practice to hold foods in
the hand or squeeze them or bend them. The food may be squeezed between
the forefinger and the opposed thumb or L two, three, or four fingers
and the opposed thumb. 1t may be squeezed by pressing with the whole palm
on top of the food. which is resting on a firm surface such as a table, or the two
palms may be placed al opposite ends of the food and squeezed. The size of
the object frequently determines the method that is used. The forefinger and
opposed thumb are pencrally used for small objects while the entire hand or
two hands are used on larpe objects such as o loaf of bread.

In the squeeze test the fingers sense the distance they move as they apply a
force to that food. The fingers are well suited 1o perform the squecze test
because they are able to sense small distances quite accurately. When the
fingers move a greater distance, the food is considered to be soft, and vice
versa, Whether firmness is o o ble or undesirable characteristic depends
on the food being squeezed. The simple hand squeeze tells o potential cus- |
tomer that there are more leaves in a firm head of lettuce than in a soft head of
cqual size, that the soft hmallow is fresh as the firm 1
15 older and probubly stale. The squeere test also enables one to determine the
fpeness of many fruits and some vegetables. For elongated prod such g
licorice sticks and green beans the product is grasped at both ends using two
hands and the ease of bending or the di before ing occurs is
sensed. For fruits such as apples the thumb is pressed onto the fruit until it
*pives’ which senses the force required to reach the yield pomnt,

Bourne (1967b) measured how firmly people squeeze foods by hand. Some
of his results are shown in Fig. 7.10, which plots the force exerted in succes-
sive squeezes on two foods by three individuals, The group of lines marked A
were obluined by a young lady squeczing a large fresh cucumber. Notice how
miformly she squeezes cach time. This degree of uniformity is unusunl. This
lady squeczes quite hard: a litle over 4 kg at each squeere. The group of
curves marked B shows how hard another person squeczes the sume cucum-
ber. There is some change in force exerted from one squeeze to the next, This
amount of varistion in force exerted from one squeeze to the next is about nor-
mal for most people. Operator B squeczed the cucumber at un average force
ofabout 2.5 ky. Operator C squeezed the same cucumber but the force exeried
i suceessive squeezes fuctuated widely, The C type of squeczing patten 15
legs common than the B pattern. -

The series of lines marked T were obtained from operator B squeezing 3
ftesh Toaf of bread. There 1 still about the same amount of variation from ane
squeeze 1o the next but the average squeezing force drops from about 25kg
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Figure 700 Firmpess of
wuccesine hand squeeres of
foods: A, B, €, fram three
indnaduals squecting a whole
cucumbrer; O, indrvidual B
squecsng a loaf of fresh bread
(Fram Bourne, 1967b; reprinted
with permiscion from New York
State Agricultural Expenment
Station )

Farce (kg)

for the cucumber to about 0.5 kg for the fresh bread. The fresh bread is M
softer than the fresh ber. People g Iy sy soft and spegy
foods more gently than harder foods, The force exerted by the hand in the
squeeze test i, therefore, partly dependent on the person making the test 24
partly dependent on the nature of the food

The measurement of firmness by an ohjective deformation test was die-
cussed on page 152 where it was shown that a small deforming foree gves &
better resolution between similar samples than a high deforming force. This
principle should apply to the sensory deformation test: a gentle squeeze 8
discriminate better hetween the firmness of two samples of food than a bard
squeeze. Squeezing gently has another point in its favar — there 1s Jess damage
1o the food. All the advantages lic with the gentle squeeze.

Peleg (1980) studied the sensitivity of the human tissue in squeeze tests and
pointed out that in these types of tests there can be significant defnnnaum_ef
the human tissues (e.g. the balls of the fingers) in addition to the deformation
of the specimen. He painted out that the bined ! I resistance ind
squeezing test is given by the cquation

M= MM, [(M, + M,) an

where M, 15 the combined hanical of the sample and the fingers;
My, the resistance of the human tissue; and M,, the resistance to deformation
of the test specimen. This equation provides a simple explanation as to why
there are differences in the sensing range betwesn the fingers and the jaws and
why tie buman senses are practicallv insensitive to hardness bevond certain
levels,
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There are three different types of responses that can be drawn from this
cquation:

Case No. 1: M, == A, This case occurs when a soft material is deformed
between hord contact surfacer (e.g. a soft food is deformed between the tecth),
Under these conditions Eq, (7.1) becomes M, = M, (since M, + M, =M). In
this situation the sensory response is primarily determined by the properties of
the test specimen,

Case No, 2: M, and M, are of comparable magnitude. In this case the
response 15 regulated by both the properties of the test material and the tissue
applying the stress. as given in Eq, (7.1).

Case No. 3: M, == M, This case occurs when a very firm product is com-
pressed between soft tissues. For example, pressing a nut in the shell between

the fingers. Undos these conditions the eg b M, = M, (because
My + M, = M.). In this situation the response is due to the deformation of the
tissuc and is | tive to the hard of the speci This appears 1o be

interpreted as ‘too hard to detect” or ‘out of range.”

Swyngedau and Peleg (1992) give a pictorial example of these three cases
(Fig. 7.11). I Wy all the defs ion is i the finger in Fig. 7.11a
because the object is so much more rigid than the finger. Figure 7.11b shows
both the object and the finger being deformed. Practically all the deformation
is in the object in Fig. 7.1 e because it is 5o much less rigid than the finger.

Swyngedau and Peleg (1992) also showed that the deformability constant of
the ball of the finger is approximotely 2N mm ™' and for the ball of the thumb
0ENmm™",

Voisey and Créte (1973) measured the umotnt of force and the rate at which
force is applicd to fruits and vegetables by the hands of consumers who were
judging firmness, They found thot males generally squeeze harder than
females and applied the force more quickly, In squeezing an onion the mean
force for females was 3910 g and for males 5670 g, and for tomatoes the mean
force was 1322 g for females and 1705 ¢ for males, The rate of force applica-
tion on onions for females was 11,900s™" and for the males 17,560gs™"
whereas for tomatoes the rate of force application for females was
14,040 gs™" and for males $470gs™".

Figure 711 Theee situations in
*hardnes’ suesment by
wompression with the fingers,
(a), pracicaly ll the
defarmatinn i in the finger.

(b}, both objecr and finger are
substantlally deformed,

(), practically all the
deformation is m the soft obyect.
[From Swyngedau and Peleg,
1992, Reprinted fram | Rheology
36, pago 40. Copynght by
Saciety of Rhealogy. |
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Stirring a fluid or semifluid food with a spoon or a finger is frequently el
1o measure viscosity or i y. It is possible to use other parts of tie
anatomy such as cheeks, elbows, and feet to obtain some index of the fextund
qualitics of foods.

Shama e af, (1973) showed that nenoral assessment of viscosity was pa-
formed by two different methods that used different shear stress—shear [is
conditions,

Method 1. Tilting or shaking the container and observing the rate of flox
The shear rate is the stimulus observed. Tt ranges from U.1 to 40 571 whie
the shear stress is in the range of 6-60 Pa.

Method 2. Stirming the contents with a spoon. The shear stress S the
observed stimulus. Tt ranges from 10 to 1000 Pa vhile the shear ric s
maintained over the narrow range of 90-1005~".

Stage of evalustion

FICK U, product remaved fram
container, product poured er iqueered
from botde anve fingeraps, or praduct
Iiftedt from jar with Forefinger

Skin-care product attribute and definition

Thicknew - Perceved denseness of product
Evaluated a4 Force required to squeere between
thum and forefinger. Rated 28 thin-medivm-thick,
or
Cornsiatency - Perceived structure of praduct.
Evalugted as resistance to defarmation and
difficuley af Izing From contaner, Rated a3
fight-medium-heavy

RUB-OUT (application), spread of
pradunt over and into skin with.
fingretips usng Lar matian

iliry = Ease of movng product from pant

of apphcaton over rest of face. Evaluated as

i ica i
ara rate of twa rubs per second for
specificd penad af 4 i

pressure. Rated, or described, a5
“whps’ - very wasy to spread
e Tl

the predua.

AFTER FEEL (nd appearance),
wevaluanan of skin wwrface with
fengesnips, viwially and kanesthenically
smmedately after product application
and possibly at varyey intenals
thereafer.

b eary

‘drags’ - dhificuk to spread

Absorbercy - Rate at which product s perceived to be
absarbed into skin. Evaluated by noong changes
charucter of praduct 2ed in amount of product
remaining (1zctile and visual] and by changes i 1n
surface. Rated as sbow-muderate-fast

After:feel - Type 2nd intensity af praduct residue

!d’l o0 skan, changes w skan Feel. Produsct resicue

15 described by type, ve. film {aily or greasy),

coating {waxy or diy), Naky or powdery paricles;

the amaunt of such residue i idenified &
shight-maderatetarge

Skon foed 15 described s dry {taur, pulled, tight); moist
{supple, phant), aily {dirty, clogged).

Qther sensations are alsa naced and identified where
spplicatle, ve clean, sirulated, imitsted, etc.

Texture profile parumeten

Viscary (for lotion)

o
Haridnen, Cohevepes (ahe
Springiness,

for ereams

Viscowty, Cohesmeness,
Springiness, Gummness,
Adheshwars

Other characterisaes = {oil 2
water content of

Other charactenstics - fail and
water content]

Ceometrizal charatenss =
{grvony, puwdery, st}

Source: Sehwares (1975)) Reprited from | Testure Studes 6, page 36 Copyraght by Food and Numrion Press ine
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Use of Sensory Texture Profile Analysis for
Nonfood Consumer Products

The principles of the sensory texture profile technigue can be applisd to non-
food consumer items such as creams, lations, cosmetics, paper tissues, and
any other product that is contacted by the skin. In these cases the sensory
profile is adupted to mimic the manner i which the item is treated by the hand
or applied 1o the skin. For example. Schwartz (1975) lists the lexture profile
for skin-care products (Table 7.1 .






Correlation Between
Physical Measurements
and Sensory
Assessments of Texture
and Viscosity

Introduction

It is now penerally accepted that texture is o sensory otiribute (see the
definitions on puges 12 t 15). Therefore, only people can measure the textiral
properties of foods. Instruments measure physical properties nol sensory
propertics. There are several good reasons for measuring physical (mechani-
<al and rhealogical) properties of foods,

(1)

12

(3)

Enginecring process design. The flow properties ond deformation
propertics of foods need to be understood in order to design equipment
for handling foods. This can be conveyor belts, storage bins, pumps,
pipelines, spray devices, heat exchangers and the like. The rate of heat
trunsfer in pustenrizers, and in cans and jurs of foods being sterilized is
partly dependent on their rheological properti

Determination of structure, Some plivsical measurements provide
mformation on the structure of the food aor on the conformation, cham
length, degree of branching and intertangling of the mucromolecular
constitvents in foods.

Texture, The third is 1o make the measurements that will prediet the sen-
sory assessment of some of the textuml attributes of the product. Based
on these measurenents the process or the formula for @ given product
imay be changed in order to produce  finished product that falls within
the range of textural parameters that experience has shown to be accept-
ahle to the consumer, Sometimes these measurements are employed o
establish a quality grade used to set a price for the product.

This chapter will discuss only item (3) above. The quality of the correlanon
between sensory and objective measurements of lexture i§ of puramount
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importance, To be of value, instrument readings need (o have a high fevel of
predictability of sensory assessments of textural quality. The human assessment
of texture has to be the standard against which instrument readings are calibraled
This concept was clearly enunciated by Brennan (1980) in the following wonks

Texture is o sensory attribule, perceved by the senses of toach, sight and hearing. Ths the ey
direct method of measuring texture 1s by means of one or more of the senses. Nonsensory las
niques can never be more accurate than sensory methods. The accuracy of the former can ey
be judged by thewr ability te predict the sensory quality being stodied.

C Turve a rich v v of words relating to quality, Terms such s
thin. thick, sticky. smooth, creamy, slimy. slippery, gummy, tough, crisp, aad fm
have specific meanings which are very clear in the consumer’s mind {Szezesniak
and Kleyn, 1963; Yoshikawa ef al, 1970a—c). As scientists we have the task o
translating these deseriptors into scientific principles that can be measared by
instruments. This task is sometimes straightiorward and sometimes diffiouit

There are a number of solid reasons for using instriments.

(1) Instrument readings cost less than sensory assessments.

(2) Muost instrument readings arc obtained more quickly than sensory
evaluations.

(3) Instruments give numbers, which on the surface appear to be more 'sc-

than sensory results, Some consider sensory assessments o be

*opinions’ rther than *facts,” a view not held by the author (see page 2820

(4) Instruments give reproducible results, whereas cach human is different
and even the same person can change from one day to the next.

{5) When correctly calibrated and operated, instruments in different loca-
tions should give the same result which olfers the potential for sctting
national and international standards for textural quality. However, @
discussed under the heading, *Calibration® in Chapter 9, considerable
work will be needed to make this a reality.

1t must also be remembered that the number of instruments being used io
measure food texture or viscosity 15 much smaller thun the number of human
beings measuring texture. A rough order of magnitude estimate of the number
of mechanical instruments in use worldwide would be about 20,000, In cos-
trast, the number of human instruments measuring texture exceeds six billion.
I there is poor agreement between instrument tests and human assessmeits of
texture it will be relatively casicr to change 20,000 instruments than to attempt
to change the opinion of 6.000,000.000 humans.

Two Types of Sensory Assessment

Sensory testing may be divided into two broad classes.

Class |. Intensity scaling is how much of a property is present in the food.
There should be a unidirectional relationship between the sensory score
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|
and the physical measurement within the limits of human sensitivity. This ;
class of test is ble o lation with § | tests, |
Class 2, Acceptabulity sealing, also called ‘hedonic scaling,” mcasures the i
degree to which people Iike the food, This class of sensory tests cannot bo i
dircetly measured by instruments beeause no instrument can express an '
opinian on how well it likes the texture of the sample it is testing. An
acceplability versus intensity graph usually takes the form of an inverted U
and is knewn as the Wundt curve afler Wilhem Max Wundt (1832-1920),
a German psychologist who was a prof at the University of Leipag,
where in 1878 he founded the first laboratory for experimental psychelogy
(Fig. B.1), The level of scceptance increases at first as the attnbute
inereases, reaches a maximum, and then decreases. One can have too much
ol even a good thing.

The difference between intensity scaling and acceptability scaling is shown
for a rul system in I—1g 52 Mlcrc the scores for hardness and ease of

¥ bility of b watter are displayed. The sensory panel
used mucru:lloﬁmﬁlyI lmrcwng scores for hardness across the whole range
of i i ion b this is an intensity scale |

(Fig. 8.2b), In contrast, the score for spreadabnlity by the same panel rose 1o a :
maximum und then declined because this is an wcceptability scale (Fig. 8.2a).

Atlow bentonite concentrations the paste is too sloppy to control, at interme-
diate concentrations it is *just right’ and at high concentrations it is too stiff to ]
spread easily (Lucisano e ul., 1989),

Tl‘dllltr al (1981) poimted out the fallacy of trying to comelate physical and
h with hed P Acceptubility scaling is best

Fgma 4 Baic relasanship i
At between semsary intenpry and |
inedamic responie (Wnds curve).
{From Cardelio, 1996, Reprinted

/ ™ from Faad Chaice Acceptance

K and Consumption, Fg. 1.2,
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T f Whactie, Capyright by Blackowsll
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performed by consumer panels and will not be discussed any further. The res
of this chapter refers 1o correlations between lings and sersay
intensity scaling. However, it is worth noting that once the peak of the Wit
curve has been identified for a specific textural propenty for a particular pop-
ulation, instrument readings can be used to monitor whether the prodict i
being kept within the targeted range if an objective method is available that
correlates highly with an intensity scale

Psychophysical Models

The cortelation between an mitensity scale and a physical measurems
usually follows ene of three psychophysical models.
(1) The linear model, There is a direct lincar relationship between the stim-
ulus {measured by some objective method) and the response which
the sensary measurement. [t can be described by the equation

R= A5+ 8

N, and 1 and B are constants,
The sensory respome
¢ the loganthm of the

where & is the response to stimul
(2) The Weber-Fechner (semilog)

mikes a linear relationship when ploticd

stimulus. It 15 described by the cquation

R=dlogsS+ 8

stiomsh

3) The Power model (log-log relationship). This model is described by the
equation

R=cC¥
which may be rearranged into the furm
logR=nlogs¥ + log C

whete woand € are constants.



Each of these psychophysical models has been suceessfully applicd 1o cor-
tain systems. There has been o long debate by psychelogists as to which is the
most suitable model, The present consensus scems o be that the power model
is the correet one because it satisfactorily describes most situations that arise.
Tnother words, u plot af the logarithm of the objective measurement versus the
Tegarithm of the subjective nt will be linear in most circumstances.

The numerical value of the exponent o in the power model is an index of the
degree of comy or ¢ of the physical scale by the senscs,

(1) Whenn < 1.0, there is compression of the physical scale; that is, a tenfold
inerease in the stimulus will give less than a tenfold increase in the sen-
sory response. This allows a wide stimulus range 1o be comy dintoa
smaller and more manageable vne for the senses and brain to process.

2} Whenn = 1.0, there is no compression or expansion of the scale; a ten-
fold increase in stimulus gives a tenfold increase in response.

(3) When n = 1.0, there is expansion of the scale; that is, a tenfold increase
in stimulus gives u more than tenfold increase in response.

Some experimentally measured values for the exponent s for human sub-
Jeets are given in Tuble 8.1, Note that pressure on the palm has a value of 1.1
for the exponent n, indicating slight expansion, while tactual hness has

Tulthe B3 Maasured
Relating 1 Suljectiv

« Pasble Fructipnal Valves for Pawer i

Continuum

Loudncas 067 3000-Hz o
Bl 233 §* rarget in dark
Heighiness ns Very baf flash
Smell o0& Hepin

Taste 13 Suceane

Taste 14 Salt

Tempetature 10 Cold on armi
Temperaties 15 Warmih o0 2
Vibration 09g 0 He e finger

Vil wtun o 250Kz on finger
Chatatim LB Whate: e st
Fanget span 15 Thiskness of Hacks
Pressuse on palm 11 Srans faw ook
Heanen 145 Likedt waghan
Foree of handgiip 17 Hand dyvamasmate:
Vaal elfort B} Vocal smnd proass
Ulerine vhock A5 Curvenk thrawgh fingens.
Tactual roughmessy 1.5 Bublwng emery daths
Tactual hardness na Squeenng tubher
Vrvuial lengit 10 rd le
Veiwal area oz Mmm-d i
Aagular aceaboraton 141 S swwmlis

Seumer: Stevers { 1970); reprinted wirh permmson finm Sorace. Copyright 1970 by the American
Assaciatian Tur the Advancement of Sarne,
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WS Sensary thickness.
vi {a) vescosity for Newtonian
flids, and (b} apparent viscanry
measured at 505" for
moa-Mentonan Muids. Sabid
eirehes, aqueous selutions of
alginate, peetin and guar gums;
apen gircles, solutions of santhan
gum. (From Bourne 1992
Roprinied fram ). Food
W, page 160, Copynght 1992
with permission of Eleaer
Soence. Plorted from data of
Cutter 1 al 1983}

1 and taetuzl hard has a value of 0.8 {mod-

a value of 1.5 (great exp
erile compression).
Peleg and Campanella (1988) point ou! that although the power modd
appears to be lincar over a wide mnge of intensities, it does not take i
aceount the existence of a threshold stimulus below which there 15 no sensoy
respanse, nor a saturation stimufus above which the sensory response ng longer
increascs. That is, there is a low threshold and a high threshold beyond whih
there is no change in sensory response, with changing stimulus. Peleg od
Campanella (1988 ) denved an equation that takes these thresholds into aweunt
R=1 - exp[~C(S ~ 5]
where R is the sensory response; §is the stimulus; S, is the threshold stimuis
belaw which there 15 no response, and C and m are constants.

Example of a Successful Correlation

Cutler et af, (1983) studied the oral perception of thickness in luid foods oet
arange of almost five orders of magnitude. For Newtonian fluids the logarntn
of the perceived thickness (sensory assessment) versus the logarithm of e
viscosity {instrument) was rectilinear with a correlation coeflicient - = 095
(Fig. 8.3a). For non-Newtonian fluids made from agueous solutions of alg-
nate, pectin, guar and xanthan gums the correlation coeflicient between Jog
apparent viscosity measured at 30s7" and perceived thickness was r = 093
(Fig. 8.3b). These high correlations mean that a viscosity measurement can b
confidently accepted as a reliable indicator of perceived thickness.

Example of a Variable Correlation

The instrument most widely used for measuring the tenderness of meal 15 the
Warner-Bratzler Shear (see page 209). In an extensive review of tendemessof

24 24

Newtonian flunds Mon-Newronian fhids

Loy perconed thakness
"
Log piercered thickness

Fe D22 12 / =
_,/ Tm9gs ’_35;:'“?“

r

S TS S o S -2 =1 B 3 2 3

Log vacosity Log apparent viscosity st 505
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meat, Szezesnink and Torgeson (1965) ized 38 studies on beef, four
on pork, and nine on poultry where hers had listed lation coeffi-
cients between the Warner-Bratzler Shear and some method of scnsory
testmg and found correlations ranging from r = —0.001 1o r = —0.942. Most

of the corrclation coefficients were furly evenly distributed between about
= =02 and r = —0.9. Reports published subscquent o this eardy review

article continue to show very wide corrclation coefficients between the

Wirner-Bratzler Shear and sensary measurements of meat texture.

This wide vanation in corrclation cocfficients which ranges from worthless
to very satisfactory (sce Table 8.8) raises the guestion why this happens using
the same machine on the same type of product (muscle meats). Three types of
error may have occurred in these reports summarized by Szczesniak and
Torgeson (1965),

Type 1. Instrument problems

» Is the instrument working properly?

» Are the working purts bent, blunt or dented?

® Has the force-measuring system been calibrated recently?

» Was the right information extracted from the foree—time curve?

» Did the operator use the instrument correctly?

» Are the working pirts within specifications? Some instruments that cluim
to perform the Warner-Bratzler Shear test use a different shape or thick-
ness of the blade or the clearance between the blade and the anvil is
different. The correct dimensions for the Wamer—Bratzler Shear are given
on page 135,

Type 2. Sensory panel problems

« Was the panel trained and maintained properly?

« Did the panel use the correct procedure?

» Was the definition of the measured textural property clear to the panel?

» Did the panel have standard samples Lo serve as anchor points?

# 15 the parameter of mlerest 4 combination of characlenstics that is not
amenable to description by a single sensory score?

» Did other (such as j T or odor) sway the
panel’s judgment?
« Was the panel located in sur dings free from di ions such as

strange odors, bad lighting and distracting noises?
Type 3. Commuodity problems

» Was the sample representative of the lot from which it was taken?

» Was the sample size large enough and were & sufficient number of repli-
cates nsed?

« Was the sample uniform? Was it free from wugh connective tissue and
soft fatty tissue? Meat is notorious for lack of uniformity. Since mast lex-
ture Lests are destructive, a sensory testand an mstrumental test cannot be
performed on the same sumple.
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« Was the sample prepured correctly? Degree of cooking allects Warne-
Bratzler Shear readings.

« Were all samples tested at the same temperature?

= Was the sample presented to the Warner—Bratzler blade in the comeet o
entativn? Samples should be so positioned that the blade cuts through the
longitudinal fibers in the meat.

Mad every researcher whose work was summarnzed in the review by
Szezesniak and Torgeson (1965) paid carcful attention to all the abowe
problems it is likely that the range of correlation coefficients would be much
narrower, and also higher than reported.

Matching Sensory Descriptors to
Scientific Principles

The meaning of words people use to describe texture is generally not the me
as used by scientists. Hence, the scientist must take the descripters mm‘}
used by people and translate them inta words with precise scientific mesnng
Even then problems arise because peaple may use the same term for diffeest
seientific principles. For example, Szezesniak and Bourne (1969) studied hos
peaple measure firmness of foads by nonoral technigues. In this study 128
penple were presented with pairs of each of nine different foods, and asked to
identify the firmer sample of the pair. For soft foods such as puddings aud
whipped toppings people used some kind of viscosity measurement. For prod-
uets such as bread, lettuce, marshmallow and tomatoes, they used the panc
ple of deformation which is the distance the food is compressed when gently
syueezed in the hand. For firmer foods, such as apples and pears, people meis-
wred the foree required 1 push their thumb into the fruit which is the punctuse
principle. Finally, for elongated foods such as a carrot they used the flexing
principle as the index of firmness (see Fig. 8.4)

In this study the panelists used four entirely different test principles
viscosity, deformation, puncture, and flexure 1o describe *firmness.” Thus the
type of sensory test used to judge firmness of a food depends on the level
of firmness in the test sample, When one test failed to differentiate between
samples, the subject changed to another principle until a suitahle method was
found. A deformation test should correlate well with the sensory evaluation of
firmness of bread or tomato, but can be expected Lo correlate poorly with
firmness scores for apple or carrot, whereas a puncture test should show 3 high
correlation with sensory firmness of upple and a poor correlation with
firmness of bread, and so on. The test principle used in the instrument shoud
always match the test principle that people use for that food.

In & study on nonoral assessment of viscosity of fluid foods Shama ef al
(1973 ) showed that people use two ditTerent techniques. The first is 1o obsene
the rate of low when the container is tilted or shaken which uses the sense of



Some Physical Properties Are Not Teatural Properties 301

Figere 8.4  fensory tests to
measure firmnesa, {From
& S0 feare Srcreaniak and Bourne, 1969,
b Reprinted fram J. Testare Studies
i | W 1, page 59. Copyright by Food
2 |ferls and Nutritian fress Ing.)
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sight. The second is to feel the force required to stir the product with & spoon
which uses the tactile sense

Some Physical Properties Are Not Textural
Properties

A well-cquipped food laboratory has the capability of

physical properties of foods, However, one cannot assume that a physical

property is also a textural propenty. Figure 8.5 shows schematically that

whereas most lextural properties are physical properties, not all physical prop-

erties are textural properties, Unless the physical property is detected by the

human senses il can be dismissed for use as a textural property. y
Ananalogous situation is found in the electromagnetic spectrum, The visible ‘

runge of wavelengths of light 15 0.4 -0.7 um whereas the invisible mnge extends :

from ultraviolet to x-rays at shorter wavelengths (0.4 4m to 10~ mi and from

infrared to radio waves (0.7 m to 104 m) at longer wavelengths than the visible
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Figee 68 Rheological
praperies may ar may et be
textural properties

Fgmatf Range of dynamic
yield sress (shaded area) of
commercial mayonnaise and
salad dresungs. (Fram Elfiot and
Ganz, 1977, Reprinted from

. Testwrr Studies B, page 368
Copynght by Food and Mutrtion
Press inc.}
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region., Food laborutories that use infrared and ultraviolet spectraphatomelers
would not even copsider using these instruments (o measure the color of foods
although they have useful purposes. A similar analogy can be found m acoust-
cal vibrutions that gencrale notes wo low or 100 high to be heard by the ean The
audible range for people with good heanng is about 16—16,000 Hz. The huma
car cannot hear sound above about 16,000 Hz (ultrasonic region) or below ahost
16 Hz (subsonic region). As people age they tend to lose the higher frequencies
and their upper audible range may fall well below 10,000 Hz.

In a similar manner, we need to understand that humans are “blind” aad
*deaf” to some physical properties and hence, it is a waste of tine to measure
them for textural purposes. For example. Elliont and Gane ( 1977) showed that
commereiil mayonnaises and salad dressings exhibit as much as an onder of
magnitude ranpe i some of their rheological propertics and concluded that
consumers have a high tolerance 1o vatiation in these properties (Fig. $6)
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115 likely that consumers are ‘blind” to such rheologieal properties, just as
they are insensitive to changes in the UV spectrum or ultrasound.

Effect of Compression Speed

Chapler 3 explained the diff bet

elastic and viscoelastic behavior.
Far elastic or near-clastic behavior the speed ot which a test is performed
should have little effect on the result, whereas for viscoelastic foods the speed
may have a profound effeet, Figure 8.7 shows the puncture force of three apple
cultivars (*Stark.! 'Conrad! and *Missouri®) with the punch tip mounted in
an Instron and operated at speeds ranging from 0.5 1o S0emmin™'. Over o
hundred-fold range of speed there is litle change in the puneture force
Therefore, it does not matter how fast this test is performed, This s called
A 'strn rate insensitive” food,

Another example of a strain rate insensitive food is given by Thybo et al.
[2000) who performed uniaxial compression tests on ten potato cultivars at
speeds mnging from 20 to 1000 mmmin~" and found no relevant effect of the
deformation rate on the correlation bet i 1 and
sensory textural profile parameters. Van Hecke er al. (1995) reported that
crosshead speed from 10 to SO0mmmin™" did not affect the fexural modulus
in bending tests on crspy puffed foods. Mancini ef al. (1999) found that com-
pression speed from 60 to 480 mmmin™" had little effect on the compression
behavior and relaxation of 1,25% alginate gels. Wium ef af. (1997) compressed
cylinders of UF-Feta cheese in an Instron at twelve crosshead speeds of

Farce (k)

Tip speed (emmn )

Figurs 8.7 Effect of punch
speed an puncrune force of thrve
apple cultivars. (From Beume,
19653, Reprinced from Feod
Trebralogy 19, page 117, 1965,
Copyight b It of Food
Technalagiars.)
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B8 Three dimensianal
plot of force-degree af
compreswon-apeed of
campresaien for Whate Stulton
and Gouda cheeses. A semary
pantl abways rated Gouda as
harder than Whate Snltan. The
compression test shows that the
Gouda cheese s the harder
sample oaly in the dark arva,
(Fram Shama and Sherman,
19733 Reprnted from J. Testure
Seudhcs 4, page 351, 1973,
Copymght by Food and Mutritian
Preas Inc )

50-2500 mmmin~' and found the deformation rate had almost no effect on
the correlation between stress at fracture and sensory oral firmness even
though the maximum stress increased from 45,300Pa at S0mmmin™ to
80,100 Pa at 2500 mm min ™' compression speed

In conlrast, control of compression speed is eritical for some foods, An excel-
lent example of the need to select the cormect compression speed is given by
Shama and Sherman (1973a) who compressed two cheeses in an Instros
Universal Testing Machine at vanous compression speeds. The results are
shown in Fig. 8.8. The solid line depicts the force—compression curve for
Gouda cheese and the dashed line for White Stilton cheese. When compressed
at Semmin™', the compression curve for White Stillon cheese always fies
above that of Gouda cheese. This would be interpreted 1o mean that White
Stillon cheese is firmer than Gouda cheese. Al o compression speed of
20ecmmin™' the curve for White Sulton cheese lies above that for Gouds
cheese from 0 to 30% compression and beyond 60% compression, Between
30% and 60% compression the line for White Stilton cheese lies below that of
Gouda cheese. Al compression speeds of 50 and 100 emmin™! a similar effect
oecurs; the compression curve of White Stulton cheese is above that for Gouds
al the beginning then drops below it and then crosses over and lics above it

!N @ R R W g

% Comproasan



Uniformity of Sample 305

agan al high compressions. This graph demonstrates that White Stilton cheese
will be considered to be fimwer than Gouda cheese under some test conditions
and sofler under other conditions. The dark bluc arcas in this three-dimensional
plot define the conditions under which Gouda cheese would be considered to be
firmer than White Stilwon cheese, A sensory panet always rted Goud cheese as
bemng harder than White Stilton cheese. Therefore, the theological test will cor-
relate with the sensory test only when the instrument test conditions fall within
the dark bluc arcas shown m Fig, 8.8 This example demonstrates how selection
of the degree of compression and the compression speed 18 entical for certain
foods 1f u theological 1est is o correlate with a sensory test.

Chapter 2 points out that the speed of movement of the human jaw is

lal, the compression rate | the third molar

tv.hl:h 15 t.luaul 10 the temperomandibular joint) is about one-hall the speed
of the ineisors (which are farthest from the temperomandibular joint), There
are wide vanations in chewing speed from individual to individual (see Table 2.5
page 47). In contrast, most compression machines use a constant speed. This
disparity between the highly variable and usmll) high speed wmprtsswn
between the teeth, and the and relatively slow comy speed ol
machines probably accounts for some of the low wm:l*nmns between sensory
and objective tests, especinlly for strain mte sensitive foods,

Uniformity of Sample

Seme foads have a highly uniform texture from point Lo point within the sam-
ple (e.g. most gels) whereas other foods show wide variations from point lo
point. For example, Segars ef al. (1974) highlighted the inherent variability in
beel by taking five whole muscles from the left hindquarter of a US Good
grade animal: (1) hiceps femorts, (2) gluteus medius, (3) longissinns dorsi,
(4) proas imapor, and (5) rects femoris. Each muscle was cut inlo 2.5 cm thick
slices perpendicular W a line drown from the origin to the insertion end of that
musele. The odd-numbered shices from each muscle were tested raw and the
even-numbered slices cooked in a plastic bag unti] the imternal wmperature
reached 63°C. As many as possible, 2.5 em dinmetes eylinders were cut from
each slice and compressed 20% ina | testing machine and the appar-
ent modulus of clasucity, £, determined from the initial slopes of the
force—distimee curves. There 1s a wide range of mean values for E, from mus-
cle to muscle, and from slice Lo shice in the same muscle (Table 8.2). The high
values for the standard deviation of the mean indicate a wide range of E, value
within the slice. This wide inherent vanation of textural propertics is charag-
tenstic of many foods, especully native foods

In the uncooked biceps femoris muscle the mean apparent modulus of
elasticity ranged from 64 (slice no, 1) to 338 gem ™ (slice no, 15) and after
cooking the same muscle it nged from 195 (slice no. 6) 1o 1301 gem ™ (slice
no. 16}, In the proas major muscle the mean £, for uncooked muscle ranged
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Shee no. Pspers majar
Raw
1
El
5
7
e
i)
35 653 = 131
15 9328
17
1%
2
Cooked
2 433z
4 1900 = 11
& 2661 = 749
L] 2495 = 448
1w 2344 =270
n 2267 = 453
4 1950 = 149
16
8
0

Longiasimus dorsi Gluteas medius Ructus femoris Biceps fewars
2362 = 578 125.5 £ 484 2577 + 3481
3946 = 2060 260.2 = 150.9 1244 =405 :
2075+ 741 186.3 £ 1066 2689 > 1195 7591 = 1541
1940 = 1057 7i94= 2423 253.0 = 1692 6938 = 1787
295.4 = 1698 433 =18
2357 = 366.6" 1342=T38
G181+ 11778" 1295 =761
EEHHES i
1969 = 1609
W9E =89
2260 =767
1443 = 396 2293 = 1018 1845 = B71
1413 = BN 2124 = 822 2152 = 1033
1434 = 295 1391 = 559 1950 £ 449
1096 = 437 1561 = 586
TS = 667
1158 = &09

Seurce: Segars ot ol (1974) Weprinted from j. Testure Studies S, page 288 Copyright by Foad and Nutnition Press In

fContain one extreme mmple.

from 293 (slice no. 15) 1o 1289gem ™ (slice no. 9) but was somewhat more
uniform after cooking when the E, ranged from 1900 (shice no. 4) tn 2661 gom™
(slice no. 6), Even within each slice of meat the variation was sometimes high
The coeflicients of variation (100 X standard deviation'mean)%s ranged fom
a low of 2.7% for slice no. 13 of the uncooked psoas major muscle up lo
135.2% for slice no, 18 of the cooked Miceps femoris muscle. Eight of these
slices had a coefficient of variation less than 20%, 43 were between 20% and
T0% and ten slices were above T0%,

Spanier e al. (20005 also showed major differences i Warner-Bratzler
Shear force of four beef steaks bronled to 71°C (Table 8.3).

Another example af vardalion in texture is given by Sigurgisladottic ef of,
11999) who performed a cutting—shear test on raw salmon fillets and found
large changes in the shear force from head to tail (Fig. 8.9) The lowest shear
force was found in the center of the salmon fillet 1t became a little higher
towards the head and much higher towards the tail. There was a threefold
change i shear force withim a salmon from head to tal,

Culioli and Sherman (1976) compressed 2 em high % 2 cm diameter cylin-
ders of Gouda cheese in an Instron after the rind had been removed. Cylinders
were Laken from the center of the cheese block, at an intermediate location,
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Shaar force (kg = 50)°
Strip loin High

Low
: 674 % 134
2 543 % 3.6
3 581 = 259
4 645 =41 151 =293
Cobarast meean = 30 511 & 052 333213

Sowrew: Spanier et ul, [2000). Reponted fram J Ausle Foodi 11, page 157, 2000 Ca b
Tood and Nutritian Press Inc i R

*Highand low shear farce refier o the steak alang 1 lain with th= bigh d st mean

:::;‘:::Wstm!m- desermined froum 2 snarimmaurs of she caess i sach seeal along the length

= Group 1 (Samples 1-25)
- ) Group 2 (Samples 26-50)

Shear force (M)

Locanon on the filler

and near the surface. The force required 1o achieve a given percentage com-
pression increased from the center 1o the edge of the hlock (Fig, B.10).

Ponte ef al. (1962) shuwed that the force required to deform slices of bread
was lowest ot the ends and highest at the center of the loaf, the center slices
requining about 20% muore foree than the end slices to achieve the same level
of deformation.

This wide range of textures naturally inherent in foods is a common prob-
lem. The first step in handling 1t 15 to determine the degree of vanability
within the product, The examples given above show that the inherent variation
can be very high. For corrots the author found the puncture force of the
core lissue (xyletn) 1o be significantly higher than the outside cortex tssus
{phloem). However, within the core and cortex tissues of a sngle carrol
the puncture force was very uniform along its length after the 2 cm nearest the

Figmosd Snearforce of
salmun fillecs measured by
curting with blade ar seven
locations from the head 1o the
tai. Data are mean and standard
deviation of 25 fish from the fin:
sampling [1-25] and the secand
sampling (26-50). Lacations 6
and 7 are significantly different
fram lacations 1,2, 3, 4 and §
Locatoa 1 i near the head and
location 7 near the tail. (From
Sigurgladatie ot o, 1999
Reprinted fram |, Fosd Science 64,
page 102, Capynght by Institute
of Foad Technalagists.)
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Figur= £38  Force-compression
data of eylinders of mature Gouda
chesse {From Culiol and
Shenman, 1976, Repnved from

J Testury Studies 7, page 156
Copynght by Faad and Nutntion
Press Inc.}
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crown and 3em nearest the tip had been discarded. The dilference betwest
puncture force of xylem and phloem tissue in carrots varies widely from ek
tivar to cultivar. Bourne (1989) found that the ratio of xylem/phlocm punsss
force in 17 different carrot varietics ranged fiom 0.71 1o 2.29 depending onfhe
cultivar and the blanch temperature,

The distribution of textures within particulate foods need to be taken w0
account, For example, Bourne (1972b) punciured cooked bean sceds and
found an approximately normal distribution of puncture forees. However, It
soine samples there were a few hard beans whose puncture foree was ahaut
five times greater than the mean puncture force. These hard heans would et
be detected in a texture test that used o large, mixed sample, such as the exns
s1on test, but they would be prominent in a sensory test.

Szeresmak (1968) also gives a good example of distnbution problens
when crushing individual corn flakes. The averaps foree for sample | was
3.21b {145 kg) and for sample 2, 2 8 1b (1 27 ked. However, sample | exhibiied
a relatively narrow distribution whereas sample 2 had a number of very sof
and very hard fiakes. Although the average values were within about 10% of
each other, the distributions were very different. The less homogeneous sample
would probably show a poorer correlation with sensory assessment tha
would the homogeneous sample,

As noted above, most gels are uniform in texture because they are formed
Frpm auniform liguid, Nevertheless itis possible Lo have a uniform-texture gel
Wiﬂ}‘i"g # tough skin because evaporation of moisture from the surface
Ingrenses the concentration of the gelling agent in the part exposed to the air

Every effort should be made 1o ubtain a sample that is as uniform as possi-
ble. Same techniques that can help are as follows.
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(1) Fer products with u notceably dilferent texture, separate the product
into 15 two companents, e.p. remove the surfoce skin of a gel. 1f neces-
sary, test the skin separately from the rest of the gel.

(2} For products with a known vanation in texture, abways take the sample
from the same location, e.g take the center shice of a loal of bread
(Ponte et of., 1962}, with blocks of cheese take the sample cither from
the center or near the edge, but do not mix edge samples with center
samples (Culioli and Sherman, 1976)

(3) Muneing the product followed by mixing will vield 5 more uniform
material for produets such as meat and fish. For example, Bordenias
etal. (1983) reparted that correlations between sensory texture profile
and instrumental analysis on fish changed from nonsignificant to
significant when minced fish was used n place of fillets. However, the
process of size reduction may impair the mtegrity of some of the
textural properties that need to be measured,

For products with inclusions with o different texture, each type of

inclusion should be considered as s separate product and tested sepa-

tely, For ple. a chocolate bar ¢ ing nuts, raising and pulled
rice should be treated as four different products and each component
tested separately from the other three

4)

Even after selecting a sample that is as uniform as can be obtained without
biasing the sample, the problem of a high inherent variability still remains for
many foods. In these cases it is necessary to replicate the test a number of
times. The number of replications needed depends on the degree of variability
in the product, and the degree af certinty needed in the mean value, A statis-

tician can help decide how many replicates are needed, This is a case where a
compromise must be made b the stati 1 reliability of the mean and

the amount of material and time that can be afforded to perform the test.

Isotropic Versus Anisotropic Foods

Isotropy and amsatropy were described in Chapter 3, page 103, When a food
is known to be isotropie the direction in which the sample 15 presented 1o the

hine is al, but pie foods must abvays be oneated in the
same direction. Some ples of pie foods were given in Chapter 3.
Another example 15 given by Weinrichter ef al. (2000) who showed that Tilsit
cheese contnins lentil-shaped holes because the method of manufacture makes
it highly smsotropic. Test specimens cut perpendicular 1o the flar side of the
cheese wheels showed significantly higher stresses and lower Poisson numbers
than specimens taken parallel ro the flat side,

Antsotropy can also afect sensory evaluations of texture. On one oceasion ]

the author trained o panel (o develop the sensory texture profile of surimi.
The panel gave & bimodal distribution of hardness scones with one group
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Figme 68 Effect of
temperature on viscosity af
depectinized apple juice and
three apple juice concentrates,
[From Saravacos, 1970,

Repnnted from J. Food Scicare B,

page 123. Capyright by bnstitute
of Foad Technalogists.)

consistently giving a score about twice as high as the other group on the nine-
point hardness scale. After some discussion it was reahized that sunmi 5
anisotropic because of its flaky structure, Panelists who bit into sunmi cubes
with the flakes in a vertical direction gave a hardness score around 3 wherezs
those who onented the cubes with the flakes in o horizontal direction gnes
hardness score around 6. This problem was resolved by asking the panel o
give two hardness scores: (1) with flakes vertical, (2) with flakes honzonta!

between the malars.

Effect of Temperature

1t is well known that temperature affects the viscosity of liquid foods. Mest
viscomelers maintiin sample temperature within +0.1°C in the sample to
eliminate this variable from the measurement.

Figure 3.10 {page 78) shows the effect of temperature on the viscosity of
sucrose solutions. Figure 8,11 shows how strongly the viscosity of depe
tinized apple juice and concentrates 1s alfected by temperature, Rao (19771

|n‘:||\|r||||;i]|§
o \\\ |
~
l"',__ -\\\
_E, s o
: 18 3]
£
3
§
£ B
= 5
L =
DI_I'I
10 )

Temperature {°C1
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painted out that, with few exceptions, the effect of temperature on viscosity
can be expressed by the equation:
§= BebtT

whete 3 is viscosity, £ 15 the activation energy in keal gmol ™', R is the gas
constant, 7'is the absolute remperature in “K, and B 1s 4 constant,

Temperature may ulso affect the nature of Aow of non-Newtonian Nuids, For
exumple, Fig, 8.12 shows that the power kow exponent of butter, semisoft but-
terand margarine is about n = 0.4 at 31°C but increases to 1.0 or higher as the
femperaure ingreases to 40°C. These spreads change from a shear thinning
fuid {1 << 1) to @ shear thickening Muid (3 > 1) us the temperature nises about
10°C.

Many veserchiers ure not aware that temperature also uffects the mens-

urements on solid food. Bourne (1982) defined a Texture-Temperuture
Coeflicient (TTC) us:

TTC = texture at lemperature Ty — texture at temperature 7
Texture at T X(L=-1)

*100

pereent texture change per degree temperature change where T) is the lowest
temperature and T; the highest temperature over which the texture wis meas-
wrerd. This definiti lincarity bet the texture and tem-
perature. For foods in which this relationship is not linear, this definition can
still be used if the temperature rnge is narrowed to an approximately linear
segment and the temperature range over which the TTC applies is specified
{see the curve for Morepark apricot in Fig, 8.13),

Bourne (1982) published u lengihy list of TTC values for a number of raw
fruits and vegetables Figure 8.13 shows that over the temperature range
-45°C the firmness of rw fruits and vegetables usually decreases lincarly
with temperature, Bourne and Comstock (1986) published a similar list of

Parwer v exporent
=
=
-~
S

10 3z 4 36, 38 40 a2

Temperatise {°C)

eratare
_m’w e
fur butter (4,
,..mnbw-:;r_
mmcxulzm Repianed
fram ), Teatare Studos BH. page
253, Copyright by Foed and

Nutritian Press Ins.}




312 Comrelation Berween Physical Measurements and Sensory Assessments of Texture and Viscosiy

Figure 818 Effecc of
temperature on firmness of same
raw fruits and vegetables. (Fram
Boume, 1962, Repraued from

1 Focd Scieace 47, page 444,
Copyright by Institute of Faod
Technologits.)
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TTC values for a number of canned fruits and vegetables and again fousda
linear relationship between firmness and temperature for most of the prodicts
tested. These TTC values for a large number of fruits and vegetables ane g
in Appendix 11,

Table 8.4 lists texture—temperature coetlicients that were caleulated fom
published data for a wide vanety of Toods. Note that in almost every case, the

pnitude of the texture me: 1 decreases as the tempertine nemases.
The minus sign indicates that the TTC is inversely related to the temperature 3
which the measurement was made. The major exception to the inverse rule s
the deformation test measuring the degree to which the food deforms undera
standard force. In this test, the sofier food gives a higher reading and since the
product becomes softer with increasing temperature the TTC value s positive
(see the curves for deformation of Stanley plum and Nova tomato m Fig. 8131

A study of Table 8.4 shows a wide range of TTC values. It becomes very
high when the test temperature approaches o temperature-induced phas
change, e.g, fats and gels near their melting point. For example, lard hasa
TTC of =27.7%/°C between 25 and 30°C (Tuble 8.4), Tn contrast most fruits
and vegetables show a TTC between —0.2 and —1.0%7°C although Canoga
strmsbernies show o TTC value of 7.7%7°C (see Appendix I1). For water 3
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Beans, green canned

Bears, green canned

Beans, preen fresh

Beel, coaked

Butrer

Bemer

Camapeen gel 15

Carmapeen gl 15

Camagenan g

Cheese, Cheddar

Cheese, Cheddar

Cheese, Marzarelly

Cheese, Philadelphia cream

. Cream

Kraft Phvly Regular
KEraft Philly Meuichard
Hraft Philly Lighy
Krafi Phully Fag Free
Kraft Philly Whapped
Store Brand Hegulsr
Store Birand Mewfrhated
Store Brand Fag Fre

Cemonseed cil, hydrogenared
Cream, whipped
Frankfurters

Frankluriers

Gellan gel

Ciellan pely

Gelatin gl

Lard

Lard

Mango pula

Mango pulp

Margarine

Peach, canned

Peach, fresh

Pectin (M) el

Sunem gel, preser

Wiy protain gl 0% Fat
Whey praten el 30% fat

Warner-Bratdler Shear
Casson yield

Shear falure

Puncture

Puncture

Strengih

Shiding pin Conssameter
Shding pin Consistometers
Sliding pin Consiatamerer
Sliding pin Consmtomenee

Wiehd seress
Yield stress
Yield suress
Yield stress.
Wield strens
Yeeld sress
Wield stress
Yield siress
Yield sress
ield stress
Viscasity
Rall penetrometer
Extrusion

Puncture

Punciuse

Faslare vress.

Failure steain
Strenigth
Penetrometer
Penetrometer

Yocld stress

Yield stress

Shear Failure stress
Estruman

Punctire

Puncture

Tarson shear stress
Compressive straigth
Compressne srength

Temp range

gy
20-21
045
0-45
045

51
5=22
5-22

5-22
5-22
522
522
5-22
542
10-57
7-24
0-21
49
1-62

10-20
10-25
25-30

55-B0
31
348
0-45

5-65
4-4n

T-T Coeffcrent
%fc)

=35
—0.55
—0.43
=07
-0.02
-5
=010
=045
=736
=525
=4 R0
=11.75

—336
=319
=415
=L
=3.79
=146
—327
=1
=446
=400
-12mw-38
=104
=39
=16
o
—0.5910 =1.35
=036t ~0.7%
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20°C the TTC value is ~2.5%°C which means that the viscosity at 21°Cs
2.5% less than at 20°C,

Table B4 demonstrates that control of temperature ai the time the textue of
food is is | if reproducible data are to be obtained. For foods
with a low TTC value the temperature should be controlled to within =2
o £4°C ol the target lemperature, whereas Tor foods with a high TTC valueit
should be controlled within tighter limits, For many fats the previous tenpa-
ature history can affect the texture. Thus, for this type of food the temperatue
needs to be contralled all the time, not only a1 the time of testing.

As stated above, for frunts and vegetables that have a low TTC value s
adequate o control the temperature al the ume of testing to within =
10 £4°C b the I induced change of texture will not b
detected within the wide v af [} tered from on:
unit 1o the next, For example, if the TTC value is —0.4%°C a change of 3'C
will change the texture reading by 3 X —0.4 = 1.2%, a difTerence unlikely i
be detected given the high inherent variability from unit to unit. However s
change of 10°C will likely canse a measurable change in reading. For this res:
son, fruits and vegetables should not be tested at room temperature oae dey

and at refnigerator temperature another day. It is also poor practice to compa
with those made in wintertime =

4

lexture made in
locations that have no elimate control.

The tempermture—texiure effect can hive commercial implications. If the
texture reading for a food is close to a borderline standard of quality, the read-
ing ean be made to cross that border by raising or lowering the lemperature &t
which the test is performed. For this reason, any food standard that inchudes a
texture test as part of that standard should specify the temperature range &
which the test should be performed.

Effect of Sample Size

The size of the test sample has lite effect for some texture tests and o pr-
found effect for others,

» Puncture test. The sample size is immaterial so long as semi-infise
Lrometry 1s maintained (see page 123).

= Warner—Hratzler Shear. The sumple size allects the force reading but the
exact relstionship 15 unclear (sce page 137).

 Back extrusion, The sample size has linle effect on the force to begm
extrusion but it should be large enough 1o ensure that true extrusion has
begun (see page 128).

o Krumer Shear press. For some foods the force is dircetly proportional to
sap.mlc weight, for other foods the force increases in a nonlinear mamne
with increasing weight, and for a third class of foods the force is constsr
after i certain minimum weight has been exceeded (see Fig. 5.6, page 2051
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» Deformation. The specimen size and shape has a definie effect on the
deformation reading. The degree of this effect depends both on the shape,
size and deformability of the specimen (sce pages 156-158).

« Texture profile analysis. The shape and size of the test prece is entical for
ebtaimmng reproducible results.

The texture technologist needs 1 know which test principles are sensitive to
sample size and which ones are not, For those tests in which the sample size is

immaterial, il is not necessary o take the time to standardize the amount, size
and shape before executing the test.

Integrated Texture Notes

Some lexture noles appear to be an integration of more than one physical
property, For example, Twige (1963) showed that two different measurements
were needed to specity guality of both fresh and canned sweet com: (1) the
force 10 extrude the com kernels through the slits of the Food Technology
Corporation Texture Press (*Kramer Shear Press®); and (2) the volume of free
Juice expelled when compressed in a suceulometer (Fig, 8.14).

In 2 similar vein, Daubert ef al. (1998) showed that spreadability of prod-
uets such as grape jelly, mayonnaise, and peanut bulter was a function of both
yield stress and yield struin, They constructed o *spreadability map® with yield
stress up the ordinate and yield strain along the abscissa and divided the mop
into three regions: (1) easy to spread; (2) mild to spread; (3) hard to spread
(Fig. 8.15),

‘Creaminess’ is one of the most highly relished textural attributes in foods
but has been very difficult to define completely, The consumer has a clear idea
of the property of creaminess and considers it easy to assess whereas the sci-
entist finds it very ditficult 1o describe and measure. Wood {1974) showed that
creaminess is found in soups when the viscosily exeeeds 50mPacs and the
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Figurs .10 Spreadabilicy map
for elastaplasne faods (bars
represent standard error,
wxpenmerital temperatunes ate s
parencheses). PCS, processed
cheese spread; PB, peanut
bunter; RFPE, reduced fa1 peanut
bummer; GJ, grape felly; €C, eream
chiess; FCC, free eream cheese,
M, margaring; B, touch of butter
FY, fat-free plain yogurt; 5C,
saur eream; NSC, nonfal sour
ervam; WT, whipped topping,
FWT, fat-free whipped topping.
{From Daubert et o, 1958
Reprinted fram ! Testure Studies
29, page 433, Copynght by Fand
and Nutrition Press Inc |
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flow behavior index () 1s about 0.5 mPu-s. Kokini ef al. (1984) showed that
the regression equation:

log creamy = 0.52 log thick + 1.56 log soft — (.32 log slippery

gave a correlation eocfficient r = 0.91 with sensory evaluation of creamincs.
Moskowitz and Kapsalis (1974) gave two equations for creaminess:

[ = 0.63 X cob + 0.67 % mush
= L34 (r=071
2) = (.10 (mushiness)" ¥ X (cohesiveness)” ™ (- = 0.71)

Daget et al. (1987) working with model dairy creams found maxinum
creaminess at viscosities ranging from 880 to 7480 mPa-= depending on
far content (Table 8.5), However, Daget and Joerg (1991) found mazinum
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creaminess in soups at viscosities ranging from 90 to 430 mPa-s depending on
the thickener used (Toble 8 6). Richardson e of. (1993) showed that humq,c-
nized full fat milk was significantly lower in ¢ iness than nonh
milk, but when the milks were thickened with sodium carboxymethyleellulose
1o the sume viscosity as high fat cream the homogenized product was more
creamy than the nonhomogenized { Table 8.7). However, even when thickened
10 the same viscosity as 47% fal creom the thickened nulk was perceived as
being less ereamy than real eream, which suggests that the fat content is a
factor in the creamy sensation

So, how does o scientist precisely specify what 18 ‘creamy’? 1L appears to
be a combination of (1) moderate 1o high viscosity, (2) non-Newtonian flow
{shear thinming), (3} presence of some fat, and (4) other factors whose func-
tien is not yet clear. The absence of geometrical properties is probably another
comy in the al e Creamy foods are very smooth,
and have o be free from gritty, lumpy, grainy or abrsive particles. The prop-
erty of creaminess eannot be deseribed by a single instrumental measurement.

Harreiro ef al, (1998) gives another example of an integrated texture note.
Aller an extensive study of apple quality they concluded that ‘mealiness’ of
apples is a negative texture quality fuctor that cannot be descrbed by a single

Talsha 8.6 Cordition for

Soupflavor  Thickener viscosity {mPas) mw‘mnnd-tn}
Muishroan Galactamannan A5z o4z

Lok Gualactamannan 7 0.37

Leek Hanthan T 032

Leek Carbosymethylcellulase 50 0.66-0.81

Leek Starch =140 0

Sewrse: Data from Daget and Joerg (1991 Reprinted from [, Testare Studes 22, page 172
Copyright by Faad and Mutrition Preds Inc

Sample Viscosity {mPa-s} 3.5% far 4.5% fat
Mat hamagenized 12 75 7
Hamagerized 13 a3 &3
Thickened, rot homagenized 1860 o B2
Thickened, homopenied 1880 B 9
Diuble cream 47% fas 1850 140

b:rDuaﬁ-ﬂmNd\udwr eral |l‘n ]

ilks werre 1 Y (ene) sty
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Figurs 618 Testurogram far
conked nce unng the GF
Teswrometer (from Okalie,
1978), Zones of acceptability ar
based on hardress (vertical scale
0-5), stickness (horizontal seate
0-0.9), and stickonessihardness.
ratio (doping lines, scale
0.05-0.3): A, excellent; B, pood;
€, azceptable; D, poor; and E,
unaceeprable. Each acceptabiliny
aone 15 alsn ranked in 1erms of
hardness: For example, A, is low
hardness, A, moderate hardness,
and A; high hardness for
excallont quality rice, while E, E;
cavers the hardness range for
unacceptable quakity rice. The AA
£ane comprises ghutinows rice
and some special new rice
waneties. {Reprnted from
J Testure Studies 80, page 137,
1979; with permissian of Food
aned Nutrition Press.)

R

Hardrinss

sensary descripto. It has to be described by four sensory attributes: (1 €°F
ness, (2) floury, (3) first bite juiciness, and (4) juiciness during chewing cof

The last example of integrated texture notes is with nce, The p'.li:llllhll“!
cooked rice for the Japanese was found 1o be governed primarily t"' h""l"m:
stickiness, and the ratio of stickiness 1o hardness (Okabe, 1979). Rice of higt
hard can be palatable if stickiness is also high

Figure 816 indi zones of pability of rice as a function of bk
ness, stickiness, and the hard k ratie. This diagram has b‘-"-"fud
in Japan to characterize factors affecting the palatability of different vanets
and also storage and processing factors that aflect rice quality.

Some Foods Easily Give High Correlations

The textural propertics of some foods change in umson and in the same dine-
tion duning processing or storage. In these

es several types of toxiunes
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[Days in Apening roam

measurement will correlate well with other texture test principles and with o
panel. An cxample of this 15 froit that soflens greatly as it ripens (pears,
peaches, bananas). Measuring the changes in firmness of these commaodities is
fairly straightforward. Each of several dilTerent tests will give satisfactory
results (Fig. B.17). One can measure the wrong parameter and still get the
nght answer because of the nature of the interrelationships between the
different parameters, In these cases the most convenient instrument and easis
est to perform test prineiple should be selected. These (oods are eusy to mea-
sure by means of o simple ter(* t) because each
textural property correlates highly with all the other textural prapertics,

The textural properties of other foods change in different directions; it may
be necessary to make several different kinds of wsts to adequately describe the
changes i textural properties of these foods. Under these conditions one can

select several test principles or use texture profile analysis or an abbreviated
version of texture profile analysis.

Correlation Graphs

It 15 useful to make a scatter diagram of the prel v subj and objec-
tive before calculating the correlation coefficient becatise s
enables one 1o see certain aspects of the correlation that may otherwise be

overlooked. Some of the biliti
which shows nine p 1 rel I
sensory scores (5)

are shown sc Iy in Fig. 8.18,
Dbetween instru I tests (f) and

Tigurs 897 Changes im texture
profile paramentrs and
Magness-Taylor punsture test on
peears a4 they npen. Natice haw
all parameters change i the
same direction at approzimarely
the same rate. (From Boumne,
V9EE. Reprnted from |, Foad Sni
B3, 225, 1968 Copyright by
Inatitute af Foad Technalogists |
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Figurs £18  Carrelanion
between instrumental tests {1
and sensary tests (5).

Goad Marginal Poar

B

The first columi on the lefi-hand side of Fig. 8,18 shows good correlationt
The top graph shaws a rectilinear relationship with the two desirable f!mue!
a steep stope over the range of interest and a small degree of scatter. Trigavery
satistactory relationship, The middle graph is just as satisfactory a5 ﬂ*f“
above it, the only difference being that it has a negative slope. 'I"PWHC“T_“I""
ear relationships are shown in the bottom graph, each having the desirable
features of low degree of scatter, and a steep slope. (For the sake ol elanty, the
scalter points are showit for enly one line in this graph.) The curve may b
concave or conves and may have a positive or negative slape, but it is very st
isfactory. The simple correlation coelficient for any anc of these three cunes
does not sdequately refleet the geodness of fit of the experimental pomts tothe
line because it measures the goodness of it to a straight line, not fo 4 Nt
Under these conditions it is advisable to transtorm the data in some way @
straighten the curve (e.g. by taking logarithms on ane or both axes) before ek
culating the correlation coefficient.

The three graphs in the center column of Fig. 8,18 show a marginal predic-
tive relationship. They can be used to correlate instrumental tests with sensory
Jjudgments but not with the degree of certainty that is desirable. It is worth
some effort to improve these relationships before using them. The 1op graphn
the center column of Fig. £.18 has the desirable steep slope, but the degrecel
seatter of the points is greater than the top curve in the lefl-hand columm. The
;:‘::Lg;;ph kil N!“'.m“ Imf a goad fit of the points to the ling, bt

s o shallow slope which limits the use fulness of the correlation. The
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batiom graph in the center column of Fig. 8,18 has o desiruble stecp slope,
even with its curvature, but an undesirably wide degree of scatter.

The nght-hand column n Fig. 8.18 shows relationships between i
lests and sensary scores that are so poor that they should not be used for pre-
dictive purposes. In the top curve the degree of scatter from the ling 15 too
great, even though the slope of the line is steep. In the eenter curve the low
slope of the line coupled with o moderate degres of scatter makes this rela-
tonship unsatisfuctory for predictive purposes. The botom right-hand graph
in Fig. 8.18 15 unsatisficlory because the relationship changes slope. It does
not matter whether the slope changes from positive to negative or from nega-
tive 1o positive; any relationship in which the direction of the slope changes is
unsatisfactory, even when there is a goad fit of the daia points 1o the curve,

The use of scatter dingrams as recommended above should not replace nde-
quate statistical pnalysis of the data, Statistical analysis is definitely needed.
Since it is outside the scope of this book to cover the analvsis of the data, the
reader should refer to o pood book on statistical analysis or consult with o
qualified statistician. The function of the scatter diagrams shown in Fig. 8.18
is 10 enable one to have a better und ling of the relationship before

bafkine on stitistical aoal

B is. They can also save unnecessary effort in
computation. For example, if any of the relationships shown in the right-hand
column of Fig. 8,18 are ubtained, it would be betler Lo continue fo look for 8
better test procedure than to put o lot of effort into sophisticated statistical
analysis of data that are obviously unsatisfactory,

A useflul puide of the suitability of'a correlation for quality control purposes,
provided that les and ad sample size have been used,
was given by Kramer (1951), When the sumple cormelation coeflicient belween
the instrument test and sensory score is 0.9 10 = 1,0, the instrument 1est 15
good ane and it can be used with conlidence a5 a predictor of sensory score,
When the c lution coelfi lies bet =0.8 and £0.9, the test can be
used as s pred but with less confid 1L 15 worlh some effort o improve
the test o bring the correlation coefficient above £0.9. Extending this concept

ve

further, when the Inti ficient lics b 0,7 and 0.8, the test is
of marginal use as o predictor; when it is less than 0.7, it is practically worth-
Jess for predictive purposes (Tohle 8.8),

Excellent 081-1.00
Gocd 0.“—0.[‘_
Margess] 0490 64
Poor “<0AY

Scurie After Kramer {1951),
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Figiira 89 A hypothetical
ease of instrumental vs sensary
measurement of firmness
shawing how the range of
firminess examined affects thy
tarmelation coefficient r. A-B,
normal range, r = 0.3, C-D,
Ramow range, ¢ = 0.69; E-F,

enceasively wide range, ¢ = 091,
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Senvary score

A statistically significant relationship between an instrument fest and sene
sory seare may be found even with a low correlation coefficient if the sample
size is large enough. For cxample, a correlation coeflicient of 0.3 may be st
tistically significant, but i1 is far from ad Tor predictive purp Onc
needs 1o distinguish b i | sigy and predictive reliability.

The full textural range that will be encountered under reasonable ciroum:
stances should be uscd when setting up the preliminary tests. When 2
restricted mnge is used, the correlation coefficient will be lower than when the
full range is used. Conversely, the correlation cocficient will be sponously
high when an excessively wide range is used.

The effect of too narrow or 100 broad a range on the numerical value of the
correlation cocfficient is demonstrated in Fig. 819, which is a hypothetical

ple of campar hetween al and sensory testing of firmncss
of a food. The normal range of variahility in this commodity 15 A-B and the
correlation coefficient rover this range 15 0.828. When a narrower range C-D
is covered, the correlation coctficient drops Lo 0,695, This is a spuricusly lew
figure because an unnecessanly narrow range was studied. On the other hand
when an extremely wide range E-F is covered, the correlation cocfficient
tncreases to 0.910. But this is a spuriously high figure because an abnormally
wide range was taken.

Texture technologists work hard to obtain high correlation coefficients
between physical tests and sensory assessments because a high value of rindi
cates that the physical test will be a gaod predictor of sensary assessment of
textural quality. Such tests are useful for quality control purposes in the food
factory. However, a high correlation coefficient does not prove there 15 3
cause-and-elfect relationship. It only means that the vanahles are changing ia
umison, Szczesniok (1968) ponts out thot as fruits ripen they generally
bevome softer and swecter. A high negative correlation is often found between
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Rrmness and sweetness in fruit. This does not mean that the loss of firmoess
canses the inerease in sweetness. The depolymerization of the pectin material
and the incrense in sugar content are two independent processes that happen to
occur simultancously.

Figure §,17 1s amather example of high correlations that do not mean cause-
and-eflect, All the textural propertics of pears decrease at about the ssme rte
a5 the pear npens. However, there is no reason to expect that any of these
properties are causing changes in any of the other prapertics

Commonsense Helps

Beeause there are so many different textural pqurll;.s oceurnng in foods
with vastly different structures and diffe h positions that are
measured by o complex instrument (human body), the reader is cautioned
against blindly using some test procedure and hoping it will work. It is worth
stepping back and reviewing the whole problem including all the points rused
in this chapter, A commonsense overview of the whole procedure is recom-
mended. Are there any artifacts? Have unwarranted assumptions been made?
Can some modification improve the reliability of the procedure? For example,
Szczesniak (1968) mensured in o calorimeter the heat absorbed by whipped
cream-like products, and related this to the degree of sensory coolness
reported by a sensary panel. Calorimeters express results in calories per gram
of product. The correlation between calories per gram and sensory coolness
was r = (.62, However, whipped toppings contain entrapped ai, and the panel
was given a standard volume of S ml, not a constant weight of product. When
the 1 was caleulated bety calaries per 5 ml and sensory coolness
the rwats 0,94, Commonsense brought out the fact that sensory conlness is
related to both heat capucity and density of these products,

Summing Up

Obtaining o high correlation between physical tests and sensory assessments
of textural gqualny has been the goal of scicntists from many diseiplines
including food scientists, physicists, sensory scientists, psychologists and
dentists. This chapter explains the plexities involved in this search. Much
has been accomplished, but much more needs to be known. The reader should
be aware of the broad ramifications of this subject area, and look for further
advanees. The final chapter is yet to be wnitten on this subject.







Selection of a Suitable
Test Procedure

Introduction

The previous chapters have described a large number of methods for measur-
g texture or viscosily of foods. A food technologist can easily become bewnl-
dered when first faced with the problem of developing a suitable procedure for
meusuning the textural properties of a particular food. Where does one begin?
The following discussion is intended as a guide for selecting and establishing
A texture measurement, particulurly for those wha are just entering the field.

A number of factors should be considersd before setting up a new fest
procedure, otherwise u pood deal of money and time can be wasted. The fol-
lowing recommenided steps are based on the author's expenience ona wids range
of problems associated with many different kinds of foods.

The procedure described below can be used 1o select a suitable instriment.
1 one already has o universal testing machine the same procedire can be used
to select which test principle is most appropriate for that particular food and
which attachments are needed to perform the test.

Factors to be Considered

Instrument or Sensory

The first decision 1s whether to use an imstrument oF a sensory test. Instruments
are generally preferred because they are belicved to be more reproducible, use
less time, and utilize o minimum of labor. On the other hand, there are times
when sensory methods are the only way in which adequate information can be
obtained, 17 the decision is made to use sensory methods, the reader is referred
back 10 Chapter 7 because the remainder of this chupter is directed to the
selection and use of instrumental methods.




326 Selecnion of a Suitable Test Procedure

Nature of Product

The kind of materil (lguid solid, bottle, plustic, homugencous, heteroge
neous) alfects which type of instruments will be selected. Most tests on scld
or near-solid foods use some form of uniaxial compression whereas sophist-
cated tests for viscosity generally use some form of rotationa| motion.

Purpose of Test

15 the test to be used for quality control, for setting legally binding offictal

dards, for product develop or for basic research? These quashons
should be i b they are an | feature of the selection
process. The previous chapters discussed a wide range of i
from simple and inexpensive 1 highly sophisticated.
place. In some cases a single-point measurement is adequate; in other casesy
multipoint measurement is needed. One is usually prepared 10 sacrifice
sophistication for the sake of rapidity for routine quality control purpases
where a rapid test is essential. On the other hand, difficult problems that are
handled in the research laboratory or in new praduct development may need
more sophisticated instrumentation.

The difference between simple and sophisticated instruments might be
likened to the difference between a $20 and a $500 camera. A $20 camera s
ally has a fied focus, is simple to operate, and almost foolprool. The quality
of the picture is not as good as that obtained with an expensive camera that
has been properly operated, and it is restricted in the conditions of lighting
and movement of the subject under which satisfactory pictures can be taken.
Nevertheless, a great number of low-cost cameras are sold beciuse the simplic-
ity of opertion and low cost are of paramount consideration. In contrast, the
$500 camen has a better lens, it provides better-guality pictures, and il can be
used under a wide range of conditions, However, the persan operating the $500
camera needs to know something about its operation because of the compleuty
ofthe adjustments that ned to be made. Novices frequently take poorer pictures
with an expensive camera than with a cheap camera because they do nol know
how 1o set the adjustments on the expensive camera, A similar situation oceurs
with textn ing s, Sophisti d instr jon has its place,
but there is also room for the simple low-cost instruments.

Accuracy Required

Another question that should be resolved is the required aceuracy of the
resulls. Greater accuracy is obtained as the number of replications is increased
Gencrally, a larger sample size gives a result closer to the true mean than s
small sample size, and hence fewer replicate-tests are needed 1o obtaina given
degree of securacy. But a larger sample size usually means that higher forces
are needed, and the force capacity of the instrument may be excecded When
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the *spread” of vatues between individual units is needed, it is preferable to use
azmall sample size and run a Linge number of replicates inorder to increase the
probability of ebtaining the full spread of values.

I comes as a surprise to some researchers to find a large inherent variabil-
ity from unit 1o unit in the same samiple lob. This 15 especially noticeable on
mast native foods where cocflicients of variation of 10%, 20%, or higher are
cammen. This vanation 15 mherent in the ¢ dity and is to be expected. h
1snota defeet of the instrument, provided the instrument is correctly operated.
When working with o new commeodity, it is advisable to run a preliminary test
10 ascertain the degree of inherent vanability in the product and to establish
how latge 4 sample size and number of replicates are necessary o give the
desived degree of conlidence in the data. An example of this type of excreise
15 shown in Table 9.1 Fairly large numbers of apples are required for reliable
reproducible resulls at harvest time becouse of the large variation in firm-
ness readings within the same lot of apples. A smaller number suffices afler
Amonths storage because of the reduced fruit-to-fruit variation.

Since this inherent wide varinbility is the norm for most foods (see
pages 305-309), the primary consideration in most texture work is to look for

an instrument that can perform tests tapidly, thus allowing a number of repli-
cate tests 1o be made. A high degree of precision is a secondary consideration
because there i little point in attempling to measire some textural parameter
10 preeision of 1% when the replicate samples may vary by 20% or more,
especially when considerable extra time is required to obtain the high degree
of precision. It is uswally preferable to replicate a 1-min test five times than to
un 4 more precise S-min test only once

95% Canfidence bevel* 9% Confidence level”
0 20 100 200 10 0 100 .
A harvest - b
Red Dulicronss 19 13 0 04 26 15 :‘; :,;
Golden Deboious 11 na 04 o 15 :.; o o
Hame 11 04 03 02 14 X it o
York 10 1.6 07 05 ] 1 A
Stored 4 montys at 31°F o3
Med Dielicious 0E oS [i5] 0.2 1 :; :‘; il
Golden Delicious LF 3 L 03 ar i e o4 03
Rume 0.3 06 01 02 12 i 0‘1' iy
Yore 17 12 05 04 a3 1
Saurre gren and Yearman (1968), rep ith From thve Proc. i, §3¢. Here 53 See alsa Schanz and
Schneder (1955], &

“Calumns are 36t up accord nf b0 number of 2pples
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Destructive or Nondestructive

Destructive tests rom the structure and orgamization of the sample, rendenng
it unsuitable for repeating the test. Nondestructive tests chould leave the fod
1n a condition so close to its ariginal state that the test can be repeated and ghe
the same result as the first time. Both destructive and nondestructive tests have
had their suecesses and failures {Bourne, 1979a). Because the majonty of the
textural parameters of foods are sensed in the mouth and mastication 152
destructive process, it seems logical that destructive tests should be the pre
dominam type to be used on foads. Nevertheless, nondestructive tests i
sametimes eifective, and they offer the advantoge that the same pu—cw!’wa
can be repeatedly tested, thus eli variations in g y from plece 1
piece. The deformation test in which a food is gently compressed m 2 mapact
that imitates the squeezing of the food in the hand is the most widely usad
nondestructive test, Tt is a test prineiple that is likely lo be more widely used
in the future.

Costs

How much money can be spent on this test? This includes the initial cost of
the instrument, and maintenance and operating costs. An instrument that
uses chart paper has an operating cost not found with an instrument in which
a dial reading is taken, The maintenance cost should be considered. Docs the
instrument need spare parts and what is their availability and cost? Is the
instrument used occasionally or frequently? Another element is the labor cost
A simple instrument can be operated by unskilled or semiskilled persanne!
whereas sophisticated instruments need to be operated by a person with higher
qualificaons, An automatic instrument costs more than a simple instrumest
but may cost less per test because of reduced labor requirement and less
chance of making errors,

Time

How much time can be spent on the test”? Routine qruality control tests needan

instrument that gives results rapidly. In contrast, some tests m the research

Tah 1

'y may be so sophisticated that the amount of time required 1o obtain
reliable data is not of great consequence, Rescarch needs muy require mes-
suring a number of textural parameters. which will take more time than
OnC-poimnt measurement,

Location

Where will the instrument be operated? Any instrument can be used i o cleas,
dry laborutory, Instruments used in the plam may need to withstand steam,
water, dust, vibration, and other hazards that render some instruments unsit-
able. Instruments using a chart, complex electronic systems or compiiters s
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hikely to suffer damage in the steamy atmosphere of a processing plant unless
specially designed Lo witk 1 the poor envi

Eliminate Unsuitable Tests

Some test principles wre obviously unsuilable for the commodity that m::ds
1o be tested and should be elimi ] from il For an
exirusion test is unsuited for crackers and bread because these pmductsd.o not
flow: the puncture test works poorly on most brittle foods because they crum-
ble o fracture before ion: A cone lest is itable for
fibrous materials such as meat or mw vegetables; a snapping test will not
be effective Jor flexible or Mluid materials. Sometimes the geemetry of the
sample (size and shape) may impose limitations. For example, a large item
cannol be tested in an instrument that has a small compartment for holding
the sample.

Preliminary Selection

The steps descnibed above will reduce the number of instruments or test prin-
aples under consideration. The next step is to narrow the ficld to the most
promising two or three test principles. It is advisable to observe what kind of
test principle people use in the sensory evaluation of textural quality because
one can usually get good clues for the tvpe of objective test to select by
observing how people test the commodity. For example, if people judge tex-
tural quality by gently squeezing in the hand, consideration should be given
1o a test that works on the deformation principle. If people use a bending or
snapping test, then this test principle should be given a high priornity.
If people bite the product between the incisors, the cutting-shear principle
should be included among the preliminary tests,
The test principles that should be considered are

Puncture Viscosity-consistency

Deformation Crushing

Extrusion Indirect methods (e.g. chemical
or sound analysis)

Penetration Tensile

Cuning-shear Texture profile analysis

Snapping--bending Distance measurement

Torsion Volume measurement

Miscellancous methods

All researchers should be warned dbout persevenng with an instrument just
“hecaise it is there.” By all mesns, try out an instrument if it is availahle and
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continue to use it if it gives satisfactory results. However, if it fails to goe
satisfuction after adequate testing, its use should be abandoned and one
should look for another instrument that uses a different prnciple. (?M ‘.:
casily spend far more than the cost of another instrament in laber 'ﬁ‘:‘m
perseverng with o test that uses the wrong principle for that p
application.

I you are geting unsatisfactory results with a Lmi\'l:!'s:ﬂ u‘sulm:‘;’i";
consider using another configuration and test principle Suw \‘nﬁi iy
pliers have buill up » library of suceessful test procedures Ictr -J_“.l. o
food types and are willing 1 share their secumulated experiencs
CUSIImMErs, . i

Scm":islm none of the established procedures gve a:lns.!':!:l:ut} ;‘f:‘;;
these cases the rescarcher should have the confidence to develop

procedure or apparatus that 15 suitable for the purpase.

Final Selection

mall
o ¢ heen reduged 103

By this time, the number of principles should have heen “LJ:I:S v the fill
number. It is now time to test each of the remaining poncipy

$ - ﬂﬁﬂ‘
range of textures that will normally be encountered f““‘_lm fz;’;:‘qu B
lent to poor) and identify the most suitable one. IF any ‘m?‘h it; abandon i
be ineffective after bemg piven a fair try, do not persevere _“1T3v'|.ot panchire
and try some other prineiple. For example, “—_‘!m M hc’r instrumens
test ks to give satisfactory results after a fair nal, then ot <factory al
that work on the puncture p;mcu\'lc will pmhahh',- be un:lm:n e
Thersfore, sbandon the puncture test principle and look 3 B0
that use another principle such as deformation or ERAEIR: a1 principh
seen nstances where a laboratory has persevered with a single .“. h:n in ke
for a bong time hoping it will eventually give satistaclory “:f'u“rh ¥ foctory §
an unsuitable test principle was hemg used that would never be saistictes:
the commadity under study. In these cases, refining the test is nol going.
help because an inappropnate test principle is being used.

The selection ameng several prineiples 1o identify one that gives the ™
results can be done rther quickly, For example, the author was m f=
with the problem of the fi of whole y Haf‘ll\‘g
through the preliminary selection it was agreed that the most sml:ahl-
would be ewher & puncture test ot a deformation test. Three groups nlpo=
(soft, medium, hard) were selected by hand with about 10 polatoes i
group. Each of these potatoes was then tested in the Instron using first o
mation test and then 1 puneture test. The mean values were caleulated =
plotted in Fig 9.1, 1t is obvious from this simple test, which only needes
hours to perfarm, that the puncture principle is unsuitable for measi.

Kind of firmness that was being sensed in the hand, bt the
showed promise: Therefore, we

deformis
concentrated on refining the deforms
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and wasted no more time trying Lo perfeet the puncture test principle for this
patticular application (Bourne and Mondy, 1967),

The needed result from such an exploratory plot of instrument texture read-
ing versus sensory texture assessment 18 a line with a steep slope and a close
fit of the data points o that line. The difl el wood, marginl and
poor scatter plots are shown in Fig. 818 (page 320), If the exploratory plot
resembles those shown under the marginal or poor eolumns in Fig, 8,18 itis
best o abandon that test prnciple and try a dilferent one. “Tweaking' the con-
ditioms of the test is unlikely 1o change a marginal test into & good test

Even when a plot of mstrument texture reading versus sensory texlure
assessment falls in the “good” column shown in Fig, 818, it s possible that
rying several different instruments ot test principles will identify one as being
superior Lo the pthiers. For example, Fig 9.2 shows how the consistency of
chapati dough is affected by the amount of water sdided (o the wheat flour.
Three instruments were used to the ¢ teney: the fanmograph, the
General Foods Texturometer and the research waler absorption meter
(RWAM), Each instrument gave a tecilinear plot when log (instrument read-
ng) was plotied against pereent (added water), Bach instrument gave an
exeellent fit of the data point: to a straight line, Therefore, it was concluded

\hat any of these instruments would be satisfactory. However, as explained
below they differed in their resolving power.

The resolving power of any measurement is the ability 1o distinguish
hetween two items that are close wgether, For cxample, a telescope with a
large lens has greater resolving power than one with o small lens becatse it
will show o distant point of light as two stars whereas the small \elescope
will show only one point of light. Figure 9.2 shows that the RWAM gave a
slope more than twice as steep as those for the other two instruments (0.0565
for WWAM versus 00200 for the fannograph and 00235 for the GF

Texturometer). Therefore, the RWAM will give the sirongest separifion
between the samples b i has the

west resolving power.

Figura 9.0 Two obyective
metheds For measuring firmness.
ol whole potatocs vervas ENOTy
evabuatian of firmncss of the
same patataes,
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Figure 92 Cansiscency of
chapan dough as a funetion of
added water measured by three
macryments: Fannograph,
Revearch Water Absorption
Mever (RWAM) and General
Foads Teewrometer. (Fram
Bourne, 1990, Platted from dara
of Raw et o, 1986. Reprinted
fram Dough Rheology and Baked
Products Texture, eds Faridi and
Faubion, Fig 6.3, page 339, This
material used by permizuan of
John Wiley and Sans, Ine )
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Refine Test Conditions

The final step is to standardize the test conditions such as sample size, test eell
dimensions, force range, speed of travel of moving parts, chart speed, temper-
ature, and perhaps other factors. Several variutions of the test conditions
should be studied to find which gives the best resolution between differeal
samples. For exampie, 3 small deforming force generally gives a better rese-
lution in deformation tests than a high force (see pages 154, 155) The test
conditions finally selected should then be recorded for future use.

Some of the questions that should be addressed at this time arc:

(1) Does sample size affect the test result? (see page 314),

(2} Does the textural property change slightly or greatly as the temperature
changes? (see page 314).

(3) Does the rate of compression atfect the result, Le. is the product strain
rale sensitive? {see pages 303-305).

(4) 15 the product amsotropic? (see pages 103 and 309). When the produd
i isotropic it can be presented 1o the instrument in any direction, but if
1 15 anisotropic it must always be presented in the same direction,
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(5) How uniform is the product? A larger sample size or more replicate
tests are needed il the product is not uniform (see page 305), Does the
texture vary consistently across the length of the product? 17 so, always
take the sample from the same location (sec page 309),

Preparation of the Sample

Adequate sumple preparation is an important element in performing fpod
texture measurements. Problems with sample preparation sometimes impel
the rescarcher to use a particular test principle or instrument. The sample
selected for testing should be representative of the 1ot from which it was
drawn. This pomt 15 so well known and so impartant that it should not require
an extended discussion,

The shaping of foods to standard measurements is a practical problem that
is often frustrating and time consuming. Some practical tips that the author
has found useful are the following (see Fig, 9.3):

{1} A cork borer is useful for cutting out cylinders. A motonzed borer 15
preferred 1o 3 hund-operated berer. Make sure the borer is kept sharp.
Apply a light uniform pressure when cutting because an uneven diam-
cler 15 obtamed if the pressure 15 not held steady. Continuous heasvy
pressure will give an hourglass shupe mstead of o unifdrm cylinder
especially on highly deformable foods such as meat.

Figurs .5 Spme wirlil ool
far shapimg foods. 1, cark boeers;
2, knvves, 2a i the prefirmmd pe;
2 2 undevirable becasse it is
hediors ground and has a thick
blade; Ze is undesirable because
it 15 toa small, s hallow ground
aisd has a serrated edge; 3, small
fine-toath saw; 4, 3 pair of
sealpels balted rogether,
52, household cheese cutter as
parchased, 5b, cheess cummer with
roller remaoved lexang space o
eut samples up ro 25 mm thick;
€, a large and 2 small enakie
wutter; 7, 3 miter bow wath an
adjustabile slide
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(2) A sharp knifie is useful for cutting many foods. A fairly long thin biade
that is not hollow ground and not serrated gives the best resulls.
A back-and-forth sawing motion under gentle pressure gives betler
control of dimensions than applying a heavy downward cutting action
Tt is difficult te get surfaces Mat and parallel when using o thick-bladed
or hotlow ground knife.

(3) A small saw with very fine teeth is useful for cutting hard fracturable

materials (o size. We use a saw blade 6in, long with 32 teeth per inch

Two scalpels bolted together with spacers between them make an

implement that is useful for some applications. 5

(5) A wire cutter is good for shaping adhesive foods such as soft cheese.
An easy way to get one is to buy a houschold cheese cutter and remove
the roller bar.

{6) A circulur cookie cutter is helpful for cutting dumbbell shapes suitable
for a tensile test.

(7) A miter box used in conjunction with a sharp knife, a small saw, or a
wire cutter helps in cutting samples (o s standard length and cutting
uniform cubes for texture profile analysis.

(4

Foad technologists have to face the fact that some foods cannot be shaped.
It is impossible to cut a head of letiuce, a peanut, or a potato chip to standard
geometry without destraying the integnity of the sample as o whole. In these
cases the best one can do is to sclect units of as uniform shape and size as pos-
sible and be realistic abour the fact that the data points will show more scatter
than if pieces of standard size and shape had been availuble. If possible & non-
destructive test should be used for these foods because the same unit can be

| dly tested as it underzoes the experimental treatments while the geom-
etry factor remains constant,

An example of careful selecnion for size is given by Garruti and Bourne
(1985) who performed instrumental texture profile analysis on cooked red
kidney beans. The bean sceds were sized on bean sieves the base of which
comprised a metal sheet containing 34w, long slits with parallel sides and
semicirculur ends. In each succeeding member in the set of sieves the slit was
164 in, wider than the previous member. Ninety-five percent of the beans
pussed through the 71610, wide slits and were retaned i the 12/64 . wide
slits. However, only those seeds that passed through the 16/64 in. wide slits
and were retained on the 15/64in. wide slits were used for instrumental
texture profile analysis. This meant that the maximuam size vuriation from seed
to seed was 1064 . (=0.4mm).

Calibration

Tn the past, a texture measurement was often considered to be satisfactory so
long as 1 gave consis results at one location but this attitude 15 no longer
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adequate, Several forces are now  buildi for i iomall
accepled standards of textural gquality:

(1) Food corparations became larger und established factories in & number
of differenl locations and countries, each of which is required to manu-
facture a product W consistient standards,

(2) The strength of huge buyers such as supermarket chains and fast food
restaurant chains who must obtain their foods from various sources yel
need 1o deliver o consistent quality to their customers.

(3) The need for sgreement on textural quality between buyers amd sellers
of foods and food ingredients,

(4} Great increase in food trade around the warld.

Therefore, the calibration and operation of instruments to ensure that the
same quality product receives exactly the same measurement no matter whene
itis tested is becoming a matter of increasing importance,

Muost of the problems associated with getting high correlations between an
instrument reading and sensory assessment of texture discussed in the provi-
ous chapter can also be applied to colibration of instruments and procedures
far measuring texture and viscosity, (See Instrument Problems, page 299, and
Commadity Problems, page 299.) A strong effort should be made lo standard-
ize every aspect of a tes! to ensune that results are comparable between labo-
mtorics. A written protocol should be developed giving every detail.

Unfortunately, the record to date is not an encouraging one. Major
differences are sometimes found when the same product is tested in different

ies. For ple, ina e study involving cight lnboratories
in seven countries the reparted viscosity of a sucrose solution ranged from 5.5
ta A mPa:s and 5% of the data points lay outside =31% of the mean value
(Prentice and Huber, 1983). For a vegetable oil (assumed to be a medium vis-
cosity Newtonian fluid) the power equation was used and the reported flaw
behavior index (n) values mnged from 0.950 10 1,037 and the consistency
index (A} values from (L063Y to 0,399,

Prentice and Huber (1983) also reported power equation n and K values for
other products tested in the same eight laboratories. For an aqueons karaya
gum solution, n mnged from 041 1o 0,67 and & from 0.12 to 243, for an
aqueous carrageenan gum solution, n ranged from 043 to 0,81 and K from
0.91 to 2.54; and for applesauce, # rmnged from 0,25 to 0.58 and K from 168
10 36.1. The Casson viscosity for one sample of chocolate ranged from 1.67 to
4,40 in these laboratories.

Wheeler ef al. (1997) eompared Warner-Bratzler shear force readings on
conked beefl longissimus dorum muscles from 27 steers within and among
five meat research laboratories in the United States. In the first study each
institution cooked and tested the beel using procedures they normally used. In
the second study they used a standardized protocol. The results, summarized
in Table 9.2, show substantial differences between these five laboratories. The
suthors concluded there was clearly a need for greater control of thawing
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mona®

Marmal ingtitution procedure

Mean  Standard deviation Range m Mean
A7 11 26-76 89 53
29 0.5 1.7-40 w0 43
32 0B 20-54 29 Ab
34 og .1-66 0 41
34 a7 2554 a9 37

Saurre: Data fram Wheeler et al (1997) Reprinted fram ). Arimal Science 75, page 2327, Copynight by Jaurnal af Animal Science
m, number of samples tested, Warnes-Bratdler shear farce expressed in kg force

conditions before mnl:ing commences. They also noted that proper execution
of a Jardized 115 imy ¢ for obtaining and tabl
shear force measun:m:nL Their final t, ‘until a | protocol
is unilormly adopted, it is not valid to compare Warmer-Bratzler shear force
values among institutions or use shear foree threshalds developed at other
institutions.’

Aeschlimann and Beckelt (2000) coordinated a study among 32 luboratonies
in eight countries of factors affecting chocolate viscosity with the goal of
improving the standard method for measuring viscosity of chocalate published
by the International Office of Cocoa, Chocolate and Sugar Confectionery. The
first Ting test in this study showed a wide mnge of values for the Casson plastic
viscosity and Casson yield value on three different chocolates (Table 9.3).
Factors that were found to affect the viscosity values were:

(

) Tﬁc:s of maoisture thicken the chocolate. The use of a water bath to
must be avorded. Chocolate must be

melted in sealed containers.
(2) The fat in the chocolate must be completely melied b fted

erystals reduce the liguid phase and increase
late below 40°C should be placed i an oven at 32°C fir a minimum of
75 mun before a viscosity measurement 15 performed.
(3) Changes in the milk protein that occcur after storing the chocolate in lig-
uid form for extended periods increase the thickness of milk chocolate.
Milk chocolates should be melted for a muximum of 2-3h before
measuring the viscosity.
The viscosity of chocolate decreases 1.2% 1o 3.8% per 1°C tempera-
ture increase. Close temperature contral is essential. Large temperature
vanations were found in one laboratory where the connecting pipes
from the circulator had been connceted backwards.
(5) The geometry of cup and bob viscometers affects the measurement,
One laboratory that used  wider gap gave outlier data as compared to
the other laboratories.

(€]
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Mik i Dark
Chocolate 1 Chocalate 2 “hacolare

Casson plastic visconity {Pas)

Mean an 3 6

Rarge 27-55 22:46 21-339
Cassan yield value (Pa)

Mean K 12 n

Range a1 298 4-32

Seurce. Acsehbimann andt Beckeo (2000} Reprined fram § Teatars Studies 31, page 543,
Copyright by Taod and Nutntion Press fnc.

(6) One laborstory whose viscometer was out of calibration also gave
outher data,

(7) When the eylinder and bob were thoroughly defatted using
1.1 1 trichlorocthane the Cosson plastic viscosity decreased 5.5% and
the yield value 6.5%,

(8) A viscometer using cone and plate geometry gave significantly different
results from viscometers using concentric cylinder geometry.

The thice examples cited above demonstrale thal meticulous eare must be
laken in every aspeet of a texture test. Nothing should be taken for granted,
Regular calibration of the instrument and a standardized procedure for prepar-
ing the sample and presenting it t the instrument are eritical for reproducible
results. One should regard compilations of texture data with skepticism
because much of that data may be wrong and it is difficull 1o know which data
are relinble and which worthless,

From time to time some group attempts to calibrate instruments against a
*standard product.’ Bourne (19724) reviewed attempts W find a standard refer-
ence muterial that could be tested in the instrument in the same manner as food.
These have included nsbestos sheet, solid rubber, foam rubber, silicone rubber,
filter paper, blotting paper, foamed plastics, plastic sheets, paraflin wax, metal
foil, a specified brand of cigarettes, resing, *Play Do,' *Buz,’ gels, putty, and &
single batch of dried peas canned with calcium chloride. Every one of these
efforts to find a 'standard product’ has been a failure. Bourne (1972a) predicted
that the search for a standard product to calit will continue tn he
unsuceessiul and cited the following reasons;

(1) Textural propertics of the fard material g iy bear only u fuint
resemblunce to the textural properties of the food for which it 15 sup-
posed 1o act as standard, Even when it matches one textural property of
the food, it fails vo match the other textural properties

{2) The manufacturer’s specifications generally take little account of the
phivsical propertics that are of interest 10 a food rheologist. For example.
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paralfin wox and other petroleum fractions are extremely variable mate-
nals (Barry and Grace, 1971) and their physical propertics change
rapidly with temperature.

(3) Suppose some matenial was found that resembled the textural proper-
nes of a food, there is no ce that the fact would or
could maintain those propertics preciscly from bateh ta bateh or from
vear o year, Each manufacturer has their awn specifications and since
the product is usually nonfond it would be sheer coincidence if the
physical propertics of the product matched those of a food and main-
tained that mateh over a long period of time and under a wide range of
climate conditions.

(4) The manufacturer i not aware that their product is being used as a stan-
durd material by the food industry, Even if they knew, the sales volume
fior this purpese would be too small to warrant the special cffort to pive
the food market the highly standardized product it wanted.

Bourne (1972a) also pointed out that only functions of force, distance, and
time are involved i specifying the textural properties of foods. These func:
tions may be numerous and complex in nature, but it is unlikely that sny vari-
able other than foree, distance, or time is involved. The logical approach to
instrumnent standardization would be to standardize in units of force, distanee,
\ime or some combination of these (g work) because they are fundamental

Iards that are completely reproducible at all times.

The masn problem in standardizing many instruments is the friction between
the moving parts of the test cells and slip in rotational viscometers. The fnc-
tional error varies from instrament 1o instrument because of small differences
in dimensions or alignment of the working parts. In a single instrument, the
friction can vary from test to test for several reasons:

(13 Working parts may be bent, twisted, dented. or otherwise misaligned
during a test,

(2) Frictional force is not constant throughout the working stroke.

(3) Particles of food, especially skin and fibers, may jam between the
moving parls causing a temporary increase iu friction.

(4) Liquid exuding from the food may set as o lubricant, causing a
temporary decrease in friction.

(5) Food material can build up on the working parts and increase the
friction if these are not thoroughly cleaned nfter each test

p Henee, the degree of error caused by friction cannot be standardized. This
is a compelling reason o give pref to test cell g tries in which there
can be no fction between the parts of the test cell.

There is one potential exception to the bleak picture in this search for refer-
ence materals ~ the calibrtion of viscometers with a Newtonian fluid. The
viscosity of o Newtonian fluid is a physical propenty that is precisely defined
in fundamental units and s completely reproducible. Consequently, the
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calibration of a viscometer with a Newtonian fuid may be effective, provided
the material 1o be tested is also Newtonian. Unfortunately, there are few liquid
foods that exhibit Newtonian behavior and this restricts the applicability of the
method. Even then there is no guarantee of success, The report by Prentice and
Huber (1983). discussed carlicr, showed poor agreement between eight labo-
ratories testing two Newtonian liquids, sugar syrup and vegetable oil. With
rotational viscometers one must always be alert to the possibility of slip
between the food and the moving surface. Other artifacts often found in rofa-
tional viscomelers are lack of concentricity and inertial effcets of the rotating
member. Some of the viscosity dota cited in tables in this book may be unreli-
able because of d slip, lack of icity or inertia of the bob.

Bourne (1972a) expressed the opinion that we cannot have satisfactory
reference materials until cach of the textum] properties of foods is defined
as rigorously as the viscosity of a Newtonian fluid, and until products that
possess each of these properties in pure form can be supplied. Even then, the
problem of friction between moving parts will remain. Food rheologists
should give up the wild goose chase of searching for a test material that will
overcome deficiencies in test cell design and instrument operation. It would be
a better | lure to on designing the frichion out of the test cells
and calibrate the instruments in fundamental units of force, distance, or time
and to recalibrate the instruments on a regular basis.

There are a number of orpanizitions around the world, such as the American
Society for Testing and Materials, that are 0 written
protocols for calibration and operation of instruments and preparation of the
sample to ensure that reproducible results are oblained between and among
laboratories. Texture technologists have much to leamn from the many years
of expericnce that has been condensed into official test protocols by these
standards organizations

Joel 1 Aoy







Suppliers of Texture
and Viscosity

Measuring Instruments

The compilation that follows rey 1he best infi i ilable to the
author at the time of writing, However, the suthor takes no responsibility of
the sccuruey of the information. The reader should contact the manufecturcr
ot distributor directly for the latest information on hardware, sofiware, acces-
sones, availability, delivery and price.
The price ranges ure given as 4 rough guide to cost, Conticl the manufic-

turer for the latest price g 1on, The price designations are as follows:

A less than §1000

B S1000 to $5000

€ 55000 to $25.000

D more than 525,000

Since the author resides in the United States it is possible thut some insiru-
ments used in other countries are not on the following list. The author invites
instrument makers 1o send him information if their instraments are not listed
brelinw.

Mail to M. C. Bourne, NYSAS-Cornell University, Geneva, New York
14456-0462, USA.

Instrument Supplier Price range.
Albumen Height Gauge (see Haugh Meter)
Amglagraph W Brabender Instruments, Ine. <

50 E Weley 5t

South Hackensack, N 07606, USA
v owbirabiender.com

Applesauce Consnameter {see USDA Applesauce Consistometer)
(Camtieund)
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Instrumant. Supplier Price range
Basranck € Cole-F, Compary A
{Bdany laboratary supply 625 East Bunker Court
ouses carry the Boswwick]  Vernon widls, IL 60081-1844, USA
wew foodiechsaurce com
Braokfield Viscometers frnokfield Fngineenng Laboratones, lnc. B0
240 Cushing 5¢
Stoughton, MA D2071-2388, USA
www brootfieldengineenng cam
Capullary Glass Viscometers Cannan Instrament Ca A
(Mot laboratary supply PO Box 16
houses carry capsllary State College, PA 168040016, USA
sicameters ) W AT SEm

Chaptlon Testers.

Cole-Parmer Instrument Campany

615 East Bunker Cowr

Veman Hills, IL 6004 1- 1844, USA

waw fondiechsource com

Atk Inc A
BG00 Somerset Drve

Larga, FL33773. USA

W ammetEk cem

Wagner Insruments A
PO Box 1217

Creenwach, CT 06835, USA

W wagnefarce Som

[see Ad:

Effi Gn Teater

The US Dustributoes.

Bostwich, USDA,

FMLC Conusiameiers)

Effi G Fruit Tester A
via Real 83

48011 Altonwne RA

email fucchim maweb com
Wagner Instnrments

PO Ao 1297

Gavernwich, CT 06535, USA
wwis wagnerfonce coem
Wilsan Intermatianal

1104 E Mead

Yakima, WA UESDY LSA
W wilsoeure gom

Extensigraph

| I C
4113 N. Port Wastwagton Resd
Milwaukee, W1 532121020, USA

s bopa. com

€ W Brabender instruments Ca. (=
S0 B Wesley 51

South Hackensack, NJ 07608, USA

waw swbrabeader com

(Comtrmard
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Instrument

Supplier

Price range

Farnagragh

FME Consistomer

Food Tech (o

C W Brabender Instrume s Co
S0E Wesley St

Sourh Hackensack, NJ D7606, USA
wwar ewbrabendercom

C W, Brabender Instruments Ca
50 E Weshey 5t

South Hackensack, &) 07604, USA
woww cwbrabendercom

Foad [«

i2
(FTC) Testure Test System
{Kramer Shear Press)

Fruis Firmness Tester
(Frmtech)

Gel Tormon

Galmaons Viscom eter
Haake Viscomerens,
Haugh Mater
Imstron Unmversal
Testing Machine

Krnmer Shiear Press

Loaf Valumeter

Ugyd Urwersal Testing

Magness-Taylar Pressure
Tester

45921 Manes Raad, Suite 120

Seering, WA 20166, USA
www foodtuchearp cam
BicWorks Inc

1621 W Universin:
Stillwater, OK 74074, USA
wmml BioworksFTiaol com
Gel Consultants.

2620 Lire) St

Raleigh, NC 27616, USA
www gelconsultants com
Harmant Campany

28WNF2 Commencial Avere
Barmngton, IL GO010, USA
www barmant com

Haake Instruments Inc.
53 West Century Roud
Paramus, N| 07652, USA
wiwwy thermahazke tom
B C. Ams e

78 Stone Place

Mrlrase, MA D176, USA
www bramesca.com
Instran Corparatien
2500 Washingtan 5t
Cantan, WA D021, USA
ww Instran com

(see Food Technology Curperation
Testure Test System |
Navienal Manufactunng,
A Drson of TMCO Ine.
507" 5t

Lingoln, MEGB5S05-2935, USA
Ameek, Inc

600 Semerset Drive
Larga, FL 33773, USA
v ametek com

{sze Puncture testers)

C
{all madrls)

D {Model $542)
C{Model 4442)

:;:mmn’_i
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Instrumant Supphier Price range
Whaograph Mangnal Manufactunng, c
A Dasion of TMCO Inc
5074 5%
Lincaln, NE 66508- 2915, LUSA
HNarmetre Viscoincter Narnerre Company c
55 Wiggins Avenue
Bedford, MA 01730, USA
Wi NamETe. cam
Fenetrometer Petrolab Company B
{Many supply 873 Albary-Shaker Rozd
haises carry Penetrometers)  Latham, NY 12170, usa
o petrolab com

Puncture Testers

TS Tesqure Analysers

ColePalmer Instrument Compamy
625 East Bunker Court

Verman Hills, IL 60061- 1844, USA
www. fosdrechsaurce com

{see Ballzuf, Chatillan, EMF-Ci,
Magnesw-Taylor, Stevens)

{see Stevens LFRA Testure Analyser)

Rapid Visca-Analy:

The Morth American
Distributar:

Rheameirics Fluds
Rheometer

Stevens LFRA Texture

Analyzer

The Us Distnbutar:

Structagraph

TAKTR Testure Analyzer

port-5. fic Pry. Led
2% Gondola Read
Narrabeen (Sydmiy)
Hew Sauth Wales 2101
Ausrrala
W NEWPOTE Cam. du
Fass Food Technalogy Corp.
FO3ES W, TOth 5o
Eden Prane, MM 55344, LSA
waw fossnorthamenca com
Rbeametrics Inc £
Qne Povsumiann Road
Fiscataway, Nj 0BS54, LUSA
waw rheos com
Cr5 Farnell
1 Manar Place, Manor Way
Borehamwood
WDE SWG, UK
www textureanzlysa com
Michac! Brown & Asseciates, Inc
14 Locust Lane
Mewtan, PA 18940, USA
www stevenstestureanalyser com
C.W. Brabendes Inmruments, Ing (s
S0 Wesley 5T
Seuth Hackensack, N 07606, LISA
www ewbrabender com
Srable &lcro Systems <
Vienna Caurt
Lamemas Raad
Gadalning, Surrey
GLT WL, UK
wiww sablernicrosptems. com

{Continard)
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Supplier

Th. Morth American
Drstnbuators

Tenspresser

Universal Testing Machine

USDA Applesauce
tml:nmm-

Miscomurers

Wagner Unmversal Testing
Machings

Varmer-Bratzier Shear

Testure Technolagies Corp.

18 Farview Hoad

Seandzle, NY 105E3, LISA

v testuretes hnclogies com

Taketer o Hectranic Ca. Lid o

1-35 Wakamatsu-Cho

Stnjuku Ku

Tokya 162, Japan

see Lloyd, Instron, TAXT2

Tersipresser, Wagner

Head, Standarduation Sectian

WS Depatment of Agnculture

Agricubieal Marketing Servace

Fruit and Vegeable Programs

Processed Produsts Branch

Saep 0247

1400 Independence Ave SW

Washingion, DC 202500247, USA

e ams. uida. oy Fel pbweb)
PPBflecedes 105315 him

Analytical Process Inc. D

PO Box 131301

Houstan, TX 77219:1301, USA

wivw arabyticalprocess. com

ATS Rhoeuystems

52 Georgriown Road

Bordentawm, M 08505, USA

s arsrheCEyYems Com/ = ats

Hazke Instruments Inc,

53 West Century Road

Paramus, Kj 07652, USA

v thermohaake com

Mametre

25 Wiggns Avenue

Bedfard, 814 01730, USA

WAy nametre com

Bheametnc Inc

Ohnve Pussumtown Road

Pscataway, W] CES54, LISA

wiwa rheaic cam

TA Insruments bne

109 Liskers Drve

Nuw Castle, DE 197 203795, USA

AT LLINSE £

Wagner lnstruments L.}
PO Baw 1297

Gireeriwach, CT 068361217, USA

www wagnerforte com

R Dhegine Mig, Co » .
Route 2

Mankansn, K5 66502, USA
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Supplier Prce rangs
Zahn Viscosimeter Cole-Farrmer Instrument Cotmpany A
1Moz laboratery supply 425 East Bunker Court
hauses exrry Zahn Vernon Hills, IL 6D061-1844, USA

wmeameters in stock | wnw feod igurce com




Effect of Temperature
on Texture

Measurements

Table ALY Effect o Raw Fruits and Vegutabl
Temp. range
Commadity Type of measurement (] 14C imcrease Refersnce
Apple, Idared punsture 2716 e diam tp -1 force =0.42% Banpued s al [1974)
#aple, BLI Gerening puncure 7116 . diam ip -1 force ~0.39% Blarpied ot & {1975)
Apple, Home puncure 2716 . diam tip N force ~0.61% Blanpied ot . 1975}
Aaple, Baldwin pundture 174 . diam op 233 rupture stress =0 445 Fleacher (1574]
Tt drain * 0 5E%
‘mupture mergy =0.27H
Blackimrry, Crie Pureture 0060 men diam by 13-26 ferce —0 5% Hanking and Sanda (1920}
Iiksckberry, Cne purcure LMOmm dampp 1327 force —0.83% Hawhins and Sando {1310
Hazckberry, Lawan punctune 0060 mm diam vg 1324 force =1 0T% Feawkons and Saedo (1570
Iackserry, Lavton puncture O.060mm diam g 13-25 forge =1 57% Hawhorrs and Sanda (1920}
s chdsery, Wachuser puncture 0 060 nm dum o V626 Torew —2,00% Hankiers and Sando (1929}
Backberry, unknown puncturne 0060 mim diam up 13-26 force =2.01% Hahons and Sando {1920}
vty
Blackberry, unkngwn puncture 0060 mm damup  12-27 farce —10 90% Hawkans and Sando (1520)
vanety
Cherry, Napoleon puncrire 2 mm diam op 0322 force —0 91% Harman and Bulls {1929
Cherr, Mommerency puncture 0 068 mm diam tip 16-27 farce =1.95% Hawking and Sasda (1920)
Cherry, Mommereny  punciure 0. 068 mm dam g 11=19 force = 111% Hawkins and Sando {1920
Fears, Bandent puncrure 1720 diam tip 0 6-361 feree — 0 36% iamman {1924}
Peas, Admiral size 2 ML Tenderommser 243 ~0 30 Tenderameterunits Martia etal (1938)
Peas. Admisal size 4 TMC Tenderoemerter 242 =031 Tenderometerunes.  Bartineiel (1938)
Pran, Abuska size 2 FME Tenderomerer 249 —046 Tonderometerunes  Marmio o of. [1536)
Peas, Alavka uire 4 FMIC Tenderpmmer 149 =0 48 Tendrrometer umits Maroe ot &l (1938)
Peas, Tall Aldereman FMC Tenderomiter 2-45 — {048 Tendprometer onts,  Camphbell (1942}
early seavan
Fras, Tall Alde-man TME Tenderometer 145 ~0.40 Tenderometer uts,  Camplell (1932}
late seasus

{Cansuni]
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Temp. rangs  Change per
Commodity Type of measureme.t (L] 1*C increase

Refercnce
Peas, 4 vinenics FMC Tenderomeres nat seated ~ 1.5 Tenderameter units Makiower et sl (1953)
Peas, et | Owmawa Pea Tenderometer 15-32 027 kg force Voisey and Nonnecke {1972}
Teas, vest 2 Ottawa Pea Tende ameter 15-32 =0 16kg farce Voriey and Nennerke 1972}
Raspberry, black puncture 0 121 mm dam tip V425 fome —2 6075 Hawking and Sanda {1920)
Ranpbierry, red puncrure @ 313 mm duam tip 627 ferce —2.20% Hawking and Sando {1920)
Raspbery, red puncture 0313 mm diam tp 16-28 force — 2.1 % Hawkins and Sando (1320}
Strawberry, Cooney puncture 0636 mm dam tp 16:2% foree —1.06% Hawkens and Sanda [_!m‘
Srawbesry, Cooney puncruse & 636 mm diam sp 13-24 forge =2 54% Hawhans and Sanda (1720)
Strawberry, Coanry punctyre 0636 rmm diam oy 1626 force —3.21% Hawkins and Sando {1520}
Serawlmrry, Cooney pancrure 0636 mm diam tip 1623 frre =3 145 Hawdans and Sandn | 1320)
Strawberry, Mo 105 punstite 0636 em dam up 1629 force =2.92% Hawkans and Sando (1720)
Strawherry, unnamed punciure 0.636 mm dam tp 13-13 force = 2.53% Hawlking and Sande {1920)
wariety
Strawbery, unnamed  puncture 0 636 mm dam op 16-39 force =1.93% Hawkins and Sando (1920]
ety
Strawbeery, Fletcher puncture, Duinkley pater 2435 Drurechy arsd Bowne (1955]
Strawbeny, Fortune puncture, Dunkley pirter 2435 Ourecky and Bowme (19681
Strawherry, Frantenac  punciure, Dunbley piter 2435 Durecky ard Bourne {19681
Strawbemy, WY 814 pumcture, Dunkley pites 2435 Curecky and Boure | 1965)
Strawberry 1928 puncture 174 in, digm tin 0-211 Pose etal (1934}
Strawbery 1933 deformation® =211 Ruve tal (1934}
Stranberry 1934 deformation® [E18] Rose et al (1934)

Sowrtr: Baurne [ 1982). Repnoted fram |, Feod Saesce 47, page 441, Capynght by Inmmitire of Food Technalog
* Thes est measimed the force m grams ta goe 4 combined dyformation of /8 i = vhe e and sprng. sale.

Firmnesa-temp coeffi.
(% change in firmness
Commodity  Deveription Type of measursment fer 17 increase)

Apte Golden Delciou, 1977 crop, stored 9 months.  Back extrusion =035
Agple Colden Delicious, 1972 crop, stared 9 manths  Shear Press =043
Apple Celdon Delcious, 1972 crop, stared @ manths. Puncture, 178 . 1ip -7
Apple Golden Delicious, 1877 crop, stared 7 months  Magness Tayler 7,16 in. up —0.45
Apple Colden Delicious, 1977 crop, stoved 7 months Bach extrusion =013
Apple Colzen Delicious, 1977 erop, stored 7 months. Shear Presa ~R
Idared, stored 7 months. Magness Taylor 7716 in up -032
Apgite Iedared, wored 7 months. Magness Taylor 7/16 in, tip yoeld pesni -042
Apphe Idared, stored 7 months Back earusion -0.90
Apple tdared, stored 7 monchs. Shear Pres. -0.57
Apple Kerd Delicious, stored 1 week Back extrumion -0.3
Apple Teedd Delicians, stored 1 week Shear Press =033
Apple Red Dilicinus, swored 7 manths Magness Taglor 7/ 16 in tip -z
Apple Bed Delicous, wored 7 months Magness Taylor 7/ 16 in. tip vield point -0.30

{Continurd)



Appendix |l 349

Firmness-temp caeffi.
(% ehange in firmnass.

Commodity  Descriprion Type of measurement per 1°Cincrease)
Apple Red Delicious, wored 7 manthy Back extruvan =048
Apple fled Delicious, stared 7 manths Shear Press -0
Apple Melrtash, stared 2 wivks Magress Taylar 716t =032 B
Apple Melntash, stored 2 weeks Magness Taylor 7716 . 157 pield point =042 -
Apple Mdntash, stored 2 weeks Back estruson i
apple Mlalntash, stored 2 wesks Shear Fress =03
Apple Rame, stared 1 week Magness Taylor 7716 in vp -nn§
Agple fame, sored 1week Magriess Taylor /16 in. i peld point =012
Aaple Rame, stored 1wk Back extrusiod -0
Apple Aome, ored 1 week Shear Prews —oor
Agricat Morepark, fem nipe 0-30°C Magness Taylar §/16 in np =0
Apricat Muorepark, firm ripe 30-45°C Megress Taylor 5/16 in. tp =1as
Apraod Marepark, soft npe Magress Taylor 516 in. up -
Apricot SHAT Defoematian 1o 0.3 Newton +oast
Apncot Vinetand 60081 Neforranan 1o 0.3 Mewton -2y
Apricat Vineland 60081 Back extrusion )
Feans, snap Eardy Wax, sueve sie 3 Puncture, 178 in, 6 =009
Beaos, anap  Early Wax, shve size & Puncture, 18 in tip =010
Bears, snap  Early Was, sieve size § Punctere, 18 in. Hp =38
Bears. snap  Slim Green, sieve wize & Punctire, 1/8 1. tip +01
Bears, snap  Slim Green, sheve size § Puncture, 178 in. up +0.08
Berws Orirost Dark Red 24-3 in. diam Dreformation to 1 Newtoa 0280
Beris Dherront Duark fed 2%-3 0. diam Puncture, 178 in, g ~-0.09
Carrot Chantenary, phlavm e Punesure, 432 Lip 401z
Chemry Emperor Francis. Dunkley pitter Ealb
Cam, sweet NK199 10-354C Shear Preas. =T
Com,wweet  NK199 10-35°C Back esrusan ik
Com,sweet Jubilee 10-357C Shear Press AR
Com,sweel  |ubilee 10-35°C Back exrusion ~na2
Com, gweer  Derp Gold 10-35°C Shear Press =1
Corn,sweet  Deep Golid 10-35°€C Hack estrunon -8
Cutumber Marketor Deformatian 1a § 5 Mewon -0
Cucumber Marketar 0-30C Puncture, 178 in. op oM
Cucumbrer Markeor 20-15°C Puncture, 178 in. tig i
Cimion Auitumn Keeper 135-2 in. diam Deformation o 4 Hewtons 0.5
Onion Autumn Keeper 1%-2 in. diam Punctuee, Magness Taylar S{16in 1) i
Peach Raby Gold (chnjstane) 975760 Defarmation ta 1 Newsan -9
Peach Raby Gold (clingsane) 9/8/40 Deformasion to 1 Newien -0
Peach Hale Haven (frecstone) Defarmation ta 1 Newsan 337
Prach Sun Cling (chrgarane) Magness Taglor /160 ap 'M;
Peach Wiszo {freestane) Magriens Taylor 716 . up =7
Pear Bartlett Magness Taylor 5/16 in tp =047
Pear Bartlew Delormaton te 15 Nestan +on2
Roas,green  Earky Swiset 11, sieve suze 3, A15 11.6% Shear fress ]
Peas, green Early Sweet 11, siear sze 3, M5 11.6% Maturometer '":’ A
Peas, green Early Swert 11, seve ure 3, AIS 1165 Back eatrusion =062

(Cennmand)
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Firmness-temp coeffi.
Type of (% change i firmness
Commadity Descripticn measurument per 1 C increase)
Peas, green Early Sweet 11, sieve size 4, AIS 16 0% Shear Presy =033
Peas, green Early Sweet 17, seve size £, AIS 16 0% Maturomeser =a30
Feas, green Early Sweer 17, sieve s-2e 4, S 16 0% Back earusion =012
Peas, green Early Sweet 17, sieve suae 5, AlS 18 3% Shear Fresa -o2z2
Peas, green Earky Swrer 11, sieve size 5, AIS 18 3% Mlaturometer =027
Peas, green Early Sweet 11, seve 3i2¢ 5, AIS 18 3% Back eemusion =020
Peas, green Targes, seeve wze 3, A5 11,05 Shear Prass -037
Peas, preen Target, sieve size 3, A5 11.0% Mlaturameter =0.28
Peas, green Targer, sieve yize 3, AlS 11,0% Back extrussian —026
Peas, green Targer, sieve size 4, AIS 16,95 Shear Press Ui
Peas, green Target, sieve sime 4, AIS 16 5% Mlaturemetes =015
Peas, green Targer, sieve size 4, AlS 16.9% Back earission —oo7
Flurms. Stanley, firm ripe Pancture, 1/31n.0p —-0.§5
Plumy Stanley, firm npe Back estruton -0.75
Plums Stanley, firem ripe Defarmatian to 1 Mewton +0.42°
Plums Severn Cross Deformation ta 1 Newton o1
Plume Irakian prure Defarmazion te 1 Newtan 61
Flums 30-4-126 Defaemanian ta 1 Neatah 012
Patatn Katahdin, stared 1 manth Magnees Taylar 571617 tp -a02
Potan Katahdin, wored 7 months Magness Taylor 51640 tip +ooe
Patato Kamahdin, stored 1 manth Difarmatson ta 025 Newtan +0 28"
Potan Karahdin, stored 7 months Deformation to 0 25 Newton tonr
Patata Manona, stared 1| manth Magness Taglor S/16in. tip =010
Potato Manana, stored 7 manths Magness Taglor 5/ 16, tip 004
Potata. Manana, stored 1 manth Deformaion 1o 0.25 Newtan 10.28°
Potato MWanona, stared 7 manths Deformanian to .25 Newton +HAF
Patate Russet Burbank, stored | momh Magocas Tayhot 516 i, tip +0 .06
Posato Russet Burbank, stored 7 monthy. Magnes Taplar 5/ 16 i, tip rons
Potato Russset Burbank, stored | manth Deformatan 1 0.25 Newran e
Potara Russet Burbank, stared 7 manthy Defurmateon ro 025 Newtan +0.08*
Strawberry  Honeare, mean sae 6.0 0-304C Brformanon to | Newton 4028t
Stranbery Honeore, mean wrs 6 0p 30--45°C Deformatian to 1 Newton <309
Strawberry  Canoga, mean wie 6150-30°C Befonmation ta 1 Newtan [
Strawherry  Canoga, mean size 615 30-45°C Deformanonto 1 Newton + 34
Strawberry  Canaga, mean uze 1295 0-30°C Defarmation to 1 Newton .08
Stranberry Canaga, mean size 12,95 30-154C Defemaran to 1 Newsan +7I>
Torime Mew Yorker, stem end down, 1973 Defprmauon to 1 Newsan +o8
[hineey M Vorker, stem end down, 1978 Defarmauon ta 1 Newtan 020
Tomate Neva (phum rype, sideways, 1973 Defarmation to 1 Newton +0 58°
Ltangind Rova (plum type). sdewiys, 1978 Defarmanan t 1 Mewton “017

Sauree: Bourne (1982). Reprnged frem | Fona Sciemr 47, pages 442, 443, Copyright by Institute of Foad Technologists

A+ wgnindicates the product decreases in firmness as the temperature nses.
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FT iens
Commadity Description Type of measurement % per 1°C
Apple Shces Punsture 108
Apple Shices Extrission ~104
Apple Slses Tewture Press =037
Applesauce - USDA Cons stomuter +0.59*
Aprcot Unpeeled habves, brand A, 3-35°C Extrumipn =141
Aprcet Unpeeled hakbees, brand A, 35-807C Extrumson =0.07
Aprcol Unpeeled halves, brand A Texture Fress -0.76
Apricet Unpeeled halves, brand B, 3-35°C Estrumon =1.00
Aprigot Unpeeled halves, brand B, 35-30°C Extrusion +013
Brar, green Cut brand A Puncture -002
Brans, green Cut brand A Estrusion =01F
Beans, green Cut brand A Textuar Press ~051
Beans, green Cut brand A Punctuse =064
Beans, green Cut brand B, 3-18°C Erimion
Beam, grevn Cut brand B, 18-35°C Extrinion
Beam, green Cue brand B, 33-50°C Btrusan
Brans, green Cus brand B Teature Press
Bearn, green French cut, brand B Extrusian
Beans, preen French cut, brand B Testisre Presa.
Beans, wax Cue Punziure
Beans, was 3-18°C Eatrution
Beans, was 18500 Btrusion
Beam, garkanzo - Funcure
Beans, garkanzo - Extrution
Heans, garbanso - Texture Prews
Beans, red kidney Brand A Pt
Beans, red kidaey Brand A Extruson
Beans, red kdney Hrand A Toaure Press
Heuns, red kidoey Brand B Purture
Beans, red kidney Brand B Extrasian
Bouns, red Kidney fBrand Testure Press
Beans, lma Baly Puncture
Beans, lima Baly Estrusan
Beans, lima Baby Tewture Press
Bes. Sliced, brand A Estrisean
Beens Sheed, boand B Exnruvon
[Tr, Sheed, brand B Testure Press
Canots Sheed, brand A, lem Punciure
ey Sheed, brand A, phlgem Puncsue
Camots Sliced, brand A ik
Carioes Slied, brand A Teatiite Press
Currots Shiced, brand B, kytem Bk
Carrors Sheed, brand B, phloem Punziure
eroics Shiced, brand B Extrusion
Carats Sliced, brand § Teature Press
i Sweet, whole Estriion
Phamiis Sweet, whole, 3-19°C Textuire Press

Chemes Sweet, whole, 19-50%C + leeire Frew

I—
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F-T coefficient”
Commudiry Description Type of measuremant % por 1°C increase
Corn Whole kernel, brine, 3-18%C Puncture —055
Com Whote kernel, brine, 18-50°C Punciure =008
Carn Whole keened, bring, brand A Teature Press ~0.28
Com Crearn style, kernels, brand A Functure 4015
Carn Whale Kermel, brand B Extrusian =042
Com Whole Kernel. brand B Texture Press =049
Com Cream siyle Extrusion -1.28
Com Cream style TUC Cream Com Meter +0.35°
Prach Chingsuane Extrusion —D.66
Peach Clingstone Teature Fress -075
Peach Freeszone Estrussan, -0.76
Peach Freestone, 30-36°C Tearure Press -0 38
Peach Freestane, 36-50°C Testure Press -157
Poars Bartlert Estrusean =056
Pears Bartlet Teaure Press ~0.55
Peas Green, brand A Puncture =053
Peas Caven, brand A Extrussan —093
Peas Green, brand A Texture Press =062
Pras Cireen, brand B Punciure —0.65
Peas Cireen, brand B Extrusion =067
Feas Gireen, brand B Texture Press 079
Finexppic Wedges, brand & Estrusion -0s2
Pinespple ‘Wedges, brand A Testure Press 4004
Paneapple Wedpes, brand § Temure Press -0
Flums Whale Punctire =050
Pl Whale Farusian —103
Plims, Whole Tewure Press —0.63
Fotators Small, whale Funcrure ~07s
Patatars Small, whale Extrusn -0.81
Patatoes Small, whale Teaure Press —0.h
Swnash 3-18°C Extrusaon +0.43
i 18-48%C Exruson -1
ahaats Whele, pear shape Extrusion -1
Towates Whelc, pear shape Tewuee Press -032

Soweer’ Boume and Comatock (1986) Heprnted fram j Mﬁiv\'{-sl "
= o pages 332, 533 Copyrigh by Insstute of Food Technalagies
S The famness-temperature coeiciens is the percent ¢ hange in firmnien per degree temperature indrease

In the Consstemeter tests 8 + sign indicates decreasing firmaess with ecreaung temperature




Guidelines and

Conditions for Testing
Foods

:
|
"
i
_ Shoar- Single Mear Tet Parameters ‘
Crmadiny compression  Universal  blade  sheas  Ocher principle messuared
Frums J
Apples ® ® Compresuen-shear  Masmum |
foree
Perstration Punctune ield peine |
Applesauce X Compresssan = Curve prabis)
wnfice o btk Frequency
otuan and height
Apricors X X Camprevsan-shess  Magmum
ferce
Penerranion Huncrure ield pown.
Chernes % x Compression-sheat  Mazimum
force
Penesracion Puncuate Hiehd pant
Frus cockial * X Compressar-shear  Maumam
Torce—on
pzlnlu
Citrus fruit X X Compresien-sheat Migiman
force
Manjoes X X Compreswan-sbear I-l-':‘m
c
Fensranon Punature Vield ponnc
Ol X Compresugn-shear  Maxmam
foree
Peaches Y X Compropon-shear  Masmum
fome
Peretrasion Purscture. Yield paine
ears. ® kS Compresan-shear Ml;"“l‘
i > {13

Fenciralion Pusrtien Wiekd pam
(Conti
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Type of test cell
Shuar- Single  Meat Test Parameters
Commadity enmpression  Uiniversal blade shear  Ouher principle measured
Haising X Compression-shear  Mammum
force
Strawbieries X * Campression-shear  Mammum
faree
hieat and poulsry
Beef 3 Compressinn=shear  Mazimum
farce
X x Cuthrg Mammum
force
Frankfurters H Campresson-thear  Mazimum
farce
% x Curting M
farce
Lamb X Compressian-shear  Masmure
. farce
X X Cutting Mammum
force
Park A Compression-thear  Atawum
force
K X Curming Magmum
furce
Rabbir x Compression-shear  Maamum
force
X X Cutting Mayiemum
force.
Luncheon meat X Compression-shear  Maximum
force
Tenson Tenle Maumum
slape
Thushoe Tenule Manmum
tenale farce-sure
slope
it & Compression-shear  Maveran
Tarce
x x Cutting Marimm
farce
e 2 Compression-shewr  Manrum
fosge
X x Cuttang Mammum
farge
Pheasant x Campression-shear  Maumum
force
L] x Cutting Masimm
force
Pociery bency Bending Bivuling Fotie Miroin
force
fa Compresvon Breaking force Maverum
farce
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Type of test cell
Shear- Single Murar Test Parameters
Commadity compression  Unbersal Blade shear  Other principle measwred
Miseelanrous
Gels and X Campression-thear  Mawmum
semizalids force~cLeve
suxh as aleye
fats, jelly, x Cumng Mzwmam
paste, and Forte-ture
pharmaceunicals slope
Penetration Yield pormt Masmum
farce:

* Compression = Maxmum
onfice or ferce or
back extrusion curve slope

wnd ared
Cattage cheese b % Compressian-shrar  Mas e
force
Muchrooms X X Compression-shear  Maxmum
Tarce.
x x Curng Mazmuin
force
Pasa L X Compresyanshiear  hasmum
farce
Rice x Thin bladed Compression-shear  Mazmum
ferre
Pranuts x X Compression-shear M murn
farce
Seeds x x Comprewion-sheai  Manmum
force
Deugh * Compressionsshear  Temure
wersile profile
Soems of flowers. x Compreswon-shesr  Maomam
and plamt force
matenal X x Cuming Munmum
foere.
Bending Bresking paint Mavmum
e
Canned tuna fsh x Campressian-slear Muasimum
ferce
Suctulameter Compresipan
ecpeessed
Dry armaist pet E] * x Comprespan-shear  hizumuen
foad foice
Canned pet food % X Perctrasen Puncture Yield paine
Bread and bread X Compresian-shear  Mazmum
products farce
X Custing Maemum
Taree
Thineshice Temde Mammum
tenule farce-curve
' siape
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Type of test cell
Shear- Single Mear Test Parameters
Commadity compression Universal blade shear Other principie measured
Cakes and % Compresson-shear  Manmum
ather simulir farce
akery praducts £ Cumng, Maxmeum
force
Vegeuables
Auparagus X % Cuttirg, Manrum
foree
Beans, dry-baked = X Compreison-shear  Maumum
farce
Buany, lima * Campression-shear  Mammum
forer
Beans, green A Camgression-shear  Mammury
force
X Cumming Masimin
fures
Braceal) £ Compression-shear  Masimum
forge
X Cutting Mammum
force
Camots i Compression-shear  Masimur
fonce
Calery x Compression-shear  Mavmum
force
& Cutting Manimum
furce
Gireens X Compresion-shear  AManmum
i farce
bl x Compressien-thear  Mawmum
farce
Succubometer Campivssion Liggued
expressed
Erzplame ® Comprewion-shear  Masimun
. force
S 2 Compresvioa-shear  Masimam
force
it % Compression-shear  Massmurn
force
Peppers X Compression-shesr  AMassnym
furce
PRgicits, whits X Compression-shear  Maumem
farer
P, Fenet ® Compresseon=ihear  Maumum
force-curve
ranio or
x X i Hope
Cunting Alaimum
Tomatars - X A faree
Comprecsion-shear  Maumuom
Farce
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Type of test eell
) Shear- Single  Meat ) RarEmmE
Commedity compression  Universal  blade  shear  Other priniple measured
Tomataes, paste X Compressan - i
anfice o Furce: o
back enrieon rate

Sowrse: Compied by Or B A Ty

Mate: Sample uze and methad of presenting sample (diced, whale, stnpped, etc 1wl vary within and among cammodities,
depending on purpaie of test, test cell used, and the nature of the cammodiy. Far example, site could be ane discrat uns, full
el filed by volume or weighted sample that best accansnadates the commodiey are tesr eell Various sample s and mechods

B presenting sample should b ivewtrgated, unless specific warking condusons are recommended by the lipranre a by the
manulacturer.
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Crosshead Parameter Preperty
Commod & Test principle Frabe/ Fisture speed fmms™")  measured measured
Apple, whole Puncture 2 mun cham 1.5 Yield paing Biayreld pointand
cylinder probe foece and Mesh firmnes
distance and
mean plateay
force
Apple while Rl Flat pl oaz Dustarce ar peld Povential ta
recovery prabe larger than point Bruising
sample
Apple puree Back extrusion 40 mem diam earesion b 3 Manimum farce, Consistency
dusk arva under
partive and
negative eune
regians
Faking fats Forward eat Furward 3 Mbean platcau force  Ease of
with 3mm anndus eTrunGn
Beans (bulk), Exrusion Orrana cell with 5 Mean platean force  Firmness
cooked Webladed estrusicn
plate
Bisirefcookies) Bending Three-paint bending ng. 3 Sauvmum force Hardness and
wrackers, whale and dirance at Fracturabilay
break
Biscut/cookie dough  Penetranan Daugh preparanion ses 3 Maunmium force Furmness
< and & men eylinder
Frobe
Bpiled sweers, single  Penetratian 2mm dam cylinder 1 Maweren lorce Hardoras and
probe and diatance st fracturabiity
mavmum farce
Breaderumbs, Compresson 35 men diam cylinder 1 Mamrmmum Force Hardness
analaypes
Tiread doagh Uniasial sension KiclTer dough 33 Manwn foree Revatance ta
earensibiby rig and ditanceat exxenaion and
mar farce extensibalicy
Bread dough Tensan Chen-Hoseney 0 Mammum force, Stickamess, wark of
Daugh Suckiness area under curve adhesion and
celi and datance 10 (ohesveness
Bruad, ol Comprewion Flat plate/cylnder 2 Stawmum force Frmaess
probe larger than
sample
Hread, sheed Penetration Radhused 36 mm 7 Force at 28% srain Firmnes
dizm eylinder
prabe (AACC 74-09
standard)
Breabdast cercal, Compression Ouawa cell and 5 Maomum forge, Hardrew and
dry and wet watertight Lnear distance e
base plate and no.of +ve “Bawd life
force peiks
Hreakfast toaster Sheanng Knife blade 1 Peak forces and Pastry Frmaesy

pastrey, whole

rean farce of

plateu regran
between peaks

and filling
saftness

| Consnsed)
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Paramerer Property
Commadity Test principle FrobeFisturs speed {mens™")  measured measured
Butterymarganne - Feretration S dam 2 Musimur force, Firmness and
contained cylinder probe +veare work of
under cuny [prapratian
! . marga [ 45* i prok 1 Datznee ingued Famness
contained durng S s of
applied Force
Butter marganne Peneiranian) TTE spreadabality ng i Mammum +ie Firmness and
eatrunon force and speeadability
+vearen
under curve
Butter) marganne < Sheanng Wire cutter 05 Mean force mer Firmness
tlock farm plateay region
Cake Compressson Radwsed 36 mem 1 F Formness,
smarelixation diam eylinder probe h:;: Sl i
{AACC seandard) of farces at [abiliry o
begineeng and recaver)
end af rdlacnan
: poiod
Caramel Penetration 0.73in Sphenical 5 Maumum +ie Hardness,
ball prokbe force, masimum stckinews and
~ve farce and sinnginess
dstance to
separation
Carvot, raw Beriding J-point bending rig 2 Manmum force Femness and
batons and datarce Rensdey
at break
Camon, ylindens Compreisian Flag plate/cybinder 1 Mammum farce Hardrass
(tooked or raw) probe larger than
sample
Cereal bars Sheanng 5 bladed Kramer 3 Kokt N Hindtwe
shear cell
Cheese, cream Peretraas: Smm diam 1 Manimum force Softnen
{runtained) Cimeder probe
Cheese, eream Peretration 45" conical probe 1 Masmum force Saftress
{cantained) -
Chievse, spread o TTC speeadabiduy rig a Musmum +ve Firmness and
AT Ferce and spreadabdiy
+ieana
under cune
Chiese, spread P Tin o P 2 Maumurs +ve Furmineis and
[euntamed) Farce and wicbrci
manmum
—re farce
Chrese, hard = Sheanng Fracture wedge set 2 Masmnum fore Hardiness and
cubes and diance betleness
arbreak
Cherries, single Penetranan 2mm diam qlinder 1 Manmem force  Bioyeld
probe and distance st pointfrmness
max force
Chewing gam, Peretration ilmw_dum 1 Mean force aver Hardresy
Eeate peflers cvfinder prube ! plateas regian
{Conbimued)

T R,



364 Guidelines and Conditions for Testing Foods

Crasshead Parameter Property
Commadity Tust principle Frobe Fixture speed (mms™")  measured measured
Chewing gum, Uniuwal tenson Tunsle grps 1 Mazmmum farce Resistance 1o
banes and distance extensian and
at break eatemibiling
Chewing gum, Sheanng Craft bnife 2 Tat pesk force, Coating hardness,
dragees force at F.3mm interier
and +ve area Iardress and
under fune wark of
cuttng/
toughness
Chewing fum, Uniasial tension Wiuffer dough 3 Maxsrmurn force Hesistance ta
rope [efunifonm exenibility rg and distance extension and
thickness) ar break entensibility
Chewing giem, Bending 3-point bendrmg ng 2 Mammum force Steengrh and
ek and distance Tlexdlicy
at MNex
Clsewnng gurn, Pemgtratian 2mm diam 1 Maamum force Hardnris
stick elinder probe
Chewy Penetrasian Gmm diam 2 Maamum +we Hardness and
confectonery eylinder probe farce and stickiness
masmn
=we force
Chicken {bufk), Shearing 5ebladed Kramer 3 Maximum +ve Firmnes and
flets! nuggets whear cell force and +ue ok af
area under curve sheanng
Chicken, Smm care  Sheanng Warner-Bratrler 3 Mawmiun force Femnsnbite
blade tare
Chocolate, bars Penvtration 2imm diam 15 Maximum fofce Hardness
elinder prole
Sheanng Craft kiufe blade 2 Mannium farce Rite force
Penetration) TTC Spreadability rig K] Masimum +ve force  Firmness and
AL and +vrarea spreadabibty
under curve
Cormy tnet Sy Sheding 10-tladed Kramer 2 Maumum foree Hardess
shear el
Com, sweet, Sheanng Voladbevich Bite laws 2 Masmum force Hardness
wngle kel
Cronants Shanng Knife blade 2 Arva urder cure Firmnens
Lrovtons (bulk) Compression Curawa cefl and 1 Maumum foree, Hardness and
wrtertight linear dinzance crunchiness
base plate andno af +ve “Bowd lfe
force peaks
Egg, whole Ci Flat p ¥ ns Mamsmum force Breaking force)
jprobe larger shell sirength
than sample
Exruded snack Campression Ouana cell with ] Linear distance, no. Crispacas and
(bulk) wide blade of major force toughnes
estrunion plate peaks and area
under curve
Fishy, raw Penctration 0.5 spherical probe 2 _ Masimum faree Firmness
Tandant Penetranion Amm diam X Vetpeakforce and  Crust firmness
(comsind) cyliader probe 2nd peak force i e
Firmness

| Contimard)
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Crosshead Parameter Praperty
Commadity Tast principle Probe/Fisture speed (mms™Y)  measured measared
French fries, Penetration 2inm dam 3 1t prakforce, Cruat Farness ard
wingle cylinder probe foece a1 4 5mm interioe femness
Gel (any type) f Flag plate/eylinds 2 Maamum force Firmeess
prabe larges
than sample
Gel {any ype), Puneture Cyhnder probe From 2 Yield posnt farce Rupture strengih,
contained 310 20mm diam and dtance elasteciny/
st yield battlencss
Ll (any type], TPA Flat platercylnder 3 Tewure profile
cibe or dise probe luger paramerers
than sample
Gl {Celanne) Pancture 0 5 diam 05 Farce at 4 mm Blocm strengin
150 9665, ylindor probe. peacinuan
contaned in (radiewed)
Elagem jar
Gel {Gelatine Punciure 0.5in dam 1 Force at 4men Mloam srength
GMIA, cantained cylnder probe penetration
in Blam jar
uten Unizmal tensan Kieffer dough 33 Massmum foree Resistance 1o
wenubiliey ng and dhatance estenninn and
2t max. force estanpibbay
Cliaen, doe Compression Flat plaveyeyfinder 10 Gradiens ofslope  Strength
probe langer aver 453 of hald-
than ing 100g ferce
Girsccha, teving Compressinn Flat plare/eylinder 2 Meummum fare Firmmets
of 3 pueces obe Larger
thar sample
Crapus, singe Peretration i diam 1 Mammum farce San strengrhiand
eylinder probe and distance elasticiry
atmax farce
Lummy Campression Flas plate;cylnder 1 Foeee az 20 e Famness,
confectianery probe luger and ratio of ANEINELS
tha sample Torces at begmning  {sbinyw
ard end af recaner)
relamatian penod
Ham, recrangular Shearng Sebladed Kramer 2 Mysimam force Furmness/ahear
ece hear el force
Tee cream Penetration Hmen daam 2 Madmen farce Hardneis
[eanained ) exlnder probe
fow cream Shiearing Knife blade 3 Maximan farce Handazis
Katchup Back extruson 35 mm diam. 1 Magirom $1e Firmress,
{eontained) extruon duk force, +agares,  camistencyand
maemuE v cahesiveriess
farce and
=veared
Lasagne, dry Hendmg 3 pome ending g i Manemum sress, - Breakang stress,
dstance e Fragturablity
Ercak and and snffness
Lavagre, cooked  « Campreison and Pastz firmaess] o5 s foece Sochoess
Teamar stickingss ng and ared
e garve

{Contmed}
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Crosshead Parameter Propersy
Commadity Test principte Probe/Fiature speed (mm ™) measured measured
Marrnalude Penctranon Radiused 11n 2 Farve at 3 mm, el strength,
{camainee) diam eplinder masimum foree, rupture
probe distance ac break serength,
and —ve area Ericdeneis
under cutve and
adheuveness
Mayornaine Back eansion 35 mm diam 1 Maximum +ve Firminess,
{cantained) extrusion disk force, +ve 2ren, comsency 1ad
manmum —ve cohesneasis
force and
=vearra
Miyonnaise Penstration 25mm diam 1 Mazimurn force Frmness and
feonsained ) cyhinder probe and 4vearca work of
under curve [peartranan
Muusse Penetration 25 mm diam 1 Aavimum force Firmnea
{rantained) cylinder probe
Oles (bulky Sheanng Sbladed Kramer 15 Masimum force Firmness and
shear cell and wye arca work of shear
under cure
Moadles, Tension Spaghetti rensile grips 3 Marimum farce Tervsile strengih
single srand
Maonales, Compression A5 mm diam z Mawmum #ve Firmaiess and
three strands evlinder prabe force and atichaness
max. —ve force
Muti, whole Sheanng Craft kife blade 1 Fuorce of 151 prak. Hardivess of
distancy at eaenor
19t peak, area fracyurabidicy
o 2men and work 1o {
shear _
Pancakes Baamal tension Tortilla) pastry 1 Mawmum force Toughness and i
rarst g and distance wxtenaibility
a1 break
Pasta shapes Sheanng S-bladed Kramer 2 Maamum Force Firmness and
{bulk) shear el and ana work af shear
under curve
I’uv_y, unifarm Bramal venuon Tarilly pastry 0s Manmum lorce Toughness and
buest g and duzance extenadbility
Shest at break :
Pate Penetratian 10 mm diam 15 Mammum force Fumness
aylinder probe
Peas (bulk), o Sheanng 10 bladed Kramer 2 Misdaim e s
shear cell
Peas (18 pioces), Penetratian Multiple pea ng 2 Tst pesk force and  Upper and kewe
raw 2nd 2
Beaches, shced Sheanng Knife blade i el
Peary, whole 2 mm diam 1.5 Mammum force Bioyield poine and
Hlinder probe and mean force fesh Frmneis
over plateau
region .
{Comtmmard)
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Crosshead Parameter Propersy
Commodity Test principle Probe/Fixture sperd (mms™')  measured measured
Peppera Penetration Jmm diam 2 Mawmam fore Shin strength/
eyl nder probe bapeld point
Pichle (bulk) Shearing TDbladed Keamer 3 Maumum force Firmnessand
shear cell and area warkal.
under curve sheanng
Puza, Tenvon Pzza tenule ng 5 Area under turve Toughmes
rertangular
s«ction of
wrifoem wadth
P Ty = O, i wach 2 Linear diitance, Crispness and
bulky wide Hade o of major taughness
estrunon plate farce peaks and
area uader cune
Potata (bulk), Exrumon Orrawa cefl with 15 Mammam force and  Firmness/wark of
mashed huled plare area under curve exniion
Potato salad Extrusscn Ourawa eell with 1 Araundercunve  Firmnessjwork of
(bulky holed place ersEan
Prawns {balk) Sheanng S-bladed Kramer 3 Masmumn v Firminess and
hear el force and wark of
e area shearing
under curve
Pretzels, single Bending I-puint bending ng 1 Maximum Farce Hardness and
and distarce fraczurability
at break
Raspberries Estrusson Ottawa cell with 15 Waxinsim fone Fermnest/wark of
{atk) holed plate and area eatrupde
wnder turve
Tuce, savoury, Compressian 35 e dizm oS Meatnais e Furmness and
threx grainy iinder probe force and atckiness.
max —ve fovee
Rice, pudding Back extrusion 40 mm diam i Magmam force Femnes/
{cantained | entruasan disk LI
Sausages! Shearng Warner=lrzrzler Z Mammum force Firmness
frankfurters blade and area toughness/bate
under curve force
Spagheni, dry Bending Spaghe Mesure ng 15 Manmum farce  Breaking strength
and disance and fleubidey
ar ek
Spaghett, Shearing 1 o flat Persper 0y i foroe Femness and
coaked, blade (AACC and area w of shear:
[ strands Te-50) under curve
Ktrawbermies Estrusicon Omawa eoll with 15 Marmum foree Firmeness/wark ol
btk haled place and area sxirysan
under curve
Surimi Sheanng Kol blade 2 Manmum srength,  Curtang strengrhy
divtanceat fadore  bite Foree, wark
and ares al shear
under curve
Satins 5 heneal prals " Masmen farce Breaking force
2nd distance and gistance 1o
armar. force rupcare

| Eontinued)
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Crosshead Parameter Propery
Commadity Test principle Prob.{ Fisture speed (mms™')  measured measured
Syrup {contained | Back extrusion 35 mm diam ' M fasce Surface sticks
extrusion drk and distance and strgmes
ta separatian
Tafis Peneuravion 0.25 . spherical prebe 2 Masmum force, Skin firmmess and
mean force aver ngenar
platean region firmmness
Tarmatoes {bulk) Sheanng Sbladed Kramer 3 A, Force Fi rk of
shear cell and area sheanng
wrder curve
Tortilla chips, Bending Crisp Facrere rig 1 Maximur force Firmness
individual
Torollas, wheat, Uriamal tention Tenule graps 1 Mawrmum force Mesistance to
rectangular and distance extenaion and
section of atbreak ettty
unefarm width
Toetillaz, wheal Brawal tenuon Tarmilla) pastry burst ng 1 Mammum farce Taughness and
and dizstance estenibnlay
at break
Yoghurt Rack extrumon A5mm diam 1 Masimum +wve Famness,
{contained) mrrusan disk force, +we consistetiay and
AtEa, manmam cubesivenes
—ve force and
—vearea

Compiled by | Smewing a3 Stable Micro Systema.



Examples of Sensory
Texture Profiles

1. Fint Bie Maze bae see piece of apple beoween malar peeth and eahuate for
AT Farce requird ta brng teeth togeher {5-8)
Fracturabiliy Furce with which apple breaks apart (3-5)

Crspness Degree 1o which rugure 1 heard [2-5)

Densenes Degree 1o which sample i compact and nat cellular (2-4)
Graniness Diegree 1a which granular particles are peeceived (4.9
Maoisture Release Amaunt of juice percenved upen bitng (4-7}
Toothpacking Degres ta which apple packs sround teeth (1-3)

Il Alutication
Chewiness tumber requined to prepare sample far swallow (15-18)
Coarseness

D..s...w..huh:b«manmmmmwhm
sire of aatmeal or larger th

Pudpiness af Mass Degree W which lh.nllpmuum 3 30t maust unifonn mml.\ ¥

Caainimens Diegree ta which the chewed mass stays in unall paracles
throughout masieatian (4-10)

Mouture Rtelrase Diegree to which the release of moisgure hrough
masticaton (4-9)

Fibers Begree to which fibens are perceived thrughout masscanen (2-5)

. Ater Swillow
Parnicles Amount perceived (7-5)
Dy Mouthfee! Degree 1o which mauch feeds diy (3-1)

Sowre Dighl and Hamann (1979) Repnnted from | Testure Stadies 10, page 206, Copyright by
Faad and Mutrition Fress Inc



370 Examples of Sensory Texture Profiles

Tubly AW Testiwe Profde Pan hdDefinitionk
Hestructuned HesfStaakea S0 ! 5

| Vigual
A Deatorsion - Steak is vsually evaluated for the degree that the steak has warped or
changed in eonfiguration from st eriginal raw-frozen shape. Macro distortion s
degree averall steak has distorted. Sliera distortian s the degree to which cooked
surfaces lowk uneven or rough
B Fibrousness - Soeak o4 cut in ball and the cross section s visually evaluated for the
degree that the 3ampl bles seeak or has na disruption of comp

W Partial compression
A Springiness - Place & warm 2 54w preee in the mouth and usng the malars against

the cooked surfaces, press lightly five times Wait 23 between each press. Sprnginen
1t the perceved degree and speed with which the sample retums o smiginal hesght
and thickness.

. Firt bits

Take 3 warm 2 54 om* prece and place it the mouth in the same mannes a4 for

jpartial compression and evaluare for

Hardnis = Amount of force requared ta bite theough sample,

Cohesiveness = The degroe 1o whach the sample defarms befare shearing

Maisture refease - Amourt of juwcines perceved during the first bite

Urifaemity - The degres 10 which the force needed 1o shear the sample i the same

across the bite arca.

V. Matasticn
Take ane warm 2.54 cm” sarmphe, make the first incimn as for first bite. Then tusn the

n pieces 90* and 1ake a second bae. bualuate for
A Sample breakdawn at v chews - Cheek the appragriate breakdown categonyie)
Continue chewing and evaluaty for:
Juiciness = The amaunt of jwee released Tollowing seven chews.
Size of chewed preces = The percened ve of clearly separate pieces or pieces held
tagether anly by connective bassue web. Bvaluated follovang 16 chews
D Gristle - The amount of rubbery parnicles present following 10 chews.
Cohesmencss of mass - The dgree 10 which parbches stick tagesher. This is evalusted
At its maumum degree between 10 and 35 chews
F. Unifornmizy of masa - Degree 1o which companents af the mass are the same
Evahaated follawing 25 chews
Webbed connece tissue » Amount el annective basae present just befire svalloning
Wumber af chews - Total number of chews to accurately determune the amaung of
wibbed connectne tmsue.
Drverall grstle - Overall impression of the amount of rubbery particles throughou
mastication,

on=5»

no

o m

). Overall wibsbed connectve tsawe = Amount of firm thread-bhe conneetve tissue
present thraughout masticatien.
V. Afler nwallow
A Tooth pack - Amaunt of sample simaining in Between teeth after swallosing.
B, Mauthcaating - Amaunt of filn residiue Icft an mauth wurface fallowing swallowsng

Sowrce: Bemry and Cinlle (1986). Rearnted from | Seaiors Sudiss 1, page 24 Capyngh
and Nutrton Preas g, ot il
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Brownies

AnhiaTice _l'mrm!ur:a' fise tha Titur e Charactasieation of

Hald the beownie near the mouth sa that the tangue and lips can be passed over the sample
Evaluate for

Roughncus Degree of abrasiveness on the brownse's surface, as
perceived by the tongue,

Amount of monsture percened an the sudface of the
Browmse, when in contact with the upper bp.

Surface moistiess

Frrtial compreisran

e 2 paece of the brownie with your incisors and place it Benween your tangue and palate

Compress shghuly without ruptunng the structure. Evaluate far
Sprngineis Farce with which !

ELUTNL 10 1K B

after partial compreisinn.
First bulr

B through the brawme wieh your imcisors by agplyng 2 sready force: Evaluate for
Frarmness Force required to bite complerely theaugh the praduce
Ampunt of deformanon undergane by the matenal before
rupture. when binng complecely thraugh the sample

Unifarmay af firmness; Evenness of force (firmness) requared to bite through the
sample.

Cohesvrness

First chew

Take anather bise of the Eeowaie and place the piece between your molars. Bite through the
samnple compleely snd evaluate far:
Diensengss Cormpatines of the orow sectien.

Stickaness {routh pully; Farce requied to sepwrute malars aliee chew down

Chiw down
Bite a parce of the brawnie and chew it with vour molars (B-10 chews). Evaluate far
Cahesneness af mas Degree ta whach the mass halds tagether
Muisture sbsartion Asmount of saliva abnorbed by the sample upon
mastication.
Type o break: pron af the browne’s breakd, b
salwary).
Residu!
Expectorate the produuct and ovabuate for:
Touth pack Amaunt of matesial keft in and eround the malar tecth.
oy i X Dcgres ta which the ace forls odhs

Seurre Mufioz and Cralle (1987). Reprinted from Food Rewews Internstonal 3, page 304 by
caurtery of Marcel Dekker In
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Cookies (Plain Vanilla)

Table AIVA Sensory Taxturs Profliog Techniqus and Deliniin of Tems for Phin Vasil

Conkiss : <
Seage | Haold the cockee near the mowrh <o that the tongue and Ips can be pasied
aver the tample
Evaluate for:

Lingathnes: degree ta which the top and bottem surfaces lack bumpior
particles {geometrical)

Stage Il Place the whele cookie in the mavth sa that inciars are pawtioned in the
center oF the sample, Bite through the sample by apphang a steady force.
Evalwate for
Handeess: Torce needed 1o bite through the conkie (hardness)
Fustarebildy farze with which the coakie shatters (fracturabilty)

Seage U Break the coakie in half ard place one half between molars. Bite thraugh
the sample by applying a steady farce.
Enduts for
Fresturabildy faree with which the cookie sharrers (Facturability)
Hardnrs: orce required to bite throwgh the pece (hardness)
Density: compactness of the cross section {gromeincal)
Unifiacmity: degree ta which the sample i the same from the outside ta the
center | geomerrical)

Stage IV Chew the whels caslkie.
Eneluute for;
Drynen (2 chewn) degree to which the sample Lacks moisture (maisture)
Panticle description (3-8 shena. descnbe the sae and shape of the pamicles
present i the mauth {geometneall
Rate of meature abrarption: rate with whech the sample abserbs saliva
{marsture}
Adbpsneren. degres 10 which the choned matonal adhenes to the mouth
surface {adhesveness)
Cokesivenen of the mem degree 1o which the mass balds together (gumminen)
Deuriptionaf the mas. description uf all the matenal in the mouth mchuding
particles (geometrical}
Trpe of breshidmer descnption of the changes pecurming fom the i bite 1o
swallow {descnption of breakdomwn)
Namber of cheas 0o saullom. number of chiews required 1o bydrate the sample
and beang it o a srate ready for swalloweng (manture absorption, hardnes,
cohesveness)

Stage V Swallow the chewed sample
Enaluate for
Eurip of pealiow: degree to which the sample can be readdy swallowed
{gunmenpss, geometrical)
Molar pucking: amount of matenal left in and around the malar teeth
(adhsmentss]
Moathooating: descnption and amount of masenal left in the mouth
igeametngal)

Seurse: Conlle and Liska {1975} Repdirted from ) Trature Stadics 6, page 24 Copyright by Tood
and Nutnwian Press Inc. .
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Dulce de Leche (a dairy based confectionery
popular in most Latin American countries)

Manual rexture
Sichy Degree of sickiness to spoon
Serangy Length of strng when Liting spoon from dish
Peaks Lengzh of ime peaks hold their shape
Saft Dhegree of softness, as opposed to hardness
Flow rate Rate/vpeed at which the Dulce de Leche Alows offthe spoan
Smaoth Degree of smaothness when spreading the sample agaings
the 3ide ofthe bawd with back of spoan
Spreadabibay Ease requered to spread the sample over the bottam af the
bawd with back of spaon
Oral vesture
Thinness . base required ta manpulate sample in mouth
Smaath

Degree of smoaothaen as opposed 1o graimp-sandy

Rate of meking Speed with which the samgle melts in the mowh

Sticka 1a muuth Degree ta which the sample snicks o mouth surface duning.
manipulation

Mauthenating Degree of oaly mouthzoating afuer swall

Eaur af swallaw Ease with which sample can be camplecety eallswed

Sewrce. Hough et af. (1992), Ruprinted from | Semicry Stdes 7, page 163, Copynght by Food

and Rutrtinn Press inc

Stage | Phace frankfurter into mouth: feel wrface with the tngue and lips
Evalaute for
Surfeir misntyre. degroe v which the wrface o wet or oly {mastuec)
Type cf masture. wet of oily
Satrfoir prpethncny degres ta whith the surfice s smooth ¢ net
rough or uneven {grometrical)

Stagell Place frankfurter inta mauth: Byl

rebeare

Evalats for
Flatay: degris o which sample retums to anginal shape after
defaemation (elasticity}

Stapelll FPlace frankfurter inte mouth: bite down with front reeth st S
from ond
B for
Hardwen Farce required to bite through the sample (hardnes)
Cohesneres degree ta which sample deforms bafore it ruptures
{eoheiveness)

[Canbaund]
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Linfarrmaty: degree to which sample is same from outsde o inside
{geomerrical, mechamcal)

Moisture release degree 1o which sample releases juices {maisture)
Derseness compaciness af wross section {geometncl)

Ceancnecs: degree 1o which mas feels rough {geometncal)
Grgireness: degree to which sample or juice cantam small parmides.

(geomezncal}
Stage IV Flage ¥ in. section crasswise betwesn molar teeth

Encfuats for

Hurdnews farce reguired to bite through cross section {hardness)
SuigeV Chewimp Chew i ¥ in. piece with malar teech

Evaluars for

Chenmzis. tumber of chews necessary to pregare sample for
swallowing (chewness)

Meirture relverse amount of jusces refeased duning chewinyg (maisture]
Clineys amaunt of ol or fatin uices {far)

Maniture absorpien degree to which the sample e wigh valiva
{maisture]

Cehpnneress ef the mass: degree to which mass holds vagether afioe
5.7 chews {gumminess)

Lumpy degree 1o which masa s made up af iegalar preces.
[geametrizal)

Geriny: degree 1o which sample comas small deunce paroeles
(geamatrizal)

Skin degree to which skin s distinct from mass dunng the chew
{geometnical)

Disenption ef breaidoum describe changes sccurrng durag
bruakd B Gk 3

Stage VI Swaltsuang Swallow sample
Ensluate for
Eorge of swalfow: degree 1o which the chewed mass can be readily
wwallowed {geametrical)
Mouthiostng
Oiness- amewnt of oil or fat coating mauth surfaces (fa1)
Partider amaunt and ype of particles left in mouth [grometncal]

Seurie: Crlle and Liska (1975} Repeinped from J. Texture Stdm 6, page 21 Copyright by Food
and Nutntion Press Inc.
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Honeydew Melon

1. Fnt bite Place half melon ball bevween malar testh, bite and measure for
Firmness Force required to bang tecth tagether (6-10)
Mutsture relase Amaunt of juice percened upan bitng (7-11)
Denseness Degree 1o which sample is compac: and ot cellular (5-9)
Fibers Amuunt of fibers percewed including residue left between

teeth (6-9)

Cehesveness Dregree ro which simple compreises before failure {3-8)

Il Mntcatan

Pulgeness of mass Degree ta which the flesh perusts regardless of whether it
s sefior baed (6-8)

Duegree to which fibers are percenved thraughow
mastsation (8-10)

Degree to which th release of moisture persits
thraughaut mastication (7-9)

Flos
hhsisture persistence

. Hendusd

Fibers. Amaunt of fibers perceived afier swallow (8-10)

Sourer: Drehd and Hamann {1979), Reprinted from J. Testse Sudi 10, page 405. Capyright by
Fond and Nutrton Press Inc.
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Menoral
Reflection From surface (reflection); Eapeesses the pereentage of the surface cavered by laose
white reflecting srarch grains (net reflective = 0 of the surface, very reflectve = 100% of

the susface),
Hardness with knife (hardness-k)- Farce required ta shear thraugh the potate with 2 ke
Hardrevs with finger { hardness-f): Force required o guarter af the p zh

ane finger, when compresung longitudinally,

Fracturabilicy with finger {fracturabilin.-f) Degree of campresson Between fingers before the
potata fractures IFthe potata fractures at low compression degree the potato has hgh
fracrurabifity and appositely.

Spanginess with finger {springiness-): Expresses the abibty of the poraca in resurning inle
original shape after compressicn Between fingers

Oral

First Be

Hardness in mouth (hardness-m): Force required to divide the patato mnta pwo pars by the
trant teeth.

(i bility i moth { kry-m|: Degree of comy befare the potata is

separated info twa parts by the frons teeth. I the potato separates into bwn parts immediandy
the putato has high fracturability and eppasitely,

F ¥ fi Degres of comp Benaeen malar teeth before the tem
fably apart

Sprngenes oo mouth (spraginess-m ) Espresses the abibty of the potata in returmang into
enginal shape after the first compressaan with molars

Foltawag chowangi

Adhesveness, Farce sequired ta remove the potato stcking to teeth and palace after ehewing

Graininss: Expresses the content of graing partcles in the mowth afier chewng

Meabipess Expresses how mealy/crumbly the potate o il the mauah after chewing.

Momness: Expresses how moist the potato s felt in the mouth and how much meiture the
nem selvases in the mouth after chewang

Chewrness: Exprisses the work (amount of masticationa) befire the potato i mvady to swallew

= Sounr. Thyboand Martens (19981 Reprinted fram | Tesire Soalies 29, page 458 Copynght by
Fagd and Nutrtion Press Inc
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Cooked Sweet Potato

| et perceprian
Lightly press the end of the samgle to the lips and evaluate for
Meistness {1 MOUSTL degree o which the sample s moat

Press the sample betwcen Uhe hips and evaluate for
Spemgiress (1 5PRING: degree to which the sample returs to ity enganal shape afier

defarmation
Cohermeness (FCOH) degree vo which the sample deforms befare rupture
. First bite.
Use a half ol a sample, press the end tn the raof of the mouth, dsing the tongas, and
evaluate for

Adbesveress ta palate (B-ADP) the force required ta remave the sample fiom the palate
with the tongue

Bate with the front veeth and evaluate for,
Hardwen (B-HARD) amount of force necessary to bite completely chrough the samgle
Densenent [B-ONS): degree to which the sample i salid, compaciness of the cross sectian
Messtness (5-MONST) degree ta which the sample s mant

W Mastcation
Chasw &t s conatant rate of one chow per second and evaliate for
Chemiaens (M-CHEW]. sumbier of chews required 1o prepare the sample for ssallowng
Adbewveness of the e (M ADHE) degree to which the sample adberes or sicka to
any af the muauth surfaces such as veeth, gums, palate
Mantnes af nma (MAIONET) amount of mosture/wetnen percened in the mass
Fibers (MFBERL amount af stingy fibers percened

W Smallew rendual
Az the tme of and immediately after swallow evaluage for
Fase of swatlow (SEDS). case with which the sample s gathered up 03 ywallowed
Muith coutang {5 MET) amount of sarmple remaining in the mauth afor swallow
Fibers (S FIBER) amaunt of stringy fibers perconed
Chalkirns {S-CHLR). degree vo which the mouth feels chally, very fine pamicles,
Wpresent, often perceived on the roaf of the mouth

Seurce Truong i al (V097). Reprinted fram | Testure Stushes 28, page 167, Copyright by Food
and Mutrision Frec Inc
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Cooked Red Kidney Beans

Stage 1 Place one bean i mowth, manipulate gendly with tengue withour brealang the bean
Evaluate bran surface for
Smeathness of skin. feel of surface on tongue
Masvstarst of thin: degree of moivness of surface

Stage?  Chew the bean once between melars
Evaluare
Herdren. force required 1o crush bean with teeth
Frtepunbiliey degive to which bean crumbles, eracks ar sharvers
Sarchiness Teelng of free starch grams.
Lempera presence of large particles harder than sumrgunding medium
Masgtaras: amount af masture in cruthed eatyledon
Staged  Place one bean in mouth and chew until ready to swaflow.
Evaluarc for-
Chewiness. number of chows (o reach final swallowng point
Gummines: densenens and cobeson perasting dunng mastcatian
Starchizrii 2y abave
Limpimess. a3 above
Gritanens. presense of small harder particles thar stand wut in the medium
Skin taugheesy forwe 1o cut slon with incivors
Mantaest: as abave
Siage 4 Place one biean i mowsh, chew and seallow
Evaluaie
Rate af breakdawn of condedan
Rate of breakdown of skin
Pastinest nf bokaa- wvncous somewhan sticky seniation
Lumpiness of belus (number of umjs)
Lumpiness of botus {herdowss of lumpa)
Grattinen: a5 shove
Touphnos of phi= parcre 3% abave
Maisture absorpison by comyledan
Maisturg absarphian by saen
Furticies arcund gomn g prath dugroe of costing remaining m maouth
Hrrdtation ie themat degree of unpleasant coating in throat
Burning bt longue serse of chemical imitation

Sewser: Gamut and Bourne (19551 Repreted from | Foad Soenge 50, page 1068 Capyright by
Institure of Food Technolegis,
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Cooked Rice

Sensory attribute Dufinition Referwgs
Surface 40,
Adheiweness o lips Degree to which ample Compress sample between hps, c"'"’mu_‘kuuﬁ:‘.w_n
adheres to lips release, and maluaie bresdsick, 7.5, preac]
First bte whae, 25
Hardnes, Farce requined 1o Compress e bae through sample  Cream cheese, 1 ﬂ.'us m'-m ¥
compress sample wrth molars Aeniichnsherii 55 Ll
5.5; ulre, 7.0, pearat, 7.5,
almond, 1.0, Lfe Savers, 145
Chewdown i
Cobesnenessofmass  Amount chewed sample  Chew samplewahmolars 3or8  Licorice, 0.0, caret, 2. 15
after 3 or & chews, halds together tmes and evaluate mutheoam, 40, et dog, 724
Amencan cheese, 9.0,
brownie, 138 )
Raighness of masa Amount of raughness Chew sample with molars 1682, 00, orarge peel 3.8 :
perceived in chewed B umes and evaluate suml, 5.5
S e 50,
Toathpull Force required 1o separate Chow 3 times and erabiate Clam, 35, caramel, 5
Jaws dunng mastication Jujubes, 150 Tas, 15, MAM,
Famicle sire Amount of sgace partick  Place samphein mouth and Regm, 03T T Ll
Bl i mmerath evaluate A0, M Bl 50
Bae, 110 th
Toathpack Ampunt of product packed  Chew sample B imes, Captm Crunch, 50, el
nto crawny of Leeth expectarate, and fect Bar, 100
after mastication sunfice af cronms of
veeth with sangus
Loase particles Amaunt af particies Chew yample & times with Carrot, 10.0
rermasnang m and an malars, valiow,
surfiace of muuth and evaluate

atter swallniving

¥ | Cremvuts
Sowize. Mewlieaes et <l (1995). Reprioeed from Ceread Cheniviy 75, page 715, Copymght by Amencan Assaciation of Cored
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Dismtegration of food 25, 45
Dhaance nscasurements 6]
Diversity of Textues 10
Dry Texome 3
Doagh 141, 144, 167, 16K, 211,212,382
Doughnut 10
Donut shape specimen 141
Dncile fraciure 101
Thilie sk beche #1176, 373
Dumibbell shoge speciunens 141, 145
Drpopmeter 145
Dusometer 102, 166
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Helipath stand 248 Lettuee 300
Hencky strain 62, 134 LFTA Texture Analyser 19%
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Lass fucter 99

Loss mudulus 939

Lows tangent 9%
Lubncalion 46, 44, 64, 65
Lumay mouth feel 267

Machichael viscometer 145
Magncss-Taylor tesier 109, 112, 543
Malocclusion 43
Mandibie 40
Mange pulp 242,313
Maple sirup 268
Margarine 39, W, 161, 176 217, 311, 313, 316
Margules equation 243
Manus deformation test 153
Marshmaliow 90, 133, |54, 284, 256, 30]
Masa, com 176
Mass 6l
Mass, defimtion 104
Masseter muscle 41
Maisey Twint Teater
Masticate, definition 35
Mantication 25, 33, 35, 45, 44,47, 51, 55, 107
Mastication lorees $0-52
Mastication
electromyography 173
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seypense 43
performance 47
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Maxswell model 100
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Mealy 16
Measuremend unils |14
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Mechanical models 100
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Mefons 124, 172, 286, 375
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Melung inmouth 4%
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Miner viscometry 249
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Molar tecth 3
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Multaple poine shoet sermar 176
Mushroem 286
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Narmal force 95,96
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Nutrition |

Nuts 124
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O, vucuaty 335
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Oscillalery et 98
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Palatal pressure £2

Palate 39

Punqake wiup 249
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Purallel plate viscomeier 24, 245
Tarticle sire dstribution 163
Tartsculate properies 24, 39
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Pasta 10, 13, 210
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Penetrumeler cyuations |49

Tepper, preen &

Tercarp tea 170
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Pharynx 41

Physical pruperties 300

Physics 39106
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Plustumeter 28
Plums 197,312

Puise, defimition 106
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Pork 3, 137, §72, 208,277

Patsta 3,69, 70, 104, 120,12
146, 195, 303, 331, 378
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Powdery mouth feel 267

Tewer, definition 114
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Power, model 296
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Precision of measuement 157, 188
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Preparation of sample 333

Tressomener 165

Pressure, defintion 105

Pressire effect on viscesity 1
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Processing lood 1K

Prunie uive 278
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Pudding 0. 142, 186, 267, 300

Puily mouthivel 269
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Pumpkin pez filling 160, 166
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theory 114-123
Puncture featers 189201, 344
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Relatve viscosity 76
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Response Linwe 178
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Revnolds number 74
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Rheology nomenclature. &0
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Rheupexy 93
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Rollabliny 172

Rolling ball viscometer 252
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277, 286, 318,379
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beverages 278
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Slhecar failure |32

Shear modulus 69

Shear rate 73,77

Shezr et 134

Shear thickenming §7, 92, 93

Shear thinning 92-55

Shellhah ¥

Shortometer 28

Sigving 163, 164

Sight 57

Simple Mace 101

Siegle elge notchwd bend st 147

Size reductun 13

Size of sample 208, 314, 332

Sk elfect 20, 1 95, 196 309

Shiding fracture 102

Shiding in Consistornersy | 76

Shimy mouth feel U5

Ship w1 viscometir bob 339
Shippery mouth feel §

Shamp test 160, 161

Small aniplivede esc llmion 51, 247
Smetar lurdness = 150
Smogth mouth feel §

5.1 Unies 104

Siec el sample 137 208, 314,23
Soepping fest 145, 146
Srapping eqmtion |46
Seapping, moiched (47

Soda 278

SOFRASER viscacicr 253
Soll 5147

Sellening an mowth 5
Subavon immeuth 46
Bnothing ellect 49

Sound 57, 171301

Soup 316,317

Spaghett 138, 143, 210

Squeczing flow 140
Squeening, sencory TKT-269
Standands Orgamizatons 139
Swzch 19
Starch dispersions 242
Statas of textute measurements 11, 12
Steak 34
Steffe-{sorin cquation 254
Sirvens Tevure Anabyser 158, 144
2

Stke equativn 250
Seorape modalus 99
Searmer viscomwter 264
Stran, defimtion 62
Struwberry 1, K. 280
Serength ol materials 109
Strrss concenaration 102
Stweas, deflmiion 61, 105
Stress chissrihution 115, 116
Stress Fasers. 102

Stringy mouth feel §
Structare 22, 25

Structural viscostty ¥1
Structograph 112, 145, 212, 344
St Venant slider 101
Suecalemeter 165,
Surree

26
sabgtion viscosnty Ta, 77, 78, 79,6,

Surface tension egme 162
Sonmi 144, 3w, 313
SURDD Tester 150, 219
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Suspended matter effect on viecosny KL
Swamnger’s insin 63

Swallowing 43, 45

Swallowing threshold 46

Sweel corn 165, 170, 226, 215

Sowveet potate 120, 121,377

Syneresis 213

Taetile sense 1,34, 33

Tarr-Buker Tester 27

TA XT2 Texture Analyser 112, 167 177,184,
230-231, 344, 362-368

Tea 278

Tearing fractare 102

Teaning strenpeh 142

Teeth 10, 33-33

Temperatare, debinion 10H

“Temperature effect on texiure 310314, 332,
347352

Taqml.ulm Gl;ﬂ’! on visosigy TR, 235210,
L)

Temperomandibular joint 40,41, 38
Tender 17
Tensile fracture 102
Temyile test 140-142
Tensipresser 232233, 14
Testure 1

awarencss 3

Ty intersctons 13-57

culiure 2

defective 7

slefimiwns 12-16

Aiversiy B

ezt 21

processing effects 18-21
theology 12
" L3

scripted

stoimnge changes ¥

Temperature voclicient 311

time of day &

time t measure 328

viscosity 17

vocabulury 4

words 8, 16-17
Testere Press 125, i-202, 345
Teature Prafile Anabysis 182<180, 314
Teaturizing apents 19
Teatwrend proteins 20
Thinnarg i moith 46
Thixotropy 92
Thumb 36, 187
Time &1
Time, definition 104
Time of deformation 6568
Time dependency 92
Thime messarig imstrumenty 166
THI discases 41
Toast 10
Tofu 39,172

Tamatocs 3, 151, 176, 20, 280, 284250, 0],
32

Tomati juice viscurity 139, 258

Toennto ketchup 176,
Tomito puree 83, 21
Tongue 3%
Toppings 142, 145, Lkt
Topping mix vicasiy 163
Totsion tests 142145, 210
Tortilias %, 132 7
Touch, sense of
Tough &
Tracking feod movemens 35, 54
Truction failure 111

Tuigger force 156

Triple beam test 145

213,255
240,255

Turbulent flow 73, 74
Turkey 137

trasound test 172

Ultraviolet spectrophetemeter 302
Unciuaus foods 107

Uniaxial compressaon 63, b, |38
Uniformity of sample 105, 3
Universal testing miachives 177,
Unsunahie test prinples 329
USDA Consstometst i, 223-224

u-233

Vanabality an foods 305
WVegctables 9, 15,19, 153,
1

347352
Vegelable juices 279
Vettori-Manghi Teaderometro 207
Vickers hardpess test 1500
Viscometern HE
Viicosity 17,24, 73,75, 76, 235
L5

dynamiz 75, (0F

effect of concentration 74
etliect of mwlecalar weaght Kb
effect ol pressure 81

elfect ol susprmded maticr 81
clloct of temperature 7K, 235
foctors atfecting 74-%1
general equation K7
Herschel-Bulkley #9
kmematic 76, 104
newtonian Kl

non pewlonian £1-87
normal force 95

sawalid-de Wael ¥4

plastic §2

poweT eyustion B9
pecodoplastic K6

matio Te

relative 76

theopexy 03
wensory

v Mk
shedir thickening 93
shear thinming 92
structural 91
temperature eflect 78, 135, 3
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units of messurement 75

Weissenberg effect 93
Visewsaty Measuremeny 238-255

annuly pemping 243

AVEN 237

back extrusicn 253

cune und phae ‘-F
end effees 245
falling ball 250
Gilmara 250

Namictre 253
ane-puint 235
opcration misks 246
onifice 242
oillatory 252
Ohstwahd 236
paddle type 245
paslict plate 245
Bagod Visoo-Analvrer 249
olling ball 252
SUFRASER
standardiring
Stermer 244
tube 241
Zahn 242
Visewelusticaty &5, 9, 305
WVucoclostic solid 97
Viscous modulus 99
Viscwus nivathifeel §
Viscous regime |62
Vocshutary of testire 4-6, 284

Nlndkesich wedge 137
Volume measurement 164166 315

Warncr-Hratzler shear 26, 112, 153, 137,
J07-210, 244, 306, 307, 316, 114,335
16 M5

Watermelon 171, 286

Watery nwwihbeel 5

Watt, definition 105

W handncss 220

Weakness of masenals 109

Webcr-Frchner mede] 256

Wedge pencisiun 102

Werssenbery effeet U3

Welting by salnva 25

Wheat 150

Wheat-hased foods 10

Whey 165

Whey proten 141, 313

Whips 90, 264, 300, Me

Wienery 121, 133
Winketmee 114

Wire cutting tess 138
Weledkevich vedge 137
Work, definition 105
Week, measwement 166

Nanikan gusy 19, 63
Xivoez 9

Veast exiract 92

Wichd powt 114

Yichd stresa B2, K3, B4, 85, B9, 160, 16]
Vogun 165, 174, 176, 316

Vewmgy modulas 27, 63, 156, 159

Faba Viscometor 166, 42, 145
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