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ABSTRACT

A device is descrzbed for measurmg the transverse deformat;on of
cylindrical samples during axial compression.- The. device is fitted to an
Instron Universal Testing Instriiment and requzres only standard Instron
electronics and data recording systems.” Calculations showmg that the
transverse deflection gives. d'good estimate of Po;s 'on s ratzo are valzd
for both isotropic and anisotropic materials. .~ i :

Correlation coeffmzents for magnitude esttmates of three sensory tex—
ture attributes in beef increase from 0.5:to:0.9 when ‘Poissor’s ratio is
substituted for the uniaxial “modulus of elasticity:™ St‘htsmdtcates that
Poisson’s ratio may be a very promising ob]ectwe parameter for predzct~
ing the sensory texture qualzty in meat : : i

INTRODUéTiON‘_ SR

A5

Texture is a major attribute of qeéllty when .es'séssm'g 'the"aceéﬁta— :

bility of beef. A considerable amount of work has. been: done in differ-
ent laboratories on establishing instrumental -measures. of . physical
properties that would correlate with subjéctive. ]udgments -of textural
attributes. Stanley etal (1972) obtained correlation’ coefficients of
0.76—0.20 between Instron extension tests and texture .panel: evalua-
tion of porcine psoas muscles. Recently, Segars et al.- (19'75) used a new
shearing device to obtain subjective-objective correlations in beef rang-
ing from 0.92 to 0.98. Many other devices such as penetrometers,
Warner-Bratzler shear, Allo-Kramer shear, etc. have been used by other
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" workers, but as yet no “standard” test has emerged (Kapsalis and
" . Szczesniak 1976).

‘Qur present interest in the texture of beef originated from a military
. “beef-roll” fabrication program, the purpose of which is to produce
- meat rolls of standardized gquality by combining cuts of meat from -
©. different muscles. The initial work on this problem, reported by Segars
et al. (1974), showed good instrumental correlations between raw and
- cooked beef, but did not include sensory evaluation. More important,
. the study brought out certain anomalies in the mechanical behavior of
. material when subjected to uniaxial compression, which suggested a
" new approach to the testing of meat tenderness. The data indicated that
© in general the apparent modulus of elasticity, E_ , which is a direct
.. measure of stiffness or rigidity (resistance to deformatlon} decreased as
meat toughened. Although there is no strong evidence to suggest that
- the modulus of elasticity should predict the tenderness of meat, in
.. some materials the modulus of elasticity and the ultimate strength tend
" 'to: vary in the same direction and there is reason to expect that this

- meat texture.

. In connection with the above results, i.e. lack of correlation between
] .the_ modulus of elasticity and toughness, a mechanical-mathematical
~model (Segars and Kapsalis 1976) showed that for uniaxial compression
i testing stress-strain curves with nearly identical modulii of elasticity
~could be calculated using hypothetical samples of widely different rheo-
~logical parameters. Conceivably, “tender’ meat could have the same or,
_-as our data showed, a steeper (higher modulus) stress-strain curve than
“tough” meat. Howeyer, when the maximum transverse deformation
deformation perpendicular to the applied axial compression) was cal-
culated from the model, the values showed clear differentiation be-
tween samples of similar modulii. It is probable that at least some of
he low correlations between instrumental and sensory measurements
m_ay be due to this lack of discrimination exhibited by uniaxial testing.-
' The situation is quite different for homogeneous isotropic materials,

modulus (G), elastic modulus (E) and Poisson’s ratio (u). These rela- -

=l
I

3K/(1— 2u) = 2G/(1 + y) - @)

@
Il

K = E/[3(1 — 2)] o ®

latter parameter reflects, to some extent, the consumer response to

especially at small strain levels. For elastic behavior of these materials - .
~there: exist fixed relationships between the bulk modulus (K), shear

B/L2(1 + )] - @
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exist because for such materials there are onl two' mdepe 'd ' t varl~
ables Lame 'S constants For ' these matenal a correlatlon :

The need. for expemhental
required the demgn and const;

transverse deformatlon by
present data on the use. of t
ments on. food samples

Figure 1 shows the Pmsson S
Universal Testing: Instrument Spive

the free end of the pivot arm holds
-stainless steel disk 1.2'cm in dia
0.6 X 4 cm stainless steel rod slidi
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FIG. 1. PHOTOGRAPH OF THE POISSON’S RATIO DEVICE SHOWING
THE PIVOTING ARMS EXTENDING OUT OVER THE LOAD CELL, THE
INSTRON EXTENSOMETER, THE SWIVEL MOUNTED UPPER COMPRES-

SION PLATE AND THE CYLINDRICAL MEAT SPECIMEN

'
H

: held in place by a set »screw The Instron sfrain gage extensometer
- mounts on these rods (one rod extending from each pivot arm) and
- monitors the change in separation of the sensing plates.
.. . 'The device uses electronics that is part of the Instron system except
"+ that a second recorder or, preferably, a single two-pen recorder is need-
ed. Tt is calibrated using standard Instron procedures applicable to the
—‘extensometer. Care is required in adjusting the sensmg plates so that
= they only touch the cylindrical sides of the sample without applying
-pressure. However, it will be shown later that small differences in con-
tact pressure are compensated for in the analysis.
-Also shown in Fig. 1 is a stainless steel swivel-head compression
v punch which is threaded into the rod extending down from the hy-
-draulic ram mounted on the moving crosshead of the Instron. The
..compression surface of this punch tilts to allow uniform contact over
.the top surface of wedge-shaped samples. Knife-edge rings on the com-
“pression surface eliminate slipping when the punch is tilted and prevent
-:swelling (lateral expansion) of the ends of the sample.
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The cylindrical sample is placed on a stainless steel cylinder (2.54 cm
in diameter by 3.1 cm long) that threads, via an adapter, into the com-
pression load cell. A Lucite sleeve fity tightly around this cylinder,
protruding 0.1 ¢cm above the top. This rim holds the bottom surface of
the sample in place (prevents. lateral expansion) during compression.
Visual observation indicates that the sample holder. functions as de-
scribed; the sample is- constrained: 1o a ‘vertical ams and 11: remams
symmetric about this axis throughout cornpresszon EUAE IR

B 'THEORETIQAL'_eostmERATroNs: | |

When a cylmdrrcal sample is compressed:-_usmg the }holder descrlbed
above, its ends, in addition to being constramed to.a: vertrcal axis, are
prevented from swelling, Unless the sample is; hlghly compressﬂ)le it
must swell or buckle at its mid-section in order to maintain-the proper
volume. With short samples (length to dlameter ratio near. umty) buck-
ling is rare and symmetric barreling: occurs Our devree measures the
magnitude of this barreling Whlch in essence represents the maxunum
swelling of the sample.

For theoretical considerations, we shall flrst mvestlgate the feasﬂ)lhty
of relatmg the above maximum transverse deformation’ to the Poisson’s
ratio. If this could be done, then shea.r stresses mlght-be predlcbed from
uniaxial compression data. ' .

Poisson’s ratio is defined as the ratlo of transverse: stram to axrai
strain. Theoretically, it'is restricted to ideal: deformatmns ‘that lie ‘within
the elastic limit of the material. In- practice; it is: apphed ‘to. deforma-
tions which approximate ideal conditions,i.e."small, not always totally
elastic, and nearly constant deformations throughout the sample.

Deformations obtained with the: sample holder- descnbed above do
not approximate ideal conditions; batreling-is ‘evident ‘s soon: as com-
pression begins. At this point, an assumption’is- requlred 1o relate the
actual compression to the ideal case. The approach used here assumes
that the transverse deformation is elastic for ‘small deformations and
hence its average value is the arithmetic mean of all -deformations
{which are zero at the ends of the sample and maximum at the center).
This is basically the assumption used by Hammerle and: MecCliire (1971)
for viscoelastic materials at low strains. The average deformation; 5, i
equal to r—rg, where 1 is the radius of the ideal (constant radius) cylln-
der that has the same length and volume as the barreled sample, and r,,
is the radius of-the sample before compressmn Let thls volume be v
and the length 2z, , then: RN :
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r=[V/(272z)]12 (4)

and Poisson’s ratio becomes:
p=—efe, = ~1n{rfry)/1n (2, /2, ) (5)

. ﬁhere €, 18 the true (Hencke) strain in the radial direction, €, is the true
strain in the axial direction (applied strain) and 2z, is the length of the

f]

sample before compression. True strains are used here to permit a more
accurate representation of large strain conditions. The volume of the
sample before compression is:

Vo=2mr1,2 2 (6)
- “"Combining Equations (4) and (6) yields: '
Tty = (2o /2, 112 (V/V,y)Li2 (7

 ‘which upon substitution into Equation (5) gives:

i

—Y% 1n [(20 /21 ) (V/V)1/1n (24 j2,)
—% [In(V/Ve) — In (21 /20 )1/1n (2, /z,)

g (8)

+ Thus, Poisson’s ratio can be obtained at any axial strain (In(z, /z,)) if
- the volume of the compressed:sample is known.
For samples fitting the general description given above, barreling is
symmetric about the axis of ¢ompression and since the position of both
" ends is known at all compression levels, the volume of the compressed
sample can be calculated accurately. For example, assume that the sides
“of the bulged sample are elliptical as shown in Fig. 2 and obtain the
- +equation of the ellipse passing through the points Yy=1xalz= %z, and
©-y =1, + & at z = 0. This equation is:

¥ =(ro +38)* = (2/2,)* [(ro + 8)* — 1%} (9)
.' The volume of the compressed sample is that obtained by rotating this
~ellipse 360 degrees about the zaxis and truncating at-z = +z;. This
volume is obtained by considering a disk shaped volume element, dV,

lying between the planes z and z + dz. Then:
dV =7 y? dz (10)

', _'.Where y is the radius of the deformed sample at plane z and is given by
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FIG. 2. SCHEMATIC DIAGRAM IDENTIFYING QUAN. .
TITIES USED IN THE DEVELOPMENT OF EQUATIONS
_ RELATING TO POISSON'S RATIO .

Equation (9). Substitution of Equation (9) into Equation (10), integrat-
~ ing from z = 0 to z = z, and multiplying by:2 gives the total volume.of
the compressed sample: Ui e T

V=2leny2dz'
0

2“./‘”{uo+af—-&mnfﬂnﬁﬁi¢

o

237 re2 7, [2(1+ 5%, )2 . 1]

Using Equations (6) and (11) to obtain the v'ol'uh'ié -;Eati_c_) V/V(, yields:

VIVo =18 (zifz0) [2(L+ 5/ 1T
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' which is the ratio of compressed to initial volume at any axial strain.

" Substitution of Equation (12) into Equation {8) gives Poisson’s ratio as
" g function of the axial strain (e, = 1n (2 /2o )} and the transverse defor-
.. mation measured at the midlength of the sample (8):

p=—%1n[2/3(1+ 8,"1?0. )2+ 1/31/1n (21 /20 ) | (13)

-+ The above treatment assumes that the sides of the barreled sample
o7 can be approximated by an ellipsoid. The closeness of this approxima-
. tion or some measure of the sensitivity of the compressed volume to
.7 "the shape of the bulged sides must be determined. Two other assump-
' tions have been tested. Assumne the sides are parabolic; then following
. the procedure used for elliptical sides the volume ratio becomes:

Vo = (2 f20) [(L+ 8/50)? — 2/3 (5/ro) (1+ 8/x) + 1/5 (5/20)* ]
| o ' (14)

o T’fhe" same method assuming circular sides gi_ves:'_.

VIVo = (@i fza) ([(a+ To +8)x61% = hilxo +5)/ro”
— 18 (@/r)? (L+B/[2(E+ T+ 8)]) (15) -
— (h/ro) [([h+ %o + 8] /00 — (/e 142

" where

et -8t — 21, 8)/(25) (16)

s the displacement along the y-axis of the center of curvature, i.e.
.y =—h (x=12z=0 at center of curvature) and where
sin? [z, /h+ 71 +81] is replaced by the first two terms of its Taylor
~ expansion.

e -The volume ratios calculated from Equations (12}, (14) and (15)
. show clearly that results are not appreciably affected by the specific
- shape chosen for the barreled sides. Values of 5 corresponding to mater-
“fals that range from highly compressible (u < 0.1) to incompressible
(= 0.5) give values of V/V, that are within 0.5% of each other for
-axial strains up to 30%. Differences between the three equations are
-réduced as compressibility increases and as the axial strain decreases.
©Thus, for small deformations the volume ratio, and subsequently the
- Poisson’s ratio, can be accurately determined from the data obtained
with our device.

. Equations (12), (14) and (15) show that the volume ratio V/V, isa
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based ori-that choice. Previous discussions suggest that ideal behavior is
" 'more closely approximated at small deformations where the assump-
- “tions ‘made are more nearly satisfied. It is logical then to choose the
regionof initial deformation for the calculation of Poisson’s ratic. In
. “our work the value obtained by extrapolating to zero strain is taken as
- Poisson’s ratio, u, , for the sample.

#10 Todetermine uo, consider the behavior of Equat;on (13) as strain
's_:-approaches zero. Let m be the slope of the transverse deformatmn'
o :"'versus time curve whence § = mt. Then writing:

Z.1.="Z.O__V £ - an
where vrp =is'.the constant c.r.oss-head' veiocity, i}qﬁaﬁon (13) becomes:

5 VA {ln"{g/g(l + ﬁ,fg/ro ¥ + 1/3] }/1n‘(1~'_—'£%ptlz;) (18)
. Determlnlng the behavior as étra.in approaches zero ls a.ccompl.ished in
“‘Equation (18) by letting t approach zero. In the limits as t -~ o, Equa-

tion (18) becomes mdetermmate and L’Hospltal’s rule must be applied.
Then ,

lim d{1ﬁ"[g[3 '(1'+.mt/ro)'2' %-1/3'] }
t>o - d {In(1—v,t/z)}

Ho = —% (19)
': G Which reduces tor

o 28mze i) o (20)

. and since the initial thickness of the sample is Tg = 2 z,, one value of
. Poisson’s ratio is finally calculated from the equation:

ko = 1/3 m Ty /(v o) (21)

:'f' - Errors introduced by the assumptions made in developing this equation '
. are believed to be insignificant in compatison to experimental errors
i i_nh'ere'nt in even the best experimental techniques.

EXPERIMENTAL PRO_CEDURE

2 "_I‘he experimental data reported here were obtained on samples of
- psoas major, biceps femoris and semitendinosus muscles from one
- U.8. Choice and one U.S. Commercial animal. The measurements were
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made concurrently with those of a a prevmus study usmg a punch and dle. -
test (Segars et al. 1975) and are, thus, diréctly comparable The cookmg'-

procedure has been: described.in detail in the previous report riefly, .

the muscles were placed in polyethylene hags and. suspended in‘a steam

kettle maintained at approximately. 64°C. They were. cooked: in thls_-_-

bath until their internal temperature reached 637C. Holding'the bath
temperature just slightly higher (1 or 2°C). the.n the final temperature of -
the meat produced muscles that appeared umformly cooked from: sur—':_
face to center and from end to end S i

deformation were rotated into: pos1t10n where. they just -touched ‘the.
sxdes of the sample The Instron extensometer mounted 'n'= the___:ods

tronic 19 recorder; force was d1sp1ayed on the Instro' I
the force~measunng system and the transverse-stram measurmg system

sample was compressed along the axis of f1bers at a speed ‘0
to a mammum axial strain of at least. 20% The cmsshead_then reversed

load-unload cycle. The axial force and the. transverse deformation vvere
recorded as functions of time for this: cycle, however;: since the rate of
compression is constant, hoth quantltles can be obtamed as functlons

of axial strain.

The sensory data given here are 1dent1ca1 to those reported premously
(Segars et al. 1975). They were obtained using the method_of Magni-
tude Estimation where the numbers- a.smgned to.a sample. reflect the
relative magnitude of the particular attribute Dbeing Judged with.respect
to other samples and, to some extent, to. other atfributes: Seventeen
panelists were asked to rate three texture attnbutes as follows:

(1) Difficulty of Cutting — effort requ.lred to. cut the sample mto two
or mote parts using the teeth.

(2) Chewiness — overall effort reqmred to. chew the sample dunng
the first three or four chews, -
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y (3) Residue — amount of material left in the mouth just before swal-
- 'lowmg :

-+ Bach panelist received six samples, one from each muscle; the order
o in which they were presented provided a position-balanced design.

RESULTS AND DISCUSSION

_ From the instrumental data, which included both the uniaxial force-
- ‘deformation curves and the transverse deformation versus time charts,
the following parameters were calculated:
"7 (1) Apparent modulus of elasticity, E,; equal to the slope of the
: :'mztlal linear segment of the stress-strain curve. This slope, shown by the
~‘dashed lines labeled m in Fig. 3, indicates linear behavior which in this
- ‘work existed for axial strain up to approximately 1%."
o (2) Stress at a given strain, ¢_; in this study the selected strain was
j-'20%
"' (8) Poisson’s ratio; calculated from Equation (21).
- Means for each sensory attribute, the apparent modulus of elasticity,
_ .'(E ), and the Poisson’s ratio (u, ) are given in Table 1. The narrow range
- -of values for u, relative to the changes observed in E, indicate the
- precision and reproducibility required in the measurement of this para-
~meter. Table 2 shows the correlation coefficients between each attri-
_‘bute and both instrumental measures. A comparison of r-values shows
-~ the advantage gained by using u, instead of E, in subjectwe-objectlve
. correlation studies. The r-values for E, average about 0.5,i.e. only 25%
. of ‘the variation between, muscles is explamed by this pa.rameter The
““r-values for u, are about 0. 9, indicating that Poisson’s ratio accounts
.-for about 80% of the variation.
- The high correlation between a non-failure parameter {Poisson’s
-Tatio) and what are normally considered to be failure parameters
“(sensory attributes) may at first be surprising. Mohsenin and
- Mittal (1977) projected the hypothesis that no correlation should exist
- between the two. However, we believe that our results are best ex-
“plained as follows. It is probable that Poisson’s ratio reflects primarily
the amount of connective tissue as well as its small strain elastic proper-
ties. (The extent of swelling depends both on the absolute amount of
.-connective tissue and its elastic properties.) The attribute “regidue,”
-although evaluated only through destruction of the sample, was not a
- failure parameter here. It was mainly a measure of the amount of
‘connective tissue present (see definition of residue under Experimental
‘Procedure). A good correlation with Poisson’s ratio would not then be
.surprising. With regard to the other two sensory parameters, the
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s Taiaié 2. Correlation coefﬁcients between data means

a. .

Chewiness Residue E, C g
. Difficulty of cutting 0.9962 0.9922 —0.502 —0.876°
" -Chewiness ..9942 — 490 - — .899P
250 Residue . o — 432 — 91gb
B _ 126

Agmificant at P<0.001
. Pgignificant at P<0.02
--Cignificant at P<0.05

 following arguments apply: “Chewiness” probably reflects not only the
-‘disintegrative properties of the sample, buf also the amouni and elasti-
i-¢ity of the connective tissue prior to the disintegration. Therefore, it
‘‘will correlate, in a secondary way, with Poisson’s ratio. The same argu-
" ments apply to the “difficulty of cutting.” In fact, the high correlation
" between the three sensory attributes (residue, chewiness, difficulty of
~eutting) suggests that a single characteristic, which according to the
‘above arguments is the amount of connective tissue, predommates in
;! the sensory evaluation of each.

““~The considerable scatter of the expenmental values, which is mher-
ent in meat measurements, was accentuated by our difficulties in apply-
. ing the new Poisson’s ratio device for the first time. These difficulties
“inéluded the proper adjustment of the sensing arms, the accurate
" 'measurement of sample d1ameter and the synchronization of the two
~recorders. The high correlatmn coefficient obtained between instru-
- mental and sensory meastrements is only indicative of the usefulness of
.- the device. More experimental work is needed before such a correlation
~can be reliably used as a basis for a standard test.

. Mechanical measurements obtained subsequently to this study on
‘alginate gels showed clearly that the experimental scatter can be greatly
- reduced. These measurements (to be reported separately) strongly indi-
:cate that our Poisson’s ratio device measures a textural guantity not
- readily evaluated by other means. Iis further investigation and use are
 warranted.

CONCLUSIONS
Experlmental data showed that standard uniaxial compression para-

:'.a maximum compression of 20% fail to characterize adequately the

mebers derived from tests made at a compression rate of 2 cm/min with B
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