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'°n °f the mCat’ and US texture in 8eneral- are important factors in the consumer's choice. In the absence of any direct 
HflSCleS’ thC potential tenderness of meat is judged on the basis of anatomical criteria, such as the type of muscle and the

nic% ,
I1in- ^

*Vj SUĉ  as the ^  sbown recently by MORGAN e t  a l ,  (1991). In addition, new developments in production and transformation 
j ^'Sation, jjav breedmg of leaner animals, the use of anabolic substances, drastic refrigeration conditions and a more rapid 

V  n(lerness ca e’ t0 Varying degrees- had a harmful effect on meat tenderness (SMULDERS e t  a l ,  1991).

¡0̂

^  A j » -- " ***ww.w ouuviuiv xo uiovigiuuovu uuiing utauuit.

 ̂ option and  ̂ ^  Str' ct ŷ defined in physical terms it involves the aptitude of meat to be sheared, compressed and ground 
^ ^Piling ter)(j efore depends directly on the mechanical properties of the muscles. Hence mechanical methods were widely 

The various devices developed have been described in several detailed reviews (SZCZESNIAK and 
^ t io n  obSe ;VOISEY, 1976 ; HARRIS and SHORTOSE, 1988). For a long time, studies dealt mainly with the

%,t S*nce the c0 " ed between results obtained with mechanical methods and those from sensory analysis. This approach had

tes {.Jq wuuviuvoa yjx nival wjuugui uu me ud5ii ui diidiuiiiiLdi t-niend, sucii as me type or muscle ana tne
sr( sjn Ver’ tbese criteria do not provide a sufficiently clear indication of this potential, which is of great importance, forK ’ ’ since * 1 — — .viv.u.; vivtu xxivxx̂u.ixv/11 ui mia ^uitmidi, wuiv̂ ii ui gicdt mipunduee, ior

jj, wheth” n0t ° nly the commercial value of the meat but also the manner in which it will be treated (the type of
L tetlder^ er U Wl11 be tenderised, or processed). Consequently, it is of great interest to find a reliable means of accurately 

^  is i>0ceJ ^ "  ThlS ProPerty can vary greatly between animals and also depends on rearing and slaughtering methods and on
:g0ry as ■

'V Pressed h '  ~ r -----— ------- b  “““Catesr>̂ ., an marketed. There are thus large differences in the tenderness of commercially available meat, even in muscles

1 N ,
‘S ertess

be ivuuviuvoj vk J 1 T A et ut., x y y i j .

s defined as the ease, perceived by the consumer, with which meat structure is disorganised during mastication.
uvHnnnt1

\  t h e  C o r r e i a t .
d ̂  ePending 0n °n coeRicients between the results of sensory and mechanical analyses varied greatly and sometimes were not 
iic|j eXplain thes 6 eXperimental conditions and the factors responsible for variation in texture. Numerous reasons have been 

general^teSults- F° r S° me authors (VOISEY, 1976) the discrepancies observed were due to the fact that the mechanical 
\ J ’the satnpiesempirica1’ WCre Performed under conditions that were ill managed and far removed from those of sensory analysis. 
\ nial c°nditi0ns Cre Subm*tted to complex strains under the effects of shearing, compression and traction which varied according 

N ^JT iE L  atl(1 HS0Wlth far lower strain rates than those encountered during mastication (BOURNE, 1977 ; TORNBERG e t  a l . ,  
tppjg Uced to a Sj ANN- 1988). The major problem, however, is that texture is a multidimensional sensory characteristic that

'H i

, 10 a sin 1 -----  —  J nv-Tv-w, is uiai icAtuic is a inuniumiciisionai sensory cnaractenstic tnat
are g0Ve ̂  C mecbanical parameter as was attempted in most tests used. Furthermore, the mechanisms of mastication are 

by parameters of load, strain and strain rate that are not known (CHRISTENSEN, 1984 ; TORNBERG e t  a l . ,

Pri [ese
'Vate sect0ri; SmS’ 3 recent survey (CULIOLI et LEPETIT, unpublished) involving 82 organisations, belonging to both theH'C Sec(ors “-----3 u.ipuuusucut mvoivmg o z  organisations, oeionging to ootn tne

 ̂Vi ĥ lCal uiethoda"d lWOrklng in the flelds of meat Pr°duction, quality control and processing, showed that the most widely used
'¡lityT a 8°% Satiŝ  thC Warner' Bratzler test, an empirical technique developed more than 60 years ago (WARNER, 1928). This 

Ci'; Con, estl°lds f0r Ctl°n rate’ remains the main reference. It is used in parallel with sensory and consumer panels to determine 
(SHACKERFOLD e t  a l . ,  1991). The main other methods used to characterise the mechanical properties of 

lli\ i n PeUetrom %S>’ tCnsile tests (27 made under conditions established by STANLEY e t  a l , (1971) and BOUTON and 
S ^ ^ a t t e n d ^ ^  ( 2 5 % ) , multi-blade shearing (KRAMER, 1951) and bite tests (10 %) (VOLODKEVICH, 1938). Most tests 
Ve : (j) focuSed ^ !>’ d'erefore, have been in use for quite some time and little work has been done in recent years to devise new 
H  det̂ ine ljJe 3 more analytical approach based on tests performed in closely controlled conditions and having a twofold 

) \  ̂  d'nS of tbe tructural causes of meat toughness and suggest possible treatments to offset defects in texture and (ii) to have 
, \ f th âr|ical propg bardsrris and structures involved in the phenomenon of rupture caused by mastication, 
i ^ ’lity SarC°meresP̂ ^ eS ° f mCat 316 closely related to the characteristics of its structural components such as the extent of ageing, 

Cil1 sH 3nd tlle spatjal and WatCr retention in the myofibrillar structure, the amount of collagen, its cross-linking state and hence its 
l 'eS °n the stru a dlstrtbution of the connective tissue. The aim of this review is to examine the information yielded by 

'Vai ra obaracteristics which influence meat tenderness.
Ullarities of m

ts'y the difg^Posite mateUSCle tiSSUeereritcrw enaP R ' s made up of several structural elements which taken together confer on the whole properties thatentcotnp0n 111S made up of several structural elements which taken together confer on the whole properties that 
6 JOlnedntS d°  not P°ssess- Muscle tissue can be considered as a collection of cylindrical muscle fibres, representing

\ ^ o f  6 f’bres> 10 to jt0gether by connective tissue whose mechanical resistance is provided by collagen and elastin fibres.
'A ^r°te‘n filament °  *" dlameter and up t0 several centimetres in length, make up the contractile system : they contain

(l9 gQ,tS °nentated either in the direction of the axis or perpendicularly. Their internal structure has been described 
TANLEY (1983), LOCKER (1984) and SQUIRE e t  a l . ,  (1987). The connective tissue can be separated

X .
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morphologically into three separate but interlinked entities : epimysium, the outer sheath of the muscle ; perimysium
dei
SWA’

coni’1
Heschlsurrounding the bundles of muscle fibres ; and endomysium, which encloses each muscle fibre. The last has been a ^

feltwork of fibrils with no clear overall directional pattern (BORG and CAULFIELD, 1980 ; ROWE, 1989). However, a ” ‘ 
observed that under stress these fibrils can become orientated either perpendicular or parallel to the muscle fibres. In conira  ̂̂  
; 1981) has shown that, in the perimysium and the epimysium, the majority of collagenous fibres are wavy and form a vV ^  
cross lattice at an angle to the myofibre axis. Collagenous fibres show a maximum waviness in rest length meat and a ^  
sarcomere length of raw meat induces a change in the waviness and orientation of these fibres. Elastin is found only m M
the perimysium (ROWE, 1986), generally in far smaller amounts than collagen except in certain muscles such as - i Is
L a t i s s im u s  d o r s i ,  which have a special function in locomotion (BENDALL, 1967). Elastin forms a branched network M ^ess

ys&
less $ elarge fibres (<I>~ 5-10 |im) orientated parallel to the muscle fibres and other finer fibres (<)>--l-2|im) orientated more or ^

fibres (ROWE, 1986). The main difference between collagen and elastin fibres is that the former are very rigid and ineX ^  '\ j  
elastin fibres are much more extensible and less rigid. They have a modulus of elasticity of 10^ Pa and 10^ Pa, respect1 ^ ' 
1982). In addition, unlike collagen fibres, which are greatly denatured and contracted by heating, elastin is very them1 
mechanical behaviour is not affected by thermal treatments.

Although the present review concentrates mainly on the fibrous structures of meat, mention should also be made 0 jfi! 
water, the major constituent (~ 75 %) divided up between the intra (90 % )  and extra-cellular (10 %) compartments (cf-reV ^  if 
al., 1989 and of HONIKEL, 1989), and by the lipids. The intramuscular lipid fraction through its rheological propel ^ ^ f  
effect on the collagen network in particular has a beneficial influence on tenderness (KOCH e t  a l . ,  1989). For a r  
minimum content of 3 % of lipids is needed. Reconciling nutritional and sensory requirements, some authors have even
acceptability between 3 and 7.3 % of intramuscular lipids (SAVELL and CROSS, 1988). otroP1r

The structural elements of muscle tissue are therefore mainly filamentous, and orientated. As a result meat is
different physical properties according to the direction considered. This anisotropy has effects not only on mechanical P ^  
electrical (SWATLAND, 1980) and thermal properties in the frozen state, (HILL e t  a l . , 1967). It also influences the GL
(LOCKER and DAINES, 1974 ; LAROCHE, 1982 ; OFFER e t  a l . ,  1989). As regards mechanical properties, anisoff0? ^ /  ^
from the internal organisation of the muscle fibres as from the organisation of the connective tissue surrounding the fibreS \

differen °lJlof anisotropy, to establish relations between the mechanical characteristics of meat and the properties of its 
necessary to identify not only the direction of the applied strains but also that of all the strains in the tested sample i « < / \

direction of the muscle fibres can be considered as the sole axis of anisotropy. However, in flat muscles or in muscles  ̂ ^
direction is not the same as the direction of the muscle fibres there is at least one other axis of anisotropy (LOCKER an  ̂ ^  
ROWE, 1977) because the perimysial sheets are orientated preferentially in one direction. In addition to anisotrop^’ 
structural feature determining the behaviour of meat is that certain orientated elements of the structure are in a wavyi ststC. \
modified by technological treatments, such as cooking. Consequently, during mechanical tests each structure underg<o&

depending on how wavy it is. J
A i ,

The composite and anisotropic nature of meat makes it difficult to analyse its behaviour. However, these struct111 ^  ;>O  Vbeen used in devising mechanical tests to specifically stress a given structure. Another difficulty in analysing meat
variations in connective tissue distribution and sarcomere length exist within each muscle and induce a large variabil’ J■ P* j fproperties ( SEGARD et al., 1974). From the statistical relationship between the number of replicates and ’be *
determination DRANSFIELD and McFIE (1980) recommend to use at least 7-10 replicates for the measurement 
properties.

of

*1 \
[k\

3 - Influence of measuring conditions on the mechanical behaviour of meat
Among the numerous factors playing a role in mechanical test, dimensions of samples analysed and the r*te ° J

to

substantially influence the results of the measurements. STANLEY e t  al., (1971) applied loads in tensile experiments0 ^ 0 ?^
t  «¡U

J 1 i,the myofibres and observed that the breaking strength decreased as the sample length increased. His explanation was J
si

weakest point, which is more likely to occur the more the sample length increases. This phenomenon is known ^  ^  S  t  
(MORTON and HEARLE, 1969). In addition, LEWIS and PURSLOW (1990) reported that when a sample of c00^ / 1/  V

t c T j

fibres. This is because the probability of an intact perimysial ribbon being included in the specimen increases 'v’t ,
perpendicular to the muscle fibres, the breaking stress increased with the thickness of the sample in the direction peTPe hi

_________ o __________
When no perimysium strands are present in the samples, the breaking stress is supported by the perimysial-endon1) . ^ j . ^
stress necessary to produce perimysial-endomysial separation is lower than that needed to break perimysium strand- ^
(1971) showed that shear stress was proportional to the thickness of the sample up to a limit of 1 cm in meat. At 1 i A 'stress reached a plateau value, owing to the difficulty of concentrating all the stress along a shearing plane in a produC (F 
thick. This difficulty is not restricted to meat samples and has also been encountered in tests with spun protein f ^ j$  
SALE, 1976), but nevertheless depends greatly on the products tested and the measuring geometry (CULIOLI and SA
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behaviour of meat is complex , with a viscoelastic contribution, and its mechanical properties therefore depend on 
sx^pie °CCUrs‘ however, the influence of strain rate in meat is only slight, whatever the test used. In tensile tests, on raw 
** n lncrease ' n strain rate from 5 to 25 % per minute resulted in an increase of only 20 % in the resistance measured at

1' A  r̂ te ^  and WILD, 1982). Furthermore, breaking strength in tensile tests with cooked meat did not significantly vary when 
1 ° J  t*le ran§e of 2  to 1 0  % per minute, whether strain was applied parallel or perpendicular to the muscle fibres

f ^  "'^n (he ^ UIanS sinusoidal compression of raw meat, the influence of test frequency on the maximum stress was slight and 
^ <if ^  rnax’mum strain increased. At 20 %  strain, an increase in frequency by a factor of 100 produced an increase in strength

1 (19^ , 6aS at °^° strain 'be increase was only 1.2 (LEPETIT and SALÉ, 1985). In the same testing conditions, KAMOUN 
showed on cooked meat that whatever the cooking temperature, the compression ratio and the directions of strains, thestrainlit the rate ^creased only by a factor of 1.2 to 2 when the frequency increased by 100. But because of earlier ruptures at

Worthed • 331 Stress was not influenced or might even slightly decrease. The influence of strain rate has also been studied in 
i( * *  elasl- ^arrnor|ic range at low strains. An increase in frequency by a factor of 100 also produced an increase by about 2 in the

IcCp C teSting concp^Û  ^  3  Pre9uency ranSe 10'^-10 Hz (ALARCON-ROJO, 1990).These results show that it is important to clearly 
’V C ^ i n g  ^ '° nS ^°r stra'n rate- However, because the influence of this factor is limited, even in a range including masticatory 
,S 5lll>®ested 6 rnechanical properties at high strains would not lead to improvements in sensory-instrumental relations, unlike it

are appj.  ̂ befonnation (compression, shearing, traction) have been investigated to analyse muscle fibres. When the 
, „ of the ^  Parallel to the myofibre axis in a tensile test, the resulting stresses can be transmitted by the sole internalV  my°fibr,ii'T'N

^ ' S j ^ y t h eA  ^

/

*huscie f,K' teMs re ProPerties from mechanical behaviour of meat samples.
Ünds

res without the participation either of their membranes or of the connective tissue. Thus, tensile tests have been
etri H^hanical properties of muscle fibres. These properties can be determined either by following the stress or strain iç r* £ » . n<̂  Isotonic tests or by analysing the relations between stress and strain in tests in which these two parameters vary

' J  '' Ha, ^ e t a l i f.StS ' s P°ssible to monitor the active properties of myofibres during r i g o r  onset and their passive properties after " thifru. ■’ l967 :litu , BUSCH e t  a l . ,  1967 ; LACOURT, 1972 ; KHAN, 1974). These tests have the advantage of not applying anyA  o*n -------- ci ui., i y v /  , b r t ^ o u x i ,  1 V / Z  ; r e n /*
\  inf0rrilaty t*1e kinetics of the phenomenon studied. However, 

J  feaki 11
i)' \ ’s°tn,

ring

Slon ,' auth,strength)
0n the mechanical properties of meat (moduli,

f  i
c v r ofthe

« e, . muscleisV  Xtends

as the samples are not submitted to any strain. 
i0 devgjo  ̂ 1974) have established relations between
^  tests ^  Ped at r ig o r  and shear force determined p o s t  r ig o r .

also long been used to follow the variation in the 
tuyofibrillar structure during r ig o r  m o r t i s  onset 
submitted to isotonic tension in the direction of

\ ! > t i e s

\ V eOf the b then recovers all or part of the subsequentload^  l̂ 0r nior t ■ 1S re'eased. The variation in extensibility during 0. Vr, [ls  hae U- _ . ~
S i, " ' ( 1 1 0 * ^ , 1 0 ^  --------------------  m u i  Y u i j n i g  lu a u a  .  .V °% E r ’ 19?9)> 4 0 ' 7 0  g/cm2  (BENDALL, 1973), andV  î

studied with varying loads : 5-25 g/cm2

^ ___________ __ up to
le ^  ’’ 1983). Greater stresses destroy the structure of

i '>tl c°nditi0n n° l re®ain lts initial length after load release. 
anicai ew , (Stress applied, sample slack length) may have an

'tch

) s
^  A  X--------- 7 L 7 1 U V 1 V  I V l l L j l l  H i l l  J  1 1 U  *  V  u n

vPr°Cedure betUtl0n p o s t  m o r te m .  DRANSFIELD e t  a l . (  1986) 
'hat 'he CtWeen tW°  stress values (0-! N /c m 2  and ° - 3 t0  2-! 

f,̂ ,'ei,t extetlSj 3ter l ê uPPer limit of the stress was the sooner
^ ^ a t  n, n °Ccurred. Cyclic low deformation tests applied 

, ItL Ceaf,._. Ust be !

TIME

Figure 1 : Tension-time curves obtained at rigor (a,b,c) and 
after ageing during 1 day at 15°C (d,e,f). Deformation 
rates : 25.0 (a,d), 10.8 (b,e) and 5.4 (c, f) % / min. T : 50 
and 100% extension. (From Locker and Wild, 1982).'hi ls tq0 " fatigUe 6 Used with caution to follow ageing.They can

/  C°I1tUiori t 6 rnaterbal at low strains (LEPETIT, 1992). They are more adapted to study rigor onset.
'¡ti ** ,nd f'nal yield ana'ySe stress' strain relations obtained in monotonie extension tests. BOUTON et al. (1975c) showed that\.L  uHi.

f  \ \

^  1 ^  yield iciduuiib uuidincu in inunoionie exiension lesis. duu ujin et ai. viy/jc) snowed tnat an
, dg  C&n de defined on these curves and attributed to myofibre and connective tissue resistances, respectively.
,4niples sudd 5t>̂  determined a yield point using another procedure consisting in a stepwise increase in load. In these 

dUrin.enly reach a p°int at which extension continues without further loading. LOCKER and WILD (1982) observed^   ̂ h'v/im a i wmui cmcumuu CUI1UHUC5 wiuiuui lunncr loaaing. L,u\^jviiK ana wiL/U \ i y o Z )  ooserved
SioN ime Cû lng ° f meat • Using an automatic loading system (Yieldmeter) they obtained yield point at an extension of 

CS ^ w e d  a well defined plateau in the case of aged meat and more specially at low extension rates. During
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ageing the yield point decreased by a factor close to 10, from 1.2 to 1.4 kg/cm^ at r ig o r  m o r t i s  to a minimum value of j 
the case of aged S te r n o m a n d ib u la r i s  muscle. These authors recommended using the yield point value as an index of a®e' ®
use of the method was called into question in the case of meat that had undergone cold shortening (LOCKER and WILD<
yield force values similar to those of normal meat. In fact, this is not contradictory since the toughening caused by c0^
detected once the meat is cooked and is not directly linked to a lack of ageing. In contrast, the yield point of a muscle that has*

i#a stretched state is greater than that of a normal muscle. The yield point value increases in particular when the muscle haS 
rigor extension greater than or equal to 1.4. Correction to bring the yield point back down to the same number of fibreS ^  ^  
unit decreases but does not cancel the effect of stretching. The marked increase in the yield point observed in high Pre'r'®
was attributed by these authors not to a modification of the myofibrillar structure but to the involvement of the connect!'6hiß*1and WILD, 1982). An initial yield was also determined by CURRIE and WOLFE (1980) in the pre-rigor phase but at ^ y  
varied during rigor mortis onset in relation to extra-cellular space. This yield in the pre-rigor state is probably a differen

break*0**initial yield and, according to LOCKER and WILD (1982), corresponds to some kind of failure just before the 
network.

The limit strain from which the collagen fibres are put in tension has been widely studied. According to MAGlP
the viscoelastic properties of myofibres are mainly involved up to a 1.8 strain. LOCKER and LEET (1975) showed that ^
without any collagen can be stretched by a factor 4, whereas connective tissue limits their deformation to a fact°r
waviness of collagen fibres in a rest length sample was taken into account, it was shown (LEPETIT, 1991) that the fibres

4 ?
put under tension at 1.65 strain. As all the collagen fibres are not in the same wavy state, some are put in tension at
specifically measure the properties of myofibres, mechanical tests should be performed at a much lower strain than 
can also influence the mechanical properties of meat determined at high strains. STANLEY e t  a l .  (1971) showed that °r ^  
energy at rupture decrease during ageing, and hence reveal the mechanical properties of the muscle fibres. But the act* ^  
was observed to reduce the breaking strength of meat samples, indicating that the connective tissue is also involved 
parameter (EINO and STANLEY, 1973). ^  >

To determine more accurately the strain at which myofibres and collagen fibres simultaneously bear stress ^
SACKS e t  a l . , (1988) analysed the effect of a collagenase treatment on the stress-strain curves obtained with exitension P;
fibres. The authors divided up the curve into three distinct areas (fig.2) : a first region, Rl, between 0 and 13 %  ot
R2, up to 70 %  and a final one, R3, where there is rupture. None of the mechanical parameters characterising Rl 'vaS 
of the collagenase whereas those of R2 and R3 were modified. The 
authors concluded that Rl is the region in which the mechanical 
properties of the muscle fibres alone are brought into play whereas in 
R2 and R3 the resistance of collagen fibres is involved. The strain of 
13 %, above which collagen fibres start to be in tension, is 
significantly lower than that usually reported. This discrepancy may 
be explained by the fact that commercial collagénases extracted from 
C lo s t r id iu m  h i s to ly t ic u m , as that used in this study, may be 
contaminated by other proteases (MIYOSHI and ROSENBLOOM,
1974). Hence proteolysis of the myofibres may have caused the 
changes in behaviour at strains lower than those at which collagen 
fibres are normally under tension.

Even if myofibre characterisation is performed at low strains, 
certain conditions can influence measurement. DAVEY and 
GILBERT (1977) showed that there is a relation between the initial
shape of the force-deformation curves and the distribution of regions ; Em, E>’ : moduli ; Sm : maximum 
sarcomere length. If a sample is contracted when it sets in rigor, only ^ ' ^ rom Sacks c l  a l . , 1988)

-  Rl
R2

sm

"
E1

'

/ |
E m

/ 1 
/ e ( S m)
l____ __L

STRAIN
htai°edFigure 2 : A typical stress-strain curve oo  .

tensile test parallel to muscle fibres. RF itress •

/Misome of the fibres are involved in the contraction while the others are simply crimped (VOYLE, 1969). ConseqUeflt̂  
fibres bear the initial stress, and this affects the modulus measured at low strain. Crimping of the fibres can also o c c '1* ^ \ t§̂t'* || ’
set in r ig o r  in a state of extension. Some muscles present p o s t  r i g o r  contraction when the forces maintaining t*ie , gpf ^ V|ç
released. This phenomenon, described by ROWE (1982a, b), is due to the elastin fibres of the connective tiss>Je 
muscles which have undergone such a p o s t  m o r te m  contraction, myofibres are crimped and are not involved in the 
low strains. So the relation between the mechanical resistance at low strains of a raw meat sample and that of *ts 
evident to establish.

Ageing influences not only the breaking strength of myofibres but also their viscoelastic properties whic*1 , ¡f
relaxation tests. STANLEY e t  a l . (1971) has shown that the parameters characteristic of relaxation curves
modified during ageing. The amplitude of the force decrease, in particular, is higher for aged than for rigor meat
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\ al t
Tf;nsiie ̂  M ag ID and LAW (1985) have proposed mathematical equations to model the force-time relationships.
S a a  S Can st*̂  be used to follow the variation of the mechanical properties of the muscle fibres after meat has been cooked.
^KPd CUrves can always be analysed in terms of initial yield and final yield (BOUTON e t  a l . , 1975c ; LOCKER and CARSE,ietk ^ e t a l  iooo ..... ............. ............. _ ......................... .. . . _

' Unde a ^' ^ 3  ; RAO and GAULT, 1990). The initial yield can however become simply an inflexion point on the curves and 
'^S 'n a t̂Cr coo*c'nS at temperatures higher than 70°C (LOCKER and CARSE, 1976). The interpretation of initial and

011 the t-r, ,Ura* tenns is more ambiguous than in the case of raw meat. The extent to which the collagen network is contracted
'linki temPerature’ a"d the effect of this network on the mechanical properties of the sample varies according to the

 ̂the breaj ^  State' however, LOCKER e t  a l . ,  (1983) showed that cooking conditions in which collagen was largely solubilised
VctisSll„ ^ strength from 4-5 kg/cm2 to 1.8 kg/cm2, while the initial yield was not affected. These authors concluded that plays no° Part in initial yield point. The decrease in initial yield of cooked meat is however far less than the drop in the yield,rr  loftitytieat,

P6ak forcedt( ^>Lo\y etermined on cooked meat, although dependent on the resistance of connective tissue, fell by about one third after 
Jt̂ ’ l9 9 i) ^his is due to the fact that the modifications in myofibre strength during ageing changed the mode of rupture

,/H iU tth  n Unage<* coolced meat, owing to the high resistance of myofibres, the endomysial-perimysial junction is the first 
^  U n ab o u n d a rie s  of muscle bundles and so the ianq tL ”“u,,uanes of muscle bundles and so the ruptures cannot be transmitted from one bundle to the next. Bundles then fail 

llAys 11 a§ed me "a®Cn *s last structure to break and this induces high breaking strength. In contrast, cracking of fibre bundles is first 
i^Utlcfion' • ^ uPture is then transmitted perpendicularly to the myofibre from one bundle to the next because the perimysial- 
°'ver mtact and fibre bundles and perimysium fail simultaneously. As a consequence the breaking strength is much lower and 
* oen th • °nS e'ucidation of the mechanisms of rupture shows that, in cooked meat unlike in raw meat, there is no direct

6 Stretlgth 0f an<f final yields and the resistance of the myofibres and connective network. The relation may depend on the 
structure, which varies, in particular with ageing time and cooking conditions.

%

;err\ Ca__ °n *be behaviour of meat in compression were made with devices with non flat compression surfaces, which made
firs studies

c°mpi,

is

k»ter -Mapc . CX' ff°wever, these tests, usu
et ai RLANE and MARER, 1966), Ct af> 1979 • ------------------- .

usually called bite tests (Volodkevich tenderometer, (VOLODKEVICH, 1938), MIRINZ 
Vl al . . .  have been used to study myofibre strength in cooked meat (DAVEY and GILBERT,

^ 7 2  ; DRANSFIELD e t  a l . ,  1980-81). It was shown in early studies (STEINER, 1939, as quoted by BATE SMITH 
erved tj,at ^  using the device of Volodkevich that compression measurements could provide evidence of meat ageing. STEINER 

^  coo,,103̂ 8151“  curves varied 8reatly according to the direction of the compression, along or across the grain, and 
\ i . L to r . ^ben  samples were tested across the grain, STEINER (1939) concluded that muscle fibres and connective tissue 

^ ^ i c a l  ^  the *atter is involved in the resistance of samples tested along the grain. SEGARDS e t  a l  (1974)
S ll^  at 20% CQ S av iour of meat in compression, in a test in which the deformation was applied parallel to the myofibre axis. They 

k r tl0rt Press’0n, raw M. P s o a s  m a jo r ,  which is the most tender muscle, has the highest apparent modulus of elasticity while 
V jj R et a l tTlUSc'e has the lowest. Although not specified in their study it is likely that expected variations in sarcomere length 
*alces erriph^^ Ŝ 0ldd be taken into account to understand the different behaviours of the two muscles. SEGARS and 
lt, ^  acC0l. asised the role of transverse strain during compression tests and developed a two-dimensional mechanical model 

C S  def0^ tll,at transverse strain.
|  î lar” ^forrn. tl°nS P^  an ‘mPortant r°le in most mechanical tests. When a sample which is not fully compressible is stressed in 
6̂  to lhat appp ^  0n^  'n fbe direction of the applied strain, but also in two other directions, called free strain directions, 

,jirN i 0n stra’n- This makes the analysis of the mechanical behaviour of an anisotropic product complex because according
u   ̂ ^Urrin“d the l<Jr>s by . ® ln the sample, different mechanical properties are involved. In compression tests, it is easy to limit the strains

Vi; (jej  3  CeP with two lateral walls. When a sample is compressed in such a cell it can deform laterally in one direction
Plï %

t X t i ' ^ h a s
Sa*frple rrnati°n is called free strain. By varying the directions of applied and free strains the whole mechanical behaviour of 

1 'vhich ha deta'led. With such a cell and
^'0ris ha\, 0ne ax's of anisotropy, three 

of „ refined, each one referring to
l ; V  apP ^ d, 'v c0nfi and free strains (LEPETIT, 

8Uraibons are (fig. 3 ) :
X V ^ s t r , ; ^  strain perpendicular to

rOh

l>cul
X  s, %

Strain

O *  USCle fib:
Parallel to muscle fibres 

applied and free strains'tes LONGITUDINAL TRANSVERSE AXIAL

*ra*nPerp PP '̂ed strain parallel to muscle 
'dicialar to muscle fibres.

Figure 3 : Schematic representation of the 3 configurations of the com
pression test. ea : applied strain ; e : free strain. (From Lepetit, 1988).
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f  Ni
The behaviour of meat samples has been analysed with this cell fitted on a sinusoidal compressive device (SALE e t a  ^ ¡| 
device, according to PELEG (1978), the deformation law of tested samples is the same whatever the sample height, which is

, i \yiri

classical testing machines, which use a defined and constant displacement rate of the probe. i X
there v'In a study using these different configurations on raw meat, it was shown that, whatever the configuration, 

compression ratio at which sample elasticity reaches a maximum (LEPETIT, 1988, 1989). This ratio takes different 0lnpfeSS
configurations used and has been called longitudinal, transverse or axial critical compression ratio. These critics! 
correspond to the strains at which all the fibres of the collagenous tissue are put under tension as a result of the free 
samples the longitudinal critical compression ratio (LCCR) is about 40%. At compression ratios below LCCR, the collag

strain-

25

partially unfold and do not produce any resistance linked to their 
mechanical properties. In the longitudinal configuration and for 
compressions lower than the LCCR, the maximum stress reached 
during one compression' cycle is not related to the connective 
network resistance but depends on myofibre strength (LEPETIT and 
SALÉ, 1984 ; 1985). At 20 % compression, which is well below the 
LCCR, resistance rapidly increased during r i g o r  m o r t i s  onset and 
decreased during ageing (LEPETIT and SALÉ, 1984, LEPETIT e t  
a i ,  1986 ; LEPETIT and CULIOLI, 1987).These mechanical 
changes are in close link with biochemical events occurring in the 
myofibrillar structure (fig.4). Moreover, after ageing the resistance 
measured at 20 %  compression is similar (8 - 10 N/cm2) for all 
muscles in a normal contraction state (fig. 5), (LEPETIT and SALÉ,
1984 ; 1985). Ageing can occur in cold-shortened meat which gives 
the same limit value of resistance as normal meat (LEPETIT, 1989).
This is in agreement with the results of LOCKER and WILD (1984) 
on the yield point of raw meat determined in a tensile test. A 20% 
compression ratio was also used by TAKAHASHI and SAITO 
(1979), who showed that meat elasticity decreases during ageing in 
the same way as the detection of connectine, but they did not specify the 
directions of the applied and free strains of the test. If meat has been stretched, 
ageing can always be followed by resistance at 20% compression in the 
longitudinal configuration, but the limit value of the resistance after ageing is 
increased because of the involvement of collagen fibres.

If a muscle has been stretched before r i g o r  m o r t i s ,  the collagenous 
fibres are partly unfolded and oriented more in the direction of muscle fibres 
(ROWE, 1974), Thus when a stretched sample is compressed in the 
longitudinal configuration, the collagenous fibre will take up the tension at a 
lower deformation (LEPETIT and SALÉ, 1987). In contrast, when a muscle 
has set in r ig o r  in a contracted state, the collagenous fibres are stretched but 
oriented more perpendicularly to myofibres and therefore need higher 
compression ratios to be put under tension in the direction of the free strain. 
Consequently, the strain range in which myofibre characteristics can be 
determined decreases when meat is stretched and increases when meat is 
shortened. Elastin fibres can also interact with muscle fibres at low strains in 
some muscles which have been stretched pre-rigor and which undergo a p o s t  
r ig o r  contraction after release of the tension. This p o s t  r i g o r  contraction has 
been explained by the elastic recovery of elastin fibres, as it only occurs in 
muscles with high elastin content (LEPETIT, 1989). In samples exhibiting 
great p o s t  r i g o r  contraction, all the muscle fibres are in a wavy state and 
therefore are not tensioned at low strains. In this case, the resistance at 20 % 
compression in the longitudinal configuration does not change during ageing 
and remains at a level of 3-4 N/cm2, which is much lower than the normal 
limit strength of muscle fibres. Although this phenomenon is unusual, it must 
be detected in order to avoid any misinterpretation of the data. The strain 
range in which the specific characteristics of myofibres can be measured

Maximum stress 
Biochemical index

14 21

Time of storage (days) 
Figure 4 : Variations during storage in the
20 % compression ratio, measured in the longj
and in the biochemical index of ageing (A) 
(From Lepetit and Salé, 1984)

100

50-

/ /

%

V

02 a* r#Compression

tres5 /Figure 5 : Variation in maximun s
ratio. Longitudinal configuration- 
standard deviations in brackets 
□  P e c to r a l i s  p r o f u n d u s  
■  B ic e p s  f e m o r i s  
O S e m i te n d in o s u s
*  T r ic e p s  b r a c h i i  
▲  S e m im e m b r a n o s u s
•  L o n g i s s i m u s  d o r s i  
☆  P s o a s  m a j o r  
(From Lepetit and Salé, 1985).
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. f  \ s of those of collagen and elastin fibres had been
\  t̂ tlCally (LEPETIT, 1991).

aand axial configurations, although presentinglcity aty/jP* ■“ sh0vvt) 3 stra'n f°r which collagen fibres go into tension, 
,fe«i3' S iCs a l° unsuita.ble for the determination of myofibre’as the

* K„i 7 ^  1987).
of*k ^  ^  ot cooked meat has also been studied in 

01 dia RHODES e t  a l . , (1972) analysed the load-
 ̂Vcj, ra,v' ‘

\

A

s'8nig i"C resistance measured in these configurations do not
^ dcu u o dUnn8 agein8 (EEPETIT’ 1982 1988 1989 ; 
^  behav ° LI’

aBram — v 'iioji S °btained during linear'S‘0n of the
k  ^ to the W° bunted wedges. The compression 
is S j therê  niUSC'e fibres and the sample was held between two 
in crm,r .av° 'd'ng deformation perpendicular to the muscle5iirat; naiti0n„ n^nti COrrespond to the definition of longitudinal

devi
compression using a 

ce of Volodkevich that induced a zone of
was

|on
„^Ot neid above. In these conditions, load-deformation 
S lv. an 'nitial
O * ' ________ _
'«s. )* ln8 (ÜRANSFIELD e l  iS,9U¡s°idai

peak at about 50-75 % which reflects 
®bre characteristics. This parameter has been used 

a l . ,  1980-1981). Figure 6 : Variation in maximum stress (cm) with cooking 
temperature. S e m im e m b r a n o s u s  muscle analysed in the
longitudinal (---- ) and transverse (—) configurations at rigor
(♦ ; ★ ) and after ageing (■ , A). Core cooking length 30 
minutes. Compression ratio 0.8. (From Kamoun and Culioli, 
1989).

straint • °mPression, it has been shown that, as with raw'<5 j .  ’
l0(l Us°le fibre 6 *°n®tufi'na' configuration can be used to 
^  *n coo^efi meat samples (KAMOUN and

fes Wk„ °nly at temperatures which do not contract
< t e ,^7- csshowan^  3 X rat)ge ^ ^Pture which can be more or less distinct. This rupture occurs for strain that decreases during p o s t  m o r te m  time in

...............

i contract, resistance at low strains, in contrast, depends on muscle collagen content. When strairr is high,
St_uiin ess at break decreases p o s t  m o r te m , particularly when cooking temperatures are around 65°C (fig.6). However, it is 

\ j .  8 agej CtlVe fissue (KAMOUN and CULIOLI, 1989). In contrast, the stress measured in the transverse configuration did not
’)V ^et\v0 en°ting the resistance of connective tissue (fig.7). The authors suggested using the ratio of the maximum strains

% sole Configurationsand ; as an index of ageing for cooked meat. This ratio is independent of collagen content, and consequently of
^  e of the aPPr°aches a value of 1 in meat aged for a long time. However, this index may be influenced by the contraction or 
ll varies ¡n USĈes as the number of fibres (myofibres and connective fibres) taking up the tension in the longitudinal test and the 

a «6(j ̂  ^ c u )t t PP°site directions when the contraction state changes.
'  , "X ^ raV aaderstand the mechanical behaviour of cooked meat because cooking modifies its compressibility. It is widely 
/  V  6 musc'e> >s incompressible (Poisson ratio g = 0,5) in the strain range corresponding to that of physiological strain.

'hi VaiUe 0f ^  ’ ^  92^) showed that, at 20 % strain, meat cooked to 63°C became slightly compressible (0.20 < p < 0.26), in 
\   ̂°uid be ng 6 P°isson ratio will determine the extent of the free strain appearing in a mechanical test in response to a strain 

° determin SSaî  tfierefore to know both the imposed and

%
, St,

6ssed (SEq ^°W different elements or structures of a

%
% rARDs and KAPSALIS, 1976).
i,es «■ °a !Heat

, ear'n® are the most numerous in the field of 

...
V  thls device often

:/fS N

e been made with the Wamer-Bratzler 
With ^aVe dealt mainly with cooked meat. The 

'®s eVê  device often serve as a reference in 
red arg t*l0ugh the mechanical significance of the 

t ^ 'f ,  197^̂  1 Ciear|y established and have been widely 
6 *n tensile and compression tests, the

(J ° Sed *n relation to the myofibres influences 
^ A Y  e t  a /  1 9 8 3 ) The most commonly

\ V a"
V .  ra'nsvaiu,

ion
hO(JToWhlCh t l̂e shearing plane is perpendicular to 

e'  Ql, (]gN and HARRIS (1972a), PAUL e t  a l . ,  
)  have shown that the maximum force

Figure 7 : Variation in maximum stress (om) with ageing time at 
6°C. S e m im e m b r a n o s u s  (★ ) and L o n g i s s i m u s  muscles ( • )  core
cooked 30 min. at 65°C. Longitudinal (---- ) and transverse (— )
configurations. (From Kamoun and Culioli, 1989).
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obtained with this configuration in cooked meat is closely related to the myofibrillar component of the meat. But 
gave a structural interpretation of the force-deformation curves. As in tensile or compression tests these curves present

BO U O 'n.

a peak force (PF). The initial yield is influenced mainly by factors affecting myofibrillar structure, suggesting that the
sample of cooked meat are initially borne by the myofibres. The strength of the connective fibres can be assessed accord
a l., (1975b) by the difference PF-YF. In some cases, the analysis of peak force alone can lead to false conclusions ,
obtained with the Wamer-Bratzler device may correspond to either the initial or the final yield depending on how the
therefore express either myofibrillar or collagen resistance (M0LLER, 1980-1981). Moreover in the case of cold■neflu

s
/  til

separation of myofibrillar and connective components is usually difficult (BOUTON e t  a l . , 1975c). The diagrams obtain thewith the shearing device designed by SALÉ (1971) show no initial yield or peak force, and stress reaches a plateau <>l re
samples (LAROCHE and SALÉ, 1976). When the myofibres are rigid, as in cooked meat, there is simultaneous shea
connective fibres (SALE, 1971).

In raw meat also the manner in which a meat sample submitted to shear strain between a blade and two knives is ^

V
'»Ur

S
iti
“it
S;
\ ,

V
H

100 - 

80 .

60 -

the rigidity of the muscle fibres (SALÉ, 1971). Hence, the physical significance of a mechanical parameter measured during * 
ageing. When meat is aged, the muscle fibres are not subjected to shearing : their content is gradually pushed away fro01 
finally it is only the connective tissue that is sheared. Maximum force 
(Fm) reached therefore expresses connective fibre strength (KOPP and 
BONNET, 1982) In contrast, when meat is in r ig o r , muscle fibres and 
connective tissue are sheared simultaneously. The force measured 
increases more rapidly but reaches a lower maximum value, 
characteristic of the couple myofibres-connective tissue (fig. 8). The 
energy (W) expended to achieve rupture decreases during ageing but 
depends on collagen content. Conversely, the ratio W/(Fm x e)), which 
includes the initial thickness (e) of the samples and reflects the shape of 
the diagrams, is independent of the connective tissue and can be used to 
make a quantitative measurement of ageing (SALÉ and VALIN, 1970).

Shearing tests made on compliant composite products such as 
raw or cooked meat are therefore complex operations highly dependent

Deformation

Figure 8 : Influence of ageing on the f°rC®n ^
Kobtained in shearing. M. L o t ig i s s im u s  d ° rS , K‘ "(ti) 

S e m i te n d in o s u s  (3), P e c to r a l i s  p r o f i t 11 , (..-j' &
b r a c h i i  c a p u t  l a te r a le  (5). (---- ) 1 ^  afl j   ̂ 1
m o r te m . (From Salé, 1971)

h

on
. f t  l"

experimental conditions and difficult to interpret in structural terms. This could explain why results varied according '«i«
particular the fact that the shear stress of raw meat in different tests (SALÉ and VALIN, 1970 ; BOUTON and HARR^’ -■ > A Vei 9 1 V ' J \be lower than that o f isolated muscle fibres, i.e., completely devoid o f collagen fibres (MARSDEN and HENRICKSON, ^ ^ f- tec* JShear tests have also been used to analyse the viscoelastic properties of meat with low shear rheometers. In
submitted to very low sinusoidal stress or strain between two parallel plates, making it possible to continuously monitof-- — ,  ------------------  - - - , J !
without causing destruction of the samples. The method has been used to study raw meat properties (ALARC ¡ ¡ ¿ r J  "hi

IRNBERG and PERSSON, 1988). Rheolog' 
and elastic parts of rheological behaviour^ 0j/^ ,,ir̂

perform thermal scanning analysis on meat slices (BOHLIN e t  a l . , 1987 ; TORNBERG and PERSSON, 1988). Rhe° ^¡¡f ^  s
as complex, storage, loss moduli and loss tangent characterise the viscous 
difficult to interpret in terms of the respective properties of myofibres and collagen fibres. They are influenced neither by 
nor by ageing (ALARCON-ROJO, 1990), although a large increase in rigidity from 55°C up to 60°C seemed to 
myofibrillar proteins and in particular of myosin (TORNBERG and PERSSON, 1988).

«/
%

s
5- Analysis of the properties of connective tissue 
5 -1  Mechanical behaviour o f  connective tissue ch«1:/ / F \

\ .

Although connective tissue can be subdivided into different levels of organisation, which have their own J  P 'er
properties (BAILEY and LIGHT, 1989), the tissue forms a continuum throughout a meat sample and unlike musde
whatever the type and direction of the strains applied to the samples. Thus it is possible to yield information on the

J it Qrr
k

applying deformations non precisely defined directly, on whole muscle. This has led to the development with variou V_ 1970 ’ *'■apparatuses for the prediction of tenderness from raw meat measurements (HINNERGARDT and TUOMY, . p>Y' j  
PURCHAS, 1973 ; SMITH and CARPENTER, 1973, and more recently SHORTHOSE e t  a l . ,  1988 ; PHILLIPS, 1 ^  
currently used in the industry to assess the potential of tenderness of muscles. Although different types of d efo rm ah  J  
connective network, each shows only a part of the mechanical properties of this tissue.  ̂;

Considering the load bearing properties of the collagenous network in connective tissue, PURSLOW 0  
network acts as a mechanism to prevent both over-stretching and over-contraction of muscle by providing rapidly vet^ _r ¡ f f  •

I \ %

s

01 c
at some limit strains. Thus, connective tissue would be the limiting factor in the rupture of meat, whatever the inter113 J
the two levels of organisation involved in meat texture, the perimysium plays the major role in mechanical pr°Pert‘eŜ cl)ŝ
acts at a more subtle level (LIGHT e t  a l ,  1985). Most studies on the mechanical properties of connective tissue hav
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J%histh« ^  and ̂  6 most determinant factor but some showed that
(CRn ^r°Unc* SL*bstance could have an influence, albeit to a

V , .  ° SSe'<
\  . 7 C tensii

7 °  K l a l  > 1973 ; BAILEY and LIGHT, 1989).
0n tests have been used to analyse the heat- "Jiiagen tk

list SUch as t ' iney haVC *>een mac*e main|y on c°Uagen 
(r!,'" Illeasurin^e t6nC*ons’ S*c'n ar|d isolated epimysial fibres. They 

® tbe tension developed during continuous heating,
V  '

10

iNy
. lQtce pe 1Sotonic medium, up to boiling temperature. The 

haye  ̂ Un't sect*on area and the temperature at which this 
n related to the heat stable molecular cross links of1 and to its

I V  ^  "*> been
thermal solubility (KOPP and BONNET, 1987). 

used on meat samples : similar tension
 ̂bating 6C* ^ut w'th the maximum tension reached at the 

% ,  . temperature
> b ,  to
k. ‘C|ated * , "Fcrature. The value of this maximum tension is\ a , to theits r m° Unt o f collagen (KOPP, 1977) but is also 

tests -  ° ss hnldn

0.2  0-4  0 .6  0.8  1.0 1.2

Collagen section area (cm2 x 10-2)
1.4

%
Provid, nug state (KOPP, 1976). Although isometric

^a*UahIe information on collagen cross-linking
’ ^ 7 )  tQ„. 0̂w thermal solubility range (KOPP and

Figure 9 : Maximum shear force versus section area of sheared 
intramuscular collagen. 7 P e c to r a l i s  p r o f u n d u s  and R e c tu s  
a b d o m i n i s  muscles. (From Kopp and Bonnet, 1982).

V ’ ,y87)’ tests7  •'.........  ....................................... " " '^ 6 ̂ OCl{j)j Carr’ed °ut on meat should be interpreted with caution since maximum tension is influenced by the contraction state of
Z  netWork ¡yj ; muscles which set up in rigor in a stretched state exhibit higher tension, owing to the organisation of the
tij faCt These re°Ver> these tests do not mimic what actually happens during the cooking of meat as samples are not allowed to

rat>Oti 0f C°nchtions of restraint directly influence the mechanical properties of connective tissue (SNOWDEN e t  a l . ,  1977) and
/ l 'Ne ^  hEtyjç a®Cn (tTOCHDI e t  a l ., 1985). To have a precise idea of the mechanical properties of intramuscular connective tissue i

7
/  i

/  >n
in

% sly m , menti
an<l PURSLOW (1989) recommended performing the mechanical tests directly on perimysium excised from a cooked 

toned^ llel to rilUs P ’ ln tensile tests in which deformation is
J  ." N e t* , , 6 hhres, whether on raw or cooked meat, the / m a,M ^ crs depenH „ ,^TCrtheie ^Scle fik 0n lhe properties of both the connective

N tenSiisiie tabres S t a n l e y  e t  a i ,  19 7 1  ; 1 9 7 2 ).
een D ts Perpendicular to muscle fibres (adhesion of p °PosedZ  ^ ^ ^ c t i v "  ^  a means evaluating the specific

%
tissue (POOL, 1967 ; BOUTON e t  a l ,

°u8hi
Q t J,0ut ^  •> 1976). They allow stresses to be

iOeas SarnPle by the connective tissue only : the

"on
•bv

e<* in that test does not vary during post 
Ol

Or st Cot«i'stfet,ched
e t  o l ,  1972b). In this test, as in others, 

ective tissue is closely dependent on the
7 . Cbaagine n,„State the sample , whether this state islan8ingthe

\  b7 thernia]SarCOniere length of raw meat (BOUTON
fact, s n̂v

m the contraction or stretched state
%. *act, ariv c°ntraction during cooking (BOUTON e t

%r f colla.. 0l^7 orientation and waviness but also in ■ a8en0usy f°r a

h

Î 
6

Of
V * 1« far,.

th>s le,

nëth 1
fibres per unit of area under load.

a rat,o of a meat sample, which representsk&rnpie c°nipared to its rest length state in
t def ir"s length ^  Wav'ness) °T the collagenous fibres 

^  rafi° has been reached, by pre-rigor or 
*7 pr te °f the f i f j tberrnal contraction. Therefore, the 
%  ^riies , 6S *n the final network must be known

from a measurement of the
Hes 0- le tm<

‘ipiç^fties of bedetermined
'• Th, thecon«, Connective network performed on a eclUenc.(> ,,/■ot pre-ngor deformation on the

Figure 10: Influence of compression ratio on maximum stress (O) 
and elasticity (x) in the longitudinal (L) and transverse (T) 
configurations for a S e m im e m b r a n o s u s  muscle. LS : sarcomere 
length (pm). An increase in LS induces a decrease in the longitudinal 
critical compression ratioW and an increase in the transverse critical 
compression ratio (-0-). (From Lepetit, 1989).

38th ICoMST Clermont-Ferrand France 1992 143



mechanical properties of the collagenous network in the raw state have 
been extensively analysed. FIELD and FABER (1970) have shown that 
the mechanical anisotropy of the endomysium can be described by the 
deformation of a somewhat slack system of collagenous fibres in a helical 
arrangement around the muscle fibres. These authors calculated that such 
a system of collagenous fibres results in a maximum volume for muscle 
fibres and so in a minimum tension, when their angle to muscle fibres is 
55° The same value was obtained experimentally by ROWE (1977) for 
the perimysium. Taking into account the variation in the angle between the 
collagen and muscle fibres with the deformation of the muscle fibres, 
FIELD and FABER (1970) determined the modulus of the endomysial 
collagen fibres and showed that it is of the same order as that obtained on 
tendon. PURSLOW (1989) showed that in the perimysium, in which the 
arrangement of the collagen fibres, unlike in the endomysium, can be

8
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clearly observed, there is a great variation in the angle between the Figure 11 : Influence of sarcomere length on lonS¡tV '

collagen and muscle fibres on both sides of the theoretical value compression ratio (LCCR). M. S e m i m e n ^ j Xcurve (------) ; Curve vertically shifted \ \ i f idetermined for a given sarcomere length. Considering the volume fraction experimental points • (A) strain range whet6 c ^
of perimysium in muscle, PURSLOW (1989) predicted the stress are under tension or broken ; (B) strain rang6
produced by collagen fibres in tensile tests parallel to the muscle fibres on strenSt 1̂ measurement. (From Lepetit, 1991)
pre-rigor meat and concluded that the stiffness of the perimysium was negligible up to about 3.8 pm. As there is a direct

■ cal'

,uits/ , X

the limit sarcomere length in tension and the limit sarcomere length in contraction, this result implies that collagen fibreS
contraction only at sarcomere lengths lower than 0.9 pm. The results of a study that considered both the wariness^ ̂
collagenous fibres in rest length meat and the usual limit of 1.1 pm for sarcomere length in cold-shortened meat showed
of collagen is negligible in a narrower range, between 1.1 pm -3.3 pm (LEPETIT, 1991). This is in agreement with the feS ^
DICKSON (1970), which give higher values of tensile stress of meat from 3.2 pm-3.3 pm than those predicted by the 111
(1989). In fact .there is a distribution of the geometrical parameters of collagenous fibres around a mean value, which
precise limit at which collagen contribution becomes non negligible. ¡ J  ,. e Ifl ’ A'Shear tests have long been used to study the breaking properties of meat mainly with the Wamer-Bratzler devi  ̂^  
has been shown that sample rupture is induced more by tensile strains than by shearing strains (VOISEY, 1976). HARR*"*

*1(1

(1988) later restricted this conclusion to raw or only slightly cooked meat. The resistance of connective tissue is USDS'
d Omeasuring the difference between peak force and initial yield. Indeed that difference is not affected by ageing of meat an 

manner as expected changes in collagen (HARRIS and SHORTOSE, 1988). Shear strength of raw meat samples has•fort*1and BONNET (1982) using a specific shearing system (SALÉ, 1971). These authors showed that the maximum shear 
is linearly related to the section of collagen actually sheared (fig. 9), but that the degree of collagen cross-linking does n° ^  stf 
shear force of raw meat. An accurate assessment of collagen strength by this method can be obtained only if nty0 ^  
otherwise the shearing procedure of connective tissue is modified (SALE, 1971). It is therefore not suitable for determ1111

X

v .

either on raw rigor meat or on cooked meat (LAROCHE and SALÉ, 1976).
In compression tests, connective tissue in raw meat can be analysed at high strains only, whether the free strains am11

the myofibres or perpendicular to them. Nevertheless, connective tissue is the structure preferentially strained if
compression, deform laterally in the direction perpendicular to muscle fibres (LEPETIT, 1982 ; 1989, LEPETIT and .sin" Jsimilar to what occurs in adhesion tests Whatever the direction of free strains the connective network is put undert£tlŜ  
ratio (named critical compression ratio, CCR) which is dependent on sarcomere length as a result of variations in ^  
orientation of the collagen fibres. But a change in sarcomere length has an opposite effect according to the directi°n
increase in \0}sarcomere length produces a decrease in the longitudinal CCR and an increase in the transverse CCR (®R ^ f j ^ J  
CCR and the sarcomere length are linearly related (fig. 11). These results have been confirmed by ABUSTAM e l  til- ^
variation in the correlation coefficient between maximum stress reached during compression of raw meat and collagerl ^  
free strain direction, these authors showed that the correlation coefficient increases in a sigmoid fashion with the ma ,
during the test, becomes significant from 0.3-0.4 strain range and reaches a maximum value (-0.8) in destructive c0t1'co«11maximum stress at a high strain can still be related to collagen content (CULIOLI e l  a l . , 1990) but the correlate11 j
lower values closely dependent on the thermal stability of the collagen and on cooking conditions. In cooked meat the c*  r -----------------niviiwui jiai/imji ui uiv wnagvn auu uu tuuuiUDin. ill UUUKVU uiv“* - j/ m

under tension at lower compression ratios because of the thermal contraction of collagen (KAMOUN and j T j
determination of the CCR has not been performed yet and is made more difficult owing to the large increase in ntf0 ^  ^  
concomitant decrease in that of the perimysium (LEWIS and PURSLOW, 1989). Connective network strength 
determined when meat samples completely break. Hence tensile and shear tests are more suitable than compression
144
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)r«achrm[ern ruPture in reproducible conditions. However, even in tensile tests rupture of connective network in cooked meat follows a
; % c ; hich ^ePen(is on the direction of the applied strain with respect to the myofibres and on the respective strengths of
Pícate a a^eR ®̂ res (PURSLOW, 1991). Tensile tests along the myofibres is ten fold higher than that measured across the fibres,
Hed t Parficipation of myofibres in the former case. Although in compression the ratio between longitudinal and transverse stresses ■' 0 thethe HyQg my°fibre strength, this ratio is much lower than that obtained in tension (KAMOUN and CULIOLI, 1989). In tensile tests 
■ Oty, ]Qs)f Cs first event seen is the opening up of cavities between fibre bundles involving the peri-endomysial junction 

the cavities join up and finally perimysial strands rupture. The breaking strength is determined by the amount and!of 198S)- Then

K

the jo. ^S'Um The maximum stress reaches values in the 30 to 60 kPa range whether or not intact strands of perimysium are 
mple tested (LEWIS and PURSLOW, 1990).

. 0 f the orga  ■
\ . °Uc>k nisation o f the connective network on the mechanical properties o f  meat.')j(j oQ It Was f*». s 'he u , 1181 suggested many years ago that the pattern of the perimysial network has an effect on meat tenderness (BRADY, J i j{ ''^St StliH" a( f  ^  %  contra ICd different characteristics of connective tissue that influence the mechanical properties of meat. Yet, in raw

i-15 J
mf b /

variance in the mechanical resistance of the connective tissue not due to the level of collagen
301040dete .  ̂ ’ *988). Furthermore, this pattern is a criterion in the professional assessment of muscles based on the coarseness

il^ec0nnectjlne^ objectively by passing the thumb over a muscle section (HAMMOND, 1952).
1 6t>th>s dn • 6 netWorL, by its mechanical action, is directly involved in muscle development. It dictates the shape of the muscle and»id1J(. 'S dePe ^ C°ntract’on' The pattern of the network varies widely between muscles and also between animals (SCHMITT’ e t  a l . ,  
) |^  ’ DÜMo^ ent 0n genetic type. In double muscle animals there are large bundles and very thin connective sheets (BOCCARD e t  
S}¡, ^82) a ̂  and SCHMITT, 1973), while crossbreeding of Bos indicus with Bos taurus produces a coarser-grained meat

■ #  > n ° ^ sPr*ng of male Angus, Hereford and Shorthorn have finer-grained meat than that of male Charoláis, Brangus and

o v t  Vu the ^  Conflicting results on the relation between the size of the muscle bundles bordered by the connective sheets and the•  ̂ hi ̂  nieat.negatiVe r j . me worLers associated large bundles with a finer structure and greater tenderness (BRADY, 1937) while others
v Ct|«al oro .*at'° n between these features (COOPER e t  a l . ,  1968). These discrepancies can be partly explained by the complexity % '  o^nir^  6 ir|flUetlCe Safi°n (fig.12) and the different levels of structuring should therefore be taken into account,(DUMONT, 1985).

This l^e connective network organisation on the mechanical properties of meat has been evidence in the studies of
SVt̂ ected^0r StUC**CC* 'be mechanical behaviour of raw 

\  fes and ô c l° tensde stress perpendicular to the axis of 
!1u. eruation 'bat the direction of the stress in relation,» , “ Of (J.

jiJ ’. t0rt>atiOn ■ 0nnective lamellae directly affected the 
( • / ,i \  ̂  Sts‘ The o • CreeT test and the moduli measured during 
¡t^ ; H ^ U o n  of ntat'on of the lamellae depends on the shape,

1 mm

een muscde bundles and varies within a same ” '«úsele' ^ K > bihty; 7 ,eS (R°W E, 1977 ; SIRET e t  a l ,  1990)
'■ on,- from ^ mecbanical properties between muscles and 

I {|0 J  '°n of t|)e e same muscle might thus be due in part to 
|1{ Correlati ^ rimys'um which could also be responsible
' A  ^ plesof ”ns °btained betweenK k raw measurements made on

f  /  '\ t¡0h av’°ür 0j. an<̂  boated meat. Finally, it is likely that the
i,. e °°^ed meat is also influenced by the 

$  y nr COnnective network organisation on the
: network.

rJ
This at'leat ^as been confirmed by the studies of 

•'I It'easUrod o Ŝ °wed 'bat the relation between the 
^  on Taw meat and the collagen content of the 

j lk  ‘be 0 in yPe 0f "tuscle and animal. He suggested
^ V ° V ^ hlChF is th e
/

mean shear force on raw meat

7 0 S  6

% H  '“'0gen ^  ' exPressed by the ratio hydroxyproline 
!cb tk„ a stTucturing factor of the connective Figure 12 : Different levels of organisation o f the perimysial 

network. Muscle section (a). Primary (b), secondary (c), tertiary 
(d), quaternary (e) and principal (f) bundles. (From Schmitt e t  

a l . ,  1979).
^  stains âmebae per length unit) in raw meat measured, considering all the structural levels, according to the

oi°gical sections cut perpendicular to the myofibres is closely related (r = 0.89) to the maximum shear force.

/K > '"V k  n 'be m- , ' “ uctunng factor of the connective* stiow„ ^banioai „t  a (E)(JkfQ 3 Properties of meat partly depend.
(th„ 1983) that the linear density of thee UUmh„,
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By taking into account just the main sheet of the network, ABUSTAM e t  a l . (1987) obtained similar results in a compresS'°n
test'

no conclusive results have emerged from the various studies on the incidence of the perimysium distribution on ntechai»ci

al<because variations in the network are always accompanied by related variations in collagen content (ABUSTAM e t  .  

collagen thermal solubility (NORMAN, 1982) whose respective impacts have not been determined. Furthermore, the re 
mechanical measurements and the characteristics of the network are often restricted to linear density, just one of the 26 d6 ^
by DUMONT (1985). The thickness of the main and secondary sheets, in particular, should also be taken into considerate b#
come up against the problem of obtaining a perfectly distinctive perimysial network in which the different m y o l ^  ^

anoot ̂identified. Although the connective network and its constituents can be closely studied on stained histological sections, 
image analysis (SCHMITT and DUMONT, 1969 ; SCHMITT e t  a l . ,  1979 ; TOTLAND e t  a l ,  1985), the same method ^  
to study whole sections of muscles. Consequently, a technique for obtaining whole muscle sections was design^ 
DUMONT, 1980), but with which it is difficult to totally identify the perimysial network so that analysis is often restrl 
bundles.

; fat15-3 A p p l i c a t i o n  o f  u l t r a s o u n d  m e t h o d s  to  t h e  s t r u c t u r a l  a n a l y s i s  o f  c o n n e c t i v e  t i s s u e
Ultrasound techniques have been used for some time in the meat production sector to determine simultaneous

muscular development in the live animal (KEMPSTER e t  a l . ,  1979 ; GLODEK, 1984) and more recently in meat process! i. tne jcontent of carcasses (MILES e t  a l . ,  1990). These methods are based on the analysis of the propagation velocity u w  
influenced by the composition of the muscles, and particularly by their fat content, or on the measurement of the dts
ultrasonic transducer and a fat-lean meat or fat-bone interface acting as a specular reflector to the ultrasonic waves.u i u a a u u i V /  U d i i M i u t C l  ailLi d  meal U l  l d l * U U i i t  m i e i i a e e  d t u u g  d s  a  ojA/V/Uidi l v u v / U i u i  t v  u i v  l a u a a w i n v  ^

techniques have also been used to study muscle tissue, such as subjecting tissue to ultrasound pulses and analysing the ^ |.
id ied 6u6When an incident ultrasonic wave encounters local modifications in density and compressibility in the sample stiKU6“ ^ ^ ]

small dimension compared to the wave length, it is diffused in numerous small waves in all directions. The signals thus ^  
the surface of the transducer and give rise to images presenting a random graininess or mottling . This phenomen01̂
"speckle", is well-known in échographie imaging (BURCKHARDT, 1978 ; WAGNER e t  a l . ,  1983). Statistical analyslS
of the specular reflection of the ultrasounds on structures of greater size than the wave length, characterised by impeda1̂ 6 ,9# 
information on intramuscular fat content and its distribution (HAUMSCHILD and CARLSON, 1983 ; BRETHOf 
heterogeneity of the meat as influenced by the presence of connective sheets (ABOUELKARAM e t  a l . ,  1992). These 
non-destructive and hence could be used to characterise and classify muscles. However, they do not provide so detai e 
pattern of the connective sheets as the direct analysis of the network. Furthermore, they are not able, for the present,t0 L„ 
the respective contributions of the fat deposited in the connective structure and the collagen fibres, which have opp°slte n r o / :  

The methods used to analyse the ultrasonic signals diffused could be adapted for the study of the mechanical
They could be used as a complement to current methods, most of which determine the overall behaviour of the product
to provide information non destructively on the distribution of the mechanical properties within the sample. By coupHn®

,stap‘

deformation with a high frequency (i.e. ultrasonic) mechanical deformation OPHIR e t  a l . (1991) devised a method of

profile within a product. They correlated couples of ultrasonic lines from a sample at rest and from the same sample 
and showed that it is possible to determine local strain and consequently, as the applied stress is known, the values 0 ^
rigid zones within the sample, not normally seen by direct observation of echographic images, can thus be detected.
slab, this method clearly revealed the differences in mechanical behaviour between fat and lean tissue. OPHIR e t  t t l.< 78
that the method could be used for the quality control and grading of meat. However, the resolution, which depends a
the wavelength used, the characteristics of the signal and the mechanical contrast in the tissue, would have to be sufficie:fltT

6 - Conclusion
For a long time, research on the mechanical properties of meat focused mainly on the development of deV1 . j. . . ................................................  . . . . . . .  nil Ul"texture of cooked meat. As they generally gave a force value determined under various deformation conditions, n° o

assessing texture was established . About 20 years ago, there was a change in direction, and studies concentrated ° n
current methods advocating a more fundamental approach to determine which structures are in fact stressed during rued✓
which conditions.

f  A'iIt was shown that the application of tests in well-defined conditions of deformation and the determination 0 J r J
l / r

the force-deformation curves could yield information on the mechanical properties of the connective tissue and the ^ l£* ;
possible to analyse the variations in the characteristics of these structures as affected by different factors, both biol°§' J

X

5c

s

s
A

lte

in1This can be done successfully in raw meat because of the peculiar structural features of the collagen fibres. In cooked1 ^ jS > ̂

are closely linked and their mechanical properties usually interfere to induce the overall mechanical behaviour.
cooked meat to determine with certainty and in all cases whether the variations in a mechanical parameter are the ^
strength of the myofibrillar structure or in the connective structure itself or in the association myofibres-connective 1,6
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test- \  . Ucl) still rem •Cl‘Ve „ nains to be done in the prediction of cooked meat texture from measurements on the muscle. It will require non 
eth '

\< 0  O PIes
s to determine both collagen and myofibre strength. While a non destructive assessment can be made of the latter on 

tc ' tiuscl 'defined geometry in which anisotropic factors are under control, the method has yet to be applied to a muscle, or a 
îcaii. ’ ln which anisotropy is less easily controlled. Although the collagen content of a sample of raw meat can be determined

J  “"of
« is notS y s ^  OI at Present possible to do so in non destructive conditions. Moreover, the extent of cross-linking of the collagen 

assessed mechanically in raw meat. The influence of the distribution of the perimysial network on the mechanical
; f r  , ,(0t

Of tieat is
W

îCV \ ,g j A - Ll

JO _to Providj 001 *cnown> an(i methods to characterise this network need to be developed. Research efforts should be
g ty,e meat industry with a method capable of assessing as essential a characteristic of its raw material as tenderness.
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