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Effect of Partial Defect on Biomechanical Property of Tendon 

Choon Ki ~ e e ' ,  F. Youngin, Lee and Jae Hoon Ahn 

= Abstract = Tendon, which is a specialized connective tissue made of collagen with com- 
plex three-dimensional structures, shows variable biomechanical changes with species, age, 
activity levels, testing environments, testing rate, gripping technique and storage methods. 
This study was conducted to determine the biomechanical changes of tendon due to 
partial defect. 

Forty long flexor digitorum profundus tendons of chicken were divided into four groups, 
each group consisting of 10 specimens. Tension tests were performed with an Instron 1000 
testing machine with various partial defects of OO/o(Group A), 3O0/0(Group B), 6O%(Group C) 
and 90%(Group D) of the longest diameter at a tension speed of 10 mm/min.  Mechanical 
parameters, such as yielding stress, maximum stress, modulus of elasticity and total energy 
absorption capacity were determined. Yielding stress and maximum stress increased siginifi- 
cantly in Group D (P < 0.01). Young's modulus and total energy absorption to failure 
(modulus of toughness) were significantly higher in Groups C and D than Groups A and B. 
Seven out of ten failed at the defect site in Group B while all failed at the defect site in 
Groups C and D. These findings suggest that partial defect more than certain proportion 
(30% in this study) would be  better protected from vigorous activities until healing is well 
advanced in clinical situations. Although Young's modulus and modulus of toughness 
seemed to increase probably due to three dimensional cross linkage of both intact and 
damaged portion, absolute decrease in collagen fibril rendered failures at the defect site. 
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INTRODUCTION 

Tendon is a specialized connect iv~ tissue 
made of collagen wi th complicated three- 
dimensional structures, and it transfers the force 
generated from muscle contraction to the 
skeleton, thus making human motion possible. 
Many attempts have been made to determine 
the biomechanical properties of tendon. Tendon 
is now known to show viscoelastic behavior 
when it is stressed at tension. Along with vis- 
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coelastic behavior, the biomechanical properties 
of tendon are affected by species, age of the 
specimen, exercise, gripping technique, temper- 
ature, water content and tension speed. (Butler 
et a/., 1986; Carlstedt and Skagervall, 1986; 
Noyes and Grood, 1976; Proske and Morgan, 
1987; Sanjeevi et a/., 1987; Viidik, 1968; Welsh 
et a/., 1971; Woo. 1982). 

Injuries of tendon and their treatments are 
common practice in the field of orthopedic 
surgery, and partial injuries of tendon or ligament 
are often a matter of judgment regarding either 
conservative or surgical treatment. The authors 
conduc ted  th i s  s t udy  t o  determine the  
biomechanical changes of tendon due to partial 
defect by comparing biomechanical parameters 
such as yielding stress, maximaum stress, mod- 
ulus of elasticity and energy absorption capacity. 



Fig. 1. A. Modified double-wedge act~on grlp. Cotton cloth was used to m in~m~ze  grip failure B. The specimens 

and grips were attached to an lnstron 1000 universal material testing machine. 

MATERIALS AND METHODS 

Preparation of specimesn: After sacrificing 
Harvard chickens with an average age of forty 
days and average weight of 1.7 Kg, below-the- 
knee amputations were performed. The whole 
legs were wrapped with saline gauze and stored 
in a deep freezer at -75", and the average stor- 
age was three days. After thawing at room 
temperature for two hours, the flexor digitorum 
profundus tendons to the middle toe were dis- 
sected atraumatically with micro-instruments and 
were kept moist by wrapping them with saline- 

soaked gauze. All the experiments were per- 
formed within two hours. 

Measurement: Since the tendon is an elliptical 
cylinder rather than a rectangle, authors mea- 
sured the longest and shortest diameter at 
three different locations with an optical mic- 
rometer()( 8) by two independent investigators. 
If the longest and shortest diameter of the ten- 
don are a and b, the area will be rab /4 .  The 
decrease of area due to partial defect can be 

the elliptical function of 
substracting the defect 

length from the longest diameter. The factors of 

remaining intact area to original area are 0.746 in 
30% defect, 0.374 in 60% defect, and 0.052 in 
90% defect. The average cross-sectional area 
was 2.37 -t 0.05 mm2. The length of the speci- 
men was measured after installing the specimen 
at the lnstron at the zero point of preload. The 
average length of the specimen was 30.40 + 
2.1 1 mm. There was no significant difference in 
the cross-sectional area and the length of the 
specimen among groups (p > 0.05). 

Tension Test: Forty tendons were divided into 
four groups, each group was composed of 10 
specimens according to the percentage of partial 
defect; 0% (Group A, control), 30% (Group B), 
60% (Group C ) ,  and 90% (Group D). The speci- 
mens were gripped with a modified wedge- 
action grip as seen in Figure 1, and each end of 
the grip was attached at the jig of the lnstron 
1000 ( 1.0% measurement of error and 
speed). Tension speed was performed at 10 mm 
/min at room temperature, and load-deformation 
curve was plotted in the X-Y recorder. 

Biomechanical parameters: The data of the 
experiment were recorded at the X-Y plotter as a 
load-deformation curve (Fig. 2). Break strength 
and elongation of the specimen were also visual- 
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Fig. 2. Load-deformation curve and stress-strain curve. 
LO: length of the specimen; dL1: yield strain; dL2: 
maximum strain; yield/a: yielding stress; max 1 /a: 
maximum stress; u l  : energy absorbed during elastic 
phase; u2: energy absorbed during plastic phase; u l  
+ u2: total energy absorbed at failure; uu l  + uu2: 
total energy absorption density. Slope in stress-strain 
curve: Young's modulus 

ized on the digital meter assembled In the In- 
stron 1,000. All the values of each curve were 
stored in an IBM-AT computer using newly de- 
veloped software and a digitizer. Mechanical pa- 
rameters such as strain at yielding point (%), 
maximum strain (%), yielding load, maximum 
load, yileding stress, maximum stress, modulus 
of elastic~ty and energy absorption capacity were 
determined. 

1 .  Yielding and maximal s t ra in(%):  The 
strain(dL1) at which shows the abrupt change of 
the curve pattern from the linear portion was 
measured and the strain(dL2) at maximum load 
was measured on the load-deformation curve. 

2. Yielding load and mixmum load(N): The 
yileding load was assumed as a point where the 
linear portion of the curve ended and continued 
as curved pattern. The highest load was re- 
garded as maximum load. 

3. Yielding stress and maximum stress(N/m2): 
Yeilding stress and maximum stress were calcu- 
lated after dividing the yielding load and max- 
imum load by a cross-sectional area of each 
specimen. 

4. Modulus of elasticity(N/m2): The conver- 
sion of the load-deformation curve into a stress- 
strain curve was made with the aid of a compu- 
ter program, and the slope of the linear portion 
in the stress-strain curve was obtained by linear 
regression. 

5. Energy absorption d e n s i t y ( ~ m / m ~  : ~ / m ~ ) :  
the area below the linear and curved portion in 
the stress-strain curve was obtained by integra- 
tion of the curve with the aid of a computer 
program. Because of the variable initial toe re- 
gion of the curve, the initial point of the linear 
portion was considered to be the reference point 
instead of the point at zero strain. The cross- 
sectional area factor was also considered to 
calculate volume. 

6. Analysis of Data: Statistical validation was 
performed using "Analysis of Variance" with 16 
bit IBM-AT personal computer. 

RESULTS 

1. Load-deformation curve and stress-strain 
curve: Load-deformation curves were obtained at 
the X-Y recorder connected to the lnstron 1,000. 
These curves were stored in the IBM-AT compu- 
ter after the values of each curve were digitized 
using a newly-developed software. Given each 
cross-sectional area, the load-deformation curves 
were converted to stress-strain curves (Fig. 2). 

2. Elastic (yielding) strain and failure(maximum) 
strain are shown in Table 1. Group D showed 
significantly low values than Groups A, 8,  and C, 
but certain patterns of increase or decrease 
were not observed. 

3. Yielding and maximun load: The results are 
illustrated in Table 1. Both parameters decreased 
significantly with the increased proportion of the 
defect(p < 0.01. Fig. 3). 

4. Yielding stress and maximum stress: The 
cross-sectional area was given at each propor- 
tion of defect as described earlier. The results 
are in Table 1. The yielding stress increased sig- 
nificantly with the increased proportion of the 
defect (P < 0.01). There was no difference of 
maximum stress between Group A and B(P > 
0.05). The maximum stress of Group D was 
higher than Group C (P < 0.011, and the overall 
tendency was an increasing pattern (Fig. 4). 

5. Modulus of elasticity: Young's modulus in- 
creased in Group C and D (P < 0.05, Table 1, 
Fig. 5). 



Table 1. Biomechanical parameters of tendon with partial defect 

Strain at Yield (%) 
Strain at Max. Stress (%) 
Yielding Load (N) 
Maximum Load (N) 
Yielding Stress (MPa)A 
Maximum Stress (MPa) 
Young's Modulus (MPa) 
E. A. D. (Nm/m)* 

A: Pa (1 Pascal = 1 N/m2); * :  Energy Absorption Density 

Load(N) 
4 

Stress(MPa) 
20 

- Y i e l d ~ n g  Load + Maxlmum Load 

15 - 

10 

Fig. 3. Yielding and maximum load (strength) decresed 
Fig. 4. Yielding stress and maximum stress increased significanty with the increasee proportion of the 
with the increased proportion of the defect. 

defect. 

Young,s MOCIUIUS(MP~I Energy Absorp t~on  Ders~t\ l !Nin/rn') 
50 1 I I 1601~ 

Young's Modulus + E A D 
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Fig. 5. Young's modulus and energy absorption density 
(EAD) increased significantly with the increased propor- 
tion the defect. 

6. Energy absorption density: The results are 
shown in Table 1. The energy abosrption density 

increased significantly with the increased propor- 
tion of defects. (P < 0.01 between Group A 
and B, P > 0.05 between Group b and C, P < 
0.01 between Group C and D, Fig. 5). 

DISCUSSION 

Tendon is made up of bundles of the structu- 
ral protein, collagen. Collagen fibrils consist of 
interwining molecules of tropocollagen sus- 
pended in a mucopolysaccharide gel. The basic 
molecule comprises three left-handed alpha 
helixes joined to form a right-handed super helix. 
Bundles of four or five of these molecules 
wound together in a left-handed super super 
helix make up a microfibril. Microfibrials are 
packed into a tetragonal lattice to form fibrils, 
the basic-loading units. These are grouped into 
secondary bundles or fasciculi, which, in turn, 
are aggregated into tertiary bundles. Secondary 
and tertiary bundles are arranged in a three- 



dimensional network, probably as cross-branching 
helices with loops (Diamant, 1972; Viidik, 1973). 
The tendon transfers the force generated by the 
contraction of the muscles to the skeleton and 
makes joint motion possible. Tendon is known 
to show viscoelastic behavior during tension 
(Carlstedt and Skagervall, 1985; Sanjeevi et a/., 
1982; Woo, 1982). Because of biomechanical 
and structureal function of the tendon in human 
body, biomechanical studies were performed in 
various conditions as described earlier. 

Tendon and ligament injuries are frequently 
seen, and treatments of partial laceration of the 
tendon or ligament are often controversial. In 
general, a ductile structure begins to exhibit 
permanent deformation when its yielding stress 
is exceeded. This is the progressive event with 
yielding occurring first in the area where the 
highest stress occurs under normal load. Any 
effect due to the distribution of structure are 
greatly increased by discontinuties, such as 
holes, sharp angles, nothes, grroves and other 
sudden transitions in a structure. These discon- 
tinuties are known as stress risers, and they pro- 
duce a stress concentration effect. In this cur- 
rent study, all the Group A specimens failed at 
either midsubstance or near the grip. In Group 
B, three specimens failed near the grip despite 
the presence of the defect. In Groups C and D 
all failed at the defect site. These results sug- 
gest partial defect of tendon is mechanically 
compensated within substance upto certain 
proportion of defect, probably due to three 
dimensional cross-linkages, and absolute de- 
crease in collagen mass rendered failure at de- 
fect site at certain higher defect. Although the 
exact proportion of the safe margin of the defect 
are not given in detail, it would be better to pro- 
tect the partially damaged tendon from vigorous 
activities thus avoiding overloading. Similar stu- 
dies showed partially divided tendons failed by 
rupture at the lacreation site with greater than 
30% laceration, or at the tendon bone junction, 
usually less than 30% laceration (Cooney, 1985). 

Yielding and maximal strain varied between 
groups with lowest value in Group D. Yielding 
and maximum load decreased significantly with 
the increased proportion of the defect, and 
these results are predictable since the strength 
is related with the cross-sectional area or abso- 
lute mass of collagen fibril. In terms of stress 

where the cross-sectional area is considered, 
yielding stress increased in Group B, C, and D. 
The maximum stress increased in Group C and 
D. Since stress is expressed as load per unit 
area, the value refers to material properties and 
is rather uniform although there are some discre- 
pancies according to the location and length of 
the specimen. The increase apparently is re- 
garded as stress concentration due to geomet- 
rical changes within tendon. lncresed stress might 
be explained in two, rather contradictory way. 
One is to mean the tendon itself is more stron- 
ger due to defect. This might be partly explained 
by three-dimensional cross-linkages between in- 
tact and defect portion of the fiber. The other is 
that the tension load was concentrated at the 
defect with resulting higher stress values. This 
in turn suggests the tendon is more stronger. 
The exact distribution of load within tendon sub- 
stance, however, is not known at the present 
time. Young's modulus and energy absorption 
density (modulus of toughness) also increased at 
higher proportion of defect. According to the fai- 
lure modes just presented, absolute decrease of 
collagen fibrils due to defect negates the effect 
of increased stress and energy absorption de- 
nsity. 

REFERENCES 

Butler DL, Kay MD, Stouffer CD. Comparison of 
material properties in fascicle-bone units from human 
patellar tendon and knee ligament J. Biomechanics. 
1986, 19: 425-432 

Carlstedt CA, Skagervall R. A model for computer- 
aided analysis of biomechanical properties of the 
plantaris longus tendon in the rabbit. J. Biomechanics. 
1986, 19: 251-256 

Cohen RE, Hooley CJ, McCrum NG. Viscoelastic 
creep of collagenous tissue. J. Biomechanics, 1976, 
9: 175-184 

Cooney WP. Management of acute flexor tendon injury 
in the hand. A. A. 0. S. Instructional Course Lecture. 
Mosby CO., 1985, pp. 373-381 

Danielsen CC. Andreassen TT. Mechanical properties 
of rat tail tendon in relat~on to proximal-distal sam- 
pling position and age. J. Biomechanics, 1988, 21 : 
207-21 2 

Diamant, J. Collagen ultrastructure and its relation to 
mechanical properties as a function of aging. Proc. 
R.:S. London, 1972, 180: 293-31 5 

Ellis, DG. Cross-sectional area measurements for ten- 
don specimen: A comparison of several methods. J. 
Biomechanics. 1969. 2: 175-1 86 



Fung, YCB. Elasticity of soft tissues in simple elonga- 
tion. Am. J. Physiol. 1967. 213: 1532-1 544 

Haut RC. The influence of specimen length on the ten- 
sile failure properties of tendon collagen. J. 
Biomechnics. 1986, 19: 951 -955 

Kennedy JC, Hawkins RJ, Willis RB, Danylchuk KD. 
Tension sutdies of human knee ligaments. J. Bone 
and Joint Surg. 1976, 58A: 350-355 

Nathan H, Goldgefter L, Kobyliansky E, Gold- 
schmidt-Nathn M, Morein G. Energy absorbing 
capacity of rat tail tendon at various ages. J. Anat. 
1978, 127: 589-593 

Noyes FR, Grood ES. The strength of the anterior 
cruciate ligament in human and rhesus monkeys. J. 
Bone and Joint Surg. 1976, 58A: 1074-1082 

Noyes F, Butler D, Grodd E. Biomechanical analysis 
of human ligament grafts used in knee-ligamant re- 
pairs and reconstruction. J. Bone & Joint Surg. Vol. 
66A. No. 3 pp. 344-352, 1984 

Proske U, Morgqan DL. Tendon stiffness: methods of 
measurement and significance for the control of 
movement. A review, J. Biomechanics 1987, 20: 75- 
82 

Sanjeevi R, Somanathan N, Ramaswamy D. A vis- 
coelastic model for collagen fibers. J. Biomechanics. 
1982, 15: 1891-1893 

Svendsen KH, Thomson G. A new clamping and 
strectching procedure for determination of collagen 
fiber stiffness and strength relations upon matura- 
tion. J. Biomechanics. 1984, 17: 225-229 

Viidik A. Elasticity and tens~le strength of the anterior 
cruciate ligament in rabbits as influenced by training, 
Acta Physiol. Scand. 1968, 74: 372-380 

Welsh RP, Macnab I, Riley V. Biomehanical studies of 
rabbit tendon. Clin. Ortho. and Rel. Res. 1971, 81 : 
171-177 

Woo SL. Mechanical properties of tendons and liga- 
ments. B~orheology. 1982, 19: 385-396 


