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Abstract. Tendon injuries may result in variations of its mechanical properties. The published data of the tendon stiffness 
of small animals, such as mouse and rat, are exclusively obtained by measuring grip-to-grip (g-t-g) displacement. Local strain 
concentration and}elative sliding of the specimens in the clamps might significantly affect the measured tendon deformation. In 
the present study, the mechanical properties of the rat tibialis anterior tendon measured using the proposed tendon mark method 
were compared to .those evaluated using the g-t-g displacement method. Five male Sprague Dawley rats ("-'418 g) were used 
in this study. F9r_Jhe proposed method, reference marks were made on the tendons using permanent ink. A microscope video 
system was customized to observe and record the tendon deformation. Pattern recognition software was developed to obtain the 
displacement time;histories of the reference marks. The distance between the grips was approximately 7 mm; and the distance 
between the reference marks used for the data processing was approximately 5 mm. The cross-section areas of the specimens 
were measured using a custom-made slot gauge and by applying a constant compressive stress (0.15 MPa). The tendons were 
clamped between two custom-made metal grips and stretched on a testing machine at a constant speed (l mm/s) up to failure. 
Throughout the tests, the tendon specimens were submerged in a PBS bath at 22°C. The deformation of the specimens was 
evaluated using the g-t-g displacement method and the proposed method. The stress/strain curves obtained by using the g-t-g 
displacement can be characterized by an initial toe zone, a quasi-linear zone, and a final failure stage. The stress/strain curves 
determined using the proposed method are quite different from those obtained using the g-t-g displacement: it has a smaller 
toe zone and a stress-hardening transition, over which the tendon stiffness increases dramatically with the increasing strain. 
The tendon stiffness measured by using the g-t-g displacement method may underestimate the actual mechanical properties of 
tendon by approximately 43%. 

1. Introduction 

Tendons are skeletal connective tissue that performs important mechanical functions . Tendons transmit 
forces from muscles to bones and experience much higher stress during locomotion than any other 
component in the musculoskeletal system. Under prolonged or repetitive loading, tendons frequently 
suffer from injuries [1-3]. From a structural point of view, tendons are collagenous tissues, composed 
mainly of extracellular matrix (collagen fibers) and interstitial fluid (e.g., [4]). Mechanical loading may 
induce the initiation and development of damage in tendons' extracellular matrix. The accumulation of 
damage in the tendon tends to degrade the tendon's mechanical properties, and finally, leads to failure. 
As the variations in the mechanical properties may provide essential information for the evaluation of 
tendon injuries and the causal mechanisms, the mechanical characteristics of mammalian tendons have 
been studied by many researchers (e.g., [5-7]). 
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Small animals, such as the mouse and rat, have been widely used for the study of the mechanical 
characteristics of tendons. Compared to large animals, the use of small animals has many advantages: 
small animals are relatively cheaper to raise and purchase, so that a greater number of animals can be 
used for testing at a lower cost, improving the reliability of the experimental results; the life cycle of 
small animals is relatively shorter, consequently, the test results can be achieved within a shorter time 
period. However, due to the dimensions of the specimens, it is technkally more difficult to obtain reliable 
tendon mechanical characteristics using small animals. One of the technical difficulties for testing small 
animal tendons is to evaluate the tendon deformation. The published data of the tendon stiffness of 
small animals are exclusively obtained by measuring grip-to-grip (g-t-g) displacement (e.g., [7-10]). 
The tendon deformation measured using the g-t-g method may include errors of unknown magnitude. 
First, due to the local strain concentrations in the tendon specimen near the grip site, the tendons are 
usually not deformed uniaxially. Secondly, the sliding of the tendon specimen relative to the grips cannot 
be eliminated, even in optimal conditions. All these effects will confound the measured deformation of 
the tendon specimen using the g-t-g method; consequently, the tendon stiffness measured using such an 
approach may not reflect the true mechanical characteristics of the tendon. 

The purposes of the present study are: (a) to develop an approach to evaluate the stress/strain charac­
teristics of the tendons of small animals; (b) to evaluate the errors of the strains of small animal tendons 
using the traditional g-t-g method. Tibialis anterior tendons of Sprague Dawley rats are to be used in 
the present study. The tendons are to be stretched on a micro-mechanical testing machine at a constant 
speed up to failure. The deformation of the specimens is to be evaluated using the displacements be­
tween the grips (g-t-g method) and between the reference marks using the proposed optical method. The 
stress/strain curves obtained using these two methods will be evaluated and compared. 

2. Method 

2.1. Sample preparation 

Five male Sprague Dawley rats (418 ± 13 g, 12 weeks of age) were used in the study. All animals 
were housed in the animal quarters associated with the laboratory. Temperature and light/dark cycle were 
held constant for all animals; food and water were provided ad libitum. All animals were subjected to a 
standardized experimental protocol approved by the Animal Care and Use Committee of NIOSH before 
conducting the experimental protocols. 

Five rats were sacrificed in the present study. The tibialis anterior tendons of the right and left hind 
limbs of each animal were isolated. The preparations of four tendons were not successful, so that six 
tendons were .available for the study. 

After being dissected from the rats, the tendons were sealed in plastic bags and kept in a freezer at 
-80°C. Before the tests, the tendons were defrosted in PBS solution bath at room temperature (22°C) 
for at least three hours. The effects of freezing preservation on the elastic and viscoelastic properties of 
tendons have been found to be negligible (e.g., [11,121). 

2.2. Experimental set-up 

The experimental set-up for the tendon tests is illustrated in Fig. 1. Each tendon specimen was clamped 
between two custom-metal grips. The grip complex was composed of fixed blocks and sliding grips. The 
grips slide in the v-shaped slots of the fixed blocks during pulling, such that the gripping force increased 



J.Z. Wu et al. I Mechanical properties of rat tibia/is anterior tendon 

Connect~d to load frame 

- ~ -

Microscopic 
Video camera 

15 

Fig. l. Schematics of the set-up for tendon tests. The tendon specimen was clamped between two self-tightening grips. The 
deformation of the tendon was measured using a microscopic video system as well as from the relative displacement between 
the grips. The tendon specimens were submerged in phosphate-buffered saline (PBS) solution at room temperature (22°C) 
throughout the tests. 

with increasing stretch force. In order to increase the friction force between the tendon and grips, the 
contact surface of the grips were covered with fine sand paper (grit # 200). The tests were performed 
using a universal micro:mechanical testing machine (type Mach-I, Biosyntech, Montreal, Canada). The 
testing machine was equipped with a displacement sensor with a resolution of 0.5 µm and a 98 N (10 kg) 
load cell with a resolution of 4.50 mN (500 mg). Both tendon specimen and grips were submerged in 
PBS solution (Sigma Diagnostics, St. Louis, Missouri, USA). 

Refere'Rce marks were made on the tendons using permanent ink before they were installed on the 
testing machine. Since the resolution of the position recognition of the tendon mark is limited, two 
marks with the maximal distance between them, i.e., the marks near the clamping sites, were used as the 
reference marks, such that the measurement errors could be minimized. The distance between the grips 
was approximately 7 mm. And the distance between the reference marks used for the data processing was 
approximately 5 mm. The deformation of the specimens was evaluated using the relative displacements 
between the grips and between the reference marks. 

The microscope video system included a color CCD camera (JAi, Woburn, Massachusetts, USA) and 
a microscope video lens (Infinity Photo-Optical Company, Boulder, Colorado, USA). Lab View IMAQ 
Vision software, a PCI-1422 Framegrabber, and an AI-16XE-50 DAQCard (National Instruments, Hous­
ton, TX, USA) were used to record the displacement of the tendon marks during loading. A customized 
user interface provided calibration, resolution validation, image capture, and image post-processing rou­
tines. One of the DAQCard counters was used to trigger the buffered image acquisition at a rate of 10 Hz. 
The timing and system capabilities were tested and verified using a rubber band prior to the tendon tests. 
Displacement time-histories of the reference marks were obtained using pattern recognition algorithms 
with region-of-interest subroutines to eliminate error due to false positive recognitions. 

The cross-section areas of the specimens were measured using a custom-made slot gauge, as shown in 
Fig. 2. The stainless steel slot gauge had a width of 0.80 mm and a depth of 6.3 mm. The slot gauge was 
attached to a digital caliper with a resolution of 0.01 mm. A constant compressive stress (0.15 MPa) was 
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Fig. 2. Detennination of the cross-sectional area of tendon using a digital slot-gauge. The tendon specimen was put into the slot 
and compressed via a weight to reach a compressive stress. of 0.15 MPa. The cross-sectional area was read by a digital calliper. 

applied on each tendon specimen via a dead weight (Fig. 2), such that the cross section of the tendon 
specimen was compressed to take the shape of the slot gauge. Similar techniques have been used for 
large animal tendons (e.g., [13]). 

2.3. Test procedure 

In order to obtain repeatable test results, each tendon specimen was preconditioned via sinusoidal, 
cyclic loading for 60 seconds, which was performed using a displacement protocol with a peak strain 
magnitude of approximately 0.05%. Each tendon was then relaxed for 30 seconds, and stretched up to 
failure at a loading speed of 1 mrn/s. Throughout the tests, the tendon specimens were submerged in 
PBS (Sigma Diagnostics, St. Louis, Missouri, USA) solution at room temperature (22 ± 0.5°C). The 
tendon stress was calculated by dividing the tendon force over the cross-sectional area at the unloaded 
state; the tendon strain was defined as the tendon deformation (i.e., the relative displacement between 
the grips or the reference marks) divided by the reference length (i.e., the distance between the grips or 
tendon reference marks at the undeformed state). 

3. Results 

Figure 3 shows the typical deformation pattern of the tendon during the stretch. The tendon strain 
was evaluated using the displacements of g+g and tendon marks, respectively. The tendon mark dis­
placements were calculated using the displacements of two marks near the tendon grips. The positions 
of the reference marks during the stretch were determined by monitoring the edges of the marks via the 
pattern recognition system (Fig. 3). The strain value shown in Fig. 3 is the g+g strain, which serve as 
an indicator for the extent of the tendon stretch. It is seen from the figures that the length of the tendon is 
almost unchanged while the relative displacement between the grips is increased extensively, suggesting 
that the strain determined using the g-t-g displacement is mainly due to the relative sliding at the tendon 
gripping sites, not the real tendon deformation. 

The stress/strain curves for six different tendon specimens obtained using two approaches are com­
pared in Fig. 4. The stress/strain curves obtained using the g-t-g displacement (Fig. 5A) for all six tests 
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Fig. 3. Typical deformation patterns of the tendon during stretch. The tendon was stretched at a speed of 1.00 mm/s up to 
failure. A pattern recognition system was applied to recognize two predetermined marks near the clamping sites on the tendon, 
as shown in the pictures. The figures show that the tendon begins to fail at the position near clamping sites when the nominal 
elongation reaches approximately 47% (D). The actual tendon deformation, which is measured via the tendon marks, is much 
smaller then the nominal strain estimated via the g-t-g displacement. The strain values shown in figures are the nominal strain, 
which are estimated using the g-t-g displacement. 

are plotted together and compared to those obtained using the tendon mark displacements (Fig. 5B). 
The stress/strain curves obtained by using the g-t-g displacement can be characterized by three stages 
(Fig. 5A), i.e. , an initial toe zone, in which the stiffness increases relatively slowly with increasing de­
formation, a quasi-linear zone, in which the stress/strain relationship is approximately linear, and a final 
failure stage, at which the stress first reaches its maximum and then decreases with increasing strain. The 
stress/strain curves determined using the tendon marks are quite different from those obtained using the 
g-t-g displacement (Fig. 5B): it has a smaller toe zone and no obvious failure stage, but a stress-hardening 
transition (at a stress level of approximately 20 MPa), over which the tendon stiffness increases dramat­
ically with increasing strain. 

In the present study, the tangent tendon stiffness was used to evaluate the tendon mechanical charac­
teristics. For the stress/strain curves obtained using the tendon marks, the stiffness was evaluated at a 
stress-hardening transition, the stress level when the stiffness begins to increase dramatically (Fig. 6). At 
the same stress level, the stiffness of the stress/strain curves obtained using the g-t-g displacement was 
obtained, as shown in Fig. 6. 

The stress and strain at failure (a f and cf, respectively), stress and strain at the stress-hardening 
transition (am and cm, respectively), and the stiffnesses estimated using the tendon marks and g-t-g dis­
placement (Smark and Sg-t-g, respectively) for all six tests are summarized in Table 1. The average tendon 
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Fig. 4. Stress/strain curves of tendon during stretch obtained using the g-t-g and tendon mark displacements, respectively. The 
tendons were stretched at a speed of 1.00 mmls. A, B, C, D, E, and F are the stress/strain curves obtained using six different 
tendon specimens. The stress/strain curves obtained using tendon mark displacements show different pattern than those obtained 

· via g-t-g displacements. 
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Fig. 6. Schematics of the test data process. The figure shows .the methods to estimate the stress and strain at failure (a f and e f, 
respectively), the stress and strain at the stress-hardening transition (am and em, respectively), and the tendon tangent modulus 
or stiffness. The tangent stiffness evaluated using the approaches of the tendon marks and g-t-g displacement is defined as Smark 

and Sg-t-g, respectively. 

stiffness obtained using the tendon marks is 806.2 (Su = 88.3) MPa; while that obtained using the g-t-g 
displacement is 461.9 (Su = 73.3) MPa. The average stress and the strain at the stress-hardening transi­
tion are 19.61 (Su = 2.11) MPa and 0.0366 (Su = 0.0023), respectively. The average stress and strain 
at failure are 62.36 (Su = 9.41) MPa and 0.158 (Su = 0.016), respectively. 

4. Discussion and conclusion 

Mechanical properties of tendons have been studied by many researchers for several decades. The 
approach to determine the tendon deformation during stretch directly affects the stress/strain curves of 
tendons. In most mechanical tests using small animal tendons (e.g., [2,7-10]), the deformations were 
estimated from the relative displacements between the specimen grips. Such a treatment may introduce 
unpredictable errors, due to the relative sliding between the tendon specimen and grips and the local 
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Table 1 

Summary of tendon test results. The stress and strain at failure (u f and cf, respectively), stress 
and strain at the stress-hardening transition (um and cm, respectively), and the stiffnesses 
estimated using the tendon marks and g-t-g displacement (Smark and Sg+g, respectively) for 
all six tests are listed 

Test No. (7 f cf um cm Sg+g Smark 
(MPa) (MPa) (MPa) (MPa) 

L3 72.59 0.227 18.75 0.0344 382.8 754.l 
L5 70.27 0.169 18.63 0.0381 426.1 801.1 
L6 96.26 0.158 29.61 0.0471 784.8 1161.5 
R3 41.22 0.124 18.29 0.0346 426.4 869.9 
R4 32.54 0.123 14.43 0.0341 246.4 492.7 
R5 61.25 0.145 17.95 0.0313 505.1 757.6 

Mean 62.36 0.158 19.61 0.0366 461.9 806.2 
Std. error (Su) 9.41 0.016 2.11 0.0023 73.3 88.3 

strain concentration in the tendon near the clamping sites. The effective reference specimen length can­
not be well defined with such an approach. Wren et al. [14] found that the yield strain obtained from 
tendon marks was approximately 50% smaller than that from g-t-g displacement for human Achilles 
tendon. For short small animal tendons, such as the Achilles and tibialis anterior tendons of rats, the me­
chanical characteristics were exclusively evaluated relying on the displacement of g-t-g. In the present 
study, we compared the stress/strain curves of rat tibialis anterior tendon obtained using the displace­
ments of g-t-g and reference marks on the tendon and found that the traditional g-t-g approach may 
underestimate the tendon stiffness by approximately 43% (JJ < 0.00012). Our results suggest that the 
g-t-g approach is not reliable and may introduce measurement errors of unknown magnitude. We devel­
oped a system for testing small animal tendons, which made it possible, for the first time, to determine 
the true mechanical properties of the short small animal tendon. 

Typical stress/strain curves obtained using g+g displacement are characterized by a toe region with 
a low stiffness followed by a steeper increase in the stiffness, as shown in Fig. 4. However, there is 
no obvious toe region for the stress/strain curves obtained from the tendon marks optically. Since the 
tendon deformation determined using the tendon marks is believed to reflect the true tendon deforma­
tion, the toe region on the stress/strain curves obtained using the g-t-g displacement may be an artifact, 
which is associated with the initial conditions of the mechanical loading and clamping system. The true 
stress/strain relationship may not have the toe region, as traditionally described. 

The mechanical properties of tendons have been traditionally characterized using the stress and strain 
at failure (e.g., [7,8]). Our results show that the measured tendon strain values at failure, which are 
obtained using the g-t-g displacement, are approximately four times greater than those at the stress­
hardening transition, which are obtained using the tendon marks. This is because the measured tendon 
strain values at failure are attributed mostly by the relative sliding between the specimen and the grips. 
Therefore, the strains at failure are not representative of the real tendon deformations. 

In the present study, the cross-sectional area of the tendon was measured using a slot gauge by applying 
a constant pressure of approximateiy 0.15 MPa. The cross-sectional area determined using such an 
approach was approximately 10% smaller than that determined using a non-contact optical method (e.g., 
laser scan, ultrasonic technique) [15-17]. However, for small animal tendons with a dimension of 0.1-
0.5 mm, it is technically difficult to determine the cross-sectional area using the laser scan technique. 
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Thus, the slot gauge approach is the only reliable method, to the authors' best knowledge, for measuring 
the cross-sectional area of small tendon. 

The mechanical properties of tendon might be temperature-dependent. In order to simulate the phys­
iological environment, many reported tendon test data were obtained at a temperature of rv37°C (e.g., 
[13]). In the present study, however, the tendons were tested at a temperature of 22°C. Since the pur­
pose of the present study is to compare the mechanical characteristics of the tendon obtained using two 
different approaches, the test temperature has no impact on the conclusions .obtained in the study. 

In the present study, the stress/strain curves of the tendon were obtained using a single loading rate 
(1.00 mm/s). Theoretically, the mechanical characteristics of tendon should be loading-rate-dependent 
due to the viscous properties of the material. Yamamoto and Hayashi (18] tested rabbit patellar tendon 
at a range of loading rates from 0.33 mm/s to 560 mm/s and found that the stress and strain at failure 
increased with increasing loading rate while the tangent modulus (stiffness) was independent of the 
loading rate. Wren et al. [ 14, 19] found from their tests using human Achilles tendon that the loading rate 
had negligible effects on the tendon stiffness measurements, while influenced the failure stress. Since 
we are mainly interested in the tendon stiffness and the stress/strain relations before failure, the loading 
rate should have negligible impact on our results. 

The limitation of the proposed approach for measuring the tendon deformation is that it cannot be used 
for large deformation shortly before the failure, since the tendon deforms so much that the ink marks 
on the tissue cannot be recognized by the pattern recognition system. One possible way to solve such a 
problem is to identify the tendon deformation manually from the recorded video in the large deformation 
range. 

A comparison of these two approaches to measure the tendon stiffness shows that both methods could 
introduce measurement errors. In the case of the g-t-g displacement approach, the errors come from 
loading configurations, i.e., due to the specimen/grip sliding and strain concentration in the specimen, 
consequently, the experimental results cannot be repeated in different labs. In the case of the tendon mark 
approach, the errors are a result of the limitations of the system resolution and the accuracy of the pattern 
recognition program to dynamically define the tendon markings as the tendon undergoes deformation. 
Optimization of the system resolution, i.e., via preferred camera and lens selections, significantly reduces 
the magnitude of the error range. Using this method, experimental results should be reproducible in 
different laboratories. 
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