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ABSTRACT
Uniaxial tensile testing was performed on sheep flexor tendon along fiber direction.  Tensile stress was applied at different strain rates to determine the effects of strain rate on elastic modulus and Poisson’s ratio.  Stress was applied at 0.01%/s, 1%/s or 10%/s constant strain rate until sample failure.  In addition, incremental stress-relaxation tests, which eliminated viscoelastic character, were performed.  Results from the two tests were compared to see if tissue achieves equilibrium during constant ramp tests.  Results showed that no significant difference exists in both elastic modulus and Poisson’s ratio across different strain tests (p=0.2409 and 0.1006, respectively).  There was also no significant difference between ramp tests vs. stress relaxation (p=0.1565 and 0.8942) or tests allowing tendon relaxation vs. tests not allowing tendon relaxation (p=0.2067 and 0.0620).  However, a trend of smaller Poisson’s ratio from large strain rate tests can be discerned.  This suggests that the tissue does not reach equilibrium during constant strain rate test.  Further experiments on additional samples were necessary to determine more accurately the relationship between strain rate and tendon material properties.  
BACKGROUND
When tendon becomes injured, its material properties change.  As such, normal tendon properties need to be quantified in order to assess the material property change in a damaged tendon.  However, it was unclear whether tendon material property was dependent on testing conditions, such as strain rate.  If material properties of the tendon were not independent of testing conditions, adjustments must be made to make sure the material properties calculated from studies were relevant.

It was with this premise that we study the effects of strain rate on sheep flexor tendon properties.  The tendon was a tissue that connects skeletal muscles to bone.  It was made up of white fiber surrounded by a sheath.  While the tendon was composed of Type I collagen (~30% of wet weight, ~80% of dry weight), elastin (~3% of dry weight), proteoglycans (~1% of dry weight), and water from the ECM (~65% of wet weight), the main strength of the tendon comes from collagen, which makes up the fibers.  The tendon strength was dependent on the number and size of collagen fibrils
.  In addition, the stiffness of tendon was dependent on the physical demands that have been placed on it: an increase in physical demands results in higher tensile strength, elastic stiffness and total weight
.  
The tendon was both viscoelastic and anisotropic.  As such, the tendon exhibits time-dependent behavior when stress was applied.  Its strain behavior also depends on direction of tensile stress applied.  Viscoelasticity of the tendon was likely the result of fluids present in the material.  On the other hand, anisotropic property was a result of fiber alignment along the longitudinal direction of tendon.  Because the fiber gives the tendon its strength, the tendon has a high stiffness longitudinally, and low stiffness in the transverse direction.  
Normally, the tendon experiences uniaxial stress as well as complex loading.  In this study, however, only uniaxial stress - strain behaviors in the longitudinal direction were considered.  The material properties measured here will be used in a mathematical model that simulates the tendon.  
OBJECTIVE
The objective of the study was to determine the change in tendon material properties with respect to different rates of tensile strain applied.  Specifically, elastic modulus and Poisson’s ratio were calculated and compared among 0.01%/s, 1%/s, and 10%/s constant strain rate tests and incremental stress-relaxation tests.  
HYPOTHESIS
Based on previous studies, it was hypothesized that different applied strain rates do not affect the elastic property of the tendon.  This means that the elastic modulus of the tendon should be constant regardless of strain rate applied
.
Neither the elastic property of Poisson’s Ratio nor strain-rate effects have been studied previously.  Because the transverse strain and volume loss were likely due to fluid loss, we hypothesize that larger strain rates would lead to smaller Poisson’s Ratio.  
METHODS AND MATERIALS
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· Preparation of Samples

Sheep hind leg was dissected and flexor tendon removed between the calcaneous to the foot region of the sheep.  Tendon was then microtomed to remove overlying connective tissues and to acquire a tendon section with thickness ranging from 1.4 mm to 1.9 mm.  The section was then cut into thin rectangular sections.  Dimensions of the samples were measured by stereomicroscope.  Image of the tendon was measured under the microscope and its width and thickness in pixels was then converted to millimeter.  Five measurements were taken for width and thickness, and the results were averaged.  

Sandpaper was glued at both ends of the sample in order to ensure that stress was applied uniformly across the width of the sample.  The sample was then air sprayed with black enamel paint to facilitate the measurement of strain field.   
Fig 1.  Example of Sheep Tendon Sample.

This figure shows an example of a sheep tendon after it has been microtomed, cut, sandpapered, airsprayed, with the hooks attached.  
· Testing Protocols

Sample was gripped onto Instron 5543 system for uniaxial tensile testing.  The sample was immersed in 1% M PBS to prevent its dessication. The gauge length was measured while gripped onto the Instron and was the distance from one hook to the other.  The test protocol included preload, preconditioning, and the main testing phase.  During the preload phase, the sample was stretched to 0.5 N, then held at that load for 600 seconds.  The displacement that the tendon experienced after the preload was added onto the gauge length.  In the process of preconditioning, the sample went through 15 cycles of cyclic loading between 0 to 3% strain, at 1% strain per second.  For incremental stress-relaxation tests, the 1% strain was applied, followed by 10 minutes of relaxation until the sample failed.  In constant-strain (ramp) test, tensile stress was applied at the same strain rate until the sample failed.  
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Fig 2.  Comparison of Incremental Stress-Relaxation test versus ramp test
This figure illustrates the stress that was applied via Instron in an incremental stress-relaxation test versus a ramp test.  
· Analysis
Images of the specimens during testing was acquired.  Using MatLab and Abaqus, movements of airbrushed dots on the center 2/3 of the specimen were tracked.  Pixel movements were used to deduce a 2-dimensional surface strain field.  The average strain of the pixels was used to calculate total strain in the longitudinal and the transverse direction.  
Stress was calculated from the force divided by cross sectional area (WxT) of the sample. Young’s modulus was calculated by taking the slope of the linear region of the stress versus longitudinal strain curve.  Poisson’s ratio was calculated by – slope transverse / slope longitudinal on the plot of all strain vs. grip strain.  Grip strain was the strain applied by the Instron.  
Tests were considered successful if the transverse strain was negative and longitudinal strain was positive.  The tests that were not seen to have met the criteria were discarded.  One-way ANOVA with contrasts and t-tests for two means assuming unequal variances were performed.
RESULTS
Incremental stress-relaxation tests, 0.01%/ s ramp test, 1%/s ramp test, and 10%/ s ramp test were performed.  A sample size of 8 had planned, although the data set was not complete at this point (Fig 3).  Tendon from the same sheep was expected to be tested for all four tests.  The particular tendon sample used for one test was not used in another test.  

- Analysis of Young’s Modulus

Young’s modulus and Poisson’s ratio were each calculated for the particular tendon samples that yielded successful results (see criteria in the Methods section).  A comparison of Young’s modulus values across different tests are displayed in Figure 3.  One-way ANOVA showed that there is no difference between the different types of tests (P=0.2409) (Fig 4.1).  T-tests for two means assuming unequal variances (Fig 4.2) showed that there was no difference between stress relaxation vs. 0.01%/s, 0.01%/s vs. 1%/s, or 1%/s vs. 10%/s tests (P=0.075, 0.2359, and 0.2276, respectively).  Contrast analysis showed that that there’s no significant difference between ramp vs. stress relaxation test (P=0.1565).    There was also no significant difference between tests allowing relaxation vs. tests not allowing relaxation (p=0.2067) (Fig 4.3).  
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Fig 3.  Young’s Modulus under Different Strain Tests.  Error bars indicate standard deviation among different sheep samples.
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Fig 4.1  Analysis of Variance in Young’s Modulus.  This figure shows the statistical relationship between Young’s Modulus between different types of tests performed.  
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Fig 4.2  T-tests for 2 means, Young’s Modulus between different tests.  Young’s Modulus values between two tests more similar to each other were compared.  
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Figure 4.3 Results for 1-way ANOVA analysis with Contrasts, Young’s Modulus.  Contrasts were calculated between ramp tests and stress relaxation tests (left column) and between tests allowing relaxation vs. tests not allowing relaxation (right column).  
- Analysis of Poisson’s Ratio
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The results of Poisson’s ratio for the same tendon samples are displayed in Figure 5.  1-way ANOVA with contrasts showed that there was no significance overall between different types of tests (P=0.1006) (Fig 6.1).  Stress relaxation test was shown to be significantly different from 0.01% ramp test (P=0.0408) using t-tests.  No difference was shown between 0.01%/s vs. 1%/s (p=0.0959), or 1%/s vs. 10%/s tests (p=0.1464) (Fig 6.2).  Contrast analysis showed no significant difference between ramp test vs. stress relaxation test (p=0.8942).  There was also no difference between slow tests that allow relaxation and fast tests (p=0.0620) (Fig 6.3).  

Fig 5.  Poisson’s Ratio under Different Strain Tests.  Error bars indicate standard deviation among different sheep samples.


Fig 6.1 Analysis of Variance in Poisson’s Ratio.  This figure shows the statistical relationship between Poisson’s Ratio between different types of tests performed.  
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Fig 6.2  T-tests for 2 means, Poisson’s Ratio between different tests.  Poisson’s Ratios between two tests more similar to each other were compared.  

Figure 6.3 Results for 1-way ANOVA analysis with Contrasts, Poisson’s Ratio.  Contrasts were calculated between ramp tests and stress relaxation tests (left column) and between tests allowing relaxation vs. tests not allowing relaxation (right column).  
DISCUSSION AND CONCLUSION
Overall, the results show that on the whole, there was no significant difference in both elastic modulus and Poisson’s ratio 1) amongst different tests, 2) between ramp tests and stress-relaxation tests, and 3) between slow strain tests and fast strain tests.  However, these findings are preliminary, as the testing is not yet completed.  
In the evaluation of Young’s modulus across different tests, however, it can be seen that stress relaxation and 0.01% /s strain ramp test approaches statistical significance (p=0.0751).  Moreover, elastic modulus calculated from ramp tests were generally larger than those calculated from stress relaxation tests.  This suggests that during ramp tests, tendon were not allowed to reach equilibrium.  As a result, more fluid retention might have occurred with samples undergoing ramp tests, resulting in samples appearing stiffer than those undergoing stress-relaxation tests.  However, there was no general upward trend of elastic modulus in larger strain tests.  This was likely a result of the large standard deviations, especially in the case of 1%/s strain test.  
In the case of Poisson’s ratio, it can be seen that there was a general trend of decreasing Poisson’s ratio with larger strain tests.  Moreover, difference between slow strain rate (stress relaxation and 0.01%/s) and fast strain rate (0.1%/s and 10%/s) tests approached statistical significance (with 5% Type I error).  This suggests that while samples undergoing strain rate tests have relaxed and reached equilibrium, those undergoing faster strain rates have not.  One possibility was that fluid exuded while the sample reaches equilibrium.  Without the water holding the tendon in shape, the sample extended more in the horizontal direction while the sample was being stretched vertically, resulting in a larger Poisson’s ratio.  
Curiously, the data shows that Poisson’s ratio for 0.01%/s ramp test was significantly larger than those calculated from incremental stress-relaxation test.  This could possibly suggest that samples undergoing ramp tests have a larger tendency to dissipate fluid than stress-relaxation tests, resulting in even more horizontal displacement.  Alternatively, this could result due to the relatively small data set that was used.  
FUTURE WORK
Because sheep tendon is a biological sample, variations may exist from sheep to sheep.  More tests need to be performed so that samples from each sheep can be tested in the 4 tests described.  This will allow for statistical comparison between the sheep in order to determine the residual effects of sheep on the comparison between tests.  
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