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Figure 5 Typical bimodal diameter distribution of normal tendon, harvested 
from the proximal center of the rabbit patellar tendon[52]. 

 

 

Figure 6 TEM cross section of a tendinopathic tendon[51] (A.) compared with 
the cross section of a normal tendon with larger fibril diameters[53] 
(B.) both specimen coming from human patellar tendons. 

 

In the mechanical curve, damage occurs well before complete failure.  The start of 

damage occurs at the fibrillar level and has been evident by relaxed fibrils and damaged 

matrix components[54].  New studies have shown lack of mechanical stimulation 
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deprives cells of stress and results in an increase in collagenase and protein synthesis in a 

rat model [55, 56].  This leads to a speculation that one mechanism of tendinopathy is 

through a catabolic pathway that is in response to the loss of strain within the cell due to 

isolated or damaged fibers.[57] 

The steps to tendon rupture can be divided into 4 regions.  The first region is a 

gradual concave increase of stiffness called the toe region.  Applied load on the tendon 

elongates fibers, reducing their initial crimped morphology.  Still below the elastic limit, 

unloading at this point results in the tendon returning to its original length and stress 

state.  All fibers gradually get recruited in the transitional region onto the linear region of 

the mechanical curve.  At this point, stiffness is constant as a function of strain and is 

considered within the physiological range of the tissue (Fig.7). 

 

 

Figure 7   The typical mechanical curve of a tendon pulled to failure.  Sub-
failure begins to occur before complete tendon rupture[58]. 
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Load is imposed on the fibers which are all straightened.  Towards the end of the linear 

region, fibers gradually start to fail.  This is not readily noticeable till there is a drop in 

stiffness.  This is a “plastic deformation” in the tendon and unloading at or past this point 

cannot restore the original length.  Strain past the “gradual failing” finally results in 

complete failure.  Mechanical curves can differ between samples and studies due to 

methodological differences in clamping, strain measurements, environmental conditions, 

history (preserved or fresh), cross-sectional area estimation, and density (location or type 

of tendon[59]. 

Previous Studies 

Yamamoto et al. is known for being one of the first to understand tendon fascicle 

mechanics.  Yamamoto et al tested fascicles of approximately 0.3 mm diameter to 

investigate the differences in mechanical properties depending on location of the fascicle.  

There was no statistical difference in tensile properties of the 6 fascicles.  Using a 1.5 %/s 

strain rate, fascicles were found to have a tangent modulus, tensile strength, and strain at 

failure of 216 ± 68 MPa, 17.2 ± 4.1 MPa, 10.9 ± 1.6 % (mean ± S.D.), respectively.  

Fascicles were found to have 42% tensile strength and 179% failure strain of bulk patellar 

tendon. Fascicles were shown to relax 29.7% compared to bulk tendon’s relaxation of 

51.6%, both after a 300 second stress relaxation test.  Yamamoto attributes the property 

differences between bulk tissue and the fascicle level to ground substance contribution, 

collagen fibril crimping, and fascicle interaction.  Yamamoto used strain rates of 0.01, 

0.1, and 1%/s and fascicles were found to be strain rate sensitive.  Tensile strength was 

shown to increase with increased strain rate.  When the fascicles were tested at 1.5%/s 
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strain rate, the tensile strength and strain at failure were 42% and 179% of those of bulk 

tendon. This study reported on tensile and viscoelastic properties of rabbit patellar 

fascicles, showing a difference in their properties from those of bulk tendon[20]. 

Yamamoto also tested patellar-bone complexes and compared mechanical 

properties of central, lateral, and medial segments[7].  Strains were found greater at the 

insertion site which agrees with previous studies by Butler et al. and Kukreti et al. [28, 

60, 61]. They concluded that patellar fascicles from the central portion of the tendon 

represent the whole patellar tendon.   

Woo et al. has thoroughly investigated bulk tendon mechanics.  Woo examined 

the mechanical properties of tendons and compared the differences in porcine flexor and 

extensor tendons.  Flexor tendons, physiologically undergoing higher stresses and having 

a higher collagen concentration, were much stiffer and stronger than the extensor 

tendons[6].  Woo also studied how skeletal maturity impacted biomechanical properties 

more than strain rate effects on the ligaments in young and mature rabbits. In the 

skeletally immature rabbits, failure sites were found at the tibial insertion site while the 

mature ligaments failed in the midsubstance.  Danto and Woo later conducted a study on 

strain rate sensitivity and mechanical properties on the anterior cruciate ligament (ACL) 

and patellar tendon in mature rabbits.  Woo concluded a higher sensitivity to rate within 

the patellar tendon than the ACL, an overall 94% increase in modulus going from 

0.02%/s to 135%/s strain rates[62]. 
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Objectives 

Specific Aims for Chapter II:  Ultrastructural Perspective of Strain Rate Sensitivity 
of Tendon in Tension 

The objective is to reveal the mechanistic contribution of tendon’s structural 

components to tissue strain rate sensitivity in tension, specifically to examine the 

collagen fibril strain relative to global tissue strain.  

1.  Interruption mechanical testing (IMT) was applied at various strain rates (0.1 , 

10, and 70 %/s) to the middle portion of the rabbit patellar tendon.   

2. Scanning electron microscopy (SEM) was used to analyze collagen fibrils in the 

chemically fixed tendon fascicles that have been loaded to the same strain level at 

various ramping rates. 

3. Image analysis was used on the SEM images to quantify fibril elongation within 

the midsubstance of the fascicles by determining the D-period spacing. 

4. Mechanical curves were analyzed for their tangent modulus to verify strain rate 

sensitivity and for comparison with previous fascicle studies. 

Specific Aims for Chapter III:  The Mechanical Response of Tendon Under High 
Rate Compression With Brain and Liver Comparison 

The objectives are to investigate the tissue behavior of porcine tendon at high rate 

impacts and compare with brain and liver to reveal underlying mechanisms using a 

custom Split Hopkinson Pressure Bar (SHPB).  

1. Both directions (axial and transverse) and multiple loading rates were used to 

assess tendon’s directional dependence and strain rate dependence, respectively, 

in high-speed impact. 
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2. The wet and dry tendon relationship was compared with two other soft tissues, 

brain and liver, in terms of stress-strain characteristics, initial hardening peak 

values, and ultimate stress. 

3. SEM imaging of all tissues were examined to reveal the structure of three types of 

tissue under hydrated and dry conditions.  

4. Histology was used to see morphology and distribution of cellular constitutes.  
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CHAPTER II 

ULTRASTRUCTURAL PERSPECTIVE OF STRAIN RATE SENSITIVITY OF 

TENDON IN TENSION  

Introduction 

Previous Fibril Studies 

There have been previous studies on kinematics of collagen fibrils under uniaxial 

loading [24, 63-69].  Tendon fibril mechanisms have been studied mainly using X-ray 

diffraction techniques and TEM.  Increasing load has been shown to result in elongated 

collagen fibrils, demonstrated by an increased D-period [24, 65, 70-72].  When collagen 

fibrils undergo load and are recruited, the D-period elongates due to intrinsic fibril 

mechanisms of molecular elongation and slippage. Sasaki et al. discovered that, below 8 

MPa stress, the main mechanism of collagen fibril stretch is mainly due to collagen 

molecule elongation; beyond 10 MPa, an increase in gap regions and molecular slippage 

occurs, further contributing to the fibril elongation[24].  Along with the collagen fibril 

strain during tension, interfibrillar slippage takes place, indirectly demonstrated by 

skewed proteoglycan bridges and tight packing of collagen fibrils [40, 73]. Mechanisms 

of stress-relaxation and creep at the fibril level have also been studied using X-ray 

diffraction.  Studies on rat tail tendon by Folkhard et al. [70] and mitral valve leaflet by 

Liao et al. [73] revealed that collagen fibril elongation rapidly decreases in the beginning 
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of stress relaxation, and is followed by a slower decay rate for the remainder of the 

relaxation.  Folkhard et al. and Liao et al. also reported no creep in collagen fibrils during 

constant tension [70, 73]. Collagen fibril cross-linking has been shown to be the main 

component in resisting creep [34]. Puxkandl et al. showed an increasing trend of fibril D-

period elongation with an increasing strain rate by a small angle X-ray scattering study 

[34].  

Previous Modeling 

The accurate mechanistic descriptions at various hierarchical levels help model 

collagenous tissue behavior. The collagen molecule has been modeled using structure 

property relationships in attempt to describe bond breakage between alpha helices, 

protein interaction, and collagen’s strain rate sensitivity [74, 75]. The extracellular matrix 

has been modeled from a fluid interaction perspective [76] and as a load transferring 

structure [41, 44, 77].  Recently, combining multiscale measurements (inter-fiber sliding 

and intra-fiber elongation along with fibril elongation), Gupta et al. created a novel 

multiscale model to describe how tendon distributes load between its fiber and fibril 

hierarchies during stress-relaxation [78]. Recently, fascicle viscoelastic models were 

proposed by Lucas et al. and Elliott et al [38, 79]. 

Justification 

The ultrastructural mechanism for strain rate sensitivity of collagenous tissue has 

not been well studied at the collagen fibril level.  A better understanding of tendon 

mechanisms at lower hierarchical levels can help us better to understand tissue structure-
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function relation and shed light on biomimic design of tissue replacements that are 

optimized in strength and robustness.     

Methods 

Sample Preparation 

Three mature Japanese white rabbits were used in this study.  The actions of 

sacrifice and experiment were agreed upon by the Mississippi State Institutional Animal 

Care and Use Committee (IACUC). Each animal was sedated with an intramuscular 

inoculation of medetomidine (0.5 mg/kg) and ketamine (10 mg/kg). The rabbits were 

then humanely euthanatized via Beuthanasia solution (100mg/ml of perntabarbitol and 1 

ml per 10 lbs) intravenously or by intracardiac injection.  After both hind limbs were 

harvested using a scalpel, each limb was wrapped in gauze, soaked in hydrating PBS and 

stored in a sterile, sealed plastic bag.  The legs were stored at -30° C until testing 

procedures.   

Prior to testing, the legs were thawed in phosphate buffer solution (PBS) at room 

temperature for two hours.  Three tendons were used in the study for interrupted 

mechanical testing and SEM analysis (D-period measurement) and three were solely 

devoted to interrupted testing for modulus calculation (Fig. 8).  Mechanical data from the 

interruption testing fascicles were also used in calculating the modulus (n = 6).  
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Figure 8 Number of animals and fascicles for both mechanical testing (MT) for 
calculations of tangent modulus and interruption mechanical testing 
(IMT) for calculations of D-period with SEM.  Stress-strain data of 
IMT samples were also used for the calculation of the tangent 
modulus. Fascicles are labeled either control (C) or their 
corresponding strain rate (%/s). 

Notes: *Indicates extra fascicle not used in the study. 

 

The ends of the patellar tendon were removed and the middle portion of the 

tendon was carefully extracted and then trimmed into four fascicles (with the tendon kept 

taught).  Each fascicle was cut with an approximate width of 1 mm (with the use of an 

electronic caliper).  All fascicles used in the study were cut from the inner portions (the 

central 4 mm) of the tendon to prevent location variability within the tendon [52]. One 
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tendon from each animal yielded 4 fascicles (extracted from the inner portion of tendon), 

three of which were used for tensile testing and one was used as a control sample.  The 

specimens were kept moistened with PBS during the sample extraction procedure and 

testing. 

Interruption Tensile Mechanical Testing 

Tendon fascicles were mounted onto a Biosyntech Mach-1 mechanical testing 

system (Mach-1™ Motion, Bio Syntech Canada, Inc, Quebec, Canada). Special grips, 

previously designed at CAVS testing laboratory by Stephen Horstemeyer, were used to 

secure the sample and minimize slippage. The fascicles were then measured for their 

cross-sectional areas in the midsubstance using NIH Image J digital imaging program.  

The average ratio of the samples’ dimensions was around 7:1 (length vs. width).  

Fascicles were more elliptical in shape than assuming a completely round cross-sectional 

area.  Area was defined as A = (π / 4) * a * b , where a and b are the width and depth of the 

fascicle.  

The fascicles were preconditioned in order to give the specimens similar loading 

histories and reduce variation in the loading response.  Each sample was preloaded at 

0.01 N at 0.01 mm/s; and zero strain (gauge length) was defined at this load.  Each 

specimen was then preconditioned to a strain of 2%, for 10 cycles at 1 Hz[20]. Control 

samples were subjected to the same preconditioning protocol and then fixed at a zero load 

in the fixative bath for the same amount of time (4 hours). From the 4 fascicles yielded 

from each tendon, one was used as load free control and three were loaded to 20% clamp-

to-clamp strain at 0.1%/s, 10%/s, and 70%/s strain rates. This corresponded to a 12% 
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local strain in the midsubstance.   Stress was calculated as σ = F / A, where F is force 

recorded by load cell and A is the cross-sectional area of the fascicle.   The tangent 

modulus was taken from the linear portion of the curve at approximately 5% strain.   

Due to the use of clamp-to-clamp control, the stress-strain data before fixation 

was presented as engineering stress vs. clamp-to-clamp engineering strain, in which 

engineering stress was calculated by normalizing force to the original cross-section of 

each sample, and clamp-to-clamp engineering strain was calculated by normalizing 

fascicle deformation to the original fascicle length at 0.01 N.  Because of the 

inhomogeneous nature of tissue strain field from clamp-to-clamp, we monitored the local 

strain of midsubstance by placing two markers using permanent ink vertically on the 

fascicle surface and imaging the marker movement before and after the elongation[80]. 

The local strain was calculated by measuring the distances between the centroids of two 

markers. 

After the interrupted tension test at the previously mentioned strain rates, a 4 oz. 

stand up bag (Nasco Whirl-Pak ®) was used to immerse the fascicle in 1.25% 

glutaraldehyde. Samples were left in the fixative bath for 4 hours before removing from 

the grips.  The middle region of the fascicle was prepared for electron microscopy 

analysis (Fig.9).   
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Figure 9 (A.) Fascicles were subjected to mechanical testing with 7 mm clamp-
to-clamp initial length with the region of interest (ROI) between 
markers of 2 mm apart. (B.) Midsubstance was processed for SEM 
analysis for D-period measurement. Scale bar = 100 nm. 

Scanning Electron Microscopy 

Samples for SEM were fixed in 1.25% glutaraldehyde in 0.1 M phosphate buffer 

(pH 7.2), rinsed with 0.1 M phosphate buffer, and post fixed with 2% osmium tetraoxide 

in 0.1 M phosphate buffer.  Samples were dehydrated in a graded ethanol series and then 

were critical point dried in a Polaron E 3000 CPD.  They were then mounted on 

aluminum stubs and sputter coated with gold-palladium.  Specimens were imaged using a 

JEOL JSM-6500 FE Scanning Electron Microscope. 

D-period analysis  

After imaging, the samples were analyzed using Image J software (Image J 1.41, 

National Institutes of Health, USA).  SEM photographs were taken from 20,000X to 

30,000X magnification.  The average number of D-periods for each fibril (40 ± 9) was 
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averaged by Image J using the image’s scale bar and a scale factor calculated by SF = 

(distance in pixels) / (known distance (nm)). 

For each interruption tensile test, five images randomly located in the specimen’s 

midsubstance were used to measure the fibril periodicity (Fig. 10).  

 

 

Figure 10   Image analysis for 2 fibrils after a 70%/s test.  SEM image shows 50 
D-periods measuring 2755 and 2760 nm (corresponding to a 55.1 nm 
and 55.2 nm D-period, respectively).  Scale bar =100 nm. 

 

However, in order to avoid stereological bias, in the random selection procedure 

one criterion was implemented, i.e., the imaging areas needed to have collagen fibrils 

predominately aligned along the image plane. Obviously, collagen fibrils with a large 

oblique orientation (out of plane) could potentially underestimate the D-period. 

Six fibrils from each image were selected for D-period measurement. Again, 

collagen fibrils with in plane orientation were picked for an accurate measurement.  The 
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sample size was 90 fibrils for each strain rate (Fig. 11), while the total number of fibrils 

analyzed for the control group was 50.  This was due to the crimping nature of load free 

tendon and the difficulty of locating in-plane undistorted fibrils (Fig. 12-a).   

 

 

Figure 11 Sample tree for fascicles undergoing D-period analysis.  A sample 
size of n = 90 was the total number of fibrils coming from all 3 
animals (3 animals × 5 images × 6 fibrils).  Each fibril measurement 
represented an average of 40 ± 9 D-periods.    
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Figure 12 SEM images of control sample (A.), 0.1%/s (B.), 10%/s (C.), and 
70%/s (D.) tests. 

Statistical Analysis 

The data in this study were presented as mean ± standard deviation (S.D.).  One Way 

Analysis of Variances (ANOVA) was used for statistical analysis.  The differences in D-

period elongations were considered to be statistically significant when p is less than 0.05.  

Holm-Sidak test was used for post hoc pair-wise comparisons and comparisons versus the 

control group (SigmaStat 3.0, SPSS Inc., Chicago, IL). Tangent modulus values were 

found to be significantly different using post hoc pair-wise comparisons vs. the 

quasistatic rate when p is less than 0.05. 
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Results 

The stress-strain curves showed strain rate sensitivity of tendon fascicles (Fig. 

13).  

 

Figure 13  Tensile testing to 20% clamp-to-clamp strain with 3 different rates 
showing rate sensitivity (engineering stress vs. engineering strain). 

 

Strain rate sensitivity was verified by an increasing tangent modulus with a strain 

rate increase. The tangent moduli in the linear region were found to have values of 102 ± 

42, 195 ± 58, and 251 ± 116 MPa for 0.1%/s, 10%/s, and 70 %/s, respectively (Fig. 14).  
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Figure 14   Average tangent modulus of tendon fascicles (n = 6), taken from 5% 
strain.  *Indicates p < 0.05 vs. 0.1%/s. 

 

Tangent modulus values were found to be significantly different using post hoc 

pair-wise comparisons vs. the quasistatic rate (p < 0.05).  There was no difference found 

between 10%/s and 70%/s strain rates (p = 0.32) although there was an increasing trend.   

The fixed fascicles were found to maintain their elongation after the removal of 

the tendon from the grips.  SEM images showed a straightening of fibrils in strained 

fascicles compared to the less orderly control samples (Fig. 12).  Elongation of the D-

period was found to increase with strain rate increase (Fig. 15).  
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Figure 15    D-period analysis of 3 strain rates (n = 90) with measurements 
normalized to control (n = 50). *Indicates significant difference 
between all groups (p < 0.005). 

 

For the control, 0.1 %/s, 10 %/s, and 70 %/s fascicles, the average D-period 

lengths were found to be 51.3 ± 1.4 nm, 52.2 ± 1.9 nm, 54.1 ± 1.0 nm, and 54.9 ± 1.2 nm, 

respectively.  Statistical analysis found that all strain rates to be statistically significant 

from the control (p < 0.005).  Each rate was also compared with each other and also was 

found to be significant (p < 0.001).   

As expected, the analysis of the local midsubstance strain revealed a non-

homogeneous strain field from clamp-to-clamp. However, our analysis showed that 

midsubstance strains for all 3 tests were around 12% in each strain rate group (10-14% 

local strain).  Differences in local midsubstance strains were found to be insignificant 
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among different strain rate groups.  Mechanical data revealed fascicles were not pulled 

past the linear region and proved no subfailure damage.    

Discussion 

In this study, patellar tendon fascicles were pulled to the same 12% local 

midsubstance strain level at different ramping speeds.  The D-period was found to exhibit 

an increasing elongation as the rate increased. The results provide quantitative evidence, 

from the perspective of collagen fibril recruiting, that the tissue level mechanical 

response is ultimately dependent on the behavior at the lower length scales.  Our data 

proves Puxkandl et al. and his speculation of an increasing fibril strain to tissue strain 

ratio relative to strain rate [73].  To our knowledge, this study is this first to reveal 

statistically significant data of increasing fibril elongation relative to the applied strain 

rate.   

PGs have been known to participate in load transferring/bearing among a collagen 

fibril network [40, 73].  Screen et al. suggests the extracellular matrix is stiffer at higher 

strain rates due to its affinity for water [35].  Elliott et al. proved a larger and faster 

relaxation in matrix deficient fascicles [38].  Based on the dissipative theory [77], at 

relatively slow rates, the water and proteoglycan matrix have time to disperse and 

distribute forces, respectively. We speculate that at higher strain rates, fluid has less time 

to dissipate through the extracellular matrix and there is less time to distribute forces 

from collagen fibril to noncollagenous components [37, 81].   

For the control, 0.1 %/s, 10 %/s, and 70 %/s fascicles, the average D-period 

elongation was 1.84 ± 3.6%, 5.5 ± 1.9%, and 7.03 ± 2.2% for the 0.1%/s, 10%/s, and 
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70%/s strain rates, respectively.  Previous collagen fibril studies have used X-ray 

diffraction to monitor fibril strain during elongation of various tissue types.  These 

studies are compared with the current patellar tendon study in Table 1.   

Table 1 Comparison of the ratio of fibril strain to tissue strain (ЄF / ЄT). 
Collagenous tissues were from different animal models using X-ray 
diffraction for the D-period measurement. Tissue samples were 
loaded with similar quasistatic rates. 

 
Note: All data compared were analyzed from graphs in X-ray diffraction studies. 
 

In this study, the quasistatic rate yielded a 1.84% strain in the fibril, correlating a 

15% fibril strain to tissue strain ratio (ЄF / ЄT).  The ratio of fibril strain to tissue strain is 

a definitive way of looking at mechanical function of the tissue.  Heart valve showed low 

fibril strain to tissue strain, which possibly related to its mechanics and design to resist 

creep in constant cyclic loading [73].  Although there are no direct comparisons to the 

patellar tendon model, our study falls in between heart valve [73] and tissues less likely 

to undergo regular occurring tensile strain like antler [82] and bone [83]. There are 

differences in sample preparation and testing methods between the present SEM study 

and the X-ray diffraction studies in Table 1.  We believe the difference in ЄF / ЄT is 

mostly attributed to biological variability and the compositional variation within those 

collagenous tissues. 



 29 

The fascicle mechanical properties we reported in this paper were indirectly 

similar with previous studies.  Yamamoto et al. reported a tangent modulus for 0.3 mm2 

rabbit patellar fascicles to be 180 MPa for a strain rate of 0.1%/s, higher than the 102 

MPa for the 1 mm2 fascicles found in the current study [84].  Although not a direct 

comparison, smaller cross-sectional area fascicles have been shown to have a higher 

modulus [81]. Human patellar tendon allografts (~50 mm2) have shown a 239-306 MPa 

modulus at 100%/s [60, 85]. The current study calculated a value of 251 MPa for a 70%/s 

strain rate.    

It is notable that the unstressed D-period reported in this paper was 51 nm, which 

is smaller than the typical 64-67 nm quantified in research [25-27] but comparable to D-

periods measured by SEM and TEM technologies (53-54 nm) [28-30].  A shrinking of 

collagen fibrils regular occurs due to the chemical fixation and processing required for 

electron microscopy [31, 32]. We assumed the degree of collagen shrinkage due to 

chemical fixation and SEM processing was consistent throughout the sample and the 

change in the D-period length was disregarded as variability in the experiment.  

The present study used ambient conditions as opposed to submerging samples in 

PBS.  When taking fascicles out of their original conformation in the tendon, they are 

subjected to matrix swelling due to lack of constrain and have a “weakened” tensile 

strength [86].  Screen et al. noticed increased slipping and reduced mechanical properties 

with PBS incubated fascicles; they credit this swelling to GAG chains’ ability to attract 

water [35].  We noticed that testing submerged fascicles resulted in prominent slipping 

between fibrils and a failed test with decreased tensile strength (data not shown;) we thus 

avoided a total PBS submersible experimental setting.   
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Fascicle mechanics in this study were more linear, less stiff, and more extensible 

than bulk tendon while also having a reduced toe region as seen in Figure 13 [38, 81].  

Previous studies report a wide fascicle failure strain range from 8% to 21% [20, 21, 79, 

84, 87, 88].  This wide range is most likely due to species/biological variability and 

experimental setup.  Failure strains of fascicles in the present study were found to be 

approximately 15-20% local strain (data not shown). The local strain in the study (12%) 

was chosen to be close to ultimate stress and still within the linear region (to avoid 

aggressive subfailure damage). The current study did not investigate fibril failure.  With 

the highest strain rate used in this study, the fibril underwent an average of 7% strain.  

Isolated collagen fibrils have shown to be linear from 4-7% strain [66, 89, 90]. We 

believe that fibril failure did not occur during our tensile testing.  Substantial damage 

would have been evident with the presence of relaxed fibrils in the image analysis [57]. 

Our preconditioning protocol was adopted from Yamamoto et al. [20], subjecting 

fascicles to cyclic loading to a 2% strain and then a preload before tensile testing.  

Samples were preloaded with a 0.01 N load to remove slack from the fascicle while not 

approaching the toe region of the test.  This usually resulted in an approximately 5-10 μm 

elongation.  This additional elongation was taken into consideration in calculation of 

clamp-to-clamp strain.  

Relaxation data was recorded after every test.  Initial relaxation of tendon happens 

almost instantly after the ramping despite the fixative and to our knowledge is 

unpreventable. Although the samples underwent relaxation before fully cross-linked, the 

relaxation took place in a shorter period of time due to fast fixative infiltration and had 

more residual stress compared to fascicles submerged in hydrating buffer.  Without 
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fixative, our fascicles showed a ~40% relaxation and reached equilibrium at 1300 

seconds.  Our data showed that, in the glutaraldehyde fixative, the stress in the fascicle 

relaxed approximately 15% and reached equilibrium at 200 – 300 seconds, showing the 

effect of glutaraldehyde and the speed of the cross linking.  If faster fixatives could have 

been used or if an instant capture of the fibrils immediately after loading was feasible, we 

speculate that our results would have had slightly higher measurements in fibrils strains.   

The number of animals in this study was small compared to our fibril sample 

number.  We decided to follow the procedure of Kukreti et al. to exhaustively analyze D-

period measurements throughout the midsubstance of three separate animals rather than 

analyzing fewer images and a greater number of animals [28]. Our SEM analysis 

averaged fibrils throughout the midsubstance and not in one localized area.  This different 

method represents what is happening throughout the sample and accounts for errors likely 

caused by local variability [52, 88, 91].   

Although grip slippage did not affect our conclusion, an improved clamping 

technique is still needed.  There was no significant difference in modulus taken from the 

two highest rates, although there was still an increasing modulus trend. The reason we did 

not investigate higher strain rates in this study was due to the limitation of the mechanical 

testing device.  The tensile testing machine in the current study proved to be accurate up 

to around 5000 μm/s corresponding to the study’s highest rate (70%/s). With a relatively 

small sampling rate, the 70 % /s tests in Figure 13 had less of a toe region and a more 

linear increase of stress.  Faster strain rates and sampling rates will be investigated in our 

future study. Future studies will also be focused on tendonitis and chronic collagen 

disorders and their affect on fibril kinematics.  
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In conclusion, our finding unfolds an underlying mechanism of tendon strain rate 

sensitivity. We conclude that collagen fibrils undergo a significantly greater degree of 

elongation, relative to the tissue strain, at higher strain rates.  This mechanistic finding 

provides insight into the behavior of the tendon at the micro scale and establishes a basis 

for future development of constitutive models. 
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CHAPTER III 

THE MECHANICAL RESPONSE OF TENDON UNDER HIGH RATE 

COMPRESSION WITH BRAIN AND LIVER COMPARISON 

Introduction 

Knowledge of the mechanical properties of human tissues under different loading 

conditions is needed for the development of accurate computational models.  Quasistatic 

characterizations of soft tissue have been thoroughly studied; however, higher rate 

impacts of soft tissue have not been well investigated and cannot be described by 

extrapolating mechanical data from quasistatic tests.  Thus, high rate mechanical testing 

must be performed to properly describe soft tissue responses.   

We considered the polycarbonate split Hopkinson pressure bar (SHPB) apparatus 

to establish a sound high strain compression model.  The SHPB has the ability to apply 

compressive stresses at 100–10,000 /s [92] and has been applied in metal mechanics.  The 

SHPB system is based on the elastic wave propagation theory and the principle of 

superposition of waves: the stress, strain, and particle velocity can be estimated by 

analyzing the reflected and incident waves at any cross-section[93]. 

Recently in the SHPB model, polymeric bars have allowed testing of softer 

materials that have similar acoustical impedance of bars. Unlike metal bars, polymeric 

bars enable a smooth transfer of energy during the impact of the incident bar and tissue, 

resulting in less noise in the data acquisition [94]. The downside of polymeric bars is that 
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the waves experience attenuation, or a gradual weakening of transmission, and they 

gradually become warped over time of high rate testing.  Testing these bars on soft 

tissues has brought up new concerns including a hardening effect that occurs at the 

beginning of compression tests, an effect that some choose to ignore and disregard as an 

inertial effect [92, 94].   

The brain and liver are two of the most commonly injured organs. The ongoing 

efforts of the CAVS biologically inspired team include brain and liver high rate studies. 

During the studies, we noticed the high rate stress-strain curve of brain and liver both 

showed an initial peak, followed by softening and then hardening. We found that the 

initial peak of brain is higher than liver. Some previous studies on muscle tissue also 

showed similar trend, but no conclusion has been reached in terms of underlying 

structural mechanism of the initial peak. 

After examining the composition and ultrastructure of brain and liver, we noticed 

that both water content and cellular content could potentially affect the high rate 

response. We hence hypothesize that the underlying mechanism of high rate response of 

soft tissue is related to how water and cells react to a fast relocation. To validate this 

hypothesis, a polycarbonate split Hopkinson pressure bar (PSHPB) was used to apply 

high rate compression of tendon, liver, and brain in both wet and dry states.  Porcine liver 

and brain tissues were compared with porcine tendon to explain phenomenological 

effects of high rate loading on soft tissues.  Brain, liver, and tendon have similar water 

content (80%, 70% and 70% respectively), but various cellular content.  The PSHPB 

experiments of three types of tissue at either hydrated or dehydrated status provide 

important clues to determine structural mechanisms of tissue high rate response.  
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Histology and SEM imaging of all tissues in each condition were further examined to 

reveal the structural contribution and the effects of lyophilizing.  

Previous High Rate Studies 

There have been previous studies using the SHPB apparatus for soft tissue 

experimentation.  Song et al. tested porcine muscle along two perpendicular directions at 

dynamic strain rates up to 3700 s-1 and found that both directions showed a nonlinear, 

strain rate dependent behavior [94].  They believed that the early spike (an initial 

hardening peak) found in high compression tests of soft tissues has not been determined 

as part of the material’s intrinsic response and is more likely a radial inertia effect of the 

sample.  The specimen used was a disc shaped specimen with the inner 30% of the 

sample cut out to minimize axial stress along the radial direction and in turn decreasing 

the inertial effect. This proved to minimize the initial spike of the compression test.   

Similarly, Van Sligtenhorst et al. found the mechanical response of bovine muscle at 

strain rates up to 2300 s-1 to be strain rate dependent and proved to emit an inertial 

response[92].  Sligtenhorst found an increase in compressive modulus with strain rate by 

analyzing the sample’s stress at 30% strain.  There was also a similarity in tissue behavior 

between fresh and aged samples.  The Hopkinson Bar has also been applied to tendon in 

high rate tension.  Cheng et al. investigated the effect of high rate repetitive, tensile 

loading of bovine tendon [95].  Samples undergoing fast and slow rates experienced a 

stress softening the first few cycles known as the Mullins effect (a sample loaded past the 

previous test in strain will follow the unloading path of that previous test.)  Chen et al. 

compressed porcine liver up to 1550 /s and found an increase in stiffness and initial peak 
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values with increasing strain rate[96].  They also showed a directional insensitivity.  

Prabhu et al. showed an increase in stiffness and initial peak values with no differences in 

the response of the left and right hemispheres [97]. 

Justification 

This study sheds light on mechanistic understanding of how soft tissues undergo 

high speed deformation and challenges previous studies, which have disregarded the 

initial peak during the compression test as an unrelated inertial effect that does not 

characterize the tissue’s intrinsic properties.  Experimental results of soft tissue under 

high strain rate conditions could potentially be incorporated to human models which in 

could optimize safety measures that could reduce the risk of human injuries and death in 

high-impact situations.   

Methods 

Sample Preparation 

Porcine liver, brain, and tendon from healthy adult pigs were obtained from 

Sansing Meat Services in Maben, MS.  The specimens were stored in PBS under ice soon 

after extraction and during transportation to the laboratory.  All native tissue testing was 

performed within 12 hours of extraction.  For SHPB testing, samples were carefully 

extracted to certain parameters.  A cylindrical die of 30 mm inner diameter was used to 

cut brain and liver samples to approximately 27 mm in diameter and 9 mm thick for a 

consistent 3:1 aspect ratio.  The diameter of tendon samples was cut using a 10 mm 

cylindrical die for the transverse directional testing, giving an approximate 9 mm 
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diameter.  Axial direction compression of tendon involved manually adjusting the 

elliptical cross section using sharp dissection until the diameter closely resembled that of 

the circular, transversely loaded samples (axially loaded samples had an approximate 8 

mm diameter).  Stress was normalized to each samples’ dimensions for each test.     

Bulk samples subjected to freeze drying were dissected and immediately weighed 

for water percentage.  They were then stored in a cylindrical 30 mm diameter container at 

-4˚C until the lyophilizing process.  Frozen samples were lyophilized using a Freezone™ 

1 liter bench top freeze dryer (LABCONCO®) for approximately 48 hours under 0.1 Pa 

and -50˚ C.  Samples were then weighed to verify a 100% water loss.  Due to sample 

shrinkage, bulk tissue was freeze dried then cut for testing.  The lyophilized bulk tissue 

was then cut into discs, 9 mm thick with an approximate 27 diameter, giving the 

lyophilized tissue the same dimensions as the native samples.  The dried samples were 

then tested under the same SHPB conditions as the native tissue testing.  

Image Analysis 

Native tissues underwent qualitative analysis with wet SEM imaging using a 

Zeiss Evo® 50 scope to look at structure properties of the tissue in their hydrated state.  

Samples were obtained from 15-20 kV all at 300X magnification.  The Evo scope was 

operated in the water vapor mode, not allowing the samples to readily dry out.  Native 

tissue samples were also subjected to rhodamine phalloidin and DAPI staining; samples 

were fixed in 10% neutral buffered formalin and dehydrated in a graded ETOH series. 

The samples were then embedded in Paraplast with CitriSolve as a transitional fluid, 

sectioned to a thickness of 7 μm, and stained with rhodamine phalloidin.  In staining, 
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DAPI labeled cell nuclei blue and rhodamine labeled the actin filaments of the cellular 

cytoskeleton red.   

The microstructure of lyophilized samples was viewed using a JEOL JSM-6500 

FE Scanning Electron Microscope. Lyophilized samples were cut using sharp dissection 

to reveal their cross-section of the sagittal plane.  Samples were then mounted on 

aluminum stubs and sputter coated with gold-palladium before SEM viewing.   

Image Analyzer v.2.2-0 software (CAVS, Mississippi State University) was used 

for analyzing SEM images of the lyophilized tissues for cavities that resemble both 

cellular voids and structural composition. The parameters obtained for each image during 

analysis included object count, area fraction, mean area of object, and mean nearest 

neighbor distance (nnd).  Area fraction is the ratio of the total cavity body area to total 

image area.   Mean area of object represents the average area of all cavities found in the 

image.  Mean nnd is a measure of the average distance between neighboring cavities.  

Analysis was limited to areas around ~5µm2 or larger.  There were three animals 

representing the three images analyzed for each tissue (brain, liver, and tendon.) 

SHPB Testing 

The PSHPB setup includes 38.1 mm diameter polycarbonate (PC 1000) rods and 

composed of a striker bar, an incident bar, and a transmitted bar with lengths 0.76, 2.44, 

and 1.22 m, respectively (Fig. 16).   


