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Abstract
Under tensile loading, tendon undergoes a number of unique structural changes that govern its
mechanical response. For example, stretching a tendon is known to induce both the progressive
“uncrimping” of wavy collagen fibrils and extensive lateral contraction mediated by fluid flow out
of the tissue. However, it is not known whether these processes are interdependent. Moreover, the
rate-dependence of collagen uncrimping and its contribution to tendon’s viscoelastic mechanical
properties are unknown. Therefore, the objective of this study was to a) develop a methodology
allowing for simultaneous measurement of crimp, stress, axial strain and lateral contraction in
tendon under dynamic loading; b) determine the interdependence of collagen uncrimping and
lateral contraction by testing tendons in different swelling conditions; and c) assess how the
process of collagen uncrimping depends on loading rate. Murine flexor carpi ulnaris (FCU)
tendons in varying ionic environments were dynamically stretched to a set strain level and imaged
through a plane polariscope with the polarizer and analyzer at a fixed angle. Analysis of the
resulting images allowed for direct measurement of the crimp frequency and indirect measurement
of the tendon thickness. Our findings demonstrate that collagen uncrimping and lateral contraction
can occur independently and interstitial fluid impacts tendon mechanics directly. Furthermore,
tensile stress, transverse contraction and degree of collagen uncrimping were all rate-dependent,
suggesting that collagen uncrimping plays a role in tendon’s dynamic mechanical response. This
study is the first to characterize the time-dependence of collagen uncrimping in tendon establishes
structure-function relationships for healthy tendons that can be used to better understand and
assess changes in tendon mechanics after disease or injury.
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INTRODUCTION
Tendon is a dense, durable connective tissue that transmits forces from muscle to bone. It is
comprised of a fluid-saturated, hierarchically structured collagen network aligned along the
direction of loading. The well-characterized non-linear and viscoelastic mechanical
properties of this tissue are consequences of its elaborate structure and composition. For
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example, the strain-stiffening behavior of tendon is thought to result from the gradual
straightening of wavy or “crimped” collagen fibrils visible at the micron scale (Diamant et
al., 1972; Kastelic et al., 1980). Periodic crimp in tendon is typically visualized using high-
magnification optical microscopy (Miller et al., 2012a; Miller et al., 2012b) or polarized
light microscopy (Rigby et al., 1959), but other imaging modalities including electron
microscopy (Dlugosz et al., 1978), optical coherence tomography (Hansen et al., 2002a) and
second harmonic-generation microscopy (Houssen et al., 2011) have also been used. While
originally thought to result from a helical twisting of the collagen network (Verzar, 1957;
Verzar and Huber, 1958), later evidence suggested that the crimp waveform in tendon is
planar (Elliott, 1965; Rigby et al., 1959). Crimp is ubiquitous in tendons of all types (Dale et
al., 1972), and measured crimp wavelengths in unloaded tendon range from around 30 μm in
the mouse supraspinatus tendon (Miller et al., 2012a; Miller et al., 2012b) to roughly 120
μm in the rat tail (Hansen et al., 2002a). Although its origin is not fully understood, one
proposed mechanism for collagen crimp in tendon is collagen fibril buckling due to
differential shrinkage of the extrafibrillar matrix during development (Dale and Baer, 1974).
Under loading, crimp begins to disappear at strains corresponding to the low modulus (i.e.,
“toe”) region of the stress-strain curve and is difficult to detect once the high modulus
(“linear”) region is reached (Diamant et al., 1972; Rigby et al., 1959). Since many tendons
operate mostly in the toe region in vivo (Maganaris and Paul, 1999), the process of tendon
uncrimping, which has recently been quantified at prescribed loading conditions for the first
time (Hansen et al., 2002b; Houssen et al., 2011; Miller et al., 2012a; Miller et al., 2012b), is
of high physiological relevance. Similarly, the wide range of strain rates that tendons
experience in vivo suggests the importance of understanding whether collagen uncrimping
depends on how fast deformation is applied. However, the rate-dependence of collagen
uncrimping and its contribution to the well-characterized rate-dependent mechanical
properties of tendon have not been investigated.

Another distinct structural response of axially-stretched tendon is extensive contraction in
the lateral direction. The Poisson’s ratio of tendon (given by the lateral compressive strain
divided by the axial tensile strain) characterizes this effect and has been measured to be
between 2 and 5 in tendon and ligament (Hewitt et al., 2001; Lynch et al., 2003; Reese et al.,
2010; Reese and Weiss, 2013). For comparison, the highest possible Poisson’s ratio of an
isotropic solid is 0.5. The process of tensile stress-induced lateral contraction in tendon may
be governed by fluid flow out of the stretched tissue. In articular cartilage, where water
comprises roughly 70% of wet weight (Bollet and Nance, 1966), the mechanical effects of
fluid exudation resulting from mechanical deformation are well-described by biphasic
theory and the theory of poroelasticity (Biot, 1941; Lai and Mow, 1980; Mow et al., 1980).
A similar phenomenon may occur in tendon, where water comprises approximately 60% of
tissue wet weight (Eichelberger and Brown, 1945). Supporting this idea, experiments have
demonstrated that tendon volume and water content are lowered by cyclic tensile strain
(Hannafin and Arnoczky, 1994) and that tendons subject to stress relaxation contract
laterally in a time-dependent manner consistent with the predictions of biphasic theory
(Reese and Weiss, 2013). Moreover, analysis of stress relaxation in mouse tail tendons
under uniaxial tension using a mixture theory-based biphasic model suggested that
poroelastic effects (i.e., stress-induced transverse fluid-flow) are largely responsible for
tendon’s time-dependent mechanical properties (Yin and Elliott, 2004). Importantly, another
study measured decreased strain with increased hydration in ligament under a prescribed
stress, establishing a clear link between tendon water content and mechanics (Thornton et
al., 2001). However, it is unknown whether the fluid component of tendon impacts its
dynamic tensile mechanical properties directly or indirectly by altering collagen recruitment,
as has been suggested previously (Thornton et al., 2001).
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Despite their potential importance during physiological loading, the rate-dependent
dynamics of collagen uncrimping and volumetric contraction (i.e., fluid exudation) under
tensile deformation have not been simultaneously evaluated. Therefore, the objectives of this
study were to a) develop a methodology allowing for concurrent measurement of tendon
stress, strain, crimp and lateral thickness under dynamic loading; b) assess the
interdependence of collagen uncrimping and lateral contraction by testing tendons in
different ionic conditions that alter lateral thickness; and c) evaluate the effects of loading
rate on collagen uncrimping. We hypothesized that alterations in tendon thickness and fluid
content (mediated by the ionic concentration of the bath) would impact tendon tensile
mechanical properties without altering the process of collagen uncrimping. In addition, we
hypothesized that for a given applied strain, measured changes in axial stress, crimp and
transverse thickness would be rate-dependent.

METHODS
Sample Preparation

A total of 12 female C57BL/6 wild-type mice were sacrificed at 150 days post-natal with
IACUC approval. In each mouse, a flexor carpi ulnaris (FCU) tendon from a randomly
chosen forelimb (right or left) was detached from the muscle, and the fully-intact pisiform
bone was carefully removed from the wrist. Tendon cross-sectional areas were measured
using a laser-based device (Favata, 2006), and the proximal (myotendinous) side of the
tendon was glued between two small squares of sandpaper 5 mm from the pisiform insertion
using cyanoacrylate. Tendon-pisiform complexes were then gripped with custom fixtures
and loaded into a bath attached to an Instron 5848 universal testing system (Instron Corp.,
Norwood, MA). One of three bathing solutions was used: 0.1x phosphate-buffered saline
(PBS), 1x PBS or 10x PBS. The 10x PBS solution consisted of 80.1 g/L NaCl, 2.01 g/L
KCl, 11.5 g/L Na2HPO4 and 2.04 g/L KH2P04 in distilled water and was diluted by 10x and
100x in distilled water to obtain 1x PBS and 0.1x PBS. In-vivo conditions are approximated
by 1x PBS and varying the salt concentration of the bath alters the water content of the
tendon. For example, in hypotonic conditions, an induced osmotic pressure imbibes the
tissue with additional fluid. Following each mechanical test, the bathing solution was
replaced and the test was repeated until tests were conducted in all three bathing conditions.
The order of bathing solutions was randomized and prior to each test and the tissue was
equilibrated in the new bath for 1 hour to ensure proper equilibration (Elden, 1964).

Mechanical Testing
Specimens were tensile tested according to the following protocol: 1) preload to 0.001 N, 2)
10 triangle wave cycles to 4% strain at 0.01 Hz (preconditioning), 3) 5 minute hold, 4) 10
triangle wave cycles to 4% strain at 0.01 or 0.5 Hz, 4) 5 minute hold and 5) 10 triangle wave
cycles to 4% strain at 0.01 or 0.5 Hz. According to tests of 31 female C57BL/6 wild-type
mice tested to failure at a rate of 0.1% strain/second in 1x PBS, the transition strain between
the toe (i.e., non-linear) and linear regions of the FCU tendon stress-strain curve is 3%
(Supplementary Material). Thus, the range 0–4% strain spans the entire toe region and the
beginning of the linear region. Zero strain was set as the strain at preload in 1x PBS. The
order of 0.01 and 0.5 Hz tests (steps 3 and 5) was randomized, and both steps were imaged.
Imaging was performed during steps 3 and 5 through a plane polariscope consisting of a
light source (L) emitting light along the –z direction, a polarizer (P), the loaded tendon (T),
an analyzer (A) oriented perpendicular to P and a camera (C) to detect light passing through
the entire system (Figure 1a). In this experimental setup, alternating light and dark bands
appear in a crimped tendon (Diamant et al., 1972; Rigby et al., 1959). The crossed polarizers
were oriented at the angle θ at which maximal extinction in the dark crimp bands occurred at
preload. Images were taken at a rate corresponding to 10 frames per cycle.
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Image Analysis
Since the tendon is a birefringent material, the intensity of light detected by the camera at a
particular location (x,y) is given by the equation

(1)

where Ip is the intensity of light passing through P, α is the angle between P and tendon’s
slow axis (i.e., the aligned axis of the tendon) and Δ is the phase difference of light passing
through T along the fast and slow axes (Glazer et al., 1996; Timoshenko and Goodier,
1969). As a result of crimp, the angle α varies with y (Figure 1b). Since the initial angle θ of
P is such that maximal extinction occurs in the dark bands, α = 0 for the dark bands and α =
2θ for the bright bands. That is, θ, the angle of rotation of P, is equal to the crimp angle.
However, under loading, the tendon begins to straighten out and α for the dark bands
increases to γ while α for the light bands decreases to 2θ - γ. Therefore,

(2)

and

(3)

For changes in crimp angle γ > 0, Idark > 0, so the dark bands brighten with increased strain.
In addition, straightening the tendon leads to a decrease in crimp frequency and an increase
in the spacing between bright and dark bands. In fact, at high strains, the bright and dark
bands become difficult to distinguish (Figure 2a–b). To enhance their visibility, a bandpass
filter was applied to each image to eliminate features with spatial frequencies larger than 25
pixels (150 μm) using ImageJ (National Institutes of Health, Bethesda, MD) (Figure 2c–d).

To calculate the crimp frequency, a custom Matlab (Mathworks, Natick, MA) code was
written to detect regions of processed images that lie inside the tendon (Figure 3a). Within
these regions, the mean intensity across the tendon width was determined as a function of
vertical location (Figure 3b). The Fourier transform of this intensity profile was then
computed (Figure 3c), and the crimp frequency fcrimp was defined as its mean power
frequency (i.e., the frequency at which the Fourier transform was 50% of the total integral of
the Fourier spectrum). fcrimp was calculated across all acquired images as a function of the
applied strain (Figure 3d).

Now, according to Equations (2) and (3), the mean intensity across the entire tendon
(assuming an equal number of bright and dark bands) is

(4)

Since the phase difference Δ is given by (Bloss, 1961)
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(5)

Equation (4) can be written as

(6)

where B is the birefringence of the tendon (i.e., the difference in index of refraction between
its fast and slow axes), s is the thickness of the tendon (Figure 1a) and λ is the wavelength of
emitted light. Assuming the birefringence of the tendon does not vary with load at low
strains, for a given change in crimp angle γ and intensity Ip passing through P, Imean is a
function of only the tendon thickness s. The mean unloaded tendon thickness (as measured
by a laser-based device was 0.095 mm. Therefore, characterizing λ by a central wavelength
of 550 nm and assuming B = 3.0 × 10−3 (Maitland and Walsh, 1997),  in the
unloaded state. Hence, according to Equation (6), an decrease in s will lead to an increase in
Imean until . To obtain an indirect measurement of tendon thickness, Imean was
calculated within the tendon boundaries in raw (i.e., unfiltered) images.

Data Analysis
To characterize collagen uncrimping and lateral contraction as a function of grip-to-grip
strain in different osmotic environments, values of fcrimp, Imean and tensile stress were
averaged across all ten cycles at strains of 0%, 1%, 2%, 3% and 4% for each loading
frequency. To characterize the rate-dependent dynamics of uncrimping and lateral
contraction, peak changes in tensile stress, fcrimp and Imean (relative to their values prior to
deformation) were computed during the 1st and final (10th) cycles for 0.01 Hz and 0.5 Hz
deformation. These quantities are denoted as Δσ, Δfcrimp and ΔImean. The ratios Δσ0.5 Hz/
Δσ0.01 Hz, Δfcrimp, 0.5 Hz/Δfcrimp, 0.01 Hz and ΔImean, 0.5 Hz/ΔImean, 0.01 Hz are viscoelastic
parameters with values of 1 in solids that deform in a rate-independent manner. These
parameters were evaluated in the 1st and final cycles to elucidate the transient and steady-
state response (respectively) of tendon under tension.

Statistics
For each loading frequency, stress, crimp frequency and mean intensity were compared
across strain (0, 1, 2, 3 and 4%) and PBS concentration (0.1x, 1x and 10x) using a two-way
repeated measures ANOVA with Bonferroni post-hoc analysis to correct for multiple
comparisons. The ratios Δσ0.5 Hz/Δσ0.01 Hz, Δfcrimp, 0.5 Hz/Δfcrimp, 0.01 Hz and ΔImean, 0.5 Hz/
ΔImean, 0.01 Hz were compared to unity using a Student’s t-test. Significance was set at p ≤
0.05 for all statistical tests.

RESULTS
At 0.01 Hz, stress increased with strain in all bathing conditions. In the toe region (strain ≤
3%), stress was higher in 0.01x PBS than in 10x PBS (Figure 4). Crimp frequency decreased
with strain but was not affected by PBS concentration (Figure 5). Results were similar at 0.5
Hz.

Hysteresis in Imean versus strain was evident, especially at 0.01 Hz (Figure 6a). At 0.5 Hz,
steady-state was not reached over the few cycles (Figure 6b). At 0.01 Hz, with increased
strain and decreased PBS concentration, mean tendon intensity increased as the tendon
thickness contracted (Figure 7). Similar effects were observed at 0.5 Hz, but changes in
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Imean with strain were suppressed. Geometric constraints of the crimp waveform require that
each crimp frequency corresponds to a specific crimp angle or change in crimp angle γ.
Therefore, since fcrimp was independent of environmental condition, it can be inferred from
Equation (6) that for a given strain, changes in Imean with PBS concentration reflect changes
in the tendon thickness s (and possibly the birefringence B) as a result of altered osmotic
pressure. Conversely, since fcrimp is decreased with strain, alterations in Imean with strain
may reflect a combination of factors.

In 1x PBS, over the first cycle, Δσ0.5 Hz/Δσ0.01 Hz and Δfcrimp, 0.5 Hz/Δfcrimp, 0.01 Hz were
significantly higher than 1 while ΔImean, 0.5 Hz/ΔImean, 0.01 Hz was significantly lower than 1
(Figure 8). Thus, the initial (transient) stress and degree of uncrimping were enhanced at the
higher frequency while lateral contraction and other effects leading to an increase in Imean
were suppressed. Over the final cycle, Δσ0.5 Hz/Δσ0.01 Hz and ΔImean, 0.5 Hz/ΔImean, 0.01 Hz
were still significantly different than 1, but Δfcrimp, 0.5 Hz/Δfcrimp, 0.01 Hz was not. That is,
uncrimping was no longer rate-dependent in the steady-state. Results were similar in 0.1x
and 10x PBS (not shown).

DISCUSSION
In this study, real-time reductions in crimp frequency and thickness with increasing dynamic
strain were concurrently measured non-destructively during the course of a mechanical test
for the first time by imaging the tested tendon through a plane polariscope. As hypothesized,
although stress and mean intensity (a parameter sensitive to transverse contraction) were
increased in low tonicity bathing solutions that swell the tissue, crimp frequency was
unaffected by PBS concentration. Thus, the processes of collagen uncrimping and lateral
contraction are not fully coupled and may occur independently. In addition, like axial stress
and mean intensity, fibril uncrimping was shown to be rate-dependent in the transient state.

Mean intensity was higher in conditions expected to induce increased lateral contraction:
higher strains, lower loading rates and higher ionic concentrations. Moreover, according to
Equation (6), Imean is sensitive to alterations in tendon thickness s, which may be brought on
by fluid exudation and volume change as described by biphasic theory. Therefore, the
increase in Imean with strain and ionic concentration likely signifies a decrease in width and
volume due to water expulsion. By this logic, the larger intensity increase in Imean with
strain at 0.01 Hz as compared to 0.5 Hz likely results from allowing more time for fluid to
flow out of the tendon against fluid-solid drag forces as it is stretched. Moreover, since fluid
expulsion initiated by loading continues during the initial stages of unloading until it is
overcome by diffusive fluid flow into the tendon, hysteresis is evident in the dependence of
Imean on strain, especially at the lower frequency (Figure 6). Interestingly, at 0.5 Hz, fluid
flow into the tendon during the short unloading phase is unable to keep up with strain-
induced fluid exudation that persists over both the loading and unloading phases. As a result,
the baseline mean intensity increases over the first few cycles (reflecting a continuous
decrease in tendon volume) and a steady-state is not immediately reached.

The transient rate-dependence of collagen uncrimping is likely due to flow-independent
mechanisms including fibril-fibril interactions and molecular relaxation of collagen. In fact,
it is well-established that independent collagen fibrils and collagenous tissues exhibit flow-
independent viscoelastic phenomena. However, the results of the current investigation
demonstrate that uncrimping is no longer rate-dependent in the steady-state. Conversely,
lateral contraction is rate-dependent both in the transient and steady-states. Taken together,
these findings suggest that the steady-state viscoelastic response of tendon may be
predominantly governed by fluid exudation.
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The decreased stress at a given strain level in bathing solutions with increased salt
concentration measured in this study is consistent with a prior investigation of rabbit medial
collateral ligament (MCL) (Thornton et al., 2001). In that study, ligament water content and
strain at a baseline load (0.1 N) increased in a hypotonic sucrose solution as compared to 1x
PBS. Although it has been proposed that these effects are due to changes in fibril
uncrimping mediated by interactions between collagen and water (Thornton et al., 2001), the
current investigation demonstrates that water content impacts tendon mechanics without
altering fibril recruitment/uncrimping. That is, the interstitial fluid component of tendon
directly affects tendon’s mechanical response. One possible explanation for this effect is that
the increased internal swelling pressure under hypotonic conditions could oppose the lateral
contraction of the collagen network required for the tendon to stretch along the axis of
alignment. Since tendon and ligament are known to have very high Poisson’s ratios (ν>2)
(Hewitt et al., 2001; Lynch et al., 2003; Reese et al., 2010; Reese and Weiss, 2013), axial
tension must be concomitant with a larger degree of transverse consolidation that may be
resisted by the high osmotic pressure in low salt concentrations. Interestingly, the opposite
phenomenon has been observed in other tissues. For example, the modulus of the annulus
fibrosus was higher in hypertonic conditions than in isotonic conditions (Han et al., 2012).
These contrasting findings suggest that structure-function relationships vary between
connective tissues that experience different loading conditions in-vivo.

In this study, a novel optical technique was established allowing for real-time measurements
of multiple structural parameters in tendon during a mechanical test. In particular, it was
demonstrated that both the crimp architecture and a parameter sensitive to changes in lateral
thickness (Imean) can be deduced by analyzing images taken of the tissue through a simple
plane polariscope rotated at a constant angle. In addition to changes in ionic concentration,
tendon mechanics are altered by genetic alteration, chemical treatment, exercise, fatigue,
injury, aging and pathology. The methodology developed in this study could be used to
evaluate and better understand the rate- and load-dependent structural changes associated
with these processes.

The primary limitation of this study was that the association of the parameter Imean with
tendon thickness and water content was assumed and not validated since direct measurement
of these parameters is highly challenging in small mouse tendons like the FCU. The mean
intensity is also a function of the birefringence B (Equation (6)) which was assumed to be
constant but may be altered by changes in ionic environment or stress in individual collagen
fibrils. However, the latter effect is not likely to be important at the low strains investigated
in this study. Moreover, the interpretation that increases in Imean were predominantly
consequences of decreases in thickness and water content was established by Equation (6).
Furthermore, this interpretation is consistent with the measured increase in Imean with strain
and salt concentration and the observed hysteresis in Imean as a function of strain (Figure 6).
Ongoing experiments in our laboratory are further investigating the relationship between
Imean and tendon thickness using ultrasound. Another limitation of this study is that
glycosaminoglycan (GAG) levels can be altered by changes in ionic concentration but were
not measured (Han et al., 2012). However, a number of studies have established that GAG
content does not affect mechanics in healthy human patellar tendon, human MCL and rat tail
tendon (Fessel and Snedeker, 2009; Lujan et al., 2007; Lujan et al., 2009; Svensson et al.,
2011), and internal studies in our laboratory comparing tendons incubated overnight in 1x
PBS with tendons incubated overnight in chondroitinase ABC have confirmed that this is
also the case for the murine FCU tendon (data not shown).

By investigating rate-dependent uncrimping and fluid exudation in tendon in different
environmental conditions, this study established structure-function relationships between
crimp frequency, lateral thickness and mechanical properties. In particular, changes in crimp
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frequency of the FCU tendon associated with strain-stiffening were measured for the first
time, while rate-dependent mechanical changes were linked to altered uncrimping and
volumetric contraction. These findings can be applied to better understand functional
changes induced in tendons by alterations in water content and/or crimp morphology known
to occur after stress deprivation (Akeson et al., 1987), high-intensity physical activity (Birch
et al., 2008), development (Miller et al., 2012b), aging (PattersonKane et al., 1997), injury
(Frank et al., 1983; Jarvinen et al., 2004; Williams et al., 1985), disease (Wilmink et al.,
1992) and surgical intervention (Sabiston et al., 1990).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This study was supported by NIH R01 AR055543S1, an NSF Graduate Research Fellowship and the University of
Pennsylvania Center for Musculoskeletal Disorders (NIH P30 AR050950).

References
Akeson WH, Amiel D, Abel MF, Garfin SR, Woo SL. Effects of immobilization on joints. Clin Orthop

Relat Res. 1987:28–37. [PubMed: 3581580]

Biot MA. General theory of three-dimensional consolidation. J Appl Phys. 1941; 12:155–164.

Birch HL, Wilson AM, Goodship AE. Physical activity: does long-term, high-intensity exercise in
horses result in tendon degeneration? J Appl Physiol. 2008; 105:1927–1933. [PubMed: 18832761]

Bloss, FD. An introduction to the methods of optical crystallography. Holt; New York: 1961.

Bollet AJ, Nance JL. Biochemical Findings in Normal and Osteoarthritic Articular Cartilage. II.
Chondroitin Sulfate Concentration and Chain Length, Water, and Ash Content. J Clin Invest. 1966;
45:1170–1177. [PubMed: 16695915]

Dale WC, Baer E. Fiber-Buckling in Composite Systems - Model for Ultrastructure of Uncalcified
Collagen Tissues. J Mater Sci. 1974; 9:369–382.

Dale WC, Baer E, Keller A, Kohn RR. Ultrastructure of Mammalian Tendon. Experientia. 1972;
28:1293. [PubMed: 4638892]

Diamant J, Arridge RGC, Baer E, Litt M, Keller A. Collagen - Ultrastructure and Its Relation to
Mechanical Properties as a Function of Aging. P Roy Soc B-Biol Sci. 1972; 180:293.

Dlugosz J, Gathercole LJ, Keller A. Transmission Electron-Microscope Studies and Their Relation to
Polarizing Optical Microscopy in Rat Tail Tendon. Micron. 1978; 9:71–82.

Eichelberger L, Brown JD. The Fat, Water, Chloride, Total Nitrogen, and Collagen Nitrogen Content
in the Tendons of the Dog. Journal of Biological Chemistry. 1945; 158:283–289.

Elden HR. Hydration of Connective Tissue and Tendon Elasticity. Biochim Biophys Acta. 1964;
79:592–599. [PubMed: 14179459]

Elliott DH. Structure and Function of Mammalian Tendon. Biol Rev Camb Philos Soc. 1965; 40:392–
421. [PubMed: 14340913]

Favata, M. Thesis (Ph D in Bioengineering). University of Pennsylvania; 2006. Scarless healing in the
fetus: implications and strategies for postnatal tendon repair.

Fessel G, Snedeker JG. Evidence against proteoglycan mediated collagen fibril load transmission and
dynamic viscoelasticity in tendon. Matrix Biol. 2009; 28:503–510. [PubMed: 19698786]

Frank C, Amiel D, Akeson WH. Healing of the medial collateral ligament of the knee. A
morphological and biochemical assessment in rabbits. Acta Orthop Scand. 1983; 54:917–923.
[PubMed: 6670520]

Glazer AM, Lewis JG, Kaminsky W. An automatic optical imaging system for birefringent media. P
Roy Soc Lond a Mat. 1996; 452:2751–2765.

Buckley et al. Page 8

J Biomech. Author manuscript; available in PMC 2014 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Han WM, Nerurkar NL, Smith LJ, Jacobs NT, Mauck RL, Elliott DM. Multi-scale structural and
tensile mechanical response of annulus fibrosus to osmotic loading. Ann Biomed Eng. 2012;
40:1610–1621. [PubMed: 22314837]

Hannafin JA, Arnoczky SP. Effect of cyclic and static tensile loading on water content and solute
diffusion in canine flexor tendons: an in vitro study. J Orthop Res. 1994; 12:350–356. [PubMed:
8207588]

Hansen KA, Weiss JA, Barton JK. Recruitment of tendon crimp with applied tensile strain. J Biomech
Eng-T Asme. 2002a; 124:72–77.

Hansen KA, Weiss JA, Barton JK. Recruitment of tendon crimp with applied tensile strain. J Biomech
Eng. 2002b; 124:72–77. [PubMed: 11871607]

Hewitt J, Guilak F, Glisson R, Vail TP. Regional material properties of the human hip joint capsule
ligaments. J Orthop Res. 2001; 19:359–364. [PubMed: 11398846]

Houssen YG, Gusachenko I, Schanne-Klein MC, Allain JM. Monitoring micrometer-scale collagen
organization in rat-tail tendon upon mechanical strain using second harmonic microscopy. J
Biomech. 2011; 44:2047–2052. [PubMed: 21636086]

Jarvinen TA, Jarvinen TL, Kannus P, Jozsa L, Jarvinen M. Collagen fibres of the spontaneously
ruptured human tendons display decreased thickness and crimp angle. J Orthop Res. 2004;
22:1303–1309. [PubMed: 15475213]

Kastelic J, Palley I, Baer E. A structural mechanical model for tendon crimping. J Biomech. 1980;
13:887–893. [PubMed: 7462263]

Lai WM, Mow VC. Drag-induced compression of articular cartilage during a permeation experiment.
Biorheology. 1980; 17:111–123. [PubMed: 7407341]

Lujan TJ, Underwood CJ, Henninger HB, Thompson BM, Weiss JA. Effect of dermatan sulfate
glycosaminoglycans on the quasi-static material properties of the human medial collateral
ligament. J Orthop Res. 2007; 25:894–903. [PubMed: 17343278]

Lujan TJ, Underwood CJ, Jacobs NT, Weiss JA. Contribution of glycosaminoglycans to viscoelastic
tensile behavior of human ligament. J Appl Physiol. 2009; 106:423–431. [PubMed: 19074575]

Lynch HA, Johannessen W, Wu JP, Jawa A, Elliott DM. Effect of fiber orientation and strain rate on
the nonlinear uniaxial tensile material properties of tendon. J Biomech Eng. 2003; 125:726–731.
[PubMed: 14618932]

Maganaris CN, Paul JP. In vivo human tendon mechanical properties. J Physiol. 1999; 521(Pt 1):307–
313. [PubMed: 10562354]

Maitland DJ, Walsh JT Jr. Quantitative measurements of linear birefringence during heating of native
collagen. Lasers Surg Med. 1997; 20:310–318. [PubMed: 9138260]

Miller KS, Connizzo BK, Feeney E, Soslowsky LJ. Characterizing local collagen fiber re-alignment
and crimp behavior throughout mechanical testing in a mature mouse supraspinatus tendon model.
J Biomech. 2012a; 45:2061–2065. [PubMed: 22776688]

Miller KS, Connizzo BK, Feeney E, Tucker JJ, Soslowsky LJ. Examining differences in local collagen
fiber crimp frequency throughout mechanical testing in a developmental mouse supraspinatus
tendon model. J Biomech Eng. 2012b; 134:041004. [PubMed: 22667679]

Mow VC, Kuei SC, Lai WM, Armstrong CG. Biphasic creep and stress relaxation of articular cartilage
in compression? Theory and experiments. J Biomech Eng. 1980; 102:73–84. [PubMed: 7382457]

PattersonKane JC, Firth EC, Goodship AE, Parry DAD. Age-related differences in collagen crimp
patterns in the superficial digital flexor tendon core region of untrained horses. Australian
Veterinary Journal. 1997; 75:39–44. [PubMed: 9034498]

Reese SP, Maas SA, Weiss JA. Micromechanical models of helical superstructures in ligament and
tendon fibers predict large Poisson’s ratios. J Biomech. 2010; 43:1394–1400. [PubMed:
20181336]

Reese SP, Weiss JA. Tendon Fascicles Exhibit a Linear Correlation Between Poisson’s Ratio and
Force During Uniaxial Stress Relaxation. Journal of Biomechanical Engineering. 2013; 135

Rigby BJ, Hirai N, Spikes JD, Eyring H. The Mechanical Properties of Rat Tail Tendon. J Gen
Physiol. 1959; 43:265–283. [PubMed: 19873525]

Buckley et al. Page 9

J Biomech. Author manuscript; available in PMC 2014 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sabiston P, Frank C, Lam T, Shrive N. Allograft ligament transplantation. A morphological and
biochemical evaluation of a medial collateral ligament complex in a rabbit model. Am J Sports
Med. 1990; 18:160–168. [PubMed: 2343984]

Svensson RB, Hassenkam T, Hansen P, Kjaer M, Magnusson SP. Tensile force transmission in human
patellar tendon fascicles is not mediated by glycosaminoglycans. Connect Tissue Res. 2011;
52:415–421. [PubMed: 21453063]

Thornton GM, Shrive NG, Frank CB. Altering ligament water content affects ligament pre-stress and
creep behaviour. J Orthop Res. 2001; 19:845–851. [PubMed: 11562131]

Timoshenko, S.; Goodier, JN. Theory of elasticity. 3. McGraw-Hill; New York: 1969.

Verzar F. The Ageing of Connective Tissue. Gerontologia. 1957; 1:363–378. [PubMed: 13501445]

Verzar F, Huber K. Thermic-Contraction of Single Tendon Fibres from Animals of Different Age after
Treatment with Formaldehyde, Urethane, Glycerol, Acetic Acid and Other Substances.
Gerontologia. 1958; 2:81–103. [PubMed: 13598058]

Williams IF, Craig AS, Parry DAD, Goodship AE, Shah J, Silver IA. Development of Collagen Fibril
Organization and Collagen Crimp Patterns during Tendon Healing. Int J Biol Macromol. 1985;
7:275–282.

Wilmink J, Wilson AM, Goodship AE. Functional-Significance of the Morphology and
Micromechanics of Collagen-Fibers in Relation to Partial Rupture of the Superficial Digital Flexor
Tendon in Racehorses. Res Vet Sci. 1992; 53:354–359. [PubMed: 1465509]

Yin L, Elliott DM. A biphasic and transversely isotropic mechanical model for tendon: application to
mouse tail fascicles in uniaxial tension. J Biomech. 2004; 37:907–916. [PubMed: 15111078]

Buckley et al. Page 10

J Biomech. Author manuscript; available in PMC 2014 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
(a) Schematic of the plane polariscope used to visualize tendon crimp and deduce tendon
volume. Light from the light source (L) travels along the –z direction through the polarizer
(P), tendon (T), analyzer (A) and camera (C). (b) Orientation of the polarizer and analyzer
relative to the tendon crimp waveform (jagged black line) at zero strain. The polarizer angle
θ is set such that alternating portions of the crimp pattern are parallel to the polarizer (α=0)
and completely extinguished, while light passing through the adjacent portions is bright.
However, as the tendon is loaded, the angle α between the dark regions of the crimp
waveform and the polarizer will increase from zero and the dark bands will brighten.
Similarly, the angle between the bright regions of the crimp waveform and the polarizer will
decrease from 2θ.
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Figure 2.
(a) Tendon imaged with the polariscope prior to loading. Crimp bands visible throughout the
tissue. (b) At 4% strain, crimp bands disappear. (c–d) Bandpass-filtered tendon images
before and after stretching to 4%. Crimp bands are easier to distinguish in the processed
images.
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Figure 3.
Protocol for measurement of crimp frequency in imaged tendons. (a) A region of interest
(ROI) was drawn around the tendon (excluding portions near the grips), and the tendon
width was detected (horizontal bar). The large box represents the ROI, whose center is
denoted by the asterisk. (b) Vertical profile of the mean intensity across the tendon width.
(c) Fourier transform of (b). The crimp frequency (green dotted line) was calculated from
mean power frequency of (c). (d) Crimp frequency versus strain during dynamic loading at
0.5 Hz. As the tendon is stretched, the crimp frequency decreases.
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Figure 4.
Stress as a function of PBS concentration and strain at (a) 0.01 and (b) 0.5 Hz for 0, 2 and
4% strain (1 and 3% strain are omitted for clarity). Stress increased with strain in all bathing
conditions. In addition, a significant decrease in stress was found with increasing salt
concentration in the toe region (ε ≤ 3%).
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Figure 5.
Crimp frequency as a function of PBS concentration at (a) 0.01 and (b) 0.5 Hz for 0, 2 and
4% strain (1 and 3% strain are omitted for clarity). Crimp frequency was generally
decreased with increasing strain. No changes in fcrimp with salt concentration were found.
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Figure 6.
Mean intensity versus strain for a representative FCU tendon in 1x PBS deformed at (a) 0.01
Hz and (b) 0.5 Hz over 10 oscillation cycles. The red arrows denote the directions the curves
progress with time. At both frequencies, the mean intensity increased with strain as a result
of tendon contraction (Equation 6). However, more contraction occurs at 0.01 Hz, possibly
due to the increased time allowed for fluid to flow out of the tendon as it is stretched. Since
fluid expulsion continues during the unloading phase, hysteresis is evident, particularly at
the lower frequency. At 0.5 Hz, the persistence of fluid expulsion during the short unloading
phase could explain the steady increase in mean intensity over the first few cycles.
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Figure 7.
Mean tendon intensity as a function of PBS concentration at (a) 0.01 and (b) 0.5 Hz for 0, 2
and 4% strain (1 and 3% strain are omitted for clarity). Imean increased with strain,
especially at 0.01 Hz. In addition, Imean generally increased with salt concentration.
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Figure 8.
Ratio of peak changes in stress (Δσ0.5 Hz/Δσ0.01 Hz ), crimp frequency (Δfcrimp, 0.5 Hz/
Δfcrimp, 0.01 Hz ) and mean intensity (ΔImean, 0.5 Hz/ΔImean, 0.01 Hz ) for the (a–c) 1st and (d–f)
10th cycles. Values significantly different than 1 indicate that the parameter was rate-
dependent. While Δσ0.5 Hz/Δσ0.01 Hz and ΔImean, 0.5 Hz/ΔImean, 0.01 Hz were different than 1
(i.e., changes in stress and mean intensity were rate-dependent) in both the 1st and 10th

cycles, Δfcrimp, 0.5 Hz/Δfcrimp, 0.01 Hz was higher than 1 in the 1st cycle but not in the steady-
state.
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