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Ex vivo tendon mechanical behavior has been well described under rotationally constrained uniaxial ten-
sile testing. During standard loading of rat tail tendon (RTT) fascicles, apparent axial twist has been
observed. To quantify this behavior, we designed a custom testing setup, utilizing magnetic suspension,
to allow unconstrained axial rotation during tensile loading. We characterized the rotational behavior of
single and paired RTT fascicles under cyclic loading. We also measured stress relaxation across loading
cycles as well as ‘‘rotational relaxation”. Single fascicle nonlinear stretch-twist coupling is well described
by the asymptotic function Dh ¼ Að1� e�BeÞ in which fascicles rotated a mean �51.1� within about 1%
applied axial strain. On average, paired fascicles rotated just over 10� less. Specimen cross-sectional
diameter had a noticeable effect on the measured mechanical properties, particularly effective elastic
modulus. Such stretch-twist coupling and size dependence cannot be understood via classical elasticity
but is predicted by Cosserat (micropolar) elasticity. The current study demonstrates RTT fascicles are chi-
ral based on observed axial load-induced twist. Additionally, our findings support existing research that
suggests a helical fascicle structure. Potential consequences of helical substructures, mechanical and bio-
logical, merit further investigation.

� 2017 Published by Elsevier Ltd.
1. Introduction

Tendon absorbs and transfers load between muscle and bone,
and its mechanical properties are dependent on its hierarchical
structure. The largest substructure of tendon is the fascicle, which
is composed of fibers made up of fibrils. A mature fibril is very long
and consists of self-assembled collagen molecules (Kadler et al.,
1996; Kastelic et al., 1978; Provenzano and Vanderby, 2006;
Screen et al., 2004a). This hierarchical organization has been shown
to attenuate strain in the substructures, which experience smaller
strains than whole tendon (Puxkandl et al., 2002; Screen et al.,
2004b; Thorpe et al., 2012). For example, fascicles only stretch 55–
90% of the 4–6% in vivo whole tendon strain (Gardiner et al., 2001;
Kongsgaard et al., 2011; Lochner et al., 1980; Thorpe et al., 2012).
Contributing mechanisms include the sliding that occurs between
adjacent fascicles (Screen et al., 2004a, 2004b; Thorpe et al., 2012).

Ex vivo mechanical testing of tendon tissue is typically per-
formed with rotationally constrained uniaxial tensile loading to
provide a reproducible estimate of the physiological system. Dur-
ing tensile testing of rat tail tendon (RTT) fascicles, researchers
observed rotational movement of visual strain markers (Cheng
and Screen, 2007; Screen, 2008). We noted similar axial twist when
mechanically stretching RTT fascicles. The presence of load-
induced twist would imply fascicles are chiral, meaning they lack
symmetry about their rotational axis. A ubiquitous and biologically
relevant example is the helix. Helical structures have been identi-
fied at multiple hierarchical levels within tendon. The collagen I
molecule is a right-handed triple helix made from three left-
handed polypeptide helices. Collagen molecules self-assemble into
right-handed, super-twisted microfibrils, which interdigitate with
neighboring microfibrils. These units, in turn, self-assemble into
larger hierarchical structures (Duenwald et al., 2009; Franchi
et al., 2010; Orgel et al., 2006; Ramachandran and Kartha, 1955;
Silver et al., 2003). Fiber and fascicle level helical windings have
been visualized as well (Jozsa et al., 1991; Kalson et al., 2012;
Kannus, 2000; Khodabakhshi et al., 2013; Thorpe et al., 2013;
Vidal, 2003). Additionally, computer modeling supports the theory
of higher level helices (Reese et al., 2010; Zhao et al., 2016). Helical
structure could contribute to stress attenuation while increasing
strain, thus leading to nonlinear load uptake (Wang et al., 2016).
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Notation

L0 initial length
DL displacement
e axial strain
c shear strain
r stress

Dh rotation
+ clockwise
– counterclockwise
ravg average radius
A, B coefficients
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Tendon has been extensively characterized as a viscoelastic,
nonlinear, and anisotropic material at an apparent tissue level
(Kondratko et al., 2012; Lake et al., 2009; Lynch et al., 2003;
Screen, 2008; Woo et al., 1993). Existing classically elastic or vis-
coelastic models are not capable of modeling stretch-twist cou-
pling behavior. An alternative that permits axial strain-rotation
coupling is the Cosserat, or micropolar, theory of elasticity. Cos-
serat theory allows for the microrotation of points in addition to
the translation afforded by classical elasticity. Instead of only 2
elastic constants, Cosserat elasticity uses 6 constants for isotropic
solids and 9 for directionally isotropic chiral solids that exhibit
stretch-twist coupling. A notable consequence is the presence of
a size effect, or size dependence, which is not predicted in classical
elasticity (Lakes, 1995; Lakes, 2001; Lakes and Benedict, 1982).
Cosserat mechanics has already been applied to descriptions of
biological materials such as bone and actin filaments (Park and
Lakes, 1986; Yamaoka and Adachi, 2010).

To our knowledge, unconstrained rotation of tendon tissue has
not been quantified experimentally. Similarly, Cosserat mechanics
has not been considered for tendon behavior. The current study
characterizes the rotational behavior of RTT fascicle using Cosserat
mechanics as a guide. Individual fascicles and naturally occurring
pairs of fascicles are examined for a hierarchical comparison. We
hypothesize RTT fascicles will exhibit stretch-twist coupling and
size effects, as predicted by Cosserat elasticity; we expect the
effects will be nonlinear in view of known nonlinearity of axial
stress-strain curves. Additionally, we hypothesize that cyclic stress
relaxation will occur in the context of axially induced rotations.
Our findings may have implications for hierarchical tendon
descriptions and mechanical models. Chiral behavior would also
prompt investigation into the effects stretch-twist coupling have
on cell signaling and mechanotransduction.
Fig. 1. Custom setup within a servo-hydraulic test machine for measuring
unconstrained axial rotation of a tissue specimen during uniaxial tensile loading.
A specimen was gripped and submerged in phosphate-buffered saline. Force on the
specimen-vane-rod system changed as the actuator and magnet displaced. Spec-
imen rotation was computed from optical micrometer data monitoring rotationally
induced changes in the projected vane width. Specimen axial deformation was
measured by a linear variable differential transformer (LVDT).
2. Methods

2.1. Specimen preparation

Fifteen (15) Wistar rats, age 2–3 months and weight 225–325 g,
were humanely euthanized as approved by the University of Wis-
consin Institutional Animal Use and Care Committee. The tails
were kept frozen at �10 �C until use. Once thawed, the skin was
removed to expose the left dorsal tendon. Under a dissecting
microscope, fascia was carefully cut to reveal fascicles. Intact pairs
of fascicles were isolated and are hereinafter referred to as paired
fascicles in which 1 specimen consists of 2 fascicles with intact
intra-fascicular tissue. Further dissection provided single fascicle
specimens. All specimens were at least 50 mm long from the prox-
imal end. Twenty (20) single fascicles and ten (10) paired fascicles,
a total of 30 specimens, were dissected and immediately tested. An
average of 2, and maximum of 3, specimens were collected from a
single tendon. Hydration was maintained throughout with
phosphate-buffered saline (PBS).
Please cite this article in press as: Buchanan, K.A., et al. Chiral behavior in
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2.2. Mechanical testing

A custom setup within a standard servo-hydraulic testing
machine (MTS Bionix 858; Eden Prairie, Minnesota) was used for
mechanical testing (Fig. 1). A specimen was placed into custom
spring-loaded grips spaced 45.6 mm (SD = 1.3) apart within a PBS
bath. The lower grip was fixed to the MTS platform. The upper grip
connected to a vane and a ferromagnetic rod via a 0.85-mm diam-
eter nylon line. The rod was suspended 12.8 mm (SD = 0.4) from a
5 N capacity magnet attached to the actuator and a 222 N load cell.
Magnetic suspension allowed frictionless rotation of the specimen
and attached vane. The vane was aligned in the path of an optical
LED micrometer (Keyence Corp LS-7030T; Osaka, Japan) that
rat tail tendon fascicles. J. Biomech. (2017), https://doi.org/10.1016/j.
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recorded the vane’s projected width. When the displacement-
controlled actuator lowered towards the rod, the magnet caused
an increase in tensile force on the specimen. Due to the nonlinear
magnetic field and the typical strain stiffening tissue behavior, the
applied tensile force was nonlinear relative to magnet displace-
ment (Fig. 2). Specimen deformation was measured using a linear
variable differential transformer (LVDT) (Measurement Specialties
Inc DC-EC 250; Hampton, Virginia) with its inner core positioned
over the lowest portion of the nylon line. At approximately twice
the diameter of the specimen, the nylon line’s torsional rigidity
was approximately 16 times that of the specimen. Therefore, vane
rotation was attributed to specimen rotation.

With the rod suspended from the magnet, the magnetic force on
the specimen served as a preload of 0.11 N (SD = 0.03), which cor-
responded to a preload strain of 0.7% (SD = 0.8). The magnet was
cyclically displaced between its starting position and a peak dis-
placement of 6.3 mm (SD = 0.2) downward toward the rod. The
displacement-controlled protocol followed a cosine waveform con-
sisting of 5 cycles at 0.5 cycle/min (Fig. 2). Data, including microm-
eter and LVDT voltages, were acquired at 10 Hz and output to a PC
with Labtech Notebook software (Laboratory Technology Corp;
Fort Collins, Colorado). Micrometer voltages were correlated to
projected vane widths then vane angles via a sixth-order polyno-
mial. LVDT voltage changes were proportional to axial
displacement.
2.3. Parameter calculations

Assuming an elliptic geometry, specimen cross-sectional area
was calculated based on major and minor diameters measured
prior to testing. Each specimen was vertically suspended perpen-
dicular to the horizontal field of the optical micrometer and axially
rotated until the largest, midsection diameter (major diameter)
was visualized and measured. The specimen was then rotated
90� to obtain the minor, midsection diameter measurement. Aver-
age diameter and radius were used for size effect analysis and
shear strain calculation, respectively. Specimen axial strain (e)
was determined by dividing the LVDT-measured displacement
(DL) by the preloaded, grip-to-grip specimen length (L0):
e ¼ DL=L0. The absolute change in vane angle was termed axial
rotation with rotation direction noted by the sign: positive (þ) =
clockwise (CW) and negative (�) = counterclockwise (CCW). Spec-
imen shear strain (c) was calculated as the measured rotation (Dh)
multiplied by the average radius (ravg) and divided by the initial,
preloaded length: c ¼ Dhravg=L0.

The loading portion of cycle 1 was isolated to evaluate the
stretch-twist relationship. The asymptotic function
Fig. 2. Testing protocol was a displacement-controlled cosine waveform (solid
line). The nonlinear magnetic field resulted in the representative, nonlinear loading
waveform (interrupted line). The actuator and magnet were lowered 6.3 mm
(SD = 0.2) toward the ferromagnetic rod and returned for 5 complete cycles at 0.5
cycle/min. At least 1 N of load was applied to the specimen.
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Dh ¼ Að1� e�BeÞ was used to quantify the behavior between axial
strain and rotation. Stress–strain ratios (r=e) and shear strain to
axial strain ratios (c=e) were compared to average diameters for
possible size effects. Shear-to-axial strain ratio quantifies the cou-
pling between axial stretch and twist rotation and is a parameter
utilized in Cosserat elastic descriptions. Ratios were calculated at
the time point when cycle 1 peak rotation occurred. Peak stress
and peak rotation within each cycle were compared for potential
specimen relaxation behavior. Peak stress and rotation were nor-
malized by corresponding peak strain values. Normalized stress
and rotation were then normalized to cycle 1 for comparing
specimens.
2.4. Statistical analysis

Mean and standard deviation (SD) were reported for all param-
eters. Stretch-twist curve fit coefficients and R2 values were calcu-
lated. Linear regressions were performed on the size effect data.
One-way ANOVAs with Tukey’s post hoc tests were performed to
compare single and paired fascicles, and cycles. Statistical signifi-
cance was defined as p < .05.
2.5. Scanning electron microscopy

Single and paired fascicles were imaged with scanning electron
microscopy (SEM) to observe the underlying fibrillar structure.
Immediately after dissection, specimens, about 10 mm long from
the proximal end, were fixed in 2.5% glutaraldehyde in PBS for 8
h. Specimens were dehydrated in ascending ethanol concentra-
tions up to 100% and critical point dried. Finally, specimens were
sputter coated in palladium/gold and visualized using a high-
resolution scanning electron microscope (Hitachi S-3200N; Tokyo,
Japan).
3. Results

3.1. Stretch-twist coupling

For single fascicles, the loading portion of the first cycle
revealed a non-linear relationship between applied axial strain
and measured axial rotation (Fig. 3A). The fascicles rotated 51.1�
on average (SD = 19.9), most of which occurred within the first
1% strain after preloading. Paired fascicles exhibited less rotation
with a mean 39.7� (SD = 22.7), a non-significant trend (p = 0.157).

Rotation was observed in both CW and CCW directions. For the
20 single fascicles tested, 10 rotated CW and 10 CCW. Of the 10
paired fascicles, 6 rotated CW and 4 CCW. Having noted which sin-
gle fascicles were originally paired, single fascicles did not consis-
tently rotate in either the same or opposite direction as the
counterpart in the pair.

The stretch-twist coupling was well described by the asymp-
totic function Dh ¼ Að1� e�BeÞ (Fig. 3B). The mean calculated func-
tion coefficients jAj and B were 49.7 (SD = 18.0) and 3.37
(SD = 1.17), respectively. The mean goodness-of-fit R2 value was
0.993 (SD = 0.008).
3.2. Diameter size effect

Stress-strain ratio, or effective modulus, appeared to correlate
to average fascicle diameter for single and paired fascicles
(Fig. 4A). For single and paired fascicles, the linear regression R2

values were 0.773 and 0.794, respectively. The mean average
diameter for single fascicles was 474 mm (SD = 53) and for paired
fascicles was 509 mm (SD = 81; p = 0.175). The mean stress–strain
rat tail tendon fascicles. J. Biomech. (2017), https://doi.org/10.1016/j.
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Fig. 3. Cycle 1 loading of single fascicles. (A) Applied percent fascicle strain and the
measured degrees of rotation (þ = clockwise, � = counterclockwise) for each
fascicle (n = 20). (B) Representative fascicle rotation-strain curve (black closed
circle) with the asymptotic curve fit Dh ¼ Að1� e�BeÞ (interrupted blue line; A
= �48.7, B = 5.27, R2 = 0.999). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Effect of average single fascicle diameter (closed circle; n = 20) and average
paired fascicle diameter (open triangle; n = 10) on (A) stress-strain ratio (R2 = 0.773
and 0.794, respectively) and (B) shear strain to axial strain ratio (R2 = 0.576 and
0.013, respectively).

Fig. 5. Peak stress normalized by corresponding peak strain across 5 cycles and
normalized to cycle 1: (A) for single fascicles (n = 20), all cycle comparisons were
different (p < .01), and (B) for paired fascicles (n = 10), cycles 3–5 were reduced
compared to cycle 1 (p < .01). Peak rotation normalized by corresponding peak
strain across 5 cycles and normalized to cycle 1: (C) for single fascicles, cycles 2–5
were smaller than cycle 1 (p < .001) and cycles 4–5 were smaller than cycle 2
(p < .01), and (D) for paired fascicles, cycles 4–5 were smaller than cycle 1 (p < .05).
Error bars represent standard error. (1) = significantly different from cycle 1, (2) =
significantly different from cycle 2, and so on (p < .05).
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ratio for single and paired fascicles was 785 MPa (SD = 173) and
569 MPa (SD = 201), respectively (p < .01).

Shear strain to axial strain ratio, another representation of
stretch-twist coupling, and average diameter did not correlate as
Please cite this article in press as: Buchanan, K.A., et al. Chiral behavior in
jbiomech.2017.09.034
strongly (Fig. 4B). R-squared values for single and paired fascicles
were 0.576 and 0.013, respectively. The mean shear-to-axial strain
ratio for single and paired fascicles was 0.470 (SD = 0.208) and
0.380 (SD = 0.202), respectively (p = 0.270).

3.3. Cyclic stress relaxation

Normalized peak stress and normalized peak rotation were cal-
culated for each of the 5 cycles. Peak stresses and peak rotations
were normalized by corresponding peak axial strains then normal-
ized to cycle 1. Single fascicles exhibited a reduction in normalized
peak stress with each subsequent cycle (Fig. 5A). Statistically sig-
nificant differences were found between all cycle comparisons
(p = 0.003 for cycle 4 v 5, p < .0001 for all others). Normalized peak
stress progressively lowered between cycles for paired fascicles as
well (Fig. 5B). Compared to cycle 1, there were significant reduc-
tions for cycles 3, 4, and 5 (p = 0.004, 0.002, and 0.0003,
respectively).

Similarly, single and paired fascicles demonstrated smaller nor-
malized peak rotations with each subsequent cycle. For single fas-
cicles, cycles 2, 3, 4, and 5 were significantly less than cycle 1 (cycle
2: p = 0.0001, cycles 3–5: p < .0001) (Fig. 5C). Additionally, cycles 4
and 5 were significantly less than cycle 2 (p = 0.003 and p < .0001,
respectively). Paired fascicles only had significantly smaller rota-
tions with cycles 4 and 5 when compared to cycle 1 (p = 0.016
and p = 0.004, respectively) (Fig. 5D).

3.4. Scanning electron microscopy

Helical organization of the fibers could explain the observed
fascicle rotation. Although the fibers were not obviously angled rel-
ative to the single fascicle (Fig. 6A), calculations indicate that fiber
rat tail tendon fascicles. J. Biomech. (2017), https://doi.org/10.1016/j.
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Fig. 6. Single fascicle surface imaged with scanning electron microscopy to visualize structural organization of (A) the fibers within a fascicle, which appeared relatively linear
(bar = 500 mm), and (B) the fibrils within the fibers, which appeared to show right-handed helical winding of the fibrils (bar = 10 mm).
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helical angles less than one degree would account for the mea-
sured axial rotations, given the fascicle length and radius. Upon
closer examination, some images showed fibers being composed
of right-handed helical fibrils (Fig. 6B). No discernable differences
were noted between fascicles within a pair.

4. Discussion

Overall, this study supports our hypotheses that RTT fascicles
exhibit nonlinear stretch-twist coupling and size effects, and that
there is cyclic relaxation in terms of rotation. The custom-built
testing setup allowed measurement of unconstrained axial rota-
tion during uniaxial tensile loading. Single fascicles displayed non-
linear stretch-twist coupling that leveled off within about 1% strain
after a notable mean � 51.1� of rotation. Paired fascicles rotated
just over 10� less than single fascicles; however, the difference
was statistically insignificant. Smaller rotations of paired fascicles
might be explained by opposing handedness of the individual fas-
cicles. Our fascicles did not all rotate in the same direction, which
was also noted by Cheng and Screen (2007). We observed clock-
wise and counterclockwise rotations, and the distribution was
approximately 50:50. Furthermore, pairs of fascicles were incon-
sistent in that both same and opposing rotation directions were
seen within a given pair. Handedness may also be influenced by
the mediolateral fascicle location within a tendon and by the ten-
don location within a rat tail, but those factors were not explored.

Based on the observed behavior, we conclude RTT fascicles act
as chiral materials. As a result, current classically elastic models
and viscoelastic models are insufficient to capture this behavior.
Use of an alternative theory, Cosserat elasticity, accounts for the
point rotations needed to predict stretch-twist coupling in chiral
rods (Lakes, 1995; Lakes, 2001; Lakes and Benedict, 1982). It is
worth noting that allowing fascicles to freely rotate did not have
a strong effect on the mean effective modulus. The modulus of sin-
gle fascicles, 785 � 173 MPa, was comparable to moduli of just
over 800 MPa determined during rotationally constrained tensile
testing (LaCroix et al., 2013). Introducing chiral structures, which
exhibit twist deformation, will reduce the elastic modulus and
Poisson’s ratio of a material. Chiral descriptions predict hydrostatic
stress in the core, which may contribute to interstitial fluid flow
and altered tractions at the intra-fascicular surfaces. Since this
may affect local mechanotransduction, the chiral nature of fasci-
cles should be borne in mind for cellular level probes of tendon
mechanotransduction.

Size effects, which are not present in classically elastic solids,
are seen in chiral Cosserat solids. The data revealed a strong and
inverse average-diameter size effect on effective modulus. The
effect, r=e / 1=D, extended into the larger paired fascicles. Else-
where, modulus was found to be inversely dependent on the
cross-sectional area of rotationally constrained RTT fascicles
(Legerlotz et al., 2010). Overall, evidence of size dependence has
Please cite this article in press as: Buchanan, K.A., et al. Chiral behavior in
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been shown, which supports the use of Cosserat elasticity to
describe chiral fascicles.

In the present study, size had a weak linear effect on shear
strain to axial strain ratio, a measure of stretch-twist coupling,
for single fascicles. There was no linear correlation for paired fasci-
cles. If the specimen radius was sufficiently large compared to the
material characteristic length scale, and if the material contained
chiral microstructures uniformly distributed over the volume, then
an inverse relationship would be predicted for shear-to-axial strain
ratio (c=e / 1=D) (Lakes and Benedict, 1982). Based on the SEM
images, the latter structural requirement was not met in RTT fasci-
cles. Therefore, the lack of an inverse size effect is not surprising.
Nevertheless, fascicles exhibited large values of stretch-twist cou-
pling at small strains: the ratio of shear-to-axial strain was compa-
rable to that in 3D isotropic chiral lattices designed to exhibit such
effects (Ha et al., 2016).

To examine how fascicles behaved across all 5 cycles, we ana-
lyzed cyclic relaxation. We observed that load imparted by the test
system produced irrecoverable strain within a given cycle causing
strain to creep with each cycle. Single and paired fascicles exhib-
ited stress relaxation and its rotational equivalent: rotational
relaxation. The amount of stress per unit strain and rotation per
unit strain decreased with each cycle.

A structural explanation for the observed chirality was briefly
probed for using SEM imaging. Some images showed right-
handed helical winding of fibrils to form the fibers. Those who have
looked more extensively have also identified helices at this fiber
level (Franchi et al., 2010), although Kalson et al. (2015) notes a
clear majority were left-handed helices in mouse tail tendon.
Szczesny et al. (2015) calculated fibril trajectory to be angled 1.7
� 1� relative to the RTT fascicle suggesting a non-planar organiza-
tion. However, these helices would not account for the chirality
witnessed at a higher hierarchical level. Images were inconclusive
regarding a helical organization of fibers within a fascicle. Even so,
the present experiment demonstrated substantial axial rotation
during tensile loading of RTT fascicles, which supports the theory
of helical organization at the fascicle level.

Integration of helical structures, especially at the fiber and fas-
cicle levels, may be pertinent to future models and descriptions.
Cosserat mechanics predicts stretched chiral rods to exhibit a
non-uniform Poisson-type transverse deformation. As a result, pos-
sible non-uniform hydrostatic stress would lead to hydrostatic
pressure changes within fascicles. This might contribute to various
aspects of cellular behavior including cell homeostasis, cell signal-
ing, and fluid transport. Further study of the mechanical and bio-
logical consequences of chiral behavior is warranted.
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