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Abstract—Tendons exhibit complex viscoelastic behaviors
during relaxation and recovery. Recovery is critical to
predicting behavior in subsequent loading, yet is not well
studied. Our goal is to explore time-dependent recovery of
these tendons after loading. As a prerequisite, their strain-
dependent viscoelastic behaviors during relaxation were also
characterized. The porcine digital flexor tendon was used as a
model of tendon behavior. Strain-dependent relaxation was
observed in tests at 1, 2, 3, 4, 5, and 6% strain. Recovery
behavior of the tendon was examined by performing relax-
ation tests at 6%, then dropping to a low but nonzero strain
level. Results show that the rate of relaxation in tendon is
indeed a function of strain. Unlike previously reported tests
on the medial collateral ligament (MCL), the relaxation rate
of tendons increased with increased levels of strain. This
strain-dependent relaxation contrasts with quasilinear visco-
elasticity (QLV), which predicts equal time dependence
across various strains. Also, the tendons did not recover to
predicted levels by nonlinear superposition models or QLV,
though they did recover partially. This recovery behavior and
behavior during subsequent loadings will then become
problematic for both quasilinear and nonlinear models to
correctly predict.

Keywords—Quasilinear viscoelasticity (QLV), Nonlinear

superposition, Tendon.

INTRODUCTION

Like many tissues in the body, tendons exhibit vis-
coelastic, or time-dependent, behavior. When the tissue
is held at a constant strain level, the stress in the tissue
decreases, a phenomenon called stress relaxation.
Conversely, when held at a constant stress level, strain
in the tissue increases, known as creep. This visco-
elasticity is thought to be a function of the main
mechanical component, collagen, as well as other

constituents of the extracellular matrix such as prote-
oglycans, glycoproteins, and water. Tendon collagen
consists mainly of type I collagen fibers which are
predominantly oriented parallel to the direction of
load, or the long axis of the tendon.9,28

It is important to understand the viscoelasticity of
tendon to accurately understand the behavior of a
tendon. Creep and stress relaxation must be well de-
fined in order to accurately predict how a tendon will
behave under transient loadings, but a robust model of
the tendon also requires an understanding of recovery
behavior following removal of the load. Post-load
recovery is not only important for understanding the
unloaded tendon; it is also critical to tendon behavior
under subsequent loadings. Failure to accurately
account for the time-dependent recovery during un-
loaded periods will be a source of error when pre-
dicting behavior in response to future loads, especially
if the unloaded period is short, and achieving repro-
ducible data during serial testing. Although stress
relaxation and creep behaviors of many tissues have
been studied, including rat MCL,29 sheep digital ten-
don,33 bovine cornea,3 and the stapedial tendon in the
middle ear,4 relatively few studies investigate the
recovery periods following creep or stress relaxation
testing. This omission leads to incomplete data to
understand and model post-loading behavior in ten-
don.

The main research concerning the recovery period
following loading is regarding the recovery of the spine
and its discs following creep experiments. McGill and
Brown performed creep testing on human subjects for
20 min and monitored the recovery after the removal
of the load for 20 min.21 Likewise, Eckstrom et al.
induced creep in the porcine spine over 1 h, and
observed its recovery for an hour following the re-
moval of load.8 Gedalia et al. performed similar testing
in lumbar structures, loading them for 50 min and
monitoring recovery after 50 min.10 Finally, Solomo-
now et al. subjected cat spines to cyclic loading for
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50 min, and observed the recovery for 7 h.32 Interest-
ingly, each of these studies found that the recovery of
creep in the spine requires more time than the duration
over which the load was applied. However, with the
different structure and function of the tendon, it is
crucial to perform experiments on tendon itself rather
than draw conclusions from spine behavior.

Surgical applications have also sparked research
regarding tendon viscoelasticity. Graf et al. found that
recovery from 10-min stress relaxation testing was not
complete after 30 min.11 Understanding creep and
recovery of a tendon graft is important to ensure
proper joint kinematics and maximize success in joint
reconstructions.

Knowledge of the biomechanical behavior of the
tendons and ligaments is also important for
understanding, quantifying, and treating injuries in
these tissues. Their behaviors are important when
considering the wide use of grafts, whether in an
autograft, synthetic graft, or allograft, as any such
graft should ideally match the properties of the pre-
damaged tendon or ligament for optimal function.
Increased laxity could allow abnormal and extreme
movement of the joint, leading to injury of surround-
ing tissue. Insufficient laxity could limit movement and
result in tearing of the graft under normal movement
conditions. A distinction between tendon and ligament
behavior is also important when considering grafts.
Though often viewed as surgically interchangeable,
tendons and ligaments serve different biomechanical
functions and have unique behaviors. Even subtle
differences may be important for grafting and tissue
engineering applications. The goal of this study
therefore is to use the porcine digital flexor tendon as a
model to characterize stress relaxation over a range of
strains, comparing its behavior to that found in other
tendon and ligament studies, and examine the time-
dependent recovery behavior of the tendon following
the removal of a step load.

MATERIALS AND METHODS

Forty-three digital flexor tendons were carefully
dissected from porcine legs obtained from a local
abattoir. Ten were allocated to each experiment (as
described in the following paragraphs), and three were
used for a repeatability study (described later). The
tendon was removed from the muscle belly, but re-
mained attached to the bone at the distal insertion site.
All excess tissue, including muscle tissue and the ten-
don sheath, was carefully removed from the tendon.
The bone was potted in lightweight filler hardened with
a cream hardener for gripping in the test machine. The
tendons were kept hydrated with PBS saline solution

throughout harvesting and processing. Tendons were
then wrapped in saline-soaked gauze, covered with
aluminum foil, and sealed in plastic bags to be stored
in a �30 �C freezer until time of testing. Investigators
report that such careful freezing procedures have little
effect on the biomechanical properties of collagenous
tissues such as tendon and ligament.14,22

All experiments were performed using a servohy-
draulic mechanical test system (Bionix 858; MTS,
Minneapolis, MN) in conjunction with a computer to
collect data. The load frame was equipped with a lower
block designed to hold the potted bone and an upper
soft tissue grip designed to hold the tendon. The upper
grip utilized a holder for dry ice to provide a secure
grip on the tendon fibers, and is denoted a ‘‘cryogrip.’’
This cryogrip was connected to a 50 lb load cell (Eaton
Corporation) with data collected on a PC. The lower
block remained stationary during test runs, while the
cryogrip moved to the specified displacement. All
strain was measured as the grip-to-grip elongation di-
vided by the undeformed length of the specimen. The
lower block and tendon were contained in a bath so
that throughout testing the tendon was submerged in
physiologic buffer solution at ambient room tempera-
ture.

All testing began with a preload of 1 N to remove
slack in the tendon and a preconditioning protocol in
which the tendon was stretched to 2% strain in a
sinusoidal wave for 20 s with a period of 2 s. After
preconditioning, the specimen was allowed to recover
for 5 min before being again stretched to 2% strain
and held for 100 s (see Fig. 1), after which it was un-

FIGURE 1. Input waveform for single relaxation analysis
without observed recovery. This waveform was performed at
1, 2, 3, 4, 5, and 6% strains (only 6% strain input shown here)
for the relaxation at various strains experiments and at 2%
strain during preconditioning.
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loaded for 1000 s, or 10 times the length of relaxation,
prior to further testing. Strain was treated as a step
rather than a ramp, with the zero time point assigned
halfway through the rise time, and data collection
beginning at t = 2.5tr, or about 0.1 s, where tr is the
rise time of the machine. This experimental design
follows Lakes’ example for creep.15

The cross-sectional area of the tendon was assumed
to be elliptical, and was calculated (prior to testing)
from micrometer measurements of the long and short
axes when the tendon was under preload.

Stress in the tissue was computed as:

rðtÞ ¼ FðtÞ=A0; ð1Þ

where F(t) is the force as a function of time, and A0 is
the cross-sectional area of the tendon. The relaxation
function was calculated via:

EðtÞ ¼ rðtÞ=e; ð2Þ

where r(t) is the stress defined in Eq. (1), and e is the
constant strain level to which the tendon is pulled.

The basic form of the nonlinear superposition is:

rðe; tÞ ¼
Z

E½t� s; eðsÞ� deðsÞ
ds

ds; ð3Þ

where E(t,e) is the relaxation function (defined in
Eq. 2). With the use of the discrete step strain function,
the nonlinear superposition prediction becomes:

rðtÞ ¼ e1Eðt; e1Þ � ðe1 � e2ÞEðt� t1; e2Þ; ð4Þ

where t is the time from the start of stress relaxation at
strain level e1 and t1 is the time at which recovery at
strain level e2 begins.

The basic equation for stress in QLV is:

rðtÞ ¼
Z t

0

Etðt� sÞgðeÞ dr
de

deðsÞ
ds

ds: ð5Þ

where E(t,e) has been separated into the product of a
time-dependent modulus, Et(t), and g(e), which repre-
sents the nonlinear strain dependence (independent of
time).

Since we are using a discrete step strain function, we
utilize the form:

rðtÞ ¼ ðe1ÞEtðtÞgðe1Þ � ðe1 � e2ÞEtðt� t1Þgðe2Þ ð6Þ

to describe the stress behavior predicted by QLV.

Relaxation at Various Strains

Ten porcine flexor tendons were tested in this por-
tion of the experiment to examine the stress relaxation
behavior that occurs as the tendon is tested over a
range of strains. The tendons were tested at 1, 2, 3, 4, 5,
and 6% strain in randomized order to ensure that the

trends were due to differences in strain, not the testing
order. Each relaxation test involved the tendon being
stretched to the prescribed strain (1, 2, 3, 4, 5, or 6%)
and held for 100 s prior to being released to the pre-
load level to rest for 1000 s before the next test was run
(see Fig. 1 for representative waveform). The tendon
was then stretched to the next prescribed strain and
released, in the same manner as just described, until all
six strain levels (1–6%) had been tested. Force data
were recorded throughout the entire relaxation and
recovery period on the PC simultaneously with time
and strain recording. At the conclusion of the sixth
test, data were exported for analysis.

Relaxation and Recovery Comparison

Ten porcine flexor tendons were tested to examine
the recovery behavior during the period immediately
following stress relaxation. Tendons were stretched to
2% strain, at which they were held for 100 s, and then
dropped to preload at which they rested for 1000 s.
They were then stretched to 6% strain for 100 s of
relaxation, after which the strain was lowered to 2%
for a 100 s period in which recovery could be observed
(see Fig. 2 for waveform). The recovery was recorded
at a low strain rather than zero strain, as zero strain
would cause the tendon to become slack, preventing
observation of recovery behavior with the load cell.
The maximum strain of 6% was chosen as it would be
high enough to allow adequate recovery at a nonzero

FIGURE 2. Input waveform for relaxation and recovery
analysis. During such analysis, relaxation always took place
at 6% strain, but the recovery portion was performed at 1, 2,
and 3% strain.
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strain while still being low enough to avoid damage to
or failure of the tissue.

After the recovery period, the specimen was released
to its preload and allowed to rest for 1000 s before
repeating the waveform. This was done until a total of
three waveforms were completed on the tissue (to en-
sure a good data set from each specimen), and repeated
for each of the 10 specimens. Force data were recorded
throughout the entire relaxation and recovery period
on the PC simultaneously with time and strain
recording. E(t) was calculated from the stress relaxa-
tion data at 6% and 2% strain, and curve fits of the
E(t) were calculated in order to make model predic-
tions of the relaxation and recovery. Nonlinear
superposition and QLV equations were then plotted
with and compared to experimental data.

This procedure was repeated for 10 tendons for
recovery at 3% strain and 10 tendons for recovery at
1% strain (with the relaxation performed at 6% strain
as before) for a total of 30 tendons (including the
previous 10 in this section), where all previously
mentioned components of 2% strain were replaced
with 3% and 1% strain. This was done to determine
whether the nonzero strain (1, 2, or 3%) level deter-
mined the rate of recovery.

Repeatability and Statistics

In order to evaluate the repeatability of experiments
on a particular specimen, three specimens underwent
the relaxation (at 6% strain) and recovery (at 2%
strain) procedures outlined in the previous section a
total of five times. Load data were recorded over 100 s
of relaxation and over 100 s of recovery. Load values
at 0.1, 1, 10, and 100 s were averaged between the
relaxation runs for each tendon, and the standard
deviation at each time point was measured; the process
was then repeated for each of the recovery runs. This
process allowed a quantification of repeatability not
achievable through graphical representation alone; by
analyzing the time points in each run it is possible to
compare the similarity of each curve (small standard
deviations ensure that the curves follow the same
general path).

The deviation between different specimens was also
of interest. Variations between stress relaxation curves
and recovery curves from data collected from all 43
specimens (not just from the three involved in this
study) were measured to get the full range of specimen-
to-specimen variation. The average and standard
deviation between the curves of these specimens were
measured and recorded in a table. Student t-tests were
conducted on A and n values to determine statistical
significant differences (where a value of p £ 0.05 is
considered statistically significant).

RESULTS

Data from each of the various tests were graphed so
that behavioral trends could be examined. Information
from each tendon tested was collected and graphed,
then categorized into subgroups based on the test(s)
performed on the tissue.

Relaxation at Various Strains

Two types of graphs were constructed from the data
collected for each tendon tested at various strains.
First, a graph showing load vs. time (Fig. 3) was pro-
duced to describe the relative behavior at various
strains. Next, the data were used to create a set of

FIGURE 3. Load vs. time during relaxation of the tendon
tissue at various strains, displaying the increasing time
dependency with increasing strain. (a) All six strain levels,
showing the converging nature of the curves. (b) 2, 4, and 6%
strain curves, each data set fitted with the curve fit of the 2%
strain.
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isochronal stress vs. strain curves to display the strain-
stiffening behavior of the tendon (Fig. 4).

Figure 3a shows that the rate of relaxation (dem-
onstrated by the slope of the log-log plot) increases
with increasing strain. Thus, the tendon displays more
viscoelastic behavior at the higher strains and more
elastic behavior at lower strains. This trend is further
displayed in Fig. 3b as the curve fit of the 2% strain is
plotted with the 4% and 6% strain data. This figure
also displays that QLV is inadequate to model the
relaxation behavior; QLV predicts that the rate of
relaxation is independent of strain,27 which differs
from our observed relaxation behavior.

The isochronal curves in Fig. 4 show that despite
the higher rates of relaxation at higher strains, the
tendon displays strain-stiffening behavior at all times
(with an increase in strain on the tendon, the tendon
becomes increasingly stiff), manifested by the concave-
up slope of the curve.16

Relaxation and Recovery Analysis

Force vs. time information from the 6% strain and
the 2% strain tests, as well as the force vs. time data
gathered during the recovery period (when strain is
reduced from 6% to 2%), normalized for strain level
(i.e., divided by their relative strain level), were plotted
on a graph, and fitted with a power law equation (this
was also performed for experiments using 6% and 3%
or 6% and 1% strain). When plotted on a log-log scale
(see Fig. 5), the results follow straight line trends,
indicating that both relaxation and recovery curves can
be approximated by the power law equation:

r
e0
¼ Atn; ð7Þ

where A has units of Pa and t has units of seconds. The
slopes of the straight lines of the relaxation data on
these plots indicate the power, or n value, of the data,
and thus the magnitude of n indicates how rapidly
relaxation or recovery occurs in time. In agreement
with the previous results of relaxation at various
strains, the absolute value of the power of the 6%
strain relaxation curve (in this example, n = 0.115) was
higher than that of the 2% strain relaxation curve (in
this example, n = 0.060). Interestingly, the absolute
value of the power of the recovery curve (in this
example, n = 0.017) was much smaller than either of
the relaxation curves. This indicates that the recovery
occurs at a much slower rate than relaxation, even the
relaxation at the lower strains. Relative rates at dif-
ferent strain levels will be discussed further in the next
section.

Figure 6 contains both the nonlinear superposition
prediction and the QLV prediction based on relaxation
curves performed at 6% and 3% strain. Neither non-
linear superposition nor QLV accurately predict the
recovery behavior. Nonlinear superposition over-pre-
dicted the recovery (at the highest stress) by
218.6 ± 58.6%, and QLV over-predicted the recovery
(at the highest stress) by 266.9 ± 50.9%.

While recovery during the 100 s period immediately
following stress relaxation was slow and did not come
to completion during the 100-s period, it was observed
that, following the 1000 s of unloading between suc-
cessive tests, the tendon recovered to within 0.5 N of
the original preload in all cases.

FIGURE 4. Isochronal curves showing the stress at each
strain level for designated time point, displaying the strain-
stiffening behavior of the tendon.

FIGURE 5. Relaxation and recovery results from one com-
plete test of the tendon, showing the increased slope of the
relaxation curve compared to the recovery curve.
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Repeatability and Statistics

It was observed that the relaxation (Fig. 7a) and
recovery (Fig. 7b) tests run on a single specimen were
quite repeatable, with small deviations between either
recovery curves or relaxation curves (Tables 1 and 2).
There was, however, a larger amount of variability
between different tendons, leading to larger standard
deviations in both the A and n values (Table 3). Even
with the larger standard deviations, many of the A and
n values were significantly different between strain
levels. A values, which represent the initial stress
magnitude for a given strain level, were significantly
higher for stress relaxation curves at 6% strain than for
relaxation at 3% strain (p = 0.0418) and at 2% strain

(p = 0.0003), and were also significantly higher for
relaxation at 3% strain vs. 2% strain (p = 0.050). A
values were significantly lower for recovery curves at
1% strain vs. both 3% (p = 0.0048) and 2%
(p< 0.0001) strains, but were not significantly higher
for 3% strain compared to 2% (p = 0.3121). The n
values, which represent the rate of relaxation or
recovery at a given strain level, were significantly

FIGURE 6. Experimental data compared to nonlinear super-
position and QLV models. The baseline is denoted by ‘‘B’’ and
the relaxed 3% asymptote (lowest level reached during
relaxation) is denoted by ‘‘RA.’’ (a) Relaxation and recovery
curves based on experimental data, nonlinear superposition
model, and QLV model. (b) Recovery portion of the data,
demonstrating that neither QLV nor nonlinear superposition
are accurate predictions of recovery behavior, and QLV is the
worse fit of the two.

FIGURE 7. Relaxation (a) and recovery (b) curves on a single
specimen. The relaxation and especially the recovery are very
repeatable between test runs on a single specimen.

TABLE 1. Repeatability statistics on five relaxation tests for
a single specimen.

Relaxation

Loads (N) at time points

0.1 s 1 s 10 s 100 s

Averages (N) 84.64 72.02 61.22 46.62

Standard deviation (N) 7.483 4.548 4.003 3.028

% of average 8.840 6.315 6.539 6.495
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higher for relaxation at 6% strain than at 3% strain
(p< 0.0001) and 2% strain (p< 0.0001). The n values
were also significantly higher for relaxation at 3%
strain than at 2% strain (p = 0.0291). The rates of
recovery (n values) were not significantly higher at 3%
strain than at 2% strain (p = 0.1115), but were sig-
nificantly higher at 3% than at 1% strain (p = 0.0059);
they were also significantly higher at 2% strain than at
1% strain (p = 0.0008). The rate of relaxation at 6%
strain was significantly higher than the rate of recovery
at 1, 2, or 3% strain (p< 0.0001 in all three cases).

DISCUSSION

Our experimental results show that both relaxation
and recovery of the porcine digital flexor tendon over
100 s of loaded behavior can be well approximated by
a power law in time, but the recovery is not predicted
by a simple nonlinear superposition equation or by the
more complex QLV theory. The experimental recovery
proceeds at a much slower rate than relaxation, and
much slower than predicted by nonlinear superposition
or QLV. Also deviating from the theory of QLV was
the presence of a strain-dependent relaxation rate, as
demonstrated by Figs. 3a and 3b. The strain-stiffening
tendency of the isochronal stress-strain curves (Fig. 4)
suggest that the observed increased relaxation at
higher strain levels was not due to slippage of the
tendon in the grips. Such behavior would result in

strain-softening (marked by a concave-down slope of
the line) behavior at higher strains.

Our study is not the first to demonstrate the limi-
tations of QLV in soft tissues. A major limitation no-
ted by others is the assumption of a linear material
response,34 manifesting itself in a single reduced
relaxation function over a range of strain levels26 or
constant amplitude of viscous effects over a range of
frequencies.17 The QLV model was inaccurate at high
strain rates during experiments performed by Woo
et al.,35 and has also been shown by investigators to
under-predict hysteresis25,36 and early stress relaxa-
tion.7

Physiologic strain ranges up to 8% in vivo,20 so it
was assumed that a grip-to-grip strain of 6% would be
below the damage threshold, and thus would allow
recovery of the tissue. It has been suggested by Mag-
nusson et al. that tendon is less likely to deform than
the muscle–tendon unit during loading.20 In fact, Lie-
ber et al. noted that while passive stretch in the phys-
iologic range can be up to 8% strain, only 2% of that
strain occurs in the tendon.18 This indicates that, in
vivo, tendon may experience lower strains than used in
this study (up to 6%), and perhaps recovers more
slowly from such strains. The isochronal curves in
Fig. 4 indicate that tendon is still in the pre-damage
‘‘toe’’ region of the load–strain curve, and the stresses
induced at 6% strain were much lower than the ulti-
mate stress of the tendon, which is 80–90 MPa31

(Fig. 6 displays a maximum stress of less than 1 MPa).
Possible explanation for the low rate of recovery in-
clude incomplete recovery of water lost during loading,
a phenomenon discussed by Han et al.,12 or failure of
proteoglycan–collagen interactions, which may be
capable of storing some energy elastically.23,24 The
ability of tendon to nearly recover to preload in every
instance indicates that there is little or no plasticity.

The relaxations at various strains demonstrate a
higher rate of relaxation at higher strains, and a lower
rate of relaxation at lower strains. This behavior is
similar to results found for sheep digital tendons,33

porcine digital flexor tendon,5 mouse tail tendons,9 and

TABLE 3. A and n values for relaxation and recovery curves for all specimens.

Strain level (%)

Relaxation Recovery

A (MPa) n A (MPa) n

6 83.3 ± 50.5 �0.113 ± 0.026 – –

3 59.7 ± 47.5 �0.078 ± 0.031 13.2 ± 11.3 0.044 ± 0.044

2 38.3 ± 31.2 �0.051 ± 0.027 11.5 ± 4.46 0.027 ± 0.019

1 – – 2.70 ± 1.79 0.005 ± 0.002

Respective number of specimens for each category: relaxation at 6% (n = 43), relaxation at 3% (n = 20),

relaxation at 2% (n = 20), recovery at 3% (n = 10), recovery at 2% (n = 13), and recovery at 1% (n = 10).

TABLE 2. Repeatability statistics on five recovery tests for a
single specimen.

Recovery

Load (N) at time points

0.1 s 1 s 10 s 100 s

Average load (N) 1.988 2.051 2.108 2.206

Standard deviation (N) 0.0576 0.0536 0.0640 0.0483

% of average 2.900 2.615 3.035 2.188
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bovine cornea.3 This behavior is opposite, however, to
results found for the MCL of rabbit,13 human,2 and
rat.29 While some differences may be due to gripping
differences (tendons have a soft-tissue grip, while lig-
ament involve two bone grips), different insertion sites
(ligament testing incorporates two insertion sites, ten-
don only one), or strain measurement differences (grip-
to-grip measurement vs. strain tracking using optical
markers), such results hint at biomechanical differ-
ences between tendons and ligaments, which should be
pursued further in the future. There are also large
differences between tendons that serve different func-
tions. Batson et al. discovered significant material and
structural differences between the superficial digital
flexor tendon and the common digital extensor tendon
of the horse, including differences in water content,
ultimate strain, and both glycosaminoglycan and
chondroitin contents.1 Rumian et al. found differences
in the extracellular matrix between an assortment of
tendons and ligaments in sheep, finding differences not
only between the tendon and ligament groups, but also
between the various ligaments and tendons themselves,
including fibril diameter distributions, water content,
and glycosaminoglycan content.30 These findings show
that tendon and ligament properties vary with position
and function in the body. Whether these variations are
due to site-specific mechanical adaptation or are pre-
determined genetically remains unknown.

The recovery behaviors following creep and/or
relaxation testing in other biological tissues, particu-
larly the spine, show a similarly slow rate. Not only did
the spines fail to recover during an unloading period
equal in length to the loading period,8,21 most still had
not completely recovered in unloaded periods double
or more the length of time of loading. Gedalia et al.
observed that the lumbar structures failed to recover
after more than double the amount of time allotted for
creep testing.10 Likewise, Solomonow et al. observed
only 92% recovery after a full 7 h of recovery follow-
ing 50 min of cyclic loading in the cat spine.32 Fol-
lowing 1-h creep tests in wrist ligaments, Crisco et al.
observed that after 2 h of unloading the ligaments had
not yet fully recovered. However, after 24 h of
unloading, the wrist ligaments had fully recovered
from creep, suggesting that other biological tissues
(including tendon) can fully recover if given adequate
time.6

An interesting behavior was also discovered in
microtubule networks by Lin et al. An experiment
found that following creep testing, the extent of the
recovery of the microtubule network was dependent on
the nature of the network. They found that the cross-
linked microtubule network recovered completely,
where the physically entangled microtubule network
had a residual strain of 0.12 (after creeping to a strain

of approximately 0.55).19 This phenomenon is
intriguing to investigators, as it suggests that the
microstructure of the tendon may be a factor influ-
encing its recovery, an idea that could be pursued
further in future experiments.

Studies of nonbiological viscoelastic polymers can
help give insight into the behavior of biological poly-
meric components such as collagen. A study by Zhang
and Moore investigated the creep and relaxation
behavior of high density polyethylene, as well as the
recovery of the polymer following the removal of
load.37 Like tendon, the polyethylene exhibited non-
linear behavior during both uniaxial loading and
unloading. Also similar to the tendon, following re-
moval of load, the polyethylene recovered continu-
ously, but at a rate slower than that of relaxation or
creep. Previous studies on basic polymers such as
polyethylene loaded in the same way as tendon may
then provide insight into behaviors of which can be
related to biological polymers like collagen, the major
mechanical component of tendon, and provide input
into future models of tendon behavior.

The understanding of viscoelastic properties of tis-
sues is crucial to understanding their biomechanical
function in the body. In vivo, the time-dependent
properties of tendon affect their ability to convert
muscle contraction into skeletal movement as well as
positional stability of the body. The recovery behavior
of tendon elucidates this effect. Slow recovery of ten-
don after loading means it will likely not achieve full
recovery prior to subsequent loading, and it will de-
form more (from its original length) under similar
loads (in creep scenarios); failure to recover completely
from a stress relaxation scenario results in a slightly
longer tendon, reducing the efficiency of the muscle–
tendon contraction.

This study examined the viscoelastic behavior of the
porcine digital flexor tendon, investigating the strain
dependency of stress relaxation and focusing on the
largely unexamined recovery that follows unloading.
We observed that the rate of stress relaxation is
dependent on strain level, which does not follow the
QLV model. We also found that the strain-dependence
of stress relaxation in our tendon model, as well as
those found in the literature (increasing rate with
increasing strain), has a trend opposite that of ligament
studies found in the literature (decreasing rate with
increasing strain). By recording the recovery from load
at a low but nonzero strain level, we were able to
monitor an entire recovery curve over 100 s. This
allowed for analysis of the recovery behavior of ten-
don, which progresses at a rate slower than relaxation
and is not well predicted with current viscoelastic
models for tendon. This study expands our
understanding of tendon behavior, provides data for
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more robust models of tendon behavior, and demon-
strates the complex biomechanical challenges for
replacement tissues.
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