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Abstract (< 250 words)

Soft tissue is susceptible to injury from single high-magnitude static loads and from
repetitive low-magnitude fatigue loads. While many constitutive formulations have been
developed and validated to model static failure in soft tissue, a modeling framework is not well-
established for fatigue failure. Here we determined the feasibility of using a visco-hyperelastic
damage model with discontinuous damage (strain energy-based failure criterion) to simulate
low- and high-cycle fatigue failure in soft fibrous tissue. Cyclic creep data from six uniaxial
tensile fatigue experiments of human medial meniscus were used to calibrate the specimen-
specific material parameters. The model was able to successfully simulate all three characteristic
stages of cyclic creep, and predict the number of cycles until tissue rupture. Mathematically,
damage propagated under constant cyclic stress due to time-dependent viscoelastic increases in
tensile stretch that in turn increased strain energy. Our results implicate solid viscoelasticity as a
fundamental regulator of fatigue failure in soft tissue, where tissue with slow relaxation times
will be more resistant to fatigue injury. In a validation study, the visco-hyperelastic damage
model was able to simulate characteristic stress-strain curves of pull to failure experiments (static
failure) when using material parameters curve fit to the fatigue experiments. For the first time,
we’ve shown that a visco-hyperelastic discontinuous damage framework can model cyclic creep
and predict material rupture in soft tissue, and may enable the reliable simulation of both fatigue

and static failure behavior from a single constitutive formulation.

Keywords: continuum damage mechanics; viscoelasticity; constitutive modeling; connective

tissue; uniaxial tensile testing
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1. Introduction

Soft fibrous tissues in musculoskeletal joints, including menisci, ligaments and tendons,
are frequently torn, leading to pain, joint instability, and increased risk of joint disease (D. D.
Anderson et al. 2011). Tissue tears are most commonly associated with single high-magnitude
loading events, known as static failures; but tears may also develop from repeated exposure to
low-magnitude loads, known as fatigue failures. For example, adult human menisci are subjected
to thousands of daily loading cycles, which combined with the limited ability of menisci to
remodel (Vében et al. 2020a), make them susceptible to high-cycle fatigue failures (Demange,
Gobbi, and Camanho 2016; Henderson et al. 2022). Material damage caused by static and fatigue
loading can be mathematically described and predicted through constitutive models. Constitutive
frameworks that have had success in simulating the damage processes of soft biological tissue
include continuum damage mechanics (CDM) (Holzapfel G. and Fereidoonnezhad B. 2017;
Calvo et al. 2007; Nims et al. 2016; Estefania Pefia 2011), pseudoelasticity (Franceschini et al.
2006; E. Pena and Doblaré¢ 2009), and elasto-viscoplasticity (Zhu 2018) where most of these
models have been developed to simulate experiments that apply loads to a constant displacement
(displacement-control). A loading condition that is more physiological to fatigue injury is the
repeated application of a constant cyclic stress (force-control). Prior soft tissue studies have
developed constitutive formulations that can model force-control fatigue behavior at low cycles
(< 1000 cycles)(Maria C. P. Vila Pouca et al. 2022; M. C. P. Vila Pouca et al. 2022), but to our
knowledge, no soft tissue study has previously simulated force-control fatigue failure under
high-cycle loading (> 1000 cycles). The identification of constitutive frameworks that can model
low- and high-cycle fatigue failure in soft fibrous tissue could help explain this poorly

understood failure phenomena and advance the prevention and treatment of fatigue injuries

3
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(Martin and Sun 2015).

A successful constitutive framework for soft tissue fatigue must account for cyclic creep.
Cyclic creep occurs from the repetitive application of tensile loads to a constant maximum stress
(Fig. 1A), and in soft tissue, results in three characteristic creep stages (I, 11, III; Fig.
1B)(Shepherd and Screen 2013; Henderson et al. 2022). Stage | exhibits a rapid increase in strain
over a short cycle period until stage II, where cyclic creep stabilizes over a long cycle period. In
stage 111, cyclic creep becomes unstable and rapidly increases until material rupture.

A novel and elegant solution for modeling cyclic creep behavior in soft tissue may be
possible by combining discontinuous CDM with a visco-hyperelastic model. Discontinuous
CDM can be physically described as the deterioration of mechanical properties due to broken
bonds, such as collagen denaturation at the molecular level (Zitnay et al. 2017). Mathematically,
damage evolves (i.e. increases) when the previous maximum of a specified scalar variable (i.e.
failure criteria) is exceeded. Previous work has determined that discontinuous CDM with strain
energy-based failure criteria can model static failure in soft tissue (Martin and Sun 2015) but has
intrinsic limitations in modeling steady state creep, since damage evolution is restricted under a
constant load. Conversely, time-dependent viscoelastic models can represent steady state creep
(stage IT) (Sopakayang and De Vita 2011), but are unable to model the propagation of damage to
material rupture (stage III). By pairing a discontinuous, strain-energy based, CDM model with a
viscoelastic model, it may be possible for damage to propagate in response to viscoelastic creep
during a force-controlled experiment. In this way, the individual limitations of viscoelasticity and
discontinuous damage could be overcome, and both fatigue and static failure behavior could

potentially be modeled using a single formulation.
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The objective of this study was to determine the feasibility of using a visco-hyperelastic
model with discontinuous damage to simulate low- and high-cycle fatigue in human meniscus. A
sensitivity study will determine the role of material parameters in resisting fatigue injury, and a

validation study will be performed to determine if the model is also predictive of static failure.

2. Materials and Methods
2.1. Overview

Cyclic creep data from six uniaxial tensile fatigue experiments of human meniscus was
used to calibrate the specimen-specific material parameters for a visco-hyperelastic damage
model (visco-damage) and the quality of the model fits was quantified. The optimization of the
calibrated material parameters was performed in a custom MATLAB code that simulated a
single volumetric element subjected to force-controlled loading. The sensitivity of the model
simulations to changes in material parameter values was assessed, and a validation study was
performed by evaluating the model’s ability to simulate the stress-strain curve of monotonic

uniaxial tensile experiments (static failure).

2.2. Uniaxial Cyclic Fatigue and Pull to Failure Static Experiments

Fatigue experiments were conducted using an electrodynamic test system (Instron,
Norwood MA, USA; ElectroPuls E10000) equipped with an acrylic immersion chamber (Fig.
2A). Six dumbbell shaped coupons were extracted from a set of four non-paired medial menisci
that were harvested from fresh-frozen human knees (age = 30 & 6). These coupons were layered,
cut, and imaged using previously described methods (Wale et al. 2021; Nelson et al. 2020;

Morrill et al. 2016). Specimens were mounted in the mechanical test system and preloaded to 0.1

5
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N. At this position, front and side profile images were taken with a digital camera to measure the
initial cross-sectional area (Creechley, Krentz, and Lujan 2017). The specimen was then buckled
and the immersion tank was filled with 37°C saline solution (0.9%) containing 0.05 mg/mL of
both penicillin and streptomycin. After equilibrating in the bath for 1.5 hours, the specimen was
preloaded to 0.1 N, then preconditioned with a 20 cycle triangular wave at 2 Hz to 8% clamp
strain. The linear modulus was calculated from the 20" preconditioning cycle to predict the
specimen-specific ultimate tensile strength (UTS) by using a linear regression function of UTS
vs. linear modulus (Creechley, Krentz, and Lujan 2017). The regression function was developed
from monotonic experiments to failure of specimens cut from the same meniscus as specimens
used for fatigue testing (Henderson et al. 2022). After preconditioning, the sample was again
preloaded to 0.1 N, and the reference specimen length was established from the grip-to-grip
displacement after this preload.

Six fatigue experiments were run to a targeted maximum cyclic engineering stress of
either 50% (n = 3) or 70% (n = 3) of the predicted ultimate tensile strength (UTS)(Creechley,
Krentz, and Lujan 2017). The rationale for selecting these two stress levels (fatigue strengths)
was that they resulted in low- and high-cycle fatigue failures and did not exceed the one-million
cycle limit of the experiment (Henderson et al. 2022). A 4 Hz tensile-tensile sinusoidal
waveform was applied to the targeted stress (minimum = 10% of the targeted stress) until failure
(Fig. 2B). Force and displacement data were converted to engineering stress and engineering
strain using the reference area and length (Wale et al. 2021). Axial strains were converted to
axial stretch and plotted versus cycles (Fig. 2C). The cyclic stress and creep curves for each
experiment were generated by taking the maximum values for each stress and strain cycle.

Tissue damage was calculated by dividing the dynamic modulus at each cycle by the dynamic

6



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

modulus measured at the start of fatigue testing. The three stages of cyclic creep (Fig. 1) were
automatically delineated using a MATLAB algorithm. This algorithm selected the absolute
minimum second derivative (closest to zero), or flex point, which occurred in stage II, and then
identified the start and end of stage Il as a 10% change in the second derivative from this
absolute minima, in both directions (Henderson et al. 2022).

Monotonic uniaxial tensile tests to failure were performed on six dumbbell shaped
specimens collected from the same set of human medial menisci used for fatigue testing. The
preconditioning, imaging, and preload steps for these tensile tests replicated the fatigue test
protocol. After the final preload, the specimen was monotonically pulled to failure at a rate of
1% strain per second. The linear modulus, ultimate tensile strain, and UTS were calculated from
the resulting stress-strain curve (Fig. 2D) using previously described methods (Wale et al. 2021;
Nesbitt et al. 2023). All static and fatigue failures for the analyzed specimens occurred away

from the grips, either near the fillet or in the midsubstance (Fig. 2E).

2.3. Visco-Damage Constitutive Model

The visco-damage model used a continuum damage mechanics formulation, where the
viscoelastic stress response was modulated by a damage variable, D, that ranged from 0 <D <1,
with D = 1 representing complete rupture. This damage variable scaled the elastic 2" Piola-
Kirchhoff (PK) stress S€ and the relaxation function G by utilizing a classic quasi-linear

viscoelastic formulation (Fung 1973) through the application of a convolution integral:

S(t) = [ G(t —s)(1 - D)) 2-ds (1)
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Here, ¢ is the current time and s represents the incremental time points between 0 and ¢. The 2"
PK elastic stress S¢ was calculated from a hyperelastic strain energy formulation using the right

Cauchy-Green deformation tensor C, which is a function of the deformation gradient tensor F.

se =22 2)

Where, strain energy density, W, was modeled using a (nearly) incompressible Neo-Hookean

formulation and is comprised of the shear modulus ¢ and the first scalar invariant I; (I; = trC).

W= 5(11 —3) (3)
The shear modulus is computed using the elastic parameter £ (elastic modulus), and a nearly
incompressible Poisson’s ratio v of 0.499 (¢=0.5E/(1+v)). The relaxation function inside the
convolution integral was comprised of six material parameters y;, >, V3, T1, T2, T3 Which regulate

how quickly the material relaxes to its long-term elastic stress.

t -t -t

G(t) =1+ yien + ye7 +yzew 4)

The evolution of the damage parameter D is characterized by an irreversible equation of

evolution developed by Simo et al. (Simo 1987) and defined by the following expression

= ./2W(C(s)) (5)
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where C(s) i1s the Cauchy-Green deformation tensor at time s. We note that ¥ is the “elastic”
stored energy function of the undamaged material. Now, let =; be the maximum value of = over

the past history up to the current time:

+ = max /2W(C(s)) (6)

SE(—oo,t)

The damage evolution function D (Z,) can then be expressed by the energy-based Weibull
cumulative distribution function (CDF)(Weibull 1951), which is dependent on two material

parameters, the shape parameter fand the scale parameter 7:

D(E)=1-e 7 (7)

This damage function is discontinuous, in that it is characterized by a function of maximum
strain energy attained in a loading path that can only evolve when the current maximum strain

energy value is exceeded.

2.4. Curve Fitting of Material Parameters

Constitutive model parameters were calibrated to best fit each model to the experimental
cyclic creep data. In order to optimize the model material parameters in force-control loading, we
developed an optimization program in MATLAB (Mathworks, Natick MA; R2021a) that used a

three-dimensional single element material model. This custom program consisted of two nested
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loops (Fig. 3A). The inner loop used the Levenberg-Marquardt algorithm (LMA; a modified
Newton method used for non-linear least-squares optimization) to calculate the axial and lateral
stretches at each time point for a given loading profile by minimizing the objective function
@seress (EQ. 8). To ensure that damage was irreversible during fatigue loading, axial stretch was
constrained to be either equal or greater than the axial stretch at the prior time step. The outer
loop applied LMA to the entire stretch-time profile to select specimen specific material
parameters that optimized the fit of the displacement curve by minimizing the objective function
Osereten (EqQ 9). The optimization program was applied to the visco-damage constitutive model
(Eq. 1), where the total stress for each time point (Eq. 10) was calculated by summing the stress
at the current time interval (Eq. 11) and all past time intervals (Eq. 12). For this optimization, the

derivative of the elastic stress was found numerically using a linear approximation.

Dutress = Zico | (Sespermentiasiat © ~ Smoaerasiar®) +Smoeraterat V7 ®)
Pserecen = LicalAexperiment axiat (1) = Amoderaxiar 0] ©)
Smoaet () = Scurrent (1) + Spast (i) (10)
Seurrent @ = 6 (3) (82 (1 = D) = 8°(i = 1)(1 - DG - 1)) (11)
Sy ) = 74 6 (1= (7 - 2) ) a5 (12)

Prior to inputting the experimental data from the cyclic fatigue experiment into the
optimization program, the data was reduced to include only the maximum stress and
corresponding stretch to reduce computational cost while still quantifying the tissue's cyclic

creep behavior. The stress data was then smoothed and held constant during the second stage of

10
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creep to remove any irregularities due to noise. All data used for optimization was interpolated to
a set number of points to reduce run time. Curved portions of the input profile were weighted
with more data points to improve interpolation accuracy and a visual inspection was made to
ensure the interpolated data was representative of all portions of the experimental data.

Numerical simulations were run for all six experiments.

2.5. Verification of Model Implementation

Model verification is a process that ensures the constitutive equations are mathematically
implemented correctly (A. E. Anderson, Ellis, and Weiss 2007). This is typically completed
through comparison to an analytical solution or an already verified source. The custom
MATLAB program was verified by comparing its results to the open-source FE solver FEBio
(Maas et al. 2012), using the same constitutive equations and material parameters under a force-
control ramp (Fig. 3B). The material within FEBio was selected as viscoelastic (parent) with an
elastic damage component. The elastic type was neo-Hookean and the damage type was CDF
Weibull with a DC Simo damage criterion, which matches the visco-damage constitutive model
(Eq. 1). The FE model included a single element hexahedral model with boundary conditions
that replicated the single element model in MATLAB. This was accomplished by connecting a
rigid body to the top face of the element and using a sliding elastic contact to allow displacement
along the axial load direction. The Poisson's ratio was set to 0.499 to model quasi-
incompressibility. For the visco-damage model, the material parameters were selected as £ = 5,
¥1=3,72=0,y3=0, 1y =5,7, =0,73 =0, =1, and # = 0.5 (note: FEBio uses the
symbols a and u to represent S and 7, respectively). We also verified a visco-only version of the

model by keeping the same material parameters, except the damage parameters f and 5 were set
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to 10,000 so that damage effects were negligible. A load curve that ramped and held at 0.5 was
input (Fig. 3B) and stretch was output. The stretch curves calculated by FEBio and MATLAB
were compared (Fig. 3C), and had RMSE values of 0.013% and 0.002% for the visco-damage
and visco-only models, respectively. The nearly identical results between MATLAB and FEBio

(Fig. 3B-C) verified the accuracy of our custom numerical algorithm (Fig. 3A).

2.6. Sensitivity Analysis of Material Parameters

The sensitivity of the creep curve to each model parameter was evaluated using the visco-
damage model and a representative test case. For this analysis, the elastic and damage terms (E,
p, and n) were independently increased and decreased by 10% of their mean curve fitted value,
while the set of viscoelastic T terms (74, T, and 73) and the set of viscoelastic y terms (y;,

Y., and y3) were collectively increased and decreased by 10% of their mean curve fitted value
and then plotted for comparison. To evaluate the sensitivity of the constitutive formulation to the
number of viscoelastic parameters, the number of viscoelastic parameters was reduced to four
(Y1, Y2, T1, and 7,) and two (y; and 7;). The viscoelastic parameters of these two new model
formulations were optimized to the experimental data, and the goodness of fit was evaluated

using RMSE.

2.7. Model Validation

A validation study determines if a model is able to simulate independent experimental
data not used for model calibration (A. E. Anderson, Ellis, and Weiss 2007). A validation study
was conducted for the visco-damage model by testing the model’s ability to simulate the

independent pull to failure experiments (Fig. 4). Using the custom MATLAB program, six single
12
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element models were stretched from 1 to 1.5 at increments of 0.0005 to simulate monotonic
loading (static failure). Importantly, the sets of material parameters for these six models were
calibrated using the cyclic creep data from six fatigue experiments, and therefore model
calibration was distinct from model validation (Fig. 4). The resulting stress-stretch responses
were plotted, and linear modulus, ultimate strain, and UTS were calculated for comparison to the

experimental pull to failure results.

2.8. Statistics

The quality of the model fits to the observed stretch-time behavior (cyclic creep) for the
six experiments was quantified using normalized root mean square error (NRMSE). The
NRMSE values were calculated by dividing the root mean square error by the mean strain for a
specific experiment.

Differences in damage predicted by the visco-damage model and measured by the
experiment were determined using a repeated measures ANOVA with stage and test type (model
vs experiment) as within-subject variables. Differences between the static material parameters
(modulus, UTS, and failure strain) measured in the pull to failure experiment and simulated by
the visco-damage model were determined using a MANOVA. All significance levels were set as
p < 0.05. This statistical analysis was performed using SPSS (Version 25; IBM Corp., Armonk,

NY).
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296 3. RESULTS

297 3.1 Model Curve Fitting to Fatigue Experiments

298 The six fatigue experiments produced characteristic creep curves (Fig. 5). Under a

299  constant cyclic tensile stress (Fig. SA), the number of cycles to rupture ranged between

300 approximately 150 to 400,000 cycles, with a median value of approximately 10,000 cycles. The
301  constant cyclic tensile stress for tests #1-6 had a maximum magnitude of 5.7, 18.1, 3.6, 12.2, 2.9,
302  and 5.6 MPa, respectively (Fig. SA).

303 The visco-damage model had excellent fits to fatigue experiments (Fig. 5B; Table 1). The
304  overall average error (NRMSE) in simulating stretch at all fatigue stages was 2.4% (Table 1),
305 and the localized average error in simulating stretch in stage I, I, and III was 3.0%, 1.1%, and
306  5.9%, respectively. The curve fitted material parameters for all tests are listed in Table 1. The
307  overall average error in simulating stretch increased to 17% and 4.2% if either the damage or
308  viscoelastic components from the model were removed prior to curve fitting, respectively (see
309  Appendix A and Supplementary Material).

310

311 3.2 Comparison of Fatigue Damage between the Model and Experiment

312 The damage values calculated from the fatigue experiments and predicted by the visco-
313  damage model were compared (Fig. 6). The model overpredicted damage in each stage by an
314  average of 0.08, but this difference was not significant (p = 0.052).

315

316 3.3 Sensitivity of the Model to Changes in Material Parameters

317 The visco-damage model was sensitive to changes in all material parameters (Fig. 7). In

318  general, decreases in material parameter values resulted in fatigue failure at a lower cycle count

14



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

than the optimized value. The opposite trend was seen when the parameter value was increased,
such that fatigue failure did not occur before reaching the cycle limit. The elastic modulus (Fig.
7A) and the viscoelastic parameters (Fig. 7B-C) were found to influence all stages of cyclic
creep response, while changes in the damage parameters predominately affected failure
propagation (stage III) and had little to no effect on the initial cyclic creep response (Fig. 7D-E).
Increasing the number of viscoelastic parameters in the visco-damage formulation
improved the model’s fit to the experimental data (Fig. 8). However, increasing the number of
parameters from four to six provided only a nominal improvement (Fig. 8; inset). The RMSE
values of each case when compared to the experimental stretch values were 0.65%, 0.23%, and

0.19% for the 2 term, 4 term, and 6 term cases, respectively.

3.4 Validation Study using Pull to Failure Experimental Data

Pull to failure experiments were simulated with the visco-damage model using specimen-
specific material parameters fit to the six fatigue experiments (Table 1). The simulated stress-
strain curves had a characteristic shape for all six sets of parameters (Fig. 9A). The UTS (12 + 8
MPa) and linear modulus (58 + 35 MPa) predicted by the model were 21% and 41% less than the
experimental results (not significant), while the failure strain predicted by the visco-damage
model (29 + 7%) was 37% greater than the experimental results (21 + 3%) (p=0.03)(Fig. 9B).
When using the mean parameter values from all six curve fits (Table 1), the predicted UTS (14

MPa; Fig. 9A, dashed line) was within 10% of the experimental average.
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342 4. Discussion

343 This study has demonstrated the feasibility of using a visco-hyperelastic continuum

344  damage constitutive framework (visco-damage) to simulate cyclic creep behavior and fatigue
345  failure of soft fibrous tissue. Impressively, the visco-damage formulation was able to reproduce a
346  broad range of experimental time-dependent, non-linear fatigue behaviors (Fig. 5) when using a
347  relatively low number of elastic and damage material coefficients. Further, the visco-damage
348  model was able to concurrently simulate static failure behavior during monotonic loading (Fig.
349  9). These results establish a visco-hyperelastic model with discontinuous damage as a desirable
350 framework for modeling fatigue failure in soft tissue.

351 The visco-damage model was effective at modeling fatigue behavior due to an energy-
352  based damage criterion that enabled viscoelastic creep to drive damage evolution, even during
353  constant cyclic stress. As the material is loaded in stage I, a rapid increase in stress and stretch
354  caused initial material weakening due to the strain-energy damage threshold being exceeded
355  (Fig. 6). Once stretch equilibrated under constant stress, cyclic creep entered stage I, where the
356  time-dependent terms in the solid viscoelastic component regulate the gradual steady-state

357  increase in stretch (mean model creep rate in stage I1 = 1.1 & 2.2 pm/cycle). The incremental
358 increases in stretch will continue to evolve damage, creating a feedback loop, where increasing
359  damage generates greater maximum stretch under constant cyclic stress, and increasing

360 maximum stretch generates more damage. Eventually, this interplay leads to a non-linear

361 increase in stretch, marking the start of stage III. Damage then propagates rapidly (mean model
362  creep rate in stage II1 = 16 + 35 um/cycle) until the weakened tissue is stretched to a magnitude
363  that exceeds the experimental rupture strain. This formulation enabled the visco-damage model
364  to successfully fit all stages of creep with an average normalized RMSE of roughly 2.5% for a
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wide range of fatigue experiments that failed between 150 to 400,000 cycles (Fig. 5). It’s worth
noting that damage evolution under constant cyclic stress can only evolve with our modeling
approach if the damage criterion is a function of time-dependent strain. If we used a stress-based
failure criterion (e.g. 1% principal stress), or did not permit time-dependent increases in stretch to
influence damage (i.e. damage based purely on elastic strain), then damage would not have
evolved under constant cyclic stress. Not surprisingly, removal of either the viscoelastic or
damage component resulted in inferior stretch simulations, less physical material parameters, and
no mathematical mechanism for damage to evolve during steady-state fatigue loading (see
Appendix A). The ability of a visco-damage framework to successfully model cyclic creep
suggests that the intrinsic solid viscoelasticity of soft tissue plays a critical role in modulating
fatigue damage.

The sensitivity of the simulated cyclic creep response to the material parameters was
analyzed to gain insight into the mathematical and physical significance of each parameter. The
visco-damage model used a relatively low number of material coefficients, consisting of one
elastic parameter (elastic modulus) to scale the response to strain magnitude, two damage
parameters that control the initiation and rate of damage, and six viscoelastic parameters that
control the response to strain-rate (viscosity) and the subsequent rate of relaxation. The model
exhibited sensitivity to changes in all parameters (Fig. 7), although we did determine that the
total number of viscoelastic parameters could be reduced to four and still maintain a good fit for
the representative case (Fig. 8). The initial creep response was governed by the elastic modulus £
and viscosity terms y. As either of these parameters increase, the material becomes stiffer, and
more resistant to fatigue failure (Fig. 7A-B). Similarly, increases to the damage terms and the

time rate terms resulted in greater resistance to fatigue failures. Increases in the damage rate
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terms will effectively delay the initiation and propagation of damage, while increases in the time
rate terms will slow stress relaxation and reduce the slope of the creep response. This is a
significant finding, as it predicts that tissues exhibiting slow relaxation at long timescales will be
more resistant to fatigue injury (Fig. 7C). Interestingly, prior work has shown that relaxation
rates decrease as collagen ages (LaCroix et al. 2013), which could explain why human meniscus
has a tensile endurance limit (i.e. stress level that can be safely applied for a lifetime of use) that
does not decline with aging (Henderson et al. 2022).

This study developed a custom MATLAB program that automated the curve fitting of
material parameters in force-controlled loading. The original intent of this study was to optimize
the material parameters in an FE solver, however, parameter optimization modules in FE are
primarily operated in displacement-control due to the mathematical nature of the underlying
stress-strain formulations. Material parameters calibrated in displacement control will not
necessarily produce the same solution in force control. For example, in a preliminary study we
conducted (data not shown), we optimized the visco-damage parameters by inputting the
experimental stretch values (displacement-control) and then selecting material parameters that fit
the experimental stress values for a characteristic three stage cyclic creep curve (Fig. 1).
However, when we applied those optimized parameters in a force-control simulation (using the
same experimental stress data used for parameter optimization) the model calculated a different
creep curve that did not advance to tissue rupture in stage III. To overcome this limitation, we
coded a single volumetric element in MATLAB that loaded the material to a user-specified stress
and then utilized a least-squares optimization approach to minimize the difference between the
experimental and predicted stretch values (Fig. 3). In this way, we were able to run force-control

simulations with the optimized parameters and get displacement curves that matched the
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experimental data used for parameter optimization. Moreover, this code was able to iterate
towards a solution without the error termination that can prematurely halt optimization routines
in FE solvers, and the run-time was very fast relative to FE solvers (less than half the run-time).
The accurate implementation of the visco-damage model into MATLAB was verified by having
our custom MATLAB code match the FEBio creep solution when using identical materials,
parameters, loads, and boundary conditions (Fig. 3C). Conversely, the material parameters
optimized in MATLAB (Table 1), can be input into FEBio to simulate cyclic creep curves that
match the MATLAB solution (Fig. 10). Importantly, the number of cycles that FEBio terminated
only changed by 0.2% if we altered the stress input to run well past the known failure cycle. This
suggests that FE error terminations that occur in stage III are indicative of the material being
close to fatigue failure. This finding has significant implications, as it can provide a method to
estimate fatigue life when the number of cycles to failure is unknown for a user-specified stress
amplitude.

A validation study was conducted to test the ability of the visco-damage model to
simulate an experiment not used to calibrate the material parameters. Using the same specimen-
specific model parameters that were curve fit to the fatigue experiments, we applied a monotonic
quasi-static loading profile using our MATLAB code. The visco-damage models were able to
simulate characteristic stress-strain curves with mean ultimate strength predictions within about
21% of experimental values (Fig. 9B). However, the corresponding ultimate strain values,
predicted by the model, were 37% greater than the experiment (p = 0.03). This difference shows
that the damage parameters appropriate for modeling fatigue failure create a more “stretched”
cumulative distribution function (CDF) that weakens the tissue too gradually to properly model

static failure. The longer the number of cycles to failure, the poorer the prediction of static failure
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strain (Fig. 9A; R’ = 0.62). Another way of explaining is that if we had calibrated the damage
parameters to static failure data, and then applied those damage parameters to fatigue loading,
the number of cycles to failure would be underpredicted. An explanation for why the CDF for
fatigue loading is not ideal for static loading is that, relative to “fast” static failures, the long-term
viscoelastic creep occurring during “slow” fatigue failures will decrease the complex modulus,
and thereby lesson the damage response for a specific magnitude of elongation. The model
therefore predicts that cyclic loading will effectively increase tissue extensibility, and this
prediction is supported by our previous experiments that found high-cycle tensile loading to
increase failure strains by 41% compared to meniscus specimens only subjected to monotonic
loading (Henderson et al. 2022). The increase in extensibility during repetitive loading is likely
due to the realignment and sliding of collagen fibers (Xu, Li, and Zhang 2013), which would
indicate that collagen realignment serves an important role in protecting the tissue from damage
and extending fatigue life.

The dual simulation of static and fatigue failure has given us the ability to assess whether
the visco-damage model can predict a reasonable S-N curve. An S-N curve is a diagram of
fatigue strength versus fatigue life (number of cycles to failure), where fatigue strength can be
expressed as a percent of ultimate tensile strength (UTS). By using the mean parameters (Table
1), and the UTS value predicted using these mean parameters (Fig. 9A, dashed line; 14 MPa), we
applied a range of stresses (30%-100% of UTS) in FEBio and recorded the number of cycles
until error termination indicated the near onset of fatigue failure. These values were plotted
alongside an S-N curve from our previous experimental study of tensile fatigue strength in
human meniscus (Fig. 11) (Henderson et al. 2022). This comparison shows that using the mean

model parameters results in an overprediction of fatigue life at lower stress levels. In particular,
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the model prematurely predicted an endurance limit at roughly 40% of UTS, which we did not
observe in our previous fatigue experiments with human meniscus. The model prediction of an
endurance limit can be explained mathematically from the model’s rate of relaxation parameters.
Once the number of cycles greatly exceeds the long-term viscoelastic parameter (13), the
relaxation rate is nearly zero and damage is no longer able to evolve. Therefore, stretch is
predicted to stabilize instead of elongating to stage III rupture. It’s worth noting that although the
model overestimated the fatigue life, it did successfully replicate the semi-logarithmic response
observed in the fatigue experiments (Fig. 11).

Viscoelastic continuum damage frameworks have been previously applied to model
various behaviors of engineered materials and soft tissue (E. Pefia et al. 2008), but not fatigue
failure. The discontinuous damage formulation used in the present study was developed by Simo
et al. to model stress-softening behavior (Simo 1987), where discontinuous damage is defined as
damage evolving when a specified scalar variable exceeds a previous maximum. This same
discontinuous damage formulation has been used to describe stress softening from cyclic loading
in collagenous soft tissues of arterial walls (Balzani, Brinkhues, and Holzapfel 2012; E. Pefia et
al. 2010) and the esophagus (Khajehsaeid, Tehrani, and Alaghehband 2021). Further, a study by
Pefia et al. used discontinuous damage to simulate stress-softening and permanent set in uniaxial
tensile tests of vaginal and vena cava tissue (Estefania Pefia 2011). These studies applied a
limited number of cycles (< 20 cycles) and did not investigate high-cycle fatigue behavior. In
contrast, two other studies modeled displacement-controlled fatigue by implementing a
continuous damage formulation based on equivalent strain and the number of loading cycles
(Dong et al. 2020; Martin and Sun 2014a). In continuous damage formulations, damage will

always accumulate during cyclic loading, which is advantageous for modeling fatigue behavior,
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but is unsuitable for modeling static failure. The present study used a more conventional
discontinuous damage formulation that we paired with a classic formula for solid viscoelasticity
to enable the high-cycle simulation of non-linear cyclic creep. A major benefit of this approach is
that constitutive equations for discontinuous damage and viscoelasticity are well established and
are available in commercial and open source finite element solvers (e.g. FEBio). To our
knowledge, this study is the first to use a viscoelastic continuum damage framework to model
high-cycle force-controlled fatigue behavior in soft tissue, and the first time we’re aware that this
framework has been used to model both fatigue and static failure in any material.

Our results have highlighted some intrinsic limitations of the viscoelastic continuum
damage model applied in this study, as well as given us perspective on how the model could be
improved in the future. First, in order to limit the number of material coefficients, an
incompressible neo-Hookean formulation was selected for the elastic response. While this elastic
model was sufficient for simulating the cyclic creep behavior, it is unable to model the toe region
of soft tissue during monotonic loading (Fig. 2D). To overcome this deficiency, we’d
recommend using a nonlinear elastic formulation (Weiss, Maker, and Govindjee 1996;
Holzapfel, Gasser, and Ogden 2000), which would likely improve the model’s prediction of
modulus and failure strain during monotonic loading (Fig. 9). Second, the model overpredicted
damage at each stage of fatigue (Fig. 6). This could potentially be explained by the model not
accounting for permanent set, or non-recoverable deformation that is observed in soft tissue after
cyclic loading (Garcia et al. 2011). Third, the model overpredicted fatigue life at all levels of
applied cyclic stress when using the mean parameters (Fig. 11). This miscalculation is likely
related to the large variation in viscoelastic parameters between specimens failing at low and

high cycles, and could potentially be improved by implementing viscoelastic formulations that
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explicitly model the short- and long-term viscoelastic response (Ahsanizadeh and Li 2015;
Pioletti and Rakotomanana 2000).

Several other study limitations should be noted. The model used a single volumetric
element to describe the material behavior and did not account for specimen geometry or local
behavior. Nevertheless, this approach has demonstrated the feasibility of this modeling
framework and has provided insight into the mechanisms of fatigue injury. The model also
implemented a constraint that axial stretch could not decrease to enforce the condition that
damage is irreversible. This contributed to the increase in damage observed in stage III for both
the visco-damage and damage-only models due to the sudden reduction in applied force
(Appendix A). To efficiently analyze high-cycle fatigue loading, the experimental data set was
reduced to a cyclic creep curve, where only the maximum stress values for each cycle were
modeled. Therefore, this study was a simplification of the loading and unloading occurring
during fatigue testing. We optimized the material parameters using a Levenberg-Marquardt type
minimization algorithm (Marquardt 1963) that is often used for experimental data fitting.
Convergence to a global minimum with this algorithm is sensitive to the initial guess (Fung
1993), and therefore fits were performed multiple times with different initial guesses. Next, the
experiment and model did not account for the anisotropy of fibrous tissue, as this study only
investigated fatigue along the principal fiber orientation. The model also did not account for the
twenty preconditioning cycles to 8% strain (grip-to-grip) that were applied prior to experimental
fatigue testing. These preconditioning cycles may have altered the tissue microstructure
(Schatzmann, Brunner, and Staubli 1998), but relative to the high number of cycles applied
during the fatigue tests, any effect from these twenty preconditioning cycles would likely be

negligible. Additionally, soft tissue mechanical behavior has been shown to be dependent on
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strain-rate (Zitnay, Lin, and Weiss 2021) and tissue swelling (Werbner et al. 2022), yet the effect
of strain-rate and swelling on fatigue failure was not analyzed with the experiment nor the
model. Lastly, the in vitro experiments simulated in this study did not account for cellular
remodeling of the extracellular matrix. Collagen remodeling would likely influence fatigue
resistance, and although there is evidence that collagen has a limited ability to remodel in adult
human meniscus (Vaben et al. 2020b), other soft tissues will remodel in response to injury or
repetitive exercise (e.g. tendon)(Andarawis-Puri, Flatow, and Soslowsky 2015). Further
experimental and modeling work is needed to determine the relationships between biological
factors and mechanical fatigue (Martin and Sun 2015).

For the first time, this study has identified a constitutive equation capable of modeling
cyclic creep to failure in meniscus tissue. Moreover, to our knowledge, this is the first study to
identify a constitutive formulation that shows promise in modeling the failure behavior of soft
tissue under both static (monotonic) and fatigue (cyclic) loading. The findings of this study
progress the mechanical knowledge of mechanical fatigue in soft fibrous tissues and are

applicable in the prediction and prevention of meniscus tissue injuries.
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APPENDIX A. Modeling Fatigue using either Viscoelasticity or Discontinuous Damage
In this appendix, we demonstrate the importance of pairing a viscoelastic solid with a

discontinuous damage model. The viscoelastic solid and discontinuous damage models used in
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this study (Eq. 1-7) were independently curve fit to the experimental fatigue data by calibrating
the specimen-specific material parameters for versions of the visco-damage model without
viscoelasticity (damage-only) and without damage (visco-only)(Fig. A.1).

As expected, the damage-only model was unable to simulate steady-state creep behavior,
and the visco-only model was unable to simulate failure propagation (Fig. A.1). In comparison,
the visco-damage model was able to fit all three stages of cyclic creep. The curve-fitted material
parameters and goodness of fits for all six experiments are included in the supplementary

material.
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FIGURE CAPTIONS

Figure 1. Cyclic creep behavior due to fatigue loading. A) The application of uniform cyclic loads

to a maximum stress results in B) three characteristic stages of creep (I, 11, and III).

Figure 2. Fatigue and pull to failure experiments of human meniscus. A) Specimens were inserted
into a heated saline bath and loaded in uniaxial tension (white arrows). B) For fatigue tests, cyclic
loads were applied to a targeted maximum and minimum stress until failure, resulting in C) a
characteristic cyclic creep response. D) Pull to failure tests were conducted on coupons from the
same human donors as the fatigue tests. E) A dumbbell shaped specimen before and after fatigue

testing. All specimens analyzed in this study failed away from the grips.

Figure 3. The custom MATLAB program for force-control parameter optimization. A) Logic
flowchart of the custom program, where the inner loop (inner dashed arrow) optimizes the axial
and lateral stretch of a single volumetric element using the Levenberg-Marquardt algorithm
(LMA) and the outer loop (outer dashed arrow) optimizes the material parameters. B) The custom
program was verified by inserting the same materials, boundary conditions, loads, and material

parameters into FEBio, and C) getting identical stretch results.

Figure 4. Calibration and validation of the visco-damage model. Model parameters were
calibrated to cyclic creep data from fatigue experiments. These parameters were then used in a
model validation study to determine if the visco-damage model is able to simulate static failures

observed in experiments.
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Figure 5. The visco-damage model had excellent fits to the three stages of cyclic creep cyclic
creep from all six fatigue experiments. A) The maximum cyclic stress from each experiment was
input into the visco-damage model, and B) the material parameters were optimized to simulate

tissue stretch from cyclic creep.

Figure 6. The visco-damage model overpredicted damage during fatigue testing. Experimental

damage was calculated as a percent reduction in the dynamic modulus at each test cycle.

Figure 7. The visco-damage model was sensitive to 10% changes in material parameters from
their optimized value. All stages of cyclic creep were sensitive to A) the elastic parameter, and B-
C) the viscoelastic parameters. D-E) The damage parameters most affected the final stage of cyclic

creep.

Figure 8. Sensitivity to the number of viscoelastic parameters used in the visco-damage model.

Increasing the number of parameters from 4 to 6 resulted in only a nominal benefit (inset).

Figure 9. The visco-damage model can simulate characteristic stress-strain curves for static failure
(monotonic loading). A) Using either specimen-specific parameters (solid lines; number = fatigue
test) or mean parameters (dashed) from curve fitting the six fatigue experiments, stress-strain
curves of static failure were simulated with the visco-damage model and compared to experiments.

B) Normalized static material properties calculated from the stress-strain curves. The model
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reasonably predicted UTS, but overpredicted the failure strain (*p < 0.05; calculated prior to

normalizing).

Figure 10. The material parameters optimized in MATLAB can be input into FEBio to simulate a

cyclic creep response that matches the MATLAB solution.

Figure 11. The visco-damage model, using average values for the material parameters,
overpredicted the number of cycles to failure at various fatigue strengths when compared to our
prior fatigue experiments on human meniscus. Unlike the experiments, the model predicted a

fatigue limit (endurance limit) at 40% of UTS.

Figure A.1. Compared to the visco-damage model, the visco-only and damage-only models had
worse fits to the cyclic creep results from the fatigue experiment. The damage-only model was
unable to simulate steady-state cyclic creep (stage I1), while the visco-only model was unable to

simulate failure propagation (stage III).

28



640

641

642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

REFERENCES

Ahsanizadeh, Sahand, and LePing Li. 2015. “Visco-Hyperelastic Constitutive Modeling of Soft
Tissues Based on Short and Long-Term Internal Variables.” BioMedical Engineering
OnLine 14 (1): 29. https://doi.org/10.1186/s12938-015-0023-7.

Andarawis-Puri, Nelly, Evan L. Flatow, and Louis J. Soslowsky. 2015. “Tendon Basic Science:
Development, Repair, Regeneration, and Healing.” Journal of Orthopaedic Research :
Official Publication of the Orthopaedic Research Society 33 (6): 780—84.
https://doi.org/10.1002/jor.22869.

Anderson, Andrew E., Benjamin J. Ellis, and Jeffrey A. Weiss. 2007. “Verification, Validation
and Sensitivity Studies in Computational Biomechanics.” Computer Methods in
Biomechanics and Biomedical Engineering 10 (3): 171-84.
https://doi.org/10.1080/10255840601160484.

Anderson, Donald D., Susan Chubinskaya, Farshid Guilak, James A. Martin, Theodore R.
Oegema, Steven A. Olson, and Joseph A. Buckwalter. 2011. “Post-Traumatic
Osteoarthritis: Improved Understanding and Opportunities for Early Intervention.”
Journal of Orthopaedic Research: Official Publication of the Orthopaedic Research
Society 29 (6): 802-9. https://doi.org/10.1002/jor.21359.

Balzani, Daniel, Sarah Brinkhues, and Gerhard A. Holzapfel. 2012. “Constitutive Framework for
the Modeling of Damage in Collagenous Soft Tissues with Application to Arterial
Walls.” Computer Methods in Applied Mechanics and Engineering 213-216 (March):
139-51. https://doi.org/10.1016/j.cma.2011.11.015.

Calvo, B., E. Pefia, M. A. Martinez, and M. Doblaré¢. 2007. “An Uncoupled Directional Damage
Model for Fibred Biological Soft Tissues. Formulation and Computational Aspects.”
International Journal for Numerical Methods in Engineering 69 (10): 2036-57.
https://doi.org/10.1002/nme.1825.

Creechley, Jaremy J., Madison E. Krentz, and Trevor J. Lujan. 2017. “Fatigue Life of Bovine
Meniscus under Longitudinal and Transverse Tensile Loading.” Journal of the
Mechanical Behavior of Biomedical Materials 69 (December 2016): 185-92.
https://doi.org/10.1016/j.jmbbm.2016.12.020.

Demange, Marco Kawamura, Riccardo Gomes Gobbi, and Gilberto Luis Camanho. 2016.
“‘Fatigue Meniscal Tears’: A Description of the Lesion and the Results of Arthroscopic
Partial Meniscectomy.” International Orthopaedics 40 (2): 399-405.
https://doi.org/10.1007/s00264-015-3010-5.

Dong, Hai, Minliang Liu, Caitlin Martin, and Wei Sun. 2020. “A Residual Stiffness-Based
Model for the Fatigue Damage of Biological Soft Tissues.” Journal of the Mechanics and
Physics of Solids 143 (October): 104074. https://doi.org/10.1016/j.jmps.2020.104074.

Franceschini, G., D. Bigoni, P. Regitnig, and G. A. Holzapfel. 2006. “Brain Tissue Deforms
Similarly to Filled Elastomers and Follows Consolidation Theory.” Journal of the
Mechanics and Physics of Solids 54 (12): 2592-2620.
https://doi.org/10.1016/j.jmps.2006.05.004.

Fung, Y. C. 1973. “Biorheology of Soft Tissues.” Biorheology 10 (2): 139-55.
https://doi.org/10.3233/bir-1973-10208.

29



683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727

Fung, Y.C. 1993. Biomechanics: Mechanical Properties of Living Tissues. 2nd ed. New York:
Springer-Verlag. https://doi.org/10.1007/978-1-4757-2257-4.

Garcia, A., E. Pefia, A. Laborda, F. Lostalé, M. A. De Gregorio, M. Doblar¢, and M. A.
Martinez. 2011. “Experimental Study and Constitutive Modelling of the Passive
Mechanical Properties of the Porcine Carotid Artery and Its Relation to Histological
Analysis: Implications in Animal Cardiovascular Device Trials.” Medical Engineering &
Physics 33 (6): 665-76. https://doi.org/10.1016/;.medengphy.2011.01.016.

Henderson, Bradley S., Katelyn F. Cudworth, Madison E. Wale, Danielle N. Siegel, and Trevor
J. Lujan. 2022. “Tensile Fatigue Strength and Endurance Limit of Human Meniscus.”
Journal of the Mechanical Behavior of Biomedical Materials 127 (March): 105057.
https://doi.org/10.1016/j.jmbbm.2021.105057.

Holzapfel G. and Fereidoonnezhad B. 2017. “Modeling of Damage in Soft Biological Tissue.” In
Biomechanics of Living Organs, 101-23.

Holzapfel, Gerhard A., Thomas C. Gasser, and Ray W. Ogden. 2000. “A New Constitutive
Framework for Arterial Wall Mechanics and a Comparative Study of Material Models.”
Journal of Elasticity and the Physical Science of Solids 61 (1): 1-48.
https://doi.org/10.1023/A:1010835316564.

LaCroix, Andrew S., Sarah E. Duenwald-Kuehl, Stacey Brickson, Tiffany L. Akins, Gary Diffee,
Judd Aiken, Ray Vanderby, and Roderic S. Lakes. 2013. “Effect of Age and Exercise on
the Viscoelastic Properties of Rat Tail Tendon.” Annals of Biomedical Engineering 41
(6): 1120-28. https://doi.org/10.1007/s10439-013-0796-4.

Maas, Steve A., Benjamin J. Ellis, Gerard A. Ateshian, and Jeffrey A. Weiss. 2012. “FEBio:
Finite Elements for Biomechanics.” Journal of Biomechanical Engineering 134 (1):
011005. https://doi.org/10.1115/1.4005694.

Marquardt, Donald W. 1963. “An Algorithm for Least-Squares Estimation of Nonlinear
Parameters.” Journal of the Society for Industrial and Applied Mathematics 11 (2): 431—
41.

Martin and Sun. 2014b. “Simulation of Long-Term Fatigue Damage in Bioprosthetic Heart
Valves: Effects of Leaflet and Stent Elastic Properties.” Biomechanics and Modeling in
Mechanobiology 13 (4): 759-70. https://doi.org/10.1007/s10237-013-0532-x.

Martin and Wei Sun. 2015. “Fatigue Damage of Collagenous Tissues: Experiment, Modeling
and Simulation Studies.” Journal of Long-Term Effects of Medical Implants 25 (1-2):
55-73.

Morrill, Erica E., Azamat N. Tulepbergenov, Christina J. Stender, Roshani Lamichhane, Raquel
J. Brown, and Trevor J. Lujan. 2016. “A Validated Software Application to Measure
Fiber Organization in Soft Tissue.” Biomechanics and Modeling in Mechanobiology 15
(6): 1467-78. https://doi.org/10.1007/s10237-016-0776-3.

Nelson, Sean J., Jaremy J. Creechley, Madison E. Wale, and Trevor J. Lujan. 2020. “Print-A-
Punch: A 3D Printed Device to Cut Dumbbell-Shaped Specimens from Soft Tissue for
Tensile Testing.” Journal of Biomechanics 112 (November): 110011.
https://doi.org/10.1016/j.jbiomech.2020.110011.

Nesbitt, Derek Q., Miranda L. Nelson, Kyle S. Shannon, and Trevor J. Lujan. 2023. “Dots-on-
Plots: A Web Application to Analyze Stress-Strain Curves From Tensile Tests of Soft
Tissue.” Journal of Biomechanical Engineering 145 (2): 024504.
https://doi.org/10.1115/1.4055593.

30



728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772

Nims, Robert J., Krista M. Durney, Alexander D. Cigan, Antoine Dusséaux, Clark T. Hung, and
Gerard A. Ateshian. 2016. “Continuum Theory of Fibrous Tissue Damage Mechanics
Using Bond Kinetics: Application to Cartilage Tissue Engineering.” Interface Focus 6
(1): 20150063. https://doi.org/10.1098/rsfs.2015.0063.

Pena, E., V. Alastrué, A. Laborda, M. A. Martinez, and M. Doblaré. 2010. “A Constitutive
Formulation of Vascular Tissue Mechanics Including Viscoelasticity and Softening
Behaviour.” Journal of Biomechanics 43 (5): 984-89.
https://doi.org/10.1016/j.jbiomech.2009.10.046.

Pefia, E., B. Calvo, M. A. Martinez, and M. Doblaré. 2008. “On Finite-Strain Damage of
Viscoelastic-Fibred Materials. Application to Soft Biological Tissues.” International
Journal for Numerical Methods in Engineering 74 (7): 1198—1218.
https://doi.org/10.1002/nme.2212.

Pefia, E., and M. Doblaré. 2009. “An Anisotropic Pseudo-Elastic Approach for Modelling
Mullins Effect in Fibrous Biological Materials.” Mechanics Research Communications
36 (7): 784-90. https://doi.org/10.1016/j.mechrescom.2009.05.006.

Pefia, Estefania. 2011. “Prediction of the Softening and Damage Effects with Permanent Set in
Fibrous Biological Materials.” Journal of the Mechanics and Physics of Solids 59 (9):
1808-22. https://doi.org/10.1016/j.jmps.2011.05.013.

Pioletti, Dominique P., and Lalao R. Rakotomanana. 2000. “Non-Linear Viscoelastic Laws for
Soft Biological Tissues.” European Journal of Mechanics - A/Solids 19 (5): 749-59.
https://doi.org/10.1016/S0997-7538(00)00202-3.

Schatzmann, L., P. Brunner, and H. U. Staubli. 1998. “Effect of Cyclic Preconditioning on the
Tensile Properties of Human Quadriceps Tendons and Patellar Ligaments.” Knee
Surgery, Sports Traumatology, Arthroscopy: Olfficial Journal of the ESSKA 6 Suppl 1:
S56-61. https://doi.org/10.1007/s001670050224.

Shepherd, Jennifer H., and Hazel R. C. Screen. 2013. “Fatigue Loading of Tendon.”
International Journal of Experimental Pathology 94 (4): 260-70.
https://doi.org/10.1111/iep.12037.

Simo, J. C. 1987. “On a Fully Three-Dimensional Finite-Strain Viscoelastic Damage Model:
Formulation and Computational Aspects.” Computer Methods in Applied Mechanics and
Engineering 60 (2): 153-73. https://doi.org/10.1016/0045-7825(87)90107-1.

Sopakayang, Ratchada, and Raffaella De Vita. 2011. “A Mathematical Model for Creep,
Relaxation and Strain Stiffening in Parallel-Fibered Collagenous Tissues.” Medical
Engineering & Physics 33 (9): 1056—63.
https://doi.org/10.1016/j.medengphy.2011.04.012.

Vében, Christoffer, Katja M. Heinemeier, Peter Schjerling, Jesper Olsen, Michael Mark
Petersen, Michael Kjaer, and Michael R. Krogsgaard. 2020. “No Detectable Remodelling
in Adult Human Menisci: An Analysis Based on the C14 Bomb Pulse.” British Journal of
Sports Medicine 54 (23): 1433-37. https://doi.org/10.1136/bjsports-2019-101360.

Vila Pouca, M. C. P., P. Areias, S. Goktepe, J. A. Ashton-Miller, R. M. Natal Jorge, and M. P. L.
Parente. 2022. “Modeling Permanent Deformation during Low-Cycle Fatigue:
Application to the Pelvic Floor Muscles during Labor.” Journal of the Mechanics and
Physics of Solids 164 (July): 104908. https://doi.org/10.1016/j.jmps.2022.104908.

Vila Pouca, Maria C. P., Jodo P. S. Ferreira, Marco P. L. Parente, Renato M. Natal Jorge, and
James A. Ashton-Miller. 2022. “On the Management of Maternal Pushing during the

31



773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807

Second Stage of Labor: A Biomechanical Study Considering Passive Tissue Fatigue
Damage Accumulation.” American Journal of Obstetrics and Gynecology 227 (2):
267.e1-267.€20. https://doi.org/10.1016/j.aj0g.2022.01.023.

Wale, Madison E., Derek Q. Nesbitt, Bradley S. Henderson, Clare K. Fitzpatrick, Jaremy J.
Creechley, and Trevor J. Lujan. 2021. “Applying ASTM Standards to Tensile Tests of
Musculoskeletal Soft Tissue: Methods to Reduce Grip Failures and Promote
Reproducibility.” Journal of Biomechanical Engineering 143 (1): 011011.
https://doi.org/10.1115/1.4048646.

Weibull, Waloddi. 1951. “A Statistical Distribution Function of Wide Applicability.” Journal of
Applied Mechanics 18 (3): 293-97. https://doi.org/10.1115/1.4010337.

Weiss, Jeffrey A., Bradley N. Maker, and Sanjay Govindjee. 1996. “Finite Element
Implementation of Incompressible, Transversely Isotropic Hyperelasticity.” Computer
Methods in Applied Mechanics and Engineering 135 (1): 107-28.
https://doi.org/10.1016/0045-7825(96)01035-3.

Werbner, Benjamin, Minhao Zhou, Nicole McMindes, Allan Lee, Matthew Lee, and Grace D.
O’Connell. 2022. “Saline-Polyethylene Glycol Blends Preserve in Vitro Annulus
Fibrosus Hydration and Mechanics: An Experimental and Finite-Element Analysis.”
Journal of the Mechanical Behavior of Biomedical Materials 125 (January): 104951.
https://doi.org/10.1016/j.jmbbm.2021.104951.

Xu, Bin, Haiyue Li, and Yanhang Zhang. 2013. “Understanding the Viscoelastic Behavior of
Collagen Matrices through Relaxation Time Distribution Spectrum.” Biomatter 3 (3):
€24651. https://doi.org/10.4161/biom.24651.

Zhu, Yilin. 2018. “An Elasto-Viscoplastic Model to Describe the Ratcheting Behavior of
Articular Cartilage.” Biomechanics and Modeling in Mechanobiology 17 (6): 1875-83.
https://doi.org/10.1007/s10237-018-1062-3.

Zitnay, Jared L., Yang Li, Zhao Qin, Boi Hoa San, Baptiste Depalle, Shawn P. Reese, Markus J.
Buehler, S. Michael Yu, and Jeffrey A. Weiss. 2017. “Molecular Level Detection and
Localization of Mechanical Damage in Collagen Enabled by Collagen Hybridizing
Peptides.” Nature Communications 8 (March): 14913.
https://doi.org/10.1038/ncomms14913.

Zitnay, Jared L., Allen H. Lin, and Jeffrey A. Weiss. 2021. “Tendons Exhibit Greater Resistance
to Tissue and Molecular-Level Damage with Increasing Strain Rate during Cyclic
Fatigue.” Acta Biomaterialia, July, S1742-7061(21)00483-9.
https://doi.org/10.1016/j.actbi0.2021.07.045.

32



