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A Novel Method for Repeatable
Failure Testing of Annulus
Fibrosus

Tears in the annulus fibrosus (AF) of the intervertebral disk can result in disk herniation
and progressive degeneration. Understanding AF failure mechanics is important as
research moves toward developing biological repair strategies for herniated disks.
Unfortunately, failure mechanics of fiber-reinforced tissues, particularly tissues with
fibers oriented off-axis from the applied load, is not well understood, partly due to the
high variability in reported mechanical properties and a lack of standard techniques
ensuring repeatable failure behavior. Therefore, the objective of this study was to investi-
gate the effectiveness of midlength (ML) notch geometries in producing repeatable and
consistent tissue failure within the gauge region of AF mechanical test specimens. Finite
element models (FEMs) representing several notch geometries were created to predict
the location of bulk tissue failure using a local strain-based criterion. FEM results were
validated by experimentally testing a subset of the modeled specimen geometries.
Mechanical testing data agreed with model predictions (~90% agreement), validating
the model’s predictive power. Two of the modified dog-bone geometries (“half’ and
“quarter” ) effectively ensured tissue failure at the ML for specimens oriented along the
circumferential-radial and circumferential-axial directions. The variance of measured
mechanical properties was significantly lower for notched samples that failed at the ML,
suggesting that ML notch geometries result in more consistent and reliable data. In
addition, the approach developed in this study provides a framework for evaluating

failure properties of other fiber-reinforced tissues, such as tendons and meniscus.
[DOI: 10.1115/1.4037855]

Introduction

Fiber-reinforced tissues of the musculoskeletal system, such as
the annulus fibrosus (AF) in the intervertebral disk, experience
large, complex loads during daily activities. Repetitive or exces-
sive loading of these tissues may initiate structural damage and
lead to mechanical failure, causing debilitating pain and reduced
mobility [1-3]. Understanding failure mechanisms of tissues with
limited self-healing capabilities is of particular importance as the
increase in AF tears with age may cause a cascade of damage and
degeneration [4,5]. For example, AF failure can lead to disk her-
niation, where prolapse of the nucleus pulposus may impinge on
the spinal nerves, causing back and leg pain [6,7].

A comprehensive understanding of soft tissue failure mechanics
is important for developing strategies for repairing fiber-
reinforced tissues [7,8]. Unfortunately, failure mechanics of fiber-
reinforced soft tissues is not yet well understood. For example, the
significant variability in AF failure properties reported in the liter-
ature makes it difficult to interpret and compare experimental
results [9-12]. This in turn makes design and validation of tissue-
repair strategies more difficult. Previous studies have shown that
this large variability may be due to limitations in specimen size
and premature tissue failure near the testing grips [9,11,13]. In
particular, tissue failure near the gripped regions, resulting from
undesirable stress and strain concentrations near the testing grips
[14,15], may yield inconsistent and unreliable failure properties,
which do not reflect the true properties of the tissue [14,16].
Recent work by Peloquin et al. identified five different modes of
failure in meniscus specimens, with less than 25% of failures
occurring at the specimen midlength (ML) [16]. Furthermore, pre-
vious investigators have excluded up to 60% of AF samples due
to failure near the gripped region, indicating the inefficient use of
limited tissue resources [11,12,17].
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Repeatable and predictable failure in a test specimen is largely
based on the specimen geometry. American Society for Testing
and Materials guidelines for testing the strength of materials sug-
gest using dog-bone shaped specimens to ensure that failure
occurs away from the testing grips (i.e., midlength failure)
[18,19]. Rectangular and dog-bone shaped specimens have been
successful in evaluating failure mechanics of tendons and liga-
ments, where collagen fibers are aligned along the loading direc-
tion [20-22]. However, materials with fibers oriented off-axis
from the applied loading direction, such as AF (fiber orientation
range = 30—45deg), often fail unpredictably, even with a dog-
bone shaped geometry [11,16,23].

Finite element models (FEMs) can provide predictions of
stress—strain distributions in complex, fiber-reinforced tissues,
which may be difficult or impossible to measure experimentally
[24]. For this reason, FEMs are valuable tools for directing and
guiding experimental studies. For example, FEMs have been used
to evaluate the effect of various gripping techniques for soft tissue
mechanics under biaxial tension [15,25]. Conclusions from these
models, however, suggested the use of tissue specimen sizes that
are not feasible for AF specimens [26]. In particular, the maxi-
mum width of test specimens from the AF when testing in the
fiber-direction is limited anatomically by the disk height, which is
highly species-dependent (e.g., disk heights: rat ~1 mm, bovine
~7 mm, and human ~10mm) [13,27,28]. However, a certain min-
imum specimen width is also required to ensure collagen fiber
engagement during loading [10,29,30]. These restrictions have
resulted in rectangular specimens being widely used to determine
uniaxial tensile mechanics of the AF, as the rectangular geometry
preserves the limited midlength width [10,29,31,32]. With these
experimental design restrictions in mind, we employed FEMs to
evaluate the effect of different test specimen geometries on stress
and strain distribution prior to performing time- and cost-intensive
experiments.

Therefore, the objective of this study was to develop and vali-
date a robust testing protocol for investigating AF failure mechan-
ics, using both computational and experimental methods. In
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Fig.

1 Schematic of (a) circumferential-radial
circumferential-axial specimen orientations. Schematic of (c)
half and (d) quarter notch geometries with dimensions given for
experimental specimens. Model was created at 40% of experi-
mental dimensions. (e) Quarter notch sample glued into sand-
paper grips for mechanical testing.

and (b)

particular, we created several finite element models of AF test
specimens using preliminary uniaxial tensile data. Then, we
applied the model to investigate local tissue strains and predict the
location of bulk tissue failure initiation for various specimen geo-
metries. Finally, we validated the predictive power of the FEM by
experimentally testing a subset of the modeled specimen geome-
tries. The method developed in this study mimicked a modified
dog-bone geometry at the midsubstance to ensure repeatable fail-
ure away from the testing grips. While this technique was devel-
oped to evaluate AF failure mechanics, which has fibers oriented
off-axis from the primary loading direction, the techniques used
here can be widely applied to other soft fiber-reinforced materials.

Materials and Methods

Computational Modeling. Finite element models were devel-
oped in FEBio to represent rectangular, uniaxial test specimens
oriented in the circumferential-radial (circ.-rad.) and circumferential-
axial (circ.-ax.) directions of the AF (Figs. 1(a) and 1(b)); Pre-
View 1.19.0; FEBio 2.5.2, ~180k nodes and 170k hexahedral ele-
ments). Rectangular specimens were modeled at a 2:5 scale of the
experimental specimens, where model dimensions were 4.8 mm
X2 mm x 0.8mm and experimental dimensions were approxi-
mately 12mm X Smm x 2mm for length x width X thickness,
respectively. Lamella dimensions were modeled based on values
reported for the outer AF (lamella thickness ~200 um) [23,33].
Circumferential-radial models included ten welded-interface
lamellae spanning the 2 mm sample width, and circumferential-
axial models included four welded-interface lamellae spanning
the 0.8 mm thickness. Fibers were oriented at *30deg to the
transverse plane to represent the middle-outer AF [23]. Full-width
sandpaper grips were simulated to cover 0.4 mm of the tissue at
the top and bottom ends.

The tissue was described as a hyperelastic material. The extrafi-
brillar matrix was modeled using the Mooney—Rivlin description

b =Cil =3 + Gl ~3) + 3K ()

where C; and C; are the Mooney—Rivlin material parameters and
K represents the bulk modulus (C; = 0.1 MPa, C, = 0.1 MPa,
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and K = 50 MPa) [34]. I~1 and 1~2 are the first and second invari-
ants of the deviatoric right Cauchy—Green deformation tensor,

respectively, C(C = F 'F ) and J is the determinant of the defor-

mation gradient tensor ( J = det(F)). Collagen fibers were mod-
eled using an exponential-linear description

0 In < 1
C3(eC D" Z 1) 4 (Cs + D) (dy — ) I > 20

where C3 and C4 represent the exponential-linear coefficients and
Cs represents the fiber modulus (C3 = 0.02 MPa, C4 = 30.0, and
Cs =25.0 MPa). The fourth material parameter, D, was
described as a function of (3 and Cy4 (D =4C3Cy
(I — 1)e€1t+=17) "and was tuned to obtain a smooth exponential-
linear transition. The transition stretch between the toe and linear
region is represented by 4 (4 = 1.15). Fibers were modeled as
being active only in tension [14]. Material coefficients were deter-
mined by curve-fitting to preliminary data that evaluated the sub-
failure mechanical behavior of specimens oriented along the
circumferential-radial and circumferential-axial directions.

In this study, full rectangular specimens were considered the
control (“intact”). In addition to the intact model, eight additional
models were created to represent samples with various notch geo-
metries at the midlength. For the first notch geometry, a 0.04-mm-
thick slice of material was removed at the midlength, such that
75% or 50% of the original cross-sectional area remained (“three-
quarters” and “half,” respectively; Fig. 1(c)—half notch shown).
For the second notch geometry, the additional material was
removed from the remaining width in the half notch model (e.g.,
Fig. 1(d)—"“quarter” notch shown). In order to evaluate the effect
of varying cross-sectional area on measured mechanical proper-
ties, a total of seven notch geometries were created, such that 3/4,
1/2, 3/8, 1/4, 1/6, 1/10, and 1/20 of the original cross-sectional
area remained at the midlength.

Simulated loading was applied in two stages. First, 10% com-
pressive strain was applied at the gripped region. Then, uniaxial
tension was applied to 40% global engineering strain along the
specimen length. Boundary conditions at the grips were fixed to
represent no slipping between the grips and the sample surface.
All simulations were solved assuming stepwise static equilibrium
and no time-transient effects.

To predict failure location from the model simulations, the
strains for the nodes located at the midlength and grip-line were
sorted in descending order, and the average for each region was
calculated as the average local Lagrangian strain of the top 100
nodes. Then, the average strain at the ML was divided by the aver-
age strain at the grips to calculate the ML: grip strain ratio. There-
fore, a ML: grip strain ratio greater than 1.0 indicates that the
average strain was higher at the midlength than at the grip-line.
An average local strain of 65% served as the threshold for the ini-
tiation of bulk tissue failure, based on preliminary digital image
correlation analysis of experimental data. The threshold was used
to predict whether failure would occur at the grips or at the
midlength.

Bulk tissue stress in the specimen was calculated by averaging
the Lagrangian stress of each node in the cross section located
0.66 mm above the midlength. This cross section was chosen to
avoid overestimations of stress due to stress concentrations at the
notch and grip-line. The linear-region modulus for each simula-
tion was calculated as the slope of the stress-stretch response for
strains between 35% and 40%. The linear-region modulus was
normalized using the midlength cross-sectional area to compare
different notch geometries.

Experimental Testing. Caudal spine sections from skeletally
mature bovines (18 months) were acquired from a local abattoir.

Transactions of the ASME

Downloaded From: http://biomechanical .asmedigitalcollection.asme.org/ on 03/07/2018 Terms of Use: http://www.asme.or g/about-asme/ter ms-of-use



Healthy intervertebral disks were dissected from levels C1-CS of
the spine using a scalpel. Rectangular tissue sections oriented
along the circumferential-radial (n=16) or circumferential-axial
(n=25) directions were isolated from the middle-outer region of
the anterior and posterior AF (Figs. 1(a) and 1(b), respectively).
Preliminary work observed no significant differences in mechani-
cal properties between anterior and posterior bovine AF. A freez-
ing stage microtome was used to reduce the specimen thickness to
approximately 2 mm and to ensure planar, parallel surfaces. Since
disk mechanical properties are known to vary with hydration state
[35], all specimens were soaked in 0.15M phosphate buffered
saline overnight at 37 °C before testing. After hydration, all speci-
mens were trimmed using a parallel-block guide and razor blade
to ensure uniform width of 5.2+ 0.6mm and thickness of
2.1 £ 0.2mm.

After hydration and trimming, eight intact specimens were pre-
pared in each orientation. Notched samples were prepared by
making a full-width notch at the midlength with a scalpel (#11
blade) and a depth-stop, which resulted in a remaining specimen
thickness of 1 mm (half, Fig. 1(c); n=28 for each orientation).
Additional circumferential-axial samples were notched beyond
the half notch configuration, such that the effective gauge width
was approximately half of the full width (2.8 = 0.3 mm). This
configuration was used to approximate the quarter notch geometry
from the model (Fig. 1(d); n =9).

To ensure that slipping did not occur at the grips, two
Scm X 5cm squares of 400 grit waterproof sandpaper were fixed
to each end of a S5cm x 2cm x 1 cm (length x width X thickness)
aluminum block using cyanoacrylate, with the grit sides of the
sandpaper facing each other. Approximately 10% of the gauge
length of each sample was then glued between the other ends of
the sandpaper, such that a gauge length of 12.3 = 1.8 mm
remained between the grips (Fig. 1(e)). The glue was allowed to
dry for 10 min, and samples were rehydrated in 0.15 M phosphate
buffered saline for 20 min. The aluminum block and sandpaper
fixtures were secured to an Instron testing machine (5943, Nor-
wood, MA) using screw-clamp tension grips. The machine was
equipped with a custom-built water bath to ensure proper hydra-
tion during testing. Slack was removed from the specimen by
applying a 0.05N preload. The cross-head extension was zeroed
and the specimen was photographed with a scale bar to measure
specimen-specific dimensions prior to testing.

An extension-controlled ramp was applied at a rate of 50 mm/
min until failure. Engineering strain was calculated as the change in
cross-head displacement divided by the initial gauge length (i.e.,
grip-to-grip distance). Engineering stress was calculated by divid-
ing the measured force by the initial cross-sectional area at the mid-
length. The failure stress (o) was defined as the maximum stress,
while the failure strain (¢;) was defined as the strain at which the
maximum stress occurred (Fig. 2—star). The toe- and linear-region
moduli (E,, and Ej;, , respectively) were calculated using a bi-
linear fit to the stress-strain response (Fig. 2; custom linear-
regression algorithm, Matlab Mathworks Inc.).

Stresses and strains from the computational model were com-
pared to experimental results. “Repeatability of failure” was quan-
tified by evaluating the coefficient of variation (or simply
“variation”), which was defined as the standard deviation divided
by the mean. Variation was calculated for toe- and linear-region
moduli, failure stress, and global strain at failure, and was used to
compare intact, half notch, and quarter notch geometries for
circumferential-axial specimens. A one-way ANOVA with a
Tukey—Kramer post-hoc analysis was performed on mechanical
properties and variation in mechanical properties. A value of p <
0.05 indicated a significant difference between groups.

Results

Computational Modeling. The stress—strain response from the
computational model matched well with the experimental data
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Fig. 2 Representative stress—strain curve. Toe- and linear-
region moduli were calculated using a custom linear-regression
optimization technique. The point of failure was defined by the
maximum stress achieved (star), and this point was used to
define the failure stress and failure strain. Inset: computational
model fit versus experimental stress—strain curves.

(R = 0.99; Fig. 2—inset). The initial gripping boundary condition
resulted in a small initial strain at the midlength, which was
“released” during the first 1% of applied strain during uniaxial
tension (Fig. 3—dip from 0-1% strain). Average local strains
reached 65% at either the midlength or at the grip-line for all
simulations.

Model simulations predicted grip-line failure for Intact specimens
oriented in both the circumferential-radial and circumferential-axial
directions (ML:grip ratio < 0.5; Fig. 3; Figs. 4(a) and 4(b)). For the
half notch geometry, the simulations predicted midlength failure for
specimens oriented in the circumferential-radial direction (ML:grip
ratio ~3.4; Fig. 3; Fig. 4(c)) and predicted grip-line failure for speci-
mens oriented in the circumferential-axial direction (ML:grip strain
ratio ~0.8; Fig. 3; Fig. 4(d)); the grip-line failure for half notch
circumferential-axial specimens was predicted with less certainty
based on an ML:grip ratio close to 1.0 at predicted failure. For all
notch geometries with a midlength cross-sectional area less than
50% of the gripped area (e.g., quarter notch), the ML:grip strain
ratio was greater than 1.0 at failure, so midlength failure was pre-
dicted (Fig. 3; Fig. 4(e)).

— Intact (circ.-ax.)
—— Half (circ.-ax.)
—Quarter (circ.-ax.)

—=-= Intact (circ.-rad.)
—-- Half (circ.-rad.)
] X 65% Local Strain

4.0 -

ML:Grip Strain Ratio

0 0.1 02 0.3 04
Global Engineering Strain

Fig. 3 ML grip strain ratio versus global engineering strain.
X’s denote predicted failure, which was defined as the point
when the average local strain reached 65% at either the ML or
the grip-line.
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(a) Intact (circ.-rad.)

(c) Half (circ.-rad.)

I 80%

=

g 60%
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=
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&0 0 ¢
g ~40% &
5 .

o

= 0: Fiber angle
3

&

=

20%
I 0%

(e) Quarter (circ.-ax.)

Fig. 4 Strain map at the time-step when failure initiation was predicted by the FEM. Arrows
indicate peak local strains. Model simulations in A, B, and D predict bulk tissue failure at the
grip-line (black arrows). Model simulations in C and E predict failure at the notch site (white

arrows).

The stress—strain response was dependent on the midlength
cross-sectional area, where the linear-region modulus decreased
as the midlength cross-sectional area increased with respect to the
original gripped area (Fig. 5). A similar trend was observed for
the failure stress, where samples with a smaller midlength cross-
sectional area achieved higher stresses at failure.

Mechanical Testing. All samples tested exhibited a nonlinear
stress—strain response (Fig. 2) and no slippage between the sample
and testing grips was observed for samples that failed at the mid-
length. For intact specimens, failure occurred at the grip-line in
100% of circumferential-radial samples (n=8/8; Fig. 4(a)) and
88% of circumferential-axial samples (n = 7/8; Fig. 4(b)). For half
notch specimens, failure occurred at the notch site in 100% of
circumferential-radial samples (n=8/8; Figs. 4(c) and 6), but in
only 25% of circumferential-axial samples (n=2/8; Fig. 4(d)).
Conversely, 90% of quarter notch circumferential-axial specimens
failed within 2mm of the midlength (n=8/9; Fig. 4(e)). Failure
locations for experimental specimens were consistent with model
predictions for all groups (90% agreement; Table 1).

The linear-region modulus and stress at failure for circumferential-
radial specimens were approximately half of the values measured
for circumferential-axial specimens (Table 2). For circumferential-
axial samples, there was a significant decrease in linear-region
modulus (p < 0.04) and failure stress (p < 0.02) with an increase
in midlength cross-sectional area (Figs. 7(b) and 7(c)). However,
there was no significant difference in the toe-region modulus or
strain at failure for different notch geometries (Figs. 7(a) and 7(d)).

The variation of mechanical properties was significantly lower
for specimens in which failure occurred at the midlength rather
than at the grip line (p = 0.005). For example, the coefficient of
variation in failure stress was 0.42 (or 42% of the mean) for the
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Fig. 5 Simulation results showing the effect of ML cross-sectional
area (normalized by gripped area) on (a) the stress—strain response
and (b) the linear-region modulus [9,11,29,36-38]
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Fig. 6 Representative circumferential-radial sample with a half
notch geometry failing at the ML

Table 1 Summary of failure locations for model and experi-
mental specimens. GLF denotes grip-line failure and MLF
denotes ML failure for model specimens (“Mod.”); the fraction
failing at the model-predicted location is given for experimental
specimens (“Exp.”).

Intact Half Quarter
Mod. Exp. Mod. Exp. Mod. Exp.
Circ.-Rad. GLF 8/8 MLF 8/8 N/A N/A
Circ.-Ax. GLF 7/8 GLF 6/8 MLF 8/9

Table 2 Measured mechanical properties for experimental
specimens failing at the ML

Circ.-Rad. Circ.-Ax.
E,. (MPa) 1.39 £ 0.12 1.41 =0.07
Ej,. (MPa) 8.26 = 1.66 15.56 = 3.59
a7 (MPa) 225+0.51 467+ 1.01
g (mm/mm) 0.47 +0.07 0.55*+0.10
(@) ®
_ 3 20— 2
& 154 —
2-
= Z 104
g1 £ 5
= M M Intact
M Half notch
(c) (d)
6 —— 1.00 M Quarter notch
= X ’ 0.01
4 T3 0.75- *p<b
2 65" 0.50-
&2 0.25
0 0.00-

Fig. 7 Mechanical properties of circumferential-axial speci-
mens. Data are reported as the mean plus or minus the stand-
ard deviation.

Intact circumferential-axial group and decreased to 0.22 for the
quarter notch group (Fig. 8). Similar trends were observed for other
mechanical properties (circ.-ax. average variation: intact=0.41,
half = 0.38, and quarter = 0.19; Fig. 8—dashed lines).

Discussion

In this study, we used a combined computational and experi-
mental approach to investigate the effectiveness of several notch
geometries for producing repeatable failure of fiber-reinforced tis-
sues. Specifically, we created a finite element model with material

Journal of Biomechanical Engineering

M Intact W Half M Quarter

Eloe

Ejin. Oy &

Fig. 8 Coefficient of variation for each measured mechanical
property

properties calibrated to preliminary AF tensile data. We used the
model to calculate local tissue strains and predict the location of
bulk tissue failure. Finally, model predictions were validated
experimentally using AF specimens with matching notch geome-
tries. The FEMs used in this study were able to accurately predict
failure locations using a local strain-based failure criterion.

Our failure criterion, which defined failure at the midlength
when the average local strain there reached 65% before the grip-
line, accurately predicted failure at the grips for Intact specimens,
regardless of specimen orientation (ML:grip strain ratio = 0.5 and
0.2; Figs. 4(a) and 4(b)). Mechanical testing data agreed with
model predictions, with 94% of intact specimens failing at the
grips. Importantly, our model simulations accounted for compres-
sive strains applied at the grips. Model results showed that peak
strains at the grip-line were concentrated at the corners, where the
longest continuous fibers are likely gripped, suggesting that grip-
line failures initiate at the corner of intact specimens.

Adding a simple notch geometry at the midlength of the speci-
mens (half) increased the likelihood of failure; however, this
effect was dependent on sample orientation. In circumferential-
radial specimens, all half notch samples failed at the notch site, as
predicted by the FEM (ML:grip strain ratio at failure~3.4). How-
ever, samples oriented along the circumferential-axial direction
required a quarter notch geometry (Fig. 1(d)) for predicted failure
to occur at the midlength (ML:grip strain ratio=2.1), which
agreed with experimental results (~90% failures at the notch site).
The primary difference between the two sample orientations is the
alignment of collagen fibers, where circumferential-axial speci-
mens have longer continuous fibers that are more aligned with the
loading direction.

Repeatable midlength failure is essential to ensure accurate
material properties and efficient use of limited tissue specimens.
Previous studies that investigated failure properties of fiber-
reinforced tissues (e.g., AF and meniscus) have reported exclusion
of up to 60% of samples from the dataset [9,12,17], due to failure
occurring at the grips even when a dog-bone geometry was
employed [11,16]. Our model directed us to the half and quarter
notch geometries to increase the likelihood of midlength failure
for circumferential-radial and circumferential-axial specimens,
respectively. Both the half and quarter notch geometries are modi-
fied dog-bone geometries that proved effective in ensuring repeat-
able midlength failure during uniaxial tension. We hypothesize
that a combination of failures near the grips and at the midlength
likely contributes to the large variability of AF failure data
reported in the literature.

Robust failure at the midlength decreased variability in the
measured mechanical properties, leading to more accurate charac-
terizations of tissue failure mechanics. The results of this study
indicate that specimens failing at the midlength exhibit signifi-
cantly less variability in their measured mechanical properties.
For example, the variation in failure stress for intact samples was
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nearly twice that of quarter notch samples (Fig. 8), suggesting that
failure properties measured when the sample fails at the midlength
are more reliable. Variations in mechanical properties for our
notched samples were low compared to values reported in the lit-
erature. For example, previously reported coefficients of variation
for linear-region modulus, failure stress, and failure strain range
from 40 to 100%, 50 to 90%, and 30 to 60%, while our values
were limited to approximately 22%, 21%, and 19%, respectively
[9—11]. While the notch does create a stress concentration, which
may alter measured mechanical properties, previous studies
attempting to initiate crack propagation in fiber-reinforced tissues
have observed significant blunting at the notch site rather than
propagation [16,39,40].

Our results showed a nonlinear increase in linear-region modu-
lus with a decrease in cross-sectional area at the notch site (Figs. 5
and 7(b)). This trend is consistent with previous observations in
the literature [9,11,17,32,36]. That is, for specimens with a low
ML:grip cross sectional area ratio, Young’s modulus approached
the tensile modulus of the collagen fibers (Fig. 5) [14]. The effect
of midlength cross-sectional area on linear-region modulus dimin-
ished in samples with a ML:grip cross-sectional area ratio greater
than 0.25 [36]. The ML:grip cross-sectional area ratio may be
dependent on fiber properties (e.g., orientation and stiffness) [17].
Taken together, these findings suggest that ML:grip cross-
sectional area ratios less than 0.25 may result in AF mechanical
properties that are not representative of bulk tissue behavior,
which includes contributions from the extrafibrillar matrix and
fiber-matrix interactions [28,29,38].

Linear-region modulus and failure stress matched well between
computational and experimental results (Fig. 5) and were similar
to the previously reported values [1,9-11]. While FEM predic-
tions were correct for ~90% of tested samples, the discrepancies
between model predictions and experimental results (7 =4) may
be due to the failure criterion selected. That is, using a higher
ML:grip strain ratio may be necessary for better agreement
between the model and experimental results (e.g., 2.0 rather than
1.0 used in this study). The predicted failure strain (~20% strain)
matched the literature well [1,9,11,41], but was less than half of
the experimentally measured failure strain (~50%); this differ-
ence is likely due to the model describing the tissue as a hypere-
lastic material, which cannot account for strain-rate effects.
Specifically, failure strain has been reported to increase with
applied strain rate [22,42—44], which partly explains the disagree-
ment in failure strains. Moreover, we did not account for the effect
of tissue swelling, which is known to alter time-dependent tissue
mechanics [35,45]. Furthermore, histological assays were not per-
formed to confirm that the thickness of bovine lamella is equiva-
lent to human lamella, which contribute to the differences
observed in model-predicted failure strain and experimental
results. Future work will investigate failure mechanics at multiple
strain rates and hydration levels to determine the effect of AF
structure-function relationship on bulk tissue failure.

This study used a combined approach of computational model-
ing and mechanical testing to develop and validate a method for
sample preparation that ensures repeatable midlength failure in a
fiber-reinforced soft tissue. These results indicated that it is essen-
tial to consider strains created at the grips during testing to ensure
repeatable failure within the gauge region. The methods presented
here may facilitate more efficient and accurate evaluation of the
failure properties of both native fiber-reinforced tissues and
tissue-engineered constructs. Additionally, the homogeneity of the
model developed in this study allows it to be scaled for investigat-
ing specimens of any size based on tissue availability. In conclu-
sion, the techniques developed here are important for elucidating
mechanisms of failure in fiber-reinforced tissues.
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