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Microscale Fiber Network
Alignment Affects Macroscale
Failure Behavior in Simulated
Collagen Tissue Analogs
A tissue’s microstructure determines its failure properties at larger length scales, how-
ever, the specific relationship between microstructure and macroscopic failure in native
and engineered soft tissues (such as capsular ligaments, aortic aneurysms, or vascular
grafts) has proven elusive. In this study, variations in the microscale fiber alignment in
collagen gel tissue analogs were modeled in order to understand their effects on macro-
scale damage and failure outcomes. The study employed a multiscale finite-element (FE)
model for damage and failure in collagen-based materials. The model relied on micro-
structural representative volume elements (RVEs) that consisted of stochastically-
generated networks of discrete type-I collagen fibers. Fiber alignment was varied within
RVEs and between layers of RVEs in a macroscopic FE model of a notched dogbone
geometry. The macroscale stretch and the microscale response of fibers for each of the
differently aligned cases were compared as the dogbone was uniaxially extended to fail-
ure. Networks with greater fiber alignment parallel to the direction of extension failed at
smaller strains (with a 6–22% reduction in the Green strain at failure), however, at
greater grip forces (a 28–60% increase) than networks with fibers aligned perpendicular
to the extension. Alternating layers of crisscrossed network alignments (aligned 645 deg
to the direction of extension) failed at smaller strains but at greater grip forces than those
created using one fiber alignment type. In summary, variations in microscale structure
via fiber alignment produced different macroscale failure trends. To conclude, these find-
ings may be significant in the realm of tissue engineering and in soft tissue biomechanics.
[DOI: 10.1115/1.4023411]
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1 Introduction

The role of fiber architecture in soft tissue failure has been dem-
onstrated by recent experimental [1–3] and computational [4–7]
studies. Delineating the specific relationship between the micro-
structure and macroscopic failure response in tissues, however,
has proven to be a major challenge. Issues still remain with micro-
scale fiber kinematics, even in macroscale prefailure mechanics,
making a more complex multiscale approach attractive and even
necessary for certain problems [8] in spite of the additional com-
putational demands.

Important work has been done in linking variations in micro-
structure to material failure in nonbiological contexts, such as the
work of Wang and Sastry [9] on failure in random fiber networks
and that of Zhang et al. [10] on failure in fiber-reinforced plastics,
however, there has been a gap in the context of engineered and
native tissues [11–14]. As the current knowledge of the micro-
structural properties of healthy and diseased tissues continues to
grow [15–19], improved multiscale mechanical models are needed
for tissue damage and failure that can link microstructural varia-
tion to differing macroscale failure outcomes.

Towards this end, a multiscale finite element (FE) model of col-
lagen gel mechanics was recently adapted to include the failure of
individual fibers within micronetworks [20], with that initial study
demonstrating that the model can match experimental results in

terms of force-displacement data and average fiber kinematics.
The current study explores how changes in the model fiber net-
work alignment led to changes in the macroscopic behavior of the
tissue.

2 Methods

2.1 Microscale Model. The multiscale model used in this
study consisted of a macroscale FE continuum material linked to
the mechanical response of microscale representative volume ele-
ment (RVE) networks of discrete collagen fibers (which were
allowed to fail when stretched beyond a critical value) situated at
each Gauss point within the continuum [21,22]. In the present
study, the microstructure of RVE fiber networks was varied by
changing their fiber alignment—both the direction and degree of
alignment—for a series of fiber failure simulations using a
notched dogbone geometry.

Isotropic RVE networks of interconnected collagen fibers were
created from the edges of Delaunay tessellations generated from a
random set of seed points in a four-unit cube. The network tessel-
lations were generated using a Matlab (Natick, MA) implementa-
tion of the Quickhull algorithm [23]. Networks were subsequently
clipped to a unit cube to reduce boundary artifacts. Fiber align-
ment along one axis was generated by linearly scaling the coordi-
nates of isotropic networks along that axis and then clipping to a
unit cube. Rotation of the networks was performed by coordinate
transformation before clipping to a unit cube. Fibers were inter-
connected via freely rotating pin-joints at fiber-to-fiber nodes. For
all simulations, networks contained a mean of 500–550 fibers, and
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a unique randomly generated RVE network was used for each ele-
ment within the model. All Gauss points for a given element used
the same micrometer scale RVE network.

The force Ff acting along each discrete fiber within a collagen
network is calculated as

Ff ¼ Ef Af ðexpðB � eGÞ � 1Þ=B (1)

where Ef is the fiber small-strain tensile modulus, Af is the fiber
cross-sectional area, B is a nonlinearity parameter, and eG is the
fiber Green strain (calculated as (kf

2� 1)/2). The constitutive
equation was adapted from the work of Billiar and Sacks on the
prefailure mechanics of a collagenous tissue [24] and has been
previously used to model a range of tissue analogs [25–27]. Dam-
age was introduced at the fiber scale in the model by diminishing
the fiber stiffness to a near-zero value when the fiber stretch had
exceeded a critical value. Once a fiber had failed within the
model, its modulus was irreversibly set to the near-zero value for
the duration of the simulation.

The volume-averaged Cauchy stress rij within each RVE is cal-
culated as

rij ¼
1

V

ð
V

rL
ij dV ¼ 1

V

X
bc

xi fj (2)

where (using index notation) bc is the set of all RVE boundary
fiber cross-links, x is the boundary fiber cross-link coordinate, f is
the force acting on the boundary fiber cross-link, rL is the local
microscale stress, and V is the RVE volume. As was previously

done [22], a scaling term for the microscale stress within the
model was used to adjust for variations in the RVE network length
while maintaining the correct collagen volume fraction.

The fiber alignment within networks is quantified as

Xij ¼
P

Lfiberninj

Ltotal

(3)

where X is the fiber orientation tensor [28,29], Lfiber is the length
of a single fiber, n is the unit vector along the fiber, and Ltotal, is
the total network length. By this measure, a completely isotropic
network would have all diagonal components in the X orientation
tensor comprised of X11¼X22¼X33¼ 0.33.

2.2 Macroscale Model. At the continuum scale, the force
balance based on the volume-averaged stress from the RVE defor-
mations at each Gauss point is expressed as [21]

@rij

@xj
¼ 1

V

þ
@V

ðrL
ij � rijÞuk;inkdS (4)

where n is the normal vector to the RVE boundary and u is the
displacement of the RVE boundary.

A notched dogbone macroscale FE mesh was used, which con-
sisted of 624 hexahedral elements with trilinear basis functions
for a total of 5792 microscale RVE networks (see Fig. 1). The
mesh was on the scale of several millimeters (44.0 mm in its lon-
gest axis) and was statically gripped at one end and incrementally

Fig. 1 (a) Multiscale damage model consisted of a millimeter-scale finite element continuum (in a notched dog-
bone geometry) with representative volume elements of micrometer-scale collagen fiber networks of varying
alignment at each Gauss point. Fibers were allowed to fail when stretched beyond a critical value. The model
contained 624 finite elements, with 8 Gauss points per element and with over 500 fibers in each network. The
dogbone was fixed at one grip and extended under displacement control from the opposite grip along axis 1 to
a final stretch ratio of 1.5. Microscale network fiber alignments were characterized using the orientation tensor
X and were subsequently rotated relative to the axis of extension. (b) Isotropic networks had initial orientation
tensor values of X11 5 X22 5 X33 5 0.33. (c) Transverse biaxially aligned networks had orientation values of
X11 5 0.43, X22 5 0.13, and X33 5 0.43. (d) Uniaxially aligned networks had orientation values of X11 5 0.53,
X22 5 0.23, and X33 5 0.23.
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stretched from the opposing grip to a stretch ratio of 1.5. A
notched geometry was chosen based on its previous use in the
damage model [20] and its ability to standardize the point of mac-
roscopic failure within the model for each simulation. Mesh con-
vergence was checked against a highly refined mesh with 4992
elements and 39,936 RVEs (eight times the number of original
elements, with roughly two times the number of elements in each
dimension) for a selected simulation. Several key statistics used in
the study remained consistent—the force-displacement area (0.8%
absolute difference), the strain at peak force (1.2% absolute differ-
ence), stepwise forces (1.8% mean absolute difference), and the
peak force (2.4% absolute difference)—with the coarser mesh
chosen (to optimize computational time) for this particular study.
Mesh symmetry was avoided since unique microscale RVE net-
works were used in each element of the entire FE domain.

2.3 Study Design

2.3.1 Degree and Direction of Alignment in Homogeneous
Networks. Several simulations, varying the microscale fiber align-
ment and network rotation, were run using the macroscopic
notched dogbone stretched to failure along axis 1 (see Fig. 1).
Three types of network orientation were considered: isotropic
(X11¼X22¼X33¼ 0.33), uniaxially aligned (X11¼ 0.53,
X22¼ 0.23, and X33¼ 0.23), and transverse biaxially aligned
(X11¼ 0.43, X22¼ 0.13, and X33¼ 0.43; the network was trans-
verse isotropic in the 1–3 plane, but was tested in the 1–2 plane).
For each of the three cases, the network was also rotated 0 deg, 45
deg, and 90 deg around the 3-axis, producing a total of nine differ-
ent cases to be analyzed.

2.3.2 Effect of Layering Networks and Merging Networks of
Different Alignments. Two simulations of crisscrossed fibers with
composite þ45 deg and �45 deg rotated aligned networks were

also run for comparison using either: (a) the two-layer macroscale
FE mesh with alternating layers (in axis 3) composed of networks
rotated þ45 deg in one layer and �45 deg in another layer, or (b)
merged RVE networks throughout the mesh, which contained two
populations of both 645 deg rotated fibers within each single net-
work (see Fig. 1). Prior to rotation (by either þ45 deg or �45 deg
relative to the extension axis 1) the mean network orientation ten-
sor values for the networks were X11¼ 0.6, X22¼ 0.1, and
X33¼ 0.3. These composite models were then compared to the all
þ45 deg or all �45 deg rotated network cases for the notched
dogbone failure simulation.

For all simulations, similar parameters from a previous study
[20] were used: a fiber diameter of 100 nm, a fiber modulus (Ef) of
7.4 MPa, a fiber nonlinearity parameter (B) of 0.25, a collagen
density of 1.8 mg/ml, and a fiber stretch failure threshold (kcrit) of
1.42 [26]. The kcrit value in the model was fit, in the previous
study, to a series of collagen gel dogbone failure experiments [20]
using force-displacement results. Since there were almost 3� 106

unique fibers modeled in each of the simulations for the present
study, a parallel computation strategy at the Minnesota Supercom-
puting Institute was employed using multiple processors to reduce
computation time. Simulations were parallelized using 32 process-
ors with wall times approaching 14–15 h for each simulation case.

3 Results

3.1 Varying Alignment in Homogeneous Networks. At the
macroscale, uniaxially aligned networks produced the greatest
grip force prior to failure, followed by biaxially aligned networks,
and then by isotropic networks (see Fig. 2(a)). The uniaxially
aligned case, however, failed at the smallest grip displacement,
followed by the biaxial case, and then by the isotropic case, which

Fig. 2 (a) Macroscopic grip force varied based on model microscale fiber alignments as dog-
bone samples were uniaxially stretched to failure. (b) The corresponding mechanical work for
these deformations also varied by the alignment case. (c)–(e) At the same grip displacement of
7.0 mm, differences in the stress and deformation for each case were apparent.
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failed at the largest grip displacement. Qualitatively, the general
trend in the force-displacement response was similar for each case
and included a monotonic rise in force, a sharp peak in the force,
and then a rapid loss of grip force as the dogbone failed
(Fig. 2(a)). At a fixed grip displacement of 7.0 mm, each case
(uniaxial, biaxial, and isotropic) generated different macroscopic
stress fields (see Figs. 2(c)–2(e)), although, as expected, the stress
concentrated at the notch tip in all cases. The force-displacement
plot for each case was integrated and the resulting areas (signify-
ing the mechanical work to produce the deformation) were com-
pared (see Fig. 2(b)). The work values followed the trend in peak
force, where the uniaxial case generated the largest work and the
isotropic case generated the smallest work under the force-
displacement curve. However, whereas there was over a 50% dif-
ference between the greatest and least peak force values, there
was a smaller spread of approximately 25% between the greatest
and least work values.

At the microscale, fibers in the uniaxial case experienced the
sharpest rise and the largest peak value in mean fiber stretch plot-
ted against the macroscopic dogbone grip-to-grip stretch (see
Fig. 3(a)). The isotropic case experienced the smallest mean fiber
stretch and the most shallow rise in fiber stretch, with the biaxial
case bracketed between the uniaxial and isotropic cases. For this
analysis and for all subsequent analyses of the microscale fiber
properties in simulations, a subset of notch-adjacent elements was
chosen (see Fig. 3(d)) as a sample set. The biaxial case, followed
closely by the uniaxial case, experienced the largest loss of fibers
over the failure stretch (see Fig. 3(b)). The isotropic case experi-
enced the smallest loss of fibers. Similarly to the fiber stretch, the
uniaxial case also experienced the sharpest rise in mean fiber
alignment parallel to the axis of extension (measured via X11), but

peaked at a smaller sample stretch as compared to the biaxial or
isotropic cases (see Fig. 3(c)). A single microscale network from
the notch-adjacent element set was plotted to visualize differences
among the different simulation cases at various grip displacements
(see Fig. 4). While the network initially appeared to deform uni-
formly across simulation type at a small grip displacement
(3.0 mm), a displacement near the peak grip force value (7.2 mm)
produced quite different outcomes based on network alignment.
At 7.2 mm, the uniaxially aligned network had entirely failed (the
collagen network no longer percolated across the axis of exten-
sion) while the biaxial network was on the verge of failure, and
the isotropic network lagged the other two alignment cases in
terms of fiber stretch (see Fig. 4). In all cases, RVEs distant from
the notch (such as near the dogbone grips) remained largely intact
and experienced recoil from the failure of notch-adjacent
RVEs. This has also been discussed in a previous study consider-
ing failure in different portions of the chosen notched dogbone
geometry [20].

After rotating these three network types (uniaxial, biaxial, and
isotropic) by 45 deg and 90 deg, interpolated contour plots of
peak force, displacement at peak force, and work (integral of the
force-displacement curve) were constructed as functions of the
initial fiber orientation and network rotation (see Fig. 5). The larg-
est peak forces generated by the model occurred when fibers were
aligned parallel to the direction of the extension. Conversely, the
greatest strains at peak force occurred with networks that con-
tained fibers largely oriented perpendicular to the direction of
extension. The plot demonstrated that while the initial fiber net-
work helped shape the overall failure response of the dogbone,
rotation of the networks produced similar responses for different
initial fiber alignments (see Fig. 5).

Fig. 3 (a) The mean fiber stretch, (b) the mean percentage of failed fibers, and (c) the mean
fiber orientation parameter X11 varied over the macroscale sample stretch for each fiber align-
ment case. (d) Fibers were analyzed from a region of notch-adjacent elements. The same region
was used to generate the plots in Figs. 7 and 8.
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3.2 Layering Networks and Merging Networks of Different
Alignments. The model produced significantly different macro-
scale force-displacement responses by using either: (a) all þ45
deg or all �45 deg networks, or (b) merged or alternating layers
of þ45 deg and �45 deg networks (se Fig. 6(a)). Using alternat-
ing layers or merged networks produced the largest peak forces,

but at the smallest corresponding strains at peak force. Both the
homogenous þ45 deg and �45 deg cases produced smaller peak
forces, but at greater strains. The merged and alternating layer
cases resulted in peak forces and strains at peak forces that fell
within 5% of one another and followed qualitatively similar force-
stretch trajectories. The deformation work (area under the force-

Fig. 4 A single microscale network in the model experienced distinct fiber stretches and failure
at varying grip displacements for each alignment case. The network was selected from a notch-
adjacent element.

Fig. 5 Contour plots of the macroscale (a) peak grip force, (b) displacement at peak grip force, and (c) work
were interpolated as functions of the initial network fiber orientation parameter X11 and the network rotation.
The largest forces occurred when fibers were aligned parallel to extension and the largest prefailure strains
when fibers were aligned perpendicular to extension.
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displacement curves) also varied relative to the peak force gener-
ated in each case, however, as previously seen when comparing
alignment, the relative spread in work was less than the spread in
peak force values across the simulation cases (see Fig. 6(b)).

The macroscale deformation field also differed among the cases
(see Figs. 6(c)–6(e)). In the alternating layer case, the deformation
of the dogbone around the notch defect appeared largely symmet-
ric. However, in the þ45 deg and �45 deg cases, the deformation
of the dogbone was clearly asymmetric around the notch defect. In
the þ45 deg case, greater element-wise deformation along the axis
of extension (based on the E11 component of the element Green
strain) occurred in the region in the (þ) axis 1 direction relative to
the notch. Conversely, in the �45 deg case, greater deformation
fell in the (–) axis 1 direction relative to the notch. Notch failure
appeared to propagate in a path roughly parallel to the alignment of
the network relative to the direction of extension for the þ45 deg
and �45 deg off-axis alignments (see Figs. 6(f) and 6(g).

At the microscale, these four cases (þ45 deg, all �45 deg,
merged, or alternating layers) produced varying trends in the

mean fiber stretch, fiber failure, and in the X11 fiber orientation pa-
rameter (alignment along the axis of extension), as plotted against
the macroscale stretch (see Fig. 7). In terms of fiber stretch, the
merged and layered cases produced the largest mean fiber
stretches and the sharpest rise in fiber stretch and closely followed
each other along the entire macroscopic stretch. Both the þ45 deg
and �45 deg cases lagged behind in terms of stretch magnitude
and in the rate of increase in the fiber stretch, but peaked at larger
macroscopic stretches prior to failure, as compared to the layered
and merged cases (see Fig. 7(a)). The merged and layered cases
also showed a steeper rise in fiber loss as compared to the homo-
geneous cases, but the layered case appeared to lose approxi-
mately 20–25% fewer fibers over the stretch (see Fig. 7(b)). The
þ45 deg and �45 deg cases lost fibers at similar rates over
the sample stretch. The greatest microscale differences between
the homogeneous (645 deg networks) and composite cases (lay-
ered or merged networks) appeared in comparisons of the change
in the X11 parameter (see Fig. 7(c)). There was a much more grad-
ual increase in the X11 value for the þ45 deg or �45 deg cases, as

Fig. 6 (a) Macroscopic grip force varied based on differing microscale composite or uniform
fiber alignments as dogbone samples were uniaxially stretched to failure. (b) The corresponding
mechanical work for these deformations also varied based on the composite or uniform fiber
alignment type. (c)–(e) At the same grip displacement of 7.0 mm, differences in the macroscopic
Green strain were apparent between the (c) all 145 deg rotated aligned networks, (d) layered
645 deg networks, and (e) all 245 deg network cases. To illustrate the propagation of failure
along the direction of fiber alignment for the (f) all 145 deg and (g) all 245 deg cases, elements
with the greatest fiber losses (approximately the top 10%) were removed from plots of notch
strains at a grip displacement of 10.8 mm.
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compared to the composite cases, with a smaller peak which
occurred at a greater macroscale stretch.

Microscale variation in the fiber stretch distributions for the
composite cases was also evident (see Fig. 8). The mean and
standard deviation of the fiber stretch varied between the homoge-
neous þ45 deg and the merged cases at equivalent grip displace-
ments (5.1 and 7.2 mm, chosen for comparison). At equivalent
grip forces (40 mN), however, the peak fiber stretch and median
values within the distributions were nearly equivalent, as com-
pared to distinct differences at equivalent grip displacements. For
both cases, the spread in microscopic fiber stretch increased at
larger macroscopic stretches.

4 Discussion

The microstructural differences in the networks affected the
macroscale failure of simulated collagen networks in several key
ways. In terms of fiber alignment, notched dogbones populated
with microscale networks aligned parallel to the direction of
extension failed at smaller macroscopic strains, but generated
larger peak forces prior to failure, as compared to the isotropic
case (see Fig. 2). In terms of merged and layered networks, dog-
bones populated with homogenously aligned rotated networks at
þ45 deg or �45 deg failed at larger strains and smaller peak
forces, as compared to alternating alignment layers or networks
with merged alignments (see Fig. 6). Alternating layers or using
merged networks to incorporate heterogeneity in alignment
appeared to generate similar macroscale (local and grip-to-grip
deformation) and microscale outcomes (fiber stretch and fiber ori-
entations) (see Figs. 6 and 7). Using homogeneous þ45 deg or
�45 deg aligned rotated networks led to failure propagation and
appeared to follow the direction of the off-axis alignment as mac-
roscale and microscale stretch and failure appeared to follow the
microscale fiber alignment of the dogbone (see Fig. 6).

Much of the variation in macroscale failure outcomes from dif-
ferences in microscale fiber alignment and network type appeared
to arise from differences in the microscale stretch, reorientation,
and rearrangement of fibers (see Figs. 3, 7, and 8). The initial align-
ment and rotation of networks determined the ability of fibers to
reorient and realign in response to macroscopic deformations.
Fibers in networks initially aligned parallel to the axis of extension
had limited opportunity to rotate and realign, leading to macro-
scopic failure at smaller strains compared to the isotropic case.
However, since such fibers were already aligned in the direction of
the loading, there was a rapid recruitment (and subsequent loss) of
fibers that contributed to larger macroscopic grip forces along the
axis of extension prior to macroscopic failure as compared to the
isotropic case (see Fig. 3). The converse held true for networks
with fibers aligned perpendicular to the axis of loading (see Fig. 5).
When fibers were aligned largely perpendicular to extension, mac-
roscale failure occurred at greater strains, but at diminished grip
forces. Heterogeneity in alignment (layered or merged in RVE net-
works) changed the stiffness, peak force at failure, and strain at
peak force (see Fig. 4). Differences in the microscale fiber reorien-
tation between these two cases were also apparent (see Figs. 6–8).

Modeling the variation in macroscopic failure from microstruc-
tural differences in a simulated collagen material has direct rele-
vance and potential applications in understanding failure at
various length scales in native and engineered tissues. In native
and engineered surrogates [30] for annulus fibrosus, the criss-
crossing of alternating layers of differing collagen fiber alignment
appear fundamental to the mechanics of the tissue. In particular,
Nerurkar et al. developed a model system for exploring the me-
chanical role of alternating layers of fibers of varying alignment
in engineered cell-seeded annulus fibrosus surrogates and

Fig. 7 (a) The mean fiber stretch, (b) the mean percentage of failed fibers, and (c) the mean fiber orientation
parameter X11 varied over the macroscale sample stretch for each composite or uniform fiber alignment case.
Fibers were analyzed from the notch-adjacent elements depicted in Fig. 3.

Fig. 8 Fiber stretch distributions varied for the (a)–(c) merged,
and (d)–(f) rotated aligned network cases at equivalent grip dis-
placements, but were similar at equal grip forces. Fibers were
analyzed from the notch-adjacent elements depicted in Fig. 3.
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observed significant mechanical effects from crisscrossing layers
of differing fiber alignment [31]. The effects of crisscrossing
alignment layers was also apparent in the model and could be fur-
ther explored by directly examining microscale (fiber alignment,
fiber stretch, and fiber orientation) and macroscale (grip force,
local stress, and local deformation) simulated outcomes that may
help to understand the complex multiscale mechanics of heteroge-
neous and anisotropic tissues. In addition, the role of the connec-
tions between the aligned layers must be explored further. The
model can potentially be applied to help understand the role of
microstructural differences in the mechanical failure of other soft
tissues where spatial homogeneity or heterogeneity in fiber align-
ment plays a significant mechanical role, such as the supraspinatus
tendon [32].

While differences in collagen fiber alignment played a role in
prescribing macroscale failure outcomes, the model must be
expanded to consider the role of fiber-to-fiber connectivity, intrafi-
brillar matrix, and multiple protein networks in order to simulate
the failure of fiber reinforced native and engineered soft tissues.
Previous work has explored the role of matrix in the prefailure
behavior of collagen tissue analogs [27] and similar approaches
can be used to include matrix into the current failure model
employed in this study. Significant work experimentally charac-
terizing or modeling the mechanics of multiple protein fiber sys-
tems such as those incorporating collagen with fibrin or collagen
with elastin has been done by several groups [26,33] and can be
incorporated into the current model by modifying the constitutive
equation for fibers, modifying the failure mechanisms based on
fiber type, and potentially include a fiber interaction component.
This initial study was limited to uniaxial extension; multiaxial
extension would be another important test in understanding the
failure mechanics of tissue analogs subjected to physiologically
relevant loading and in understanding the multiscale mechanics of
the system over a broader range of deformations and with new
sample geometries.
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