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Understanding the factors that control the extent of tissue damage as a result of material
Jailure in soft tissues may provide means to improve diagnosis and treatment of soft tissue
injuries. The objective of this research was to develop and test a computational frame-
work for the study of the failure of anisotropic soft tissues subjected to finite deformation.
An anisotropic constitutive model incorporating strain-based failure criteria was imple-
mented in an existing computational solid mechanics software based on the material
point method (MPM), a quasi-meshless particle method for simulations in computational
mechanics. The constitutive model and the strain-based failure formulations were tested
using simulations of simple shear and tensile mechanical tests. The model was then
applied to investigate a scenario of a penetrating injury: a low-speed projectile was
released through a myocardial material slab. Sensitivity studies were performed to es-
tablish the necessary grid resolution and time-step size. Results of the simple shear and
tensile test simulations demonstrated the correct implementation of the constitutive model
and the influence of both fiber family and matrix failure on predictions of overall tissue
failure. The slab penetration simulations produced physically realistic wound tracts, ex-
hibiting diameter increase from entrance to exit. Simulations examining the effect of
bullet initial velocity showed that the anisotropy influenced the shape and size of the exit
wound more at lower velocities. Furthermore, the size and taper of the wound cavity was
smaller for the higher bullet velocity. It was concluded that these effects were due to the
amount of momentum transfer. The results demonstrate the feasibility of using MPM and
the associated failure model for large-scale numerical simulations of soft tissue

failure. [DOL: 10.1115/1.2372490]
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Introduction

The mechanics of soft tissue failure are not well understood.
The experimental data needed to develop constitutive models of
failure are scarce, especially in the cases of dynamic, rate-
dependent failure. The adaptation of existing failure formulations
for classical engineering materials to soft tissues is complicated
by the highly anisotropic nature of the materials as well as the
complex geometry and deformations that accompany soft tissue
failure. A framework for computational modeling of the mechani-
cal failure of soft tissue could elucidate failure mechanisms under
complex loading conditions and aid in assessing the spatial extent
of material damage and failure.

There are multiple types of soft tissue trauma, and the injuries
can result in very complicated effects on physiological processes
associated with the injured tissues. The present work focuses on
understanding the factors that control the extent of tissue damage
as a result of wounding or penetrating injury. Penetrating trauma
injuries are frequent, occurring in both civilian situations and in
combat. They present a high socioeconomic cost and represent a
significant source of morbidity [1]. A large part of the damage
resulting from penetrating trauma is typically associated with
damage to skeletal and cardiac muscle, ligament, tendon, and
nerve. Clinical data associated with penetrating injuries are abun-
dant, addressing wound classifications, physiology, and treatment
[1-3]. However, clinical data are not sufficient to help in mechani-
cal modeling of soft tissue failure because they do not quantify the
spatial damage tissues undergo in trauma.
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Although a number of experimental studies have addressed
wound ballistics (e.g., [4,5]), studies explicitly addressing soft tis-
sue failure are scarce and computational tools/frameworks for per-
forming simulations that include soft tissue failure are nearly non-
existent. Most experimental data were acquired via analyses of
cadaveric tissue [6], ballistic gelatin [7,8], and physical surrogates
[9]. The response of biological tissues to blunt impact [6,10] or
blast [9,11,12] has been investigated. The force-time, deflection-
time, and force-deflection responses of the chest to blunt ballistic
impact have been documented using human cadavers [6]. High-
speed photography was used to document the dynamic develop-
ment of the skull fracture system in a gunshot scenario [9]. Weak
blast waves have been used to investigate the relationship of the
physical parameters of the waves to internal organ injury [12].
The few numerical studies that have studied soft tissue damage
mechanisms have used the finite element (FE) method, because it
is the most popular and widely commercially available numerical
method. For instance, the response of the thoracic wall and the
lung to pressure waves has been simulated using the FE method
[13], which helped to elucidate the mechanisms of transmission of
impact energy from the thoracic wall surface to the lung. The
mechanical response of the brain to impact was investigated using
the FE method [10]. None of the published work in this area have
incorporated a failure model or used anisotropic constitutive mod-
els. Furthermore, the use of the FE method for modeling material
failure is difficult, since changing material geometry due to failure
would require constant re-meshing.

The objective of this research was to develop and test a com-
putational framework for the analysis of soft tissue failure. A hy-
perelastic constitutive model with a “two-surface” strain-based
failure criterion was implemented in an existing code based on the
material point method (MPM) [14], a quasi-meshless numerical

DECEMBER 2006, Vol. 128 / 917



algorithm. The implementation and performance of the constitu-
tive and failure models were verified using simulations of simple
mechanical tests (e.g., tensile and shear tests). Simulations of pen-
etrating trauma to soft tissue samples were performed, along with
sensitivity studies, analysis of the wound profile, and the resultant
damage to the surrounding tissue.

Materials and Methods

Constitutive Model. The prefailure pseudoelastic material be-
havior of soft tissues is often approximated using hyperelastic
constitutive models that allow for large deformations (e.g.,
[15-22]). Many biological soft tissues are composite materials,
comprised of a matrix reinforced by one or more fiber families.
The number and direction of fiber families dictate the local mate-
rial symmetry, e.g., a single fiber family reinforcing an isotropic
matrix confers transversely isotropic material symmetry [23].

In the present research, a transversely isotropic hyperelastic
constitutive model was used to represent a canonical anisotropic
soft tissue, comprised of an isotropic matrix reinforced by a single
fiber family [24]. The local fiber direction was described by a unit
vector field a®, which changes direction and length as the material
deforms:

F-a’=\a, (1)

where N denotes the local fiber stretch, a is a unit vector field
representing the fiber direction after deformation, and F is the
deformation gradient tensor. The strain energy function W was
designed with uncoupled deviatoric and volumetric terms, with
separate terms for the matrix and fiber response:

W=F(0,1) + ) + S T, 2)

where 71 and 72 are the first and second invariants of the deviatoric
part of the right Cauchy-Green deformation tensor C=J’FTF
[25], N=VaP-C-a® is the deviatoric fiber stretch along the local
direction a°, K is the bulk modulus and J=det(F) is the volume
ratio. The strain energy in Eq. (2) leads to the following additive
decomposition for the Cauchy stress T

T= Tmatrix + Tfiber + Tvol' (3)

The matrix was represented with a neo-Hookean strain energy
with material coefficient C; (representing the shear modulus for
small deformations):

Fy(I,,I,) = Cy(I, - 3) (4)

The elastic response of the fiber family was represented as expo-
nential in the toe region and linear, subsequently. The actual con-
tribution from the fiber family to the Cauchy stress is [23]:

0, x<1

~d ~ ~ ~
2= G-l K= (5)

N _ _

Csh + C, >

The elastic fiber family was characterized by a coefficient C; that
scales the exponential stresses in the toe region, a coefficient that
controls the rate of fiber uncrimping C,4, and the modulus of the
straightened collagen Cs. The stretch at which the collagen fibers

straighten was denoted \”. The coefficient C; was determined
from the condition that the stress in the collagen fiber is C° con-
tinuous at \*. A description of the constitutive model and its FE
implementation can be found in Weiss et al. [23], whereas addi-
tional references illustrate its application [21,23,26,27].

Failure Criteria. For a composite material, the failure criteria
should account for the failure mechanisms for each of the con-
stituents [28]. Strain-based failure criteria were proposed to rep-
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a) Matrix failure

b) Fiber failure

Fig. 1 Schematic indicating the two types of material failure
represented in the failure model. (a) Matrix failure via shear
strain. As the material strains under shear the fibers remain
undeformed whereas the matrix is driven to failure, cleaving
between fibers. (b) Fiber failure via elongation along the fiber
direction. Under tensile strain, the “stiffer” fibers reach their
stretch limit before the “softer” matrix.

resent two modes of failure: matrix failure under shear (Fig. 1(a))
and fiber failure under tension (Fig. 1(»)). Ultimate properties of
soft tissue reported in the literature contain both ultimate strains
and ultimate stresses [29-32]. A failure formulation based on
strains was chosen because it enabled the incorporation of differ-
ent failure criteria for the material components. Thus the failure
criteria were defined by two failure surfaces.

Local failure of the matrix was based on the maximum Green-
Lagrange shear strain v,,,, obtained from the Green-Lagrange
strain tensor E:

E -E;
7]11{1X - 2 > (6)
where E;| and Ej are the first and third invariants of E. The matrix
contribution to the stress was annulled when the shear strain in the
matrix Ymauix €Xceeded the maximum shear strain:

Vmatrix = Ymax = Tmatrix =0 and Tvol =0. (7)

The fiber family was considered failed locally if the fiber strain,
Ehiver:=A—1, exceeded a maximum fiber strain &.,,. In case of
failure, the fiber contribution to the total state of stress was an-
nulled:

= Tiper=0. (8)

If both of the above conditions were fulfilled locally, the material
exhibited total failure at that location. An integer state variable
was defined to record if and what particular type of material fail-
ure occurred.

Efiber = €max

Material Point Method. The equations of motion were dis-
cretized in space using MPM [14]. Like other quasi-meshless
methods (see, e.g., [33] for a review), MPM offers an attractive
alternative to traditional FE methods because it simplifies the
modeling of complex geometries, large deformations, and frag-
mentations that are typical of soft tissue failure. MPM was chosen
because numerical modeling of tissue failure using FEM is an
expensive and cumbersome task, due to the need to remesh the
geometry as it changes due to failure and/or contact.

Lagrangian particles or material points are used to discretize the
volume of a material. Each particle carries state information about
the portion of the volume that it represents, including mass, vol-
ume, velocity, stress, etc. A regular structured grid is used as a
computational scratchpad for integration and solution of the weak
form of the equations of motion. The domain of interest is dis-
cretized with particles. A computational grid, usually regular Car-
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Fig. 2 Illlustration of the steps in the MPM algorithm for par-
ticles occupying a single cell of the background grid. (a) A rep-
resentation of four material points (filled circles), overlaid with
the computational grid (solid lines). Arrows represent displace-
ment vectors. (b) The material point state vector (mass, vol-
ume, velocity, etc.) is projected to the nodes of the computa-
tional grid. (¢) The discrete form of the equations of motion is
solved on the computational grid, resulting in updated nodal
velocities and positions. (d) The updated nodal kinematics are
interpolated back to the material points, and their state is up-
dated. (e) In the standard MPM algorithm, the computational
grid is reset to its original configuration, and the process is
repeated. (f) In the modification algorithm, the grid is not reset,
but is allowed to move with the particles, thereby retaining the
optimal distribution of particles with respect to the grid.

tesian, is created over the entire domain (Fig. 2(a)). The physical
state of the particles is projected to the computational grid using
either the standard linear FE-style shape functions or some other
suitable shape function [34] (Fig. 2(b)). Stress is computed at the
particles based on the gradient of velocity at the nodes of the
computational grid, and the equations of motion are subsequently
solved on those nodes. This solution may be carried out using
either explicit [14] or implicit [35] time integration. In either case,
the results of the time integration are increments in the position
and velocity of the nodes comprising the computational grid (Fig.
2(c)). Those increments are interpolated to the particles, and the
state of the particles is updated (Fig. 2(d)).

In the traditional MPM implementation, the deformed compu-
tational grid is reset to its original undeformed configuration (Fig.
2(e)) and the simulation proceeds to the subsequent timestep. Re-
setting the mesh in this manner is a key feature of MPM and
allows it to avoid problems of severe mesh distortion that can
plague FEM simulations. The MPM mesh reset is similar to the
approach used in Lagrangian kernel and other quasi-meshless
methods [36]. However, for certain types of simulations, particu-
larly quasi-static or low-rate dynamic scenarios, this step can lead
to non-ideal particle distributions that may result in inaccuracies
in the solution. To avoid this, one may choose not to reset the
mesh at the end of a timestep (Fig. 2(f)) [37]. Using this approach,
the MPM grid functions in a manner similar to a FE mesh and is
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subject to the same deficiencies. However, the grid can be reset at
any time to the undeformed configuration, without the difficulties
of remeshing that would be required when using the FE method.

The MPM algorithm was implemented in the Uintah Computa-
tional Framework (UCF) [38], an infrastructure for large-scale
parallel scientific computing on structured Cartesian grids. The
UCF uses domain decomposition and the message passing inter-
face (MPI) [39] to achieve parallelism on distributed memory
clusters. Because the interactions of the particles with the compu-
tational grid are local, and due to the rectilinear structure of the
background grid, parallelism of MPM is simplified. Specifically,
the computational grid is easily decomposed spatially into subdo-
mains of grid cells, with each processor performing calculations
for a subdomain. When implicit time integration is used, a large
system of linear equations must be solved repeatedly at each time
step. The PETSC suite of linear solvers [40] was used to perform
the distributed parallel solution of these equations.

When a material point fails in the MPM algorithm, the load
carried by that particle is transmitted to the surrounding particles,
similar to the manner in which load is transmitted from failing
material to intact material in a physical specimen. As particles fail
their stress or components of stress are nullified, but they remain
part of the simulation, their mass contributing to the overall inertia
of the material. In addition, since all particles for a given material
move according to the same velocity field, failed particles tended
to remain a part of the unfailed material. It is worth mentioning
that in the FE method, removing the strength of an element is
likely to lead to mesh distortions. To overcome this problem ele-
ment erosion is used, but, in turn, this leads to mass being re-
moved from the system.

Time Integration. Two versions of the constitutive model were
implemented—one for use with explicit time integration and one
for use with implicit time integration. In the explicit version, the
allowable time step is computed based on cell spacing, particle
velocity, and material wave speed at each particle [35]. The wave
speed c is computed at each time step, based on the current value
of the material density p and instantaneous bulk and shear moduli,

K and pu,
K+ ul/3
c=1/ K , where p=@. 9)
p J

A necessary stability criterion for explicit time integration is the
Courant-Friedrichs-Levi (CFL) condition, which requires the time
step size At is calculated so that

A
At<—x,
c

(10)

where Ax represents the initial size of an edge of the background
grid cells. Equivalently, a CFL number may be defined as
cAt

CFLN: = —,
Ax

(11)

and the CFL condition then requires that At is chosen so CFLN
<1.0.

The algorithm for implicit time integration is described in
Guilkey and Weiss [35]. For implicit time integration, the stiffness
matrix is required to iterate to a converged solution at each time/
load increment. For a hyperelastic material, the stiffness matrix is
computed from the elasticity tensor C [41]. The implementation
of the constitutive model for implicit time integration computed
both the Cauchy stress and the elasticity tensor. As with the
Cauchy stress in Eq. (3), the spatial version of the elasticity tensor
C can be decomposed as:

C= Cvol + cmatrix + Cfiber' (12)

In case of failure, the elasticity tensor and, thus, the stiffness ma-
trix was reduced to represent the response of the intact material
constituent.
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Fig. 3 Geometries used for simulating mechanical tests. (a)
Along-fiber shear, a thin square specimen was deformed to fail-
ure with the help of two rigid drivers moving in opposite direc-
tions. The collagen fibers were oriented along the shearing di-
rection, resulting in large in-plane shear strain and minimal
fiber strain. (b) Tensile test, a tapered tensile test specimen
was stretched to failure along the direction of the fiber family.
Symmetry boundary conditions were enforced on the half
model.

One Particle Test. To verify correct implementation of the con-
stitutive model, the subfailure response of a single material point
to homogeneous uniaxial elongation was examined. MPM predic-
tions using both explicit and implicit time integration were com-
pared to analytical solutions for an incompressible, transversely
isotropic material. Separate simulations were carried out with the
fiber orientation aligned with the direction of the extension and
transverse to the direction of extension. The following material
coefficients were used: Cy=2.1 KPa, C3=0.14 KPa, C4;=22, C;s
=100 KPa, based on myocardium properties [24], with a stretch at
which the collagen fibers straighten taken arbitrarily as \*=1.3,
and a bulk modulus of K=100 KPa to simulate nearly incom-
pressible behavior.

Shear Test with Failure. The objective of this test problem
was to examine the behavior of the failure model when matrix
failure was initiated before fiber failure and to compare solutions
for explicit and implicit time integration. A square thin sheet
(50X 50X 1 mm) was sheared to failure with the aid of two rigid
wedges (Fig. 3(a)). The fiber direction was specified as parallel to
the direction of shear. Fiber stretch is minimal under this configu-
ration, ensuring that matrix failure would be the dominant mode
of material failure. The prefailure material coefficients were iden-
tical to those used in the single particle test described above. The
failure of fibers was characterized by a maximum fiber strain of
0.40, and the shear strain limit for the matrix was chosen to be
0.25; the choice of these values was based on limited data in the
literature [42,43] and to ensure that shear failure of the matrix
would occur before fiber failure. The sheet and the drivers were
assumed to be perfectly bonded. The wedges moved apart at a
speed of 0.1 m/s. The material behavior of the failure model was
compared to the predictions given by a model without failure in
order to verify the validity of the locations of failure initiation and
the type of failure observed. Solutions were obtained using both
explicit and implicit time integration. After preliminary grid con-
vergence studies, a particle resolution of 4 X4 X4 particles per
1 mm?® grid cell was used, yielding a total of 160,000 particles.
The simulations were performed under the plane stress assump-
tion. To aid in assessing the failure patterns, an additional analysis
was performed without the failure model, establishing the distri-
bution of maximum shear strain in the sample. Analyses were
performed using 16 processors (8 nodes) of an Opteron cluster.

Tensile Test with Failure. The objective of this test problem
was to examine the behavior of the failure model when fiber fail-
ure was initiated first and to compare solutions using the tradi-
tional MPM algorithm with those obtained with the modified al-
gorithm that does not reset the background grid [37]. The
geometry of a dog-bone tensile specimen (45 mm long, 10 mm
wide) was discretized using a model with a single plane of sym-
metry to simulate a tensile test to failure (Fig. 3(b)). The fiber
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Fig. 4 Schematic of the material symmetry that was used for
the projectile penetration simulations of a myocardial slab. The
local fiber direction rotated 180 deg through the thickness of
the slab.

direction was aligned with the testing direction. The material co-
efficients were based on published data for the human medial
collateral ligament [21]: C;=1.44 KPa, C3=0.57 KPa, C,=48,
C5=467 KPa, and \"=1.06. The failure of fibers was character-
ized by a maximum fiber strain of 0.10, and the failure of the
matrix was governed by a maximum shear strain of 0.25. The use
of these material coefficients for human medial collateral ligament
ensured that fiber failure would precede matrix failure. The speci-
men was stretched to failure at a speed of 0.01 m/s. To determine
whether the predicted failure location and pattern was sensitive to
whether or not the computational grid was reset during the calcu-
lations, simulations were carried out using both the traditional
MPM algorithm and the modified algorithm without resetting the
background grid [37]. Explicit time integration was used for both
analyses. A particle resolution of 4 X4 X4 particles per 1 mm?
grid cell was used, yielding a total of 30,000 particles. The simu-
lations were performed under the plane stress assumption, consid-
ering a model thickness of one grid cell. Analyses were performed
using 16 processors (8 nodes) of an Opteron cluster.

Slab Penetration Simulations. To investigate the behavior of
the MPM failure implementation under high-rate dynamic condi-
tions, the ballistic wounding scenario of a specimen of myocardial
tissue was simulated. The material coefficients were C
=2.1 KPa, (C5=0.14 KPa, C,=22, and Cs5=100 KPa and the
stretch at which the collagen fibers straighten was assigned a
value of N"=1.4 [24,44]. The material was considered as slightly
compressible, with a bulk:shear modulus ratio of 47.6. To repre-
sent the material symmetry exhibited by the myocardium, the fiber
direction a® was varied through the thickness of the slab so that
the fiber direction rotated clockwise 180 deg from epicardial to
endocardial surface [45] (Fig. 4). A 50X 10X 50 mm myocardial
slab was considered. Displacements of the edges of the slab were
fixed, while the faces were free of constraints.

A 9 mm diam fragment was modeled as an elastic-plastic ma-
terial with a neo-Hookean strain energy for the elastic response,
with material properties based on elemental lead (bulk modulus
K=46 GPa, shear modulus u=5.6 GPa, yield stress=18 MPa,
density p=11,340 kg/m? [46]). Bullet velocities of 50 m/s and
150 m/s were examined. These velocities are in the “low-speed”
range of bullet velocities, i.e., <305 m/s. Low-speed projectiles
produce most of their damage by crushing, with minimal damage
from cavitation [1,5]. Frictional contact was modeled between the
bullet and the soft tissue with a coefficient of friction of 0.08,
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Fig. 5 Theoretical and MPM predictions for fiber stress versus
strain during uniaxial extension. Separate simulations were
carried out with the fiber orientation aligned with the direction
of the extension and transverse to the direction of extension.
Excellent agreement was obtained between the theoretical and
MPM predictions using both explicit and implicit time
integration.

based on the value for metal in water [47]. Frictional contact with
sliding and separation was represented using our published algo-
rithm [48].

All simulations used 1.6 million material points for discretiza-
tion. To assess the influence of the resolution of the background
grid, two grids were considered using the same material point
discretization. A grid with a cell size of 1 X 1X 1 mm and a par-
ticle density of 64 particles per cell was referred to as the low-
resolution grid, whereas a finer grid with a cell size of 0.5X 0.5
X 0.5 mm and a corresponding particle density of eight particles
per cell, was referred to as the high resolution grid.

The interactions between the particles and nodes were accom-
plished using an interpolation method known as GIMP ((general-
ized interpolation material point) method [34]). When this method
is used, the spatial extent of influence of each particle is finite,
rather than the Dirac delta function representation that is assumed
in traditional MPM. This choice leads to a more robust solution
for large deformation problems at a slightly increased computa-
tional cost.

Explicit time integration was used, resetting the computational
grid after each time step. The stability of the solution based on
explicit time integration was investigated by performing a sensi-
tivity study to compare the predictions for different CFL numbers:
0.1, 0.4, 0.8, and 1.0. Simulations were executed on 16 processors
(8 nodes) of an Opteron cluster.

Physical elements related to the appearance of the wound were
examined: geometry of the exit wound, shape of the wound tract,
and size of the wound, as there are numerous clinical studies
describing these factors [1,2,4].

Results

One Particle Test. Very good agreement was obtained between
the theoretical predictions for a fully incompressible material and
the MPM predictions, using both explicit and implicit time inte-
gration (Fig. 5). The deviations between the MPM predictions and
analytical solutions were <3%. These small deviations are due to
dynamic effects present in the simulations that were not part of the
theoretical solution. As expected, the tensile stress was substan-
tially higher for simulations of stretch along the fiber direction
than transverse to the fiber direction. The upwardly concave toe
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Fig. 6 Shear strain and failure patterns for simulations of a
thin sheet under along-fiber shear, using both explicit and im-
plicit time integration. (a) Maximum shear strain for the model
just before initiation of failure. (b) Failure distribution for the
model with failure, with explicit time integration. (c) Failure dis-
tribution for the model with failure, with implicit time integra-
tion. The location of the maximum shear strains in the model
without failure features coincides with the location of failure
initiation. At the particle level, subsequent deformation after
matrix failure is reached results in total failure.

region was prominent along the fibers and nonexistent in the
transverse direction. The explicit and implicit time integration
models performed equally well.

Shear Tests. The maximum shear strain distribution in the
model without failure corresponded to the locations of initiation
of material failure in the models with failure, at the corners of the
specimen under tension (Fig. 6(a)). Although all four corners
showed higher shear strain than the central part of the specimen,
the bottom-left and top-right corners had the maximum values for
the domain. The patterns of failure obtained using explicit and
implicit time integration were nearly identical. The failure pattern
showed shearing failure of the material at the bottom-left and
top-right corners, propagating along the fiber direction (Figs. 6(b)
and 6(c), respectively). The failed particles moved according to
the same kinematics as the intact material, while they were in the
same ‘“‘numerical neighborhood”—within two computational
cells—explaining the frayed pattern of the damaged material. The
failed particles were color coded, green corresponding to matrix
failure, yellow to fiber failure, and red to total failure. As the
material was reinforced by collagen fibers, soon after matrix fail-
ure occurred locally, fiber failure followed and total damage was
recorded, explaining why the majority of particles exhibit total
failure.

Tensile Tests. Because the specimen width tapered to a mini-
mum at the center of the sample (Fig. 3(b)), the highest fiber
strains stresses occurred at this location and as a result, failure
initiated at the center of the specimen. The strain pattern shown
(Fig. 7(a)) corresponds to the modified MPM algorithm simula-
tion. The simulations using the traditional MPM algorithm and the
modified algorithm that did not reset the background grid were in
very good agreement, producing similar patterns of strain distri-
butions and of failed particles (Figs. 7(b) and 7(c)). However,
failure began slightly earlier in the case in which the grid was
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Fig. 7 Fiber strain and failure patterns for simulations of a
tensile test using explicit time integration. (a) and (b) Fiber
strain for grid reset and no grid reset cases, respectively, im-
mediately before failure. (¢) and (d) Failure distributions for the
grid reset and no grid reset cases, respectively. Failure initiated
at the location of the maximum fiber strain. As the material was
fiber-reinforced, once the fibers failed, total material failure
followed.

reset. As the specimen elongated, fiber failure was initiated first,
followed by total failure, as the matrix was unable to maintain the
total force after the reinforcing fibers failed.

Slab Penetration Simulations. The simulation that used the
higher-resolution background grid produced an exit wound with a
more realistic appearance, by comparison to clinical descriptions
of ballistic wounds [1,2,4]. The low-resolution grid resulted in an
exit wound with a jagged edge, revealing the contours of the
underlying Cartesian computational grid (data not shown). The
artifact became less prominent with increasing grid resolution.
Based on these results, the higher-resolution grid was used for
subsequent simulations. A mesh convergence study showed no
change in results with further mesh refinement.

Different values of the Courant number produced slight varia-
tions in the appearance of the exit wound. These data were used to
establish the Courant number that was necessary to obtain both
accurate and stable solutions. Based on the results, a value of 0.1
was used for subsequent simulations, ensuring better accuracy at
the expense of more computational expense.

Figure 8 shows a time sequence of images for the bullet pen-

Fig. 8 Time sequence of images for the projectile penetration
of a myocardial slab. Bullet velocity was 50 m/s. Colors indi-
cate failure status of material points: blue = no failure, green =
matrix failure, yellow = fiber failure, red = total failure.
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Fig. 9 Wound profile for the projectile penetration of a myo-
cardial slab. The wound profile shows a central area of com-
plete tissue disruption surrounded by layers of failed particles.
The wound tract presents a diameter increase from entrance to
exit. Initial bullet velocity was 50 m/s.

etrating the myocardial slab. These data were obtained from the
low-velocity simulations with a Courant number of 0.1, using the
fine grid resolution. As the bullet penetrated the slab, it transferred
its energy to the surrounding tissue producing damage [4]. The
increasing size of the wound with distance from the entrance lo-
cation is evident. Plastic yielding at the tip of the bullet can be
seen in the lower panels.

For all slab penetration simulations, the wound profile exhibited
an approximate circular central area of complete tissue disruption
in the fragment path, presenting a diameter increase from entrance
to exit, as reported in clinical cases [4] (Fig. 9). A layered distri-
bution of the failed particles was observed in the adjoining area of
“injured” soft tissue. As expected, the number of failed particles
decreased with distance from the center of the bullet tract. The
percentage of failed particles was ~5% of the total number of
particles.

The distribution of failed particles, the size of the entry wound
and cavity, and the shape of the exit wound depended on the speed
of the projectile. A speed of 150 m/s produced an almost round
exit wound, with evenly distributed layers of failed particles (Fig.
10(a)), whereas a lower speed of 50 m/s produced an elliptical
distribution of failed particles (Fig. 10(b)), reflecting the underly-
ing symmetry of the fiber family and its variation through the slab
(Fig. 4). Thus, the influence of the transversely isotropic material
symmetry was more pronounced at lower projectile velocities.

b) 50 m/s

a) 150 m/s

Fig. 10 Influence of projectile speed on the exit wound. Figure
4 shows the local fiber direction for the simulation. The appear-
ance of the exit wound shows that the material symmetry had a
greater influence at lower projectile speeds than at higher
speeds. The failed particles were distributed randomly in the
case of the injury at a higher speed (a), whereas in the lower-
speed case (b) the failure pattern reflected the underlying fiber
orientation.
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The size of the entry wound was between 10 mm and 11 mm. For
the 50 m/s simulation, the diameter of the resulting cavity was
between 16 mm and 19 mm, whereas the diameter of the cavity
plus the layer of failed material was between 29 mm and 38 mm.

The wall clock time required to complete each of the slab pen-
etration simulations with the fine computational grid and a CFLN
of 0.1 varied between 24 hr and 48 hr, depending on bullet veloc-

1ty.

Discussion

A computational framework for assessing soft tissue failure was
developed using a transversely isotropic hyperelastic constitutive
model, a two-surface failure model, and the MPM numerical
framework. The strain-based failure model accommodated differ-
ent failure modes for a fiber family and the matrix. Numerical
experiments were performed using explicit and implicit time inte-
gration to verify the implementation and to ensure that predictions
of failure were not affected by the type of numerical time integra-
tion. Results of the ballistic simulations have shown a realistic
wound tract that reflects the geometry of wound tracts observed in
experimental studies. The failure criteria permitted quantification
of the spatial distribution and type of damage experienced by the
soft tissue.

Simulations of shear loading and tensile loading isolated the
two different failure criteria and illustrated the resulting propaga-
tion of failure through the tissue. In the shear loading example, the
resulting strain state consisted primarily of deviatoric strain, while
fiber strain was minimal. This resulted in failure at the locations of
maximum shear strain in the matrix. In the case of the tensile test,
the strain field consisted again primarily of deviatoric strain, but
in this case the fiber strain was dominant. Thus, fiber failure was
initiated first, followed subsequently by failure of the matrix and
thus total failure. These simulations demonstrate the ability of the
implementation to predict expected patterns of failure for well-
defined loading conditions.

The simulations that examined projectile penetration of a myo-
cardial slab demonstrate the utility of this computational frame-
work for large-scale, relatively high-rate simulations. For these
problems, the scalability of the MPM algorithm to hundreds of
processors provides a framework that can examine extremely
large and detailed simulations. The predictions of exit and entry
wound size, and the trends with increases in velocity are consis-
tent with published experimental data [2,4]. The velocity of the
projectile affected the influence of the material symmetry on the
appearance of the exit wound as well as the diameter of the wound
cavity. Both these phenomena are likely related to the amount of
momentum transfer that occurs. Specifically, for this particular
simulation, a slower bullet velocity results in more momentum
transfer to the material. Detailed experimental data are needed to
validate these numerical results and constitute the objective of
future work. Ballistic gelatin experiments may provide a con-
trolled framework for gathering information about the way the
damage propagates through the tissue and the rate dependence of
the results [7,8].

The main advantages of the MPM framework for both low-rate
and high-rate failure simulations are the ease with which compli-
cated geometries can be represented, the ability to implement ar-
bitrary constitutive models and the ability to circumvent mesh
entanglement and inversion problems that can occur with the FE
method. Large computations are easily accommodated, with ex-
cellent parallel scaling [37]. The simulation of ballistic soft tissue
injury demonstrated the capability of MPM framework to solve
large, high-rate dynamic problems. The same problem would have
been much more difficult to analyze using the FE method, as
remeshing would have been needed to avoid mesh entanglement
and element inversion. The standard MPM algorithm eliminates
element inversion by using a computational grid that is reset after
each time step. In the case of the standard FE method, mesh
inversion can be mitigated by using adaptive mesh refinement
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(AMR) (or “h-refinement,” e.g., [49]). However, AMR introduces
additional difficulties since an optimal new mesh is ill-defined and
interpolation errors are introduced when projecting to a new mesh.
The process of generating the new mesh is plagued by the same
difficulties as occur when generating the initial mesh, and this
process is especially difficult in three dimensions. When com-
pared to generating an entirely new FE mesh for use with AMR,
the process of resetting the MPM background grid is trivial.

The main weaknesses of the present research are the relative
simplicity of the failure and a lack of available experimental data
to determine failure criteria. Failure predictions are specific to the
chosen failure criteria. Failure criteria that take into account mul-
tiple models of failure need to be developed and implemented.
Only two modes of failure have been incorporated, assuming an
additive decomposition of the Cauchy stress into collagen fiber
response and ground matrix response. The interaction between
fibers and matrix [23,28,50] has not been taken into account in the
prefailure constitutive model or the failure model. The choice of
failure parameters was based on published data found for soft
tissues but does not represent actual values. Soft tissue response to
impact and trauma has been numerically investigated using FE
[10,13]; however, as previously mentioned, to our knowledge this
is the only computational model explicitly incorporating failure
criteria. A more comprehensive failure criterion is needed in order
to assess the way the damage propagates in the surrounding tissue
as a result of trauma, for example the influence of wounding on
the adjacent blood vessels, and accounting for the subsequent
swelling of the tissue.

The propagation of shock waves in soft tissue for high-velocity
injury scenarios is another topic that still needs to be addressed.
The presence of shock waves that precede the projectile is indi-
cated by cavitation. Experimental data for low-speed projectile
injuries show there is minimal or no evidence of cavitation [1,5].
However, in the case of high-velocity projectile injuries, the phe-
nomenon of cavitation can be significant (the projectile advances
in a temporary cavity rather than directly through the tissue) [5].
This will require detailed experimental testing, as experimental
data are needed in order to develop a more comprehensive failure
model and to account for viscoelastic effects [27]. The addition to
the model of viscoelasticity and appropriate failure formulations
would enable the study of transient effects occurring in “high-
speed” (>304.8 m/s) projectile injuries, i.e., cavitation, shock
wave propagation, as well as rate-dependency effects in the ma-
terial in both low- and high-speed injury scenarios. These addi-
tions would certainly improve the fidelity of the predictions, as it
is possible that tissue viscoelasticity may serve as an additional
dissipative mechanism and could significantly alter model predic-
tions during high-rate loading.

In summary, this study has demonstrated the feasibility of using
MPM and the associated failure model for large-scale simulations
of soft tissue failure. The present framework allows for the
straightforward implementation of alternative constitutive models
and failure formulations, and the results obtained for the test prob-
lems are realistic and encouraging.
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