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Abstract. The objective of this research was to develop realistic computational 
models for soft tissues subjected to finite deformation and failure, and to test these 
models in the context of numerical simulations of penetrating trauma injuries.  A 
transversely isotropic hyperelastic model with strain-based failure criteria was used to 
represent the behavior of anisotropic soft tissue. The constitutive model was 
implemented into an existing numerical code based on the Material Point Method 
(MPM).  The penetration of a low-speed bullet through a myocardium material slab was 
simulated and several wounding scenarios were analyzed and compared.  The material 
symmetry, the type of contact modeled between the bullet and the soft tissue and the 
bullet speed were shown to have a significant influence on the wound profile.  

 
 
1.  Introduction 
 
Injuries due to penetrating trauma from bullet or knife wounds represent a significant 
healthcare problem [1].  An improved understanding of the factors that control the extent of 
tissue damage from these wounds can provide the means to improve diagnosis and 
treatment.  Soft tissue failure (skeletal and cardiac muscle, ligament and tendon, nerve) 
typically represents a large part of the damage resulting from penetrating trauma [2].  
However, the detailed three dimensional prediction of soft tissue failure is complicated by 
the highly anisotropic nature of the materials as well as the lack of appropriate failure 
models. 
 The objective of this research was to develop realistic computational models for soft 
tissues subjected to finite deformation and failure and to implement and test these models in 
the context of numerical simulations of penetrating trauma injuries.  
 
 
2. Methods 
 
The current research focused on modeling penetrating injuries to an analog of the 
myocardium. A “two-surface” strain-based failure criterion was incorporated into a 
hyperelastic constitutive model of the myocardium. The myocardium was represented as a 
composite of matrix and collagen fibers, each failing by different strain-driven failure 
mechanisms.  Bullet penetration simulations of myocardial material slabs were performed 
using the Material Point Method (MPM) with explicit time integration [3]. 
 



 
2.1 Constitutive model and Failure Criteria 
 
A strain-based failure model was developed for transversely isotropic hyperelastic soft 
tissues.  The myocardium was modeled as a transversely isotropic hyperelastic material, 
comprised of an isotropic Mooney-Rivlin matrix reinforced by a single fiber family [4]. 
The local fiber direction was described by a unit vector a0 that changes direction and length 
as the material deforms, so that: 

λ⋅ =0F a a ,  (1) 

where λ denotes the local fiber stretch and F is the deformation gradient tensor.  The strain 
energy function W was written in terms of the matrix and fiber response, respectively: 

1 1 2 2( , ) ( )W F I I F λ= + , (2)  

where I1 and I2 are the first and second invariants of the right Cauchy-Green deformation 
tensor.  The matrix was modeled using a Mooney-Rivlin model, while the elastic response 
of collagen fibers was considered exponential in the toe region and linear subsequently [5]:   
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 The five material coefficients to define the transverse isotropy of the above 
described material have been chosen as follows. The Mooney-Rivlin constants for the 
matrix were taken as c1 = 2.1 KPa, c2 = 0.  The elastic fibers were characterized by a 
constant to scale the exponential stresses in the toe region c3 = 0.14 KPa, the rate of fiber 
uncrimping c3 = 22, and the modulus of the straightened collagen c5 = 100 Kpa [4]. The 
stretch at which the collagen fibers straighten was assigned a value of λ* = 1.4 [4]. The 
constant c6 was determined from the condition that the collagen stress is continuous at λ*. 
The material was considered as nearly incompressible, with a bulk:shear modulus ratio of 
47.62.  To represent the type of material symmetry exhibited by the myocardium, the fiber 
direction a0 was varied through the thickness of the slab so that fibers rotated clockwise 
180o from epicardial to endocardial surface (Fig. 1a). 
 A strain-based failure criterion was developed to quantify failure resulting from the 
wounding.  The myocardium can be seen as a composite material whose phases, matrix and 
fibers, have different ultimate strains, the collagen fibers withstanding a higher tensile 
strain than the matrix.  Two modes of failure were represented:  matrix failure under shear 
(Fig. 1b) and fiber failure under tension (Fig. 1c); hence the failure criterion was defined in 
terms of two failure surfaces.  With these assumptions, the Cauchy stress was decomposed 
as: 

 volumetric matrix fibers= + +σ σ σ σ  (4) 

The matrix material was considered to fail locally if the maximum shear strain at a point 
exceeded 50% strain [6] and the matrix contribution to the stress was annulled: 

matrix matrix volumetric50% 0, 0γ > ⇒ = =σ σ  (5) 

If the fiber stretch λ exceeded 40% [5] strain at a point, the fiber was considered failed and 
its contribution to the total state of stress was annulled: 



fibers fibers40% 0ε > ⇒ =σ  (6) 

If both of the above conditions were fulfilled locally, the material point exhibited total 
failure. 
 At each material point, the strains in the matrix and fibers were compared with the 
assigned failure values.  A failure flag was defined at each of the particles in the model, to 
record if and what particular type of material failure may occur.  The type of failure and the 
distribution of failed particles helped to interpret the wound profile. 
 

 
 
2.2 Numerical Discretization with Material Point Method 
 
The equations of motion were discretized in space using the Material Point Method (MPM) 
[3].  Explicit time integration was used.  MPM is a particle method for simulations in 
computational mechanics that is implemented within the Uintah computational framework, 
a software infrastructure for large-scale numerical simulations [7].  Like other quasi-
meshless methods, MPM offers an attractive alternative to traditional finite element (FE) 
methods [8] because it simplifies the modeling of complex geometries, large deformations 
and fragmentations that are typical of penetrating trauma to the torso or its components. 
 
 
2.3 Test problems 
 
To test the failure model, the penetration of a bullet through a slab of myocardium was 
simulated.  A 50×10×50 mm myocardial slab was considered (Fig. 1a). The x-y and y-z side 
boundaries were fixed, while the x-z faces were free of constraints.  A 9 mm diameter bullet 
was modeled as an elastic-plastic material with neo-Hookean elastic material properties 
(properties used:  bulk modulus K = 117 GPa, shear modulus µ = 53.8 GPa, yield stress 
422.6 MPa, hardening modulus 53.8 MPa).  The simulations consisted of 1.6⋅106 material 
points, distributed in a 4x4x4 spacing in each grid cell. 
 Simulations of a bullet wound to a myocardial tissue sample were performed using 
several material symmetry models and wounding scenarios.  Simulations were performed 
for bullet velocities in the ‘low-speed’ range, i.e. less than 1000 ft/s. Low speed projectiles 
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Fig. 1. a) Material symmetry of the myocardial slab. The local fiber direction rotated 
180 degrees through thickness of the slab.  Failure modes: b) matrix failure via shear 
strain and c) fiber failure via elongation along the fiber direction. 
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have been shown to produce most of their damage by crushing the tissue, and almost no 
damage due to cavitation. Two initial bullet velocities were considered: 150 m/s and 50 
m/s.  To study the effects of anisotropy on wound profile, an isotropic material slab was 
also considered and results were compared to that obtained for the anisotropic case. 
Frictional contact with a coefficient of friction of 0.08 was considered between the bullet 
and the soft tissue. The matrix, fiber, or total tissue failure were recorded for the each of the 
simulations. 
 
 
3. Results  
  
The wound profile in each of the cases showed the damage from the bullet as it passed 
through the myocardial sample. The wound profile for the case of a bullet with an initial 
speed of 150 m/s and an anisotropic slab is presented in Fig. 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
In all cases the entrance wound had a clean appearance and an approximate circular 

shape.  Total tissue failure was observed in the immediate vicinity of the bullet tract, zones 
of matrix and fiber failure surrounding the inner total tissue failure zone (Fig. 2). The 
wound tract diameter increased uniformly from entrance to exit.  The exit wound appeared 
to be elliptic, the fiber alignment in the slab outer layer perhaps influencing its regular 
shape.  The phenomenon of cavitation of the bullet was not observed, due primarily to the 
small thickness of the slab. 
 The wound profiles and shape of the exits wounds were different between the 
anisotropic and isotropic cases (Fig. 3).  The shape of the exit wound was elliptic for the 
case of anisotropic material symmetry (Fig. 3a) and circular for the case of isotropic 
material symmetry (Fig. 3b). 

Fig. 2. Wound profile and failed particles for a myocardium slab in which 
material fibers rotate 180o through thickness. The failed particles are separated 
by the type of failure undergone: matrix, fiber or total tissue failure. 
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4. Discussion 
 
The results of the test problems are encouraging and can be interpreted in terms of the 
physics of the bullet penetration.   

The wound profile (Fig. 2) showed an approximate circular central area of complete 
tissue disruption in the bullet path presenting a diameter increase from entrance to exit, as 
bullets were reported to produce [1]. The adjoining area of ‘injured’ soft tissue, presented a 
layered failed particle distribution. As the bullet penetrated the slab, it transferred its energy 
to the surrounding tissue producing damage. Closest to the wound tract, a layer of particles 
recording total tissue failure was observed, surrounded by a layer of particles with fiber 
failure and matrix failure. The damage dissipated with the distance from the bullet tract, as 
physically expected [1].  

Fiber reinforcement was shown to make a difference even for very slow speeds (50 
m/s) to the wound appearance (Fig. 3). The isotropic case presented a totally symmetric 
wound pattern, whereas in the anisotropic case the collagen fibers contribute to the 
asymmetry of the wound profile. 

The jaggedness of the exit wound (Fig. 3) is most likely a result of  
projecting a circular object (the bullet) to a cartesian mesh.  This artifact becomes less  
prominent with increasing grid resolution.  Future work will investigate the use of higher  
order interpolation, which is also likely to improve the results.  
 It is understood that the predictions of failure from these simulations will clearly 
depend on the assumptions associated with the failure model. Future research will consider 
alternative myocardial material models [9] and failure properties.  Beyond this, the 
approach of using MPM with constitutive models that explicitly represent failure in 
composites may be useful for large-scale simulations of injuries to the torso that affect 
multiple organs.  Preliminary large-scale simulations of the entire torso, including bones 
and soft tissue organs, have yielded encouraging results.  Others have reported on the use of 
MPM for modeling material failure and accommodating structural failure under impact 
[10]; this research demonstrates the feasibility of using MPM for computational modeling 
of soft tissue failure associated with penetrating wounds.  
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Fig. 3. Effects of anisotropy on the wound profile (exit wound 
view): a) anisotropic slab; b) isotropic slab (initial bullet speed
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