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Abstract The failure of capillaries, or bruising, is a
common physical exam finding following blunt trauma, and
can be indicative of intentional trauma and abuse. However,
despite the obvious clinical and forensic applications,
there exist no computer models of bruising in soft
connective tissues. We generated a finite element model
of an adult female human arm segment, including skin,
adipose, skeletal muscle, and bone, to determine the
relationship between applied load, and the stresses and
strains experienced by the tissue layers when impacted by
a punch. The maximum principal stress in the wall of the
capillary was 89.6 kPa, indicating that bruising would likely
result in the skin, adipose, and skeletal muscle under these
specific loading conditions, and that bruising is not limited
to the impact site. The determination of bruise etiology has
implications for forensic analyses and clinical procedures,
and may have specific uses in characterizing abuse trauma.

Keywords capillary failure; finite element analysis; bruis-
ing

1 Introduction

A bruise is an area of closed hemorrhage into soft tissue due
to the rupture of blood vessels caused by blunt trauma [16]
or pressure differentials [19]. A bruise is typically present
in soft connective tissues such as skin, adipose and muscle,
as well as bone, but can also present clinically in internal
organs such as the lungs [17], heart [3], and brain [8]. When
forces impact soft tissues, they deform relative to the load
magnitude, anatomical location, rate of loading, and load
orientation; and when the ultimate stress of the tissue is
reached, the tissue fails [4]. This occurs in bruising, when
the applied stress overcomes the maximum tensile strength
of the capillaries, they rupture, and blood is released into
the soft tissues. There are three common types of bruising:
subcutaneous, intramuscular and periosteal. Subcutaneous
bruises are limited to the skin and adipose tissue, whereas
intramuscular and periosteal bruises describe those found

in the skeletal muscle and bone, respectively. Subcutaneous
bruising requires that skin not experience tearing; however,
intramuscular or periosteal bruising may be accompanied by
tearing of the skin [11].

Bruising is a common medical condition and it can result
from accidental trauma, but its presence may also imply
intentional trauma, as in cases of intimate partner violence
or child abuse. For example, soft tissue injuries were found
in up to 92% of children suspected of being victims of
child abuse [2]. Bruises in specific anatomical locations
can be indicative of intentional trauma; most commonly
including the buttocks, perineum, trunk, posterior legs,
posterior ribs, and the head or neck [2,7,9]. Despite such
practical implications, there have been no finite element
model (FEM) studies that attempt to model bruising in soft
connective tissues, while a few studies have used finite
element analysis to model bruising in the brain [8] and the
lungs [17]. Desmoulin and Anderson [6] created a kinetic
model of bruising for living subjects that estimated energy
absorbed and energy density upon impact, but that model
was restricted to an estimate of surface forces. However,
a finite element model that complements the work of
Desmoulin and Anderson would go far towards validating a
mechanical model of bruising, and vice versa.

Finite Element Analysis (FEA) is a numerical technique
used to approximately solve partial differential equations of
equilibrium that govern the stresses and strains that result
when a model structure is loaded. The process involves the
approximation of the physical geometry into a contiguous
set of smaller, simply shaped entities called elements, con-
nected together at points called nodes, forming a finite ele-
ment mesh. Material properties are assigned to each element
based on material test data, and appropriate kinematic con-
straints and loading conditions such as compression, ten-
sion, bending, and torsion are applied. The finite element
model is then solved to obtain the elastic deformation of the
structure, including the patterns and magnitudes of stresses
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Table 1: Material properties of tissue layers values were taken from the biomechanical literature and incorporated into the
model for each tissue layer. References for material property values are provided in brackets.

Tissue layer

Density (kg/m?)

Young’s modulus (MPa) Poisson’s ratio

Dermis and epidermis (skin) [5,13] 1.05x10°°
Subcutaneous adipose [18] 9.19 x 1077
Skeletal muscle [10, 18] 1.06 x 10~
Capillary wall [1,10] 1.00 x 107°
Blood [15] 1.06 x 1076

0.035 0.48
0.244 0.49
0.07 0.37
0.37 0.495
0.03 0.499
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Figure 1: Global model of the arm section with a hollow
cavity representing the humerus. Note the high density of
elements in the top left resulting from the nested submodels.

and strains due to the applied loading conditions. Thus, the
mechanical behavior of even complex structures can be sim-
ulated and failure thresholds estimated. This study investi-
gated the impact of bruising on the human upper arm by
simulating a traumatic, high-speed impact in order to char-
acterize bruise etiology in soft connective tissues.

2 Materials and methods

2.1 Finite element analysis

A geometry model of the human upper arm was created
in ANSYS Workbench 14.0 Design Modeler (Figure 1).
To simplify the modeling process, the cross-section of an
adult female arm was imported from the Visible Human
Project using Solid Works, and subsequently imported
as a geometry template into Design Modeler. The two-
dimensional geometric face was extruded 100 mm to create

a longitudinally symmetrical arm segment which had a
resulting diameter of 111 mm (major axis) and contained
the three soft connective tissue layers: skin, subcutaneous
adipose tissue, skeletal muscle, and bone as a scaffold.
Three nested submodels were created with a capillary
embedded in the final muscle submodel (Figure 1). Tissues
were finalized by assigning appropriate material properties
of density, Young’s modulus, and Poisson’s ratio, that were
taken from the biomechanical literature (Table 1). Bone as a
tissue was not considered in solving the model as it is orders
of magnitude stiffer than the surrounding soft tissues, and
thus, for the purposes of modeling soft connective tissue
bruising, it was treated as a rigid mechanical framework.
By neglecting fluid acceleration effects, we were able to
model the blood within the capillary in the final capillary
submodel as a nearly incompressible elastic solid to account
for its incompressibility, precluding the need for a coupled
structural-fluid mechanics simulation [21].

Because capillaries scale to microns and the arm
segment scales to centimeters, the model utilized a multi-
scale finite element submodeling approach consisting of
a global finite element model of the upper arm with the
sequence of three submodels, each of decreasing size.
The global model representing the arm contained the
three nested submodels of 4.0 mm, 0.2 mm, and 0.048 mm
diameter volumes (submodels were necessary considering
that the diameter of the global arm model is 14,000 times
larger than a capillary). Contained within the smallest
submodel was a single capillary of outer diameter 8 microns
and wall thickness of 1 micron, and which was situated
across the border of the applied load. The total volume
of the global model was 7.323 x 10° mm3, with a mass
of 0.7528kg, and was constructed of 197,112 elements
and 275,992 nodes. In the submodeling approach, a global
finite model is solved to obtain the displacement field.
Interpolation is used to map displacements found in the
global model to displacements that act on the boundary
of the submodel. Additional internal geometric details,
which are too small to include in the global model, are then
included in the submodel. The submodel is then solved and
the process repeated if further submodels are needed.
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Figure 2: Peak total deformation of the global model
experienced at time ¢ = 0.044 s due to transient pressure
load.

A pressure with a peak magnitude of 0.1 MPa was
applied to 648 mm? impact area on the surface of the skin
over a time period of 0.06s, reaching a peak pressure at
0.04 s, and subsequently returning to zero at 0.06s. This
combination of load and application rate was chosen to
simulate a physiologically realistic impact to the center of
the model, on a central axis perpendicular to the long axis of
the humerus. For the transient upper-arm model, the density
values of skin, adipose, and muscle issue were taken from
the literature, as indicated in Table 1. Because the global
model is time dependent, the density of each material is
a significant factor in the analysis. All submodels were
necessarily static analyses based on peak time step results
from the global model.

For the purposes of this study, it was assumed that
bruising would be represented in the model by regions
in which the maximum principal stress level surpassed
the ultimate tensile stress of the capillary wall. We based
this on the research by West et al. [1,19,20] who has
extensively studied pulmonary capillary failure. Their
research suggests that pulmonary capillary failure is due
to hoop (i.e., circumferential) stresses in the capillary wall
as a result of high transmural pressure which dilates the
capillary. Based on simple biomechanical analysis and
estimated transmural pressures that resulted in pulmonary
capillary failure, they estimated a failure hoop stress of
approximately 84 kPa. Since hoop stress also corresponds
to the maximum principal stress in a hollow cylinder under
internal pressure, the estimated hoop failure stress of 84 kPa
represents the ultimate tensile strength of a pulmonary

capillary. We could find no work in the literature providing
histological or biomechanical analysis of failure mechanism
of capillaries in other tissues. We suggest that capillaries in
other soft tissue, such as adipose and muscle, may fail by a
similar mechanism due to tensile stresses that will occur in
the capillary wall even when compressive loads are applied
to the skin. Results do confirm the existence of large tensile
hoops stresses within the capillary wall due to pressure
loading on the skin.

3 Results and discussion

A multi-scale finite element model of a human upper arm
with skin, subcutaneous adipose tissue, skeletal muscle,
and an individual capillary was successfully created in
ANSYS Workbench 14.0. Because the model was bilaterally
symmetrical along its long axis and thus results in either
direction were identical, only half the model appears in the
figures. This also served to generate cross-sectional views of
the model and impact zone. The solved model demonstrated
multidimensional waves of pressure propagating depth-wise
and circumferentially from the impact area, resulting in a
substantial peak deformation (Figure 2). The global model
experienced a peak deformation of 26.45 mm, which was
focused in the skin and adipose, but dampened by the
skeletal muscle layer (Figure 2). The equivalent stress of
the model was 0.0329 MPa in the skin, 0.028 MPa in the
adipose, and 0.0188 MPa in the skeletal muscle (Figure 3).
Stress was distributed depth-wise to the humerus, with
additional stress concentrations on the muscle border
with the humerus, peaking at 0.0235 MPa (Figure 3). The
volumetric region for the first-level sub-model clearly
experienced high stresses below the impact epicenter,
and distributed radially (Figure 4). Capillary wall results
demonstrated a peak maximum principal stress level of
89.5kPa, exceeding the stress level estimated to cause
failure in pulmonary capillaries [20,21], and therefore
leaking their contents into the interstitial fluids. The lateral
margins of the capillary wall experienced high tensile
hoop stresses of the order of 50-60kPa (Figure 5). Thus,
even though the skin experiences high compressive loads,
the portions of the capillary embedded in the underlying
muscle tissue experience high tensile stresses that can result
in capillary failure consistent with previously published
mechanisms of pulmonary capillary failure.

4 Conclusions

In our multi-scale set of finite element models, high tensile
stress levels were found from the impact surface, deep to the
border of the humerus, and thus within skin, adipose, and
muscle tissues. The stress distribution found in the capillary
submodel indicates that tensile stresses are distributed from
the impact site and outward radially. These results clearly
show that high tensile stress levels consistent with a bursting
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Figure 3: Equivalent (i.e., von Mises) stresses in the global
model at time £ = 0.044 s.
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capillary failure mechanism can be found in the muscle tis-
sue within the area of impact, despite compressive loads
applied to the skin, and that these high tensile stresses are
the result of internal hydraulic pressure which produce high
tensile hoop stresses in the capillary wall. The work of Tham
et al. [19] supports the hypothesis that pressure differentials
(increased internal pressure or reduced external pressure)
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Figure 4: Maximum principal stresses in the volumetric
region of the first level sub-model at time ¢ = 0.044 s.
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are the primary cause of capillary failure. It should also be
noted that collagen, for example, is polyallelic and thus vari-
ation between individuals can be expected in both protein
structure and mechanical properties [12, 14], and thus bruise
thresholds. Future work is needed to confirm capillary fail-
ure mode and thus the etiology of bruising, as well as defin-
ing the load threshold window over which bruising occurs.
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Figure 5: Maximum principal stresses in the capillary wall embedded in the third-level sub-model due to deformation of the

global model at time ¢ = 0.044 s.
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