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Abstract

The finite element analysis of biomedical applications requires powerful solid, fluid and multiphysics capabilities.
In this paper, a brief summary of some recent multiphysics developments is provided, followed by three demonstrative
examples. The first is an illustrative multiphysics problem showing fluid—structure interaction (FSI), flow through porous
media, thermal coupling and mass transfer. The second example is a coupled FSI problem involving blood flow through a
stenotic artery. The third example involves a helmet impact simulation.
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1. Introduction

During recent years there has been an increasing in-
terest in the numerical solution of biomedical problems
[1,2]. Typical problems analyzed are found in the ar-
eas related to hemodynamics, artificial organs, orthotics,
prosthetics, medical devices, cell mechanics, bioreactors,
cartilage/bone mechanics, eye surgery, crash testing, abla-
tion procedures, and drug delivery systems. For the analysis
of many such problems multiphysics finite element solution
capabilities are needed.

The objective of this paper is to highlight some new
finite element multiphysics capabilities that we have been
developing, and to provide examples to demonstrate these
capabilities [3-5].

2. Features needed for biomedical multiphysics
applications

Frequently, in biomedical applications fluid—structure
interaction (FSI) capabilities are needed. The FSI capa-
bilities relevant to the biomedical field include coupling
along solid-fluid boundaries, which is essential for mod-
eling blood circulation problems such as those involving
arteriosclerosis, aneurysms, grafts, endovascular stents, or
heart valves [6—8]. The coupling between fluids and solid
porous media where both the solid and fluid models share
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the same space is also relevant. This feature is useful in
modeling bones and brain tissue. Thermo-mechanical cou-
pling is another multiphysics capability that is needed in
biomedical applications such as in eye surgery simulation
and ablation procedures [9].

While each physical component in the analysis of a
multiphysics problem may be represented by its own dif-
ferent finite element type, mesh topology, and numerical
integration procedure, they should all contribute to a single
coupled system of equations. And then it is beneficial to
have both direct and iterative solution algorithms for the
coupled system of equations. The iterative solution algo-
rithm can use existing fluid and structural solvers. However,
for problems involving strong coupling a direct solver is
required.

Regarding the modeling of the kinematics and material
behavior, the accurate simulation of biomedical problems
requires powerful 2D/3D solid elements, beam and shell
elements, with linear and nonlinear responses and an ex-
tensive material library. The material library should include
several hyperelastic models suitable for blood vessels, vis-
coelastic models suitable for cells, and porous models
suitable for biological tissues. A robust frictional contact
algorithm is required for numerous biomedical problems
such as encountered in nerve contact, orthotic components
and spine mechanics [10-12]. The fluids module of a com-
putational code should be able to handle the Navier-Stokes
incompressible, slightly compressible and low-speed com-
pressible flows. It should handle mass transfer equations,
which are useful in simulating drug delivery problems or
bioreactors [13]. It should also include Poisson-type equa-
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tions for electrical potentials and displacements, which are
needed for modeling tissue ablation [9]. Finally, power-
ful pre- and post-processing features and CAD support
are necessary in order to provide users with a versatile
user-friendly environment.

3. Demonstrative examples

In this section we present several biomedical-related ex-
amples. The simulations were performed using the ADINA
System [14], which has the above-mentioned multiphysics
capabilities. More case studies can be found in Refs. [6—13].

3.1. Illustrative multiphysics problem

This example is constructed to demonstrate several mul-
tiphysics features in a single model. It involves a transient
analysis of a fluid flowing past two thin flexible solid walls,
as shown in Fig. 1. The lower wall is assumed to be porous.
The fluid at the inlet is subjected to a pressure rise that pro-
pels it past the flexible walls. A prescribed temperature rise
is applied to the solid at the inlet side, and prescribed mass
concentration is also imposed at a fluid point. This example
involves fluid—structure coupling, (i) along a fluid—structure
interface, (ii) resulting from thermal coupling, and (iii) re-
sulting from porous media. The example also involves mass
transfer analysis.

Fig. 1 also shows some results from this model that illus-
trate the deformations of the structure due to the fluid pres-
sure and the non-symmetry in the flow due to the porous
wall. Note that the fluid-flow with mass transfer features
used in this example can be employed to study the delivery
of drugs through the bloodstream, while the fluid flow across

porous and non-porous walls can be used, for example, to
study blood flow in the lungs and across heart valves.

3.2. Blood flow through a stenotic artery

Blood circulation and other hemodynamics problems
can most accurately be modeled as coupled FSI problems.
The blood vessels are generally compliant, and their defor-
mations affect the flow of the blood. In this example, we
present a simulation of the stenotic (narrow or constricted)
artery shown in Fig. 2. A severe stenosis is selected where
the internal diameter of the artery is reduced by 80%. Un-
der these conditions the artery may experience high shear
stresses and blood recirculation [7].

The artery is modeled as a hyperelastic material under-
going large deformations and the blood as a Newtonian
fluid. Stiffer material properties are assumed in the vicinity
of the stenotic section. An Arbitrary Lagrangian Eulerian
(ALE) formulation is used for the fluid mesh to minimize
mesh distortion as the artery gets stretched. The artery is
first subjected to an axial stretch of 30% to simulate its
in vivo condition. This leads to a reduction in its internal
diameter. Blood is then pumped through the artery result-
ing in its expansion. This is followed by several pressure
cycles emulating the pressure variation during circulation.
The direct computing method is used to solve the single
effective stiffness matrix resulting from the coupled prob-
lem. Further details on the solution procedure for coupled
problems can be found in Refs. [5,9,14].

Fig. 2 also shows the pressure variation in the blood,
and the axial strain in the artery at a certain time during the
cyclic part of the simulation. The results illustrate the high
axial strain in the artery and the severe pressure drop at the
constricted section.
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Fig. 1. Illustrative multiphysics problem: schematic (top) and velocity profile (bottom).
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Fig. 3. Helmet impact analysis: schematic (left), and comparison with experimental data (right).

3.3. Helmet impact analysis

Sports helmets are essential for mitigating head and
neck injury. Fig. 3 shows a finite element model of a new
helmet design (courtesy of MET S.p.A., Italy). The objec-
tive of the analysis was to ensure that the helmet provides
adequate protection for the head. In particular, the deceler-
ation of the head must not exceed 250 g. Experimental tests
were also carried out on prototype models in a laboratory
setting.

The helmet was modeled using 26,800 3D elasto-plastic
solid elements and the head was given an initial velocity of
4.57 m/s. The anvil was modeled using 3D elastic elements
with material properties corresponding to steel. An implicit
dynamic simulation was performed, of course, without
any reduced integration, hourglass control or mass scaling.
Fig. 3 also compares the acceleration versus time curves
obtained from the numerical simulation and laboratory

test results. There is very good agreement between the
simulation results and the experimental data.

4. Concluding remarks

The biomedical field provides for exciting research de-
velopments and applications in computational mechanics.
In this paper, we have briefly addressed some developments
in finite element methods for the multiphysics problems en-
countered. But, of course, further enhancements are much
needed and we are continuing our developments.
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