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ABSTRACT

Background and Objectives. Finite element simulations are widely employed as a non-invasive and
cost-effective approach for predicting outcomes in biomechanical simulations. However, traditional
finite element software, primarily designed for engineering materials, often encountered limitations
in contact detection and enforcement, leading to simulation failure when dealing with complex
biomechanical configurations. Currently, a lot of model tuning is required to get physically accurate
finite element simulations without failures. This adds significant human interaction to each iteration
of a biomechanical model. This study addressed these issues by introducing PolyFEM, a novel finite
element solver that guarantees inversion- and intersection-free solutions with completely automatic
collision detection. The objective of this research is to validate PolyFEM’s capabilities by comparing
its results with those obtained from a well-established finite element solver, FEBio.

Methods. To achieve this goal, five comparison scenarios were formulated to assess and validate
PolyFEM’s performance. The simulations were reproduced using both PolyFEM and FEBio, and the
final results were compared. The five comparison scenarios included: (1) reproducing simulations
from the FEBio test suite, consisting of static, dynamic, and contact-driven simulations; (2) replicating
simulations from the verification paper published alongside the original release of FEBio; (3) a
biomechanically based contact problem; (4) creating a custom simulation involving high-energy
collisions between soft materials to highlight the difference in collision methods between the two
solvers; and (5) performing biomechanical simulations of biting and quasi-stance.

Results. We found that PolyFEM was capable of replicating all simulations previously conducted in
FEBio. Particularly noteworthy is PolyFEM’s superiority in high-energy contact simulations, where
FEBio fell short, unable to complete over half of the simulations in Scenario 4. Although some of
the simulations required significantly more simulation time in PolyFEM compared to FEBio, it is
important to highlight that PolyFEM achieved these results without the need for any additional model
tuning or contact declaration.

Discussions. Despite being in the early stages of development, PolyFEM currently provided verified
solutions for hyperelastic materials that were consistent with FEBio, both in previously published
workflows and novel finite element scenarios. PolyFEM exhibited the ability to tackle challenging
biomechanical problems where other solvers fell short, thus offering the potential to enhance the
accuracy and realism of future finite element analyses.

1. Introduction

Simulations of biomechanical systems are often used

an excellent general framework for understanding the fun-
damentals of tissue mechanics. However, many of these
tools were never designed specifically to solve problems

as a controlled and cost-effective way to make predictions
of normal and/or pathological processes, to gain insights
into these complex systems through parametric analyses, to
design devices, as an indirect and non-invasive way to per-
form measurements, and as a way to communicate and edu-
cate [68, 24, 33, 2, 54, 62, 10]. Traditionally, computational
biomechanics, and bioengineering in general, have bene-
fited significantly from adapting theories and approaches
developed to solve traditional engineering problems with
traditional materials. For example, rubber elasticity provided
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in biomechanics so they often fail to sufficiently describe
specific aspects of biological mechanical behavior that are
often required to answer specific biological questions (e.g.,
rubber elasticity cannot describe tissue growth and remod-
eling) [32].

Energy transfer via contact and friction is particularly
challenging for simulations and proves to be especially prob-
lematic in the context of biological tissues. Compared to
standard engineering materials, biological tissues can un-
dergo very large non-linear deformations, even in response
to relatively small forces, and are often in contact with other
tissues that are mutually deformable. Small errors in the
calculation of forces can result in very large deformations
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that do not accurately simulate the system. Thus, it is not
only important to accurately describe material behaviors in
these scenarios, but it is also critical to accurately describe
mechanical interactions between materials that share contact
surfaces.

For most scenarios, there are a few common configura-
tions that are particularly challenging:

1. thin, soft layers compressed between large and stiff
objects (for example, cartilage and menisci),

2. high-energy collisions,
3. large deformations of soft tissues,

4. complex contact between multiple objects in close
proximity.

In all these cases, there are often failures due to either in-
dividual elements degenerating into zero or negative volume
(often referred to as negative Jacobian elements) or an in-
ability to correctly resolve collisions leading to either invalid
simulation states or non-physical impulse forces to compen-
sate for the incorrect collision response. These problems are
tackled in existing simulators by providing parameters that
allow controlling both contact and elastic forces to prevent
these configurations. However, finding a valid set of parame-
ters for scenes with complex geometries and scenarios can be
extremely challenging and time-consuming. Furthermore,
there is no guarantee that a set of parameters even exists. This
can lead to an infinite loop of adjusting parameters that may
ultimately never produce a viable result. Once this happens,
the user either has to make compromises (e.g., changes to the
geometries, altering the boundary conditions, or otherwise
simplifying the simulation) in order for the simulation to
complete.

A new family of robust FE solvers based on the Incre-
mental Potential Contact (IPC) formulation [40] has been
recently introduced for structural mechanics problems: the
key difference in these approaches is that their formulation
is, by construction, addressing the two issues above. No
element can invert, and no collision can be missed. This is
achieved with an entirely different (and not equivalent) for-
mulation, which trades off computational efficiency for in-
creased robustness and reduction of parameter tuning. In this
work, we benchmark the implementation of this approach
in the PolyFEM [60] open-source software to evaluate its
utility for biomechanical simulations, comparing it against
the established FEBio software [43]. Each of the tests in
the benchmark compares different simulation’s outcomes,
including stresses, strains, and displacements. As there is
no clear definition of equivalence between different results,
for this study, we deemed the solvers to be equivalent if
the difference in the outcome’s measure is less than 5%.
However, many of the simulations, especially those without
contact, produce identical results because the solvers are
based on the same material models.

We observed that the results obtained by PolyFEM are
very similar to FEBio while requiring much less parameter

tuning; in some complex cases, we found that PolyFEM was
able to simulate systems that proved to be challenging for
FEBio. On the other hand, PolyFEM is still in the early
stages of development and thus does not yet support a wide
selection of features that are necessary for many biome-
chanical simulations, including reduced models of rods and
shells, advanced material models, and certain constraints.
As noted, it is important to recognize that the ability to
handle more complex simulations also comes at a higher
computation price; based on our experience, we believe this
is a fair tradeoff, as computational resources are affordable
compared to the human effort required for parameter tuning.

2. Related Works

2.1. Biomechanics Simulations

We note that the list of FE studies and software included
in this section is by no means exhaustive. Providing such an
exhaustive review is beyond the scope of this work; however,
we believe that it is important the contextualize our work by
providing a representative selection of other software that is
often used in biomechanics research.

A common application for the use of specialized simu-
lation is in the area of musculoskeletal modeling. Software
for these simulations is based on using rigid multi-body
systems for bones and Hill-based (spring-like) models for
muscles [61, 13]. While very important and successful for
many questions related to joint kinematics and dynamics,
muscle force estimation, and muscle activation patterns,
such simulators ignore inter-contact between muscles and
model muscle-bone interaction directly via points. The type
of problems addressed often implies inverse dynamics and
contact with the environment are prescribed as boundary
constraints. Hence, they often do not include the elasticity of
tissue and use idealized assumptions on joints and contact,
sometimes driven by real-life force measurements. It is not
uncommon to use simulation outputs from such simulators
to estimate forces that can drive motions in finite-element
simulations.

For fast solvers for real-time medical simulations, there
exist frameworks such as SOFA [21] which are well de-
signed to provide solutions for pre-guided image surgery,
control of soft medical robots, surgical training, and more.
SOFA focuses on performance to deliver fast real-time in-
teraction with clinical operators [74]. By using the finite
element method with a focus on linear elements and co-
rotational linear elastic materials mixed with optimizations
of matrix computations that exploit zero-fill patterns, this
software can achieve significant performance gains at the
cost of accuracy. In terms of contact, the SOFA does sup-
port general collision detection and implements constraint-
based contact forces using expressed LCP models based
on the classic Coulomb friction models for planar dry fric-
tion. Nevertheless, these compromises in accuracy in favor
of performance are often justified for some problems in
biomechanics. SOFA can also be extended. For example,
the inverse finite element method is being used in SOFA
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to support control of soft medical robots [45]. In addition,
FEniCSx and SOFA have also been combined [44] providing
SOFA with advanced FE features and support for users to
implement their constitutive model of choice through coding
both for direct forward and inverse simulations.

On the other hand, many problems in biomechanics
often necessitate accuracy on a level that cannot be pro-
vided by fast real-time medical simulators. These simula-
tions are usually performed using commercial finite ele-
ment (FE) software packages (e.g., Ansys™ [15, 52, 56],
ABAQUS™ [36, 29, 78, 42], COMSOL [26, 27], and
NIKE3D™) or open-source solvers like FEBio (University
of Utah, and Columbia University) [43, 23, 58, 39] or
aforementioned FEniCSx [41]. These solvers have largely
evolved from traditional structurally focused engineering
solvers, and while they do provide state-of-the-art material
models for biomechanics and are often robust to handle
many biomechanical scenarios, they were not specifically
designed to capture some of the complex mechanical in-
teractions that are common in biomechanics (e.g., large
deformation, sudden contact, and friction forces). As such,
the contact models are generally most suitable for structural
mechanics applications. While these can be effective for
specific biomechanical applications (e.g., orthopedics), they
often require a large degree of parameter tuning and often ex-
plicit specification of the contact surfaces. This can present
significant challenges for simulating soft tissue-to-soft tissue
interactions with nonuniform geometries that undergo major
changes in shape, size, and areas of contact. Even for well-
posed problems, incorrect parameter choices can often lead
to simulation failure or inaccurate results. Other solvers,
such as the SIMon Finite Element Head Model (developed in
part by the National Highway Traffic Safety Administration),
are designed to simulate specific scenarios; namely head
trauma in motor vehicle accidents [65, 66]. Other studies
either used less popular software [64, 57, 16] or did not
explicitly state which FE solver they used [20, 75].

2.2. Existing Benchmarks of Finite Element
Solvers

We are not aware of a comprehensive set of benchmarks
that can evaluate an FE solver’s ability to compute complex
biomechanical problems. Therefore, the responsibility falls
on the software developers and model creators to ensure
the accuracy of their work. FE benchmarks can be broadly
divided into two categories, verification and validation. The
former focuses on confirming that the solver produces accu-
rate mathematical solutions, while the latter involves ensur-
ing that the computational model accurately simulates real-
world physical interactions [3, 28].

In the past, verification has primarily been the respon-
sibility of the solver’s creators, who have released verifica-
tion problems along with their FE solver. These problems
serve to demonstrate that the underlying mathematical im-
plementation is sound by comparing the solver’s solutions
to known analytical solutions and/or previously verified FE
solvers [1, 4, 43]. Although some groups have attempted to

compile a comprehensive list of verification problems that
should accompany any FE solver, these lists have yet to
gain significant adaptation [51, 17, 47, 18]. The most com-
mon verification problems are simple simulations with well-
known analytical solutions and will be presented in more
detail later in the paper (i.e., a cantilever beam, hyperelastic
sheet with hole, single element tension/compression, etc.).
This study’s major focus was on this topic, to ensure that the
underlying mathematical implementation of material mod-
els and boundary conditions within PolyFEM are correct.

Validation, on the other hand, is usually produced to
accompany the release of a FE model. In these benchmarks,
the model’s creator should attempt to prove that their model
is capable of modeling real-world physical interactions. In
biomechanics, this typically involves one or more of the fol-
lowing: comparing the measures generated by an FE model
to experimental biomechanical data, such as stress, strain,
and displacement [15, 65, 66, 76, 52, 22, 16, 64, 78, 56],
cadaveric and/or human system measures [65, 76,22, 36, 52,
23, 58, 39], or even other FE solvers [36, 20, 56]. In cases
where simple outcome measures are nearly impossible to
measure (i.e., in vivo tissue response), comparing the motion
of organs/tissues on dynamic MRI to that calculated from
the model has been used as proxy [57, 42]. As previously
stated the focus of this study was verification of PolyFEM’s
mathematical implementation however, some of the exam-
ples are based on analytical solutions or physiologic data
(sections 4.1, 4.2, 4.5, and 4.6) and thus some validation may
be possible. Any future work creating a model in PolyFEM,
as is true with any finite element solver, would need to be
further validated for their specific model through one of the
aforementioned methods

Beyond comparing the accuracy of FE solutions, bench-
marks offer the ability to compare the efficiency of FE soft-
ware while simulating the mechanical problem. Assuming
that the solvers produce identical stress and strain states,
the easiest of these comparisons to make is the CPU time
that it takes for the solvers to converge to the same solution.
This notably does not include the time that it takes for the
user to set up the simulation, or “human time,” which in
most cases is the most time-consuming portion of FE model
development. Human time also extends to the iterative pro-
cess where the user has to adjust model parameters (meshes,
contact penalties, etc.) in order for the model to converge to
a solution. There are not many studies that aim to determine
which FE software is the fastest. Those that do compare
solvers are comparing specific components of the software
like the contact algorithm or solving method [46, 38]. One of
the potential reasons for this lack of study is that the majority
of researchers in this field will choose the FE software that
they are most comfortable with, even if there are potentially
significant time delays in doing so.

2.3. Common Contact Models in Biomechanics
Biomechanical simulations often require the accurate

modeling of physical interactions (i.e., contact) between

different tissues, such as those that occur in joints, organ
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systems, foot/ground interactions, and others. Detecting ande will discuss because they only add a multiplier to the
implementing methods to resolve the transfer of energybijective function [7]. However, their simplicity can intro-
during these interactions are some of the most challengindguce signi cant bias to the simulation since the choice of
areas in biomechanical simulation. In general, three classggenalty is often arbitrary and can signi cantly impact the
of contact have been used to detect and implement contaaiutcome [6]. Although these methods work well in simple
node-on-node, node-on-segment, and segment-on-segmerntact cases, they often struggle when computing high-
[73]. Node-on-node contact can only be used in linear casesnergy contact between soft deformable bodies, such as
with symmetrical meshes and thus will not be discusseduman organs.
further. Node-on-segment contact was rst developed to  Other, less popular biomechanical FE software derive
address a common problem in all contact methods, i.e. pertheir regularized contact model from Nitche's method. One
etration between the two objects that have entered contasuch software is CutFEM [9, 12]. CutFEM has been de-
with each other. This is handled by rst checking for, and if signed to make the problem's discretization as independent
needed, addressing, intersecting faces [73, 55, 67, 31, 6as possible from the geometric description and to minimize
71]. Addressing these intersections depends on the solvéihe complexity of mesh generation while maintaining the
that is used and will be discussed later. A single pass hodeccuracy of the FE method [9]. Contact interfaces between
on-segment approach only requires that the nodes from orte/o meshes are represented by a level set function that
object (object A) do not intersect with the faces of anotheris placed on a background grid of the simulation, which
object (object B), also known as primary and secondary allows for low-quality and/or complex geometries to be
surfaces [55]. Two-pass approaches do the same thing &sodeled without the need for computationally expensive
single-pass but also ensure that the nodes from B also demeshing. By using this discretization method, it becomes
not intersect the faces from A [55]. However, these methodsnuch easier to implement Nitsche's method for contact [12].
are prone to four major drawbacks, which are discussed ilitsche's method and its derived regularized contact models
much further detail in Puso et al. and Erleben [55, 19]: apply a penalty term to the weak form of the governing
equations and can be viewed as a generalization of the
classic penalty model. However, unlike the classical penalty
2. Non-smooth contact that leads to jumps in contacimodel, Nitsche's method is symmetric and consistent across
forces when nodes from an object slide between théoundaries, which works well with CutFEM's implementa-
faces of the other tion of geometric boundaries. Symmetry across boundaries
ensures that these methods do not su er from any of the

3. Thediscrete constraints cause jumps when nodes fro%‘forementioned locking or jumping e ects. Unfortunately,

one object slide o the boundary of the other in nonlinear cases, Nitsche's method becomes more com-
4. Inequality equations determine active and inactivePlex than penalty or Lagrange multiplier methods and thus

constraints more challenging to compute. This becomes problematic in
L . biomechanical simulations as the majority of them include
These four drawbacks were the signi cant driving force g me sort of nonlinear contact [71]. Additionally, Nitche's

behh'?ld the %edvelopnr]]ent of Eurfa((:je—ont;sulr(face al??’Oﬂthr,nsmethod uses a penalty parameter that must be arbitrarily
which can address the tqp t ree drawbacks [55]. By us'n%issigned and has a signi cant e ect on the simulation out-
smoothed surface approximations to calculate contact, the me

algorithms avoid the possibility of nodes getting "locked"” The nal type of contact models to be discussed are

in place or experiencing signi cant jumps due to sliding those based on barrier stiness methods. These methods
between surfaces or o of the boundary of the surface. Most, ., +ilized in PolyFEM, which employs the IPC contact

software allows the user to select which of these contaGfy ary [40]. A barrier stiness model operates by intro-
detection formulations they want to use. Then the method fo ucing a sti ness term that prohibits two contacting bodies

enforcing the detected contact is software-dependent. Se¥%om intersecting. At the time of their publication Li et

eral algorithms have been developed for enforcing contact,|  gi4ad that IPC is the rst implementation of a con-

andl tV‘I’O widelz used methods are th? penﬁlty ar;]d Lagrar:ggct model that can ensure convergence of solutions free
multiplier methods [8, 50]. In general, both methods app Yof intersections and inversions (which, based on another

constraints that limit the possibility of infeasible solutions literature search, appears to remain true) [40]. We are not
forming, i.e., intersection detected between two objects. Th laiming that this is the rst implementations of barrier

augmented Lagrangian method uses the principals of bothy; ,ass methods for biomechanics simulations. In fact these
aforementioned methods but also includes additional aug-

) . ) %ethods have become more and more popular over the last
mentation steps to improve the estimates of the Lagrangiag,, years [37, 15, 34, 59]. If a reader is interested in how

multipliers ar_ld isimplemented in popular software packageﬁz,c ts in the landscape the history of other barrier sti ness

suchas '_:EB'O’ ANSYS, and_ABAQUS [70]. The augmentedy, 1h o4 we point the reader to Li et al. and Laursen [37, 40]
Lagrangian mgthod starts with a penalty stgp and t_hen enteis is makes barrier sti ness methods particularly suitable for
an augmentation cycle where the Lagrangian multipliers arg, .10 s with signi cant nonlinear deformations, such as

|t§rat|vely updated to improve Fhe egtlmates of the mu“"those encountered in biomechanical simulations. However,
pliers. These methods are easier to implement than others

1. Locking or over-constraint of some nodes
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it should be noted that the suitability of this software for nodal positions by solving a constrained minimization of
biomechanical simulations has not yet been veri ed, whicha potentialE [35] (inertia and elasticity in PolyFEM and
is something we will aim to assess in subsequent sections.elasticity in FEBI0):

x"1 = argminE.x; x;; VY/; s.t.g.x/ g 0: (1)

3. Mathematical Background X

We brie y overview the major solver di erences be- The choice ofg varies, but it is usually a function that is
tween FEBio and PolyFEM, focusing on their relevancezero when elements do not overlap and negative otherwise.
in biomechanics. We exclude from our discussion frictionThere are many ways of de ning; for instance, FEBio uses
forces; we refer an interested reader to Maas et al. [43jhe signed distance along the normal direction between the
and Li et al. [40] for more details. The major di erence closest points [77]. This problem is typically solved using
between the two solvers is that PolyFEM expresses all partg -the-shelf or custom numerical solvers; FEBio uses a
(elasticity, inertia, contact, etc.) as potentials, while FEBioNewton-Raphson method [43]. As for the elastic potential
uses only the elastic energy. While both formulations areEe, the solution of (1) with linearized constraints does not
mathematically equivalent, the PolyFEM formulation allows directly imply thatg.x/ g 0, and even solving a sequence
using a standard unconstrained optimization method couple@f problems with linearized constraints at each step might
with a line search to ensure that the solution remains in th@ot necessarily nd a valid con guration satisfying the non-
feasible region, thereby having the capability of handlinglinear constraints, thus potentially not resolving collisions.
challenging cases such as small elements being compress@# show an example of such failure in Figure 10. Another
or high velocities leading to large deformations. Grantedsource of failure is that constrained solvers usually only
this will lead to a harder minimization problem that might satisfy the constraints up to numerical precision. This might
require more iterations for the quadratic approximations ofead to missed/problematic collisions when large or small
the Newton solver; however, the method is inherently robusfumbers are present (e.g., in the presence of high velocities
as itis guaranteed to produce a physically valid con gurationor small elements).

for any provided displacement or velocity (i.e., the solver . )
remains in the feasible region). Incremental potential contactThe IPC formulation tack-

les these failure points by avoiding the use of constrained
Elastic Potential. Both FEBio and PolyFEM use the same solvers and making the linearization of constraints and
elastic potentiaE, derived from the elastic energy. How- energy safe by using a custom line search procedure, as for
ever, FEBio supports signi cantly more material models; Ee. The constrained optimization problem (1) is converted
for instance, transversely isotropic (Transversely Isotropidnto the unconstrained optimization of:
Hyperelastic) and orthotropic (Fung Orthotropic, Holzapfel-
Gasser-Ogen) materials are not yetimplemented in PolyFEM.
The major advantage of the potential formulation in PolyFEM
is that in the line search, it explicitly checks for inverted where > 0is an adaptive parameter controlling the barrier
elements and shortens the Newton increment to ensure thsti ness,d,, measures the distance between two primitives in
the new solution is valid. This occurs since the quadratidhe set of all possible primitive pai@ andbis a logarithmic
approximation ofE, used by the solver does not diverge barrier function. This non-linear energy is minimized with
when elements have zero volume, evela ifdoes. We show a Newton descent algorithm with a custom line search that
an example of such a problem in Figure 2. While this mayexplicitly prevents crossing con gurations wheBg.x/ is
seem like a minor change, it is possible to implement it onlyin nite; that is, when two primitives are at zero distance
because of the di erence in how the solver is set up. (i.e., there is an overlap between two primitives). These two

) ) conditions are tested with algorithms that are exact under
Inertia Potential. FEBio implements the standard time oating point rounding [69].

integration schemlewhile PolyFEM uses the incremental
potential formulation [35]. Both formulations are equivalent
and support several standard time integrators (e.g., Newmar‘?f(- Methods and Results

or backward di erentiation formula). In PolyFEM, the iner- We directly compared each of the two solvers in ve
tia potential is simply summed to the elastic potential. head-to-head comparison tests. We selected the rst two

benchmarkgrEBio-Tes{(Section 4.1) anBEBio-Veri cation

Contact Potential.While the previous potentials (elastic (Section 4.2), to validate the capability of PolyFEM to
and inertia) are identical, PolyFEM and FEBio handle con-conduct simulations similar to those previously published
tact di erently. From a high-level, point of contact requires py FEBijo [5, 43]. Using the information from these two
a set of nodal positions' and nodal velocities', a choice  sections and the previously published FEBio veri cation
of spatial and temporal discretization, and a measure Obaper, we conducted general comparisons with other nite
overlap between primitiveg.x/, and obtains the updated element solvers, such as ABAQUS, which had previously
been compared to FEBIo [43]. We designed the third bench-
mark to emphasize PolyFEM's potential as a nite element

E
Bi.x/ = E.x; x5V + b.dy.x//;
KEC

lhttps://help.febio.org/docs/FEBioTheory— 4-0/TM40-Chapter-6.html
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