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ABSTRACT The FEBio software suite is a set of software tools for nonlinear finite element analysis in biomechanics and
biophysics. FEBio employs mixture theory to account for the multiconstituent nature of biological materials, integrating the field
equations for irreversible thermodynamics, solid mechanics, fluid mechanics, mass transport with reactive species, and electro-
kinetics. This communication describes the development and application of a new “plugin” framework for FEBio. Plugins are
dynamically linked libraries that allow users to add new features and to couple FEBio with other domain-specific software
applications without modifying the source code directly. The governing equations and simulation capabilities of FEBio are
reviewed. The implementation, structure, use, and application of the plugin framework are detailed. Several example plugins
are described in detail to illustrate how plugins enrich, extend, and leverage existing capabilities in FEBIo, including applications
to deformable image registration, constitutive modeling of biological tissues, coupling to an external software package that
simulates angiogenesis using a discrete computational model, and a nonlinear reaction-diffusion solver. The plugin feature
facilitates dissemination of new simulation methods, reproduction of published results, and coupling of FEBio with other
domain-specific simulation approaches such as compartmental modeling, agent-based modeling, and rigid-body dynamics.
We anticipate that the new plugin framework will greatly expand the range of applications for the FEBio software suite and

thus its impact.

INTRODUCTION

The FEBio project (1) was launched in 2007 to overcome
the lack of a general purpose finite element (FE) software
for solving problems in computational biomechanics. This
deficiency hampered research progress, dissemination, and
sharing of models and results. Commercial FE codes such
as Ansys/Fluent (ANSYS, Canonsburg, PA), ABAQUS
(Dassault Systemes, Vélizy-Villacoublay, France), and
Comsol Multiphysics (COMSOL, Burlington, MA) that
were used historically for research in computational biome-
chanics are not specifically designed to serve the field, lack
important simulation capabilities, are costly, and are closed
source, which makes them difficult to verify and extend.
These limitations led many researchers to develop custom
FE codes for simulating domain-specific problems (2).
Most of these custom codes were never distributed to the
community.

The authors and many others in the research community
felt there was a genuine need for a new FE simulation tool
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that would be designed by and for the biomechanics com-
munity. FEBio was designed around three pillars. First,
it specifically targets the biomechanics community by
focusing on simulation capabilities that are relevant in the
field. This includes, for example, accurate constitutive rela-
tions for mechanical, transport, and electrokinetic properties
of tissues and cells; the ability to easily model anisotropy
and inhomogeneity; and the ability to prescribe boundary
conditions and loading scenarios to model the complex in-
teractions between biological structures. Second, both
installation packages and the source code are freely avail-
able and designed such that it is easy for researchers to
implement new algorithms (e.g., new constitutive models).
This greatly reduced the need for new custom-written codes
and overcame the problems with verification and repeat-
ability of results. Third, we place substantial emphasis on
thorough documentation, support, and outreach to the com-
munity, which has made it much easier than before for re-
searchers to develop new ideas and share them with others.

Recently, we developed a plugin framework to allow
users to extend the standard feature set of FEBio with less
effort and to couple FEBio with other simulation codes.
Although users can download and modify the FEBio source
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code directly, building the entire source code can be chal-
lenging, especially because of its dependency on third-party
libraries. Further, disseminating custom modifications to the
source code may be challenging because changes made by
users may become incompatible with future releases of
FEBio. The plugin framework overcomes these problems
because plugins can be developed independently from the
FEBio source code. In addition, the plugin framework facil-
itates dissemination and sharing because plugins can be
distributed separately from the FEBio source code and
installation packages (https://febio.org/plugins).

The objective of this communication is to introduce FEBio
and the capabilities of the new plugin framework to the
biophysics community. The exposition covers the modular
framework of FEBio and its kernel mechanism, which were
central to the development of the plugin framework. Several
plugin examples illustrate the generality and versatility of the
framework, including a material plugin based on a recent
proposal for a novel constitutive model for describing a
fibrous material with deformation induced anisotropy (3),
an implementation of the hyperelastic warping algorithm
for deformable image registration (4), a plugin that couples
a discrete model of angiogenesis with FEBio to simulate
the interactions between angiogenic microvessels and the
ECM (5-8), and a plugin for solving reaction-diffusion-con-
vection problems.

MATERIALS AND METHODS
Overview of FEBio

FEBio uses the FE method to discretize the equations for conservation of
mass, linear momentum, and charge. The resulting equations allow fully
coupled simulation of solid mechanics, solid-fluid mixtures (9), fluid me-
chanics (10), fluid-solid interactions, transport (11,12), reaction and diffu-
sion of neutral and charged species (12,13), contact (11,14—17), prestrain
(18), and growth and remodeling (13). The governing equations are formu-
lated based on mixture theory. A mixture consists of any number of constit-
uents « that may occupy the same region. The apparent mass density of
constituent « is denoted by p®. The complete set of governing equations
can be summarized as follows:
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Equation 1 represents the mass balance equation for constituent « with
velocity v*. Equation 2 is the balance of linear momentum for each constit-
uent, where a® is the acceleration, T is the Cauchy stress, b is the body
force, and pj is the internal momentum supply to constituent « due to in-
teractions with all other mixture constituents. Equation 3 is the entropy
inequality, which places constraints on the constitutive models. Here,
L* is the rate of deformation tensor, u* = v* — v, and v is the mixture
velocity. The last term in this equation represents the rate form of the
familiar constraint in chemical kinetics that reactions may proceed sponta-
neously only if they produce a net decrease in the mixture free energy.
Electrokinetics is introduced by using Coulomb’s law as a body force
acting on electrically charged constituents, Eq. 4, where z* is the charge
number and M* is the molar mass of constituent «, F, is Faraday’s con-
stant, and y is the electric potential in the mixture. To solve for y, we
employ the electroneutrality condition, Eq. 5. FE discretization of Eqs.
1, 2, 3, 4, and 5 above results in a nonlinear system of equations that is
solved using Newton-based methods, including quasi-Newton methods
such as Broyden-Fletcher—Goldfarb—Shanno (BFGS) and Broyden’s
method (19).

A more detailed overview of FEBio’s features can be found in the FEBio
User Manual and the FEBio Theory Manual (https://febio.org/febio-help/).
An overview of FEBio development and its features with historical context
can be found in our recent publication (2).

Overview of the plugin mechanism

A plugin is essentially a “dynamically” linked library (also known as a
shared object on some operating systems) that is linked to the executable
at runtime. They differ from “static” libraries, which are linked to the
executable at build time. The main advantage of dynamic libraries is that
they are not required when building the executable and thus can be devel-
oped and maintained independently of the executable.

In FEBio, plugins can be used to add new features, such as new consti-
tutive models, boundary loads, body loads, tasks, plot data, and log data.
They can also be used to implement an entirely new physics module, as
illustrated by the FEBioChem plugin described below. The main advantage
of a plugin versus extending the source code directly is that plugins are
loaded at runtime and can be developed and maintained outside of the
FEBio source code. At runtime, FEBio parses a configuration file. This
file contains a list of all plugins that the user wants to use, and FEBio loads
each plugin file in this list. During this process, the plugin is given a chance
to initialize itself. During this initialization step, it registers the new features
with FEBio. For each feature, metadata are passed to FEBio, such as a tex-
tual name and a list of parameters that FEBio can use to allocate and modify
the data of the plugin features. After the registration process, FEBio can use
the new features in the plugin. For instance, after loading a new material
plugin, the input module will be able to process the definition of the new
material in the input file.

A more detailed explanation of the plugin framework can be found in the
Supporting Materials and Methods. Detailed instructions on how to create
plugins can be found in the FEBio Developer’s Manual (http://febio.org/
support/). The specific plugins described below are available for download
at the FEBio website (http://febio.org/plugins/).

RESULTS

FEBio supports a number of different types of plugins,
including material, plot data, callback, task, and solver plu-
gins. These are described in more detail in the Supporting
Materials and Methods. The following sections provide ex-
amples of material, nonlinear constraint, task, and solver
plugins. Each type of plugin is demonstrated by a specific
example application.
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Material plugins

FEBio offers a rich library of constitutive models for repre-
senting the solid component of mixtures, including isotropic
and anisotropic hyperelasticity, viscohyperelasticity (20),
specialized materials for modeling fibrous tissues, damage
mechanics, and growth and remodeling. Nevertheless, the
development of novel constitutive models for describing
the material response of biological tissues remains an active
area of research as our understanding of how the intricate in-
teractions between different physical scales affect the
macroscopic material response continues to grow. As a
result, the ability to add novel constitutive models to FEBio
has been a high priority. Making this task easier for our users
was the main initial impetus for the development of the plu-
gin framework.

A new constitutive model can be implemented via a ma-
terial plugin. Constitutive models are used to evaluate solu-
tion-dependent quantities, such as stress, permeability,
diffusivity, etc. The quantities that need to be defined by
the plugin depend on the particular physics module that
the plugin extends. For instance, when implementing a
new constitutive model for structural mechanics, the plugin
must implement the evaluation of the second-order Cauchy
stress tensor and the fourth-order spatial elasticity tensor.
Implementation of the often complicated tensorial expres-
sions for these quantities is greatly simplified by the exten-
sive tensor classes in FEBio (see Supporting Materials and
Methods).

As an illustration, we describe a material plugin that im-
plements a constitutive model for representing fibrous
ECMs as proposed by Wang et al. (3). The constitutive
model is designed to reproduce experimental observations
of long-range force transmission by cells in collagen gels
due to realignment of collagen fibrils during loading. This
is achieved by representing two fiber families. The first fam-
ily aligns with the principal axes of the deformation, produc-
ing an increasingly anisotropic response as the deformation
increases in magnitude, whereas the second family provides
an isotropic background stress that opposes alignment.

The strain-energy density function of this constitutive
model is given by:
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where u is the shear modulus, « is the bulk modulus, I 1 s
the first invariant of the deviatoric right deformation tensor
C = J 23C = J 2*F'F, F is the deformation gradient,
and J = det(F) is the volume ratio. Wy is the contribution
from the aligned fibers:
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where the A, are the principal stretch ratios. The particular
form of f can be found in the Supporting Materials and
Methods.

To illustrate the behavior of the material, an isotropically
contracting sphere representing a contracting cell of radius
R was positioned at the center of a cube of size L = 10 R.
Cellular contraction was simulated by displacing the surface
of the sphere toward its center to achieve a radial strain u,/
R = 0.3. The resulting normalized displacement profiles as a
function of normalized radial distance from the surface of
the sphere demonstrate that the Wang et al. constitutive
model produces greater matrix displacements and results
in a longer range of influence of the simulated cellular trac-
tion forces than a standard neo-Hookean material (Fig. | A).
This is visualized in space by examining the fringe plots of
total matrix displacement (Fig. 1, B and C). These results are
similar to those obtained by the authors for spherical cells in
a cylindrical matrix (Fig. 2 in (3)). Please see the Supporting
Materials and Methods for further details of the constitutive
model and the material coefficients used in the simulations.

Nonlinear constraint plugin

A nonlinear constraint enforces a nonlinear condition on
field variables such as nodal displacements or concentra-
tions. In FEBio, nonlinear constraints are enforced via an
augmented Lagrangian method (21), which solves for the
Lagrange multipliers using an iterative loop outside of the
Newton nonlinear iterative loop. Contact between deform-
able bodies and incompressibility are typical examples of

FIGURE 1 Simulation of force transmission to the
ECM due to cellular contraction using a neo-Hoo-
kean constitutive model and the Wang et al. constitu-
tive model (3). A 1/8 symmetry model was used for
the calculations, simulating a spherical, isotropically
contracting cell of radius R centered in a cube of size
L = 10R. (A) Normalized displacement u/uy as a
function of normalized distance X/R for a radial con-
tractile strain of uy/R = 0.3. (B) A contour plot of
displacement magnitude for the neo-Hookean matrix

is sho febio.org/plugins wn. (C) A contour plot of the displacement magnitude for the fibrous matrix. The results illustrate that the fibrous constitutive model
proposed by Wang et al. exhibits long-range force transmission. To see this figure in color, go online.
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nonlinear constraints that are encountered in biomechanics
simulation. Nonlinear constraint plugins allow users to
easily implement additional nonlinear constraints.

The FEWarp plugin below is an example of a nonlinear
constraint plugin. Hyperelastic Warping is a deformable im-
age registration method that is used to find the deformation
map that aligns a template image data set with a target im-
age data set (4,22-27). This technique not only enables mar-
kerless strain measurement from sequences of images but in
many cases can be used to predict the stress field as well and
compensate for missing or incomplete boundary conditions
(22). Two or more image data sets are used. The data set in
the reference configuration is referred to as the template,
and one or more data sets in different deformed configura-
tions serve as the target. An FE discretization and interpola-
tion of the template image data is deformed into alignment
with the target. An energy functional is defined, consisting
of an image-based term that measures alignment and a hy-
perelastic strain energy term that serves to regularize the
problem. Minimization of the energy functional produces
alignment of the deformed template image with the target
image. If accurate stress calculations are desired, realistic
constitutive models and material properties can be used. If
the focus is on strain measurements from image data only,
this is not necessary, in which case the image data are
treated as a hard constraint, enforced using an augmented
Lagrangian method (28). We use successive Gaussian blur-
ring to evolve the solution from the level of coarse features
to fine details in the image data. One of the strengths of this
approach is that the deformation can be obtained without the
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C Warping energy
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specific knowledge of the applied loads and boundary con-
ditions to the model. Because the method is based on contin-
uum mechanics, the resulting deformation is guaranteed to
be diffeomorphic. The method has been applied success-
fully to characterize the mechanics of tissues such as liga-
ments (22) and the left ventricle of the heart (29).

In the example illustrated in Fig. 2, the FEWarp plugin
was used to track the deformation of the left ventricle during
simulation of diastole. A three-dimensional (3D) MRI im-
age was taken at the start of diastole. A forward FE analysis
resulted in a deformed model that simulates the condition at
the end of diastole. From this deformed configuration, a
target image was generated. Then, the warping algorithm
was applied to the template image and attempted to recover
the deformed target image to validate the warping approach.

Task plugin

At the highest level, after parsing the input file, FEBio exe-
cutes a single task. The default task solves the model defined
by the FEBio input file, but other tasks can be executed as
well. For instance, the optimization module in FEBio is im-
plemented as a task that calls the default solver task repeat-
edly while minimizing an objective function by modifying
model parameters. In essence, a task defines the outer
loop that controls the work that FEBio performs. A task plu-
gin allows the user to dictate how FEBio is used for a partic-
ular task at a high level.

The AngioFE plugin (7) is an example of a task plugin
that illustrates how FEBio can be linked to other libraries

FIGURE 2 Two-dimensional slice from a 3D
warping analysis that tracks the deformation of the
left ventricle during diastole. (A) The template image
slice at start of diastole, (B) the target image slice at
end of diastole, (C) and warping energy, measuring
the mismatch between the template and the target
image. The black contour shows the outline of the
target geometry. (D) Effective Green Lagrange strain
in the final, deformed state. To see this figure in co-
lor, go online.
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via the plugin framework. It uses the “Angio” library, which
simulates the growth, branching, and anastomosis of angio-
genic microvessels embedded in a 3D collagen matrix
(8,30). During angiogenesis, growing neovessels deform
the collagen matrix. In turn, deformation of the matrix
directly affects the growth of the vessels through changes
in matrix density and collagen fibril alignment. To couple
the Angio growth library with FEBio, a task plugin was
developed to allow the two codes to interact. The task plugin
first seeds the matrix with parent microvessels using the
Angio library and executes an initial growth step. The parent
vessels are allowed to grow, governed by heuristics that con-
trol the growth rate, branching probability, and anastomosis.
Then, the discrete model of the microvascular network is
passed to FEBio, which solves for the matrix deformation.
The mechanical interaction between the vessels and matrix
is modeled as a spatially varying contractile stress that is
centered at the tip of each microvessel sprout. The new,
deformed configuration is then passed back to the Angio li-
brary, which calculates the next growth step in the deformed
model (7).

In the example application (Fig. 3), an in vitro model of
neovessel growth is simulated using the AngioFE plugin.
The simulation represents 6 days of growth in vitro. A cylin-
drical core of 3 mg/mL collagen is seeded with parent mi-
crovessels, and this core is surrounded by a field of
avascular 3 mg/mL collagen (Fig. 3 A). A high-density inter-
face forms between the core and field at the time of poly-
merization, and this density gradient is represented in the
underlying model. The simulation geometry and parameters
mimic an experimental model that is used to assess neoves-
sel invasion across tissue interfaces. The high-density
gradient that forms between the core and field is sufficient
to prevent the angiogenic microvessels from crossing the
interface into the field.

Solver plugins

FEBio is a multiphysics solver that couples fluid and solid
mechanics with growth, reaction-diffusion, and electroki-
netic effects. This is embodied in the multiphasic mixture
module, which solves the balance of linear momentum,
mass balance, and diffusion equations simultaneously using
a monolithic approach. At times, users may wish to solve
governing equations with the FE method that are not sup-
ported within FEBio, or they may wish to focus on a subset
of the physics supported by FEBio. For such cases, “solver
plugins” can be developed.

As an illustration of this type of plugin, the FEBioChem
plugin implements a nonlinear solver for the reaction-diffu-
sion-convection equation. Using this plugin, users can solve
for the concentrations of chemical species that diffuse,
convect, and undergo chemical reactions in space and
time. Although the multiphasic mixture module can address
such problems, this plugin offers a simplified context that
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FIGURE 3 Simulation of microvessel growth in an in vitro model of
microvessel invasion across a tissue interface. (A) The initial geometry,
illustrating the cores of collagen seeded with parent microvessels and the
surrounding field of avascular collagen. The interface is too thin to be
seen in this image. (B and C) At times X and Y during the simulation,
microvessels grow into a dense vascular network, contracting the surround-
ing matrix as they grow. Vessels are unable to cross the interface because of
the large density gradient. Fringe plots show Green-Lagrange deviatoric
strain. To see this figure in color, go online.

does not model solid matrix deformation or osmotic effects
in the fluid solution, providing a simplified approach to
modeling systems of chemical reactions. These simplifica-
tions result in a significant speedup compared to the analo-
gous multiphasic model, as the additional displacement and
pressure nodal degrees of freedom associated with the
mixture framework are eliminated. In the future, we plan
to add support for surface diffusion, biomolecular reactions
between surface-bound molecules, and modeling reversible
reactions with a single equation. The convection feature
makes use of a user-defined velocity field.

To illustrate the function and utility of the FEBioChem
plugin, we reproduced the results of a computational study
by Vempati et al. (31) that examined the proteolysis of
vascular endothelial growth factor (VEGF) in the context
of matrix metalloprotease secretion, VEGF-extracellular
matrix (ECM) binding, VEGF proteolysis from VEGF165
to VEGFI114, and VEGF receptor-mediated recapture
(Fig. 4). The computational model simulates the stalk cells
and tip cells of a capillary sprout, surrounded by a basement
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FIGURE 4 Reproduction of results in Vempati et al. (31) using FEBioChem. The panels in this figure correspond to Fig. 2, A—E in the publication. (A) A
line of cells (white) extends from the left edge of the computational domain, surrounded by a thin basement membrane and ECM. The fringe plot shows
predicted protease distribution produced by the tip (rightmost) cell, in equilibrium with flux and diffusion. (B) VEGF114 distribution near the tip partially
governed by VEGF 65 + Protease — VEGF 4 + Protease. (C) The initial 1 pM concentration of VEGF 165 is slightly altered by protease activity. (D) Axial
protease distributions. Protease degradation reduces the concentration of protease that is available to modify VEGF¢s. (E) Axial VEGF;4 distribution.
Protease degradation reduces conversion of VEGF;¢5 to VEGF; 4. To see this figure in color, go online.

membrane within an ECM volume. Predicted concentra-
tions of protease and VEGF were compared to those in
the publications and most species agreed to within 1% (all
species agreed within ~5%; see Supporting Materials and
Methods for further details). Furthermore, the spatial distri-
butions showed excellent correspondence with the figures in
the corresponding publication. FEBioChem’s simplified
context can represent complex reaction networks, diffusion,
and species production and degradation in porous media and
materials.

DISCUSSION

The plugin framework is a powerful new capability that al-
lows users to extend and customize FEBio to their specific
needs. A large variety of plugin types are supported,
including material, task, solver, body loads, boundary loads,
initial conditions, nonlinear constraints, plot and log data,
callback, and loadcurve plugins. Some of these plugins
were illustrated in Results above, including a plugin to
create a new constitutive model, a plugin that implements
an image-based constraint, a plugin to link FEBio to an
external library that simulates angiogenesis, and a plugin
that adds reaction-diffusion modeling capabilities to FEBio.
A description of the other available types of plugins can be
found in the Supporting Materials and Methods. New types
of plugins can be added easily as the need arises. The plugin

approach in FEBio has been applauded by many of our
users as flexible and easy to use. For instance, a recent pub-
lication implemented a new constitutive model in both
FEBio and the commercial software ABAQUS (now called
Simulia; Dassault Systemes), and concluded that the plugin
framework in FEBio made it far easier to implement the
new constitutive model than the approach required for
ABAQUS (32).

It is worth noting that the additional specialized xml-
formatted input files required by some plugins need to be
created in a text editor. PreView, our FE preprocessor that
is used for setting up FEBio models, does not support the
creation of these additional input files, although it does sup-
port the addition of user materials and the FEBioChem plu-
gin capabilities (these plugins add features directly through
FEBio’s “.feb” input file). This arrangement is intentional,
as new plugins will have specific requirements for input
that we cannot anticipate. For all the plugins that are devel-
oped by our lab and those that we distribute on behalf of
outside developers, we provide detailed documentation of
any additional input file formats that are needed by the plu-
gin, and this information will always be up to date at https://
www.febio.org.

To the best of our knowledge, there is no other freely
available FE package that is designed specifically for simu-
lation in biomechanics while offering such a wide variety of
simulation capabilities. Nevertheless, it is informative to
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place FEBio in the context of other open-source software
packages that serve the biomechanics community. OpenSim
(http://opensim.stanford.edu/) is a modeling framework for
simulation of human movement using forward and inverse
rigid body dynamics. Muscles and tendons are modeled as
discrete elements connected to rigid bodies. It is highly
specialized for these applications and does not include any
FE-based algorithms. FEBio has some rigid-body modeling
capabilities and allows rigid-body dynamics to be coupled
with FE analysis. Like FEBio, Artisynth (https:/www.
artisynth.org/Main/HomePage) supports the combined
simulation of multibody and FE analysis. In this regard, it
offers modeling capabilities that are similar to FEBio, but
it focuses only on solid mechanics. SimVascular is focused
on patient-specific blood flow analysis and includes capabil-
ities for fluid mechanics and fluid-structure interaction.
These capabilities overlap with FEBio, but SimVascular is
limited to these types of physical simulations, caters to a
much more specific group of users, and includes features
that are specific to constructing models of blood flow in ar-
teries that are not part of FEBio’s capabilities. Similarly,
Continuity (https://continuity.ucsd.edu/) is an FE software
that supports simulation of cardiac biomechanics, transport,
and electrophysiology. It is tightly tailored to this applica-
tion domain, and although some of the capabilities of Con-
tinuity exist in FEBio, it is once again focused on a highly
specific group of users. In all of these cases, FEBio offers
some functionality that overlaps with other software pack-
ages. This is not surprising, given that FEBio was developed
to be a general-purpose FE software that targets a range of
different types of simulations in biomechanics using
mixture theory. That said, it is not our goal to replace the
impressive and feature-rich software packages mentioned
above. In fact, much of our current focus with application
of the plugin framework is the integration of FEBio with
other software packages so that users can take advantage
of each software’s strengths. Through this approach, we
hope to enable simulations that couple different modeling
approaches and/or span different physical scales.

The FEBio software suite and the plugins discussed in
this manuscript are available for download at https://www.
febio.org.

SUPPORTING MATERIAL

Supporting Materials and Methods, five figures, three tables, and one data
file are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(18)31069-5.
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