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FORMULATION AND COMPUTATIONAL

ASPECTS ON THE SIMULATION OF

FRACTURE HEALING

M. J. Gómez-Benito, J. M. García-Aznar and M. Doblaré

Abstract. Fracture healing is a natural process that can reconstitute the fractured bone
and recover its original function and form. In this work we extend to three dimensions a
mechanobiological two dimension model of fracture healing based on mechanical stim-
ulus. This model is able to model growth, differentiation and damage of the tissues that
appear during the healing process. The continuity equation governs the evolution of the
different cells and tissues.
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§1. Introduction

When a bone fractures, it regenerates without scar, often restoring its initial geometry and
stiffness, in contrast to other living tissues. This process of fracture healing is very complex.
It implies migration, differentiation, proliferation and death of stem cells; and migration and
death of fibroblasts, chondrocytes and osteoblasts which synthesize different types of tissues
(granulation, fibrous, cartilage and bone tissue) [1]. The process of bone healing is affected by
many different influences, such as growth factors, hormones and nutrients, the electrical and
mechanical environments [2], etc. A good understanding of the specific influence of each of
the factors that drive the healing process is important due to the social and economic impact
of bone fractures, including surgery, long healing periods, infections, among many other
aspects. In this work a mechanobiological model of fracture healing and its implementation
in a finite element code is presented. This model is applied to simulate the bone healing
process under bending loads.

§2. Material and methods

2.1. Model definition

Bone healing is a complex process in which coupling between cellular processes (differenti-
ation, proliferation, migration) and callus growth exists. The main problem when simulating
fracture healing is the coupling of both effects, since growth is associated to a change in the
domain of study. In this work, the model of fracture healing previously developed by the same
authors [3] was used. A brief description of this model is here presented while a more detailed
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explanation can be found in the cited work. After fracture, macrophages migrate to the frac-
ture site removing the death tissue and preparing the matrix to the migration of mesenchymal
stem cells (MSCs). These MSCs and other cells populations are modelled in our case by
their concentrations (ci). MSCs come from three different origins periosteum, surrounding
soft tissues and endosteum. In this work we have assumed that the main source of MSCs is
the periosteum [4, 5]. MSCs can proliferate, migrate and differentiate. We assume that all
these cellular processes are controlled by the mechanical stimulus, particullary by the second
invariant of the deviatoric strain tensor (ψ(x, t) =

√
(εi j −δi j εkk/3)(εi j −δi j εkk/3) with εi j

the Cauchy strain tensor) [6, 7]. And thus, MSC proliferation is guided by this mechanical
stimulus following:

β
pr
s =

αproliferation ·ψ(x, t)
ψ(x, t)+ψproliferation

, (1)

whereβ
pr
s is stem cells proliferation rate,αproliferation, ψproliferation are constants that define

stem cell proliferation rate [3]. MSCs are assumed to proliferate until a saturation concen-
tration (csmax). When this concentration is achieved, the only way to further proliferate is
increasing the size of the domain at a constant level of cell concentration (callus growth):

f v
proliferation =

0, if (cs < csmax),

β
pr
s

cs

csmax
, if (cs = csmax),

(2)

with f v
proliferation function that describes the callus growth through stem cell proliferation.

Stem cells can also migrate. This migration is modelled as a random diffusion process which
follows Fick‘s law. MSCs can also differentiate into chondrocytes (cc), fibroblasts (cf ), os-
teoblasts (cb) or they can die (cd) (the death of MSCs is considered a specific differentiation
pathway). This differentiation pathways are assumed to be determined by:

if (ψb < ψ < ψc),
Dcc

Dt
=

{
cs, if (t > tc

m),
0, otherwise,

if (ψc < ψ < ψ f ),
Dcf

Dt
=

{
cs, if (t > t f

m),
0, otherwise,

if (ψlim < ψ < ψb),
Dcb

Dt
=


D(ψ)∇2cb, if (t > tb

m) & (cb < cmin
b ),

cs, if (t > tb
m) & (cb > cmin

b ),
0, otherwise,

if (ψ > ψd),
Dcd

Dt
= cs,

(3)

wheret i
m is the time that stem cells need to differentiate into the different specialized cells (i),

ψi is the mechanical stimulus level which indicates if MSCs can differentiate into celli; cmin
b

is the minimum concentration of bone cells that indicates when blood supply is completed
at the ossification front and osteoblasts can differentiate directly from stem cells [3]. Later,
cartilage cells hypertrophy and calcify increasing their volume and thus callus volume. This
is another source of callus growth which is also assumed to be guided by the mechanical
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stimulus following this expression:

gv
endochondral(ψ, t) =− 1

cc

Dcc

Dt
=

−
1
cc

(
ψ−ψcal

ψb−ψcal
·khyper

)
, if (cc < ccmin),

0, otherwise,
(4)

whereccmin is the equilibrium value of cartilage cell concentration;ψcal is the stimulus level
below which cartilage begins to calcify;khyper is the parameter that controls the volume in-
crease during cartilage calcification andgv

endochondral(ψ, t) function that describes the cal-
lus growth through chondrocytes hypertrophy. After hypertrophy, chondrocytes suffer pro-
grammed death (apoptosis) and allow osteoblasts to appear in the process of endochondral
ossification; this is described by the equation:

if (ψ < ψb),
Dcb

Dt
=


D(ψ)∇2cb, if (pmi > pmin

mi ) & (cb < cmin
b ),

cc, if (pmi > pmin
mi ) & (cb > cmin

b ),
0, otherwise,

(5)

wherepmi is the mineralization level,pmin
mi is the minimum mineralization level needed for

endochondral ossification to take place. The bone formed in this process is a primary bone,
that is, a very disorganized bone that is later replaced by a more organized one by means
of an internal bone remodelling. In this analysis we have followed the remodelling model
proposed by Beaupré et al. [8]. The extracellular matrix production is assumed to be pro-
portional to the cell concentration [3]. All tissues are considered poroelastic and isotropic
and composed by a fixed proportion of the following components: water, mineral, ground
substance and collagens types I, II and III, being their mechanical properties determined by
a mixture rule [9].

2.2. Numerical implementation

The numerical implementation of this model includes several coupled analysis combined with
an automatic mesh generator. The whole process is controlled by an external program which
manages all the needed information. The different steps of the process are:

1. Introduction of bone and fracture geometry. The simulations are performed in the cen-
tral part (diaphysis) of a long bone which is assumed to be cylindrical [10, 9]. The
parameters required are the radius of the diaphysis; width of the periosteum, endos-
teum, and bone marrow; size of the osteotomy gap; and the length of the diaphysis
(Fig. 1).

2. A cloud of nodes is generated.Based on the geometry of the diaphysis a cloud of
nodes is generated that reproduces the previous geometry. This cloud is denser near
the fracture site and becomes looser far from the fracture to save computational cost
(Fig. 1). Initial conditions are assigned to the main variables (cellular concentrations
and extracellular matrix composition) associated to each node.

3. Automatic mesh generation.A tetrahedral mesh is automatically generated via an au-
tomatic mesh generator [11] based on the nodes introduced in (2).
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Figure 1: Definition of the geometry of the fracture and initial mesh generation.

4. Finite element analyses.Three different finite element analyses are performed in order
to determine the evolution of the main variables and the geometry.

(a) Mechanical stimulus.A poroelastic analysis is performed, in which the mechan-
ical stimulus that will guide the different cell processes is determined.

(b) Migration of stem cells and advance of the ossification front.Two independent
diffusion analysis are performed. A diffusion analysis to simulate the migration
of stem cells and another to determine the advance of the ossification front.

(c) Callus growth. The growth of periosteal callus is assumed to be controlled by
two processes: mesenchymal stem cell proliferation and chondrocyte hypertro-
phy. This growth is determined by means of a thermoelastic analysis, where the
inverse of cell concentration, mesenchymal stem cell and chondrocyte, (1/ci

0), are
identified with the expansion coefficients, while temperature is equivalent to the
proliferation function (f v

proliferation) or the growth of chondrocytes (gv
endochondral).

Thus, the new geometry and shape of the callus is defined by the node displace-
ments obtained in this analysis.

5. Update of cellular populations and extracellular matrix.All main variables are up-
dated by means of the model equations. These equations define the evolution of cell
concentrations, extracellular matrix composition and the node position. Element me-
chanical properties are determined from the extracellular matrix composition at each
point.

6. Checking of the old mesh with the new geometry.Based on the new location of the
nodes, the elements are checked regarding: angle distortion and aspect ratio. If all the
elements pass the check go to step (4) and start a new load increment; else continue to
next step.

7. Introduction of new nodes.If any element does not fulfill the above conditions, a new
node is generated at the center of the tetrahedron and its associated variables are inter-
polated from those corresponding to the vertices of that tetrahedron. For a boundary
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Figure 2: Introduction of nodes on the FE mesh (a) old mesh, (b) inclusion of new nodes, (c)
remeshing (2D).

element with a big aspect ratio, a new node is added between the three existing bound-
ary nodes (see Fig. 2). Then go to step (3) and start a new load increment.

§3. Results

The influence of bending loads is analyzed. A mid-diaphyseal fracture of a sheep tibia sta-
bilized by a unilateral fixator is simulated. The unilateral fixator has been modelled with a
4mm radius circular section (Fig. 3.a). The fixator is attached only to one side of the bone by
a screw of finite stiffness. Bone is loaded by an axial load of 500N [12]. In this case, a clear
bending effect can be observed. The evolution of bone cells and of the callus geometry is not
symmetrical in the screw plane as shown in figure 4 [13, 12].

Bone callus bridged sooner, about six weeks after fracture, in the lateral-frontal side
(plane of the fixator, in the side nearer to the fixator) (Fig. 4.a). On the medial side the
bridge occurs ten weeks after fracture and the callus results bigger. On the contrary, in the
lateral plane (Fig. 4.b) the callus is symmetrical not only in geometry, but also in the evolution
of the different cells.

This unsymmetrical fixation resulted in high bending movements in addition to the axial
interfragmentary movement, causing a non symmetrical callus. A similar effect has been also
observed in similar experimental tests [14].

§4. Discussion

Bone healing is a complex process in which the coupling between mechanical and geomet-
rical problems is presented. The main difficulty in the implementation of this process is the
“growth problem” in which a remeshing analysis is needed in each time increment to adapt
the finite element mesh to the new geometry of the problem. In this work, a model previ-
ously used to study bone healing in 2D has been implemented in 3D to study the influence
of compression-bending load on the bone healing process. In spite of the simplifications, this
model has been qualitatively compared with experimental results, showing a remarkable sim-
ilarity. Fractures healed with a unilateral fixator resulted in an unsymmetrical fracture callus
in the screw plane in both geometry and tissue distribution due to the prevalence of bending
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(a) (b)

Figure 3: (a) Initial finite element mesh and boundary conditions in the fracture stabilized by
a unilateral fixator; and (b) final finite element mesh: frontal view and transverse plane.

Figure 4: Osteoblast evolution (number of cells/mm3) in (a) the frontal plane; (b) lateral plane
for the fracture stabilized by a unilateral fixator.

loads. Hente et al. [14] also studied the effect in the bone healing process of compressive or
distractive displacements. They developed a sheep experiment in which the gap was subjected
to constant pure bending displacement, one side was supporting compressive loads, whereas
the other supported tensile loads. They found important differences in the callus formed in
the compressive and traction sides, both in callus size and tissue distribution. This similarity
between computational and experimental results suggests that the observed effects can be ex-
plained largely by means of the mechano-biological model presented here. Nevertheless, we
have to keep in mind that this simulation corresponds to an ideal situation, which is nearly
impossible to be reproduced in a clinical study. In the simulation the callus was subjected to
bending-compression load but in experimental studies on animals, it is almost impossible to
isolate a single type of displacement or load. However, mathematical models implemented in
computational simulations are valuable to investigate new othopaedic treatments. The use of
these simulations can also help to reduce the number of experiments in animals.
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