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Bone Tissue Formation under Ideal Conditions in a
Scaffold Generated by a Reaction-Diffusion System

Marco A.Velasco∗ and Diego A. Garzón-Alvarado†

Abstract: The design of porous scaffolds for tissue engineering requires meth-
ods to generate geometries in order to control the stiffness and the permeability of
the implant among others characteristics. This article studied the potential of the
reaction-diffusion systems to design porous scaffolds for bone regeneration. We
simulate the degradation of the scaffold material and the formation of new bone
tissue over canal-like, spherical and ellipsoid structures obtained by this approach.
The simulations show that the degradation and growth rates are affected by the
form of porous structures. The results have indicated that the proposed method has
potential as a tool to generate scaffolds with internal porosities and is comparable
with other methodologies to obtain this type of structures.
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1 Introduction

Scaffolds are fundamental tools for the regeneration of lost or damaged tissues and
have become an important tool in tissue engineering [1]. Their functions, from
the mechanical point of view, consist of bearing external loads and giving shape to
the tissue that is regenerated on it [2-4]. From the biological point of view, those
structures support the development of extracellular matrix and cell colonization. In
addition, scaffolds should allow a sufficient transit of nutrient substances from the
surrounding tissue or the culture media and waste disposal coming from the tissue
being formed. Therefore, stiffness and mechanical resistance of the scaffold are the
most important properties, from the mechanical standpoint and, from the point of
view of substance transport, the most important is permeability.
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An additional desirable feature of the scaffolds must be a controlled degradation
after they are implanted in order to get void space where new tissue can grow.
The mechanical properties and degradation of the scaffold depends on the material
properties and the porosity geometry of its structure, meanwhile permeability de-
pends on its structure. The mechanical properties of the scaffold must be similar to
the properties of the replaced bone tissue in order to prevent stress shielding. Fi-
nally, the degradation rate must be as close as possible to the tissue growth rate to
maintain stable properties in the compound tissue-scaffold during the regeneration
process.

The development of scaffolds to promote cellular growth inside them has been
one of the fundamental goals of bone tissue engineering [5–7]. The selection of
a biocompatible, biodegradable material with certain mechanical properties is the
first step for the design and production of the scaffold. Biocompatibility means
that cells must adhere, proliferate, produce extracellular matrix and avoid a severe
immune response. For example, inflammation should be avoided because it can
decrease the regeneration rate and promote tissue rejection. Biodegradability is im-
portant because it is expected that, as long as cells proliferate, the void space in the
scaffold increases and the degradation products of the scaffold material not to be
toxic. Considering the foregoing, there are two different and complex processes:
the degradation of the scaffold, which decreases its mechanical properties and re-
generation, and the growth and maturation of tissue that increases stiffness and
mechanical resistance of new bone. Therefore, experimental [8–16] and computa-
tional [3, 17–33] models are required to show the evolution of the system over time
and to help to identify the optimal initial properties of the scaffold at the moment
of the implant.

Computer simulations allow analyzing the scaffold properties and their effect on
the rate of growth and mechanical behavior of the tissue. Those models vary as
different properties, assumptions, domains and solving approaches are considered.
From the geometric point of view the most studied property is the porosity [34–
37]. It is especially important in those implants obtained by conventional methods
such as particle leaching [16, 38], or electrospinning [39]. On the other hand,
the development of rapid prototyping methods that allow greater control over the
internal geometry of the scaffold has generated interest in the effect of the shape and
size of the pores of the scaffold. In those studies, a representative volume element
(RVE), instead of the whole model of the scaffold, is studied [3, 22]. Considering
the size of the domain and phenomena that must be analyzed, simulations have
been developed from different scales, from the microscopic to the macroscopic
scale. At a nanoscale, the mechanisms of cell adhesion to the walls can be studied
[40–42]. In the microscale, the effect of the shape and size of the pores can be
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considered [3, 22], and, at the meso and macroscale, the external shape of the
scaffold and the effect of mechanical loads acting on it [43–45]. Finally, the use
of homogenization and multiscale methods has allowed the researching of various
phenomena influencing the process of bone regeneration [46–50] like substances
transport [51–54].

Several types of pore geometries have been proposed to analyze their effects on
tissue growth. Scaffold designers have considered cubes, spheres and other geome-
tries to analyze the effect of the pore shape in the regeneration process. It is found
that spherical pores promote a more uniform growth of bone tissue [3, 22, 55].
There are more complex surfaces, such as gyroids [56, 57], which have the advan-
tage of higher surface with respect to the volume in which they are contained. Also,
topology optimization has been used [58–60] and reaction-diffusion patterns [61]
that simulate processes occurring in the nature [62–65] to model the formation of
pores. In this line of work, several authors have applied the reaction-diffusion sys-
tems in the process of calcium metabolism in vertebrates [66], the bone remodeling
process [67] and the processes of bone morphogenesis [68, 69].

Although much work has been developed in both experimental and computational
modeling, there are not final conclusions about the optimal internal geometry and
material of a scaffold for bone regeneration. For example, the overall porosity
range is quite wide, from 50 to 90% for scaffolds that are not subjected to mechan-
ical loads [70]. The recommended size of the pores varies between 150 and 600
µm [71] and from 400 to 1200 µm [72]. The variety of conclusions may be due to,
as stated by Bohner et al [73], the problem of optimizing the function of a scaffold
is multivaried and multiobjective. Under this consideration, this article proposes
an ideal bone formation and the degradation of a scaffold with internal geometry
obtained from a reaction-diffusion system. The advantage of an architecture gen-
erated by a reaction-diffusion system for a porous scaffold lies in the hypothesis of
the self-assembly of its structure. This allows obtaining a desired pore distribution
with an adequate control of the variables of the chemical process. For this purpose,
we have modeled the formation of the scaffold by reaction-diffusion equations of
the type Schnakenberg [74] with parameters in the space of Turing [61]. This type
of equations allows choosing the parameters according to the size and distribution
of the pores. On the other hand, to model the degradation, we have used the model
proposed by Adachi et al [3]. Finally, bone growth takes place, hypothetically, in
those void spaces that appear where the scaffold degrades. The results indicated
that the proposed method has a good potential to obtain a new generation of scaf-
folds geometries.
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2 Materials and Methods

We assume a model consisting of three processes as showed in figure 1.

 
Figure 1: Stages of generation and degradation of the scaffold using reaction-
diffusion processes

2.1 Generation of a scaffold structure

The geometry of a representative volume element of a scaffold can be obtained by
the model proposed by Garzón-Alvarado et al [61]. In that article, the distribution
and size of the pores is obtained by a reaction-diffusion system besides a poly-
merization reaction. To this purpose, a Schnakenberg reaction-diffusion system is
considered, in which the reaction rate is directly proportional to the product of the
active concentrations of the reactants. Thus, the reaction kinetics is described by
Eq. 1:

∂ [X ]
∂ t = D1∆[X ]+K1[A]−K2[X ]+K3[X ]2[Y ]

∂ [Y ]
∂ t = D2∆[Y ]+K4[B]−K3[X ]2[Y ]

(1)

Where X and Y are two hypothetical reactants that form the required structure of
the scaffold. Equation (1) only depends on the variables X and Y because the val-
ues D1,D2, A, B, K, K 1, K2, K3 and K4 are positive constants. Here, we use the
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methodology suggested by Garzón-Alvarado et al [61] in order to obtain a dimen-
sionless model of the reaction-diffusion. The dimensionless equation is:

∂u
∂ t −∇2u = γ(a−u+u2v)
∂v
∂ t −d∇2v = γ(b−u2v)

(2)

where a, b,u and v are the dimensionless forms of A,B,X and Y variables, γ and
d are dimensionless constants. Here, u and v are the concentration of reactants
in the considered domain and d is the diffusion constant. After this, we apply an
analysis of Turing instabilities in order to obtain different combinations of variables
values, generating patterns described by wave numbers. A detailed explanation of
this process is provided in Leppänen et al. [75].

Once the desired pattern is obtained for the reaction-diffusion system, it is assumed
that there must be a biopolymer that copies the pattern of X or Y and develops the
scaffold. To model this process, it is supposed that the polymerization follows a
law similar to the one presented in Murray [76]. This process is described below:

dM
dt

=C
[X ]r

[X ]r +[S]r
t p

t p +T p (3)

Where S is the threshold value of the concentration of the reagent X that initiates
polymerization, M is the concentration of biomaterial, t is the time from the start of
the polymerization process, t is the threshold value of time when the polymerization
begins, C is the constant rate of polymerization, and p and r are constants defining
the slope of the threshold function (see [61]).

2.2 Degradation Model of the Scaffold

For the degradation model, we assume that the biopolymer degrades by hydrolysis
in a similar manner as the polylactic acid (PLA) or others polyesters. This study
adopts the degradation model of Adachi et al (3). In that model the elastic modulus
Es is proportional to the molecular weight of the polymer:

Es(W (t)) = Es0
W (t)
W0

(4)

where Es0 is the elasticity modulus corresponding to an initial molecular weight
W 0.

In turn, as water diffuses into the polymer and brakes molecular bonds, the molec-
ular weight of the polymer decreases over time as described in Eq. 5:

W (c) =−βc (5)
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Where β is a biomaterial constant that describes the velocity at which it degrades
and c is the concentration value of water. This cvalue changes over time according
to the diffusion process described in Eq. 6:

ċ = α∇
2c (6)

where α is the diffusion coefficient of water in the biopolymer.

The properties of the material considered above are taken from Adachi et al [3] and
are similar to polylactic acid properties with an elasticity modulus of Es0=20GPa,
initial molecular weight W0=70000g/mol, diffusion coefficient α = 4.0×10−4mm2/day
and degradation rate constant β = 4000/day.

2.3 Bone Formation Model

Moreover, as the scaffold degrades, we assume an ideal process where immature
bone tissue is generated without the need of a mechanical load stimulus. So, the
new tissue fills the space left by the scaffold material that has been degraded.

2.4 Computational Implementation

The model of reaction-diffusion, degradation and tissue growth was implemented
using the finite element method applied to a cubic mesh of 17576 node and 15625
elements. The side of the cube is assumed to be 2.4 mm. All simulations employ a
step increment of ∆t= 1 day, until it reaches 100 days. The selection of the initial
conditions is random and it was considered that at the boundaries of the domain the
flow is null.

3 Results

This section presents the results of the degradation of the scaffold and the growth
of bone tissue on it. Numerical tests were carried out with different parameters
of the reaction-diffusion system in order to obtain three wave numbers that re-
sult into different geometrical configurations. Thus, the structure obtained from a
wave number (2,2,0) determines an inner structure formed by canals of uniform
thickness, the structure obtained with the wave number (2,2,2) represents relatively
uniform pores similar to a sphere and the wave number (4,2,2) would result into
pores similar to ellipsoids.

3.1 Scaffold canal-shaped

Figure 2 shows the formation of the microstructure obtained for the variables u
and v, when s is equal to 0,995 using the wave number (2,2,0). The RD system
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Figure 2: Representative volume element obtained with a wave number (2,0,0). a)
Concentration value for the variable u. b) Concentration value for the variable v.

 

Figure 3: Bone tissue regeneration and scaffold degradation in a representative
volume element obtained with a wave number (2,0,0). a) Growth of bone tissue. b)
Degradation of the scaffold.
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Figure 4: Bone tissue regeneration and scaffold degradation in a representative
volume element obtained with a wave number (2,0,0) as a function of time.

parameters were d= 8.6676, a= 0.1, b= 0.9 and γ= 230.82. The Turing pattern
stabilized at a dimensionless time of t = 5.8, with a resulting porosity of 46%. The
trabecular width obtained from the unit cell is 1.2 mm. Figures 3 (a) and 3 (b) show
the tissue regeneration and scaffold degradation, respectively. Figure 4 shows the
percentage of remaining volume of the scaffold as a function of time expressed
in days. It is observed that 127 days are required for degradation and complete
regeneration.

3.2 Scaffold with spherical pores

Figure 5 shows the formation of the microstructure obtained for the variables u
and v, when s is equal to 0,895 using the wave number (2,2,2). The RD system
parameters were d= 8.6123, a= 0.1, b= 0.9 and γ= 346.3578. The Turing pattern
stabilized at a dimensionless time of t = 8.4, with a resulting porosity of 32%. The
trabecular width obtained from the unit cell is 1.2 mm. Figures 6 (a) and 6 (b) show
the tissue regeneration and scaffold degradation, respectively. Figure 7 shows the
percentage of remaining volume of the scaffold as a function of time expressed
in days. It is observed that 118 days are required for degradation and complete
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Figure 5: Representative volume element obtained with a wave number (2,2,2). a)
Concentration value for the variable u. b) Concentration value for the variable v.

 

Figure 6: Bone tissue regeneration and scaffold degradation in a representative
volume element obtained with a wave number (2,2,2). a) Growth of bone tissue. b)
Degradation of the scaffold.
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Figure 7: Bone tissue regeneration and scaffold degradation in a representative
volume element obtained with a wave number (2,2,2) as a function of time.

 

Figure 8: Representative volume element obtained with a wave number (4,2,2). a)
Concentration value for the variable u. b) Concentration value for the variable v.
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regeneration.

3.3 Scaffold with ellipsoid pore

Figure 8 shows the formation of the microstructure obtained for the variables u
and v, when s = 0.995 using the wave number (4,2,2). The RD system parameters
are d= 8.5736, a= 0.1, γ= 700.4675, b= 0.9. The Turing pattern stabilized at a
dimensionless time of t = 28.8, with a resulting porosity of 29.6%. The trabecular
width obtained from the unit cell is 0,6 mm. Figures 9 (a) and 9 (b) show the
tissue regeneration and scaffold degradation, respectively. Figure 10 shows that
for this configuration, 91 days are required for the scaffold degradation and tissue
regeneration.

Finally, figure 11 shows the evolution of the normalized mass remaining as a func-
tion of time as the degradation process occurs. After 20 days, the degradation
begins to be considerable. It can be observed that the use of reaction-diffusion
systems with high wave number and higher porosity (4,2,2) decreases the time nec-
essary for a complete degradation. We can also see that the degradation process in
highly porous structures with wave number (4,2,2), have higher smoothness in the
evolution of degradation process and bone formation than in structures with wave
number (2,2,0).

 

Figure 9: Bone tissue regeneration and scaffold degradation in a representative
volume element obtained with a wave number (4,2,2). a) Growth of bone tissue. b)
Degradation of the scaffold.

4 Discussion

This article has shown the use of a hypothetical model consisting of a reaction-
diffusion system and a polymerization reaction. This system allows generating
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Figure 10: Bone tissue regeneration and scaffold degradation in a representative
volume element obtained with a wave number (4,2,2) as a function of time.

geometries that may be used in the design of porous scaffolds geometries for ap-
plications in bone tissue engineering. Three spatial distributions of pores were
obtained by varying the parameters a, b, d, γ , Ta, of a reaction-diffusion system
of Schnakenberg [61]. The obtained wave number w determines the frequency of
the spatial distribution of the pores as seen in Figures 2, 5 and 8. The decrease
of value d and the increase of the value γ led to the formation of the patterns that
have a higher wave number. The wave number (2,2,0) is obtained with d = 8.6676
and γ = 230.82 and the wave number (4,2,2) is obtained with d = 8.6123 and γ =
346.36. The nonlinear behavior of the reaction-diffusion system is observed when
small changes of the value d cause significant changes in the wave number of the
obtainedpattern. We can also observe in Figures 2, 5 and 8 that pores with greater
sphericity and higher rates of degradation can be obtained by increasing the value
of the wave numbers. It is noteworthy that the degradation rates have a more stable
and smoother behavior in time as the wave number increases and the degradation
time becomes smaller as shown in Figure 11. Furthermore, the total porosity of the
element that depends on the size of the pores was changed varying the threshold
value s used in the polymerization reaction.



Bone Tissue Formation under Ideal Conditions 149

 

Figure 11: Standard masses remaining in the degradation time of the three volumes
considered for different wave numbers.

As we can see in Figure 11, the simulations do not show an appreciable degra-
dation in the first 20 days. This may be due to the time required to increase the
concentration value of water in the interior of the trabeculae of the scaffold to be
high enough to break the sufficient amount of molecular bonds. This allows the
degradation of scaffold solid portion. From day 20 until day 50, approximately,we
observed similar degradation rates (see Figure 11). Finally, from day 50 there is
degradation at different rates that lead to a high decrease of the mass in the element
with ellipsoids pores.

Comparing with previous work, we can see that different approaches lead to sim-
ilarities in the internal architecture of the scaffold. For example, from considera-
tions of topology optimization, Almeida et al. [60] obtained structures similar to
the canals and ellipsoids reported in this article. It is also noteworthy that the struc-
tures obtained in this work are similar to the surfaces used in previous works with
gyroids surfaces [56, 57]. There is a previous report where reaction-diffusion sys-
tems may cause this type of surfaces [77]. On the other hand, the implementation
of the model has a low computational cost since it required about 1000 or less time
steps to model the complete degradation of each of the elements of the scaffold.
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5 Conclusion

This work has made some simplifications that must be detailed. In the model for
the generation of the structure, there is simplification of the domain size and con-
sideration of null flow in the reaction-diffusion system boundaries. Furthermore,
in the degradation model, we considered that the size of the walls or trabeculae
obtained is slim enough to adopt a degradation model that does not take into ac-
count the effects of autocatalytic inherent to hydrolysis of PLA as stated by Chen
[22]. However, this work provides a possible line of research in tissue engineering
by proposing another way to get internal geometries for scaffolds from reaction-
diffusion systems. An extension of this study is necessary in order to analyze the
effect of domain size and elements of the mesh used in the FEM method with re-
spect to the wavelength of the patterns obtained. It is also convenient to carry out
an analysis of the mechanical behavior of the system scaffold degradation - tissue
regeneration when is subjected to loads such as pressures on different sides of the
representative volume elements.
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