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Abstract

Thanks to the recent advances of three-dimensional printing technologies the design and the fabrication
of a large variety of scaffold geometries was made possible. The surgeon has the availability of a wide
number of scaffold micro-architectures thus needing adequate guidelines for the choice of the best one to
be implanted in a patient-specific anatomic region. We propose a mechanobiology-based optimization
algorithm capable of determining, for bone tissue scaffolds with an assigned geometry, the optimal value
Lopt of the compression load to which they should be subjected, i.e. the load value for which the formation
of the largest amounts of bone is favoured and hence the successful outcome of the scaffold implantation
procedure is guaranteed. Scaffolds based on hexahedron unit cells were investigated including pores
differently dimensioned and with different shapes such as elliptic or rectangular. The algorithm predicted
decreasing values of the optimal load for scaffolds with pores with increasing dimensions. The optimal
values predicted for the scaffolds with elliptic pores were found higher than those with rectangular ones.
The proposed algorithm can be utilized to properly guide the surgeon in the choice of the best scaffold
type/geometry that better satisfies the specific patient requirements.

Key words: Scaffolds for Bone Tissue Engineering, Computational Mechanobiology, Numerical Optimization
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Introduction

Scaffolds for bone tissue engineering are porous
biomaterials that imitate the structure and the
properties of natural bone and that are implanted into
anatomic regions where large volumes of bone - due
to different reasons such as cleft palate, trauma,
primary tumor resections or selective surgery - are
missing. Scaffolds must be properly shaped and
designed so as to correctly bear the load acting on
them as well as to promote and favor all the biological
processes involved in the bone formation process
such as vascularization [1], signaling, production of
extra-cellular matrix [2] and delivering of biofactors
[34].

Biomaterials science traditionally adopts a
‘trial-and-error’ approach, with changes made on an
existing design, based on in vitro or in vivo

experimental findings. However, in vitro or in vivo
experimentation requires costly protocols and
procedures very expensive in terms of time [5].
Furthermore, it was found that the osteogenesis
process occurring in vivo does not always match the
same process reproduced in wvitro. For instance,
Karageorgiou and Kaplan [6] showed that a lower
porosity stimulates osteogenesis in vitro while a
higher porosity leads to the formation of larger
amounts of bone in vivo. This discrepancy pushed a
large number of researchers to develop in silico
(computational) models that allow to simulate the
effects of environment on the mechanobiological
stimuli and, hence, to predict how this environment
affects the tissue differentiation process [7-9].

A very large number of factors must be taken
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into account to properly design bony tissue scaffolds,
including the variability of bone tissue properties, the
differences in sex, age, activity and disease status of
individuals [3,10,11]. In order to optimize the healing
process and hence to shorten its duration, customized
solutions of scaffolds ad hoc designed for
patient-specific anatomic regions should be adopted
[12]. Nowadays, this was made possible especially
thanks to the recent advances in three-dimensional
(3D) printing technologies that allow to fabricate
practically any type of scaffolds with any arbitrarily
complex geometry [13-15]. The impressive potential
offered by these technologies is to provide highly
complex constructs with patient-specific designs as
well as rapid on-demand fabrication at a low cost [16].
The possibility of designing and producing scaffolds
with any arbitrary geometry, led many researchers to

investigate  different  scaffold  microstructure
geometries based on different unit cells such as: cubic,
rhombic dodecahedron, pyramidal,

rhombicuboctahedron and diamond [17-23]. The
wide gamma of scaffold geometries currently
available makes mandatory to give guidelines to the
surgeon (e.g. dental, maxillofacial, oral, orthopaedic,
etc) in the choice of the best scaffold micro-
architecture that is the most suited to the specific
patient requirements. In other words, having at h(er)is
disposal a large number of scaffold geometries, the
surgeon needs to be properly guided to identify the
best one that allows the scaffold performances to be
maximized and hence the successful outcome of the
scaffold implantation to be guaranteed. In this paper
we present an algorithm based on mechanobiological
principles that, known the geometry of the scaffold is
capable of giving in output the optimal load Ly with
which “that’” scaffold should be loaded to obtain the
best scaffold performance. A practical approach that
can be adopted is the following. The algorithm can be
first implemented to determine the optimal load value
for a large number of scaffold geometries. Then, based
on the anthropometric features of the specific patient
and implementing multi-scale approaches - such as,
for example, the approach utilized in a previous study
[24] -, possible values of load Lyien: acting on a
generic scaffold implanted into ‘that” patient-specific
anatomic region can be hypothesized. Therefore, the
surgeon will select/choose, - among the scaffolds for
which the optimal load was determined via the
proposed algorithm, - the scaffold with Ly, as close as
possible to Lyaient.

Materials and Methods

The scaffold models investigated

Two different models of scaffold were

investigated in this study: a scaffold including elliptic
pores (Figure 1a) and a scaffold including rectangular
ones (Figure 1d). The principal scaffold dimensions,
which are consistent with those utilized in previous
studies [12, 25], are shown in Figure 1. Each pore
(elliptic or rectangular) was hypothesized to have the
height 2B of 600 pm, while four different values were
given to the width 2A which correspond to have the
following values of the ratio A/B: 0.25, 0.5, 0.75 and
1.00 (Figure 2).

Each model included the scaffold (represented in
yellow, Figures la and 1d), the mesenchymal tissue
(represented in red, Figures 1b and 1le) which
occupies the scaffold pores and a rigid plate
(represented in blue, Figures 1c and 1f) through which
a compression load L (Figure 1) was applied on the
model upper surface. These models were discretized
into finite elements and given in input to a finite
element code (ABAQUS, Version 6.12, Dassault
Systemes, France). The bottom surface of the model
was clamped with ‘encastre’” boundary conditions.
Both, the scaffold and the mesenchymal tissue were
modelled as poroelastic materials. The scaffold
Young’'s modulus was set equal to 1000 MPa while the
mechanical properties implemented for the other
materials are the same as those utilized in previous
studies [12,25].

The algorithm for the determination of the
optimal load

An ad hoc algorithm, a schematic of which is
depicted in Figure 3, was written in MATLAB®
(Version R2016b) environment to determine the
optimal load for each of the scaffold geometries
investigated in this study. The algorithm requires,
first of all, to fix a first attempt value for the optimal
load (Block [0]). In detail, the algorithm requires to set
the value of the load per unit area (units, N/mm?), i.e.
the value of the pressure exerted by the rigid plate on
the upper model surface (Figure 1). After selecting the
shape of the pore (Block [1], Block [2] and Block [2bis],
Figure 3), the user is asked to set the value of the ratio
A/B (Block [3], Block [4], Block [4bis], Block [4ter],
Block [4quater], Figure 3). For example, in Figure 3 the
case where the elliptic pore and the value A/B = 1.00
are selected, is shown. Then, the CAD model of the
scaffold with the selected pore shape and ratio A/B is
built, discretized into finite elements and given in
input to the finite element solver (Block [5]). On this
model, the boundary and loading conditions
described above are applied (Block [6]) and a finite
element analysis is run (Block [7]). Based on the
values of the stress and strain predicted by the finite
element analysis, the algorithm computes a
biophysical stimulus S that depends on the octahedral
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shear strain and the interstitial fluid flow. Further
details on this quantity as well as on the methodology
adopted to compute it are reported in previous
studies [12,24]. Then, the algorithm compares the
computed biophysical stimulus with the ideal one S,
i.e. the biophysical stimulus that corresponds to have
all the scaffold pores occupied entirely by mature
bone. If the distance/difference 0 = | S-Siq| is smaller
than an a priori fixed small quantity ¢ (Block [10]),
then the algorithm stops and gives in output the
optimal compression load L,y (for the specific scaffold
geometry  investigated). If, instead the
distance/difference 6 is greater than ¢ then the
algorithm starts a new optimization cycle (Block [11]),

perturbs the value of load initially fixed (Block [12])
and applies this new load on the finite element model
(Block [6]). A new finite element analysis is performed
(Block [7]) that will give new levels of stress and strain
and hence a new value of the biophysical stimulus S
(Block [8]). At this point, the algorithm will perform
so many optimization cycles until the inequality 6 =
| S-Sia| < e is satisfied. Once this occurs, the algorithm
stops and gives in output the optimal value of load
Loyt In other words, the algorithm perturbs the value
of the load acting on the scaffold until the volume of
the mesenchymal tissue experiencing a biophysical
stimulus S = Sj; is maximized.

Figure 1. CAD model of the scaffold (a,d), the mesenchymal tissue occupying the pores (b,e) and of the system scaffold/tissue (c,f). Scaffolds based on the hexahedron unit cell
and with elliptic (a-c) and rectangular (d-f) pores were studied. The lower base of model was clamped while a compression load L was applied on the upper surface via a rigid plate
(highlighted in blue) (c,f). The principal dimensions of the models investigated in the study are shown.
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A/B=0.25

A/B=1.00

Rectangular pores

Elliptic pores

Figure 2. Scaffold geometrical configurations investigated in the study. Scaffolds with elliptic and rectangular pores were considered with different values of the ratio

A/B.

The algorithm described above can be properly
utilized to guide the surgeon in the choice of the most
suitable scaffold to be implanted in a patient-specific
anatomic region. To do this, the following procedure
can be adopted. The algorithm should be first
implemented to determine the optimal load L,y for all
the scaffold geometries that the surgeon has at h(er)is
disposal. Then, based on the anthropometric features
of the patient and adopting multi-scale approaches
[24], a possible value of the load Lptins acting in a
generic scaffold implanted into the anatomic region of
‘that’ patient can be hypothesized. In detail, the
multi-scale approach requires to build a micro-scale
and a macro-scale models. The macro-scale model
represents the model of the anatomic region where
the scaffold will be implanted, while the micro-scale
model represents the model of the scaffold to be
implanted. These two models exchange information
with each other: in particular, localization rules allow
passing from the macro- to the micro-scale model,
vice-versa, homogenization rules allow passing from
micro- to macro-scale model. Based on the
anthropometric information of the patient, the
macro-scale model can be easily generated. Then,
through localization rules the loading conditions
Lpatiens acting on the micro-scale model (i.e. the
scaffold) can be computed. The value of load deriving
from the localization rule can then be compared with

the optimal load L, determined via the proposed
algorithm. The surgeon will choose the scaffold with
the value of Ly as close as possible to Lyatient.

All the optimization analyses were performed on
a HP XW6600- Intel® Xeon® Dual-Processor E5-5450
3 GHz - 32 Gb RAM and took some 360 hours of
computation.

Results and Discussion

Increasing levels of the ratio A/B lead to
decreasing values of the predicted optimal load
(Figure 4) (predicted values of the optimal load are
expressed as load per unit area, units N/mm?). This is
consistent with our expectations. In fact, as A/B
decreases, the global stiffness of the scaffold decreases
too and with it the optimal load the scaffold is capable
to bear. Interestingly, it appears that for fixed levels of
the ratio A/ B, the optimal load predicted for scaffolds
with elliptic pores is higher than that predicted for
scaffolds with rectangular ones. Also this result is
consistent with our expectations as for given values of
A/B, scaffolds with elliptic pores include more
material and hence are stiffer than those with
rectangular pores (please, see Figure 2 that shows the
geometrical configurations of scaffolds for different
levels of A/B and for the different pore shapes
investigated in this study).
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Figure 3. Schematic of the flow-chart implemented in the study to determine the optimal load acting on the scaffold
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Figure 4. Optimal load (expressed as load per unit area, [N/mm?2]) predicted by the optimization algorithm for the different scaffold geometries investigated in the
study. The diagram can be properly utilized to choose the best scaffold geometry that is better suited for the specific patient requirements. Let us suppose, for
example, that a value of Lyatient = 0,35 MPa was found. It appears that the best scaffold geometry that can be selected by the surgeon is the one with rectangular pores
and a ratio A/B = 0,5. The second best solution is a scaffold with elliptic pores and with A/B = 0,75.

The diagram can be properly utilized to choose
the best scaffold geometry that is better suited for the
specific patient requirements. Let us suppose, for
example, that a value of Lyuiens = 0,35 MPa was found
(Figure 4). It appears that the best scaffold geometry
that can be selected by the surgeon is the one with
rectangular pores and a ratio A/B = 0.5. The second
best solution is a scaffold with elliptic pores and with
A/B=0.75.

The present study has some limitations. First,
scaffold models with small dimensions have been
considered. In general, scaffolds implanted in the
human body can have larger dimensions than those
hypothesized. The strategy of considering rather
small models was adopted to decrease the
computational cost of the optimization analyses
which are very expensive in terms of computational
time. Furthermore, in the present article we intend
just to demonstrate the feasibility of the proposed
approach. Increases in computational power will
ultimately allow more realistic models to be
developed. Second, the optimal load was investigated
by considering the value of a biophysical stimulus S
that does not depend on the other factors that can
affect the bone regeneration process such as:
angiogenesis [26], scaffold dissolution [27], growth
factors [28] (e.g. platelet-rich fibrin (PRF) [29] and
platelet-rich plasma (PRP) [30]). Neglecting the
angiogenesis, the proposed model was not capable of
taking into account other possible aspects that are

strictly related to the vascular networks such as the
effects of smoking [31]. Moreover, other systemic
conditions have not been considered such as the
oxidative stress balance which certainly affects the
healing process [32]. We expect that both, the
oxidative stress as well as the use of growth factors
biomatrix will lead to altered values of the ideal
stimulus Si; and hence to altered values of the optimal
load Loy Further investigations should be carried out
on these topics in the future. However, previous
studies [12,25] that neglected such factors and
adopted the same definition of the biophysical
stimulus S - utilised in the present study -, were
capable of successfully predicting the optimal scaffold
geometry.

In spite of the above mentioned limitations, the
proposed algorithm predicts values of the optimal
load that are consistent with those reported in other
studies [27]. Furthermore, the trend of the predicted
optimal load is consistent with the physics of the
problem. The predicted optimal loads are also in
agreement with those reported in previous studies
[12,25] where patterns of bony tissues consistent with
those observed in vitro were predicted. Future studies
should implement computational mechanobiological
models on other possible scaffold types such as
hydrogel scaffolds derived from bone extracellular
matrix, scaffolds seeded on collagen I [33] and
biomimetic scaffolds [10].
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Conclusions

A mechanobiology-based algorithm was
developed capable of predicting, for scaffolds with
assigned geometry, the optimal load, i.e. the load level
that favours the formation of the largest amounts of
bone. The algorithm predicted the optimal load of
scaffolds with hexahedron unit cells including elliptic
and rectangular pores. For a fixed scaffold geometry,
the algorithm compares the biophysical stimulus S
actually acting on the mesenchymal tissue and an
ideal value Siz which corresponds to have all the
scaffold pores occupied entirely by mature bone. The
algorithm perturbs so many times the value of load
acting on the scaffold, until the distance/difference 6
= | 5-Sia| becomes smaller than an a priori fixed small
quantity e. Once this occurs, the algorithm stops and
gives in output the value of the optimal load that
allows the formation of bone to be maximized. It was
found that for fixed levels of the ratio A/B, the
optimal load predicted for scaffolds with elliptic pores
is higher than that predicted for scaffolds with
rectangular ones. The proposed algorithm can be
utilized to guide the surgeon in the choice of the best
scaffold to implant and hence to determine the
scaffold geometry/type that is the most suited for the
patient-specific anatomic region.
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