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ABSTRACT: By combining load adaptive algorithms with
mechanobiological algorithms, a computational framework was
developed to design and optimize the microarchitecture of irregular
load adapted scaffolds for bone tissue engineering. Skeletonized
cancellous bone-inspired lattice structures were built including
linear fibers oriented along the internal flux of forces induced by
the hypothesized boundary conditions. These structures were then
converted into solid finite element models, which were optimized
with mechanobiology-based optimization algorithms. The design
variable was the diameter of the beams included in the scaffold,
while the design objective was the maximization of the fraction of
the scaffold volume predicted to be occupied by neo-formed bony
tissue. The performance of the designed irregular scaffolds,
intended as the capability to favor the formation of bone, was compared with that of the regular ones based on different
unit cell geometries. Three different boundary and loading conditions were hypothesized, and for all of them, it was found that
the irregular load adapted scaffolds perform better than the regular ones. Interestingly, the numerical predictions of the
proposed framework are consistent with the results of experimental studies reported in the literature. The proposed framework
appears to be a powerful tool that can be utilized to design high-performance irregular load adapted scaffolds capable of bearing
complex load distributions.

KEYWORDS: load adaptive algorithms, mechanobiological algorithms, irregular and regular scaffolds,
robustness of optimized structures, finite element method, structural optimization algorithms

1. INTRODUCTION

One of the most promising strategies to repair large-dimension
bone defects consists in using scaffolds for bone tissue
engineering.1 Scaffolds are porous biomaterials imitating the
properties of natural bone that provide a specific environment
and architecture for bone growth and development.2 A number
of research studies have been carried out that, based on different
criteria,3−6 aim at maximizing the scaffold performance, i.e., the
attitude to promote and favor the tissue regeneration. It is
commonly known that the scaffold ability to stimulate the
formation of new bony tissue depends on a very large number of
factors, among which, as demonstrated by recent in vitro and in
vivo studies,7−9 the scaffold design occupies a prominent place.
Due to the costly and time-expensive protocols typically

adopted in experimental bone tissue engineering, in silico
models are recently gaining interest. Many computational
models are currently being developed to design and optimize
the scaffold microarchitecture that allows maximizing the
scaffold performance.4,10,11 Some of these models incorporate

mechanobiological (MB) algorithms that investigate the role of
biophysical stimuli in the regulation of the tissue differentiation
process in bone tissue scaffolds.3,12−17 Changing the scaffold
microarchitecture leads to change the biophysical stimulus
acting on the regenerating tissue. The objective of computa-
tional mechanobiology-based models is, hence, the identifica-
tion and the design of the scaffold geometry that yields the most
favorable biophysical stimuli, i.e., those that favor the formation
of the largest amounts of bone in the shortest time.18−20

Two main scaffold geometries can be obtained with the
manufacturing technologies currently available: regular and
irregular. The first one can be obtained as the replication in the
three-dimensional (3D) space of a unit cell geometry; the
second one includes, instead, differently shaped and dimen-
sioned pores that generate an irregular microarchitecture. A
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number of studies were carried out on regular scaffolds.21−23

Analytical relationships were also developed to relate the
scaffold repeating unit cell geometry with the global equivalent
mechanical properties.24 By implementing mechanobiological
(MB) algorithms, the present authors optimized the geometry of
regular scaffolds based on different unit cell geometries with
both homogeneous18,25,26 and functionally graded porosity.27

Regular scaffolds are fabricated with rapid prototyping
techniques that allow controlling with high accuracy the
dimensions of the single unit cell geometry.2 However, regular
scaffolds are not suited to properly bear complex load
distributions that can be supported, more efficiently, by irregular
load adapted scaffolds.28−30 Conventional techniques, such as
solvent casting and particle leaching, freeze drying, gas foaming,
etc., are utilized to fabricate, using subtractive methods, irregular
geometry scaffolds. The main drawback of these techniques is
the limited ability to control shapes and geometries. Most of
them allow controlling the average dimensions of the scaffold
microarchitecture but not the specific dimensions of the single

scaffold pore.2 Extensive studies were carried out to characterize
the properties of irregular scaffolds31−35 and to optimize their
performance.36−41 Computational models were also pro-
posed42,43 to determine the optimal geometry of irregular
scaffolds. However, to date, no studies are reported in the
literature that optimize the irregular scaffold geometry on the
basis of mechanobiological criteria.
Trabecular bone tissue, i.e., the typical tissue that scaffolds

have to replace, is not regular and presents a highly organized
structure44 with trabeculae oriented according to the principal
stress directions.45 Bio-inspired structured materials were
recently proposed46 as well as bio-inspired design techniques
were investigated to mimic natural structures.30 A recent study
has demonstrated the capability of bioinspired load adapted
structures to adequately bear different boundary and loading
conditions.28 A load adaptive (LA) algorithm was developed
replacing the continuous mass of convex solids with a cancellous
bone-inspired lattice structure organized to have linear fibers
oriented according to the boundary conditions.

Figure 1. Schematic of the algorithm implemented in Ansys to generate the skeletonized load adapted structure successively dressed and optimized.
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The aim of this study was to propose a computational
framework that combines MB and LA algorithms to design and
optimize the geometry of irregular load adapted scaffolds. In
other words, a mechanobiology-based optimization algorithm
was integrated with a load adaptive algorithm to determine the
optimal geometry of irregular load adapted scaffolds. Three
different boundary and loading conditions were hypothesized
originating simple and complex load distributions. Comparisons
were finally made between the mechanobiological perform-
ances, quantified as the percentage of the total scaffold volume
occupied by neo-formed bony tissue, of irregular and regular
scaffolds. Interestingly, we found that in all of the hypothesized
boundary and loading conditions, irregular load adapted
scaffolds allow including, within the pores, larger amounts of
bone, compared to the regular ones. In addition, we found that
the irregular load adapted scaffolds are also more robust than the
regular ones. In other words, they display a more suited
structural response in the case when they are subjected to
boundary and loading conditions slightly different with respect
to those for which they were optimized. To corroborate the
proposed framework, comparisons were made between the
numerical predictions and the experimental observations of in
vivo studies. Interestingly, the numerical predictions are
consistent with the experimental findings. The proposed
framework appears a powerful tool to design high-performance
irregular load adapted scaffolds. Compared to the regular ones,
these scaffolds have the potentialities to include larger amounts

of bone and hence to increase the success rate of the scaffold
implantation procedure.

2. MATERIALS AND METHODS
2.1. Computational Framework. The proposed computational

framework is articulated into two principal parts. The first part includes
load adaptive algorithms and serves to generate the base wireframe
structure of the scaffold. In this first part, optimization processes are
implemented, aimed to identify the beams of the scaffold that are
actually useful to bear the load. The resulting skeletonized structures are
successively “dressed”, made three-dimensional structures, and given as
input to the second part of the computational framework. This second
part implements computational mechanobiological models and aims to
optimize the dimension of the diameter of beams. Further details on the
framework are given in the following sections.

2.2. Generation of Irregular Load Adapted Structures. The
load adaptive (LA) algorithm, which consists of a single source code
written in Ansys Parametric Design Language (APDL) of commercial
software Ansys (Release 16.2, ANSYS, Inc., Canonsburg, Pennsylva-
nia), generates the base wireframe structure of the scaffold, i.e., the
scaffold skeleton that will be successively dressed and made a solid
three-dimensional structure. In detail, the LA algorithm replaces the
solid mass of a convex solid (CS) of any shape subjected to static loads
with a lattice structure having the beams oriented along the internal flux
of forces induced by the hypothesized boundary conditions. The
algorithm takes in input both the 3D computer-aided design (CAD)
model of CS and the boundary conditions in the form of forces and/or
displacements (Figure 1, block {1}) and gives in output the lattice
structure with beams properly oriented and inscribed within the volume

Figure 2. Skeletonized load adapted structures generated in the Ansys environment for different boundary and loading conditions: pure compression
(a), shear load (b), and lateral pressure (c). The structures were imported into Rhinoceros (e, f) where cylinders (g) were built around each line
segment and spherical elements (h) were added in the proximity of each convergence node. For the sake of brevity, the CAD operations performed
with Rhinoceros are shown only for the structure subjected to lateral pressure (c). To evaluate the efficiency of the proposed LA algorithm, a structure
was built (d) including randomly oriented beams, which was used as the positive control and which was subjected to all of the three hypothesized
boundary and loading conditions.
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of the CS model. Following a previous study,25 a cubic volume of side h
= 2548 μm was considered as a CS model (Figure 1, block {1}).
The first macrostep is the generation of a uniformly distributed point

cloud occupying the volume of the cubic 3D CAD solid model showing
the identical distribution of points on the opposite sides (Figure 1,
block {2}). Then, the algorithm generates a sufficiently isotropic finite
element (FE) lattice structure made up of beams (second macrostep,
Figure 1, block {3}). To do this, the following substeps are followed:

• For each generated point of the point cloud, a spherical space of
selection (SSS) is defined that includes a specified number of
points.

• Line segments are generated that join the center of SSS with
each point included in SSS. The average number of beams
(ANB) departing from each converging nodes can be specified
by the user.

• The line segments are converted into beams, and a sufficiently
isotropic beam-based finite element (FE) model of the lattice
structure is generated by means of an ad hoc written isotropic
criterion that uses periodic boundary conditions taking
advantage of the identical distribution of nodes on opposite
sides.47

Then, the third macrostep follows (Figure 1, block {4}). An FE
lattice structure is generated including only the beams more
significantly loaded under the hypothesized boundary conditions.
This macrostep is articulated in the following substeps:

• The boundary conditions are applied.

• An optimization process starts: the elastic solution is iteratively
calculated, and the beams less stressed are deleted until the
number of beams converging in each convergence node
becomes equal to the a priori fixed parameter ANB. It is
possible to set the number of beams to be removed (Δb) at each
cycle after convergence analysis of the results in terms of
mechanical performance and computational weight. In all of
these iterative FE analyses, the structural continuity is constantly
preserved. Further details on the LA algorithm are reported in a
previous study.28

It is worth noting that the load adaptive algorithm does not require to
define a specific load value because it is based on the relative
comparison between the stress states acting on the beams. In general,
the algorithm calculates iteratively the elastic solution and deletes the
beams less stressed. The threshold level of stress under which the beam
must be removed is a function of the load; the higher the load, the larger
the threshold level of stress. As a consequence of this, the beams that are
deleted by the load adaptive algorithm will always be the same
independent of the specific value of load acting on the skeletonized
structure.

A load adapted skeletonized structure is finally generated (Figure 1,
block {5}, fourth macrostep), which includes line segments oriented
along the internal flux of forces induced by the boundary conditions.

The algorithm requires the user to set the values of three input
parameters: (i) the average number of beams (ANB); (ii) the average
distance dist between the points of the cloud generated in the first
macrostep; and (iii) the radius RSSS of the spherical spaces of selection
(Figure 1). Following Lakatos et al.,48 the average number of beams,

Figure 3. Scaffold model imported into Abaqus (a) was cut along the faces of the cubic volume with the side h (b). The model of the granulation tissue
(e) was obtained via the boolean operation of subtraction, from the cubic volume h × h × h (c), the volume of the cut scaffold (d).

Table 1. Values of Material Properties Implemented in the
Models of Scaffold and Granulation Tissue

material properties scaffold granulation tissue

Young’s modulus [MPa] 1000 0.2
Poisson’s ratio 0.3 0.167
permeability [m4/(N s)] 1 × 10−14 1 × 10−14

porosity 0.5 0.8
bulk modulus grain [MPa] 13 920 2300
bulk modulus fluid [MPa] 2300 2300
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ANB, was set equal to 6, which is the average number of trabeculae
converging in “nodes” of the human cancellous bone. The distance dist
and the radius RSSS were set equal to dist = h/5 and RSSS = 1.7 × dist =
1.7 × h/5 = 0.34 × h, which allow building line segments with an
average length consistent with that of trabeculae of the human
cancellous bone.48−50

Three different boundary and loading conditions were hypothesized:
(i) a pure compression, where the convergence nodes of the bottom
surface were clamped, while those of the upper surface were subjected
to a distributed compression load (Figure 2a); (ii) a shear load, where
the convergence nodes of the bottom surface were constrained as in the
previous case, while those of the upper surface were subjected to a
distributed shear load (Figure 2b); and (iii) a lateral pressure, where the
convergence nodes of the bottom surface were clamped and those of
the lateral surface were subjected to a distributed compression load
(Figure 2c). For each of the hypothesized boundary and loading
conditions, one skeletonized structure was generated with the LA
algorithm (Figure 2a−c). To evaluate the effect of the LA algorithm, a
skeletonized structure was also generated with beams randomly
oriented in the space that was used as the positive control (Figure 2d).
2.3. Generation of 3D CAD Scaffold Models. The four

skeletonized structures were dressed and made 3D CAD solid models
via the 3D computer graphics and computer-aided design (CAD)
application software Rhinoceros (version 5, McNeel). The coordinates
of the convergence nodes and the connectivity of the line segments
were saved in a text file that was given in input to Rhinoceros. By using
the CAD tool “AddCylinder”, cylindrical elements all with the same
diameter D were built having each, as axis, the line segments generated
by the load adaptive algorithm (Figure 2e−h). To guarantee the
continuity of the structure, spherical elements with a diameter DS = 1.1
×Dwere included in the model in correspondence of each convergence

node (Figure 2h), via the “AddSphere” CAD tool available in
Rhinoceros. Spherical elements with the same dimensions were utilized
in a previous study26 to connect the beams of scaffolds based on the
diamond unit cell. The diameterD was the design parameter optimized
through the mechanobiology-based algorithm described below. The
generated 3D CAD solid model of the scaffold was finally saved in *.sat
format and given in input to Abaqus, where the 3D finite element model
of the scaffold was built. To make the procedure easily incorporable in
an algorithm, a python script was written that, given in input to
Rhinoceros, allows all of the CAD operations described above to be
executed automatically.

2.4. Generation of 3D Finite Element Models of Scaffold. The
four CAD models in *.sat format generated by Rhinoceros were then
imported into Abaqus (version 6.12, Dassault System̀es, France), where
they were cut along the faces of the cubic volume of side h (Figure 3a,b).
The model of the granulation tissue occupying the scaffold pores was
then obtained with the Boolean operation of subtraction, from the cubic
volume Vcube = h × h × h, the volume of the scaffold (Figure 3c−e).
Both the scaffold and the granulation tissue were modeled as biphasic
poroelastic materials; the material properties implemented in the
models were taken from previous studies25,26 and are listed in Table 1.

The solid models of scaffold and granulation tissue generated for the
hypothesized boundary and loading conditions (i.e., pure compression
(Figure 4), shear load (Figure 5), lateral pressure (Figure 6), model
with randomly oriented beams (control) (Figure 7)) were discretized
into tetrahedral four-node, linear displacement, and pore pressure
elements (C3D4P) available in Abaqus. The average element size was
set equal to 50 μm, while the maximum deviation factor for the
curvature control was fixed to 0.01 (Figures 4c,d, 5c,d, 6c,d, and 7c,d).
The sophisticated geometry of scaffold and granulation tissue models,
the presence of geometric “impurities” such as very small faces and

Figure 4.Models of scaffold (a) and granulation tissue (b) obtained from the (skeletonized) structure adapted to pure compression load were meshed
with tetrahedral elements (c, d), assembled and subjected to boundary and loading conditions (e). All of the cylindrical elements had the same
diameter D (a).
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edges generated in the previous CAD operations, made the meshing
process tremendously difficult and, very often, unsuccessful. To address
this issue, the virtual topology toolset available in Abaqus was utilized
that allows removing small details by combining a small face with an
adjacent face or by combining a small edge with an adjacent edge.
A “tie” constraint was utilized to tie the adjacent surfaces of scaffold

and granulation tissue so as to remove any relative motion between
them. The bottom surface of the scaffold/granulation tissue model was
clamped, while equation constraints were utilized to fix a rigid plate to
one of the faces of the model. In detail, in the case of the pure
compression (Figure 4) and shear load (Figure 5), the rigid plate was
fixed on the top surface; in the case of the lateral pressure (Figure 6),
instead, it was fixed on the lateral face of the model. A concentrated
force F was then applied on the rigid plate that originates a distributed
load per unit area, p = F/h2. Five different levels were hypothesized for F
that yield the following values of p: in the case of pure compression, p =
0.05, 0.1, 0.5, 1.0, and 1.5 MPa, and in the case of shear load and lateral
pressure, p = 0.01, 0.05, 0.1, 0.2, and 0.5MPa, which are consistent with
those hypothesized in previous studies19,25−27 (Figures 4−6).
According to Boccaccio et al. (2011),51 the force F was ramped over
a time period of 1 s, which is a possible time interval in which a bone
tissue scaffold can be loaded. All of the three hypothesized boundary
and loading conditions were also applied to the model with randomly
oriented beams (control) (Figure 7e−g).
A python script was written that, given in input to Abaqus, allows all

of the above-described procedures to be implemented automatically:
importation of the *.sat model, modeling of the material properties,
generation of the granulation tissue model, modeling of the boundary
and loading conditions, meshing of scaffold, and granulation tissue
models.
It is worth noting that the generation of the 3D CAD solid model,

starting from the skeletonized load adapted scaffold structure, can be

hypothetically carried out into Abaqus. However, it requires, line by
line, the additional operations of building the cylinder, translating and
orientating it in the correct location. Conversely, the “AddCylinder”
CAD tool available in Rhinoceros allows these operations to be carried
out automatically in a reliable way, thus simplifying the model
generation procedure.

2.5. Modeling of Regular Scaffolds. To compare the perform-
ance, quantified as the percentage of the total scaffold volume occupied
by neo-formed bony tissue, of irregular load adapted scaffolds with that
of the regular ones, scaffolds based on a hexahedron unit cell (with
rectangular and elliptic pores) and scaffolds including cylindrical rods
were modeled too. In detail, in the case of scaffolds based on the
hexahedron geometry, each unit cell can be obtained starting from a
hexahedron/cubic volume and creating holes as a cut/protrusion of
rectangular or elliptic edges along the coordinate axes (Figure 8a,g).
The scaffold includes 4 × 4 × 4 unit cells, and each unit cell can be
inscribed in a cube with the side of 637.6 μm. This same unit cell
dimension was utilized by Byrne et al.,19 which built a cubic scaffold
model with a total volume of about 7 mm3 and including 3 × 3 × 3 = 27
unit cells. While in the case of irregular scaffolds, the design parameter
was the dimension D (Figures 2g, 4a, 5a, 6a, and 7a), in the case of
regular scaffolds based on the hexahedron unit cell, according to a
previous study,18 the design parameter was represented by the two
dimensions A and B (Figure 8a,g) of the semi-axes of the elliptic and the
rectangular shapes. The models of the entire scaffold were obtained by
replicating and mirroring, with respect to proper planes, the unit cell
geometry (Figure 8b,h). The models of granulation tissue (Figure
8c,m) were obtained with the Boolean operation of subtraction, from
the cubic volume h × h × h, the volume of the regular scaffold (Figure
8b,h). Regular scaffolds including cylindrical rods were also investigated
(Figure 9). Such a scaffold geometry can be realized via the fused
deposition modeling technique, a 3D printing process that deposits,

Figure 5.Models of scaffold (a) and granulation tissue (b) obtained from the structure adapted to shear load were meshed with tetrahedral elements
(c, d), assembled and subjected to boundary and loading conditions (e). All of the cylindrical elements had the same diameter D (a).
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layer by layer, cylindrical filaments on the growing work. The filaments
of each layer are perpendicular with respect to those of the adjacent one.
Two different geometries of these scaffolds were built, the first
including filaments with diameter Df = 250 μm (Figure 9a−e) and the
second with filaments of diameterDf = 450 μm (Figure 9f−n). Scaffolds
with this geometry and diameter dimensions have been tested in an in
vivo study by Barba et al.52 The design parameter that was optimized in
this study was the distance distfil (Figure 9a,f) between the filaments
included in each layer. The modeled regular scaffolds, that possess the
same dimensions h × h × h as those of the irregular ones (Figures 8b,h
and 9b,g), were subjected to the same hypothesized boundary and
loading conditions of pure compression (Figures 8d,n and 9c,h), shear
load (Figures 8e,o and 9d,m), and lateral pressure (Figures 8f,p and
9e,n). The same element type with the same dimensions as those
utilized for the irregular structures was utilized to mesh the regular
scaffolds.
Both irregular and regular scaffold models included about 5 million

elements and 1 million nodes, and each finite element analysis had a
duration on average of about 1.5 h on HP XW6600-Intel Xeon Dual-
Processor E5-5450 3 GHz−32 Gb RAM.
2.6. Mechanobiological Model. In all of the scaffold models

investigated in this study, following a previous study,18 the granulation
tissue (highlighted in red, Figures 3−9) was hypothesized to be fully
and homogeneously occupied by mesenchymal stem cells. To model
the biological processes taking place inside the scaffold, a mechanobio-
logical algorithm based on deviatoric strain and fluid velocity53 was
implemented. In detail, mesenchymal stem cells were hypothesized to
differentiate based on the values of a biophysical stimulus S acting on
them, which assumes the following form

γ ν= +S
a b (1)

where γ is the octahedral shear strain, ν is the interstitial fluid flow, and a
and b are empirical constants with the values of 3.75% and 3 μm/s,
respectively.54 In detail, if εI, εII, and εIII are the principal strains, the
octahedral shear strain γ can be expressed as

γ ε ε ε ε ε ε= − + − + −2
3

( ) ( ) ( )I II
2

II III
2

I III
2

(2)

Depending on the value of the stimulus S, the mesenchymal stem cells
can differentiate into the following phenotypes: fibroblasts, chon-
drocytes, osteoblasts, or osteoclasts and hence synthesize the following
tissues: fibrous tissue, cartilage, and immature and mature bone. In
detail, the different tissue types are predicted to form when the
following inequalities are satisfied55

> →

< < →

< < →

< < →

< < →

S

S

S

S

S

if 3 fibroblasts (fibrous tissue)

elseif 1 3 chondrocytes (cartilage)

elseif 0.53 1 osteoblasts (immature bone)

elseif 0.01 0.53 osteoblasts (mature bone)

else 0 0.01 osteoclasts (bone resorption)

l

m

ooooooooooooo

n

ooooooooooooo (3)

2.7. Optimization Algorithm for Irregular Load Adapted
Scaffolds. Two different algorithms were utilized to optimize the
dimensions of the irregular load adapted scaffolds and of the regular
ones. These algorithms were written in Matlab (version R2016b,
Mathworks) environment and implemented to determine the optimal
value of the diameterD for the irregular load adapted structures (Figure
2f), the dimensions A and B for the regular scaffolds with a hexahedron
unit cell (Figure 8a,g), and the distance distfil for the regular scaffolds
including cylindrical filaments (Figure 9a,f). In detail, the algorithm is
based on the use of the function fmincon designed to find the minimum
of nonlinear multivariable functions. This function stops the research of

Figure 6. Models of scaffold (a) and granulation tissue (b) obtained from the structure adapted to lateral pressure were meshed with tetrahedral
elements (c, d), assembled and subjected to boundary and loading conditions (e). All of the cylindrical elements had the same diameter D (a).
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theminimum once the stopping criteria properly defined by the user are
reached.
The algorithm first requires the user to select one of the three

boundary and loading conditions described above (Figure 10, block
[1]). Then, the load adaptive algorithm is implemented into Ansys that
builds the load adapted wireframe structure corresponding to the
selected boundary and loading condition (Figure 10, block [2]).
Further details on the specific macrosteps followed in Ansys are
described in Figure 1 and Section 2.1. Ansys stores into a text file the
coordinates of the convergence nodes and the connectivity of the line
segments included in the skeletonized structure (Figure 10, block [3]).
The algorithm reads the text file and copies and pastes the coordinates
and the connectivity into a Python Script (PS1) (Figure 10, block [4]).
A candidate solution of the diameter D is then initialized by the user
(Figure 10, block [5]) and entered into the same python script PS1
(Figure 10, block [6]), which is, in turn, given in input to Rhinoceros
(Figure 10, block [7]). Rhinoceros “dresses” the skeletonized structure
with a 3D solid model including cylindrical elements with the diameter
D equal to that initialized by the user and spherical elements with
diameter DS = 1.1 × D (Figure 10, block [8]). At the end of the
execution of PS1, Rhinoceros saves the 3D model (of the sole scaffold)
into .sat format (Figure 10, block [9]). Therefore, the algorithm starts
the execution of a new Python Script (PS2) that is given in input to
Abaqus (Figure 10, block [10]). This builds the finite element model of
the scaffold and of the granulation tissue, implements the material
properties (Table 1), generates the boundary and loading conditions
selected above by the user, specifies the value of p, discretizes the
models into finite elements, and runs the geometric nonlinear finite
element analysis (Figure 10, blocks [11] and [12]). Due to the

complexity of the model geometry, the virtual topology toolset available
in Abaqus is used to remove all of the geometric impurities, hence
favoring the subsequent process of meshing (Figure 10, block [12]).
Once the finite element analysis is terminated, Abaqus, following the
instructions given by PS2, stores, for each element of the granulation
tissuemodel, the values of (i) the fluid flow velocity ν (corresponding to
the magnitude of the pore fluid effective velocity vector); (ii) the
principal strains εI, εII, and εIII; and (iii) the element volume Ve (Figure
10, block [13]). Known these quantities and according to the eqs 1 and
2, the algorithm computes, for each element of the granulation tissue,
the biophysical stimulus S and compares it with the boundaries of the
mechanoregulation diagram described above (inequalities 3) (Figure
10, block [14]). For the elements where the inequality 0.01 < S < 0.53 is
satisfied, i.e., for the elements where the formation of mature bone is
predicted, the algorithm stores, into a separate array Ar, the volume Ve
(Figure 10, block [15]). If Vbone is the sum of the volumes included into
Ar (Figure 10, block [16])

∑= ∈V V V, Arbone e e (4)

the percentage of the scaffold volume occupied by mature bone BO%
can be computed as

= × =
∑

× ×
×BO

V
V

V
h h h

100 100%
bone

cube

e

(5)

At this point, an optimization problem is formulated where the
objective function Ω(D) is minimized (Figure 10, block [17])

Ω = − ×D BO( ) ( 1) % (6)

Figure 7. Models of scaffold (a) and granulation tissue (b) with beams randomly oriented (control) were meshed with tetrahedral elements (c, d),
assembled and subjected to boundary and loading conditions: pure compression (e), shear (f) and lateral pressure (g). All of the cylindrical elements
had the same diameter D (a).
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with D being the diameter of the cylindrical elements (Figures 4−7)
included in the scaffolds, the design variable. In other words, in the
optimization problem formulated with eq 6, the fmincon function called
by the algorithm iteratively perturbs the dimension D until the lowest
value ofΩ (that corresponds to have the highest value of BO%, denoted
BO%max: minΩ(D) =BO%max) is reached and hence the stopping criteria
a priori established by the user are meet (Figure 10, block [18]). Once
this occurs, the optimization process stops (Figure 10, block [19]) and
the algorithm gives in output both the optimal value of D and the
corresponding amount of bone BO%max. On the contrary, if the stopping

criteria are not satisfied, the algorithm iteratively perturbs the
dimension of the diameter D (Figure 10, block [20]) and selects new
candidate solutions (Figure 10, block [21]), thus commencing a new
iteration cycle (Figure 10, block [6]). It is worth noting that eq 6 is not
an explicit objective function; in other words, it does not express the
design variable D in a real function. A possible strategy that can be
adopted to explicit Ω in function of D is the use of surrogate
models.56,57 Very broad bounds were set to increase the design freedom
of the optimization process. The lower bound Dmin was set equal to 29
μm, while the upper one Dmax to 200 μm.

Figure 8. Each unit cell can be obtained starting from a hexahedron/cubic volume and creating holes as a cut/protrusion of rectangular (a) or elliptical
(g) edges along the coordinate axes. By replicating in the space the unit cell, the models of scaffold with rectangular (b) or elliptic (h) pores were
generated; the models of granulation tissue (c, m) were instead obtained with boolean operations. The scaffold models with both rectangular and
elliptic pores were subjected to the same boundary and loading conditions as those hypothesized for irregular scaffolds: pure compression (d, n), shear
load (e, o), and lateral pressure (f, p).
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fmincon has different algorithm options to determine the minimum
of the objective function Ω. In this study, the sequential quadratic
programing, SQP, method was chosen that uses a quasi-Newton
method in which the Hessian is approximated rather than to be
computed exactly. The gradient is calculated by the finite difference
method that perturbs the design variable to obtain the derivatives in the
objective function (Optimization Toolbox Guide, Matlab version
R2016b).
2.8. Optimization Algorithm for Regular Scaffolds. The

optimization algorithm utilized for the regular scaffolds differs from
that implemented for the irregular ones; it does not require to build the
skeletonized structure with the load adaptive algorithm as well as to
dress it into Rhinoceros environment. The scaffold/granulation tissue
geometry is directly built into Abaqus where geometric nonlinear finite
element analyses are run. The computation of the biophysical stimulus
and of the objective functionΩ(A, B), for the regular scaffolds based on

the hexahedron unit cell, and Ω(distfil), for the regular scaffolds
including cylindrical filaments, is the same as that described above (eqs
1−6). However, it is worth noting that for the irregular scaffolds, just
one design variable is optimized (i.e., D) and that for the regular ones,
two (i.e., A and B) in the case of scaffolds based on the hexahedron unit
cell and one (i.e., distfil) in the case of scaffolds including cylindrical
filaments.

Regular scaffolds were optimized for all of the three boundary
conditions hypothesized and for all of the values of p reported above.
Roughly, we can state that the optimization algorithm for regular
scaffolds includes practically the only python script PS2 and the blocks
[11]−[21]. However, further details on this algorithm are reported in a
previous study.18 Also, in this case, broad bounds were set to increase
the design freedom of the optimization process. In detail, in the case of
the scaffolds based on the hexahedron unit cell, the following values
were utilized: lower bounds Amin = Bmin = 20 μm and the upper bounds

Figure 9. Scaffolds including cylindrical filaments with diameter Df = 250 μm (a) and 450 μm (f) were built; the models of granulation tissue (b, g)
were obtained with boolean operations of subtraction. The resulting scaffold models were subjected to the same boundary and loading conditions as
those hypothesized for irregular scaffolds: pure compression (c, h), shear load (d, m), and lateral pressure (e, n).
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Amax = Bmax = 300 μm. In the case of the scaffolds including cylindrical

filaments: lower bound distfil_min =Df and upper bound distfil_max = 1000

μm.
The optimization algorithm for both irregular and regular scaffolds

required to run, on average, at least 50 analyses to identify the correct

value of D (irregular) or of A, B and distfil (regular) that minimize Ω.

Considering that we hypothesized three boundary conditions and for
each of them five values of p, it follows that:

• 15 optimization processes were carried out for irregular load
adapted scaffolds;

• 15 for irregular randomly oriented scaffolds;
• 15 for regular scaffolds, hexahedron unit cell, rectangular pores;
• 15 for regular scaffolds, hexahedron unit cell, elliptic pores;

Figure 10. Schematic of the algorithm implemented to determine the optimal diameter D for the beam elements of the irregular scaffolds.
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• 15 for regular scaffold including cylindrical filaments with Df =
250 μm;

• 15 for regular scaffold including cylindrical filaments with Df =
450 μm,

for a total of 90 optimization processes. Remembering that each
finite element analysis lasted about 1.5 h, it follows that all of the
computations carried out in this study required approximately 90 (# of
optimization processes) × 50 (minimum # of analyses run in each
optimization process) × 1.5 (duration in hours of each finite element
analysis) = 6750 h.
2.9. Robustness of theOptimized Structures.The optimization

algorithm described above allows obtaining the highest performance
levels, i.e., the largest amounts of bone for specific boundary and loading
conditions. However, as it is commonly known, the more a structure is
optimized for specific loading conditions, the less the structure is robust
with respect to unforeseen loads. Trabeculae of the spongy bone, i.e.,
the tissue that scaffolds replace, are oriented in the space to properly
bear loads acting in specific directions. However, the increased
orientation makes the spongy structures less suited to bear collateral
“error” loads.58,59 Error loads may arise because of an incorrect
orientation of the scaffold in the anatomic region where it is implanted
or an incorrect prediction of the boundary and loading conditions
actually acting on it. We tested the robustness of the scaffolds optimized
for the pure compression loading (Figure 2a), in both cases irregular
(load adapted) and regular geometry. To this purpose, on the

optimized scaffolds, i.e., on the models with the optimal dimension of
D (irregular load adapted geometry) or with the optimal dimensions of
A and B (regular geometry, hexahedron unit cell) and of distfil (regular
geometry, cylindrical filaments), two loads were applied: the
compression load F, equal to the load for which the scaffold was
optimized, and the horizontal error load equal to Ferror = 0.05 × F
(Figure 11). Such boundary conditions are consistent with those
hypothesized in a previous study,27 where horizontal and vertical loads
were hypothesized to simultaneously act on the scaffold. It is worth
noting that in these analyses aimed to investigate the robustness of
scaffolds, no optimizations were carried out, but individual finite
element analyses on previously optimized models. After each finite
element analysis, the amounts of bone predicted for the specific
hypothesized and optimized geometry were computed with eqs 1−5.
Robustness was tested for each of the five hypothesized values of p; to
this purpose, for each value of p, five individual finite element analyses
were carried out, one for each of the scaffoldmodels shown in Figure 11.
Comparisons between the amounts of bone predicted BO% in the
presence or in the absence of the error load Ferror were finally made.

3. RESULTS AND DISCUSSION

In this work, the performance of irregular load adapted scaffolds
was investigated and compared with that of irregular randomly
oriented scaffolds and regular scaffolds.

Figure 11. Boundary and loading conditions hypothesized to test the robustness of the optimized irregular load adapted (a) and regular scaffolds (b−
e) including both hexahedron unit cells (b−c) and cylindrical filaments (d, e).
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The patterns of the optimized structures in the case of pure
compression loading are in agreement with our expectations.
Scaffolds display an anisotropic distribution of beams principally
oriented according to the load direction (Figure 12a). For
increasing levels of load, increasing values of the optimal
diameter D were predicted (Figure 12b). This result is
consistent with the physics of the problem. Increasing values
of p lead to increasing values of the biophysical stimulus S (eq 1)
and hence to the formation of softer tissues such as fibrous and
cartilaginous tissues (inequalities 3). To counterbalance this, the
optimization algorithm increases the diameter D so as to
minimize the strain γ, thus allowing the average stimulus to
“move” toward harder tissues, i.e., the mature bone. For low load
values (p < 0.1 MPa), large amounts of bone were predicted to
create (BO%max > 90%); the percentage of bone considerably
decreased for medium and high load levels (p ≥ 1 MPa).

Using the optimization algorithm for regular scaffolds
outlined above, the optimal geometry of the scaffolds based
on the hexahedron unit cell and of the scaffolds including
cylindrical filaments was determined too. Interestingly, compar-
ing the percentage of bone BO%max computed in the case of pure
compression loading for irregular and regular scaffolds, we found
that the highest values were predicted just for the irregular load
adapted structures (Figure 13). In detail, among the regular
scaffolds, in addition to those optimized in this study, the
scaffolds based on the following unit cell geometries and
investigated in previous articles were considered: rhombicu-
boctahedron,25 truncated cuboctahedron, truncated cube,
rhombic dodecahedron, and diamond.26 The second best
scaffold immediately after the irregular load adapted one was
that based on the hexahedron unit cell, rectangular pores
(Figures 8b and 13).

Figure 12. (b) Optimized geometries predicted by the algorithm for different levels of the load in the case of pure compression (a). Optimal diameter
D (c) and BO%max (d) computed for different values of p.
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The irregular load adapted scaffold performed better than the
regular ones also in terms of robustness (Figure 14). BO%
predicted in the presence of error load (Figure 11) decreased

marginally, with respect to the case where the error load is
absent, for the irregular load adapted scaffold, for the regular
scaffolds with cylindrical filaments, and for the scaffold based on
the hexahedron unit cell, elliptic pores, but decreased
significantly in the case of the scaffold based on the hexahedron
unit cell, rectangular pores (Figure 14). This result can be
justified with the argument that a structure with hexahedron unit
cells, rectangular pores, behaves practically as a structure
without bracings that displays, hence, an inadequate structural
response to horizontal loads like the hypothesized error load
Ferror. Horizontal loads in fact, in such structures, lead to very
large deformations and hence to very high values of biophysical
stimulus, which implies a significant decrease of BO% (Figure
14). Structures based on hexahedron unit cells, elliptic pores as
well as scaffolds with filaments, instead, due to their geometric
configuration, can offer an adequate structural response to the
horizontal loads and are hence capable to favor the formation of
large amounts of bone even in the presence of horizontal error
loads. This result leads us to conclude that scaffolds based on the
hexahedron unit cell, rectangular pores, can be conveniently
utilized only in the cases where there is the certainty that a pure
compression load acts on them. Any positioning or orientation
errors done during the implantation of such regular scaffolds

Figure 13. Comparison of BO%max generated in different scaffold structures and for different levels of p in the case of pure compression loading.

Figure 14. Comparison of BO% generated in irregular and regular
scaffolds in the presence of error load. It is worth noting that the error
load is a horizontal load equal to 5% of the vertical compression load.
For instance, for the value of p = 0.5 MPa, two loads act on the scaffold:
a vertical force F producing a load per unit area of p = F/(h × h) = 0.5
MPa and a horizontal force Ferror = 0.05 × F = 0.025 MPa.
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would lead to an incorrect structural response and hence to the
scarce formation of bone with a consequent unsuccessful
regeneration process.
Also, in the case of the shear load (Figure 15) and the lateral

pressure (Figure 16), increasing values of the optimal diameter
D (Figures 15c and 16c, respectively) and decreasing amounts of
bone BO%max (Figures 15d and 16d, respectively) were predicted
for increasing levels of load. This result can be justified with the
argument that increasing the load, the algorithm tends to
increase the dimension of the optimal diameter D, thus
decreasing the volume of the pores that can be occupied by
bone. The beams of the scaffold are principally distributed along
the internal flux of forces induced by the hypothesized boundary
conditions (Figures 15b and 16b). In particular, in the case of
lateral pressure, the flux of load goes from the rigid plate where
the load acts to the clamped face of the scaffold, which explains
why the farthest region (from the rigid plate and from the
clamped face) includes a scarce number of beams (Figure 16a).
The optimization algorithm for regular scaffolds was

implemented to determine the optimal geometry of regular
scaffolds (Figures 8 and 9) and subjected to shear load and

lateral pressure. Comparing the amounts of bone BO%max, again,
we found that the best scaffolds are those irregular load adapted
(Figure 17a,b). However, differently from what observed in the
case of pure compression, the best scaffolds, after the irregular
load adapted ones, are those irregular randomly oriented that
work better for medium−low loads and those regular with
elliptic pores that are suited for medium−high loads. For both
shear load and lateral pressure, the worst performance was that
exhibited by the regular scaffolds with cylindrical filaments
(Figure 17a,b). This leads us to conclude that, among the regular
scaffolds, the one based on the hexahedron unit cell, rectangular
pores, is more suited for bearing pure compression loads, and
that the one based on the same unit cell but including elliptic
pores is more suited to bear more complex load distributions. In
all of the hypothesized loading conditions, the scaffolds with
cylindrical filaments display poor performance, whereas the
irregular load adapted ones result to be always the best.
The proposed study has some limitations. First, all of the

beams of the irregular scaffolds were hypothesized to possess the
same diameter D. Ideally, the optimization algorithm should
optimize the dimension of the diameter of each beam included

Figure 15. (b) Optimized geometries predicted by the algorithm for different levels of the load in the case of shear load (a). Values of the optimal
diameter D (c) and BO%max (d) for different levels of load.
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in the scaffold. However, the huge number of beams (about
1000) would lead to a large number of design variables, which
implies a computational cost tremendously larger than that
required in the present study. Second, the generation of the
skeletonized structure by means of load adaptive algorithms
follows a deterministic and not a stochastic approach. In other
words, giving in input to Ansys always the same input parameters
(e.g., the average number of beams (ANB), the average distance
dist between the points of the cloud, the radius RSSS of the
spherical spaces of selection, etc.), the software always builds the
same structure. This is because the algorithm implemented by
Ansys to generate the cloud of points and to connect them with
beams is based on the Delaunay triangulation algorithm,60

which, in turn, is based on deterministic criteria. However, if this
aspect is from one side a limitation, from the other, it can be seen
as an advantage. The rationale of the triangulation algorithm of
Delaunay, in fact, is to generate, in the defined convex solid
(CS), the most regular geometry, that is, the most regular
distribution of points and beams connecting them. Among the
infinite irregular geometries that can be built with specific input
parameters, the one built with the Delaunay triangulation
algorithm is the most regular. In other words, the use of the

Delaunay algorithm is a sort of guarantee of the regularity of the
designed geometry and hence allows minimizing the geometric
impurities that arise when the skeletonized structure is
converted into a 3D CAD solid model. Third, no conventional
techniques are currently available to fabricate the proposed
irregular load adapted scaffolds, but only the rapid prototyping
techniques are suited to reproduce their geometries. Future
research lines should be focused on these aspects. Fourth, many
bone defects are currently healed using bone substitute granules
that do not provide much mechanical stability.61 In this case, the
proposed algorithm cannot be utilized to optimize such
biomaterials. Fifth, the proposed optimization algorithm does
not take into account the dissolution process of scaffolds. To do
this, it should simulate the scaffold structural behavior in time,
but this would tremendously increase the computational cost
required to carry out the optimization analyses. Increases in
computational power will ultimately allow simulating the
scaffold dissolution process.
In spite of these limitations, the predictions of the proposed

algorithm are consistent with the results of experimental studies.
Liu et al.62 found that scaffolds with an oriented microstructure
implanted in rat calvarial defects stimulate the formation of

Figure 16. (b) Optimized geometries predicted by the algorithm for different levels of the load in the case of lateral pressure (a). Optimal diameter D
(c) and BO%max (d) computed for different values of p.

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.9b01023
ACS Biomater. Sci. Eng. 2019, 5, 5392−5411

5407

http://dx.doi.org/10.1021/acsbiomaterials.9b01023


amounts of new bone larger than those stimulated by scaffolds
without a specific orientation. This is in agreement with the
results obtained with the proposed computational framework. It
was found, in fact, that in all of the hypothesized boundary and
loading conditions the irregular load adapted scaffolds perform
better than the irregular randomly oriented ones (Figures 13 and
17). In addition, the patterns of the tissues differentiating within
the scaffold pores predicted by the algorithm are consistent with
those observed in histological analyses. Liu et al.62 found that in
randomly oriented scaffolds, bone islands create within the
scaffold pores during the regeneration process. This same
behavior was observed in the randomly oriented scaffold models
investigated in this study (Figure 18). Conversely, in the case of
load adapted scaffolds, different patterns of tissues were
predicted to form, where the bony tissue prevalently grows
and develops centripetally starting from the walls of the pores
toward the center (Figure 18), thus bridging the defect. Barba et
al.52 performed histological analyses on scaffolds including
cylindrical filaments with diameters 250 and 450 μm and
implanted in animal models. They found that the amounts of
bone formed in scaffolds with diameter 250 μm are larger than
those formed in scaffolds with diameter 450 μm. This is
consistent with the predictions of the proposed computational
framework. In all of the hypothesized boundary and loading
conditions, in fact, the percentages BO%max predicted for
scaffolds with Df = 250 μm are larger than those predicted for
scaffolds with Df = 450 μm (Figures 13 and 17). Furthermore,
Barba et al.52 found that randomly oriented scaffolds stimulate
the formation of amounts of bone larger than those stimulated in
scaffolds including cylindrical filaments. This is also consistent
with our results. In fact, in all of the hypothesized boundary and
loading conditions, the irregular randomly oriented scaffolds
perform better than those with cylindrical filaments (Figures 13
and 17).

The proposed algorithm allows designing bioinspired
scaffolds possessing mechanical properties close to those of
the spongy bone. For instance, the architecture designed for
irregular scaffolds adapted to the pure compression loading is
characterized by having values of the ratio Eapp/E, that is, the
ratio between the apparent Young’s values Eapp (i.e., the Young’s
modulus of the scaffold considered in its entireness) and
Young’s modulus E = 1000 MPa (Table 1) of the material the
scaffold is made from, that are consistent with those reported in
the literature. To compute this ratio for different values of the
diameter D, the model of the only irregular scaffold adapted to
the pure compression loading (the granulation tissue was
excluded) was considered. Four different values of diameter D
were assigned:D = 60, 90, 120, and 150 μm,which are consistent
with the typical thicknesses of the trabeculae of the spongy
bone63 (Figure 19b). The structure was clamped on the bottom
surface while a load (per unit area) of p = 0.1 MPa was imposed
to the top surface through the rigid plate (Figure 19a). The
resulting vertical displacement uy (i.e., the displacement along
the direction y, Figure 19a) was then determined and utilized to
compute the apparent Young’s modulus as Eapp = p/uy × h
(Figure 19a). Interestingly, the computed values of the ratio
Eapp/E fall within the variability range of this ratio experimentally
determined for the human spongy bone (Figure 19c). In detail, if
Eapp_min is the minimum value of Eapp experimentally
determined, Eapp_max is the maximum value, Etissue is Young’s
modulus of the spongy bone experimentally determined at the
trabecular level, the following quantities have been considered:

Figure 17.Comparison of BO%max values predicted by the optimization
algorithm for regular and irregular scaffolds in the case of (a) shear load
and (b) lateral pressure.

Figure 18. Patterns of tissues developing within the scaffold pores
predicted by the algorithm in the case of pure compression load acting
on the load adapted (a) and randomly oriented (b) scaffolds.
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Eapp_min = 60.2 MPa (which is the average value of the Eapp_min
values reported in refs 64−66);
Eapp_max = 2725.96 MPa (which is the average value of the

Eapp_max values reported in refs 64−66);
Etissue = 13.96 GPa (which is the average of the Etissue values

reported in refs 67−69)
which yield the following ratios: Eapp_min/Etissue = 0.0043,

Eapp_max/Etissue = 0.1952 (Figure 19c). Furthermore, for each of
the four scaffold models described above, the volume Vscaff was
measured via Abaqus and divided by the total volume of the
model Vcube = h × h × h to determine the volume fraction Vf =
Vscaff/Vcube. Interestingly, the trend of the diameter D expressed
as a function of Vf is consistent with that experimentally
determined for the mean trabecular thickness as a function of Vf
(Figure 19d).63

In general, we found that the irregular load adapted scaffolds
perform better than the irregular randomly oriented and the
regular ones in all of the hypothesized boundary and loading
conditions. Irregular load adapted scaffolds were predicted also

to be the most robust structures, which means that they can
favor the formation of large amounts of bone even in the case
when they are subjected to boundary and loading conditions
slightly different with respect to those utilized for their
optimization (Figure 12).

4. CONCLUSIONS

Load adaptive and mechanobiological algorithms were
combined to design and optimize irregular load adapted
scaffolds for bone tissue engineering. The performance of
these scaffolds, quantified in terms of amounts of neo-formed
bone, was compared with that of irregular randomly oriented
scaffolds and regular scaffolds. Different boundary and loading
conditions were hypothesized to act on the scaffolds, and in all of
them, the irregular load adapted scaffolds were predicted to
perform better than the others. Interestingly, the predictions of
the proposed optimization algorithm are consistent with the
histological observations and the results of experimental studies.
The proposed computational framework appears to be a valid

Figure 19. (a) Boundary and loading conditions utilized to determine the ratio Eapp/E. (b) This ratio was computed for four different values of D. (c)
Values of Eapp/E computed for differentD values and compared with experimental ones obtained from human spongy bone. (d) Trend of the diameter
D as a function of Vf compared with that experimentally determined for the mean trabecular thickness as a function of Vf. The experimental values
reported in the diagram (d) and indicated with black circles were taken from Snyder and Hayes (1990).63 The coordinates of each point were
determined with measuring tools available in Adobe Acrobat.
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tool that can be utilized to design and optimize high-
performance scaffolds suited to bear even complex load
distributions.
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