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ABSTRACT

In order to increase manufacturing and experimental efficiency, a certain degree of control over design
performances before realization phase is recommended. In this context, this paper presents an integrated
procedure to design 3D scaffolds for bone tissue engineering. The procedure required a combination of
Computer Aided Design (CAD), Finite Element Analysis (FEA), and Design methodologies Of Experiments
(DOE), firstly to understand the influence of the design parameters, and then to control them.

Based on inputs from the literature and limitations imposed by the chosen manufacturing process
(Precision Extrusion Deposition), 36 scaffold architectures have been drawn. The porosity of each scaffold
has been calculated with CAD. Thereafter, a generic scaffold material was considered and its variable pa-
rameters were combined with the geometrical ones according to the Taguchi method, i.e. a DOE method.
The compressive response of those principal combinations was simulated by FEA, and the influence of
each design parameter on the scaffold compressive behaviour was clarified. Finally, a regression model
was obtained correlating the scaffold’s mechanical performances to its geometrical and material param-
eters. This model has been applied to a novel composite material made of polycaprolactone and innova-
tive bioactive glass. By setting specific porosity (50%) and stiffness (0.05 GPa) suitable for trabecular bone
substitutes, the model selected 4 of the 36 initial scaffold architectures. Only these 4 more promising
geometries will be realized and physically tested for advanced indications on compressive strength and
biocompatibility.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

the possibility to properly tailor their geometrical features by sim-
ply modifying the printing parameters [1,2].

In bone tissue engineering, 3D printed scaffolds are of particu-
lar interest for the regeneration of critical bone defects, thanks to

Abbreviations: CAD, Computer Aided Design; FEA, Finite Element Analysis; DOE,
Design Of Experiments; PED, Precision Extrusion Deposition; PCL, Polycaprolactone;
FIBRE, scaffold fibre diameter; PORE, scaffold pore size; STEP, orientation between
successive scaffold fibre planes; OFFSET, offset between scaffold planes with the
same fibre orientation; CM, scaffold compressive modulus; SIZE, average finite el-
ement dimension of the scaffold mesh.
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In addition to suitable biocompatibility and osteoconductivity,
scaffolds must fulfil strict criteria in terms of mechanical require-
ments and processability [1]. As is well-known, these criteria are
strongly dependent on scaffold design. In particular, scaffold os-
seointegration has been strictly correlated to its porosity and pore
dimension [3-5], whereas the structural integrity of the construct
has been closely associated to the compressive response [3,6].

In the attempt to optimize ab initio the mechanical perfor-
mance of 3D porous scaffolds, Computer Aided Design (CAD), Fi-
nite Element Analysis (FEA) and Taguchi method (a Design Of
Experiments, DOE method) have been investigated as promising
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Fig. 1. Scaffold design procedure combining Computer Aided Design (CAD), Taguchi method and Finite Element Analysis (FEA).

solutions. FEA, with or without CAD, had been already exploited
in the optimization of both scaffolds architecture [7,8] and com-
position [9,10]. The Taguchi method is commonly applied to the
design of experiments, where the effect of many project param-
eters on the output of interest is researched, allowing to achieve
the best solution by acting only on a very small subset of all the
possible parameters combinations; the efficacy of this method at a
modelling level - preceding the experimental phase - has already
been demonstrated [11]. However, in the case of scaffolds for bone
tissue engineering, the use of the Taguchi method had so far been
restricted solely to the optimization of manufacturing [12,13] and
not to the design of the scaffold prior to fabrication.

Here an innovative procedure is presented, combining for the
first time CAD, FEA and the Taguchi method with the specific aim
of concurrently controlling scaffold architecture and composition.
Thus, to achieve a high level of control over the performances of
the construct before its realization, limiting the fabrication step to
only the more promising scaffolds.

To demonstrate the efficacy of the proposed procedure, the
design was applied to 3D printed scaffolds realized by Preci-
sion Extrusion Deposition (PED). As scaffold material, polycaprolac-
tone (PCL) combined with an innovative bioactive glass [14] was
selected, since polymeric matrixes embedded with an inorganic
phase are of increasing interest in the field of bone tissue engi-
neering, due to the possibility of tailoring the mechanical proper-
ties of the scaffold as well as its bioactivity by mixing the proper
amount of the components [15].

2. Materials and methods
2.1. Simulation

A scheme of the proposed procedure for the optimization of
scaffold design is illustrated in Fig. 1. CAD is used to draw scaf-
fold architectures and calculate their porosities, and then select the
geometries to be analysed; the Taguchi method is applied to select
the principal combinations of scaffold architecture and generic ma-
terial; FEA simulates the mechanical performances of those combi-
nations, and the results serve to build up a regression model that

controls the effect of any combination of architecture and material
on the scaffold design mechanics.

Scaffold architectures have been defined based on the geomet-
ric parameters described in literature and adjustable via the man-
ufacturing technique (3D printing) selected in this study: fibre di-
ameter (FIBRE), pore size (PORE), orientation between successive
fibre planes (STEP) and offset between planes with the same fibre
orientation (OFFSET) (Fig. 2).

Specifically, 3D printing was applied in the form of Precision
Extrusion Deposition (PED), in which a material is fed into and ex-
truded by a nozzle that forms the construct, layer by layer. At each
deposited layer of the manufacturing process, the printer nozzle
moves up by 80% of the diameter of the fibre. In the CAD draw-
ing, this is reflected in an interpenetration between subsequent fi-
bre planes of about 20%. Geometry parameters were changed fol-
lowing a practical approach, i.e. with values achievable by the 3D
printer and in any case common in similar applications (e.g. for
PORE see Karageourgiou, Kaplan, 2005 [16]): FIBRE 330-840pm,
PORE 300-450-600pm, STEP 45-60-90°, OFFSET YES/NO. Combin-
ing the above parameters resulted in 36 different scaffold archi-
tectures. These 36 architectures were drawn through CAD software
as cylinders (® =10 mm, h=6 mm) with the following aims: (1) to
calculate their porosity, by relating solid and free volume, and (2)
to predispose them for the following mechanical simulations.

Scaffold porosity was defined as:

Porosity = (1 - Vsm) x 100 (%) (1)
chl
where Vg, is the volume of the CAD scaffold and Vey is the total
volume of the boundary cylinder [6].
In order to control the scaffold porosity by tuning a single pa-
rameter, the expression found in [17] is used:

Porosity = = (%) (2)

a
1+ (PORE : FIBRE)
where PORE:FIBRE is the control parameter, i.e. the ratio between
pore size (PORE) and fibre diameter (FIBRE), while a and c are fit-
ting constants. By fixing the desired porosity in Eq. (2), it is possi-
ble to know the PORE:FIBRE needed to obtain it. Specifically in the
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Fig. 2. Partial lateral view (a and b) and partial view from above (c) of CAD scaffolds. Geometrical parameters: A is the fibre diameter (FIBRE), B is the pore size (PORE), C
is the OFFSET and D is the STEP. Orange dotted lines indicate vertical (y direction) pillars.

Fig. 3. CAD drawing of a scaffold before (left) and after (right) the application of compressive plates.

case of PED, setting FIBRE (the printer nozzle) allows to know the
minimum PORE that needs to be set to the scaffold.

Finally, the realized CAD drawings were prepared for the me-
chanical simulation. Specifically, compression plates have been
added to every cylindrical scaffold, on both the top and bottom
surfaces, to simulate the chosen mechanical test (Fig. 3), i.e. axial
compression.

Only a subset of the 36 CAD scaffolds, selected by the Taguchi
method, underwent mechanical simulation. The Taguchi method
is a design of experiments (DOE) method [18], used for investi-
gating the entire range of the input parameters evaluating only
a subset of their combinations-i.e. the main ones - which usu-
ally results in a remarkable saving of both time and cost, while
in this particular case it is constrained to solely time saving as
it is limited to the FEA simulations, and not yet the physical
experiments.

First of all, the levels of the parameters combined by the
Taguchi method - and used as input for FEA on scaffold
mechanics-had to be defined. The previous CAD phase estab-
lished the geometrical parameters. The other FEA input parameters
were inherent to the scaffold material and mesh (the body dis-
cretization which the FE method is based on). In order to define
them, the FEA output must be considered: FEA simulations sought
to identify the scaffold compressive modulus (CM), which rep-
resents the stiffness of the construct in the linear field of the
stress-strain response. CM was selected because it is critical to
the success of the implant [20], determining the response of the
scaffold before permanent deformation and rupture. Consequently,
the scaffold fibre material could be described as being linear

elastic, through Young's modulus (E) and Poisson’s ratio (v). The
mesh was described through the type of finite elements and their
average dimension (SIZE); the chosen mesh was based on linear
tetrahedron elements, because the architectures did not allow an
efficient meshing using the hexahedron and in order to limit the
computational time. Thus, only SIZE eventually varied. Therefore,
in addition to geometry, the other potential inputs to the scaffold
analysis were E, v and SIZE. In order to establish which of them
could be neglected, so as to further simplify the analysis, it was
necessary to define the sensitivity of the FEA output (CM) to them.
Accordingly, a “preliminary” sensitivity FEA was conducted. FIBRE
330 um, PORE 600um, STEP 90° and no OFFSET were considered
as reference geometry parameters. Every other input variable
differed on two levels, low and high (high = low*10). Particularly
for E, 0.1 (approximately the minimum value of Young’s modulus
of trabecular bone) and 1GPa; for v, 0.04 (close to the maximal
compressibility) and 0.4 (close to incompressibility); for SIZE,
0.06 (a tenth of the high level) and 0.6 (default value in the FEA
program). They would result in 16 combinations. Thanks to the
Taguchi method it was possible to create a L4 table [19], holding
only 4 principal combinations to be simulated (Table 1).

Once the sensitivity analysis had defined the most affecting pa-
rameters, the Taguchi method was used to define their principal
combinations as inputs to the “final” FEA, which simulates and
ranks their effects on scaffold CM.

Simulations were conducted by a FEA program (Abaqus, Simu-
lia) as quasi-static. The geometrical inputs were described above,
while the mesh and material inputs came from the sensitivity
analysis. The simulated test conditions and the analysis of the



G. Marchiori, M. Berni and M. Boi et al./Medical Engineering and Physics 69 (2019) 92-99 95

Table 1
L4 table for the sensitivity analysis.
Simulation  SIZE (mm) E (GPa) v CM (GPa)
1 0,06 0.1 0.04 0.015
2 0,06 1 0.4 0.141
3 0,6 0.1 04 0.018
4 0,6 1 0.04 0123

Fig. 4. Lateral view highlighting the boundary conditions on the plates (in black)
compressing the scaffold (in gray) with FIBRE 330 um, PORE 300 um, STEP 60°, no
OFFSET. The vertical (y direction) displacement of the superior plate (red arrow) is
imposed, while the inferior plate is grounded. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this arti-
cle.)

stress-strain curves followed the indications reported in [21].
Specifically, the plates were constrained to vertical movement
only; the superior plate pressed the scaffold with a rate of
0.6 mm/s (10% of deformation per second) while the lower plate
was grounded (Fig. 4). Strain was obtained as the vertical shift di-
vided by the initial thickness of the scaffold; stress was considered
as the read force divided by the initial cross-section area of the
sample. CM was obtained as the gradient of the linear portion of
the stress-strain curve.

Finally, FEA results were exploited to create a multiple linear
regression model relating output CM (scaffold performance) to the
various inputs (scaffold geometry and material), in the form of
CM =f (STEP, PORE, E, v...), thus permitting the pre-manufacturing
control objective of this study. The following experimental phase
served as a demonstrative application of the design procedure.

2.2. Experiments

Recently, the use of PCL/bioactive glass composites has been
suggested [22], since the PCL is a medical degree polymer com-
monly used for tissue engineering [23] whereas the bioactive glass
is well known for its osteoconductive properties. A composite of
PCL (70% wt.) and bioactive glass (BGMIX-Mg) with innovative for-
mulation (30% wt.) [14] was used as scaffold material. The novel
bioactive glass (BGMIX-Mg) was obtained from a thoroughly tested
bioactive glass (BGMIX) [41], by replacing a fixed 10 mol% of CaO
with the same amount of MgO. The preparation of BGMIX-Mg
by means of a classical melt-quenching route has already been
reported elsewhere [14]. Briefly, the raw powder reagents (SiO,,
Ca3(PO4)2, CaC03, Na,COs3, K;,COs, (MgC03)4 Mg(OH)Z 5H,0, by
Carlo Erba Reagenti, Rodano-Milano, Italy) were melted at 1450 °C

in a Pt crucible in air. The molten bioglass was rapidly quenched
at room temperature water to obtain a frit, and was subsequently
dried at 110°C for 12 h. Finally, the frit was ground and sieved
in order to obtain a powder with a final grain size lower than
25 um.

In order to realize the composite material, poly(e-caprolactone)
(PCL, Mw 80,000 Aldrich) pellets were dissolved in chloroform
(Sigma) with magnetic stirring at room temperature for 24h.
BGMIX-Mg microparticles were added to the solution during stir-
ring, in a weight ratio of 70/30wt.%. An ultrasonic bath (Julabo)
was employed to optimize particle dispersion in the polymer so-
lution. Excess ethanol was then added to the solution in order to
obtain the precipitation of a homogeneous PCL/ BGMIX-Mg paste,
and the solvent was properly removed. After drying, the obtained
composites were pelletized and the pellets loaded into the tank of
an auger-screw based printhead of the 3D Discovery® (RegenHU,
Switzerland) bioprinting platform. In order to obtain a homoge-
neous melt, the pellets were kept at a temperature of 105 °C and a
pressure of 3 Bar for 30 min before performing the printing pro-
cess. Thereafter, the printing was performed by setting the bar-
rel temperature to 105 °C, the pressure to 3 Bar, the screw rota-
tion speed to 15rpm and the printing speed to 2 mm/s. A 330um
(FIBRE) metallic needle was used. Cylindric scaffolds (& =10 mm,
ho =6 mm) were designed by means of the BioCAD® software (Re-
genHU) by setting an interfilament distance of 930um (corre-
sponding to a PORE of 600 um) and a 0/90° deposition pattern with
NO OFFSET. A layer height of 250pum was chosen in order to op-
timize adhesion between adjacent layers. 5 PCL/ BGMIX-Mg 70/30
wt% scaffolds were fabricated.

Nanoindentation is useful to characterize the material at a
scale proper to scaffold fibre dimension [10]. It was adopted here
specifically to reveal fibre E (CM = f(E, ...)). Nanoindentation
tests were performed with an instrumented indenter equipped
with a diamond Berkovich tip (Nanoindentation Tester NHT2, CSM
Instruments - Anton Paar S.r.l., Peseux, Switzerland); indentation
hardness (Hjr) and elastic modulus (Ejr) of the scaffold fibre
material were obtained according to the Oliver-Pharr method
[24] considering v equal to 0.3. Indentations at room temperature
were performed perpendicular to the axis of the fibre scaffold, by
adopting the following procedure: loading to maximum load in
10s, a holding time of 60s and unloading in 10s. The maximum
load was set in order to obtain an indentation area large enough
compared to grain size (<25um) in order to provide information
about the mechanical properties of the fibre composite material
(and not of individual bioactive glass grains), but small enough
to avoid the influence of both the free surface and the substrate
[39]. Six indentations for each of the five analyzed scaffolds
-printed in the composition of 70/30wt.% PCL/bioactive glass -
were performed in order to obtain reliable mechanical data.

In order to validate - as input of the design model CM=f
(STEP, PORE, E, v...) - the use of Ej as E, the 5 printed scaf-
folds were tested according to ISO 844:2007 [40]. Specifically, tests
were performed in air with a standard compression machine (In-
stron 4465) at a constant cross-head speed of 10% hg/min un-
til the specimen thickness was reduced to 85% of hy. Engineer-
ing stress-strain curves were calculated from the recorded load
vs. displacement data using the initial dimensions of each sam-
ple. The compressive modulus (CM, MPa) of the structure was es-
timated from the linear portion of the curves. The design model
was not considered valid (i.e. E tuned starting from Ejry until the
scaffold CM obtained by FEA fell inside the experimental range
(mean + SD).

After FEA validation, the multiple linear regression that relates
material, architecture and CM - applied on the simulation output-
served to properly select the best performing scaffold architectures
to be printed in the 70/30 wt% PCL/bioactive glass.
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Table 2
Porosity of the various CAD scaffold architectures.
FIBRE 330pm
PORE 300 pm 450 pm 600 pum
STEP 90° 60° 45° 90° 60° 45° 90° 60° 45°
OFFSET NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES
Porosity 51% 50% 51% 51% 51% 50% 597% 59% 59% 60% 60% 59% 65% 65% 65% 66% 66% 65%
FIBRE 840 pm
PORE 300 pm 450 pm 600 pm
STEP 90° 60° 45¢° 90° 60° 45¢° 90° 60° 45°
OFFSET NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES NO YES
Porosity  32% 31% 31% 32% 31% 31% 39% 38% 40% 39% 40% 39% 44% 44% 44% 45% 45% 45%
Table 3
a and c fitting parameters of Eq. (2), which relates porosity with the ratio between pore and fibre
size on the scaffold architectures. As example of the fitting application, PORE* stands for the pore
size needed to obtain a porosity of 60%, once the fibre dimension (3D printer nozzle) is fixed to
330 or 840pum.
Group of scaffolds a c PORE* if FIBRE 330pm  PORE* if FIBRE 840 nm
45°-YES 104.451 —0.835 475 pm 1210 pm
45°-NO 105.989 —0.848 452 pm 1151 pm
60°-YES 105.91 —0.838 455 pm 1159 pm
60°-NO 105.246 —0.843 462 pm 1176 pm
90°-YES 103.909 —0.856 478 pm 1218 pm
90°-NO 104.67 -0.821 475 pm 1209 pm
3. Results Table 4

3.1. Simulation

Based on evaluation of scaffold CAD porosities by Eq. (1)
(Table 2), only FIBRE equal to 330 pum was taken into account and,
thus, the number of geometrical combinations to be analysed was
reduced from 36 to 18. Specifically, geometrical combinations were
pooled by STEP-OFFSET and fitting parameters of Eq. (2), which re-
lates porosity with PORE:FIBRE, were calculated (a,c in Table 3). As
suggested by previous work [1], a minimum porosity threshold of
60% was selected; by setting the printer nozzle, i.e. FIBRE (here 330
or 840 um), a pore threshold was obtained (PORE* in Table 3). With
FIBRE equal to 840 um, PORE* would be too large, outside the opti-
mal range described in literature [25]. Thus, scaffolds with 840 pm
FIBRE were excluded.

From the sensitivity analysis, SIZE input resulted the least rele-
vant: it was excluded from the following analyses and fixed to the
FEA program default value. In particular, “preliminary” FEA gave
simulated CM reported in Table 1. For each couple of rows that
presented the same parameter level, average CM was calculated.
Thus, a representative CM of the high and low levels for each pa-
rameter was obtained and the effect of each one was measured as
ratio between corresponding high and low CM. For a tenfold varia-
tion of the input, the ratio was 8.15 for E, only slightly higher than
1 for v (1.16) and even closer to 1 for SIZE (1.11).

Eighteen scaffold design combinations entered the “final” FEA.
The list of inputs has been completed with the relative levels of
FIBRE, PORE, OFFSET and STEP as geometrical inputs, and E and
v as fibre material parameters. FIBRE was set to 330 um. PORE,
STEP, E and v varied on three levels: 300-450-600 nm for PORE;
45°-60°-90° for STEP; 0.05 (trabecular bone lower bound in [26])-
0.275 (in between value)-0.5 GPa (1 order bigger than the lower
bound) for E; 0.1-0.3-0.49 for v [27]; OFFSET varied on 2 levels
and defined 2 pools of architectures to be analysed separately. For
each pool-composed of 4 parameters (STEP, PORE, E, v) varying
on 3 levels-3* = 81 simulations should be carried out. Thanks
to the Taguchi method, these were reduced to 9, giving the L9

L9 Taguchi tables for the NO OFFSET and YES OFFSET combinations of FEA simu-
lations.

NO OFFSET

Simulation STEP (°) PORE (pm) E (GPa) v CM (GPa)
1 45 300 0.05 0.1 0.010
2 45 450 0.275 0.3 0.022
3 45 600 0.5 0.49 0.028
4 60 300 0.275 0.49 0.068
5 60 450 0.5 0.1 0.077
6 60 600 0.05 0.3 0.006
7 60 300 0.5 0.3 0.119
8 90 450 0.05 0.49 0.013
9 90 600 0.275 0.1 0.03
YES OFFSET

Simulation STEP (°) PORE (pm) E (GPa) v CM (GPa)
1 45 300 0.05 0.1 0.008
2 45 450 0.275 0.3 0.020
3 45 600 0.5 0.49 0.025
4 60 300 0.275 0.49 0.075
5 60 450 0.5 0.1 0.044
6 60 600 0.05 0.3 0.002
7 60 300 0.5 0.3 0.085
8 90 450 0.05 0.49 0.005
9 90 600 0.275 0.1 0.010

tables [28] (Table 4). In terms of parameter influence on FEA CM
(Fig. 5), the most promising architectures have a STEP of 90°
without offset and a STEP of 60° with offset, respectively. The STEP
vs. CM relation is strongly proportional between STEP 45° and 60°,
while it is less defined between 60° and 90°, both without and
with offset. As expected for PORE vs. CM and E vs. CM, a higher
porosity corresponds to a lower scaffold stiffness, vice versa a
higher fibre stiffness corresponds to a higher scaffold stiffness
with a strongly linear relation (m closed to 1 in Fig. 5).

Geometry prevailed over material in affecting scaffold CM. In
particular, ranking the parameters from most to least influential
(m of Fig. 5 from higher to lower), PORE-STEP-E-v was obtained
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Fig. 5. Average effect on CM of the different levels of STEP, PORE, E and v for the groups without (NO OFFSET) (left) and with offset (YES OFFSET) (right). Horizontal and
vertical coordinates are expressed as% of the maximum value in the ranges, respectively, of the parameters and CM. Each marker is accompanied by its parameter level,
expressed as absolute value. CM-parameter relations are fitted by a y = mx function, where the gradient m becomes a sensitivity index.

Table 5
Values of the coefficients of Eq. (3) relative to the sets without (NO OFFSET) and
with (YES OFFSET) offset, fitted on the rows of Table 4.

a b c d e
NO OFFSET 0.000662 —-0.000147  0.144407 -0.006630  0.026816
YES OFFSET  0.000265  —0.000146  0.102963  0.037087 0.039397

for the architectures without offset, and PORE-E-STEP-v for the ar-
chitectures with offset. However, if for STEP the range 45°—60° is
considered alone, the sensitivity rank was PORE-STEP-E-v, inde-
pendently from the offset.

Once the influence of the design parameters was understood, it
was possible to control it. Specifically, the following multiple linear
regression was used:

CM=axSTEP+b+PORE +c+E+dx*v+e (3)

In order to obtain its specific coefficients (Table 5), the model
was fitted on Table 4 combinations.

3.2. Experiments

Nanoindentation on the fibres resulted in a mean E; of
0.77 £ 0.25 GPa. To validate the FEA simulations on the chosen scaf-
fold architecture, E;r must be reduced from 0.77 to 0.23 GPa to be-
come E in Eq. (3), resulting in a simulated CM (0.038 GPa) inside
the experimental range (0.0384+40.0035GPa) of the compressive
tests.

By simulating the scaffolds made by the specific PCL/bioactive
glass 70/30wt.% material (i.e. using the relative validated E)
(Table 6), the STEP and PORE levels generally follow the same or-
der of influence derived from the Taguchi combinations of geome-
try and generic material (Fig. 5).

By using Eq. (3) fitted on Table 4 only (coefficients of Table 5),
the error of the regression model (“Reg” results in Table 6) in pre-
dicting the PCL/bioactive glass 70/30 wt.% performances (“Sim” re-
sults in Table 6) was high (see RMS in Table 6). By adding the

Table 6

Rank of the scaffold architectures in PCL/bioactive glass 70/30 wt.% by simulation
(Sim) CM, coupled with the corresponding multiple regression model (Reg) CM,
for the scaffolds without offset (NO OFFSET) and with offset (YES OFFSET). RMS is
the Root Mean Square of the differences between simulation and regression CM.

NO OFFSET M

Rank PORE (um) STEP (°) porosity% 70/30 Sim 70/30 Reg

1 300 90 50.29 0.060 0.072

2 450 90 58.96 0.043 0.054

3 300 60 50.51 0.042 0.048

4 300 45 50.85 0.040 0.036

5 450 60 59.46 0.036 0.030

6 600 60 65.61 0.027 0.011

7 600 90 64.93 0.026 0.036

8 450 45 59.93 0.018 0.017

9 600 45 66.15 0.009 —-0.001
RMS (GPa) 9.17E-5

YES OFFSET ™M

Rank PORE (pm) STEP (°) porosity% 70/30 Sim 70/30 Reg

1 300 60 50.84 0.044 0.046

2 300 90 49.84 0.039 0.054

3 300 45 50.15 0.039 0.043

4 450 60 59.80 0.021 0.025

5 450 90 58.81 0.018 0.033

6 450 45 58.95 0.017 0.021

7 600 90 64.97 0.008 0.011

8 600 45 65.00 0.008 -0.001

9 600 60 65.95 0.008 0.003
RMS (GPa) 6.85E-5

simulations on the specific material to the regression model, up-
dated coefficients were obtained (Table 7): the error decreased
from 9.17E-5 to 4.069E-5GPa and from 6.85E-5 to 2.49E-5 for the
NO OFFSET and YES OFFSET sets, respectively.

Once the regression ability of Eq. (3) has been improved,
the model can be applied to control the scaffold performances.
For instance, by using the STEP 90° and imposing a porosity
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Table 7

Values of the coefficients of Eq. (3) relative to the sets without (NO OFFSET) and
with (YES OFFSET) offset, fitted on both the rows in the general (Table 4) and
70/30wt.% (Table 6) Taguchi tables.

a b c d e
NO OFFSET  0.000547  —0.000118  0.145251 —0.006713  0.020298
SI OFFSET 0.000133 —-0.000127  0.105332  0.036854 0.037375

threshold of 60%, a PORE of 462/455um is obtained for the NO
OFFSET/ YES OFFSET cases, respectively. With the PCL/bioactive
glass 70/30 wt.% material, applying E=0.23GPa, v=0.3 and the
specific coefficients to Eq. (3), CM of 0.046 (NO OFFSET) and
0.027 GPa (YES OFFSET) are obtained, both lower than the tra-
becular bone threshold (0.05GPa in [26]). Conversely, if the CM
threshold is to be reached, with STEP 90° and PCL/ bioactive glass
70/30 wt.% material, PORES of 431 and 272 um have to be imposed,
corresponding to porosities of 60% and 50% for the NO OFFSET
and YES OFFSET cases, respectively. Finally, it is possible to fix
both porosity (60%) and CM (0.05 GPa), thus revealing the E that
the fibre material should have: again with STEP 90°, it results in
E=0.266 GPa (NO OFFSET) and E=0.475 GPa (YES OFFSET).

4. Discussion

In this paper, the influence of the design parameters on the
mechanical performances of 3D printed scaffolds has been investi-
gated through a combined CAD/Taguchi/FEA approach (Fig. 1). Ac-
cordingly, a regression model able to control scaffold mechanics
in a pre-manufacturing phase has been proposed. Interestingly, it
has been found that the compressive modulus (CM) of the de-
signed scaffold, crucial for its mechanical performance, is primarily
related to its geometry-specifically to the pores size (PORE) and
fibre orientation in subsequent fibres planes (STEP)-and secondly
to the material-i.e. to the fibre elastic modulus (E) rather than
to the Poisson’s ratio. By applying the proposed method to the
investigated geometries and to an innovative PCL/bioactive glass
material with composition 70/30 wt%, the more promising scaf-
folds can be selected for 3D printing and finally tested, aiming
to reach an experimental CM of 0.05 GPa (threshold for trabecular
bone [26]) and a porosity of 50% (threshold for bone [29]). Consid-
ering the above constraints, four different architectures emerged
as optimal: two architectures without offset (with STEP 90°: PORE
300 and 450pm) and two with offset (PORE 300 pm: STEP 60°
and 90°). Architectures with an offset - basically a shift be-
tween fibres of corresponding planes - were not discarded even
if weaker, because they could provide a more effective biological
response [25].

Looking at the contingent relationships among the investigated
scaffold parameters and the CM, a clear and proportional rela-
tion was found only between fibre stiffness and scaffold stiffness
(Fig. 5). Although the relation between geometrical parameters and
scaffold mechanics resulted more complex to understand, the ma-
jor influence on CM pertained to geometry rather than to material.

It is well known from structural mechanics that architecture
has a prominent role in determining the structure’s performances.
Therefore, slight variations in the geometrical parameters can af-
fect scaffold porosity and, thus, its mechanical response [30]. In
this work, the effect of architecture variations on the CM of the
construct could be explained by their potential influence on the
“pillars”, which determine the vertical stiffness of the scaffold
(Fig. 2a,b).

Generally, the presence and size of voids strongly decrease
structure strength [31]. This study once again confirmed that
pore size, and thus porosity, is predominant in affecting scaffold

mechanics since, in this specific context, it decreases the spatial
frequency of the vertical pillars.

When an offset between corresponding layers of fibres is intro-
duced, the vertical pillars lose their straight orientation in favour
of a “zig-zag” one (orange lines in Fig. 2a, b). This definitely de-
creases the scaffold resistance to compressive stresses.

Finally, the influence of fibres orientation on compressive
performances of the scaffold appeared strong, as reported by
Ostrowska et al. [5].

The number of the analysed combinations of scaffold param-
eters (Table 4) was the minimum required to reveal their prin-
cipal effects on the mechanics of the construct. It derived from
considering the parameters independently from each other. Even-
tual “cross-talking” effects between them were neglected a priori,
and this may represent a limitation of the study. In fact, based on
the restricted number of combinations evaluated, only the sim-
plest regression model, i.e. the linear one, could be used to re-
late design input parameters with scaffold performances, although
some parameters showed a nonlinear effect (Fig. 5). In light of this,
the implemented regression model should be used to exclude the
less promising material-geometry combinations rather than for a
precise control of the scaffold performance. Another limitation in-
volved the scaffold model simulated by FEA: in the model valida-
tion phase, the fibre elastic modulus, E, cannot perfectly coincide
with the experimental indentation elastic modulus, E;r, but it had
to be tuned to take into account expected deviations of the real-
ized scaffold from the simulation CAD geometry. For instance, fi-
bres in the scaffold model were considered fully solid, when in-
stead internal unintended micro-pores might have been physically
present [35]. An investigation of the real scaffold (for instance by
SEM or @ CT imaging) will better clarify the material and geometry
contributions.

Concerning scaffolds aimed to regenerate bone tissue, several
studies combined CAD and FEA [3,4,7-10,17,32-36], but with dif-
ferent modalities and purposes. Major similarities can be found in
the study of Wieding at al. [37], where FEA and a DOE method
(one of the techniques implemented in the Isight-Simulia soft-
ware, different from the Taguchi method) were used to analyse
the parameters sensitivity and to optimize the compressive mod-
ulus of the scaffold design: it found that a major influence was
related to the geometrical parameters, whereas the sensitivity to
the fibre elastic modulus and overall to the Poisson’s ratio was
minor. Nevertheless, the combined use of CAD-to analyse scaf-
folds porosities -, Taguchi method-to select the principal com-
binations of geometry and material parameters-and FEA-to sim-
ulate their influence on the scaffold performances -, in a fully
pre-manufacturing design, represents an innovative procedure in-
troduced by this study with respect to the available scientific
literature.

5. Conclusions

Experimental testing provides a repeatable controlled environ-
ment for the evaluation of mechanics, but it can be cost- and
time-intensive when considering multiple design iterations and
large numbers of specimens [38]. In order to realize and test only
the most promising scaffolds towards bone regeneration, an in-
novative pre-processing and pre-testing design procedure - com-
bining in a systematic way CAD, Taguchi method and FEA - was
proposed in order to analyse the effect of geometry and mate-
rial on the compressive behaviour of the scaffold. Specifically, FEA
was limited to the initial, linear portion of the scaffold stress-
strain response, namely stiffness. Stiffness of the scaffold was influ-
enced primarily by its geometry and secondly by its composition.
Based on stiffness and porosity, four scaffold architectures were se-
lected as optimal for the 3D printing of an innovative PCL/bioactive
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glass material with composition 70/30wt.%. Their design pa-
rameters and performances will be investigated experimentally,
both mechanically and biologically. This design procedure can be
adapted to any manufacturing process, scaffold material and target
performance.
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