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ABSTRACT

The combination of computational methods with 3D printing allows for the control of scaffolds
microstructure. Lately, triply periodic minimal surfaces (TPMS) have been used to design poros-
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ity-controlled scaffolds for bone tissue engineering (TE). The goal of this work was to assess the

mechanical properties of TPMS Gyroid structures with two porosity levels (50 and 70%). The
scaffold stiffness function of porosity was determined by the asymptotic homogenisation
method and confirmed by mechanical testing. Additionally, microCT analysis confirmed the qual-
ity of the printed parts. Thus, the potential of both design and manufacturing processes for

bone TE applications is here demonstrated.

1. Introduction

In biomechanics and biomedical engineering, scaffolds
can be defined as porous structures that act as cellular
support for the growth of new tissue (Boccaccio
2011). For tissue engineering (TE) applications, scaf-
folds shall permit the diffusion of oxygen, nutrients
and metabolic waste, in order to ensure adequate cel-
lular growth and proliferation (Olivares & Lacroix
2012; Rahbari et al. 2016). In the specific case of bone
TE, the structural integrity of the scaffolds is also
important to enhance bone shape and function during
and after the regeneration and remodelling processes
(Rodrigues et al. 2011; Papantoniou et al. 2014;
Barabaschi & Manoharan 2015). This means that
there is a need for scaffolds to be optimized for
appropriate porosity, permeability and mechanical
properties (e.g., stiffness, viscosity or compressibility)
(Bobbert et al. 2017).

Different techniques have been studied for the devel-
opment of new TE scaffolds, from optimization to top-
down or bottom-up approaches (Lu et al. 2013).
Among them, the development of scaffolds based on
the triply periodic minimal surfaces (TPMS) method
has shown to enhance cell migration while retaining a
high degree of mechanical and structural rigidity (Yoo
2014). Moreover, the resulting geometries are suitable
to be produced by additive manufacturing (Bobbert
et al. 2017; Feng et al. 2018). TPMS are defined
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mathematically as infinite and periodic surface curva-
tures, which allow for fully controllable homogenous
scaffold projects, parting from the design of the repeat-
able unit cell (Gauvin et al. 2012; Bobbert et al. 2017;
Montazerian et al. 2017). Some of the existent TPMS
scaffolds types are Schwartz D, Schwartz P or Gyroid
(Rajagopalan & Robb 2006; Gauvin et al. 2012;
Giannitelli et al. 2014; Blanquer et al. 2017).

As important as the development methods and target
applications, scaffolds shall be produced with enough
accuracy. This means that the designed structure shall
correspond to the fabricated one, in order to promote the
adequate cellular and tissue response after implantation
(Castro & Lacroix 2018). 3D printing, electrospinning or
selective laser sintering have been applied in scaffold
manufacturing (Eshraghi & Das 2012; Lu et al. 2013;
Wismer et al. 2014; Hollister et al. 2016). In the past, it
has been found that produced scaffolds were different
from the respective project and this raised concerns about
the applicability of these devices in the biomedical indus-
try (Hollister & Murphy 2011; Campos Marin & Lacroix
2015; Webber et al. 2015). 3D MultiJet printing, which is
an additive manufacturing technique, has proven to be a
good option for scaffold manufacture, benefiting from
efficient cost control and high production accuracy
(Castilho et al. 2011; Velasco et al. 2016).

Thus, this present study is focused on the design
of scaffolds based on the TPMS method, with the
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objective of evaluating the quality of 3D MultiJet
printing for bone tissue applications, i.e., how does
the manufacturing process affect the estimated or
designed properties of the scaffolds.

TPMS Gyroid scaffolds were built in two porosity
levels (50 and 70%), in order to assess their mechan-
ical properties as function of porosity. Mechanical
testing and numerical homogenisation were per-
formed for this purpose. Also, MicroCT imaging was
performed along with subsequent 3D modelling from
image reconstruction, to evaluate the accuracy of both
3D printing and cleaning process (Castro & Lacroix
2018). This particular Gyroid type has been described
by previous studies (Olivares & Lacroix 2012;
Almeida & Bartolo 2014; Montazerian et al. 2017;
Speirs et al. 2017) as having superior ability to
promote cell differentiation and proliferation, when
compared with other traditional geometrical arrange-
ments. In addition, one of the major advantages of
using TPMS Gyroid structures is related to their
internal geometry, which allows for an efficient
removal of all the support material necessary for 3D
MultiJet printing. This procedure is not as straightfor-
ward in other TPMS structures, i.e., it is important to
note that for using MultiJet techniques, the geometry
should consider paths large enough to allow wax
draining from the interior of the scaffold (Sochol
et al. 2016).

2. Materials and methods

This work is focused on the design, manufacturing
and evaluation of TPMS Gyroid scaffolds with 50 and
70% porosity (ahead referred as G50 and G70,
respectively). The selection of the porosity levels was
based on the ability of the structure to allow for suffi-
cient fluid flow through their interior, in order to
allow for adequate cellular growth (O’Brien et al.
2007; Viana et al. 2013; Castro & Lacroix 2018).

2.1. Design and homogenisation

The scaffolds were created with a custom TPMS gen-
erator (Dinis et al. 2014), which deals with the math-
ematical development of the structure as a function of
the designed porosity and also with the STL file
export. This generator uses the Gyroid mathematical
functions to create scaffold surfaces with the designed
porosity, which are then converted to a Finite
Element (FE) mesh (please refer to Dinis et al. (2014)
for further information). Depending on the number
of elements per side on each single unit of the

periodic scaffold, the porosity of this FE mesh may
vary from the originally designed porosity. The FE
mesh is the source for the numerical homogenisation
and also for the STL file (for 3D printing). In this
work, the TPMS generator was set to create 20 finite
elements per side, as a compromise between accuracy
and computational time.

The asymptotic homogenisation method described
by Guedes and Kikuchi (Guedes & Kikuchi 1990)
allows the calculation of the equivalent elastic coeffi-
cients for periodic porous structures with the homo-

genised properties Efj{km given by:
1 aka a%lj
El = —| Eppe| 848gm— —2— | | 8,85— =L |dY
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(1)

where %" are the local deformation modes when the
unit cell is subject to six unit average strains, Epg are
the elastic properties of the solid part (¥) of the cell
Y, |Y| is the volume of the basic unit cell (1 x 1 x
1 mm) and 3; is the Kronecker delta.

2.2. 3D printing

The samples tested in the present work were printed
in the Biomechanics Lab of Instituto Superior
Técnico using ProJet 3D MJP 3600 (3D Systems,
USA). Typically, 3D MultiJet printers have a reso-
lution on the order of 10 um, allowing its application
in the development of intricated microstructures
required in TE scaffolds (Melchels et al. 2011; Rahbari
et al. 2016). The chosen material was Visijet M3
Crystal, as recommended by the manufacturer of the
3D MultiJet printer. The choice of this material is
related to its properties, which presents a tabled
Young’s Modulus value of 1.46 GPa, similar to the
values observed in trabecular bone, and it is certified
with USP Class VI norm, allowing its use in several
medical applications (3D Systems 2017). This technol-
ogy also uses an additional support material to allow
layer-by-layer construction that needs to be removed
after the printing. For the present work, the commer-
cial material Visijet S300 was used, again by recom-
mendation of the manufacturer. The parts post-
processing followed the supplier specifications for
USP Class VI application (3D Systems 2017), consid-
ering a first step in which the support material is
melted in the ProJet Finisher oven (3D Systems,
USA) at 60° C and several baths of 99%+ isopropyl
alcohol to remove the residual support material.

The specimens were created in accordance with
ASTM norm D695 - 02a (ASTM International 2002),
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Figure 1. Printed specimens: G50 (left) and G70 (right) with 3mm cell side.

which lead to parts with height that was double of
their width, ideally with 12.7 x 12.7 x 254 mm.
Additionally, the work of Coelho et al. (2015) stated
that a minimum of five unit cells were necessary in
each dimension to ensure the validity of the numer-
ical procedures. Therefore, the final structures were
built on 5 x 5 x 10 configuration with 2.5 mm (12.5
x 12.5 x 25) and 3mm (15 x 15 x 30) unit cell side
sizes (scaled from the original 1 mm). Figure 1 shows
the printed parts of 3 mm.

Seven specimens of each porosity level and unit
cell side size were printed for mechanical testing
(more than the five specimens specified as the min-
imum by the norm), plus three samples of the G50
3mm scaffold for microCT scanning (total of 31
specimens manufactured).

2.3. MicroCT scanning

To evaluate the accuracy of both 3D printing and
cleaning process, three samples of the G50 3 mm scaf-
fold (not mechanically tested) were scanned with
microCT, using the equipment 1174 (Skyscan, USA).
For all the three scans, a 26.32 um precision was used
between pixels and also between slices. Skyscan

machine generates a set of bmp 8-bits grayscale
images (256 intensity levels from 0 to 255) one for
each scanned slice. To compute scaffold porosity the
set of images were segmented using Otsu global opti-
mum threshold (Nyma et al. 2012; Balabanian et al.
2017). So, for each image slice the optimum intensity
threshold (k*) maximizes the between-class variance:

2
M_ max Z(k) ()

2 (1%
k) = —
o3(k) Pi(1—-Py)  o0<k<2s5

where mg is the average intensity of all image, m is
the average intensity until the level k, and P is the
sum of normalized histogram values until the level k.
Figure 2 shows one typical example of the normalized
histogram, since all slices present similar histograms,
and the respective slice. With the segmentation of all
slices is possible to compute the microCT porosity
and generate a new STL file based on reverse
engineering.

2.4. Mechanical testing

Following the homogenisation outputs, the mechan-
ical properties of the printed scaffolds were evaluated
using mechanical testing equipment, namely the
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Figure 2. Image slice (left) and the normalized histogram (right).
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Figure 3. Experimental setup using an Instron 5566 and an Instron AVE.

Young’s Module and tensile strength. The experimen-
tal data was acquired in LEM2 of Instituto Superior
Técnico using an Instron® testing Machine 5566
(Instron, USA) equipped with a 10kN load cell and
an Advanced Video Extensometer (AVE - Instron,
USA). The experimental setup for typical uniaxial
compression test until rupture is shown in Figure 3,
being the testing speed set to 1.3 mm/min. Two meth-
odologies were used to measure the specimen strain
and consequently compute the scaffolds elastic prop-
erties: the testing machine arm (“ARM”) and the
video extensometer (“AVE”). The two experimental
stiffness calculations were posteriorly compared with
the numerical predictions from the homogenisation
method (“HMG”).

3. Results
3.1. MicroCT scanning

The three samples of the G50 3 mm scaffold scanned
with microCT presented similar values of porosity
(2.3% maximum difference). Table 1 also shows an
average error between the original STL and the

Table 1. Porosity of G50 3 mm scaffold samples.

Sample MicroCT (%) Original STL (%) TPMS generator (%)
1 53.9

2 55.2 62.1 51.0

3 529

manufactured scaffolds of approximately 8%. The ori-
ginal STL file sent to the 3D MultiJet printing had
62.1% porosity, while the designed porosity was 51%
(from the TPMS generator software). Additionally,
Figure 4 shows that it is possible to verify the manufac-
tured scaffold structure, where is visible the correct
Gyroid geometry with the designed holes connectivity.

3.2. Mechanical properties

Young’s Modulus values were calculated from both
experiments and numerical methods. Thus, Table 2
compares the experimental average values (ARM and
AVE) from the seven samples with the numerical pre-
dictions from the homogenisation method (HMG) of
Guedes and Kikuchi (Guedes & Kikuchi 1990). The
standard deviation values from each experimental
method are also presented. The last two columns
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Figure 4. Generated STL from microCT images with a zoomed part.

Table 2. Experimental and numerical Young's Modulus values.

Cell side (mm) Model ARM (GPa) AVE (GPa) HMG (GPa) Error HMG-ARM (%)  Error HMG-AVE (%)
25 G50 0.2485+0.0068 0.2731+0.0123 0.2296 8.23 18.95
G70 0.1005+0.0035 0.1086 = 0.0029 0.1070 6.07 1.50
3 G50 0.2258 +0.0084 0.2622+0.0110 0.2296 1.66 14.20
G70 0.1004 +0.0036  0.0898 +0.0359 0.1070 6.17 16.07

present the difference (error) between the average val-
ues of each experimental method and the correspond-
ing numerical predictions (“Error HMG-ARM” and
“Error HMG-AVE”).

For both cell side sizes, the ARM presented the lower
Young’s Modulus values, while the AVE recorded the
higher ones. The average difference between the two
experimental data sources was 10.5%, considering the
four groups of samples tested. The numerical predic-
tions HMG were closer to the values measured by the
ARM in three out of four cases (5.5% average difference
against 12.5% for HMG-AVE). In detail, the average
HMG-ARM difference was 7% for 2.5mm, decreasing
to 3.5% for the 3mm cell side parts. The maximum
numerical-experimental difference was 19% (HMG-
AVE, G50 2.5mm), contrasting with the lowest differ-
ence found for HMG-AVE for G70 2.5 mm (1%).

The increase in porosity, for this Gyroid geometry,
produced a considerable change in the stiffness of the
structure: approximately 60% decrease for 2.5mm parts
and 56% for 3mm parts, considering the ARM values.
These values are aligned with the decrease in stiffness
calculated by the homogenisation method, which was
53%. All the samples presented a shear failure mode.

4, Discussion

The relationship between Young’s Modulus and por-
osity was in accordance with what was previously

reported, i.e., higher stiffness for lower porosities,
tending to values closer to the ones usually found in
literature for trabecular bone (Rajagopalan & Robb
2006; Giannitelli et al. 2014; Lakatos et al. 2014;
Velasco et al. 2016; Bobbert et al. 2017). The experi-
mental results do not show relevant differences with
the increase of the unit cell side size, from 2.5 mm to
3 mm, but this type of technology may be inadequate
for very small pore sizes, as happens with other
TPMS-based scaffolds. Some works in the literature
reported the mechanical structures of several TPMS
surfaces and different porosities; in what concerns to
Gyroid scaffolds, the work of Kapfer et al. (2011)
measured 0.233GPa for 50% porosity, which is
aligned with the results obtained in this work.

The average difference in the measurements from
ARM and AVE was approximately 10.5% but
increased from 2.5 to 3 mm cell side; the results from
ARM were closer to the numerical predictions HMG
than the equivalent AVE results. According to the
instructions of the manufacturer, the AVE is not rec-
ommended for compression tests with specimens
smaller than 50 mm, which may partially justify the
larger error detected in the AVE results.

The viscosity of the support wax (recommended by
the printer’s manufacturer) made it difficult to
remove through the small pores of these scaffolds.
The removal of the support material is a delicate pro-
cess and consequently the final aspect of the parts
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may not reliable enough. In other words, although
the precision of the printer used is around 16 pum,
which is reflected in good accuracy in the physical
representation of the designed part, the cleaning post-
processing is manual and is presumably not efficient
enough. As so, the presence of support material inside
the parts means that the measurements are not
reflecting the real elastic properties of the material,
but the properties of the material plus the residual
wax. The different porosities obtained with the
microCT analysis are either due to this post-process-
ing (incomplete or inefficient removal of the wax, so
not directly related to the manufacturing process) or
to the difference noted between the designed porosity
(from the TPMS generator) and the porosity of the
STL file (which was used to print the scaffolds).

This work only considered TPMS Gyroid scaffolds,
which is a limitation. Further tests should be per-
formed, considering other TPMS scaffolds and poten-
tially other porosity levels, in order to establish more
complete stiffness versus porosity trends. The
microCT analysis was limited to 3mm parts, but its
results showed that the real porosity of the scaffolds
was between the designed porosity from the TPMS
generator software and the porosity of the STL file
used as source by the 3D printer. This needs to be
further assessed in future studies, but one possibility
may be to increase the number of finite elements per
side of each single unit, thus refining the models and
eventually reducing the difference in porosity between
STL and TPMS generator files. Additionally, the man-
ufacturing material used in this work is not specific
for bone TE scaffolds, even considering that it is cer-
titied with USP Class VI norm. Common materials
for bone TE (e.g., PCL or PLLA) or hydroxyapatite
coatings may be considered, if proved to be compat-
ible with the available 3D MultiJet printer. With dif-
ferent (and more adequate) materials,
biocompatibility of the printed scaffolds may also be
evaluated, towards clinical translation.

5. Conclusions

This work shows that TPMS scaffolds can be pro-
duced by 3D MultiJet printing with significant accur-
acy. As so, it gives a good perspective over the
crafting of scaffolds for bone TE applications, from
their numerical development to the manufacturing. It
was possible to assess that for this type of fabrication
the design process should provide large enough pores
to allow for the removal of the support material used
during the printing process; this material has a high

viscosity, which hinders its removal from very delicate
microstructures.

Additionally, elasticity is one of the essential parame-
ters to promote appropriate cellular growth and prolif-
eration, and the homogenisation method used here
proved to be correct on predicting the stiffness of the
scaffolds as a function of porosity. However, the differ-
ence between numerical and experimental outputs
needs to be reduced in further studies by refining the
scaffold models from the initial design stage.

To conclude, for the TPMS structures studied here
and for other related porous structures, 3D MultiJet
printing associated with numerical homogenisation
can be used in further studies for bone TE applica-
tions with tailored requirements.
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