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Summary
The combination of computational methods with recent 3D printing technologies allows for
the control of scaffolds microstructure, in order to obtain application-driven mechanical
properties. Lately, geometries obtained using triply periodic minimal surfaces (TPMS) have
been used to design porosity-controlled scaffolds for bone tissue engineering. The objective for
this work is to assess the properties of TPMS scaffolds obtained using Schwartz P, Schwartz D
and Gyroid, with different porosity levels. These properties are computed by an asymptotic
homogenization method to obtain the effective permeability and stiffness. Results show that the
obtained properties compare well with the properties of bone scaffolds presented in literature
and obtained using different means.
1

INTRODUCTION

Scaffolds are porous structures that act as cellular support for the growth of new tissue [1].
For tissue engineering applications, scaffolds shall permit the diffusion of oxygen, nutrients and
metabolic waste, in order to ensure adequate cellular growth and proliferation [2], [3]. In the
specific case of bone tissue engineering, the structural integrity of the scaffolds is also important
to enhance bone shape and function during and after the regeneration and remodelling processes
[4]–[6]. Therefore, scaffolds must be optimized for appropriate porosity, permeability and
mechanical properties [7].
Different techniques have been studied for the development of new application-driven
scaffolds. This work is focused on the triply periodic minimal surfaces (TPMS) method. TPMS
are defined mathematically as infinite and periodic surface curvatures that are fully controllable
computationally and allow for homogenous scaffold designs [7]–[9]. This method targets
scaffolds with a good relation between adequate levels of porosity and stiffness for different
cellular growth rates [8], [10]–[12].
Apart from the development method, scaffolds shall be produced with enough accuracy, i.e.,
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the designed structure shall correspond to the fabricated one. In the past, it has been found that
produced scaffolds were different from the respective project [13], and this raised concerns
about the applicability of these devices in the biomedical industry [13], [14]. Several
technologies have been applied, as electrospinning or selective laser sintering, but this work is
focused on 3D MultiJet printing. This is a good option for high accuracy scaffold production
[15], [16].
2 METHODS
Three types of TPMS were selected (Schwartz D, Schwartz P and Gyroid), each one with
two levels of porosity (50% and 70%). The selection of the porosities and surfaces was done
based on the permeability since it is one of the main requirements for cellular growth and some
geometries were not capable of having fluid through their interior and therefore could not be
used. The TPMS were created with a custom software developed at the Polytechnic Institute of
Leiria (Portugal) and CTI Renato Archer (Brazil) [17]. The asymptotic homogenization method
described in Guedes and Kikuchi [18] allows the calculation of the equivalent elastic
𝐻
coefficients for periodic porous structures with the homogenised properties 𝐸𝑖𝑗𝑘𝑚
given by:
𝑖𝑗
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where 𝜒̅𝑟𝑘𝑚 are the local deformation modes when the unit cell is subject to six unit average
strains, 𝐸𝑝𝑞𝑟𝑠 are the elastic properties of the solid part (¥) of the cell Y, |𝑌| is the volume of
the unit cell and 𝛿𝑖𝑗 is the Kronecker delta. For this method, each single unit of the periodic
scaffold was discretized with 20 finite elements per side.
Following the theoretical outputs, it is possible to evaluate the analogous mechanical
properties in the printed scaffolds using specific testing equipment. The specimens created for
mechanical testing were according to the ASTM norm D695 - 02a, which lead to parts with a
height that was double of their width. One of the objectives here was to test the influence of the
size of the unit cell side; the ideal dimensions from the norm were 12.7 x 12.7 x 25.4 mm and
thus the closest values selected for the unit cell side were 2.5 mm and 3 mm. Since the work of
Coelho et al. [19] stated that a minimum of five unit cells were necessary in each dimension,
the final structures were built on 5x5x10 unit cells, in 2.5 mm and 3 mm side cells.
The parts were fabricated in a MJP 3600 3D printer from 3D Systems using multijet
technology. The parts are printed in 3D Systems Crystal material and their technology uses a
support material as well in order to allow the layer by layer construction with internal
geometries. To have the final part the specimens go into a 3D Systems Product Finisher that
provides the necessary heat to melt the support material and so remove it from the internal
structures. All the Cleaning Procedures were done according to the supplier specifications.
Figure 1 shows the finished parts.

2

J. Pinheiro, A. P. G. Castro, R. B. Ruben, J. M. Guedes and P. R. Fernandes

Figure 1: Printed specimens: D50, D70, P50, P70, G50 and G70.

Once the parts were printed they were mechanically tested in an Instron testing Machine
5566 equipped with an Advanced Video Extensometer (AVE), as can be seen in Figure 2.
Mechanical tests were performed in order to obtain the elasticity properties (Young’s Modulus)
for the six scaffold types. The ASTM norm D695 - 02a was followed and therefore seven
specimens were tested for each geometry (more than the five specimens specified as the
minimum by the norm), being the testing speed set to 1.3 mm/min.

Figure 2: Setup of the experimental testing using an Instron 5566 and an Instron AVE.
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RESULTS

Young’s Modulus values were calculated from both experiments and numerical methods.
Thus, Tables 1 (2.5mm unit cell side) and 2 (3mm unit cell side) present the values from the
testing machine arm (“ARM”), from the video extensometer (“AVE”) and from the
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homogenization method (“HMG”). The standard deviation values from each experimental
method are also presented (“std”). The last two columns of each table present the difference
(error) between the experimental method and the theoretical results (“Error HMG-ARM” and
“Error HMG-AVE”). Additionally, Figure 3 shows different failure modes for the same scaffold
type obtained during the mechanical testing.
Table 1: Experimental and numerical Young’s Modulus values (in MPa) for 2.5mm unit cell side.
Model

ARM

std

AVE

std

HMG

Error HMG-ARM

Error HMG-AVE

D50

0.3410

0.0337

0.4013

0.0251

0.2655

0.28

0.51

D70

0.1007

0.0165

0.1098

0.0244

0.1338

0.25

0.18

P50

0.3000

0.0067

0.3188

0.1255

0.2434

0.23

0.31

P70

0.0798

0.0018

0.0893

0.0070

0.0852

0.06

0.05

G50

0.2485

0.0068

0.2731

0.0123

0.2296

0.08

0.19

G70

0.1005

0.0035

0.1086

0.0029

0.1070

0.06

0.01

Table 2: Experimental and numerical Young Modulus values (in MPa) for 3mm unit cell side.
Model

ARM

std

AVE

std

HMG

Error HMG-ARM

Error HMG-AVE

D50

0.2509

0.0093

0.2872

0.0171

0.2655

0.05

0.08

D70

0.1026

0.0025

0.1164

0.0069

0.1338

0.23

0.13

P50

0.2592

0.0093

0.2740

0.1151

0.2434

0.06

0.13

P70

0.0821

0.0034

0.0954

0.0049

0.0852

0.04

0.12

G50

0.2258

0.0084

0.2622

0.0110

0.2296

0.02

0.14

G70

0.2509

0.0093

0.2872

0.0171

0.2655

0.05

0.08

Figure 3: Different failure modes of specimens of the same type during mechanical testing.
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4

DISCUSSION

As was already reported by other works in the literature [7], [9], [10], [12], Schwartz D is
the one with the highest values of elasticity, for each porosity level, in comparison with
Schwartz P and Gyroid. Only two levels of porosity were studied, which may not be enough to
conclude about the stiffness differences between TPMS surfaces. However, it is relevant to
emphasize the role of numerical studies in organizing information and comparing different
printed TPMS scaffold types with different porosities. The Young’s Modulus for the different
porosities were according to what was theoretically expected, having higher values for lower
porosities. Here again, further tests should be performed, with other TPMS scaffold types and
potentially other porosity levels, in order to allow for the development of a trendline for each
surface according to its porosity.
Regarding the difference between the unit cell side size, from 2.5mm to 3mm, it seems that
this type of technology presents some difficulties for very small pore sizes, as the support
material is hard to remove. Although the precision of the printer used is around 16μm, which is
reflected in a great accuracy in the physical representation of the designed part, the cleaning
postprocessing is manual and is most likely be not efficient enough.
Some works in the literature reported the mechanical structures of several TPMS surfaces
and different porosities. For example, it is possible to compare this work with the one from
Kapfer et al. [20], although the geometries tested were only of 50% of porosity. For Schwartz
P the result was 0.226 MPa, for Schwartz D 0.232 MPa and for Gyroid 0.233 MPa. The results
were similar to the ones here obtained, particularly for the Gyroid geometries.
The failure modes, as shown in Figure 3, were diverse (some specimens were destroyed
during the testing and therefore no photographs could be taken) and were according to results
also reported in the literature [7].
Some factors need to be considered to explain the errors present in Tables 1 and 2. The
differences in the measurements from the ARM and the AVE were significant and it is possible
to see that the results from ARM are closed to the theoretical values. The AVE is not
recommended for compression tests especially with specimens smaller than 50 mm, according
to the instructions of the manufacturer. This may partially justify the larger error seen in the
AVE results.
It is also possible to observe a higher error in the smaller geometries (with 2.5 mm of side).
This can probably be explained by the issues found the removal of the support material from
the printing technology. This means that due to the viscosity of this wax (recommended by the
printer manufacturer) it was difficult to remove the support material through the small pores of
the geometries. Therefore, the larger parts (with 3mm of side) were “cleaner” and the results
are noticeably better. The presence of support material inside the parts, particularly the ones
with smaller pores (as is the case of the Schwartz D geometry) are not reflecting the real elastic
properties of the material, but the properties of the material plus the residual wax.
5

CONCLUSIONS

This work allowed a good comparison between three of the most used TPMS structures for
different porosities. Schwartz D is the surface with higher elasticity modulus, which means that
for scaffolds with higher need for strength it should be the one more capable.
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There are several groups working on the relation between permeability and elasticity in these
scaffolds, as they need to be carefully designed to account for both paraments. Permeability and
elasticity are essential to promote appropriate cellular growth and proliferation, and this work
is helping to expand the knowledge base in this area.
To conclude, 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, as this material has a high viscosity, which hinders its removal from very
delicate microstructures. Subsequently, for the larger structures studied here, this technology
allows for good agreement with theoretical predictions.
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