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Abstract. The proposed work deals with the numerical analyses of different variants of the
gyroid structure. The analyses were carried out to determine the optimal geometry (wall
thickness, spacing) of the gyroid structure for use in dental and orthopaedic implants. Since
the human body represents an environment of (compared to metals) soft tissues, it is not
always desirable to introduce a structure with high stiffness as an implant. The gyroid
structure (on the macroscopical level) represents a porous structure that reduces the overall
stiffness of the implant if applied on the outer layer of the implant. What is more, this kind of
mesh provides interesting features for tissue scaffolding due to high porosity which gives an
opportunity to design a structure that can also meet the requirement for the optimal pore size
with regard to the most effective bone ingrowth. Furthermore, we can minimize the stress
shield effect which can lead to the bone resorption after implant insertion.

Introduction

Implants made of titanium and its alloys have a long history of good success rates [1].
Nevertheless, they still share a common shortcoming, which lies in the difference between
material properties of the metal and human tissue [2, 3]. This shortcoming can be addressed
by reducing the overall stiffness of the implant. This reduction serves to better the conditions
for osseointegration and reduce the stress-shielding effect, which is often associated with
implant loosening. Aseptic loosening is, in fact, one of the main reasons of implant failure [4].
The proposed solution to this problem is shown in Fig. 1. An outer porous gyroid layer was
introduced into the implant body to lower the global modulus of the implant and also to make
the conditions for osseointegrations better [5] by allowing bone ingrowth.

.
Fig. 1: A scaled 3D-printed PLA demonstration-only dental implant specimen with the
gyroid structure applied on its outer surface.



Furthermore, the gyroid structure has other benefits which result from its geometry. Due to
the absence of sharp edges, it is much better for osseointegration. Also, since it is not formed
by beams, but rather by continuous walls of material, it is much less prone to chipping and
local crack defects, which have been observed in the past by the research team. Due to the
fluent change of curvature, local stress concentrations are also expected to be lower. Also,
wall-like behavior is superior to beam structures in preventing local failure and transferrance
of potential implant debris into the body of the patient.

Numerical Simulations

The numerical analyses were performed in ANSYS Workbench 19.0. The aim of the
analyses was to determine the trend of increase in stiffness and prepare for a more complex
analysis comparing global moduli in relation to that of human bone (Ec,bone = 10-25 GPa [6],
Eti-c-alav = 120 GPa [7]). The material of both the model and future specimens is the Ti-6Al-
4V alloy, the most common alloy in the implant industry [8]. It is a bio-inert material. In
general, an implant from the Ti-6Al-4V alloy needs to have a surface modification to be
effectively used for osseointegration. A different approach of dealing with the
osseointegration problem is using the gyroid morphology which can effectively substitute the
surface modification. Based on previous research the authors conducted [9], it was assumed
that a structure with a global modulus in the range of units of GPa can be considered low
stiffness and viable. The final assigned structure can then be manufactured and uniaxial
mechanical tests can verify the precision of the model. After model verification, numerical
simulations can serve to design specific structures without prior mechanical tests to conserve
the costly material. Images showing three of the analysed structures are shown in Fig. 2.

The loading of individual structures was simulated using the mode of controlled
displacement. The speed of displacement was 1 mm/min, according to the speed prescribed in
the “ISO 13314:2011 — Mechanical testing of metals — Ductility testing — Compression test
for porous and cellular metals” standard [10]. This was done to prepare the models for
comparison with data from future mechanical tests of individual structures, which will be
done in accordance with this standard.

a) Spec. 0.2 mm b) Spec. 0.4 mm ¢) Spec. 0.8 mm

Fig. 2: Three basic cells of the gyroid structure varying in wall thickness. Upper
homogeneous part designed to meet the criteria for future uniaxial mechanical tests, which the
model will be compared against.



Results

The specimens with varying wall thickness (0.2, 0.4, 0.6, and 0.8 mm wide) were
numerically analysed in order to determine the trend in increase of stiffness as well as to
prepare the environment for future analyses after successful manufacturing of real specimens
for mechanical tests. Results from the analyses are shown in Fig. 4. The graph demonstrates
increase of the vertical force reaction with increasing wall thickness. The force was measured
after 1 minute of controlled displacement loading according to the “ISO 13314:2011 —
Mechanical testing of metals — Ductility testing — Compression test for porous and cellular
metals” standard, which prescribes a loading speed of 1 mm/min. In Fig. 3, the displacement
loading is shown, along with the FEM mesh generated and used for the numerical analyses in
Ansys Workbench 19.0.

Fig. 3: A figure showing the FEM mesh used to perform the simulation and the deformation
of the unit cell of the 0.2mm specimen after 1 minute of loading prescribed by ISO
13314:2011 standard.
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Fig. 4: A graph showing the final loading force against the thickness of an individual gyroid
structure after 1 minute of displacement loading prescribed by ISO 13314:2011 standard.



Conclusions

A total of 5 different variants of the gyroid structure were numerically analysed to determine
the trend of increase in stiffness and wall thickness in regard to the potential application in
dental and orthopaedic implants. The values obtained from the analyses are also subject to
further investigation as other factors, such as bone osteon ingrowth and manufacturability of
the 3D-printed parts come into play. Manufacturing fine details and thin walls might prove to
be a challenge in the future as the resolution in the xy direction varies from printer to printer.
Authors have encountered problems with SLS metal printing in the past and expect the
technology to improve and enable manufacture of functional, fine parts, considering the rate
of improvement in the field of 3D printing.

The gyroid structure has many benefits as it is unique in its wall-like mechanical behavior
that prevents local strain-induced failure and subsequent transfer of the implant material into
the body of the patient. Another benefit of the gyroid structure is absence of sharp corners and
edges, making it a fit candidate for the implant industry, where predictability, ease of
operation and viability for osseointegration make for a successful, long-lasting and practical
implant.
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