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Abstract

Bone tissue engineering has evolved owing to new opportunities of deep customisation offered by additive manufacturing
technologies. Gyroid structures, which have been widely used for energy absorption or chemical catalysis, are now being
employed as biomorphic structures as well to provide customer-oriented scaffolds for missing or injured bones. Unfortunately,
limited data in terms of manufacturability and mechanical properties are available in the literature to support a wide application
scope, because the bone to match is strongly dependent on the individual. Therefore, the study aimed at addressing this lack of
knowledge, assessing the manufacturability of metal gyroids and further developing the correlation of the structural response
with the designed geometry, so to allow the designer to provide the proper biomorphic structure on a case-by-case basis.
Biocompatible steel was used to manufacture samples via laser powder-bed fusion; their elastic moduli and yield strengths were
evaluated as a function of the orientation of the elementary cells, the symmetry and the wall thickness based on compression

testing. Grounds have been given to support potential applications for tibias and vertebras.
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1 Introduction

Many techniques have been reported in the literature for
replacing missing or injured bones; these include sur-
gery, drug therapy and artificial prostheses. However,
they may cause severe pain, infections or immune rejec-
tion [1]. Additionally, bone structures may significantly
vary depending on age, gender, health conditions, nutri-
tion and location in the body [2—4]. To this end, bone
tissue engineering (BTE) has been recently developed as
a multidisciplinary field aiming at inducing bone regen-
eration using biomaterials, cells and factor therapy [5].
Since the variation range of the bone properties is
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significantly wide, the main focus of the research in this
field is the selection of a proper method allowing to
conveniently mimic the mechanical response, depending
on the individual requirements.

Scaffolds are conveniently designed and implanted as an
artificial biocompatible extracellular matrix to mimic a natural
microenvironment; hence, tissue regeneration is enabled
through live cells of bones [1, 6]. The main features of an ideal
scaffold in bone and cartilage engineering were pointed out in
a prior study [7]. Both in vitro and in vivo studies were also
reported [8, 9].

A macroscale void fraction (e.g. in the form of intercon-
nected porosity with 100-um diameter [9] at least) is crucial
for promoting the adhesion and mass transport of nutrients
over the scaffold and achieving both osteoconductivity and
osteoinductivity [10]. Data from in vivo tests revealed that
the ideal pore size for bone substitutes ranges from 0.7 to
1.2 mm [11]. Unfortunately, conflicting requirements of topo-
logical features must be addressed, given that porosity is det-
rimental to the purpose of mechanical stiffness, fatigue life [9]
and energy absorption [12].

A wide range of new opportunities in BTE has been offered
by the recent advances in the field of additive manufacturing
(AM). In particular, processing of ceramics, polymers and
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metals constitutes a new branch of computer-aided BTE [10].
Complex geometries, such as lightweight lattice structures for
biomedical applications [13] and even pieces for automotive
[14] and aerospace [15, 16], were addressed via AM through
layer-by-layer fabrication. Although many AM techniques
have been reported in the literature [17, 18], powder-bed fu-
sion using laser [4, 19, 20] or electron beam [21, 22] is as-
sumed to enable the manufacture of metal biocompatible scaf-
folds with suitable mechanical properties and accuracy for
BTE and orthopaedic implants in general, as reviewed in the
literature [23].

Owing to AM, the control over the final mechanical and
biological features of scaffolds is enhanced at the design stage.
Custom-oriented structures can be effectively produced to
match the individual requirements. Indeed, convenient geom-
etry and fraction of voids enable the reduction of the metal
strength, aiming at matching the properties of bones on a case-
by-case basis. Functionally graded pieces can be even
manufactured by proper design of the architecture and the
void distribution along the scaffold [24]; namely, the size
distribution of the pores is given a direction, so to benefit
from a specific variation of properties [25]. This is crucial
in reproducing the actual structure of a natural bone, where-
in the outer part (i.e. the cortical bone) has a higher mechan-
ical strength and modulus in comparison with those of the
inner part (i.e. the cancellous or trabecular bone, resem-
bling sponge or foam materials with lower strength) [9].
Moreover, it has been shown that the levels of the
governing factors of the building technique can be ade-
quately set to achieve additional microscale porosity [26],
further promoting the process of bone ingrowth [27].
Although the trabecular bone accounts only for approxi-
mately 20% of the overall bone structure, it is responsible
for approximately 70% of bone remodelling [5]. Therefore,
it represents the focus of many research activities.

Many arrangements have been proposed and investigat-
ed, including basic cube or triangular prism, up to rhombic
dodecahedrons and the algorithm to generate them has been
explored [28]. Nevertheless, to reproduce adequately the
trabecular bone, AM-made scaffolds with an excellent
combination of mechanical and mass transport properties
were suggested in the form of triply periodical minimal
surfaces (TPMSs) [20]. These are 3D surfaces with zero
mean curvature that exhibit translational symmetries in
three independent directions. Owing to their high stiffness,
TPMSs have been considered in many applications [29],
including absorption of energy and chemical catalysis.
Interestingly, they exhibit biomorphic features as they ap-
proach the mean curvature of a trabecular bone, which is
close to zero [30, 31]. Among the possible TPMSs, a gyroid
lattice is a 3D continuous surface, first proposed by Alan
Schoen in the 70s, containing no planar symmetry nor
straight lines, offering a structural response depending on
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its topology; therefore, many design parameters are effec-
tively offered to accommodate the mechanical response in
such a wide range for BTE [32]. Namely, gyroids are
formed by consecutively arranging some elementary units
and are significantly interesting owing to a remarkable re-
semblance with the trabecular bone because the biomorphic
design and surface-to-volume ratio are enhanced, thereby
improving cell adhesion [19, 33] and accessibility of fluid,
compared to hexagonal structures [34]. Isotropic elasticity
is even offered [35].

Different authors agree [4, 24, 29] that the commercial
application of TPMSs and gyroids for BTE is limited to spe-
cific cases owing to the reduced amount of data available in
the literature on the correlation of the structural response with
the manufacturability and the designed geometry, although
there is agreement in the last decade on the effectiveness of
AM, specifically laser powder-bed fusion, to the scope [36].
More specifically, it is expected that nano- and micro-
technology combined with AM may significantly improve
the accuracy of AM-derived bone scaffolds [37].

At first, the manufacturability strongly depends on the
available powder and the machine; therefore, transferability
is limited. For example, it has been shown that the thickness
of a steel scaffold may be up to 40 um thicker than the de-
signed size [19], resulting in a 13% relative error with the
nominal thickness. The issue has been investigated for titani-
um diamond-type cellular lattice [38] and gyroids [39] as well,
showing a relative error in the strut thickness up to 20% on
average.

As regarding the correlation of the mechanical response
with the designed geometry, some authors approached the
study, but they focused on the investigation of only some
geometric factors, depending on the application. At first, the
effectiveness of the gyroids over other structures has been
shown, under same volume fractions [40]. More specifically,
the elastic modulus and the compressive yield stress have been
measured for a given gyroid geometry with three different
levels of the void fraction to show that the toughness of the
scaffold is increased when the volume fraction increases [19].
The response of several steel gyroids was related to their ori-
entation via analytical and finite element solutions; however,
only a given loading direction with a given volume fraction
was experimentally tested to verify the reliability of the sim-
ulation [4]. A wider study was conducted on titanium gyroids
to correlate the geometry to the resulting stiffness, although
limited experimental results were reported [29]. The fatigue
life of functionally graded parts was investigated as well [24],
but only three types of structures were proposed; therefore the
results are not extensive to accommodate the actual significant
variation of the bone properties.

Parallel efforts were made to match the expected require-
ments successfully in terms of topology, strength and even
permeability of titanium gyroid lattices [20]; however, the
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effect of the design parameters was not addressed given that
the study aimed at comparing different TPMSs. Nevertheless,
two different experimental setups using electron beam melting
and the same titanium alloy [21, 22] proved that the wave-
length of the gyroid severely affects the mechanical response,
leading to accentuated anisotropy and limitations of implan-
tation applicability.

To contribute to the current knowledge in the field, steel
gyroids were designed, manufactured via powder-bed fusion
and tested in this study to investigate the dependence of the
resulting mechanical properties on design parameters, such as
orientation, wavelength and thickness. At first, the accuracy
has been checked; then, the elastic modulus and the yield
strength, which are among the main features to match when
designing a biomorphic scaffold, have been measured. With
this approach, the authors aim at assessing the manufacturabil-
ity of metal gyroids via AM and determining a correlation to
design custom-oriented TPMSs properly.

2 Material and methods
2.1 Design of gyroids

As reported in the literature [29], the primary design parameter
of'an elementary gyroid unit is the wavelength or unit cell size,
which can be independently set for each axis. For a given
reference size L, the length L; along each axis is conveniently
expressed using the corresponding scale factor &; accounting
for the geometric expansion:

L =kiL

Under these conditions, the equation of a 3D gyroid lattice
surface G in an xyz reference system is as follows:

2 2 2 2
G = sin lad cos il + sin i cos Tt
L, L, L, L,
+ sin 2m2 cos 2m
L, L,
Two additional factors are required: the orientation «, to
arrange the elementary units with respect to each axis, and the
wall thickness 7, to upgrade the 3D surface to a finite volume

(Fig. 1). Therefore, the void size d; along each direction (Fig.
2) becomes a dependent design variable:

di =21
2

Consequently, different scale factors &; lead to directional
changes in the pore size, resulting in the structural anisotropy
of the gyroid.

=Y

Fig. 1 Example of the elementary unit of a gyroid surface

On this basis, an experimental plan was designed (Table 1)
and a synthetic label, including the values of the design pa-
rameters, was assigned to each gyroid G. Two values of wall
thickness, namely, 0.4 and 0.6 mm, were tested in compliance
with the resolution allowed by the building process, as
discussed in the corresponding section. Different orientations
o of the wave were also considered. In the case of equal
wavelengths along each axis, sweeping the orientation in the
range 0—45° implies a complete investigation, assuming sym-
metry in a 45° direction (e.g. 80° orientation is equivalent to
10°). Note that the symmetry is lost when different scale fac-
tors k; are applied along the axes.

Fig. 2 Definition of the void size along a given direction
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Table 1 Design parameters, labels and nominal structure of the gyroids in the experimental plan

i Nominal
T[mm] a1 | ks ky k. Label structure
1 1 1 G/0.4/00/1-1-1 m
0
1 1 2 G/0.4/00/1-1-2 M
1 1 1 G/0.4/10/1-1-1 m
10
1 1 2 G/0.4/10/1-1-2 “
1 1 1 G/0.4/20/1-1-1 ﬂ
20
0.4
1 1 1 G/0.4/30/1-1-1 m
30
1 1 2 G/0.4/30/1-1-2 m
1 1 1 G/0.4/40/1-1-1 m
40
A O R ﬂ
1 1 1 G/0.4/45/1-1-1 m
45
1 1 2 G/0.4/45/1-1-2 E

The scale factor was varied along the z-axis alone. A units within a 30 X 30 x 30 mm domain. This choice
reference wavelength L of 7.5 mm was selected, thus was driven by the need for a constant theoretical void
providing a representative arrangement of elementary  fraction for each given wall thickness and combination
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Table 1

(continued)

50

G/0.4/50/1-1-2

60

G/0.4/60/1-1-2

70

G/0.4/70/1-1-2

80

G/0.4/80/1-1-2

90

G/0.4/90/1-1-2

0.6

G/0.6/00/1-1-1

G/0.6/00/1-1-2

10

G/0.6/10/1-1-1

G/0.6/10/1-1-2

20

G/0.6/20/1-1-1

G/0.6/20/1-1-2

30

G/0.6/30/1-1-1

G/0.6/30/1-1-2

40

G/0.6/40/1-1-1

G/0.6/40/1-1-2
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G/0.6/45/1-1-1

G/0.6/45/1-1-2

G/0.6/50/1-1-2

G/0.6/60/1-1-2

G/0.6/70/1-1-2

G/0.6/80/1-1-2

Table 1 (continued)

1 1 1
45

1 1 2
50 1 1 2
60 1 1 2
70 1 1 2
80 1 1 2
90 1 1 2

G/0.6/90/1-1-2

of scale factors, irrespective of the « orientation
(Table 2).

The 3D surfaces representing the gyroids were con-
ceived in Matlab, which allowed a modelling accuracy
of 0.1 mm. Concerning the wall thickness 7, it was set
via software Blender. Eventually, the resulting .stl file
was fixed via the Materialise Magics software prior to
manufacturing to prevent common errors in terms of
shapes and inverted normal and bad edges [41]. These
errors are common in file conversions and even more
frequent in case of lattice structures with consistent void
fraction [42].

Table 2 Theoretical void fraction

T [mm] ky k, k, Theoretical void fraction [%]

0.4 1 1 1 83.75
1 1 2 85.95

0.6 1 1 1 75.80
1 1 2 79.00

@ Springer

2.2 Manufacturing

Argon-atomised and pre-alloyed stainless steel powder was
used to manufacture the gyroids. The mean grain size of the
powder was 36 um. The composition matched the standard
UNS S17400 chromium-copper precipitation hardening
steel, offering high strength and corrosion resistance for
mechanical applications [43, 44], as well as biocompatibil-
ity for medical implants [45]. The powder was processed by
means of laser powder-bed fusion using a commercial
EOSINT M270 laser sintering system operating in full-
melting mode.

Table 3 Values of the

processing parameters in Parameter Value

laser powder-bed fusion

in full-melting mode Laser power (W) 195
Scanning speed (m/s) 0.75
Hatch spacing (pm) 100
Scan length (mm) 20
Layer thickness (pm) 20
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Fig. 3 Example of manufacturing
defects of 0.2-mm-thick walls in
symmetric (A) and asymmetric
(B) gyroids

The levels of the governing factors (Table 3) were set
according to previous trials and tuning [41, 43, 46]. At the
pre-design stage, the wall thicknesses of the gyroids in the
experimental plan were set to 0.4 and 0.6 mm to comply
with the resolution specified by the building process. It has
been reported [41] that, depending on a number of factors
(e.g. the AM system, the average grain size of the metal
powder and the focusability of the laser beam), building
thin walls below a given threshold is not feasible; otherwise
collapse, defects and even job halts can occur. Although
supporting structures offer a valid solution, they are not
feasible in the case of TPMSs with interconnected voids.
As an example, macroscopic defects resulting from a 0.2-
mm wall thickness are depicted in Fig. 3.

2.3 Testing
Preliminary inspections were conducted to verify the accuracy

of the building process in terms of wall thickness. To this end,
a Leica S8-APO stereo microscope with apochromatic x 8

magnification and 75-mm working distance was used to mea-
sure the wall thickness at five random locations on each
sample. Then, compressive strength tests were conducted
on each gyroid in the experimental plan. For this, an MTS
Landmark servo-hydraulic machine with a 250-kN force
range and 3-Hz sampling rate was used. The testing method
was performed under displacement control according to a
prior study [19] on the testing of AM-made gyroid struc-
tures. The samples were tested up to 6% compressive
deformation.

3 Results and discussion

Manufacturing was effectively accomplished for the gyroids
in the experimental plan (Table 4). The actual wall thickness,
the percentage mismatch as relative error with respect to the
nominal thickness, the elastic modulus and the yield strength
were measured, as discussed below.

Table 4  Average wall thickness, percentage mismatch, Young modulus and yield strength of the gyroids in the experimental plan

Label Actual structure Wall thickness Mismatch Elastic modulus Yield strength
abe (30 mm size cube) [um] (%] [MPa] [MPa]
G/0.4/00/1-1-1 399.8 -0.1 602 15.4
G/0.4/00/1-1-2 409.8 2.4 1128 17.3
G/0.4/10/1-1-1 401.2 0.3 730 15.3
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G/0.4/10/1-1-2 410.0 2.5 1328 20.5
G/0.4/20/1-1-1 413.2 4.1 962 15.8
G/0.4/20/1-1-2 406.0 1.5 1143 17.1
G/0.4/30/1-1-1 400.0 0.0 924 16.5
G/0.4/30/1-1-2 404.8 1.2 1055 14.3
G/0.4/40/1-1-1 398.6 -0.4 736 15.8
G/0.4/40/1-1-2 398.6 -0.4 825 11.4
G/0.4/45/1-1-1 399.6 -0.1 376 14.3
G/0.4/45/1-1-2 401.4 0.3 517 10.8
G/0.4/50/1-1-2 399.4 -0.2 683 9.4
G/0.4/60/1-1-2 395.2 -1.2 226 8.5

@ Springer



IntJ Adv Manuf Technol (2021) 113:2909-2923 2917

G/0.4/70/1-1-2 394.2 -1.5 367 7.8
G/0.4/80/1-1-2 401.2 0.3 384 7.3
G/0.4/90/1-1-2 399.2 -0.2 397 7.5
G/0.6/00/1-1-1 603.8 0.6 1346 28.5
G/0.6/00/1-1-2 591.0 -1.5 1699 40.6
G/0.6/10/1-1-1 602.8 0.5 1104 27.2
G/0.6/10/1-1-2 602.0 0.3 2149 37.5
G/0.6/20/1-1-1 605.0 0.8 1360 30.4
G/0.6/20/1-1-2 603.0 0.5 1729 373
G/0.6/30/1-1-1 597.2 -0.5 1041 30.8
G/0.6/30/1-1-2 597.8 -0.4 1786 28.4
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G/0.6/40/1-1-1 603.2 0.5 1417 324
G/0.6/40/1-1-2 600.8 0.1 1469 26.0
G/0.6/45/1-1-1 605.4 0.9 1451 32.1
G/0.6/45/1-1-2 595.6 -0.7 1029 23.6
G/0.6/50/1-1-2 592.2 -1.3 634 22.5
G/0.6/60/1-1-2 591.0 -1.5 741 19.1
G/0.6/70/1-1-2 590.8 -1.5 604 17.5
G/0.6/80/1-1-2 595.4 -0.8 494 16.0
G/0.6/90/1-1-2 592.0 -1.2 460 16.5

3.1 Accuracy of the manufacturing process

The wall thickness at different random locations on each sample
was measured via optical microscopy to assess the consistency
and accuracy of the building process. Average errors of 0.5%
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and 0.3% were found with respect to the nominal thicknesses of
0.4 and 0.6 mm, respectively. Reduced dispersion was achieved
for increased nominal wall thickness (Fig. 4). Therefore, in
terms of manufacturability, higher precision is inferred, in com-
parison to similar works in the literature [19, 38].
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Fig. 4 Box and whisker plot for percentage mismatch with respect to the
nominal wall thickness

3.2 Mechanical properties

The trend of the stress-strain diagram is descriptive of the
failure mode. In general (Fig. 5), a nonlinear stage was
found at test initiation, before the typical linear elastic
stage, due to settlement of the samples, until a condition
of full contact between the crosshead of the testing machine
and the surface of the gyroid was reached. This behaviour is
typical in the testing of porous scaffold structures and has
been already reported in the literature [19, 47]. Moreover,
given that yielding is not evident, the yield strength was
evaluated at a 0.2% strain offset with respect to the elastic
stage.

The trend of the stress-strain curve clearly depends on the
design parameters: when 1-1-1-type gyroids were considered
(Figs. 6 and 7), a layer collapse occurred at higher deformation

T T T T T

Compressive stress [MPa]

0 . . . . .
0 0.01 0.02 0.03 0.04 0.05 0.06

Strain [mm/mm]

Fig.5 Stress-strain curve and determination of yield stress for a G/0.4/00/
1-1-1 gyroid

&
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T

G/0.4/00/1-1-1
m— (5/0.4/10/1-1-1
G/0.4/20/1-1-1 | 4
G/0.4/30/1-1-1
e G/0.4/40/1-1-1
e (G/0.4/45/1-1-1

Compressive stress [MPa]
o

[¢)]

o] 0.01 0.02 0.03 0.04 0.05 0.06
Strain [mm/mm]

Fig. 6 Stress-strain curves: gyroids of 1-1-1 type with 0.4-mm wall
thickness

due to a reduced void fraction with respect to 1-1-2 type
gyroids (Figs. 8 and 9). Nevertheless, 1-1-2-type gyroids im-
proved the overall mechanical performance in terms of both
elastic modulus and yield strength owing to a non-uniform
geometry of voids that is beneficial for accommodating me-
chanical deformation and shear stresses.

To discuss the mechanical behaviour further, the elastic
modulus and yield strength can be conveniently expressed
as a function of thickness and orientation for each given
class of gyroids. First, for the 1-1-1-type gyroids, orienta-
tion barely affected the mechanical response (Figs. 10 and
11). Any apparent dependence could be ascribed to a
combination of possible inner local defects of incomplete
fusion and reduced wall thickness due to manufacturing
inaccuracy in the case of 0.4 mm, as previously men-
tioned. As expected, increased wall thickness resulted in
increased modulus and strength, with average

N
o
T

w
(&}
T

w
o
T

N
[&]
T

N
o

G/0.6/00/1-1-1
— (5/0.6/10/1-1-1
G/0.6/20/1-1-1
G/0.6/30/1-1-1
— (5/0.6/40/1-1-1
- ~ G/0.6/45/1-1-1

Compressive stress [MPa]
o

-
o

(o]

0
0 0.01 0.02 0.03 0.04 0.05 0.06
Strain [mm/mm]

Fig. 7 Stress-strain curves: gyroids of 1-1-1 type with 0.6-mm wall
thickness

@ Springer



2920 Int J Adv Manuf Technol (2021) 113:2909-2923
30
G/0.4/00/1-1-2 = G/0.4/40/1-1-2 G/0.4/70/1-1-2 ) )
G/0.4/10/1-1-2 = G/0.4/45/1-1-2 G/0.4/80/1-1-2 @ Thickness 0.4 mm Thickness 0.6 mm
251 G/0.4/20/1-1-2 e G/0.4/50/1-1-2 G/0.4/90/1-1-2 ||
= G/0.4/30/1-1-2 = G/0.4/60/1-1-2 1600
S = 1400
= 20t o
g = 1200
= »
5 ol 2 1000 ® -
= 3 800
2 é ° °
S o E e0e
3 (_Té 400 ®
&t W 200
0
ol i 1 1 i 0 10 20 30 40 50
0 0.01 0.02 0.03 0.04 0.05 0.06 Orientation [°]

Strain [mm/mm]

Fig. 8 Stress-strain curves: gyroids of 1-1-2 type with 0.4-mm wall
thickness

measurements of 78% and 95%, respectively. The behav-
iour in the range of 45—90° orientation can be inferred
from symmetry through axis permutation, as discussed
in the pre-design stage.

Concerning the 1-1-2-type gyroids, the effect of orientation
over the mechanical response was significant (Figs. 12 and
13) and a linear predicting model (Table 5) could be derived
for the mechanical response y, which expresses the elastic
modulus or the yield strength in megapascals, as a function
of orientation « in degrees:

y=cCcr— o

Fig. 10 Elastic modulus as a function of wall thickness and orientation
for 1-1-1-type gyroids

Note that rotating the direction of arrangement of the ele-
mentary units resulted in reduced elastic modulus and yield
strength: this mechanical behaviour is equivalent to coil spring
compression (Fig. 14); therefore, the equivalent wire windings
resulting from the orientation angle is a factor. Again, a 50%
increase in wall thickness resulted in increased modulus and
strength, with average measurements of 60% and 115%,
respectively.

We must conclude this section with a final crucial
remark regarding the effect of the surface texture, which
is a factor affecting the mechanical properties in the

Fig. 9 Stress-strain curves:
gyroids of 1-1-2 type with 0.6-
mm wall thickness

G/0.6/00/1-1-2
G/0.6/10/1-1-2
G/0.6/20/1-1-2
G/0.6/30/1-1-2

G/0.6/40/1-1-2
G/0.6/45/1-1-2
G/0.6/50/1-1-2
G/0.6/60/1-1-2

G/0.6/70/1-1-2
G/0.6/80/1-1-2
G/0.6/90/1-1-2

50

Compressive stress [MPa]

1 1 1 1
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Fig. 11 Yield strength as a function of wall thickness and orientation for
1-1-1-type gyroids

AM of metals. Given that as-built arithmetic roughness
in powder-bed fusion in full-melting mode typically
ranges from 6 to 17 um [48], depending on the building
direction, a significant variation in the surface features
is expected within each given scaffold. Owing to the
complex shape of the cells, post-processing to reduce
the surface roughness is feasible with neither conven-
tional nor innovative methods. However, a BTE-
oriented application is not compromised: indeed, surface
roughness is expected to be beneficial in promoting tis-
sue regeneration.

The range of mechanical features of the trabecular bone
of tibias and vertebras are successfully achieved [2, 3] by
the gyroids in this experimental plan. Convenient orienta-
tions, wall thickness values and wavelength elongations
can be further investigated to extend the applications to
other bones.

4 Conclusions

At present, the accuracy of AM technology is still a factor
hindering some potential applications of gyroids. Although
the manufacturability depends on the available powder and
machine, the adoption of a wall thickness below a technical

Table 5 Calibration constants and correlation coefficient for each
response for 1-1-2-type gyroids
Response (MPa) ~ Wall thickness (mm) ¢ ) Model R?
Elastic modulus 0.4 1270 119 0.80

0.6 2045 19.6 0.83
Yield strength 0.4 18.7 015 0.87

0.6 39.5 030 093

0 10 20 30 40 50 60 70 80 90
Orientation [°]

Fig. 12 Elastic modulus as a function of wall thickness and orientation
for 1-1-2-type gyroids

threshold of 0.2 mm has not been feasible using full-
melting mode in laser powder-bed fusion.

Nevertheless, it has been proved in this study that a conve-
nient setting of the geometric parameters of a gyroid structure,
such as orientation and wavelength, is effective in allowing
the designer to properly manage a wide variety of cases,
matching the required mechanical properties of the trabecular
bone for tibias and vertebras. The following main findings of
our study can be highlighted:

» There is no need for supporting structures during fabrica-
tion of gyroids in the full-melting mode via laser powder-
bed fusion.

» Suitable accuracy of the wall thickness is achieved
with a percentage mismatch in the order of 0.5 and
0.3% for nominal thickness of 0.4 and 0.6 mm,
respectively.

* Orientation barely affects the mechanical response when
the same scale factor is applied along each axis of the

gyroid.

® Thickness 0.4 mm Thickness 0.6 mm
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Fig. 13 Yield strength as a function of wall thickness and orientation for
1-1-2-type gyroids
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Fig. 14 Coil spring compression A
analogy for 0.6-mm 1-1-2-type

gyroids with 0° orientation (A) . . .
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and 90° orientation (B)
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*  When a scale factor is applied along one of the axes of the
gyroid, the mechanical behaviour is equivalent to coil
spring compression; therefore, both the elastic modulus
and yield strength decrease with increasing orientation of
the arrangement of the elementary units.

Further tests must be conducted to investigate the fatigue
behaviour of the gyroids; in addition, a simulation approach
must be implemented to find the response on a case-by-case
basis and reduce the need for new wide experimental trials.
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