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Triply periodic minimal surface (TPMS) structures have proven to be suitable for biomorphic scaffold designs
orientated towards bone ingrowth applications. In this work, different types of gyroid Ti-6Al-4V scaffolds
(skeletal-TPMS-based and sheet-TMPS-based) have been designed and fabricated by laser powder bed fusion for
the purposes of analysing them and clarifying which type of scaffolds could be the best option to use in bone
defect repair. The compression and bending tests conducted demonstrated that the skeletal gyroid scaffolds were

flexible enough to promote bone healing. On the other hand, the sheet gyroid scaffolds tested might be too rigid
to promote optimal bone growth inside the scaffold. The torsional properties were acceptable for most of the
scaffolds. The values of Darcian permeability for all the tested scaffolds seemed to promote bone rather than

cartilage ingrowth.

1. Introduction

Porous biomaterials obtained through additive manufacturing are
viable and highly suitable in bone replacements [1]. Among the
different causes of bone substitution, those that are a priori more
demanding from a mechanical and biological point of view are the
related to the large segmental bone defects. These defects can appear in
long bones such as femur, tibia, fibula, humerus, etc. Although in the
majority of those bones, the most critical loads are compression loads, in
some other of the mentioned bones, flexion and/or torsion loads are also
significant. Due to the high mechanical demands placed on those bones,
porous metallic biomaterials have been postulated as one of the best
solutions for large bone defects and the Ti-6Al-4V alloy has been suffi-
ciently studied and verified to be efficient for this purpose [2]. One type
of porous metallic biomaterials, which has proven to be suitable for bone
replacements, is the triply periodic minimal surface (TPMS) scaffold.

Several additive manufacturing technologies work with Ti-6Al-4V,
and the most developed ones are electron beam powder bed fusion
(more commonly known as electron beam melting, EBM), and laser
powder bed fusion (LPBF). There are many advantages and disadvan-
tages of one technology over the other [3,4]. However, due to the large
number of different companies that have developed LPBF technology,
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there are numerous studies of bone scaffolds that have used said
technology.

In the literature, only a few authors have analysed load applied to
TPMS metallic scaffolds for bone substitute apart from compression,
such as torsion or bending [5,6]. These features are the starting condi-
tions for the choice of cell shape, pore size and strut size of scaffolds,
variables that determine the porosity of the scaffolds.

The goal of the scaffolds presented in this study is to withstand load
bearing while allowing the bone ingrowth. To that purpose, porosity
plays a paramount role because the pores are the voids where the bone
cells must grow, and they need an adequate mechanical environment.
However, the mass transportation properties through the scaffold are
critical too because it is necessary for the cells to transport nutrients and
oxygen to them and to remove the waste that they generate [7,8].
Porosity alone cannot guarantee this feature, so to evaluate the mass
transportation ability, permeability seems to be a good parameter [9].
Moreover, it has been suggested that higher permeability scaffolds
promote bone regeneration and that increasing the permeability favours
the bone growth against the cartilage formation [8,10,11].

In the recent literature, a large variety of TPMS structures (Primitive,
I-WP, Diamond, Gyroid, Fischer Koch, etc.) of different metallic mate-
rials (Maraging steel, Ti-6Al-4V, Ni-Ti) has been studied [12-15]. TPMS
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scaffolds have had great relevance in the field of bone regenerative
medicine thanks to their good biomimetic and mechanical properties.
There is still controversy to determine which is the best scaffolding from
the mechanical and the biological point of view [16-18]. A certain
consensus can be seen in the highlighting that both Diamond TPMS
structures and Gyroid TPMS structures show good behaviour from the
mechanical and the biological point of view [5,17,19]. AlMahri et al.,
2021 [18] studied different TPMS lattice structures and found that the
Diamond lattice structure exhibits the highest specific energy absorption
value followed by the Gyroid, IWP, Fisher Koch and finally, the Primi-
tive structure. However, Liu et al., 2020 [20] found that biological
behaviour (higher cell density and higher osteoblast growth) was better
in Gyroid structures than in Diamond structures. In this work, the study
of the mechanical behaviour and permeability of different gyroid
(skeletal and sheet) Ti-6Al-4 V scaffolds fabricated by LPBF was carried
out.

Among the porous structures or scaffolds, two groups could be
differentiated: the strut-based (or beam-based), and the TPMS-based.
The major difference between them is that the strut-based scaffolds
usually have straight uniform sections, whereas the TPMS-based struc-
tures do not. Concerning TPMS structures, it is possible to differentiate
between two groups: the sheet-TPMS structures, which are created by
offsetting the minimal surface along its normal direction to generate a
double surface, and the solid-TPMS structures, also called skeletal-TPMS
or skeleton-TPMS structures, depending on the authors, which are
created considering the volume bound by the minimal surface [21].
Several studies compared skeletal and sheet TPMS structures focusing on
compression properties. Al-Ketan et al., 2018 [12] found superior me-
chanical properties of sheet-TPMS versus solid-TPMS structures. Speirs
et al.,, 2017 [22] investigated the mechanical properties of three
different unit cells (octahedron, skeletal gyroid and sheet gyroid) of
laser powder bed fusion nitinol scaffolds founding better static and fa-
tigue behaviour of the TMPS structures (skeletal and sheet) versus the
strut-based structure (octahedron). In all the cases mentioned above,
only compression tests were carried out.

In this work, different types of gyroid scaffolds, both skeletal-TPMS-
based structures and sheet-TMPS-based structures, were designed and
fabricated by laser powder bed fusion for the purpose of analyzing the
permeability and the mechanical properties under compression, flexion
and torsion loads. The final goal is to clarify which type of scaffolds,
skeletal-TPMS or sheet-TMPS, could be the best option to use as scaffolds
in bone defect repair.

2. Materials and methods
2.1. Design and fabrication of scaffolds

Several porous structures or scaffolds (skeletal-TPMS, sheet-TPMS,
and stochastic) were designed and fabricated by laser powder bed
fusion (LPBF). Spherical Ti-6Al-4V ELI powder with a particle diameter
in the range of 15-45 pm was used as raw material. The main fabrication
parameters were a 320 W laser and a 60 pm layer thickness.

The fabricated scaffolds and their respective acronyms were: skeletal
normal gyroid (SNG), skeletal deformed gyroid (SDG), skeletal normal
gyroid with shell (SNGS), sheet gyroid 80 (SG80), sheet gyroid 70
(SG70), sheet gyroid 65 (SG65), sheet gyroid 80 drilled (SG80D), sheet
gyroid 70 drilled (SG70D), sheet gyroid 65 drilled (SG65D) and sto-
chastic scaffold (SS). They are shown in Fig. 1. Except for SG70, SG65,
SG70D, and SG65D, the scaffolds were designed with a porosity close to
80 %. The description of the skeletal normal gyroid and that of the
skeletal deformed gyroid have been described in previous works [6].
The SNGS scaffolds were similar to the SNG scaffolds but a small shell
was added to the edges of the former to reinforce them and keep the
same porosity and pore size. In the sheet gyroid scaffolds, the porosities
and pore sizes were modified. Sheet gyroid drilled are like sheet gyroids
that have had a series of drills/holes drilled into their walls. The
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drills/holes consist of an array of spheres that match the periodicity of
the gyroid surface. A diameter of 0.7 mm was chosen. The purpose of the
drills/holes was, on the one hand, to allow the flow of fluid between
both chambers, improving transversal permeability and, on the other
hand, to try to make them more flexible.

The equations of the different TPMS scaffolds are shown as follows:

Sheet gyroid: F (X, y, z) = cos x sin y + cos y sin z + cos z sin x + thickness
factor (€8]

Skeletal normal gyroid: F (X, y, z) = cos X siny + cos y sin z 4 cos z sin X +
0.05 (cos (2 x) cos (2'y) + cos (2y) cos (2 z) + cos (2 z) cos (2 x)) + thickness
factor (2

Skeletal deformed gyroid: F (X, y, z) = cos x siny + cos y sin (z/2) + cos (z/
2) sin X + 0.05 (cos (2 x) cos (2'y) + cos (2'y) cos (2z) + cos (2 z) cos (2 X)) +
thickness factor 3

The unit cells of the different scaffolds were generated in K3Dsurf
software (http://k3dsurf.sourceforge.net). They were then imported
into 3D Studio Max software (Autodesk, Inc., United States) which,
through custom-developed scripts, were used to fill the desired volume.
Additional series of scripts and operators were developed to create
anisotropic structures according to the required specifications.

Table 1 shows the theoretical strut/wall thickness and the pore size
of the samples. The measurements have been obtained using MeshMixer
software (Autodesk, Inc., United States).

2.2. Porosity

To obtain the apparent density, the structures were measured
(obtaining the apparent volume) and weighed on a precision balance
scale (50 g + 0.01 g). All measurements were carried out at room
temperature (20 + 2 °C). The porosity P was calculated following Eq.
(4))

P = (1-plpg) 100 % “

where p is the apparent density and pg the bulk alloy density (4.42 g/
3
cm®).

2.3. Mechanical testing

Three different types of mechanical testing were conducted: uniaxial
compression tests, bending tests and torsional tests. For those three
mechanical tests, the number of tested samples for each type of scaffold
was 3.

2.3.1. Uniaxial compression tests

The uniaxial compression tests were carried out following the in-
ternational standard ISO 13314 [23]. Each test was conducted at a speed
of 0.5 mm/min. In the testing machine (Microtest MEM-101/20A-SDC,
Madrid, Spain), the upper head was articulated and the load was
applied onto the plain plates placed on the upper and the lower sides of
the specimens. Both stress and strain curves were obtained following the
initial cross-sectional area and the initial length of each structure,
respectively. The apparent Young modulus (Eg,) of each scaffold was
obtained as the slope of the linear part of each stress-strain curve. The
ultimate strength (6max) Was obtained as the compressive stress corre-
sponding to the first local maximum in the stress-strain curve.

2.3.2. Three-point bending tests

The three-point bending tests were carried out following the inter-
national standard ASTM C1674 [24] using the same material testing
machine as mentioned in the previous section. The bending specimens
had a prismatic shape with a square section. Bending samples are shown
in Fig. 2. The dimensions as well as the supports spans from one of the
samples are defined in Fig. 3. The samples were placed on the two


http://k3dsurf.sourceforge.net

A. Yanez et al. Results in Engineering 21 (2024) 101883

o 0 00 6 0 0 0
o 6 0 0 06 0 0 o

Golopoooe
00090000
WU NINS

o [0 0o fofo [0 f0 0
o o jo e 0 U
O NG O NC B BN
[0 [0 [0 0 (0 f0 (0 0
O RO O BC B B

¢ [0 [0 fo fo o fo (o
900 o0 o fo e 0 0

Fig. 1. Real pictures (left column) and CAD images (right column) of each of the scaffolds designed: a) skeletal normal gyroid (SNG), b) skeletal normal gyroid with
shell (SNGS), c) skeletal deformed gyroid (SDG), d) stochastic structure (SS), ) sheet gyroid 80 (SG80), f) sheet gyroid 80 drilled (SG80D), g) sheet gyroid 70 (SG70),
h) sheet gyroid 70 drilled (SG70D), i) sheet gyroid 65 (SG65), and j) sheet gyroid 65 drilled (SG65D).
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Table 1
Theoretical strut and wall thickness and pore size of the porous Ti-6Al-4V
scaffolds.

Strut thickness for skeletal structures or Pore size
wall thickness for sheet structures (mm) (mm)
Skeletal normal 0.84 0.98
gyroid
Skeletal normal 0.85 0.98
gyroid with shell
Skeletal deformed 0.53 min 0.80 —
gyroid max 1.60
Sheet gyroid 80 0.45 3.00
Sheet gyroid 70 0.45 1.10
Sheet gyroid 65 0.30 0.96
Sheet gyroid 80 0.30 3.00
drilled
Sheet gyroid 70 0.30 1.10
drilled
Sheet gyroid 65 0.30 0.96
drilled

Stochastic structure 0.83 -

supporting pins (down) and the load was applied by a third pin (up)
placed in the middle of the two supporting pins. Each test was conducted
at a speed of 0.5 mm/min.

The bending strength was calculated following Eq. (5),

oy = (3¥F*L) / (2%d’) )
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where F is the maximum load at a given point on the load deflection
curve, L the support span and a the width of the specimen section. The
apparent bending modulus (Ey) was calculated following Eq. (6):

Ep= (L’ *m) /(4 * d*) 6

where m is the slope of the initial straight-line portion of the load
deflection curve. To quantify experimental error, three specimens of
each type of scaffold were prepared for the three-point bending tests.

2.3.3. Torsional tests

The torsional tests were carried out following the international
standard ASTM E 143 [25]. Torsion samples are shown in Fig. 4. In the
machine used to perform the torsion tests, one of the grips was allowed
free axial movement, thereby avoiding axial loads on the test specimens.
Each test was conducted at a speed of 0.1 rad/min. The torques,
including the torque to failure (Tpax), and the angles were obtained from
the slope of the torque-total angle of turn curve. Apparent shear
modulus (Gg) was calculated following Eq. (7):

Gy =(T*L)/(J *0) )

where T is the torque, L the gage length, J the polar moment of inertia of
the section about its center, and 6 the angle of twist, in radians. For a
solid cylinder, J was calculated following Eq. (8).

J=n*D*/32 8)

Fig. 2. Bending samples: a) skeletal normal gyroid (SNG), b) skeletal normal gyroid with shell (SNGS), c) skeletal deformed gyroid (SDG), d) stochastic structure
(SS), e) sheet gyroid 80 (SG80), f) sheet gyroid 80 drilled (SG80D), g) sheet gyroid 70 (SG70), h) sheet gyroid 70 drilled (SG70D), i) sheet gyroid 65 (SG65), and j)

sheet gyroid 65 drilled (SG65D).
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and the shear strength (7h,x) was calculated following Eq. (9).
Tmax = Tmax- "R/ J )

where R is the radius of the section.
Table 2 shows the dimensions of the bending and torsion samples.

2.4. Permeability measurements
The assessment of permeability depends on the type of behaviour

Table 2
Geometric parameters for bending and torsion tests.

Bending Torsion

a(mm) L(mm) @(@mm) L(mm)

Skeletal Normal Gyroid (SNG) 12 50 13 48
Skeletal Normal Gyroid with Shell 12.60 50 13 47
(SNGS)
Skeletal Deformed Gyroid (SDG) 9.75 50 10 39
Sheet Gyroid 80 (SG80) 24 100 25 96
Sheet Gyroid 70 (SG70) 9.50 40 9.50 38
Sheet Gyroid 65 (SG65) 8.50 40 8.35 31
Sheet Gyroid 80 Drilled (SG80D) 24 100 25 96
Fig. 3. Picture showing the three-point bending tests of the prismatic scaffold. Sheet Gyroid 70 Drilled (SG70D) 9.50 40 9.50 38
Sheet Gyroid 65 Drilled (SG65D) 8.50 40 8.35 31
Stochastic Structure (SS) 25 100 25 99

a) b)

Fig. 4. Torsion samples: a) skeletal normal gyroid (SNG), b) skeletal normal gyroid with shell (SNGS), c) skeletal deformed gyroid (SDG), d) stochastic structure (SS),
e) sheet gyroid 80 (SG80), f) sheet gyroid 80 drilled (SG80D), g) sheet gyroid 70 (SG70), h) sheet gyroid 70 drilled (SG70D), i) sheet gyroid 65 (SG65), and j) sheet
gyroid 65 drilled (SG65D).
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that the flow shows respect to the difference of pressure through the
scaffold [26-28]. If the Reynold’s number is low, the flow is considered
to be laminar, the viscous effect dominates the flow, and the flow
through the scaffold follows the Darcy’s law (Eq. (10)). However, when
the Reynold’s number is high (usually Re > 10) the inertial effects of the
flow are considerable and the Forchheimer’s law (Eq. (11)) has shown
good agreement to experimental data [7,29].

AP = (u *L/Kp) *v (10)
AP = (4 *L/ Kpp) *v + (p *L / Kyp) *° (11)

In these equations v is the mean velocity of the fluid through the scaf-
fold, p the dynamic viscosity coefficient of the fluid, L the length of the
scaffold over the fluid path, AP the pressure drop across the scaffold and
p the density of the fluid. Kp is the Darcian permeability, Kpr the Darcian
permeability when Forcheimer’s law is applied and Kyp is the non-
Darcian permeability.

With a custom-made apparatus, permeability was evaluated by using
the gravity-based falling head method. The weight of the fluid W in the
lower tank (Fig. 5) was measured with a scale and recorded on a time
basis during all the tests. The volume V was obtained by dividing W by
the specific weight of the fluid y. The tests were started with water at an
initial height H; and stopped when water reached the final minimum
level, Hr. Water flow was started and stopped by a ball valve. The
pressure drop was AP = p *g * h, where h is the height from the lower
part of the scaffold to the free water surface in the upper tank. Finally,
AP versus v could be plotted for each test (Fig. 6) and the three perme-
ability coefficients previously defined could be obtained from the co-
efficients of the regression lines; the linear ones, representing Darcian

Initial Height W

Vo (void) -

.
-

Upper
Tank

H,

Final Height

O Valve
H

F e
Scaffold

Lower Tank, ' '

/ {water)

| Scale |

Fig. 5. Schematic drawing of the falling head setup.
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permeability and the quadratic one, representing non-Darcian perme-
ability. Water at room temperature (20 °C) was used in all tests (n = 5).

Alternatively, another way to determine the Darcian permeability
could be applying Eq. (12). To distinguish this permeability from the one
calculated by the plot, this alternative one is referred to as K*p. The main
advantage of this calculation is its simplicity, since only the test time tz
must be calculated in each test.

K*p =1In (H;/ Hp) * (Ap " *L) / (Ag *p *g* tp) 12)

where At is the cross-sectional area of the upper tank and Ag the cross-
sectional area of the scaffold.

Unpaired t-tests (¢ = 0.05) were performed between the drilled and
the non-drilled structures of the same type to assess drilling effect on
permeability.

3. Results
3.1. Morphological analyses

Morphological parameters for different scaffolds were analysed.
Table 3 shows the dry weighing porosity (mean and standard deviation
values) for all the structures.

3.2. Mechanical properties: compression tests

Fig. 7 shows the compression mechanical properties of the different
scaffolds. The highest values of both Eg, and 6may, occurred in the sheet
gyroid scaffold with the lowest porosity (3028.4 + 47.5 and 185 + 0.5
MPa, respectively). On the other hand, the lowest values of both Eg, and
omax were found in the skeletal normal gyroid (953.5 + 32.7 and 47.2 +
2.2 MPa, respectively). In general, Eg, and opmay values were higher in
sheet gyroid scaffolds than in skeletal gyroid scaffolds. In the latter, both
Egp and oyax values were increased by modifying the scaffold design: in
one case, adding a shell to the scaffold (the skeletal normal gyroid with
shell was 70 % stiffer and 62 % stronger than the skeletal normal
gyroid), and in another case, elongating the cells in the direction of the
load and obtaining ellipsoidal pores (the skeletal deformed gyroid was
81 % stiffer and 42 % stronger than the skeletal normal gyroid). In the
sheet gyroids scaffolds, logically, both Eg and omax values were
inversely proportional to their porosities. With the drilling of holes in
the walls of the sheet gyroid scaffolds, both Eg and omax values
decreased with respect to those which were not drilled. The sheet gyroid
80 was 5 % stiffer and 2 % stronger than the sheet gyroid 80 drilled; the
sheet gyroid 70 was 26 % stiffer and 9 % stronger than the sheet gyroid
70 drilled; the sheet gyroid 65 was 17 % stiffer and 15 % stronger than
the sheet gyroid 65 drilled. Both E,p and 6y,ax values of the stochastic
scaffold were low compared to the sheet gyroids (1001.2 + 81.6 and
45.5 + 3.1 MPa, respectively).

3.3. Bending mechanical properties

Fig. 8 shows the apparent bending modulus and the bending strength
of the different scaffolds. As shown in compression tests, the maximum
values of Erand oy occurred in the sheet gyroid with the lowest porosity
(4902.6 + 157.6 and 313.6 + 6.1 MPa, respectively), while the mini-
mum values of both, Ef and o, were for the skeletal normal gyroid
(1136.3 + 24.8 and 66.7 + 2.4 MPa, respectively). The apparent
bending modulus values were lower in the skeletal gyroid scaffolds than
in the sheet gyroid ones, except for the normal gyroid with shell and
skeletal deformed gyroids, which were stiffer than those of both the
sheet gyroid 80 and the sheet gyroid 80 drilled. As for the bending tests,
the skeletal normal gyroid with shell was 294 % stiffer and 178 %
stronger than the skeletal normal gyroid, and the skeletal deformed
gyroid was 99 % stiffer and 37 % stronger than the skeletal normal
gyroid. In the sheet gyroid scaffolds, as in what happened in the
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Fig. 6. AP vs. v for one of the tests of the skeletal deformed gyroid scaffolds. Linear (Darcy) and quadratic (Forchheimer) curve fit are shown along with their

equations and coefficient of determination R?.

Table 3
Porosities of the porous Ti-6Al-4V scaffolds, given as means + standard
deviations.

Dry weighing porosity (%)

Skeletal normal gyroid 77.94 £ 0.17
Skeletal normal gyroid with shell NA

Skeletal deformed gyroid 81.06 + 0.09
Sheet gyroid 80 79.83 £ 0.05
Sheet gyroid 70 68.16 + 0.37
Sheet gyroid 65 63.15 + 0.59
Sheet gyroid 80 drilled 80.70 + 0.22
Sheet gyroid 70 drilled 71.44 £+ 0.04
Sheet gyroid 65 drilled 67.66 + 0.11
Stochastic structure 80.65 + 0.01

compression tests, the Er and o values were inversely proportional to
their porosities. Also, as verified in compression tests, the non-drilled
sheet gyroid scaffolds were stiffer and stronger than the drilled ones.
The sheet gyroid 80 was 34 % stiffer and 5 % stronger than the sheet
gyroid 80 drilled; the sheet gyroid 70 was 31 % stiffer and 37 % stronger
than the sheet gyroid 70 drilled; the sheet gyroid 65 was 24 % stiffer and
54 % stronger than the sheet gyroid 65 drilled.

3.4. Torsional mechanical properties

Fig. 9 shows the mechanical properties obtained from torsional tests
(mean and standard deviation) of the scaffolds. The maximum G, and
Tmax values occurred for the sheet gyroid 65 (5207.24 + 34 MPa and
142.33 + 0.78 MPa, respectively). The minimum Gg, value corre-
sponded to the skeletal normal gyroid (851.52 + 27.99 MPa). However,
the minimum 7,,¢ values occurred for the stochastic scaffolds (18.48 &
0.66 MPa). In the skeletal normal gyroid with shell, both torsional
stiffness and torsional strength increased significantly over the skeletal
normal gyroid (497 % and 333 %, respectively). However, in the skeletal
deformed gyroid concerning the skeletal normal gyroid, the increase in
torsional stiffness and torsional strength was not as pronounced (20 %
and 47 %, respectively). In the sheet gyroid scaffolds, the Ggy and 7iax
values were inversely proportional to their porosities. In all porosities,
the torsional stiffness and the torsional strength increased in the non-

drilled sheet gyroid scaffolds with respect to the drilled ones. The per-
centage differences in torsional stiffness and torsion strength, between
non-drilled and drilled sheet gyroid scaffolds, increased with the
decrease in porosity. The sheet gyroid 80 was 16 % stiffer and 17 %
stronger than the sheet gyroid 80 drilled; the sheet gyroid 70 was 53 %
stiffer and 45 % stronger than the sheet gyroid 70 drilled; the sheet
gyroid 65 was 86 % stiffer and 73 % stronger than the sheet gyroid 65
drilled. Though the location was random, the type of torsional breakage
that occurred in all the scaffolds was in 90° bands (Fig. 10). In some
samples, the failure took place in the central area, whereas in other
cases, the failure was closer to the clamps.

3.5. Permeability tests

Fluid velocity obtained in all scaffold tests ranged from 0.20 to 1.36
m/s leading to Reynold’s number (Eq. (13)) between 200 and 1357, so
the inertial effects are not negligible and Forchheimer’s law fits very
well the AP vs. v plot (R? > 0.999 in all tests). However, when fitting the
curve to the linear model (Darcy) a R? > 0.98 was found in all cases.

Re = p *v * (pore diameter) / p 13)

Permeability parameters applying Darcy’s law are shown in Fig. 11.
Both the weight method and the time method applied showed similar
results with very small standard deviation (SD). Mean permeability
versus mean scaffold porosity graph showed that increases in perme-
ability depend not only on porosity but on pore size (Fig. 12). For
example, the porosity of SG80 was slightly higher than that of SNG, but
the permeability values of these same scaffolds were almost double. This
might be due to the large difference in pore size (3 mm vs. 0.98 mm). t-
test between drilled and non-drilled structures show no significant dif-
ference neither in Kp or K*, for the three comparisons (SG65 vs. SG65D,
SG70 vs. SG70D, and SG80 vs. SG80D). Darcian and non-Darcian
permeability parameters derived from Forchheimer’s law showed that
there is not a direct correlation between such parameters (Fig. 13).

4. Discussion

In the present study, different metallic biomaterial scaffolds orien-
tated to bone defect reconstruction have been designed and fabricated
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Fig. 7. Apparent Young’s modulus (E,p) and ultimate strength (6max) (means and standard deviations) obtained from the uniaxial compression tests.
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Fig. 8. Apparent bending modulus and bending strength (mean and standard deviation) obtained from the bending tests.

by LPBF. Then, the mechanical behaviour of them, in terms of 4.1. Scaffold morphology

compression, bending, and torsion mechanical properties, were char-

acterized. The permeability of all the scaffolds was also analysed. Regarding the morphology of the bone scaffolds, there are three
aspects that greatly determine their success: porosity, pore size and ty-
pology [30]. Perier-Metz et al., 2021 [31] investigated in-silico the
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Fig. 9. Apparent shear modulus and shear strength (mean and standard deviation) obtained from the torsion tests.

Fig. 10. Photograph of the torsional test of one of the scaffolds.

optimal mechanical conditions of scaffolds for bone regeneration and
suggested that the best porosities ranged from 80 to 87 %. Porosities
over 90 % showed impaired healing. The porosity of human trabecular
bone is in the range of 70 % and 90 %, which might be the optimal
porosity for porous scaffolds [32]. In the present study, the scaffolds
porosities were around 80 %, except for sheet gyroid 70, sheet gyroid 65,
sheet gyroid 70 drilled, and sheet gyroid 65 drilled, which, due to the
need to reduce the pore size to around 1 mm, the porosities were below
72 %. In future studies, the analysis of other porosities could be
considered.

Pore size is one of the most influential morphological parameters in
the proliferation and differentiation of osteoblasts on porous scaffolds
[33]. There is great controversy in identifying the optimal pore size for
bone cell proliferation. Different in vitro, in vivo and in silico studies have
reached contrasting conclusions. Li et al., 2016 [34] showed better
cytocompatibility and favourable bone ingrowth in porous Ti-6Al-4V
scaffolds with pore size of 300-400 pm than in scaffolds with pore
size of 400-700 pm. However, Bael et al., 2012 [35] showed better cell
density and metabolic activity on titanium scaffolds with pore size of
1000 pm than ones with pore size of 500 pm. In their in-silico study,
Perier-Metz et al., 2022 [36] predicted that the highest volume fraction

of regenerated bone corresponded to pore sizes between 700 pm and
800 pm. Wang et al., 2021 [33] suggested that porous Ti-6Al-4V scaf-
folds with a design pore size of 1000 pm can better promote the adhe-
sion, proliferation, and osteogenic differentiation of bone marrow
mesenchymal stem cells. Other authors reported that bone ingrowth was
possible even with a pore size of up to 1200 pm [32]. In any case, the
pore size of porous scaffolds can range from 300 to 1200 pm to promote
bone cell proliferation. In the present study, the design of scaffolds with
pore sizes close to 1000 pm was proposed. Scaffold pore size measure-
ments ranged from 960 to 1050 pm, except for sheet gyroid 80 and sheet
gyroid 80 drilled, whose pore sizes were around 3000 pm. The pore size
of the fabricated scaffolds is usually smaller than the pore size designed
in the CAD [33,37].

By tuning the manufacturing parameters such as pore shape,
porosity, and pore size of TPMS structures, it could be possible to obtain
scaffolds with optimal bone tissue regeneration results [30]. As in
trabecular bone, the mean curvature of TPMS structures is close to zero
[38]. However, TPMS structures are much more isotropic than trabec-
ular bone tissue, and the consequences derived from this difference in
the bone tissue regeneration process are difficult to predict [17]. In this
work, those stochastic structures that possessed an anisotropy much
higher than the TPMS structures were also analysed. However, they did
not present a mean curvature close to zero and they did not show very
encouraging mechanical properties.

4.2. Influence of mechanical properties on bone growth

One of the parameters that decisively determine the adequate bone
growth inside the scaffolds in large bone defects is the apparent strain.
The apparent strain in the range of 0.23-0.6 % seems beneficial for
endochondral and intramembranous ossification [39]. Recently in vivo
studies in sheep confirm the idea that more strains mean more bone
formation [40,41]. Low strains could lead to the stress shielding phe-
nomenon and, consequently, could promote bone resorption and
implant failure [42]. To achieve sufficient strains and avoid stress
shielding, the scaffold cannot be too stiff. In this sense, a balance must be
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sought between adequate stiffness and high strength, which is difficult
to achieve. The elastic modulus of the scaffold should be in the range of
human trabecular bone (between 0.05 and 3.2 GPa) [43,44]. Some in
vivo studies showed that scaffolds with an apparent Young’s modulus
greater than 2 GPa achieve less bone regeneration [39,40]. Some au-
thors even suggest that softer scaffolds (with apparent Young’s modulus
lower than 1 GPa) might be more beneficial for bone tissue regeneration
[31,39,45]. In the present study, the skeletal gyroid scaffolds, the sto-
chastic and the sheet gyroid 80 (drilled and non-drilled) maintained an
Egp below 2 GPa and only the skeletal normal gyroid was below 1 GPa.
The sheet gyroid 65 and the sheet gyroid 70 (drilled and non-drilled)
were a bit stiffer in compression.

With some manufacturing technologies and materials, some of those
used in this work, the reduction in the wall thickness of the sheet gyroid
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scaffolds does not guarantee the continuity of the sheets or their me-
chanical resistance. However, in other studies using EBM technology
[46,47] or other materials such as 316 L stainless steel [48], the wall
thicknesses obtained was lower than that in this study for sheet-based
TPMS scaffolds. In scaffolds with very large wall thicknesses (>0.3
mm), it is necessary to excessively increase the pore size (greater than
the size recommended for cell growth) if one wishes to adequately
reduce the stiffness. In this case, one option could be to obtain large
pores and fill them with some type of material that could promote cell
growth such as, among others, silicon substituted hydroxyapatite
vascular endothelial growth factor (VEGF), autologous cancellous bone
graft (ABG) [39,49]. Drilled sheet gyroid scaffolds showed lower stiff-
ness values compared to their non-drilled versions. This could be an
advantage as changing the diameter of the holes drilled in their walls
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could be a solution to adjust the stiffness of the scaffolds and improve
bidirectional permeability. However, it must be taken into account that
the strength would be also affected, so more biomechanical studies
would be necessary.

Regarding the scaffold strength, this must be high enough so that
collapse does not occur. Therefore, its ultimate stress should fall within
the range of cortical bone (between 107 and 215 MPa) [50]. In this
study, only the Sheet Gyroid 65 and the Sheet Gyroid 70 (drilled and
non-drilled) were in that range. However, in large bone defects, scaffolds
should be accompanied by an internal fixation system, such as an
osteosynthesis plate with cortical screws; thus, the physiological loads
are distributed between the scaffold and the fixation system [6,34]. In
the future, it would be interesting to carry out more studies on the
stiffness and the strength of scaffolds and on internal fixation
combinations.

The percentage differences in the values of bending properties
among all the scaffolds were similar to those showed in compression.
However, the stiffness and strength values (E,p and omax) were higher
than those obtained in compression tests, as in the study of Chen et al.,
2022 [51], where both compression and flexion tests were carried out.
Therefore, scaffolds can behave more securely under bending loads than
under compressive loads. However, it would be advisable to carry out
fatigue studies.

Torsional stiffness values of all the scaffolds in this study were higher
than the values of trabecular bone (289 + 140 MPa) [52], and lower
than the values of cortical bone (3300 + 400 MPa) [1]. Regarding
torsional strength values, in all scaffolds, they were close to or even
exceeded the values of cortical bone (65 + 4 MPa) [1] except for Skeletal
Normal Gyroid, Skeletal Deformed Gyroid, and Stochastic Structures.
These last two mentioned structures showed poor torsional properties.
The lack of torsional strength of Skeletal Normal Gyroid structures can
be compensated with the internal fixation system that must accompany
the scaffold in its initial stages, until there is an increase in strength
provided by cell growth itself, as explained in compression. In the case of
gyroid sheet scaffolds, a much more evident percentage decrease in
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torsion properties compared to compression properties was detected
when drilling a hole in the scaffold walls.

4.3. Scaffold permeability

Table 4 shows the permeability values obtained by other authors in
experimental testing. Reported values have a 4th order of magnitude
difference among them (1.63x 10 m?t0 1.20x1077 mz). This results
dispersion could be attributed to two factors: the porosity and the
permeability testing protocol. Thus, e.g., using the same protocol,
Bobbert et al. [17] obtained permeability more than 100 times greater
when porosity varied from 43 % to 77 %. On the other hand, researchers
that applied a pump to achieve a controlled constant flow rate as an
experimental setup [28,53-55] obtained significantly higher perme-
ability values than the authors who used the falling head method
[56-58], as it is the case in the present study. Other methods, such as
using constant flow rate, but with air as fluid [7,59], showed values
comparable to this study. Therefore, it is recommended to compare

Table 4
Permeability values obtained by other researchers.

Author Ref. Permeability K, (x1071°) Porosity (%)
Bobbert et al., 2018 [17] 0.49-61 43-77
Castro et al., 2019 [53] 200-1200 70
Dabrowski et al., 2010 [59] 0.163-13.7 45-75
Dias et al., 2012 [9] 1.26-90.17 30-74
Lipowiecki et al., 2014 [56] 1.84-41.9 30-70
Innocentini et al., 2010 [7] 4-32.4 72-81
Montazerian et al., 2017 [62] 5-87 35-65
Ochoa et al., 2009 [63] 18.5-20.7 90-95
Pires et al., 2021 [54] 45-120 60-70
Santos et al., 2020 [28] 4.31-84.35 50-80
Timercan et al., 2021 [55] 51.5-572 60-80

Yu et al., 2020 [571 3.0-14.8 65

Zhang et al., 2013 [64] 7.1-9.9 65

Zhang et al., 2019 [58] 0.2-4.08 10.5-91.3
Present study 6.13-33.4 65-80




A. Yanez et al.

permeability values using the same testing protocol. The results of Kp in
this study were in the range obtained by other authors in experimental
testing with the falling head method [56,57].

Previous studies have been suggested a threshold permeability value
of 3 x 10~ m?, using the falling head method, as the required value to
bone formation within the scaffold [60,61]. The results in the present
study, Kp between 6.13x107 1% m? and 3.34x10~° m?, were well above
that threshold, so no impediment for bone growth is expected. More-
over, the high permeability values obtained suggest that bone formation
is more likely to occur than cartilage ingrowth [10,11].

As stated above, the goal of permeability calculation is to find a
parameter to determine the mass transportation ability of the scaffold. In
this work, the permeability coefficients Kp, K*p, Kpr y Knp described in
equations (7)-(9) were obtained. The values of both Kp and K*p, for each
scaffold have a negligible SD, showing the repeatability and reliability of
these permeability measurement in highly porous TPMS metallic scaf-
folds. Kp and K*p are very similar between them for each scaffold (dif-
ferences of less than 10 % in all cases), so both are equivalent parameters
to define permeability. Although Forchheimer’s law fits the experi-
mental data better than a linear regression (Fig. 6), a small variation of
the parabola in the analysed interval causes the best-fit coefficients to
vary enormously. That is, the coefficients of the Forchheimmer equation
are extremely sensitive to very small variations in the curve. Kpr and Kyp
have a much higher SD (Fig. 13) and are not correlated to Kp or K*p, so
their interpretation may not be straightforward. Moreover, having two
parameters (Kpr and Kyp) to describe one single property, i.e., perme-
ability, may be cumbersome. On the contrary, the only linear coefficient
of the Darcy equation is very stable for small differences in the curve.
These results suggest, in addition to the notion that the exact value of the
permeability is not essential, that Kpp (or K*p) should be used as the only
permeability parameter, rather than the two parameters of For-
chheimer’s law. This is in line with the ASTM standard guide for
determining the mean Darcy permeability coefficient for a porous tissue
scaffold [65] that accepts the determination of Darcy permeability co-
efficient based in non-linear plots.

The more the permeability, the more the mass transport capacity,
and therefore more facility for cell bone proliferation is expected, as long
as the pore size is suitable for bone cells growth. In this study, the
highest permeability Kp was obtained for the SG80 and the SG80D
structures. For the ~1 mm pore size scaffolds, the highest porosity was
reached in the SDG structures so, if only mass transport capacity for cell
growth is considered, this scaffold typology seems to be the most
adequate. However, mechanical stimulus is another important factor to
cell proliferation, so a trade-off between permeability and stiffness
should be reached for an optimal scaffold design.

In line with other research studies [9,17], the results of this work
showed that the more the porosity, the higher the permeability. Drilling
the sheet scaffolds does not significantly increase permeability, at least
in the present mono-dimensional way to measure it. Likely, by applying
a technique to measure radial permeability [62], a difference in
permeability between drilled and non-drilled scaffolds may be detected.

4.4. Limitations

With porous structures obtained by additive manufacturing (LPBF)
and aimed at bone tissue regeneration, cyclic loads largely determine
the success of the scaffolds. Therefore, in the future, it would be
necessary to carry out fatigue tests. In this study, only vertical perme-
ability assays were considered. However, transverse permeability can
influence and condition suitable bone tissue growth. Finally, to reinforce
the hypotheses and conclusions of this study, it would be necessary to
carry out biological assays (in vitro or/and in vivo) in future works.

5. Conclusions

Based on a review of different research studies that highlight the
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most optimal characteristics of typology, porosity and pore size of
scaffolds aimed at the reconstruction of large bone defects, TPMS tita-
nium scaffolds fabricated by LBPF (skeletal gyroids and sheet gyroids
with porosities between 65 % and 80 %, and pore size close to 1 mm)
have been investigated. The results are summarized as follows.

1. According to the literature, strain is one of the parameters deter-
mining the correct cell growth inside the scaffold. This property must
be high enough and therefore the scaffold must not be excessively
stiff. Some authors point out that Young’s modulus should be lower
than 2 GPa, or even better, below 1 GPa. In this study, compression
tests showed that the skeletal gyroid scaffolds maintained an E,p
below 2 GPa. Only the Skeletal Normal Gyroid scaffolds ranged
below 1 GPa. Sheet gyroid scaffolds could be too stiff to promote
optimal bone growth inside the scaffold. However, using other bio-
materials and manufacturing technologies less stiff sheet-TPMS
scaffolds could be obtained.

2. Compression tests also showed that only the Sheet Gyroid 65 and
Sheet Gyroid 70 (drilled and non-drilled) scaffolds were in the
cortical bone strength range. Therefore, for the rest of the scaffolds, it
is recommended to add an osteosynthesis plate with cortical screws
to distribute the loads.

3. Percentage differences among the scaffolds in the bending properties
were similar to those obtained in compression, although the values of
stiffness and strength were higher in bending.

4. The torsional properties of the scaffolds in this study were acceptable
for bone defect repairs, except for the Skeletal Deformed Gyroid and
the Stochastic Structures, which showed very poor torsional features.

5. The permeability coefficient derived from Darcy’s law (ranging from
6.13x10 1% m? to 3.34x10° m?) was shown to be a reliable mea-
sure of permeability in TPMS metal scaffolds. However, the two
permeability parameters derived from Forchheimer’s law were
difficult to interpret due to their high variability and lack of corre-
lation between them.
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