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Selective laser melting is a promising additive manufacturing technology for manufacturing porous metallic bone
scaffolds. Bone repair requires scaffolds that meet various mechanical and biological requirements. This paper ad-
dresses this challenge by comprehensively studying the performance of porous scaffolds. The main novelty is ex-
ploring scaffolds with different porosities, verifying various aspects of their performance and revealing the effect
of their permeability on cell growth. This study evaluates the manufacturability, mechanical behaviour, perme-
ability and biocompatibility of gyroid scaffolds. In simulations, mechanical behaviour and permeability exhibited
up to 56% and 73% accuracy, respectively, compared to the experimental data. The compression and permeability
experiments showed that the elastic modulus and the permeability of the scaffolds were both in the range of
human bones. The morphological experiment showed that manufacturing accuracy increased with greater de-
signed porosity, while the in vitro experiments revealed that permeability played the main role in cell prolifera-
tion. The significance of this work is improving the understanding of the effect of design parameters on the
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mechanical properties, permeability and cell growth of the scaffolds, which will enable the design of porous bone
scaffolds with better bone-repair effects.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Additive manufacturing (AM) is a promising research technology in
bone repair. Through the use of three-dimensional (3D) models directly
obtained by computerised tomography scans of bones, AM allows bone
replacements using customised bone scaffolds with the same shapes as
the damaged bones of patients. Tissue engineering uses several biocom-
patible materials, such as Ti6Al4V [1], polycaprolactone-hydroxyapatite
[2] and 316 L stainless steel [3]. Compared to polymeric materials [4],
metal materials have higher strength, better corrosion resistance and
stronger cell adhesion, and 316 L stainless steel in particular enjoys
wide use to fabricate bone scaffolds due to its superior corrosion pre-
vention, biocompatibility and low cost [3,5]. Selective laser melting
(SLM) is a preferred AM method for metallic bone scaffolds because it
can produce well-defined structure borders [6] using a variety of
metal powders, such as Ti6Al4V, 316 L stainless steel, Fe-Mn and Zn.
[7-11]. More importantly, SLM allows the design and fabrication of po-
rous structures to fill the interior of the scaffold, especially those with
triply periodic minimal surfaces (TPMSs), which are supposed to en-
hance bone repair [12,13]. Therefore, 316 L stainless steel TPMS scaf-
folds were fabricated by SLM in this study.

TPMS structures have many advantages in bone scaffold design;
their parameters, such as pore size and porosity, can be easily adjusted
by control equations to tailor the mechanical properties of metallic scaf-
folds to be more like those of bones [14]. TPMS structures can also lead
to effective fixation through optimised interfacial resistance, which is
caused by the integration of the scaffold and bone tissue [15,16]. In ad-
dition, TPMS can provide micropores; notably, Barba et al. concluded
that a 300-600 um pore size is better for osseointegration since it
benefited vascularisation and cell growth [17]. Moreover, TPMS struc-
tures provide a large area in which cells can grow. Thus, TPMS bone scaf-
folds are a promising field of research.

The design of TPMS scaffolds must be explored and verified to meet
the multiple requirements of bone repair. The four most important
characteristics of bone scaffolds are manufacturability, biocompatibility,
mechanical properties and permeability [18-21]. These characteristics
relate to scaffolds' repeatability, their ability to bear loads and their ex-
change of nutrients, which can influence the effects of bone repair.
These characteristics mainly depend on the porosity, pore size, cell
unit and geometry of the structures [22-24]. Previous literature has fo-
cused more on the effects of porous structures' parameters on a single
requirement [25,26]. However, these results were difficult to combine
to verify effectively whether the design parameters met the multiple re-
quirements in bone-repair process, as the parameters and design
method for the bone scaffolds that were studied were inconsistent.
Therefore, systematically studying and evaluating these characteristics
under consistent design standards is important, considering that bone
repair is complex. To design a scaffold to meet multiple requirements,
reasonable parameters can only be chosen if their influence on each
property is comprehensively considered.

Previous research has reported the advantages and effects of using
various TPMS structures. For example, TPMS can avoid stress concentra-
tion and have smooth-transition stress distribution due to its continu-
ously curved surface [27,28]. The control equations of TPMS can be
adjusted as the coordinates change to obtain smooth and continuous
curved surfaces [29]. Moreover, TPMSs are suitable for graded design
[30]. Montazerian et al. compared four kinds of TPMS with uniform po-
rosity and graded porosity; the results indicated that graded design
structures can reach greater permeabilities and better mechanical

properties due to a radially gradient porosity distribution [31]. As one
type of TPMS structure, a gyroid structure has self-supported features
and excellent mechanical properties [32,33]. Du Plessis et al. compared
traditional strut-based structures with minimal surface structures and
concluded that a gyroid structure was one of the best design structures
due to its combination of porosity and permeability [34]. Notably, the
topology of a structure affects manufacturing precision, and the gyroid
structure had greater accuracy than other porous structures, such as
the Schwarz Diamond structure [17]. Thus, a gyroid structure was se-
lected as the representative TPMS in this study.

Roughness is an indicator of quality, as a rough surface significantly
benefits cell differentiation and growth, and can also lead to stress
localisation [35]. The surfaces of SLM-built parts are usually rough due
to residual powder and the use of layer-by-layer scanning methods.
Arash et al. designed three kinds of gyroid structures, and the roughness
of the structures Ra were reported to range from 3 to 5 um [36]. Post-
processing, such as grinding and electrolytic processing, can smooth
their surfaces and even obtain a Ra of ~0.13 um [37]. Faia-Torres et al. de-
signed a surface roughness gradient sample with roughness from
~0.5-4.7 pm; their cell cultures indicated that cell growth increased
with greater Ra [38]. In addition, scaffolds with suitable roughness can en-
hance the attraction of cells for bone formation [39], and a rough surface
can provide more surface area than can a smooth one. Roughness can also
affect the corrosion resistance of scaffolds, which ensures biocompatibil-
ity [40]. Porosity is an important parameter for bone scaffolds because it
can affect both mechanical properties and permeability. The literature
has suggested that the porosity values of as-built parts are generally
lower than their designed values [41]. Thus, the accuracy of porosity
can be considered another indicator of quality, as the accuracy of different
porosities in scaffolds may vary [25,26]. Arabnejad et al. adjusted the strut
thickness while maintaining pore size to obtain various porosity scaffolds.
They reached a good consistency with the designed value when the scaf-
folds had low designed porosity, but the porosity accuracy was limited,
and the manufacturing error rate reached 15% when the designed poros-
ity was 75% [42]. New design methods to enhance the porosity accuracy
of high-porosity scaffolds require further investigation. Previous litera-
ture has reported relative densities (RDs) of 96-99% from parts made
using SLM of 316 L [43-46]. Therefore, the RD of gyroid structures must
be investigated to evaluate their quality and manufacturability.

Suitable mechanical properties are a basic requirement for a scaf-
fold: there should be an elastic modulus that is similar to that of the
host bone to avoid the ‘stress shielding effect’, meaning the load is
mainly borne by the scaffold, which can lead to osteoporosis [17].
While compression experiments can investigate the elastic moduli of
porous scaffolds, they increase design time and costs. Thus, computer
simulations are necessary to predict the performance of porous struc-
tures. Some studies have used simulations to evaluate the mechanical
behaviours of lattice structures [47]. It has been reported that, compared
to strut structures, such as the body-centred cubic structure, TPMSs
struggle to achieve perfect agreement with the experiments due to
their complex structures, incomplete melting of powders and internal
pores [48,49]. Harrysson et al. reported that the ratio of elastic modulus
experimental results to simulation results ranged from 10.6-14.8% [50],
although Hazlehurst et al. reported ~33%.[51]. Bill et al. introduced ellip-
tical cross-sections to mimic manufactured struct geometry to improve
simulation accuracy [52]. However, the reasons for the difference be-
tween the experiments and the simulations were not clear. To investi-
gate the possibility of predicting the mechanical properties of gyroid
structures and the possible reasons for simulation errors, a compression


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Ma et al. / Materials and Design 195 (2020) 109034 3

experiment, a finite element analysis (FEA) and a relative density exper-
iment were conducted in this study.

Permeability must be considered when designing a scaffold because it
can affect cell metabolism, the mass transport of nutrients and oxygen
and cell migration [18]. The permeability of a bone scaffold is affected
by its porosity, pore size and structure type. Predicting a scaffold's perme-
ability at the design stage is necessary to ensure that it is in the permeabil-
ity range of human bones. Some scholars have analysed the permeability
of various structures via simulations or experiments. Zhang et al. investi-
gated the permeability of graded Ti-6Al-4 V scaffolds, and the results
showed that the graded scaffold was in the permeability range of
human bones [53]. Computational fluid dynamics (CFD) was widely
used for microscale flows [54], Ali studied the permeability of gyroid
and lattice scaffolds by CFD and compared the CFD results with the exper-
imental results of other scholars, finding that the 80% porosity of the
gyroid structure was the optimum permeability structure [55]. However,
the effect of permeability on cell-growth needs and the predictability and
causes of permeability simulation errors require further study. For this
permeability test, CFD and a cell-culture experiment were combined.

Although TPMS structures were found suitable for bone scaffold de-
sign in some respects, to enhance bone-repair efficiency, the porous
structure of bone scaffolds requires additional exploration. The aims of
this study are to further investigate the effects of porous structures' pa-
rameters on the properties of scaffolds from multiple perspectives and
to explore the possibility that a porous structure can meet multiple
needs simultaneously. The novelty of this study is in verifying that gyroid
scaffolds can meet the needs of bone repair in different situations. To
these ends, this study evaluates the manufacturability and investigates
the effects of parameters on the mechanical and transport properties of
gyroid scaffolds. It then introduces cell-culture experiments to reveal
the influence of permeability on cell growth. The study also introduces
simulations to evaluate the predictability of the mechanical and transport
properties of the scaffolds. This study is significant because it offers useful
advice on scaffold design and the choice of suitable parameters by consid-
ering multiple requirements to achieve desirable bone-repair effects.

2. Methodology
2.1. Modelling and simulation

2.1.1. Design of 316L gyroid scaffolds

To obtain uniform distributed pore sizes, the gyroid structure was
determined by the following Eq. [56]:

21X 2y 2ny 2mnz 21X 2mnz
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In the above equation, L is the length of the cube in which the porous
unit was located. To model and modify the structures easily, the key
characteristic curves in the x = L/2 (see (Eq. 2)) and z = L/4 (see

(Eq. 3)) planes were modelled by Creo software through parametric
equations.
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where 6 is a variable to determine the 3D coordinates of the points
on the key characteristic curves. As Fig. 1(a) shows, the other character-
isticcurvesinthex = —L/2and + L/4,y =+ L/2and + L/4,and z = +
L/2 and - L/4 planes could be modelled by a similar equation. We then
generated a surface within the closed curve consisting of all the charac-
teristic curves. The structure's solid 3D model was obtained by thicken-
ing along the normal direction of the surface. As Fig. 1 (b) shows, the
design method kept the thickness of all the models the same and de-
fined different lengths of the unit to model different porosities' struc-
tures. The thickness in this study was 0.1 mm, and five gyroid
structures with porosities ranging from 75.1% to 88.8% were designed.
The scaffolds for the cell culture included 6.5-mm diameter cylinders
that were 6 mm in height; to calculate the strain simply, five kinds of
samples for the compression experiment included 6.5-mm diameter
cylinders that were 10 mm in height. In all, ten kinds of models were
built, and four workpieces were fabricated for each model via SLM.
Table 1 shows the details of the ten models. Samples C05-C13 were
used in the cell culture experiment, and samples G05-G13 were used
in the compression test.

2.1.2. Modelling and quasi-static simulation method of gyroid structures
Abaqus software was used to predict the elastic modulus and yield
strength of each kind of scaffold, and quasi-static analysis was intro-
duced in this simulation [49]. To simulate the compression experiment,
the simulated model of mechanical properties was established (see
Fig. 1 (c)). The model consisted of 2 x 2 x 2 gyroid units. A rigid surface
was then set at the top of the sample with a displacement of 0.8 mm,
and another rigid surface was fixed at the bottom of the sample as the
platform of the compression experiment. The material was 316 L stain-
less steel with a 7.87 g/cm> density, 117,000 MPa Young's modulus, 0.3
Poisson's ratio, and 380 MPa yield stress (the data were provided by the
powder supply company: LPW Technology Ltd.). The models were
meshed by free-grid technology. Table 2 shows the element types and
number of elements. The force and displacement data of the sample
were obtained from a reference point on the moving rigid surface.

2.1.3. Modelling of mass transport

In this study, CFD was used to simulate the process of transmission
obeying the Navier-Stokes equation (Eq. 4) and then calculate the per-
meability of each model. Next, the relationship between porosity
(pore size) and permeability was obtained.

Fig. 1 (e) shows the modelling and boundary-condition setting for
the CFD analysis, and Table 2 shows the element types and number of
elements. The first step was to model a porous 3D scaffold model,
which consisted of 2 x 2 x 2 units. Next, a rectangular fluid domain
was built, and a Boolean operation was used with the previous 3D scaf-
fold model; the fluid domain of the scaffold was then retrieved. To avoid
the boundary effect caused by the inlet area, a virtual fluid domain was
built. The flow direction of the fluid at the inlet was vertical, and the ve-
locity was 0.1 mmy/s [55,57]. To calculate the pressure drop from the top
surface to the bottom surface of the scaffold conveniently, the pressure
of the outlet was set to 0 Pa; AP represents the average pressure of the
top surface. The inside surface in the fluid domain, which was produced
by the Boolean operation, was set as the wall boundary, and the outside
surface of the fluid domain in the vertical direction was set as the sym-
metric boundary. In this simulation, water was chosen as the fluid with
adensity of 1 g/mm?> and a viscosity of 1.01 x 10~° MPa-s. The pore size
D of the gyroid unit was used to calculate the Reynolds number (Eq. 5),
and then the laminar was confirmed by judging whether the Reynolds
number was 1 < Re < 10 [58]. Darcy's law (Eq. 6) was used to determine
the permeability of the scaffold.

ov

1
pE:—(v.V)v—BVPszwF (4)
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Fig. 1. (a) Modelling process of gyroid structure. (b) Unit of gyroid structure (left), sample for cell culture (middle) and sample for compression experimental test (right). (c) Boundary
conditions of the compression simulation. (d) Schematic of strain-stress curve, elastic modulus and yield strength. (e) Modelling process of fluid domain and setting the boundary
conditions of CFD analysis.

Table 1 * D is the diameter of the pore (mm)
Characteristics of gyroid scaffolds computer aided design (CAD) models. « K is the permeability coefficient (mm2)
Sample Pore Porosity Diameter Height Surface Volume  Sa/vol * AP is the pressure difference (MPa)
size (%) (mm) (mm)  area (mm?)  (mm™1!)
2
(um) (mm?) 2.2. Experiments
€05 500  75.1 6.5 6 10424 485 215
Eg; ;gg 2}1'; g'g g g;g'; gg‘g i}'g 2.2.1. Powder characteristics and additive manufacturing of TPMS scaffolds
11 1100 872 65 6 5426 248 219 All the samples were fabricated using gas-atomised 316 L stainless
C13 1300 8838 6.5 6 4760 225 212 steel powders (LPW Technology Ltd., Runcorn, Cheshire, UK) of
GO5 500  75.1 6.5 10 17276 807 214 7.87 g/cm? density with a chemical composition of C < 0.03%; Cr
gg; ;gg 24]1.; g'g 13 }323'2 gé'? ;;3 17.5-18.00%; Cu < 0.5%; Fe - bal; and a particle size range of
c11 1100 872 6.5 10 903.2 15 218 15-45 pm. The morphglogy apd particlg size .distributionhof the‘feed—
G13 1300 888 6.5 10 794.4 36.6 21.7 stock powder were verified using laser diffraction (Mastersizer Scirocco
2000, Malvern Instruments Ltd., Malvern, UK) and a field emission scan-
ning electron microscope (FESEM) (7100, Jeol Ltd., Japan).
Fig. 2 (a) shows the size distribution curve of the 316 L powders; the
Table 2

curve shows good symmetry. The peak point of the curve means that
the peak particle size is about 30.20 pm, the corresponding volume of
which is 17.32%. A scanning electron microscope (SEM) was used to ob-

The element types and number of elements for the FEA and CFD models (C3D4 = 4-node
linear tetrahedral element, F = fluid).

Element type  Number of elements serve the microtopography of the powders, as Fig. 2 (b) shows. Many
G05 G07 G09 G11 G13 particles were spherical and were consistent with the results of the par-

FEA  C3D4 96377 84837 104691 148362 194735 ticle size analysis.
CFD  FC3D4 279,729 279323 246458 252,120 299,389 All the SLM experimentation and manufacturing of the test speci-

mens in this study were carried out on an SLM machine (SLM100A, Re-
alizer GmbH, Borchen, Germany) and built along the z-axis. The
v-p-D SLM100A was equipped with a continuous wave ytterbium-doped

Re = m (5)  fibre laser (YLR-50, IPG Photonics, Oxford, MA, USA) operating on a cen-

tral emission wavelength of A = 1.06 mm with a standard TEMOO

veu-L Gaussian beam profile and a maximum indicated power output of

k= AP (6) 50 W. The SLM100A was equipped with an adjustable beam expander

that could deliver a focused beam 30-300 pm in diameter onto the pow-

where der bed through a 120-mm f-theta lens. A combination of 50-W laser

’ power, 150-um laser exposure time and 30-um point distance led to a

« pis the density of the fluid (g/cm?®) 200-mm/s scanning speed and 50-um hatch spacing. The beam ex-

* v is the velocity of the water (mmy/s) pander was set at 14.50 mm, producing a 50-um laser beam spot. Each

* tis time (s) layer was scanned once, with a 90° change in scanning direction per

* Vs the delta operator (—) layer. No skin hatch strategy or heating on the build platform was

* P is pressure (MPa) used. The above-mentioned processing parameters were provided by
* wis the dynamic viscosity coefficient of the fluid (MPa-s) the SLM equipment manufacturer based on the powder feedstock.

* Fis the force (N) The samples shown in Fig. 2 (c) were separated from the substrate

* Re is the Reynolds number (—) by wire electrical discharge machining and were finally formed into
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Fig. 2. (a) The particle size distribution curve of 316 L powders. (b) SEM images of 316 L stainless steel. (c) SLM-built samples. (d) Test bed (left) and schematic diagram (right) of
permeability experiment (rate of flow 40, 60 and 80 mL/min).

the target size. To remove the remaining powder from the surfaces of 0, = myp 8)
the samples, all the samples were cleaned by an ultrasonic cleaner im- vy
mersed in isopropanol for 5 min, and the samples were not subjected
to any other post-treatment or heat treatment after washing. )
vy = mh (Dp> 9)
p

2.2.2. Morphological analysis 2

To judge the manufacturing accuracy of the porosity, the density
method was used to calculate the porosity of SLM-built scaffolds, as m
the equations below show: d = <1 - Hl:) x 100% (10)

&= <1—@> x 100% 7)
s

where.
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& is the porosity (%)

* pp is the density of the porous material (g/mm?>)

« ps is the density of the solid material (g/mm?)

* my, is the mass of the porous sample (g)

* vp, is the volume of the cylinder (mm>)

* h is the height of the sample (mm)

* Dy is the diameter of the cylinder (mm)

* my is the mass of the solid material with the same volume as the po-
rous sample (g)

The height, diameter and mass of each sample were measured, and
then the as-built porosity was measured. Next, the error between as-
built porosity and designed porosity was calculated. The manufactured
error of porosity was calculated by the following equation:

ep = (Pp—dp) x 100% (11)

where &j, is the porosity of the as-built sample and &y, is the de-
signed porosity. In addition, a specific gravity balance (HZY-A120,
USA, 0.001 g, 23 °C) was used to measure the relative density and was
calculated based on the Archimedes method.

An optical microscope (OM) (VHX-1000 digital microscope) was
used to measure the external thickness T of each sample, and each sam-
ple was measured eight times at a random area on the top surface. Then
the pore size Dyore Was calculated by (Eq. 12), where L is the length of
the unit.

L
Dpore = 5 —T (12)

A 3D confocal microscopy (LEXT OLS4100, Olympus, Japan) was
used to measure the roughness of the top, side and bottom surfaces of
the as-built sample. For each surface, four randomly selected spots
(642 x 644 pm) were tested. In each spot, the roughness was measured
three times in both the horizontal and vertical directions; the mean
values were then reported. Meanwhile, the microscopic morphology
of the scaffold surface was also observed by confocal microscopy. To an-
alyse the internal thickness, as-built porosity and internal pores of scaf-
folds, a micro-computed tomography (CT) scanner (d2, Diondo,
Germany) was used to scan G05-G13 at 100KV voltage and 8 pum reso-
lution. Finally, the CAD data was compared to the CT data to study the
manufactured deviation.

2.2.3. Compression tests

A universal testing machine was used to investigate the mechanical
properties of the 316 L stainless steel gyroid scaffolds. There was no lu-
brication between the upper and lower crossheads, and the lateral ex-
pansion was not restricted. The loading force was loaded on the top
surfaces of the samples along the z-axis, where the height of the com-
pression samples was 10 mm; a slow speed of 1 mm/min was used in
the experiment to record the displacement and reaction force of the
crosshead and calculate the strain-stress curve by the following equa-
tion:

F
0= A (13)
Ah
e="p (14)
where.

* ois stress (MPa)

* Fis the reaction force of the crosshead (N)

» A is the cross-sectional area of the equivalent cylinder, the cross-
section being perpendicular to the z-axis (mm?)

* Ah is the displacement of the upper crosshead (mm)

* his the height of the test sample (mm)
 ¢is astrain (%)

As Fig. 1 (d) shows, line a-b is the elastic deformation stage, the
slope of which is the elastic modulus of each scaffold. The 316 L stainless
steel scaffolds did not appear to have an obvious yield point, and the
stress of the 0.2% residual deformation point was the offset yield stress
0y. Three specimens of each sample (G05-G13) were used in the com-
pression experiment.

2.24. Permeability experiment

The experimental permeability test was set to compare with the
simulated results. As Fig. 2 (d) shows, a pump and dampener were
used to provide a steady flow, and a speed controller was also used to
adjust the flow rate. A pressure sensor was set between the inlet and
outlet of the sample chamber to measure the pressure difference, and
the flow rate was measured by a column flowmeter. The pressure differ-
ence of the sample chamber APpamper Without a scaffold was measured
first and then subtracted from the total pressure APy... The pressure
drop of the scaffold APscagro1q Was calculated using (Eq. 15). All the sam-
ples were tested at the flow rates of 40, 50, 60, 70, 80 and 90 mL/min.
The experiment was repeated five times with each sample under differ-
ent flow rates; the results were expressed in terms of mean and stan-
dard deviation, and then they were compared with the simulation
results.

APscaffold = Al—)total - APchamber ( 1 5)

2.2.5. Cell-culture experiment

To research the influences of pore size and scaffold porosity on cell
growth, bone cell-culture experiments were performed for 3 and
7 days. For each time point, two specimens were required for each po-
rosity scaffold to calculate the cell numbers and observe the morphol-
ogy, respectively. For this, four experiment groups named A, B, C and
D were set up, as shown in Table 3. Groups A and B were planned to cul-
ture for 3 days and groups C and D for 7 days; samples from groups A
and C were used to count the cells and groups B and D to observe the
morphology of the cells. Each group had five kinds of scaffolds with
one sample for each scaffold, and a blank control group was set in
groups A and C.

All the as-built scaffolds for the cell cultures were cleaned in
isopropanol through the ultrasonic cleaner three times for 5 min
for each to remove the residual powder in the pores and semi-
melted powder at the surface. All the samples were then placed in
a 24-well plate. To sterilise the scaffolds, sterile water was used to
wash the samples three times after two h of soaking in acetone in
the well. Human Caucasian osteosarcoma, TE85 (ECACC No.
87070202), was used, and 4 x 10° cells were placed in each well
and cultured in the cell culture medium Dulbecco's modified
eagle medium, which consisted of 10% fetal bovine serum, and 1%
L-Glutamine; the medium was refreshed every three days. Before
the cells were counted, all the samples were transferred to a new
24-well plate. Then, 1 mL of TrypLE Express was added to both the
old and new 24-pore plates, and they were placed in an incubator
for 5 min. To ensure that all the cells were detached from the surface
of the scaffold and fell into the solution, 1 mL of fresh medium was
added to each well to wash the samples. All the solutions in each
well were collected and centrifuged for 5 min at 0.3 G to remove
the supernatant. After that, 0.19 mL of fresh medium and 0.01 mL
of dye were used to resuspend the cells. The automated cell-
counting system of a NucleoCounter machine (NC-3000) was used
to count all the cells on each scaffold; the number of cells per unit
area was then calculated. Table 1 shows the surface area of each scaf-
fold. The scaffolds in groups B and D were transferred to a new 24-
well plate before fixation, and all the scaffolds were washed by
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Table 3

Experimental grouping and notes of cell-culture experiment.
Pore Size (um) 500 700 900 1100 1300 Blank Control Notes
Group A CO5A CO7A C09A C11A C13A BCA 3-day, cell count
Group B CO05B C07B C09B C11B C13B - 3-day, cell fixation
Group C C05C C07C C09C C11C C13C BCC 7-day, cell count
Group D C05D C07D C09D C11D C13D - 7dany, cell fixation

phosphate buffered saline, and paraformaldehyde was then added to
each well as the fixation buffer at room temperature. All the samples
were washed with sterile water three times after 20 min of fixation.
After fixation, samples from 3 (Group B) and 7 (Group D) days of
cell culture were dehydrated with a series of ethanol solutions, and
the cells on the surface of each scaffold were observed using a
FESEM, (7100, JEOL Ltd., Japan).

3. Results
3.1. Morphology of scaffolds

The mass of each sample was measured by an electric balance
after removing the remaining powder in an ultrasonic bath, and
then the porosity was calculated by (Eq. 10). The porosities of the
as-built samples were calculated from four duplicate samples of
each type of scaffold; Fig. 3 (a) shows the results. The designed po-
rosities of G05-G13 ranged from 75.1-88.8%, while the manufactured
porosities (measured by density method) ranged from 50.5-81.9%.
The as-built porosity measured by the CT experiment agreed well
with the density method. All manufactured porosities were lower
than the designed porosity of each type of scaffold. The error be-
tween designed and manufactured porosity decreased as the de-
signed porosity increased; the minimum manufactured error was
6.9% when the designed porosity was 88.8%. Fig. 3 (b) shows the
manufactured error of each as-built sample grouped by designed po-
rosity from G05-G13. The manufactured errors remained consistent
in each group. The difference between the maximum and minimum
in each group ranged from 1.61-4.90%, and it should be noted that
the difference decreased as the manufactured error decreased.
When the designed porosity was greater than 84.6% (pore size
900 um, GO09), the manufacturing stability greatly improved. The
above results show that, with greater designed porosity, manufactur-
ing errors decrease and manufacturing stability improves.

The pore size was calculated by measuring the thickness values of
each sample, as Fig. 3 (c) shows. The values of the as-built pore sizes
were all less than the designed pore sizes. The manufactured external
pore sizes ranged from 420 to 1253 um, and the internal pore sizes mea-
sured by the CT experiment were close to the external pore sizes. Com-
pared to the designed pore sizes, the manufactured errors ranged from
46 to 80 um. No obvious relationship could be observed between the
manufactured error and the designed porosity. The as-built pore sizes
maintained remarkable stability when the designed thickness was
equivalent. Table 4 shows the relative densities of the scaffolds, which
ranged from 94.5-97.9%; the results show that the design porosities
had little effect on RD.

As shown in Fig. 3 (d), the mean roughness of each sample at the top,
side and bottom surfaces ranged from 10.8-14.5 pm. In the same sam-
ple, the roughness revealed few differences between the three surfaces.
In general, the top surface was smoother than other two, but the mean
roughness showed little difference between the five kinds of scaffolds.
Fig. 3 (e) and (f) show the manufactured defects, such as residual pow-
ders and internal pores, and Fig. 3 (g) shows the deviations of the CAD
and CT data of G13, which indicated that the manufactured thickness
was larger than designed thickness.

3.2. Mechanical properties

Fig. 4 (a) shows the stress-strain curves of representative samples of
all the test samples. G0O5-G13 represent five kinds of scaffolds with dif-
ferent designed porosities from 75.1-88.8%. The stress-strain curves
were calculated by the force-displacement curve, which was directly
measured by a compression test. Table 5 summarises the elastic modu-
lus and yield strength values. GO5 and G13 had the maximum and min-
imum elastic modulus and yield strength, respectively. GO5 reached a
1116 + 86 MPa elastic modulus value and a 29 + 2 MPa yield strength.

To analyse the porosity trend of the elastic modulus and yield
strength, Fig. 4 (b) shows the curves of the relationships between poros-
ity and elastic modulus and yield strength, respectively, which both
steadily decreased as porosity increased.

To compare the compression test and simulation, Fig. 5 (a)-(d) show
the distributions at 1%, 20% and 32% strains. The stress concentration ap-
pears at the junctions of units and the middles of units, and the higher
stress distribution (the red part in Fig. 5 (a)) is helical. At the 32% strain,
the periphery of the cylindrical scaffold expanded, which was consistent
with the experimental results. Fig. 5 (d) compares the GO5 samples be-
fore and after the test; the strain was about 38%, and the scaffold showed
superb toughness.

To evaluate the predictive capability, Fig. 5 (e) shows the relation-
ship between the simulated and tested elastic modulus and yield
strength; the blue and red lines represent the linear regressions with
slopes of 0.45 and 0.48, respectively. The ratio of experimental to simu-
lated results was also calculated from the coordinates; the elastic mod-
ulus ratio increased from 30% (G13, with 88.8% porosity) to 56% (GO05,
with 75.1% porosity), and the yield strength ratio increased from 43%
(G13) to 67% (GO5). The distribution of the lines and dots indicated
that the predictive capability improved as the porosity declined.

3.3. Fluid flow analysis of scaffolds

For these five kinds of scaffolds, the value of the pressure drop be-
tween the inlet and outlet of the sample chamber was measured by a pi-
ezometric sensor at flow rates from 40 to 90 mL/min; Fig. 6 (a) shows
the results. CO5 (with 75.1% porosity) had the maximum pressure
drop at the same flow rate, while C13 (with 88.8% porosity) had the
minimum. Notably, in the linear regression lines in this figure, the pres-
sure drop is approximately linear with the flow rates and matches the
lines well, which agrees with the work of Montazerian et al. and Chor
et al. [31,59]. However, the pressure drop accelerated when the flow
rate was greater than 80 mL/min, an effect of inertia [60,61]. This also
explained why permeability decreased as the flow rate increased in
(Fig. 6 (b)), which shows the permeability of each scaffold at multiple
flow rates. The permeability declined as the flow rate increased; the
same phenomenon has also been observed by the others [60,62,63].

Fig. 7 (a)-(c) show the pressure and velocity distributions;
Fig. 7 (b) shows that the fluid area closest to the walls had a lower veloc-
ity. The maximum velocity occurred in the central area. In the interior of
the fluid, the same phenomenon was observed; Fig. 7 (c) shows two
cross-section areas in vertical and horizontal directions. Predicting the
permeability while designing the scaffold can be helpful to optimise
the design to balance mechanical properties and permeability; the latter
would affect biological activities. Fig. 7 (d) shows the results of the



8 S. Ma et al. / Materials and Design 195 (2020) 109034
100
88.84 ( )
@ | s w2 (b
) T 81.9 ~ Range
80 [~-75.14 - -~ * 795794 2 809 | RS | 43
> f---x 746 73.6 = |
S S =
N 1=
3, 61.4 62.6 ﬁ |
.g 60 - B 4.90
50.5 h—1 =
3 T 48.1 2
R 3
= 40 | As-built porosity (Density Method) & 15
‘= As-built porosity (CT) b
-? 24.6 % Designed porosity E
2 . 193 —@— Manufacturing error (Density Method) "? L.61
. wn
20 | s < - 1.75 2.59
\&0 757 6.9 t E=EE —f
e h
{ . |
0 Go05 Go7 G09 Gl11 G13
GO05 GO07 G09 Gl11 G13 25
1400 300
() I N E T R (¢ ) I oy
i - As-built Pore Size (OM) sy iy 7| 270 143 Bottom
As-built Pore Size (CT) 1100 ] ~20 13.7
e pemea e o ) 4m0  E il 145
© esigned Pore Size - . ' 14.3
1000 | Error = - 210 S i 13.5 13.3 13.7 134
) | 5 1253 +21 1 A i 11.8
= il - 180 E é’ 15 - : 11.6 11.2 10.8
= 800 | 17 E =
QNJ ,,,,,,,,,,,, 7 Q‘I: - 150 > ,E_'P B
7 T < 1046 £ 12 125119 5 &
g 600F 0 6 BB 1051 % 17 - 1205 % 10
g | __ 500 854 15 ] §
400 =0k 861 +21 1 T
I 632422 0 @ 5 |
H20 +9 B
200
L 43021 30 r
0 0 0
GO05 GO07 G09 Gl11 G13 GO05 G07 G09 Gl11 G13
i y 4

| Deviation

(mm)
0.20
0.16
0.12
0.08
0.04
0.00
-0.04
-0.08
-0.12
-0.16
-0.20

7 2 mm
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Table 4 simulations and experiments, the latter being less than the former. The
Relative densities of 316 L stainless steel porous scaffolds. predictive accuracy was evaluated by a linear regression line with a
Scaffolds GO5 Go7 G09 G11 G13 slope of 0.53, and the ratios of the tested and simulated results had
Relative Density 948 960 979 045 958 greater with porosities (pore sizes). C05 and C13 had the lowest and
%) 104 103 108 106 108 highest ratio values, respectively: 46% and 73%. The experimental re-

sults ranged from 0.29 & 0.05 x 10~ m? to 3.91 + 0.66 x 1072 m?.
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Fig. 4. (a) Nominal stress-strain curves of G05-G13 structures. (b) Drop curve between porosities and measured elastic moduli and yield strengths of as-built samples.

3.4. Analysis of in vitro behaviour

Four duplicate samples were processed for each type of scaffold for
in vitro study—two samples for cell culture and two for SEM observa-
tion. After 3 and 7 days of cell culture, the numbers of cells on the scaf-
folds and the control were calculated and normalised with the surface
areas (see Table 1), as shown in Fig. 8 (g). Relative to the control,
many fewer cells presented on the scaffolds on day 3. However, by
day 7, the cell numbers on the control fell dramatically to fewer than
half of those on day 3. However, the number of cells cultured on the
scaffolds rose, except C09 (pore size = 900 pum, porosity = 84.6%).
The number of cells on C13 rose by almost 237% by day 7. The cells on
C11 and C07 showed a moderate increase to 86% and 60%, respectively,
followed by about a 33% increase on C05. The only exception to this cell-
growth trend was C09. Although it seems more cells were present on
C09 on day 3 than the rest of the scaffolds, on day 7, its cell number
fell dramatically to fewer than half of those on day 3. Collectively, this
indicated that all the scaffolds facilitated cell attachment after the initial
culture stage. The scaffolds with large surface areas had much higher ca-
pacities to accommodate cell growth than the control, which was on a
2D surface of tissue culture-treated plastic. Still, the reason for sample
C09's deviant behaviour and impeded cell proliferation in the subse-
quent stage remains unclear.

To observe the cells' morphological changes and proliferation from
days 3-7, SEM experiments were performed. As shown in Fig. 8 (a),
on day 3, most cells had a full, three-dimensional shape (the red circle),
which means they started attaching to the surfaces of the scaffolds, and

Table 5
Mechanical properties of gyroid scaffolds.

some extracellular matrices were observed (the yellow circle). More-
over, the cells had much flatter shapes on day 7 in Fig. 8 (b) (the red cir-
cle), and the arrow shows that many extracellular matrices were
secreted. Fig. 8 (c) shows that after 3 days of culture, some cells had cel-
lular pseudopods (the orange circle), which can anchor to surfaces
tightly, spread out and connect to neighbouring cells. This indicated
that cells were in good condition and tended to arrange in clusters.
Then, interconnected cells (the orange circle) were observed on day 7,
as shown in Fig. 8 (d). They connected, clung firmly to the surfaces
and already arranged in clusters. In terms of cell proliferation,
Fig. 8 (e) and (f) show more cells on the sample surface on day 7,
which was consistent with the cell-growth data.

4. Discussion

4.1. Morphology, accuracy of manufacturing and roughness of as-built
samples

Both the top and side roughness were in the normal range of SLM-
built parts without post-processing [64,65].The variation of about
3.5 um in the roughness values in different samples may have been
caused by different heat fluxes, which are influenced by surface area
and pore size and affect powder residue. As Fig. 3 (e) shows, residual
powders were observed on the scaffold surfaces, which were caused
by semi-melting. These residual powders may be the main reason for
the rough surfaces [3,36], so the bone scaffolds need surface post-
processing to avoid adhered powders detaching during clinical

Elastic modulus (MPa)

Yield strength (MPa)

1 2 3 Average FEA 1 2 3 Average FEA
GO05 1113 1031 1203 1116 + 86 2004 31 27 28 29 +£2 43
GO7 993 903 732 876 + 132 1661 21 19 17 19 +£2 31
G09 678 670 593 647 + 47 1362 11 10 11 11 + 06 24
G11 403 413 468 428 4+ 34 1158 9 8.7 8 8.6 +£ 0.6 19
G13 421 336 166 308 + 129 1026 6.6 7.9 6.3 6.9 + 0.8 159
Pvalue 6.78 x 10°° 1.97 x 1078
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application. The RD results indicated that the designed porosities had no
influence on RD, and internal pores were observed in the scaffolds from
the 2D CT images, which explained the low RD. Agreeing with [66], this
suggests that designed porosities can be ignored when considering the

RDs of scaffolds; optimising the processing parameters more effectively
improves RD [8].

The pore sizes of as-built samples were significantly lower than the
designed sizes, which was consistent with the results of other studies
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[41,42,67]. Arabnejad [42] controlled porosity by changing strut
thickness while maintaining pore size; in that study, the porosity
error increased with greater designed values (error from ~5-15%).
In contrast, this study controlled porosity by changing the pore size
and maintaining thickness, and the porosity error decreased with
greater designed porosity (error from ~24.6-6.9%). The following
may explain this difference. As with the manufactured error of pore
size, the manufactured error of wall thickness was not affected by
the designed porosity, the manufactured error ranged from 46 to
80 pm. As the designed porosity rose, the designed wall thickness
remained 100 um, while the designed pore size increased from 500
to 1300 pm. Therefore, for scaffolds with higher designed porosity,
the manufactured error of thickness (pore size) had less effect on po-
rosity error and fluctuated less. To minimise the porosity error, these
two design methods should be combined while also necessarily con-
sidering the effect of size [36].
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4.2. Mechanical properties

The mechanical property results revealed that the elastic modulus
can be adjusted by designing the scaffolds with varying porosity struc-
tures. Notably, nonlinear segments existed at the initial stage of each
stress-strain curve in Fig. 4 (a). This could be explained by two reasons:
1) the top and bottom surfaces of the specimens were not perfectly hor-
izontal, and they did not fully contact the upper and lower crossheads;
2) wire cutting deformed the bottom of the sample when removing
parts from the platform, and this deformed region yields locally at the
initial stage of compression, which agrees with the literature [68-70].

The prediction accuracy of the mechanical properties ranged from
30 to 56%, and the simulation results showed the same trend as the ex-
periment results. The lack of accuracy in the simulation may be caused
by the following reasons: 1) the CAD models used for simulation were
considered perfect built samples, but the SLM-built samples had some
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Fig. 7. The distribution of pressure and velocity of G11 (with 87.2% porosity and 1100 pm pore size): (a) pressure distribution, (b) velocity distribution and (c) vertical and horizontal
velocity distribution within the sample. (d) Linear regression equation of the average permeability values of the CFD and experimental results.
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manufacturing defects, such as surface roughness, internal pores and re-
sidual powders, which can affect mechanical behaviour; 2) the lower
RD influenced the mechanical properties of the porous structures, so
the processing parameters for the thin-walled parts need to be specially
optimised, as Vilardell et al. suggested [71]; 3) although the as-built
samples had greater thicknesses, they could not compensate for the
lower scaffold mechanical strength caused by manufacturing defects;
4) the scaffolds with higher porosity had more defects due to longer
overhang length [72], which weakened the scaffolds’ mechanical prop-
erties and also explained why the experimental results matched the FEA
results better as the porosity decreased.

As Table 6 shows, according to previous studies, the elastic moduli of
the trabecular bone and porous scaffold ranged from 0.032-20.0 GPa
and 0.57-28.59 GPa, respectively. In the current study, the 316 L stain-
less steel gyroid scaffolds had suitable moduli at 0.31-1.12 GPa. Thanks
to the large range of the moduli of trabecular bones, the gyroid struc-
tures can match their mechanical requirements by adjusting porosity.
The yield strengths of porous scaffolds are generally designed to be
greater than human bones to ensure that the scaffolds do not easily
fail under load. Therefore, the gyroid scaffolds fabricated by 316 L stain-
less steel met the mechanical requirements and are promising for future
application.

4.3. Mass-transport behaviour of scaffolds

Permeability, as measured by experiments, reached 46-73% of the
CFD results, and the simulation showed a similar trend as the experi-
ments: permeability increasing as porosity and pore size increased.
The same phenomenon was observed by du Plessis et al. [34], whose
ratio of experimental results to CFD results was about 60-70% of the
simulation results; it was about 29-43% in Truscello et al. [57].

Table 6
Comparison of the elastic moduli (GPa) and yield strengths (MPa) of trabecular bones and
porous scaffolds measured by experiments or simulations.

Elastic modulus (GPa) Yield strength (MPa)

Arun et al. [48] 0.91-10.42" 24.4-152.3%
Ola et al. [50] - 0.9-94.9%
Kevin et al. [51] ~1.1-28.6"¢ ~9.3-327.5%¢
Jayanthi et al. [73] ~0.57-2.92"¢ ~7.3-163.0"
Keaveny et al. [74] 0.032-0.355%¢ -

David et al. [75] 0.090-0.536%¢ 0.56-3.71%¢
Rho et al. [76] 0.76-20°¢ -

Current study (average) ~0.31-1.12% ~6.9-29.2%¢

2 Trabecular bone,  porous scaffold ¢ Experiment, * simulation.

The difference between the experimental and simulated permeabil-
ities was likely caused by the following: 1) the pore sizes of as-built
samples were smaller than those of the CAD models, thus reducing per-
meability; 2) for the experiment, the pressure drop from the pressure-
monitoring point to the inlet and outlet surfaces of the sample cannot
be ignored, as they cause AP to be greater than the real value and shrink
the calculated permeability value; 3) the surfaces of the CAD models
were considered smooth surfaces, while the samples' surfaces were
rough with residual powders, which slows the flow of fluid close to
the scaffolds' surfaces. G13 was less affected by this factor due to its
large pore size, so its experimental permeability reached 73% of the
CFD result. Thus, the influence of rough surfaces on the permeability
of a sample with a small pore size is more significant, which is consistent
with the work of Davar Ali et al. [77].

A higher fluid velocity in the middle of the scaffold channel was ob-
served in the velocity distribution of the CFD results, which encourages
cells to migrate toward the centre of the scaffold. The area close to the
scaffold had lower fluid velocity, which was caused by the obstacle of
the scaffold. This phenomenon was more significant for the as-built
samples due to their rougher surfaces.

Scaffold permeability should be designed as closely as possible to the
permeability range of human bones, the values of which Table 7 shows.
Gyroid structures can meet the transmission requirements of human
bones, and it seemed that greater permeability could be achieved by de-
signing larger pore sizes and porosities. Such adjustable, predictable
permeability allows customising the design to meet the mass-transfer
requirements of different types of bones.

4.4, Cell behaviour

Based on the results in Fig. 8 (g), moderate cell growth occurred on
the 75.1% and 81.7% porosity scaffolds on day 3. The number of cells on
the 81.7% porosity scaffold was larger than the 75.1% porosity scaffold.
Because the former had better permeability, it exhibited a better growth
rate on day 7. Notably, the chief limitation on cell proliferation on the
75.1% and 81.7% porosity scaffolds was permeability despite their
large surface areas. The 87.2% and 88.8% porosity scaffolds both had bet-
ter permeabilities than the others. Although their cell-attachment
values at the initial culture stage were not the highest due to their
small surface areas, they both witnessed high rates of cell growth. Al-
though the 88.8% porosity scaffold had only a few cells on day 3, it had
both the largest growth rate and number of cells on day 7. The same re-
sults were observed by Van [18]: scaffolds with higher permeabilities
stimulate cell proliferation due to their better abilities to supply oxygen
and nutrients. Their geometric features also supported cell proliferation:
gyroid structures have zero mean curvature, and their Gaussian
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Table 7
Comparing the permeability of trabecular bones and porous scaffolds.

Arjunan Montazerian Chor Dabrowski Truscello Beaudoin Nauman Current study
et al. [48] et al. [31] et al. [59] et al. [78] et al. [57] et al. [79] et al. [80] (average)
K (107° m?) 68.1-180.0" 1.65-4.02"¢ 0.183-0.247"¢ 0.0163-1.37"¢ 0.052-3.61" 0.467-14.8% 0.0268-20.0% ~0.29-3.91"¢

2 Trabecular bone, ® porous scaffold, ¢ Experiment, * simulation.

curvature is less than or equal to zero everywhere, the same character-
istics as human bones [81]. However, this must be confirmed by future
studies. The capillary effect also likely affected the rate of cell immigra-
tion since capillary action was affected by pore size and porosity [82].
The 88.8% porosity scaffold had the highest rate of cell growth, which
is consistent with Daniel et al.'s finding that the scaffold with the largest
pore size had the highest rising rate of fluid, entailing that a larger pore
size can raise the rate of cell immigration [83].

Although the cell-growth rate appeared to rise with greater porosity
and pore sizes, the 84.6% porosity scaffold experienced the opposite. Its
number of cells was the largest at the initial stage, but it decreased in the
subsequent culture time. Perhaps at the initial stage of cell attachment,
the permeability and pore size affected the rate of cell seeding. The scaf-
folds with lower permeabilities had more cells seeding on the scaffolds
due to low fluid velocities, but cells are difficult to seed on scaffolds with
low designed porosities due to small pore size [18]. Because the 84.6%
scaffold had a good balance of permeability and pore size, it had the
highest rate of adhesion to the scaffold on day 3; with continuous cul-
ture, however, the growth rate possibly slowed due to the scaffold's lim-
ited permeability when too many cells presented on the surface. This
phenomenon requires confirmation by further studies using different
seeding densities.

In general, permeability is the principal factor of the cell-
proliferation rate. Surface area and permeability determine the upper
limit of the number of cells on scaffolds. Except for the cells on the
84.6% porosity scaffold, which decreased due to its transport perfor-
mance because it could not meet the needs of all the cells that attached
to its surface at an early stage, the cells all increased at different rates. In
the 7 days of cell culture, no scaffold reached the upper limit of the cells
that could be accommodated by its available surface area. In future stud-
ies, it would be interesting to resolve whether a 75.1% porosity scaffold
(with a larger surface area and lower permeability) or an 88.8% porosity
scaffold (with a smaller surface area and higher permeability) can sup-
port more cells and cell growth with cultures of more than 7 days. In the
present study, the more permeable scaffolds had better bone-cell recov-
ery because of their high rates of cell growth. However, when executing
a design, mechanical properties should also be considered to meet me-
chanical performance requirements.

5. Conclusions

In this study, five gyroid scaffold designs were fabricated to investi-
gate their manufacturability. The influence of the design parameters on
the mechanical and transport properties of the scaffolds was investi-
gated via simulations, which were followed by experiments that evalu-
ated the simulations' predictive power. The biocompatibility of the
gyroid scaffolds and the influences of certain parameters on cell growth
were evaluated. The results include the following:

1) The 316 L stainless steel gyroid structures processed by SLM pre-
sented stable manufacturability, which was proven by the accuracy
of the porosity and the manufacturing error of the thickness. More-
over, it was found that the design method used in this study can re-
duce the manufacturing porosity error in high-porosity scaffolds.

2) The 316 L stainless steel gyroid scaffolds fabricated by SLM were
found to have adjustable mechanical properties; this trend was pre-
dicted via FEA, although some differences existed. The elastic moduli
and vyield strengths of the gyroid scaffolds ranged from

0.31-1.12 GPa and 6.93-29.15 MPa, respectively. Their mechanical
properties decreased as porosity increased, which satisfies the re-
quirements of human trabecular bones. The ratio of experimental
and simulated results ranged from 30 to 56%, a difference mainly
caused by manufacturing defects, such as low RD. Processing param-
eters optimised for porous parts should be studied in future work to
reduce the difference between experimental and simulated results.
The mass-transport behaviour of the gyroid scaffolds was studied
through both experimental and simulated methods. Their perme-
abilities ranged from 0.29 x 10™° t0 3.91 x 10~° m?, which was suit-
able for the wide range of human trabecular bones, and their
permeabilities increased as pore size and porosity increased. Their
complex structures also reduced the flow rate of liquid near the
walls of the scaffolds, which helped cells attach to their surfaces.
The CFD simulation predicted the scaffolds' permeabilities, with
the highest accuracy reaching 73%. The roughness of the scaffolds’
surfaces can influence transmission performance, especially for scaf-
folds with small pore sizes.
The cells' behaviour was investigated through 3- and 7-day cell-
culture experiments. They all showed biocompatibility; the number
of cells rose, and cell attachment to the surfaces of the scaffolds was
observed 7 days after the culture was taken. The largest number of
cells was measured on the 84.6% porosity scaffold on day 3; how-
ever, the 88.8% porosity scaffold had the most cells on day 7. Surface
area and permeability can both affect the degrees of cell adhesion
and proliferation, although permeability plays the main role in cell
proliferation in the initial stage.

5) After comprehensively considering the characteristics of the gyroid
scaffold, it was determined that the best design method includes sat-
isfying mechanical property requirements and having larger poros-
ity (pore size) to obtain higher permeability and thus promote
bone repair.

In summary, 316 L stainless steel gyroid scaffolds manufactured by
SLM were found suitable for use in bone scaffolds. This research reveals
the influence of porous structure parameters on the manufacturability
and mechanical, transmission and biocompatibility requirements of
bone scaffolds. Its results are significant for guiding the choice of suit-
able parameters, it verifies the predictability of mechanical and trans-
port properties, and it summarises the possible influences on
simulation accuracy, which can provide future research directions.
This study also reveals that permeability plays the main role in the
rate of cell growth in the initial stage, which is important for the design
of efficient bone-repair scaffolds. In future research, it would be inter-
esting to judge the bone-repair effects of scaffolds with a cell-culture ex-
periment for more than 7 days in an in vivo experiment.
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