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Abstract: The design and mechanical properties of porous titanium alloys has become a hot research topic in the biomedical field.
Two types of Gyroid minimal surface monolithic structures, i.e. homogeneous and gradient, were designed and prepared by laser
selective melting (SLM). By conducting static compression and tensile experiments on them, and comparing them with traditional
truss-like cellular structures, the quasi-static compression models of five different lattice structures were established. The mesh
division and analysis were carried out through the co-simulation of Hypermesh and ABAQUS. Five types of porous structure failure
forms and deformation mechanisms of hollow cubic, G7, bce, homogeneous Gyroid and gradient Gyroid were analyzed through the
observation of stress-strain nephogram, plastic strain nephogram and compression experiment process. The stress-strain curves
obtained by simulation were compared with the experimental results. Results show that the simulation method can better predict the
maximum compressive strength of different porous structures. The results of compression and tensile experiments show that the
maximum tensile properties of Gyroid lattice materials are much higher than those of truss-like structures, and the compressive

properties are also superior. Among them, the G-gradient structure has the best overall mechanical properties.
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At present, porous materials are widely used in aviation,
aerospace, machinery, and other fields due to their excellent
energy absorption, noise reduction, heat dissipation
performance, and light weight. Moreover, due to their low
elastic modulus and internal pore connectivity, they also have
an important position in the medical field. In biomedical
applications, porous materials are used to adjust the
characteristics of the implant and to avoid bone resorption
around the implant due to uneven stress distribution at the
boundary of the bone implant and mismatch in elastic
modulus between the bone and the implant, resulting in stress
shielding! .

In recent years, due to the progress of additive
manufacturing technology and the reduction of large-scale
production costs, there are more and more cases of using

cellular materials in functional component design”, making

Received date: May 29, 2023

the manufacturing of periodic cellular structures possible.
Additive manufacturing (AM), also known as 3D printing, is a
technology that uses computer-aided software such as CAD to
design 3-dimensional part drawings in advance in a computer,
then MAGICS software is used to segment the three-
dimensional drawings, convert them into two-dimensional flat
surfaces for processing, and then import the models to be
printed into a 3D printer for complete processing®”. Selective
laser melting has excellent manufacturing capabilities for
metal structural materials, which can produce complex models
with high accuracy, providing a feasible manufacturing

1071 which has become a

method for crystal cell structures!
mainstream processing and manufacturing technology for
medical implants. Murr et al'” from the University of Texas in
the United States fabricated porous metal implant Ti6Al4V

through SLM technology, and obtained a finished product
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with better performance than implants manufactured by
traditional methods.

Triple periodic minimal surfaces (TPMS) are surfaces that
exhibit periodicity in three independent directions in three-
dimensional space, with an average curvature of 0 at any point
on the surface, which is similar to the average curvature of the
human bone trabeculae. TPMS is composed of smooth
surfaces, and the model has good continuity, greatly reducing
the area of stress'” . At the same time, research has found
that cell tissue grows faster on curved surfaces than on planar
surfaces'”. Therefore, in the field of biomedicine, the study of
porous structures such as three periodic minimal curved
surfaces has great significance. TPMS is a smooth and
continuous surface that can be described mathematically. The
TPMS structure model can be accurately modeled through
mathematical methods. Processing and manufacturing through
additive manufacturing technology, due to its unique structure,
is self supporting in the 3D printing process, which is very
consistent with the processing technology of additive
manufacturing. At the same time, this type of structure has
good permeability and high specific surface area, which is
conducive to promoting cell attachment, proliferation and
differentiation, and has the characteristics of mechanical
conduction!”.

So far, the research on porous scaffolds has mainly focused
on the homogeneous structure!™. Since different locations of
human natural bone have different porosity, they are not a
single structure. Therefore, in order to more effectively
simulate the characteristics of natural bone, it is necessary to
conduct in-depth research on the mechanical properties of
regularly gradient porous structures, which can better meet the
needs of bone scaffolds. The National University of Dublin,
Ireland, studied the microstructure distribution and compres-
sion performance of different cell types, and discovered that
Trab (5.58 GPa) and TPMS (5.51 GPa) lattices can be
comparable to natural bone (0.022—-21 GPa) lattices, effec-
tively avoiding the stress shielding effect that often occurs in
biomedical implants. Among them, the Trab structure has
higher compressive strength and better energy absorption
capacity than the TPMS structure!”. Fukuda et al®” studied
the effect of porous titanium implants with different apertures
prepared by SLM technology on inducing bone tissue growth,
and found that porous implants with apertures of 500 and 600
pm can effectively promote bone tissue growth. Zargarion et
al”"! conducted mechanical tests on three structures, namely
cubic octahedron, rhombic dodecahedron and diamond, to
investigate the effect of relative density on the fatigue
properties of different structures. The results show that the
relationship between fatigue strength and fatigue cycles of

porous structures follows an exponential relationship, and the
coefficient depends on the relative density and structure type
of the porous structure.

The above studies indicate that topological optimization of
porous titanium alloy structure is needed to meet the
requirements of long-term use after implantation in human
body, and the type and size of crystal cells are the main factors
affecting the mechanical properties of implantation™. In this
study, five single-cell structures were designed by means of
Computer-Aided Design (CAD) and MATLAB implicit
function modeling. Experimental specimens of the five mono-
cellular structures were fabricated by selected laser melting
(SLM) and characterized by static compression and tensile
tests to obtain stress-strain curves in compression and tension
for the five different unicellular structures. The mechanical
response of the samples was investigated by varying the
number of monolithic cells in the same porosity by means of
equal scaling. The uniaxial compression simulations of five
different porous structures were carried out using the joint
simulation method of Hypermesh and ABAQUS. The stress
and plastic strain clouds obtained from the calculation results
were compared with the experimental results to investigate the
mechanism of compression deformation of these five
structures. The maximum compressive strength of the
different porous structures was predicted.

1 Experiment

1.1 Modeling of truss-like lattice structure

Using SolidWorks 2020 (Dassault Systemes, France) to
perform commands such as scanning, stretching, and Boolean
operations, three cell structures including hollow cubic, G7
and bec were constructed in units of spatial cubic space, as
shown in Fig.1. By changing the diameter of the support, their
porosity was controlled within a range of about 50% per unit
cubic space. Then the experimental sample model was
obtained by means of replication and array.

It is assumed that all materials are homogeneous, linearly
elastic and isotropic. The mesh was calculated with greater
accuracy by a second order mesh cell, C3D10M. The cell size
was chosen to be 2.5 mm and the error in the stress value was
4.67%, which is less than 5% and can be considered as an
acceptable compromise.

1.2 Construction of G-unit homogeneous and gradient
model

The surface morphology of TPMS can be represented by
implicit function equations. As shown in Fig.2a, Gyroid is one
of the typical three periodic minimal surfaces, and its
mathematical expression is:

F(x,y,z)= sin(%x)cos(%ty) + sin(%:y)cos(ilz) + sin(%z)cos(%x) =C (1)

where a represents the size of the single cell, ¢ controls the
volume enclosed by the minimal surface, and x, y, and z
represent the Cartesian coordinate system. The size and
porosity of porous structure single cells can be accurately
controlled through mathematical expressions. This research

used MATLAB software to define the function fun=@(x, y, z),
applied the Meshgrid function to generate mesh sampling
points, and then used the Isosurface function to solve the
surface with iso=0. Finally, the solved surface is divided into
triangle surfaces, and a file in stl format is output to generate a
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Fig.1 Single cells of three different spatial structures: (a) hollow
cube, (b) G7, and (c) bee

single thin-walled cell with a spatial range of 1 mmx1 mmx1
mm. The method of closing and thickening the section is used
to truncate the generated surface using the x, y, and z planes to
make the surface close, which is convenient for 3D printing
and finite element simulation of the solid element, as shown in
Fig. 2b. Eq. (1) represents the intersection of solid and pore
interface, F(x, y, z) >C represents the solid part, F(x, y, z) <C
represents the pore part, by changing the value of C can bias
the position of the surface so as to control the porosity of the
crystal cell, and the calculation formula for porosity is:

P=1-2yx100% ©)
Vo

where ¥, is the volume of the hexahedron enclosing the
unicellular structure, V is the solid volume of the unicellular
structure, and P is the porosity of the unicellular body. The
linear relationship between the value of C and the porosity is:

P =(-0.3477C + 0.5) x 100% 3)

To achieve a continuous distribution of TPMS porosity, it
is achieved by assigning a bias C about the coordinate
function.

C=C(x)=hkx+b @)
where x represents the x-axis direction, and k, b represent the
constants controlling the gradient change. The porosity of the

Fig.2 Gyroid of single cell structure: (a) thin-walled structure and

(b) rod-shaped structure

outermost (x=1) is set as P, , the porosity of the innermost
(x=0) is set as P,, P, corresponds to the bias C as C,, P,

corresponds to the bias C as C,. k and b are expressed by C,

C,.» and Eq.(5) and Eq.(6) are obtained. Eq.(3), Eq.(5) and
Eq.(6) are substituted into Eq.(4) to obtain Eq.(7).

1
k = 7 (Cout N Cin) (5)
b=C, (6)
— pout B pin {
CO=Z03a77 7 P @

The gradient change of porosity can be precisely controlled
by Eq. (7). In this study, the porous structure with 50%
porosity is used as the research object, and a porous gradient
model with an average porosity of 50% is designed with P,
of 30% and P, of 70%. The equation for the bias C is obtained
as follows:

C(x)=1.15x - 0.5752 (®)

The gradient model is created in units of 1 mmx1 mmx
1 mm and the final equation of the gradient model is ob-
tained as:

F(x,y,z)= sin(%rx)cos(%[y) + sin(%:y)cos(%tz) + sin(%[z)cos(zaix) = 1.15x - 0.5752 )

A gradient porous structure with a transition from 70%
outside porosity to 30% inside porosity with an average
porosity of 50% is shown in Fig.3a, and a porous structure
with a mean porosity of 50% is shown in Fig.3b.

1.3 Machining and characterization of porous structural

prototypes

According to ISO 13314: 2011, the sample model for
compression experiments was designed to be 10 mmx10 mmx
15 mm, and tensile experiments were carried out using a dog
bone type tensile sample with a square cross-section (6 mmx
6 mmx6 mm), and the size of the unicellular structure in the
sample model used for the experiments was 1 and 2.5 mm’.

This experiment was conducted on an EOSINTM 280 metal
3D printer (EOS, Germany), using Ti6Al4V powder with 25—
40 pm in size in an inert argon gas to prepare CAD designed
porous structures with TPMS porous structures designed by
implicit function parameterisation. Using the pasteboard
printing method, the experimental sample was removed from
the substrate by wire cutting after the printing was completed,
and the rough side was polished. In order to remove the

unmelted powder from the samples, all samples were cleaned
with anhydrous ethanol in an ultrasonic cleaner with
ultrasonic oscillation for 30 min. After cleaning and drying,
they were placed in sealed bags for storage. Porous samples
with | mmx1 mmx1 mm and 2.5 mmx2.5 mmx2.5 mm single
cells were designed for this experiment, and the samples of
bee, G7 and hollow cubic structures used for quasi-static
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Fig.3 Porous structures with an average porosity of 50%: (a) gra-
dient porous structure and (b) homogeneous porous

structure
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compression experiments are shown in Fig. 4. The experi-
mental specimens for the homogeneous and gradient Gyroid
structures (2.5 mmx2.5 mmx2.5 mm for the single cell on the
left and 1 mmx1 mmx1 mm on the right) are shown in Fig.5.
Stretched samples of G7, bce, homogeneous Gyroid and
gradient Gyroid as shown in Fig. 6 (all single cells are
1 mmx1 mmx1 mm).

The porosity of the prototype is somewhat different
compared to the CAD model, i.e. the porosity of the truss-like
dot matrix structure is greater than that of the designed
porosity. As shown in Fig.7, the truss-like porous cell structure
(hollow cubic, G7, bcc) was observed by SEM. As shown in
Fig. 8 the point structure is composed of homogeneous and
gradient very small surface Gyroid.

1.4 Mechanics experiment

Quasi-static compression and tension experiments were
performed in accordance with ISO 13314:2011. Experiments
were performed using MTS brand E45.105 series electronic

IR

Fig.4 Compression and fatigue test samples of hollow cube, G7
and bce porous samples: (a) | mmx1 mmx1 mm unit cell and

(b) 2.5 mmx2.5 mmx2.5 mm unit cell

Fig.5 Compression test samples of Gyroid

Fig.6 Tensile sample of porous structure: (a) G7 and bce tensile
samples and (b) homogeneous and gradient Gyroid stretched

samples

universal testing machine (range: 100 kN). Compression
experiments were carried out at room temperature with the
compression loading speed set to 0.5 mm/min. The experi-
ments were stopped when the force applied by the machine
was less than 50% of the maximum pressure in the com-
pression process. The tensile experiment was carried out at
room temperature and the tensile speed was set to 1 mm/min.
The test was conducted for the dotted structure consisting of
unit cell space size of 1 mm’, and the tensile samples of G7,
bee, homogeneous Gyroid structures, and gradient Gyroid
porous structures were tested, and their tensile stress-strain
curves were plotted by the collected force and displacement
data. For the convenience of expression, the homogeneous
Gyroid and the Gyroid dotted material with gradient are
abbreviated as G homogeneous and G gradient in the follows,
respectively.
1.5 Construction of a quasi-static compression model

This chapter uses ABAQUS 2020 to carry out model
calculations for quasi-static compression of different dotted
structures (Fig.9). The model is a 2.5 mm’ sample consisting
of the unicellular body, which has the same size as the
experimental sample, and the simulation and analysis process
is also consistent with the experimental process. As the
strength of the upper and lower planes subjected to
compression is much greater than that of the porous material
in the actual experiments, these two planes are set as rigid
planes in the finite element modelling. The quasi-static
compression model consists of three main parts; the middle
part is the porous structure, its upper and lower sides are rigid

Fig.7 Apparent morphologies of truss type structure sample: (a) hollow cube, (b) G7, and (c) bec
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Fig.8 Apparent morphologies of the minimal surface type structure

sample: (a) homogeneous Gyroid and (b) gradient Gyroid

planes; the lower rigid plane is a fixed constraint; the upper
rigid plane has only one degree of freedom in the compression
direction, moving continuously along the compression
direction to smooth out the analysis step, and stopping when
the compression reaches 20% strain in the porous structure.
The porous structure and the rigid planes on the upper and
lower sides are universal contacts. During the simulated
compression process, the rigid planes on the upper and lower
sides are in close contact with the porous structure without
gaps, and there are no penetration between the porous
structure and the rigid planes, so the normal contact in the
universal contact is set as a hard contact and the tangential
contact is set as a penalty function.

It should be noted that when constructing the quasi-static
compression model, the upper side rigid surface can retain a
small gap with the porous material beforehand, and the upper
side rigid plane can have a small transition space at the
beginning of compression before slowly contacting the porous
structure, which can make the contact more stable and reduce
the situation of non-convergence of the model calculation. The
analysis step used in this simulation is ABAQUS s display
dynamics module (ABAQUS/Explict), which uses a simple
algorithm for calculating complex non-linear problems with
good convergence. The quasi-static compression models for
the five different point structures are shown in Fig.9, where
the G homogeneous and G gradient point structures have been
meshed in Hypermesh beforehand and imported into
ABAQUS due to their complex shapes.

The material used in the porous part of the structure is
Ti6Al4V with a theoretical density of 4.43 g/cm’, an elastic
modulus of 110 GPa and a Poisson’s ratio of 0.33. Homo-
geneous and gradient Gyroid dot structures are generated by
MATLAB stl file, the model is composed of triangular face
pieces, so there are many uneven triangular features on the

model. ABAQUS is difficult to automatically mesh them
correctly, so professional meshing software Hypermesh is
used to mesh them. The model’s surface is meshed in 2D, as
shown in Fig.10, with G gradient 2D meshing (layer by layer),
and after meshing of all faces of the model, the entire surface
is free of free edges and T-edges. It is meshed in tetramesh
3D, exported as an inp file and imported into ABAQUS
software once the division is complete. The number of meshes
for the G homogeneous and G gradient models is 604 128 and
509 787, respectively.

2 Results and Discussion

2.1 Compressive stress-strain relationships

In this quasi-static compression experiment, the dotted
exhibits different
behaviour due to different shapes of the dotted lattice material

lattice material deformation failure
crystal cells. Fig. 11 shows the compressive stress-strain
curves of the dotted lattice structure of 1 mm’. The
compressive stress-strain curve of the G7 lattice structure
shows four stages: the linear elastic stage, the plateau stage,
densification stage and failure stage, similar to the ductile
metal foam material, which exhibits the properties of the
porous structure of the elastomeric material. In the linear
clastic stage, the strain and stress values rise in a linear
manner, followed by the plateau stage, where the stress-strain
curve enters a slowly rising stage, with a large change in strain
and a slight increase in stress. Since the G7 structure is mainly
supported by inclined rods, combined with the experimental
observation and curve, in this stage the sample is dominated
by local plastic deformation. In the densification stage, the G7
structure is continuously compressed, the lattice of each layer
begins to stack together uniformly, the stress rises
continuously with the compression of the sample, the structure
is continuously densified, and continuously plastically
deformed, finally local cracks appear, the structure fails, so
the structure is a porous structure dominated by tension. The
compressive stress-strain curves of the hollow cubic and bcc
structures are similar and both go through three stages: the
linear elastic stage, the strengthening stage, and the failure
stage. Both lattice structures begin with the bending of the
struts, leading to elastic deformation, and because of the
support of the oblique struts in the bcec, its elastic strain range
is larger than that of the hollow cubic structure and its
toughness is better; then the curve rises into the strengthening
stage slowly and begins to yield. Finally, the curve suddenly

ETXIX

Fig.9 Quasi-static compression model of porous structures: (a) hollow cube, (b) G7, (c) bec, (d) homogeneous Gyroid, and (e) gradient Gyroid
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Fig.10 Meshing of the G gradient model

drops and the struts fracture. The graph shows that the
smallest fluctuation in the curve of the hollow cubic structure
is throughout the compression process, indicating that the
hollow cubic structure is a collapse type of fracture, while the
G7 and bcc structures have smooth curves and belong to a
more stable gradual failure.

The compressive stress-strain curve of the G homogeneous
structure shows the typical mechanical response of the porous
structure of an elastomeric brittle material. The beginning of
compression is a linearly rising linear-elastic phase. When the
maximum critical stress that the G homogeneous can

200

withstand is reached, it enters the plateau structure, and the
local cell starts to deform plastically or even collapse, which
is an irrecoverable deformation. The stress varies up and down
within a certain interval, and finally the upper and lower cells
keep stacking together and touching with each other, entering
the densification stage, where the stress-strain curve rises
continuously and exceeds the maximum stress of the linear
elastic zone. The G gradient structure also goes through stages
similar to G homogeneous, but since the stress suffered during
the compression process is already less than 50% of the
maximum stress during the platform stage, the equipment
judges that the compression is stopped when the machine
decides that the sample has failed.

When the five dotted structures of the single cells are scaled
up, their porosity is still guaranteed to be the same and the
mechanical response they exhibit is very different. The
corresponding phases through which their stress-strain curves
are obtained do not change, but their mechanical properties
are significantly altered, and their maximum compressive
strengths are all decreased accordingly by 26.8%, 11.4% and
61.9% for the hollow cubic, G7 and bcc of the truss-like dot
matrix structure, respectively (where G7 is estimated in terms
of yield strength), and by 26.5% and 27.7% for the G
homogeneous and G gradient of the very small curved dot
matrix structure, respectively, with the bee structure showing
the greatest decrease. The compression properties of these five
different dot matrix structures are summarized in Table 1. For
the samples of 2.5 mm’single cells, the Gyroid structure of the
very small surface class with similar porosity is superior to the
truss-like dot matrix structure, possessing a higher com-
pressive strength, but its elastic modulus is correspondingly

300
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Table 1 Compression properties of different porous structures

Maximum compressive

Compressive modulus

Single cell Unicellular structure . Yield strength/MPa
strength/MPa of elasticity/GPa
Hollow cube 168 3.96 142
G7 - 2.64 175
1 mmx1 mmx1 mm bee 530 6.98 450
G homogeneous 385 7.08 289
G gradient 390 6.7 298
Hollow cube 123 3.79 106
G7 - 4.15 155
2.5 mmx2.5 mmx2.5 mm bec 202 06 149
G homogeneous 281 6.27 209
G gradient 283 5.5 213
Human bones - 2-20 -

higher. It seems to be a trend that the higher the maximum
compressive strength, the higher the elastic modulus. The
maximum compressive strength of the G homogeneous
structure is 28% greater than that of the bec structure, and its
modulus of elasticity is correspondingly increased by 35%. It
is worth noting that in the comparison between G homo-
geneous and G gradient, the maximum compressive strength
of the G gradient is slightly greater than the maximum
compressive strength of the corresponding G homogeneous
sample for both 1 mm® cells and 2.5 mm’® cells, while the
corresponding modulus of elasticity is reduced by 5%—12%,
indicating that the gradient distribution design method
achieves higher strength while further reducing the modulus
of elasticity and is a very promising approach. The modulus of
elasticity of the five porous materials is much lower than that
of the solid Ti6Al4V (110 GPa) and is within the range of the

modulus of elasticity of human bone. bcc and Gyroid
structures show good compressive and yield strengths and
high modulus of elasticity, making them suitable as implants
for heavily loaded, dense bone areas. The G7 structure has a
very low modulus of elasticity and yield strength better than
that of the hollow cube, making it suitable for implants
bearing low loads and with low bone density.

2.2 Stress distribution and plastic deformation of different

porous structures

The equivalent force clouds for the hollow cube, G7, bee, G
homogeneous and G gradient in the linear elastic range were
analyzed separately, as shown in Fig.12 (where the stress units
are Pa for G homogeneous and G gradient, and MPa for
hollow cube, G7 and bce due to the conversion of units from
Hypermesh to ABAQUS), all of which are in a state where
plastic deformation is imminent but still in the linear elastic
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Fig.12 Nephograms of equivalent stress in elastic regions of different lattice structures: (a) G gradient, (b) G homogeneous, (c) hollow cube,

(d) G7, and (e) bec
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phase. The G homogeneous model has a uniform distribution
of stresses, with no obvious areas of stress concentration, and
the stress range of the structure at this point is from 5.63 MPa
to 989 MPa. The G gradient model is subjected to higher
stresses at the outer low porosity and bears a larger load. The
middle part with the lowest porosity bears the least load, at
this time the structure is subjected to stresses ranging from
3.255 MPa to 954 MPa. Compared to the G homogeneous
structure, they both have similar stress distribution areas, and
the minimum and maximum stresses subjected to the G
gradient model are smaller than those of the G homogeneous
model, indicating that the gradient distribution in the radial
direction is conducive to reducing the stresses. As the
compression becomes greater, the compressive stresses on the
oblique surface begin to transform into tensile stresses, and
eventually the tensile stresses reach their ultimate strength and
the structure fractures. The point structure of the hollow cube
is most likely to cause stress concentration. As can be seen
from the numerical graph of stresses, the range of its stress
distribution is the largest, the distribution of forces is not
uniform, so it should be avoided as far as possible in the
design and application of similar structures. The G7 structure
is better than the hollow cubic structure, although it can resist
large deformation and is not easy to fracture, because of the
easy force at the intersection of the diagonal struts where
plastic deformation is easy to occur, at the expense of the
maximum compressive strength. The bcc structure stress
distribution range is better than the hollow cubic structure and
the G7 structure is not as good as the Gyroid structure, and the
vertical support struts share part of the diagonal struts. In the
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process of continuous downward pressure, as the bec lattice
deforms, compressive stresses begin to change to tensile
stresses at the horizontal and vertical struts, and eventually
fracture occurs here.

By comparing the plastic strain clouds of these five point
structures with the failures occurred during the experimental
process, the failure deformation process of these five
structures is analyzed and the correctness of this finite element
analysis is verified again. As shown in the plastic strain cloud
of the G gradient dot matrix structure in Fig.13a, it is obvious
from the experimental photograph that a line of mutually
parallel oblique cracks are produced on the right side, which is
precisely due to the cracks after excessive plastic deformation.
From the simulation results, the plastic strain on the right side
of the simulation model is also the largest at the corresponding
place, and the plastic strain starts first at the outermost layer
of the structure. At the minimum porosity, as the compression
continues, the plastic deformation expands from the outer side
to the inner side, and the G gradient model has the tendency to
retard the expansion of the plastic strain to the inner side. As
shown in Fig. 13b, the distribution of failure in G
homogeneous during compression is consistent with the site
of maximum plastic strain in the simulation results. The model
in the online elastic phase is mainly subjected to axial
squeezing force and compressive stresses, and after entering
the plastic phase, tensile stresses keep appearing at the
inclined surface, and the maximum tensile stresses are found
at the fracture, which eventually lead to the fracture of the
structure. As shown in Fig. 13c, the simulated deformation
failure of the hollow cubic structure agrees exactly with the
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Fig.13 Plastic strain cloud diagram of different lattice structures: (a) gradient Gyroid, (b) homogeneous Gyroid, (c) hollow cube, (d) G7, and (e) bec
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experimental phenomenon. The upper two layers of the lattice
first fracture. As shown in Fig. 13d, the G7 structure is
uniformly compressed, and as the plastic deformation of the
cross struts increases, it causes the struts to produce small
rotations, generating plastic hinges that break the otherwise
uniform forces, thus also explaining the crack extension along
the 45° direction that occurs in the G7 structure after a plateau
phase. As shown in Fig.13e, the bce structure is supported by
the vertical strut, which shares part of the pressure. The plastic
strain at the intersection of the two inclined struts is small,
which to a certain extent limits the generation of plastic
hinges at the strut intersection, and the plastic deformation is
the first to fracture at the maximum amount of plastic
deformation, and the simulation is consistent with the
experimental phenomenon. After the vertical column has
reached its yield strength, the inclined column starts to take
the main pressure and the plastic hinge begins to develop.
This explains why the stress-strain curve obtained from the
experiments for the central cubic structure does not drop as
steeply as that for the hollow cubic structure, but gently with a
plateau phase after the first drop, which is due to the pressure
supported by the inclined column.

The corresponding force versus displacement curves were
extracted from the simulation model and plotted as stress-
strain curves for comparison with the experimentally derived
data, as shown in Fig. 14. As the simulation model is
compressed under ideal conditions, the compressed sample is
made in full stable contact and the model enters the linear
elastic region directly, whereas in the experiment the sample is
not in full contact with the upper platen, so the downward

compression process will go through a region of initial contact
before entering the linear elastic phase. As shown in Fig. 14a
and 14b, the simulated models of G gradient and G
homogeneous keep densifying after reaching the yield
strength and cannot simulate fracture, so the stresses rise
steadily and the maximum compressive strengths are 322 and
305 MPa, respectively when the models enter the stable
stage. Due to the complex geometric
configuration and manufacturing process of TPMS, the
simulated and experimental results of mechanical properties
cannot be fully consistent. However, the trend is consistent

densification

with the experimental results, and the maximum compressive
strength of the G gradient from the simulation results is also
slightly greater than that of the G homogeneous.

As shown in Fig. 14b—14d, the simulation results for the
hollow cubic, G7, bcc structure are smaller than the
experimental results, and there are four main reasons for such
results. (1) SLM machining of such truss-like structures will
result in low quality machining and the thickness of the struts
will be slightly thicker than that of the model struts. (2)
During the experiments, the metal struts will have a certain
strengthening stage during the compression process, which
also makes the experimental results slightly larger than the
simulation results. (3) Bone scaffolds prepared by SLM are
typically thin-walled and thus have a slightly lower density
than dense parts, resulting in reduced mechanical properties,
which is consistent with the findings of Vilardell et al®*. (4) In
this study, we obtain bone scaffolds with different porosities
by keeping the wall thickness constant and varying the pore
size, so the larger the porosity, the larger the corresponding
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cell size, and there will be a longer overhanging part, which
will lead to more manufacturing defects and thus weaken the
mechanical properties of the bone scaffold. This is also in
agreement with the conclusion of Xu et al**. Therefore, the
difference in the simulation and experimental results is
acceptable. Taken together, the method can basically predict
the general trend of the stress-strain curves of different
structures and their maximum compressive strength when
predicting the compression properties of each porous
structure, which can effectively reduce the number of
experiments and reduce the cost of experiments.

2.3 Tensile properties

Since porous implants are often subjected to tensile loading,
tensile tests were performed and the results show similar
tensile properties for homogeneous and gradient Gyroid
structures. After the tensile forces exceed their yield limit, a
long hardening phase is entered. During this phase the
resistance of the materials to deformation increases until their
ultimate strength is exceeded, and then the samples fracture.
The experimental results show that the maximum tensile
strength of the gradient Gyroid is slightly higher than that of
the homogeneous Gyroid structure (282.9 MPa) at 285.5 MPa,
and the corresponding strain is 1.42% higher than that of the
homogeneous Gyroid structure (1.32%), thus indicating that
the Gyroid structure with a radial gradient distribution at the
same porosity has slightly better tensile properties than the
homogeneous Gyroid.

3 Conclusions

1) Five types of unicellular structures are designed and
studied, and the TPMS-like model designed by MATLAB can
accurately control the relative volume and gradient
distribution of single cells.

2) The Gyroid structure is basically free of bonded metal
blobs and has better molding accuracy, indicating that the
TPMS structure is more suitable for the SLM processing
process.

3) In terms of mechanical properties, the Gyroid structure
exhibits good compressive properties, and the gradient
Gyroid structure has higher compressive strength and lower
elastic modulus than the homogeneous Gyroid structure. Both
experimental and simulation results show that the G gradient

structure has the best overall mechanical properties.
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