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ABSTRACT Porous metals are found to be suitable as orthopedic scaffolds. However, only limited control
over the internal architecture can be achieved using conventional design methods. The architecture with
porosity variation strategy mimicking natural bone is critical to gain favorable combination of mechanical
and biological properties for orthopedic implants. In this regard, a topology optimization method with
customized morphology and mechanical properties derived from the trabecular bone was proposed to
design three-dimensional architectures with gradient porosity resembling the porous structure of bone.
In particular, the elastic constants for the trabecular bone were better predicted when the bone volume
fraction was supplemented with a three-dimensional structural parameter, i.e., degree of anisotropy. These
constants were set as the optimization constrains for morphology control. Then the porous titanium structures
were manufactured by selective laser melting technology (SLM). The physical characteristics, mechanical
properties of the scaffolds were compared systematically. The experimental results revealed that the as-built
samples with the proposed method lead to a good match of morphological accuracy and mechanical
properties to that of the bone. It demonstrates that the proposed topology optimizationmethodwith controlled
morphology and mechanical properties provides an efficient manner for the biomimetic design of orthopedic
implants.

INDEX TERMS Additive manufacturing, mechanics control, morphology, topological design, trabecular
bone.

I. INTRODUCTION
Skeletal reconstruction of bone defects for load-bearing
application is still a major challenge in orthopedic surgery.
Solid metals and alloys such as stainless steel and tita-
nium (Ti) have been successfully employed as bone implants
owing to their excellent mechanical and bio-logical proper-
ties [1]. However, stress-shielding and impermeability have
limited their applications [2]. To satisfy the biomechanics
requirement of orthopedic scaffolds, a porous structure mim-
icking natural bone should be taken into consideration.
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Current mainstream direction is to design uniform porous
structure constructed by periodically repeating unit cells
along all directions [3]. Various topological designs of porous
structures by controlling the porosity of implants have been
reported [4]. To obtain favorable outcomes, parameters such
as porosity, pore size and pore interconnectivity have also
been carefully selected. However, the specific selection range
of these structural features is still controversial. It is difficult
to adjust these parameters to achieve a balance performance.
Apparently, conventional regular porous implant design tech-
niques neglect the isotropic pressure micro-environment of
the trabecular bone growth and cannot fulfill the biome-
chanical demands [5]. In essence, the trabecular bone is an
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anisotropic and porous composite. Therefore, it is impera-
tive to design favorable anisotropic topologies for porous
implants.

Conventional fabrication techniques such as gas foam-
ing [6] and freeze drying [7] could lead to irregular trabec-
ular structures and un-controllable interconnectivity, which
exhibit a limited control over the internal shape of trabecular
structures, resulting in a low repeatability of the morpho-
logical and physical properties [8]. Hence, randomly shaped
trabecular structures exhibit defects and potential risks with
respect to their mechanical and biological properties, such
as a reduced stress concentration and fatigue damage [9].
Recently, the selective laser melting (SLM) has been paid
much more attention to produce porous structures due to the
additive and layer-wise production [10], [11]. It offers a wide
range of advantages, including reduction of production steps,
a high level of flexibility, a high material use efficiency, and
a near net shape production.

Several attempts have been implemented to achieve gra-
dient hierarchical arrangement of pores or random microar-
chitecture. Typical design strategies include computer aided
design (CAD), image-based design, implicit surface mod-
eling and topology optimization [2], [12]–[16]. CAD-based
design is obtained by using modern CAD tools which
enables the redistribution of the density of structural parts.
Surmeneva et al. [13] designed triple and double-layered
graded porous scaffolds by CAD software. Conventional
CAD-based design techniques are inefficient and usually fail
to obtain optimal scaffold design because a prohibitively large
number of trials would be required in order to achieve a
balance performance. Image-based design is based on micro-
computed tomography (micro-CT) and image data of origi-
nal bone. Several studies have examined bone morphology
and microarchitecture using micro-CT and designed porous
implant using the physical parameters of the trabecular struc-
ture such as the porosity and size [17], [18]. Implicit surface
modeling of mathematic trigonometric functions is used to
maximize the surface volume ratio of the designing scaffold.
Dumas et al. [14] usedMATLAB to generate porosity-graded
lattice structures based on a voxelization function. Amajority
of the porous scaffolds are constructed through the image
based reverse modeling method or its combination with the
mathematical modeling method to imitate natural bone char-
acteristics. While the aforementioned methods could design
structures with controlled and repeatable pore shape or pore
size distribution, a vast number of attempts were required
and significant difference between designed and as-produced
pore morphologies was noticed. The morphology of the scaf-
fold, such as porosity, pore size, and pore interconnectivity,
will significantly affect the mechanical properties and biolog-
ical properties, such as bone ingrowth and the transportation
of cells and nutrients. The effects of these factors on scaf-
fold performance are complicated, even conflicting to each
other in certain circumstances. It is thus inherently difficult
to produce customized porous structures matching closely
the envisioned morphological and physical requirements.

Topology optimization, a mathematical method capable of
quickly rearranging the materials to attain desired prop-
erties while satisfying prescribed multiple objectives and
constraints, provides a powerful tool to design scaffolds.
However, no related studies regarding how to utilize the
information obtained from micro-CT scans and the mechan-
ical performance for porous implant design with topology
optimization method have been reported.

The trabecular bone microarchitecture corresponds with
the spatial organization and morphology of the trabecular
network [19]. The architecture or organization of the tra-
becular tissue within a specimen contributes to its inherent
mechanical properties. Herein, this study focused on topol-
ogy optimization design to construct customized trabecular
structures that closely match the morphological and mechan-
ical requirements of natural bone based on micro-CT stacked
images. With the aim to infer on the role of the morphol-
ogy parameters and mechanical properties to resemble the
microstructure of a bone sample, a detailed experimental
analysis was carried out by means of micro-CT evaluating
all the relevant features to fully characterize the resulting
architecture. The representative morphological parameters
and mechanical properties were then set as design objectives,
and a topological optimization technology was employed
using the homo-genization and variable density methods,
to reconstruct the trabecular structures.

II. MATERIAL AND METHODS
A. SPECIMEN ANALYSIS USING MICRO-CT SCAN
The specimen of the trabecular bone was obtained from
a porcine femoral head of a six-month-old male pig. The
porcine trabecular bone was selected because of its similar-
ity to human bones. The study protocol was reviewed and
approved by the Review Boards of the Dalian University of
Technology, China. The porcine femoral head was scanned
and reconstructed into 3D structures using amicro-CT system
(Inveon MM Scanners, Siemens Medical Solutions USA,
Inc., USA) at the Zhongshan Hospital Affiliated to Dalian
University, Dalian, China. The exposure conditions were
80 kV, 500 µA, and a pixel size of 9.41 µm. The data were
digitized by a frame grabber and transmitted to a computer
for processing with a tomographic reconstruction software
(Inveon Acquisition Workplace 1.5, Siemens Medical Solu-
tions USA, Inc.). Projection image data were reconstructed
to create 3D images and analyzed using coupled software
(Inveon ResearchWorkplace 4.1, Siemens Medical Solutions
USA, Inc.). The specimen was made wet prior to the scanning
process, to minimize hydration. Owing to the alignment of
the trabecular bone in the femoral head along stress tra-
jectories, the trabecular direction in the original 3D image
reconstructed using micro-CT scanning was not consistent
with the coordinate axis. Therefore, 3D rotation and shear
operation were required to ensure that the principal trabecular
orientation was aligned with the axis of the specimen. Three
corresponding micro-CT images of the representative trabec-
ular bone, with respect to different planes, are shown in Fig. 1.
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FIGURE 1. Corresponding micro-CT images of representative trabecular
bone: (a) porcine trabecular bone; (b) coronal plane; (c) transverse plane;
and (d) sagittal plane.

The micro-CT images were then stacked in a sequence and
inputted to the MIMICS software (MIMICS 10.01, Materi-
alise, Belgium) for image processing, which included pre-
processing, threshold segmentation, and region growing.

B. MODELING OF TRABECULAR BONE
According to Wolff’s law, the trabecular bone always grows
toward the direction of pressure to adapt to the require-
ments of applied stresses. As a result, there are variations
in the mechanical properties, such as the density and struc-
tural patterns, in different anatomic regions and orientations.
By observing the images of the porcine trabecular microstruc-
ture and making several attempts to intercept the structure,
it was found that if the femoral head was fit to a sphere,
the trabecula in the middle of the maximum radius posi-
tion was clear and well-connected from the perspective of
the coronal plane, which also bearded the effect of exter-
nal forces. Therefore, the trabecular structure located at the
maximum radius of the fitting sphere of the femoral head
is intercepted. A stratified and sub-regional reconstruction
method was then proposed to divide the intercepted structure
into 35 volume elements.

The trabecular architecture was first divided into five lay-
ers from the top to bottom (L1–L5), and each layer was then
divided into seven 2 mm3 cubic volume elements. From one
side, the volume elements of the first layer were denoted as
M1–M7, as for each of the five layers. There were 35 volume
elements, as shown in Fig. 2. The images were then compiled
to generate a 3D model with a triangular surface mesh for
each volume element. Thereafter, the resulting models were
refined and smoothed into more manageable mesh densities
with undistorted triangular shapes.

C. BONE MORPHOMETRY ANALYSIS
The standard method of the quantitative description of bone
architecture is based on the calculation of morphometric
indices, which is also referred to as quantitative morphome-
try [20], [21]. To fully conduct the volumetric measurements,
a 3D model reconstruction of the trabecular bone microar-
chitectures was developed using the micro-CT images. The
definition and description of the morphometric indices for the
trabecular bone microarchitecture are summarized in Table 1.
The basic morphometric indices, which include the measured
bone volume (BV), bone surface (BS), and total volume (TV)

FIGURE 2. Typical reconstructed image of the trabecular bone sample.
(a) 35 representative volume elements and associated naming rules of
the intercepted trabecular bone; (b) Unit cell structure.

can be directly obtained from the voxels of the 3D models;
thus, allowing for the indirect calculation of several indices
such as the bone volume fraction (BV/TV), specific bone
surface (BS/BV), and bone surface density (BS/TV).

The degree of orientation (DA) of the trabecular bone is
expressed by the mean intercept length (MIL) index [20]. The
underlying principle of the MIL method is the determination
of the number of intersections between a linear grid and a
bone interface as a function of the 3-D orientation of the grid
v. It indicates the total line length h divided by the number of
intersections c(v):

DA = h/c(v) (1)

The morphological parameters SMI, Conn and DA were
measured using ImageJ software (ImageJ, National Institute
of Health, USA) [23]–[25].

D. FINITE ELEMENT MODELING WITH REPRESENTATIVE
VOLUME ELEMENT METHOD
After measuring the morphological indices, the mechanical
properties of the bone were derived via a finite element
analysis. Themicromechanical model was set up based on the
representative volume element (RVE) technique [26], [27].
The RVE selects a small volume element from the target
samples to determine the equivalent physical performance
that can be used to represent the characteristics of the overall
structure.
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TABLE 1. Definition and description of morphometric indices for trabecular bone.

The RVE imposes constraints on the model, wherein the
displacements along the x-, y-, and z- directions are restricted.
Based on the constraints and external load application prin-
ciple of the RVE method, the nine equivalent properties
of the model are solved, i.e., elastic moduli Ex , Ey, and
Ez, Poisson ratios vxy, vyz, vzx and shear moduli Gzx , Gyz,
and Gxy. The subscript in the elastic moduli symbols stands
for the direction, such as Ex is the elastic moduli in
-x direction. vxy andGxy is the Poisson ratio and shear moduli
calculated from the strain along the x-direction when the
external load is applied along the y-direction respectively.
Each equivalent property of the RVE can be solved by the
finite element mesh model as shown in Fig. 3.

FIGURE 3. Finite element mesh model.

E. TOPOLOGICAL OPTIMIZATION AND RECONSTRUCTION
Topology optimization is commonly used to design complex
structures to obtain desirable mechanical performance and
physical properties [4], [28]. The variable density method is a
point-by-point description in which a void or a solid phase in
a local element is represented by an elemental density [29].
In particular, the solid isotropic material with penalization
(SIMP) method using this type of description has gained
considerable success by converting a structural optimization
problem into a material distribution problem [30]. Therefore,
we use the SIMP method to design our porous structure in
which the interpolation model can be expressed as follows:

Eijkl (x) = ρ (x)p E0
ijkl p > 1 (2)

where Eijkl is the fourth-order elastic modulus tensor for
3D material; ρ(x) is the normalized density function at a
certain position x; ρ(x)p is the power function of density
interpolation; p is an adjustable density penalty coefficient to
decrease the value of the intermediate density stiffness unit,
such that the physical realization of the designed structure can
be ensured; E0ijkl is the original elastic tensor of the design
material.

To calculate the equivalent elastic moduli of the optimized
model structure in the iterative process with respect to the
mechanical properties and characteristics of the trabecular
bone, the homogenization method is used for the topology
optimization design [31]. Hence, the objective function is
updated in the subsequent optimization design, and a better
optimization structure is obtained.

First, the generalized displacement function χklm (y) is com-
puted by∫

Y
(Eijkl − Eijmn

∂χklm (y)
∂yn

)
∂vi
∂yj

dy = 0, ∀χklm (y) ∈ V� (3)

where Y is a unit cell domain; vi represents a continuous func-
tion defined in the unit cell;Eijkl andEijmn are the fourth-order
elastic modulus of a material in the unit cell; i, j, k , l, m,
and n stand for the coordinate numbers for 3D material; and
V� indicates the design domain.

The homogenized elastic modulus of the modelEHijkl is then
calculated as follows:

EHijkl =
1
|Y |

∫
Y

(
Eijkl − Eijmn

∂χklm (y)
∂yn

)
dy (4)

Subsequently, the design variable of the optimization model,
i.e., the cell density ρe can be optimized based on the SIMP
interpolation model and homogenization method as follows:

find ρe, e = 1, 2, 3, · · · ,N
min f (ρe) = D1 · D2

D1 = (Ex − Ex)2 + (Ey − Ey)2 + (Ez − Ez)2

+ (Gxy − Gxy)2 + (Gyz − Gyz)2 + (Gzx − Gzx)2

+ (vxy − vxy)2 + (vyz − vyz)2 + (vzx − vzx)2

D2 = ‖Mr −Mc‖
2

subject to V ≤ V upp

E(x) = ρ(x)pE0

Homogenization (5)
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TABLE 2. 3D morphometric parameters derived from micro-CT measurements.

where N is the total number of cells; f (ρe) is the objective
function; D1 is the error functions of mechanical properties;
D2 is the error function of morphology indices calculated by
weighted norm; Ex , Ey, Ez, Gxy, Gyz, Gzx , vxy, vyz, and vzx are
the real-time values in the design iteration process;M is a set
of morphology indices listed in Table 1; Mr is the real-time
values in the design iteration process andMc is the calculated
morphology indices; V upp is the upper limit of the design vol-
ume; E(x) = ρ(x)p E0 is the introduced density interpolation
function, the subscript is omitted here; andHomogenization is
the governing equation in the homogenization method. After
setting the unit structuremeshwith dimensions of 30×30×30
and applying a load of 110 GPa (which varied with respect
to the materials employed in the experiment), an optimized
reconstruction model of the trabecular structure was obtained
using an iterative programming procedure which is based on
the previously calculated mechanical properties and morpho-
metric indices as the objective function.

III. RESULTS AND DISCUSSIONS
A. MORPHORLOGICAL DATA ANALYSIS
Because the trabecular bone morphology varies across
anatomic sites, various parameters were calculated for each
volume element of the specimen as summarized in Table 1.
Table 2 summarizes the mean and variance of each param-
eter of each layer. This table indicates that both the BV/TV
and trabecular number gradually decreases from L1 to L5.
The statistical analysis demonstrates that the BV/TV exhibits
statistically significant differences among all layers. The dis-
tributions of BV/TV, SMI, connectivity, and DA in each layer
are plotted in Fig. 4. The BV/TV, which indicates the amount
of bone is in range 33–51%, increased from the edge to the
middle within the same layer as shown in Fig. 4(a). This
indicates that the overall trend of the volume fraction in
different layers of trabeculae is such that the volume fraction
is greater when the bone is closer to the upper edge of
the femoral head, resulting in a denser distribution of bone
trabeculae. In essence, the trabecular bone is a typical bio-
logical functional gradient material with density decreasing

conspicuously from the compact exterior region to the can-
cellous interior region.

The SMI values were found to be mostly distributed within
the range of 2–3 (Fig. 4(b)). This indicates that most of
the trabecular structures are columnar or a plate–rod mixed
structure. The volume elements in the middle of each layer
are denser and more plate-like than the ones selected from
the two end sites. Consequently, the BV/TV values are higher
and the derived SMI values are lower in the middle than
around. Because the SMI provides no direct information on
connectivity, it should be complemented with a parameter
that directly quantifies the connectedness of a 3D structure.
This can be achieved by calculating the Euler number shown
in Fig. 4(c). There are variations in the connectivity of the
lower layer of the femoral head owing to the stress direction
of the beam structures and the proximity of the cortical bone
to the internal beam structure. Specifically, it is noticed that
there are large variation in M7 andM35 at first and fifth layer
respectively. This can be assigned to the decreasing in the
bone density. Bone density decreases conspicuously from the
interior region to exterior region with gradient distribution of
porosities along the radial direction. As shown in Figure 4(a),
M7 and M35 have the lowest volume fraction. There is a
negative correlation between them which will be shown later
in Table 3.

The orientation of trabecular structure is another important
factor responsible for the anisotropic feature of the bone
stress. The orientation and DA estimated by MIL measure-
ments are shown in Fig. 4(d). The figure shows that the inter-
nal trabecular anisotropy near the edge of the bone increases
with the DA value of the trabecular structure under the influ-
ence of the external shape of the femoral head.

These results have demonstrated that the values of
micro-CT in bone architecture evaluation revealed substantial
variation in architecture according to anatomical location.
More importantly, several interesting correlations were iden-
tified among the morphologic variables. Correlation analyses
were conducted to determine interrelations among parame-
ters. Significance was determined at a p-value of 0.05. The
correlations among structural parameters are listed in Table 3.
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FIGURE 4. Results of morphological parameters: (a) volume fraction distribution; (b) SMI results; (c) connectivity distribution; (d) and DA
distribution.

TABLE 3. Correlations among structural parameters.

BT/TV is strongly correlated with most of other param-
eters, such as specific BS, trabecular thickness, SMI, con-
nectivity, and DA. The small value in the volume fraction

indicates a loss in the trabecular bone. Therefore, the volume
fraction is considered as an objective function of trabecu-
lar structures. Tb.Th, Tb.Sp, and Tb.N provide quantitative

11128 VOLUME 9, 2021



R. Liu et al.: Topological Design of a Trabecular Bone Structure With Morphology and Mechanics Control for Additive Manufacturing

TABLE 4. Correlations between structural parameters and mechanical properties.

information regarding trabecularmicroarchitecture. An inverse
relationship exists between Th.N and Tb.Sp. While Tb.N
differed among five layers, Tb.Th was similar among the five
layers.

B. RESULTS OF FINITE ELEMENT ANALYSIS
The mechanical properties in the femur should be studied
to design suitable and effective porous implants. Finite ele-
ment models were constructed and automatically meshed
by using ANSYS software (version 15.0; ANSYS, Canons-
burg, Pa). With the approach introduced in Section III.E,
all nine orthotropic elastic constants of the specimen were
predicted. The correlations between structural parameters and
mechanical properties are computed and summarized
in Table 4. Solely DA is related to the elastic modulus Ex ,
shear modulus Gzy, and Poisson’s ratio vzx in the main
pressure direction. To predict the primary elastic and shear
moduli, the DA plays an important role. Therefore, DA is
considered as another objective function of trabecular struc-
tures, i.e., all elements in setMin Eq. (4) are BV/TV and DA.

C. RECONSTRUCTION UNIT CELL MODELS
Fig. 2 shows that the structures in the third layer
(M15–M21) were positioned approximately at the middle
of the femoral head, and they were less influenced by
the connection between the upper spherical shape and the
lower cortical bone. Moreover, there were more significant
variations in the morphological parameters and mechanical
properties in this layer with less isolated structures. There-
fore, the seven structures of the third layer were considered

TABLE 5. Objective functions.

as the primary objective functions to construct the cellular
structures, as summarized in Table 5.

By considering the volume fraction, DA, and mechanical
properties as objective functions, topological optimization by
equations (1-5) was used to calculate the density unit distribu-
tion of the materials. Moreover, the isolated unit points were
filtered using the threshold value and the optimized unit cell
models were shown in Fig. 5.

Evidently, the pore structure is anisotropic. Moreover,
these structures exhibit excellent pore interconnection both
in the in-plane and out-of-plane direction. The reconstructed
models exhibited good supportability and low complexities.
In addition, the contact surface is sufficiently large to ensure
the tightness of the connection. Furthermore, all the direc-
tions of the models were connected, thus ensuring a sufficient
connectivity of the complex structures. After the porous mod-
els were obtained, the equivalent parameters of the mechani-
cal property were calculated. For comparison, the equivalent
parameters of the porous models were calculated considering
the mechanical properties as the only optimization objective.
For the convenience of description, the trabecular bone was
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FIGURE 5. Reconstructed unit cell models: (a) M 15; (b) M 16; (c) M 17;
(d) M 18; (e) M 19; (f) M 20; and (g) M 21.

set as the No. 1# structure; and the porous models with the
mechanical properties as the only optimization goal were
set as the No. 2# structures. Moreover, the proposed models
developed in this study were set as the No. 3# structures. The
results of the equivalent mechanical properties and the errors
between the three types are listed in Tables 6–8.

The elastic modulus distributions of the two designed
porous models were found to be similar to those of the No. 1#
structure. The relative difference of the reconstructed porous
models (No. 3#) was 10.20%, which was appro-ximately
4.08% lower than those of the porous models considering
the mechanical properties as the objective function (No. 2#).
This indicates that our method possesses excellent control of
mechanical properties.

The results listed in Table 6 reveal that the Poisson ratios of
the two reconstruction methods were similar to those of the
trabecular bone, and both were within the range of 0.15–0.35.
Therefore, the difference of the Poisson ratio of the recon-
structed porous model was not calculated. Table 5 indicates
that the shear modulus distributions of the two optimization
models were also similar to those of the trabecular bone. The
average errors in the No. 2# and No. 3# structures along the
x-, y- and z- directions were 7.58%, 11.17%, and 10.76%
and approximately 4.82%, 4.13%, and 5.55%, respectively.
To compare the performance of three type structures, t-test
was applied to investigate the influence of structures on
the mechanical properties. The results are significant with
p < 0.05, indicating a significant difference between the
elastic modulus of the No. 1# structures and that of the No.2#

TABLE 6. Results of elastic modulus.

TABLE 7. Results of poisson ratios.

(pEx = 0.018, pEy = 0.031, pEz = 0.025).No significant
differences were observed between the elastic modulus of the
No. 3# and No. 1# structure(pEx = 0.492, pEy = 0.362,
pEz = 0.361). Regarding the shear modulus, the differences
between the No. 2# and No. 1# along the x- and y-directions
were statistically significant (pGxy = 0.011, pGyZ = 0.001);
however, no significant difference was observed between that
along the z-direction (pGxy = 0.057). The differences in the
shear modulus between No. 3# and No. 1# structures were not
statistically significant (pGxy = 0.530, pGyz = 0.131, pGzx =
0.085). The results demonstrate that the elastic constants of
cancellous bone can be better predicted by supplementing
morphologic parameters in the topological design process.

D. FABRICATION AND CHARACTERIZATION OF POROUS
TI6AL4V STRUCTURES
The SLM is a layer-wise material addition technique that
allows generating complex 3D parts by selectively melting
successive layers of metal power on top of each other, using
the thermal energy supplied by a focused and computer con-
trolled laser beam. Medical grade Titanium alloys (Ti6Al4V)

11130 VOLUME 9, 2021



R. Liu et al.: Topological Design of a Trabecular Bone Structure With Morphology and Mechanics Control for Additive Manufacturing

TABLE 8. Results of shear modulus.

are widely used as implant material due to their high strength
to weight ratio, corrosion resistance, biocompatibility and
osseointegration properties. In this study, spherical Ti6Al4V
(Extra Low Impurity, ELI) powers (Tekna, ASTM B348,
grade 23) were used for fabricating seven porous Ti6Al4V
structures by selective laser melting machine (Renishaw
AM250, Britain).

The SLM machine was equipped with an ytterbium-doped
infrared fiber laser fiber laser with beam spot size 135µmand
a maximum power of 400 W on the powder bed. Micro-CT
scans were also performed to determine and validate the fab-
ricated structures’ morphology. In addition, according to ISO
13314 [32], compression tests of porous Ti6Al4V (diameter:
10 mm, length: 16 mm, n = 7) were performed with a
crosshead speed of 1 mm/min (Zwick/Z050, Germany).

The dimensions and pore sizes of the fabricated struc-
tures were close to the theoretical values, exhibiting high
accuracy and reproducibility. The diameters of the pores in
the samples were also similar to those expected from the
design. Fig. 6 shows the 3D printing porous titanium structure
with unit cell model M20 (as shown in Fig. 5(f)) and its
micro-CT images. Both the dimensions and internal structure
were reproduced according to the topological optimization
design.

The morphological parameters of the fabricated structures
were then measured as listed in Table 9. By comparing these
results with those of the trabecular bone, the differences in
Tb.Th, Tb.N, and Tb.Sp were 5.24%, 4.00%, and 5.70%,
respectively. The BS of the designed structures was lower
than that of the trabecular bone. Although the cell attachment
area was reduced, the structural complexity was reduced
and reliability was improved. The trabecular structures were
anisotropic in the spatial direction, and the DA error value
was 9.20%. Moreover, the structures were symmetrical along

FIGURE 6. The porous titanium structure manufactured by SLM with unit
cell model M20. (a) the whole structure; (b) the micro-CT image of the
whole structure; (c) the cross-section in the transverse plane; (d) the
cross-section in the coronal plane; (e) the cross-section in the sagittal
plane.

TABLE 9. Morphological parameters of designed porous structures.

the x-, y-, and z-directions, thus ensuring the connectivity
of the trabecular structures. The connectivity results were
within the same variation range as that of the trabecular
bone, which indicated that the trabecular structures were well
connected. Because SMI was not considered in the optimal
design, it exhibited a larger error.

The results revealed that the error between the equivalent
mechanical parameters was less than 12%, and the error
between the morphological performances was less than 8%.
The actual morphological parameters of the porous struc-
tures were basically in agreement with the design values,
thus confirming the feasibility of the optimization method.
As depicted in Table 2 and Table 9, the overall poros-
ity of the cubic volume elements was 58.52%±4.43%,
while the as-fabricated samples showed a porosity of about
58.13%±3.75%. The ultimate compressive strength and
elastic modulus of the porous Ti6Al4V implants were
81.9±3.8 Mpa and 4.17±0.22 Gpa, which were strong
enough for its use as bone implant materials. As reported
in Ref. [11], the human cancellous bone has a Yong’s
modulus range of 0.1-4.5 Gpa and ultimate strength range
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of 1.5-38 Mpa. Compared to Ti6Al4V gradient porous struc-
ture built by other researches [16], the as-fabricated Ti6Al4V
structure presented a satisfying mechanical performance with
more reasonable match in modulus and strength as those
of the cancellous bone and suitable pore size and overall
porosity.

IV. CONCLUSION AND DISCUSSIONS
With the aim to design and fabricate porous structure close
resembling the natural bone, the present study investigated
the bone structure extensively at the microstructural level
from micro-CT scans. The morphological parameters as well
as the mechanical properties of the trabecular bone were
analyzed qualitatively and quantitatively to develop guide-
lines for how microstructural data could be applied toclinical
implantology.

After analyzing the correlation between morphology
para-meters and mechanical properties, BV/TV and DAwere
identified to be highly related to the structural design. By con-
sidering the BV/TV, DA, and mechanical properties as the
objective functions, the model was optimized and rebuilt
based on the variable density and uniform topological opti-
mization methods. Titanium porous structures designed using
the proposed method with a controlled morphology and
mechanical control were then fabricated by SLM. The results
revealed that the parameters of the reconstruction model were
similar to those of the original structure, thus satisfying the
initial design requirements, with a considerable reduction
in the amount of data required. This study provides new
methods to design a porous microarchitecture model that not
only satisfy multifunctional requirements but also mimic the
trabecular bones, thus permitting us to simulate the complex
and anisotropic microstructures of bone tissues.

Some limitations should be acknowledged in this
research. It should be underlined that the tests in this study
neglect biological experiments. Since internal architecture
greatly influences crucial factors for tissue regeneration, such
as nutrient diffusion, cell adhesion and matrix deposition,
scaffolds have to be carefully designed, keeping in mindmass
transport and biological requirements. Even if a good agree-
ment anisotropic mechanical properties between structures
produced by AM and human bones was observed, long-term
biological performance of porous metallic implants designed
through our proposed topology optimization technique needs
to be rigorously assessed. Another limitation of this study
can be attributed to the application of the load to the tra-
becular bone in finite element analysis is solely the ver-
tical direction. Hence, the results did not fully reflect the
actual case, although they reflected the overall trend of the
mechanical properties of the trabecular bone. Moreover,
the trabecular structures were designed without considering
the different types of beams and applications. To further
improve the mechanical and biological performance of these
structures, both post-treatment and surface modification is
necessary. Clearly, this is just the starting point of a systematic
approach that already provided interesting findings that allow

considering the proposed method for potential tissue
engineering applications, being planned as a future
development.
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