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Abstract
With the increasing demand for bone repair, the bionic bone scaffolds have become 
a research hotspot. A sub-regional design method of the bionic bone scaffolds, using 
macrostructural topology, is proposed in this paper, aiming to provide a functionally 
enhanced region division method for the gradient design. The macrostructural 
topology was carried out by the bi-directional evolutionary structural optimization 
(BESO), dividing the predefined design domain into sub-region A and sub-region B.  
Subsequently, a combined probability sphere model and a distance-to-scale 
coefficient mapping model are established to implement the graded porosification 
based on the Voronoi tessellation. This approach takes geometric and mechanical 
continuity into fully account and assures a reasonable distribution of characteristic 
parameters, yielding to improve the mechanical strength under specific stress 
conditions. Finally, the scaffolds were fabricated by the laser powder bed fusion (LPBF) 
process using the Ti-6Al-4V powder. The results of compression tests are satisfactory, 
showing that the as-built specimens implement sub-regional functionality. The 
apparent elastic modulus and the ultimate strength range, respectively, between 
1.50 GPa and 7.12 GPa (for the first module) and between 38.55 MPa and 268.03 MPa 
(for the second module), which conform to the required level of natural bone, 
providing a possibility for clinical application.
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1. Introduction
With the acceleration of population aging and the frequent 
occurrence of traffic accidents, bone defect has become 
a hot issue in the field of bone tissue engineering. Since 
the self-healing cycle of natural bone takes a long time 
and its reconstruction ability is limited, appropriate 
artificial implants have become the primary choice[1]. 
Porous scaffold is the most common form of artificial 
implants. The introduction of porous features can reduce 
the apparent elastic modulus of artificial implants to a 
level close to that of a natural bone, yielding to reduces the 
phenomenon of stress shielding[2,3]. With the development 
of additive manufacturing technology, it is quite mature 
to realize the direct manufacturing of ultra-high precision 
porous scaffolds[4,5]. In order to unify the mechanical and 
biological properties of implants, Ti-6Al-4V scaffolds, 
fabricated by the laser powder bed fusion (LPBF) process, 
are one of the common artificial prostheses[6-9].

Human bone has a natural graded-pore distribution, 
allowing it to realize special functions at different gradient 
positions[10,11]. In the clinical environment, the porous 
scaffolds from previous studies cannot simulate the graded 
distribution of natural bone, leading to a mismatch in elastic 
modulus with the surrounding bone after implantation[12,13]; 
therefore, it will be losing the mechanical stability and the 
positive stress stimulation to primary bone tissue[14]. These 
losses will lead to osteoporosis and even atrophy, ending 
up with a failure to implant because of the looseness at the 
interface[15]. In order to simulate the graded distribution of 
a natural bone, an increasing number of researchers turn 
their attention to functionally graded porous materials 
(FGPMs)[16,17]. In bone tissue engineering, FGPMs mimic 
the gradient of the bone by controlling the nucleating 
points distribution of the porous scaffolds, or by setting 
the graded porosity[18]. Therefore, FGPMs have a more 
complex internal structure, which also puts forward higher 
requirements for researchers. In previous studies, Wang 
et al. designed a Voronoi porous scaffold with graded 
distribution in the z-axis direction, which lacked clear 
graded distribution standard[12]. Deering et al. generated 
an anisotropic Voronoi porous implant by dividing the 
plane unevenly along the z-axis direction, which was too 
subjective to reflect the graded distribution of natural 
bone[19]. In addition, Liu et al. established an elasticity-
to-density mapping model, and generated FGPMs based 
on the Voronoi tessellation, which relied on the intensive 
division of a finite element mesh, resulting in a huge 
amount of data[20]. From the above studies, it is clear that 
there are still many limitations in the current research and 
the designs of FGPMs. In addition, there are few studies on 
controllable and graded design of the bionic bone scaffolds, 
and many pivotal problems still remain unsolved.

Topology optimization is the most classic method of 
mechanical optimization. According to the mechanical 
conditions and the optimization objectives, researchers 
can obtain the optimal configuration of the internal 
structure of the model through iterative calculation of 
finite element analysis, and they can achieve the optimal 
distribution of materials with respect to the targeted 
performance[21,22]. Many studies believe that FGPMs and 
topology optimization methods are highly unified in 
nature[23,24], and that the latter can be used as the basis 
for FGPMs design[25,26]. For example, Alzahrani et al. 
proposed a relative density mapping (RDM) method, 
which introduced the topology optimization method into 
the lattice structure design[27]. In addition, Zhao et al. used 
the local relative density mapping method to generate the 
corresponding two-dimensional cellular porous structure 
according to the optimized solid isotropic material with 
penalization (SIMP) continuum topology optimization 
results with variable density[28]. Wang et al. carried out 
concurrent design of hierarchical structures for regular 
porous structures according to the results of continuum 
topology optimization[29]. Radman et al. optimized the 
topology of the porous structure with regular basic 
structure units, which showed the characteristic of graded 
distribution of density[26]. It was found that the FGPMs 
design, using topology optimization information, targets 
mainly the two-dimensional regular porous structures 
or the three-dimensional (3D) structures with repeated 
simple basic structural units. Introducing the topology 
optimization into the bionic bone scaffolds design field 
has broad prospects. In engineering applications, the bi-
directional evolutionary structural optimization (BESO) is 
widely used as a common topology optimization method. 
The simultaneous deletion and growth of materials reflects 
the bidirectional nature of the BESO method, which 
greatly ensures the geometric and mechanical continuity of 
the topology optimization continuum. BESO reduces the 
maximum stress inside the structure to the greatest extent, 
providing a highly accurate solution for optimizing the 
stress distribution inside the structure[30-32]. In addition, the 
results of BESO can show the main load-bearing area and 
the force transfer path inside the macroscopic model[33,34]. 
It is a pioneering and a reasonable attempt to take the 
BESO information as the design basis of the bionic bone 
scaffolds, and to show how to establish the relationship 
between the topology optimization design and the porous 
structure design. This will present the main challenge in 
this work.

In our previous studies, a parametric design method of 
the porous scaffolds based on the Voronoi tessellation was 
proposed, and the mechanical and biological properties 
were fully discussed[12,13,35,36]. Regrettably, however, our 
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previous design method did not implement the graded 
distribution of the characteristic parameters, which is the 
most critical design of the bionic bone scaffolds. Referring 
to previous studies, we propose in this work a sub-
regional design methodology of the bionic bone scaffolds, 
based on the macrostructural topology and the Voronoi 
tessellation. It is worth pointing out that the definition 
of macrostructure in this paper is the original model for 
BESO while the corresponding microstructure represents 
the FGPMs populated in the design domain. The design 
domain is divided into sub-region A (representing the 
BESO density region) and sub-region B (representing the 
BESO non-density region) as the guideline for pores’ graded 
design. It is worth noting that, with a mechanical continuity 
concern, the porosity and the aperture values in sub-region 
B follows the distance-to-scale coefficient mapping model, 
presenting a gradient change. Additionally, the as-designed 
models were analyzed in this work through mechanical 
simulation and were validated after being fabricated by the 
LPBF process, using the Ti-6Al-4V powder, to study the 
quasi-static compressive behavior. Notably, this approach 
considers the overall problem of shape and the property 
control under the synergistic constraints of mechanics, 
biology, geometry, and LPBF process, and it delivers a 
full discussion regarding the influence of irregularity and 
scale coefficient on mechanical properties of the as-built 
specimens.

This paper is divided as follows: section 2 presents the 
design and the methodology approaches; section 3 shows 
the obtained results, from a simulation and implementation 
points of view, and the comparison; and the last section 
concludes this work and proposes some ideas, which will 
be implemented in future.

2. Design and methods
The BESO methodology was introduced to realize the 
macrostructural topology in this paper. The bionic bone 
scaffolds were designed using the novel CAD software 
Rhinoceros3D© (Robert McNeel & Associates, v.7.0 SR4) 
with the plugin Grasshopper™ v.1.0.0007. The flow chart in 
Figure 1 illustrates the procedures for modeling this bionic 
bone scaffold, including (a) bone defect site analysis, (b) 
macrostructural topology, (c) Boolean operation according 
to the combined probability sphere model, (d) 3D Voronoi 
tessellation based on the graded nucleating points, (e) 
porosification based on the distance-to-scale coefficient 
mapping model, and finally (f) fabrication and implantation.

2.1. Design and parametric characterization of the 
bionic bone scaffolds
To realize the most reasonable graded distribution, the 
topological information of the macroscopic model is 
needed. Based on the axiom of the uniform strain energy 
density, the maximization structural strength requires 
minimizing the strain energy[37]. In this paper, the design 
variable is the unit density, and the optimization objective 
is to minimize the strain energy of the macrostructure. The 
mathematical model of strength optimization under the 
constraint of equilibrium equation is expressed as follows:
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Figure 1. Design procedures for the bionic bone scaffold.
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where i = 1, 2, …, n represents the volume mesh 
number of the macroscopic model and ρi is a binary design 
variable representing the cell density of the i-th volume 
mesh. A mesh cell is considered deleted when ρi = ρmin, and 
it is considered reserved when ρi = 1. The variables U, K, 
δ, and P represent, respectively, the strain energy, the total 
stiffness matrix, the displacement vector, and the external 
load vector acting on the structure. Vi is the volume of the 
i-th volume mesh cell while V* is the initial volume of the 
macroscopic model. fv is the volume fraction coefficient, 
representing the ratio of the target volume to the initial 
volume. In addition, E *i and Ei represent, respectively, the 
elastic modulus of the i-th volume mesh cell before and 
after the topological optimization. Finally, the penalty 
coefficient p has a fixed value (equal to 3) in this work 
referring to previous studies[38].

It is obvious that the 20 × 20 × 20 mm3 design domain 
was divided into two sub-regions by the topological model. 
After extensive tests, it was found that arranging nucleating 
points only in sub-region A leads to extremely poor 
geometric continuity. Meanwhile, open meshes were even 
observed, leading to forming failure. Therefore, this study 
improved the methodology of generating controllable 
nucleating points that was adopted in previous studies[12], 
proposing a combined probability sphere model where 
a1 and a2 are the dot pitch of sphere centers (a1 > a2). It 
is worth noting that the following constraints were added:

	 (i)	 r1 / a1 = r2 / a2 for the purpose of ensuring geometric 
continuity and design controllability, where r1 and 
r2 represent the radius of spheres generated from 
regular dot matrices P1i and P2j, respectively;

	(ii)	 0 < rt < at / 2 where t ∈ {1,2} is a binary design 
variable, representing two different types of the 
regular dot matrix.

The same r / a value provided an extremely high 
controllability and consistency to the design procedure, 
effectively alleviating the possible stress concentration and 
geometric mutation phenomenon. The Boolean operation 
process based on the combined probability sphere model is 
shown in Figure 2. It is worth pointing out that the values 

of at and rt are indeterminate, and the specific values will 
be discussed in section 3. For random points P S1, generated 
from the probability sphere model with dot pitch of a1, 
the Boolean operation was used to get a point set { }P i

S
i
N

1 1=  
in sub-region B. In contrast, only the interior and the 
surface points in sub-region A were retained as a point set 
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as the nucleating points of the bionic bone scaffolds. The 
irregularity ε of this scaffold is defined by the distance from 
a random point P St  to its corresponding probability sphere 
center Pt:

ε =
+

+
⎛

⎝
⎜

⎞

⎠
⎟

= =
∑ ∑

1 1 1

11

2 2

21N M
dist P P

a
dist P P

a
i i

S

i

N
j j

S

j

M( , ) ( , )
� (II)

where N and M represent, respectively, the quantities 
of P S1  and P S2  after the Boolean operations. The number 
of nucleating points (NNP) is equal to the sum value of 
N and M (NNP = N + M). The variables dist(P1i , P S1i ) and 
dist(P2j , P S2j ) denote the distance from the random point 
P St  to the center of its corresponding probability sphere Pt 
in 3D Euclidean space. Since the radius of the probability 
sphere was restricted, ε can be easily deduced (0 < ε < 0.5).

The point set { }Sk k
N M

=
+
1  was processed using the Voronoi 

3D Grasshopper™ plugin to obtain the 3D Voronoi cell 
structure. The scale coefficient C was introduced to realize 
the deflation of Voronoi faces and the Voronoi cells. As 
shown in Figure 3, C can be further divided into two 
variables, C face and C cell, where they represent, respectively, 

Figure 2. Generation of the graded Voronoi nucleating points where one can see (a) design parameters of the combined probability sphere model,  
(b) combined probability sphere model and Voronoi nucleating points, where { }P i

S
i
N

1 1=  is marked red while { }P j
S

j
M

2 1=  is marked green.

Figure 3. Definition of the scale coefficient where one can see (a) C face 
and (b) Ccell.
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the scaling of Voronoi face (Figure 3a) and of Voronoi 
cell (Figure 3b) with respect to their corresponding  
centers.

In addition, the bionic bone scaffolds should have 
specific regional functionality; this will require that the 
graded distribution of pore locations should be considered, 
and more importantly, the graded porosity should also be 
taken into account. A distance-to-scale coefficient mapping 
model, based on the shortest distance from  { }P i

S
i
N

1 1= to sub-
region A, was computed, where its core is calculating 
the shortest distance di (i = 1, 2, …, N) from each point 
in the point set { }P i

S
i
N

1 1=  to the topological model that is 
determined. The values were ordered from smallest to 
largest and the maximum value dmax in di was determined. 
Thus, Ccell, corresponding to the i-th nucleating point, can 
be described as follows:

C C
d

d
C Ci

cell i

max

= + −1 2 1( )� (III)

where C1 represents the lower limit of the predefined 
value of the scale coefficient while C2 corresponds to its 
upper limit. The value Ccell = C1 was set for the Voronoi 
cells in sub-region A while in sub-region B, the value of 
Ccell was set to a graded value ranging between C1 and C2, 
depending on the mapping model. The gradient setting of 
Ccell in sub-region B was aimed to maximize the mechanical 
continuity and enhance the regional functionality of cell 
adhesion, especially alleviating the mutation phenomenon 
at the junction of the two sub-regions.

Almost all studies did not distinguish between Ccell and 
C face, which exhibited a lack of adaptability to this bionic 
bone scaffold. Previous work has shown that the dot pitch 
is the most important factor influencing the aperture at 
a certain scale coefficient[12,13]. Due to the introduction of 
the combined probability sphere model, the nucleating 
points were mainly concentrated in sub-region A, which 
already resulted in a graded distribution of aperture. 
When the same scale coefficient used for Ccell is applied to 
C face, it will lead to a large increase in aperture less than 
60  μm and greater than 1200 μm, significantly reducing 
the functionality of the scaffolds to induce osteoblasts in 
order to proliferate and differentiate in sub-region B. To 

solve the problem, this study proposed a solution through 
the following relational formula:

C C C C C
d

d
C Ci

face
i
cell i

max

= + − = − −1 2 2 2 1( )� (IV)

Then, the final 3D porous interconnection structure 
was obtained by the Boolean operation between the initial 
3D Voronoi cell structure and the scaling results. Finally, 
Weaverbird v.0.9.0.1 was used to soften the trabecular-like 
mesh model. Figure 4 shows the as-designed models with 
different design variables. It is clear that each characteristic 
parameter has achieved the predetermined design goal.

It is important to mention that the porosity of the 
bionic bone scaffolds can be parametrically modified by 
changing C1 and C2. Similarly, the specific surface area 
can be adjusted, when needed, at constant porosity by 
controlling the dot pitch and the scale coefficient. Equation 
IV brings an extremely great improvement to the specific 
surface area in sub-region B, which positively induces the 
adhesion and proliferation of osteoblasts. The effect of 
specific surface area on permeability will be investigated 
in a future work. The aperture D (defined by the equivalent 
diameter method) of the bionic bone scaffolds is affected by 
the synergy of C face and the design variables of the combined 
probability sphere model. The target aperture range can be 
obtained by adjusting C face when the probability sphere 
model is determined. Furthermore, it is worth pointing out 
that our approach is applicable to any type of 3D printers.

2.2 Finite element analysis of the bionic bone 
scaffolds
As mentioned in section 2.1, the graded Voronoi 
nucleating points have a random distribution, and the 
randomness arises from the combined probability sphere 
model. In order to evaluate the effect of randomness on the 
mechanical properties and the porosity, four as-designed 
models, denoted as randomness series, were generated 
using four different random seeds. Other design parameters 
were kept the same where a1 = 4000 μm, a2 = 2000 μm, C1 
= 50%, C2 = 90%, and ε = 0.47. Moreover, the dot pitch 
at was supposed to be another possible factor that affect 
the mechanical properties of the bionic bone scaffolds. 
Two series of the as-designed models with different a1 

Figure 4. The as-designed models where a1 = 4000 μm and a2 = 2000 μm are held constant and the set of values of C1, C2, and ε are respectively (a) 50%, 
90%, and 0.47 and (b) 20%, 80%, and 0.06.
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values (denoted as a1 series) and a2 values (denoted as a2 
series) were set up to evaluate the effect of dot pitch on 
the mechanical properties and the porosity, where a2 = 
2000  μm (for a1 series) and a1 = 4000 μm (for a2 series) 
were held constant. Other design variables were kept the 
same as those in randomness series.

To assess the expected mechanical behavior of the 
as-designed models, the finite element analysis (FEA) 
on ideal as-designed models was performed using the 
commercial software Workbench (ANSYS, Inc., v.18.0). 
The FEA models were assumed to be linear, elastic, and 
homogeneous. The material properties were set to Ti-
6Al-4V, where Young’s modulus was equal to 113.8 GPa, 
Poisson’s ratio equal to 0.342, and the yield stress equal 
to 895 MPa. The loading conditions and the boundary 
constraints were as follows: the top of the as-designed 
model was loaded with a pressure of 80 MPa while the 
bottom boundary was fixed. The stress distribution under 
pressure was investigated through parameter settings and 
model meshing and solving. The mechanical properties of 
the as-designed models were evaluated by the maximum 
Von-Mises stress value under the same loading condition.

2.3 Fabrication and compressive testing of the 
bionic bone scaffolds
The as-built specimens were fabricated using the LPBF 
machine (NCLM2120, China). The process parameters, 
optimized by orthogonal tests, are shown in Table 1. The 
commercial Ti-6Al-4V extra low interstitial (ELI) powder 
supplied by EOS GmbH was used in the experiment, 
meeting ISO 5832-3 and ASTM F1472 norms.

The characteristic parameters that affect the mechanical 
properties of the porous biomaterials mainly include 
porosity and aperture. Generally, the effect of porosity 
is dominant[39,40]. Irregularity is also one of the possible 
influences due to the introduction of the probability sphere 
model. In this study, two sets of uniaxial compression tests 
were set up to investigate the effects of irregularity and 
of graded porosity on the compressive performance. As 
shown in Table 2, the as-built specimens with different ε 
values were denoted as irregularity series and those with 
different combinations of C1 and C2 values were denoted 
as scale coefficient series. The other design variables were 
as follows: a1 = 3333 μm and a2 = 1333 μm. Besides, a 
solid part of 20 × 20 × 0.5 mm3 was fixed at the top and at 
the bottom acting as the compensation area for the wire-
electrode cutting process and the boundary area for the 

compression test. Note that three identical specimens were 
prepared for each model and the test results represent the 
average values of these specimens.

According to the national standard GB/T 31930-
2015, the static compression tests were performed using a 
universal testing machine (UTM5305H) at a constant speed 
equal to 0.5 mm/min. The loading and displacement were 
recorded until the struts broke. Known as apparent elastic 
modulus of cellular metals, the elastic modulus represents 
the slope of the elastic straight lines, determined by the 
elastic loading between 70% and 20% of plateau stress. 
The ultimate strength was defined by the first maximum 
compressive strength, which determined the load-bearing 
capacity of the as-built specimens.

3. Results and discussion
3.1. Relationship between design variables and 
characteristic parameters
Different combinations of dot pitch should be discussed 
first, as this paper presented a combined probability sphere 
model. It is obvious from section 2.1 that adjusting the dot 
pitch essentially controls the upper limit of the aperture. 
The first step was to determine the range of a1 in order 
to meet the optimal aperture (60–1200 μm) for bone 
implants[11,41]. T﻿he values of a1 for the as-designed models 

Table 1. LPBF process parameters

Laser power (W) Scanning speed (mm/s) Hatch spacing (mm) Layer thickness (mm) Laser focus (mm) Atmosphere

Value 160 1250 0.08 0.03 0.08 Ar

Table 2. Design parameters of as-built specimens

Series No. C1 (%) C2 (%) ε

Irregularity 
series

01 50 90 0.06

02 0.12

03 0.18

04 0.25

05 0.30

06 0.39

07 0.47

08 0.50

Scale coefficient 
series

09 50 90 0.47

10 50 80

11 50 70

12 50 60

13 60 90

14 70 90

15 80 90
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with different scale coefficients are shown in Table  3,  
where Davg refers to the average aperture. Figure 5a–c 
depict the aperture frequency distribution when the value 
of a1 changes. Note that the aperture frequency refers to 
the ratio of the number of occurrences of a certain aperture 
value to the total number of pores. It is clear that a2 is the 
dominant factor influencing the aperture distribution. In 
addition, the influence of a1 on the aperture distribution 
becomes smaller as a2 decreases, which is shown by the 
increasing similarity of the aperture frequency curves. 
Therefore, a large a1, within a reasonable range, can be set 
to improve the computational efficiency. However, it will 
lead to a significant increase in the proportion of apertures 
smaller than 60 μm when a2 takes a too small value, 
affecting the permeability of the scaffolds. Therefore, based 
on extensive simulations, the values of a1 and a2 equal to 
3333 μm and 1333 μm, respectively, in this study were 
chosen. These values are suitable for this macrostructure, 

taking the target aperture range and computational 
efficiency into account. Besides, randomness was supposed 
to be one of the possible influencing factors of the aperture 
distribution as the generation of Voronoi nucleating points 
relied on the random seeds. Therefore, five samples were 
generated with different random seeds and the aperture 
distribution is shown in Figure 5d. It is obvious that 
although there were perturbations in aperture frequency 
curves, the overall distribution remained the same and the 
perturbations occurred mainly ranging from 100 μm to 
1000 μm, with little effect on the actual bone implantation 
performance. To conclude, the combined probability 
sphere model design was effective, and the tests were highly  
reproducible.

Figure 6a shows that there is a strong linear relationship 
between ε and r / a. Irregularity of the bionic bone scaffolds 
is linked to the ratio of r / a in this study to simplify the 
calculation process. Variations of characteristic parameters 
with different values of ε are shown in Table 4, where 
Ф refers to the porosity. It is clear that Davg and Ф are 
proportional to ε when ε < 0.3, and tend to stabilize when 
0.3 ≤ ε < 0.5. NNP decreases gradually as ε increases, which 
is attributed to the increase in probability of random points 
appearing in sub-region B as the range of perturbations 
increases. In general, the influence of ε on NNP can be 
ignored when ε < 0.5. Notably, it is found that Ф and NNP 
decrease significantly when ε = 0.58, further validating 
the rationality of its value range. As for Figure  6b, it 

Table 3. Values of a1 for different scale coefficients

C (%) a1 (μm) r1 (μm) Davg (μm)

50 3333 833 1127

60 2857 714 1131

70 2500 625 1139

80 2222 555 1139

90 2000 500 1138

Figure 5. Aperture frequency distribution of the as-designed models with design parameters of C1 = 50%, C2 = 90%, and ε = 0.25 where (a) a2 = 2000 μm, 
(b) a2 = 1333 μm, (c) a2 = 1000 μm, and (d) influence of randomness.
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shows the aperture frequency curves for different values 
of ε. Specifically, the quantity of the apertures at 15 μm 
and 1000 μm levels is significantly larger when ε ≤ 0.25, 
leading to excessive span of the apertures and causing 
discontinuities in the mechanical properties. At the same 
time, the proportion of apertures smaller than 60 μm is 
too high and the positive stimulus to induce osteoblast 
adhesion and proliferation is lost, affecting the actual 
performance of the bone implants. The aperture values are 
mainly in the range between 60 μm and 1200 μm when ε 
> 0.25, and there will be no sudden changes in mechanical 
properties at vulnerable parts when the aperture values fall 
within the range. 

Figure 7a and b present the influence of the scale 
coefficient on the porous biomaterials in sub-region A. 
Figure 7a, where Ccell is maintained constant, demonstrates 
the effect of a single factor Cface. It is obvious that different 
values of dot pitch have little effect on Ф, which is consistent 
with our previous works[12,13]. Apart from that, Davg and Ф 
are proportional and linearly related to Cface. Figure 7b, 
where Cface is maintained constant, demonstrates the effect 
of Ccell. Similarly, the different dot pitch values have little 
effect on Ф, which is proportional and linearly related to 
Ccell. However, Davg remains unchanged as Ccell increases 

when the value of dot pitch is determined, which indicated 
that the aperture is only controlled by Cface.

Figure 7c shows the gradient change of the characteristic 
parameters. It can be observed that Davg decreases when 
the ratio Ccell / C face increases, which is diametrically 
opposed to the results of previous studies setting Ccell = 
C face as shown in Figure 7d. This peculiar phenomenon 
illustrates the effectiveness of the design, ensuring the 
mechanical continuity of sub-region B and increasing the 
specific surface area, leading to an improvement in the bio-
functionality. An upward trend of Ф is shown, indicating 
that the graded porosity distribution is realized. With the 
simplification according to Equation IV, the relationship 
between Ccell / C face and Ф can be fitted and a unary 
expression is shown as follows:

Φ = − ×
− −

−

( . . )
( . )

.91 94915 20 31354 10
140

0 60613

1 61989

2

e

C
C

cell

cell

00%� (V)

The local porosity can be calculated as shown in 
Figure 7e. Figure 7f shows the change of the overall porosity. 
It is clear that the scale coefficient exhibits a strong linear 
relationship with the porosity. The overall target porosity 
of the bionic bone scaffolds can be controlled by the scale 
coefficient.

The above results demonstrate that the as-designed 
bionic bone scaffolds are highly controllable. Design 
variables can be flexibly adjusted to accommodate the 
changes of the target characteristic parameters. In addition, 
the results of the aperture frequency diagrams demonstrate 
the superiority and the effectiveness of this methodology 
to achieve an optimal aperture distribution for porous 
biomaterials. Since the aperture is a complex function of 
the Cface, at, rt, and di, this task will be developed in a future 
study. The discussion on the scale coefficient proves that 
the as-designed models achieve a graded distribution of 
porosity, which could be accurately calculated based on 
Equation V.

Figure 6. The as-designed models with different values of ε where (a) represents the relationship between r / a and ε, and (b) shows the influence of ε on 
the aperture frequency distribution.

Table 4. Relationship between ε and the characteristic parameters

Ε NNP Ф (%) Davg (μm)

0.06 2498 67.90 641.70

0.12 2487 69.88 673.78

0.18 2484 69.24 696.02

0.25 2482 70.26 716.32

0.30 2480 72.28 729.88

0.39 2483 72.63 730.57

0.47 2479 72.43 730.18

0.58 2435 69.05 730.16
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3.2. Finite element analysis of as-designed models
Randomness arose from the combined probability sphere 
model in this study. Figure 8 shows the FEA result of the 
four as-designed models in randomness series. The four 
models share roughly the same stress nephogram. The 
range of maximum von Mises stress values varies between 
1403.27 MPa and 1468.75 MPa. Meanwhile, the range of 
porosity values varies between 72.33% and 73.08%. The 
results demonstrate that randomness has a negligible effect 
on stress distribution and porosity, further verifying the 
feasibility of the combined probability sphere model.

Similarly, it can be concluded from Figure 9a that a1 has 
little effect on the compressive property of the as-designed 
models. The maximum von Mises stress and porosity reach 
value ranges of 1423.95–1497.63 MPa and 72.83%–74.55%, 
respectively. With the increase of a1, stress nephograms 
are basically unchanged, which means that NNP in 
sub-region B has a negligible effect on the mechanical 
property and the porosity. As depicted in Figure 9b, the 

FEA models in a2 series have maximum von Mises stress 
values of 1427.63 MPa, 1718.27 MPa, 2106.50 MPa, and 
2842.75 MPa, respectively. In addition, the corresponding 
values of porosity are 72.62%, 72.13%, 71.61%, and 73.92%, 
respectively. More struts exceed the yield strength as the 
value of a2 increases, which means NNP in sub-region A 
has a greater influence on the mechanical property.

Randomness and a1 bring a small change to NNP 
while a2 is the opposite, as it has a great influence on the 
structural strength, which shows a great consistency with 
the discussions in section 3.1. The reason for variation of 
NNP in randomness series was the random perturbation 
of points, which resulted in a perturbation in the number 
of points retained and deleted by the Boolean operation.

3.3. Mechanical characterization of the  
as-built specimens
The as-built specimens fabricated by LPBF are shown in 
Figure 10. For ease of labeling in the figure, the as-built 

Figure 7. Characteristic parameters of the as-designed models with ε = 0.47 where one can see (a) influence of C face where Ccell = 50%, (b) influence of Ccell 
where C face = 90%, (c) variation trend with Ccell / C face, (d) variation trend with C (Ccell = C face), (e) influence of di, and (f) influence of Ct.
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specimens were numbered (refer to Table 2). Table 5 lists 
the porosity of the as-designed models and the as-built 
specimens. The deviation of porosity between models and 
specimens is less than 4%, demonstrating that all struts 
were precisely manufactured to a predetermined size and 
shape.

The results of the static compression tests of the as-built 
specimens are summarized in Figure 11. The stress–strain 
curves are typical for the as-built specimens, including the 
linear increase in stress and a plateau region with fluctuating 
stresses. Meanwhile, an initial approximate parabola is 
observed in each stress–strain curve, going upwards at the 
beginning of loading. This might be attributed to the lack 
of fusion powder from manufacturing defects, which may 

lead to an uneven contact interface between pressure head 
and specimens[36,42,43].

Apparent elastic modulus (E) and ultimate strength (S) 
are the pivotal characteristic parameters for evaluating the 
mechanical properties of porous biomaterials. As depicted 
in Figure 12a and d, specimens with constant design 
parameters of C1 = 50% and ε = 0.47 (No. 09, 10, 11, and 
12) have an ultimate strength range of 190.19–268.03 MPa. 
Meanwhile, the corresponding elastic modulus reaches a 
value range of 4.52–7.12 GPa. Given a certain C1 and ε, the 
as-built specimens with a larger C2 have a higher porosity 
value (refer to Table 5), which results in a smaller apparent 
elastic modulus and an ultimate strength. This result is 
consistent with the classic foam metal model[44,45]. With the 

Figure 8. FEA results of randomness series where one can see (a) the top view of the Voronoi nucleating points and (b) the stress nephograms.

Figure 9. FEA results where one can see the stress nephograms of (a) a1 series and (b) a2 series.
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application of Gibson–Ashby model[46,47], the expressions 
can be fitted as follows:

S = −375 64 1
100

0 52. ( ) .Φ � (VI)

E = −16 27 1
100

1 06. ( ) .Φ � (VII)

Similarly, the ultimate strength of specimens with 
constant design parameters of C2 = 90% and ε = 0.47 
(No. 09, 13, 14, and 15) ranges from 38.55 to 190.19 MPa 

(refer to Figure 12b). Meanwhile, Figure 12e depicts that 
the corresponding elastic modulus reaches a value range 
of 1.5–4.52 GPa. Thus, the Gibson–Ashby formula can be 
rewritten as follows:

S = −1551 18 1
100

1 63. ( ) .Φ
� (VIII)

E = −20 83 1
100

1 17. ( ) .Φ � (IX)

The increasement of C1 and C2 leads to a greater porosity. 
The diameter of struts decreases accordingly, resulting in 
the decay of stiffness and an easier deformation. Figure 13 
shows the growth rate diagrams of E and S as porosity 
decreases. In this study, the growth rate is defined as the 
ratio of ΔS (ΔE) to S0 (E0), where the corresponding value 
of S (E) is determined as S0 (E0) when design variable C1 
or C2 takes the value of its upper limit. When the porosity 
is determined only through the variable C2 ranging from 
60% to 90% with a constant C1 = 50% (No. 09, 10, 11, and 
12), the ultimate strength increases by 10% as C2 decreases 
by about 10% (Figure 13a). The growth rate of E is slightly 
higher than that of S. Similarly, when the porosity is 
determined only through the variable C1 ranging from 
50% to 80% with a constant C2 = 90% (No. 09, 13, 14, and 
15), S and E increase significantly with the decrease of C1. 
As depicted in Figure 13b, the growth rate of S is almost 
10 times greater than that in Figure 13a as C1 decreases 
by 10%. Given a certain C1 = 50%, porous biomaterials 
in sub-region A have a constant Ccell value equal to 50% 
and a variable Cface value ranging between 60% and 90%. S 
increases as Cface decreases, but the amplitude of the change 
is not significant. Similarly, given a certain C2 = 90%, porous 
biomaterials in sub-region A have a constant Cface value 
equal to 90% and a variable Ccell value ranging between 60% 

Figure 10. Bionic bone scaffolds fabricated by LPBF process.

Table 5. Porosity of the as-designed models and the as-built 
specimens

Part number

Porosity (%)

Deviation (%)3D model LPBF specimen

(01) 67.90 65.33 2.57

(02) 69.88 68.75 1.13

(03) 69.24 66.93 2.31

(04) 70.26 68.45 1.81

(05) 72.28 69.66 2.62

(06) 72.63 70.59 2.04

(07) 72.43 71.36 1.07

(08) 71.05 69.84 1.21

(09) 72.25 70.06 2.19

(10) 66.03 64.97 1.06

(11) 59.93 57.27 2.66

(12) 54.29 53.18 1.11

(13) 77.89 75.94 1.95

(14) 83.36 79.83 3.53

(15) 88.59 85.08 3.51
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and 90%. S increases as Ccell decreases, and the magnitude 
of the change is much larger than the former case. It can be 
concluded, by comparison, that the compressive properties 
of the as-built specimens are closely related with Ccell and 
Cface, where Ccell is considered dominant. The effectiveness 

of this design method is proven according to the growth 
rate results. The strength of porous biomaterials is mainly 
controlled by the porosity in sub-region A. Meanwhile, 
the results are consistent with findings in section 3.1 and 
section 3.2.

Figure 11. Static compression tests for (a) irregularity series and (b) scale coefficient series.

Figure 12. Mechanical properties calculated from raw data for (a) S of specimens with variable C2, (b) S of specimens with variable C1, (c) S of specimens 
with variable ε, (d) E of specimens with variable C2, (e) E of specimens with variable C1, and (f) E of specimens with variable ε.
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As shown in Figure 12c and f, specimens in irregularity 
series have an apparent elastic modulus range between 
4.67 GPa and 5.83 GPa. E decreases almost linearly as 
irregularity increases. Meanwhile, S reaches a value range 
of 182.51–216.14 MPa, showing an irregular change trend, 
different from E. For instance:

	 (i)	 S of the as-built specimen, with ε = 0.12, is equal to 
216.14 MPa, which is the maximum value in ε series 
whereas the corresponding value of E is 5.62 GPa;

	(ii)	 S of the as-built specimen, with ε = 0.25, is equal to 
182.51 MPa, which is the minimum value whereas 
the corresponding value of E is 5.23 GPa;

	(iii)	 S of the as-built specimen, with ε = 0.47, is equal to 
213.55 MPa whereas the corresponding value of E is 
4.77 GPa.

A previous study demonstrated that irregularity 
at low levels leads to a reduction in strength, which is 
caused by the initial instability of the unit cell[48]. The 
increase of irregularity makes more struts change from 
vertical or horizontal position to inclined position, which 
is the possible reason for the reduction of the structural 
stiffness. Thus, a new stress balance will be established 
and the compressive strength will tend to be stable as 
the irregularity exceeds a certain value. Furthermore, 
pores and cracks will inevitably appear in the as-built 
specimens during the LPBF process. Cracks, related to 
the direction of struts, have a significant impact on the 
compressive strength, which also lead to the fluctuation of 
the experiment data[49-51].

As mentioned in previous studies[52,53], the natural 
cancellous bone has a Young’s modulus range between 
0.1  GPa and 4.5 GPa and an ultimate strength range 
between 1.5 MPa and 38 MPa. Meanwhile, the cortical 
bone has a Young’s modulus range of 5–23 GPa and an 
ultimate strength range of 35–283 MPa. In this study, the 
quasi-static compressive behavior of the as-built specimens 
is researched. The as-built specimens present a satisfying 

mechanical performance. The apparent elastic modulus 
ranges from 1.50 GPa to 7.12 GPa, which is in conformance 
to the required level of natural bone. Besides, the ultimate 
strength ranges between 38.55 MPa and 268.03 MPa, 
showing a more excellent stress resistance ability similar 
to cortical bone level. Compared to the previous studies, 
the bionic bone scaffolds proposed in this work present 
a better mechanical continuity with a more reasonable 
gradient match in elastic modulus and structural strength. 
Therefore, it can be foreseen that this bionic bone scaffold 
will help to form a maximum degree of continuous 
mechanical conduction with the surrounding host bone, 
further reducing the possibility of the stress shielding. In 
addition, as shown in Figure 14, this approach is adaptable 
to models with complex macrostructure, providing more 
possibilities for engineering application of graded porous 
biomaterials.

4. Conclusion and future work
In this paper, a sub-regional design methodology of the 
bionic bone scaffolds, based on the macrostructural 
topology, was innovatively proposed. The relationship 
between design parameters and characteristic 
parameters was fully discussed, indicating that this 
bionic bone scaffold is highly controllable. The as-
designed models were fabricated by the LPBF process 
using the Ti-6Al-4V powder. The results of FEA and the 
quasi-static compression tests proved the effectiveness in 

Figure 13. Growth rate of S and E for (a) C1 = 50% and (b) C2 = 90%.

Figure 14. Bionic bone scaffolds for femoral defect site.
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practical application. The main results are summarized 
as follows:

	 (i)	 This approach enabled us to carry out accurate 
and controllable gradient design according to the 
macrostructural topology, and to implement the 
graded distribution of the characteristic parameters.

	(ii)	 The combined probability sphere model, proposed 
in this paper, realized a graded and random 
distribution of the Voronoi nucleating points, and 
provided greater freedom in the morphology of the 
bionic bone scaffolds within a controllable range, 
further improving the geometric and mechanical 
continuity at the junction of the two sub-regions.

	(iii)	 The distance-to-scale coefficient mapping model, 
proposed in this paper, provided the guideline for 
the graded design of the porous biomaterials in sub-
region B, where the specific surface area and the 
mechanical properties were greatly improved with 
the differentiated design of C face and Ccell, reducing 
the possibility that fragile struts, far from sub-region 
A, will fracture first. 

	(iv)	 The FEA results showed that randomness and a1 
value have negligible effect on the compressive 
property and the porosity of as-designed models, 
proving a high repeatability of tests. Meanwhile, the 
value of a2 is considered to have a great influence on 
the compressive property, proving that the relative 
density of porous biomaterials in sub-region A is 
closely related to the structural strength.

	 (v)	 The results of quasi-static compression tests 
demonstrate that ε, C1, and C2 affect the compressive 
behavior of the as-built specimens, proving that 
Ccell of the porous biomaterials in sub-region A has 
a dominant influence on the compressive property. 
Meanwhile, the bionic bone scaffolds, proposed 
in this work, present a satisfying mechanical 
performance where the apparent elastic modulus 
and ultimate strength ranges are 1.50–7.12 GPa and 
38.55–268.03 MPa, respectively. It can be concluded 
that the as-built specimens have the same stiffness 
level of the cancellous bone but with a better stress 
resistance ability, similar to that of the cortical 
bone. Significantly, the apparent elastic modulus 
can be tailored conveniently by adjusting the scale 
coefficient.

As for the future works, the properties of the bionic 
bone scaffolds will be further investigated. In addition, 
research on the bionic bone scaffolds with complex 
macroscopic models and loading conditions has 
become the principal work for the next stage. Besides, 

we also plan to set different topological objectives for 
the macrostructure to realize multifunctionality of the 
scaffolds. It is expected that this research can provide 
some insights into the FGPMs design.
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