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Bone scaffolds are widely used in orthopedics for tissue repair and regeneration, yet achieving optimal bone
growth through porous scaffolds remains a significant challenge. In this study, the Moving Morphable Compo-
nents (MMC) method was employed to design novel non-periodic biomimetic bone scaffolds. Four types of
scaffolds were created to mimic different human bone tissues. Their average elastic moduli were evaluated, and
found to closely match with those of the corresponding bone tissues. Compared to triply periodic minimal surface
(TPMS) structures, the novel scaffolds exhibited significantly higher permeability — up to 3.70 x 10 ® m? at a
porosity of 62 %. These scaffolds demonstrated not only suitable mechanical properties but also enhanced
permeability. Furthermore, they showed a good manufacturability, making them practical for fabrication.
Overall, the MMC-designed scaffolds present a promising solution with matched mechanical properties and
superior permeability, potentially reducing stress shielding and promoting bone cell growth and regeneration in
tissue engineering applications.

evolving to meet growing clinical demands.
Most bone scaffolds are designed using conventional optimization

1. Introduction

With the increasing prevalence of bone diseases and traumas
worldwide, bone scaffolds have gained widespread applications in or-
thopedics for bone repair and regeneration [1,2]. Bone grafts are now
the second most commonly transplanted tissue after blood transfusion,
and are extensively used in trauma, orthopedics, and dental surgeries.
However, current clinical treatments for bone defects, such as autolo-
gous bone grafts, allografts and synthetic implants, are limited by factors
including insufficient tissue supply, immune rejection and foreign body
response [1], and stress shielding resulting from suboptimal material
and microstructural design. Consequently, effectively addressing bone
defects remains a significant clinical challenge. Nonetheless, ongoing
research and innovation in bone scaffold development hold promise in
overcoming these limitations. With the ability to engineer scaffolds with
tailored mechanical and biological properties, this field is rapidly

algorithms and manufacturing techniques, typically resulting in struc-
tures based on the spatial arrangement of periodic or non-periodic unit
cells. However, one major challenge in scaffold-based implants is stress
shielding, which leads to implant loosening and bone resorption [3].
This phenomenon is primarily caused by the mismatch in mechanical
properties between the scaffold and surrounding bone tissue, ultimately
hindering effective tissue ingrowth and long-term implant stability [4].
To address this, scaffolds must be designed to transfer physiological
loads effectively to the host bone, thereby mitigating stress shielding
after implantation [5,6]. Ideally, scaffold structures should mimic the
mechanical properties of human bone. Although porous microstructures
formed from periodic arrays of unit cells can offer a balance between
stiffness and permeability, they often fail to reproduce the anisotropic
mechanical behavior characteristic of natural bone [7,8]. While triply
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periodic minimal surface (TPMS) structures offer favorable environ-
ments for bone cell growth and adequate mechanical support [9], they
are limited in achieving directional anisotropy due to their inherently
uniform unit cell patterns. Recent studies have explored geometric
customization to introduce anisotropic properties. For instance, Wieding
et al. [10] optimized strut diameters and placement in cubic, diagonal,
and pyramidal scaffold architectures to match the mechanical perfor-
mance of cortical bone, achieving location-specific mechanical proper-
ties. Similarly, Kong et al. [11] developed biomimetic scaffold structures
that mimic several features of human trabecular bone. However, these
approaches often involve time-consuming manual design processes and
struggle to reproduce the complexity of real bone tissues. While Liu et al.
[12,13] applied topology optimization to address mechanical perfor-
mance, they neglected critical factors such as permeability and cell
growth environments. Thus, despite improvements in certain properties,
significant discrepancies still remain between the mechanical and bio-
logical performance of current scaffold designs and human bone.

Various methods have been employed to design bone scaffolds, with
topology optimization proving particularly effective in generating
optimal structural layouts with desirable properties. Among these, the
Solid Isotropic Material with Penalization (SIMP) method has been
widely used to create porous structures with graded porosity distribu-
tions, resembling the morphology and mechanical properties of
cancellous bone [14]. However, despite its advantages, SIMP-based to-
pology optimization often suffers from numerical issues such as tessel-
lation artifacts, grid dependency, and the presence of grayscale
elements, which can hinder manufacturability and model accuracy. The
Voronoi Tessellation Method (VTM) offers an alternative by generating
irregular porous structures that mimic the geometrical heterogeneity of
natural bone [15]. Nevertheless, its irregularity introduces difficulties in
establishing precise structure-property relationships, especially for
complex functional requirements. More recently, machine learning ap-
proaches have been explored for the inverse design of anisotropic bone
scaffolds [12,13,16], but their success is highly dependent on the quality
and diversity of the training dataset. While these methods can generate
non-periodic bone scaffold architectures, each comes with inherent
limitations — whether computational, structural, or interpretability-
related. Therefore, the efficient and accurate design of non-periodic
biomimetic bone scaffolds that replicate the mechanical behavior of
human bone remains a significant and ongoing challenge.

To overcome the limitations of existing scaffold design methods,
novel approaches are required for the development of biomimetic bone
scaffolds. One such promising technique is the Moving Morphable
Components (MMC) method, first introduced by Guo and colleagues
[17,18]. This topology optimization framework utilizes predefined
components with variable geometries as the basic building blocks,
enabling the construction of structures with diverse topologies. Unlike
conventional methods, the MMC approach allows for continuous vari-
ation in component thickness and offers significantly improved
computational efficiency and numerical stability. The versatility of the
MMC method had led to its successful application across various fields of
structural optimization. For instance, Rochefort-Beaudoin et al. [19]
demonstrated the integration of a deep learning model to predict
optimal MMC parameters, streamlining the design process. Zhou et al.
[20] applied the MMC approach to optimize grid-reinforced plate
structures under out-of-plane loading, while Tran et al. [21] enhanced
the method by incorporating Bayesian optimization, addressing issues
related to local optima and reducing the design space. Given its ad-
vantages in flexibility, stability and efficiency, the MMC method holds
great potential for the design of non-periodic biomimetic bone scaffolds.
Its ability to create structurally optimized, bone-like architectures is a
compelling alternative to traditional scaffold design techniques.

In this study, the MMC method was applied to design bone scaffolds
that exhibited both favorable mechanical performance and enhanced
permeability — key factors for promoting bone tissue regeneration. An
explicit boundary evolution technique was employed to optimize the

Materials & Design 259 (2025) 114815

porous scaffold layouts using the equivalent stiffness method. The
designed scaffolds were evaluated in terms of effective elastic modulus,
permeability, anisotropy, and manufacturability, demonstrating their
potential to meet the functional requirements for bone defect repair.
This investigation provides a promising framework and may inspire
further research into the development of bone scaffolds with tailored,
bone-mimicking properties.

2. Methodology
2.1. Theory of the MMC method

In this study, the pores within the structures are treated as funda-
mental components in the optimization process. The regions occupied
by these pores are described using a topological description function
(TDF), denoted as y.

x(x) >0, if xeQ,
x(x) =0, if x € 0Q, (D
x(x) <0, if x € D\(QUIQ)

where D represents the prescribed design domain, Q and 0Q represent
the space occupied by the components and their boundaries, respec-
tively.

As fundamental building blocks in topology optimization, the spe-
cific 3D structural components are mathematically represented using
the TDF. The optimal layout is achieved by optimizing the parameters
embedded within the TDF, such as the position, orientation, and ge-
ometry of each component. In this study, the TDF used to describe the
cubic 3D structural components is defined as follows:

xr 6 y/ 2 Z/ 2
v =1- () - (£) - () @
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where,-

Sq = sina, sp = sinf, s, = sind,cq = /1 —s2,¢cp = 4/1 —slf and ¢, =
/1 —s2 with a, 8, and 6 denote the rotation angles of the component
from a global coordinate system O —x—y—z to the local coordinate
system O' —x’ —y' —Z respectively, as shown in Fig. 1. The symbols Xy, yo,
2o denote the coordinates of the center point of the component, and L,
Ly,andL3 are used to represent the length, width, and height of the
component, respectively.

To generate bending components, a trigonometric function was
incorporated into the TDF in this study, as defined:

The TDF of the component is illustrated in Fig. 1. The design vari-
ables of a component are defined as D' = (x}, bz, L%, Ly, LS, s\, 51, 50).
Consequently, the topology of a porous structure can be uniquely rep-
resented and determined by a vector comprising the design variables of
all components.



Fig. 1. Geometric description of pores.

2.2. Design of novel non-periodic biomimetic bone scaffolds using MMC

2.2.1. Design framework

After implantation, a bone scaffold serves not only as a mechanical
support structure but also as a conducive environment for new tissue
growth. Ideally, the scaffold should exhibit morphological and me-
chanical characteristics that closely resemble those of the host bone
[22,23]. To calculate the Young’s modulus and shear modulus in the
objective function, various loading conditions were applied, with
boundary conditions referenced from relevant literature [24,25], as
illustrated in Fig. 2. Using the finite element (FE) method, the effective
stiffness of the human bone was calculated from computed tomography
(CT) images, as shown in Fig. 3. A 3D FE model was generated by
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converting the bone voxels into hexahedral elements [26]. Simulations
were performed in Ansys (v18.0, Ansys Inc., Canonsburg, PA, United
States), to assess compressive responses along the x, y and z axes, as well
as shear behavior along the x-y, y-z and x-z planes. The stiffness matrix
of the bone tissue was computed using a traditional homogenization
approach based on Cauchy continuum theory [24,25]. Subsequently,
orthogonal transformation was employed to derive the optimal repre-
sentation of the stiffness matrix for each bone sample [27,16]. This
process reduced the full stiffness matrix to nine independent constants,
as the remaining components become negligibly small — rendering the
approximation error minimal [27,12,13].

With the MMC-based topology optimization framework, the opti-
mization problem was formulated as follows:

Find D= ((DY) ', -, (D), ~,(D")")"

. 6 L\, \2
Minimize I(a) = Zij: , ((c;‘ - cij> /cij>
s.t. (6)
K(D)u(D) = F,
V(D) < V,u=1u,onl,,DC #p,

where, the elastic tensor ¢ with superscript “*’ represents the target
stiffness, and the tensor with superscript ‘H’ represents the stiffness of
bone scaffold. D denotes the vector of design variables, and n represents
the total number of pores. I is the objective function, symbol u represents
the vector of structural displacement, F is the vector of equivalent
external load, K is the global stiffness matrix, V(D) represents the vol-
ume ratio of the structure to be optimized, and V is defined by the
designer as the volume fraction, representing the upper limit of available
solid material volume. u is the displacement vector prescribed on the
Dirichlet boundary I', and #p is the admissible sets for D.

2.2.2. Structural connectivity

Structural connectivity is a critical attribute of bone scaffolds, as it
plays a pivotal in supporting bone tissue ingrowth, vascularization, and
efficient nutrient transport. In this study, the components in the MMC
method were specifically tailored to ensure connectivity within the
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Fig. 2. The Young’s moduli and shear moduli of the structure was calculated in the six loading conditions.
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Fig. 3. CT images of vertebral cancellous bone and its stiffness matrix.

porous scaffold structure, with preforming components representing
void regions and non-components area representing solid material. To
satisfy the connectivity requirements, only scaffold components that
connect specific regions, such as opposite surfaces, were considered
during the design process. For simplicity, the design domain was defined
as a cube with three sets of opposite faces. Special attention was given to
connecting the top and bottom surfaces, which are essential for ensuring
continuous load transfer and biological interaction. To enhance the
likelihood of achieving such connections during the optimization pro-
cess, the MMC components were allowed to scale and rotate within the
design domain. Additionally, the component length was set to match the
diagonal length of the cube, approximately 1.73 times the edge length,
to increase the probability of spanning between opposite surfaces. To
further prevent discounted or misaligned components, a minimum angle
of 35.24" relative to the base was enforced. This configuration helps
maintain functional connectivity across the scaffold while minimizing
isolated solid regions.

2.2.3. Sensitivity analysis

In a gradient-based optimization algorithm, sensitivity information
is provided to the minimization routine to guide the search toward the
minimum value of the objective function along the most efficient path.
Using ax € D to denote any of the design variables in Eq. (6), the cor-

responding sensitivity derivation was given as I; = ((cf}, — ¢;)/¢1;)
as an example. In I, only ¢!} was related to the design variables, so only
octl /0oy was required.

H _ Ox
ch=—

1= @
where ¢, = —0.1 was applied as a displacement on one side of the cubic
structure. Therefore, the magnitude of displacement in the x direction

was set for each node as:
uy = —0.11E; (8)

In the equation, u} contains the degrees of freedom in the x direction
for the nodes on that side. L represents the length and width of the
computational model. EX = [1,1,1, -, 1] represents a column vector of
the same dimension as uj.

All other boundary nodes were fully constrained with zero
displacement, i.e., uf = u) = ¥ = U5, = U} = u, = wy = 0. The
subscripts denote the directions of up, down, left, right, front, and back,
and the superscripts indicate the displacement directions (x, y, or z).
Substituting the known displacements boundary conditions and external
loads, the block system of equations can be expressed as:

Ky Ky Kjp Ky Ki K, Ky K Ki uy 0
Ky Kiy Kip Ko Kip Kp Ki, Ky, Kip 0 fu
K} Koy Kip Kpp Kpp K Kp, K Kpg 0 £
Ky Ky Kip Kip Ki Ky Ki Ky K 0 fr
Ky Ky Kup Ky Kip Ky Ky Ky Kig 0 =5 o #
K, Kiy K, K K K Ky K K 0 L
K, Kjy K, Ki K Kjj Kjj K K 0 fi
K, Kiy K, K K K K Kjj K 0 fi
Ky Kiy Kip Kie Kip K Ki Ky Kig | | —0-1E R

)]

where u; denotes the free degrees of freedom, and the rest are either zero
or prescribed. From Eq. (9), u; and f] can be solved. The stress in x-di-
rection is defined as:

X
1
o=l ) g a0

In Eq. (10), E} = [1,1,1,~~~,1]T is a column vector of the same
dimension as f]. Therefore, the sensitivity of the homogenized elastic
constant is given by:

oI 1de 1, .10f
- X~ (gY) 2L 11
0o & O &l i) oay an

From the block form of the global stiffness matrix, the following ex-
pressions hold:
K = (Q) KQ ;K= (Qf) 'KQ;

g ; (12)
K; = (Q) KQ; ; K = (Q) KQ;;

where:

Q=00 000 F 0 O0 0]
Q=[L, 0000 0O O 0] 13)
Q=[0 000 0000 K]

From Eq. (9), the following equations can be obtained:
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Substituting Egs. (14) and (15) into Eq. (11), the final sensitivity
expression is:

o 1 10K T g e 0K o
Wlkl = €_xl ((QzEL) aleQlul + 0‘11(EL) KLIKH1 (QI)TaTq(Q});ER -

1e)
N ~ 0K 0K
(EL)TKLKH1 (QI)TaTckQIuI - 0'11(Q’L(EL)T07”(Q§ER )

The derivation of the remaining components for the sensitivity of the
objective function follows a similar process and is thus omitted for
brevity. It is important to note that, for computational efficiency, the
term AK/Aay, and the value of 0K/da, was approximated using the finite
difference method in MATLAB (v2020b, MathWorks Inc., Natick, Mas-
sachusetts, USA) (i.e., 0K/dax ~ AK/Aa). This approximation method
has been validated through numerical examples and demonstrated to be
both effective and reliable. For a detailed derivation of dK/day, readers
are referred to the relevant work in the literature [28].

In this study, the primary constraint considered was the volume
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constraint. Accordingly, the sensitivity of the constraint in Eq. (6) can be
expressed as:

ov i ;

—=— [ §(H)X'dV 17
a(lk /D (X ) ( )
where & represents the Dirac delta function, and &(y*) = min(s(y,),
6(x*)),i=1,...,n.8'(y*(x)) # 0 was applied only to x € dQ; N Q. In this
case, the variation of each component of y; with respect to

.
(xo,yo, Zo,Lg,Lg,Sa,Sb,St) can be computed as:

Ay; = A'AX, + B'Ay) + C'Az) + D'ALL + E'ALL 18
+FAs, + G'Asy + HAsli=1,,n.

where the values of A, Bi, C{, Di, F', F,, G, and H' can be found in the

relevant work of Zhang et al. [29].

2.2.4. Generation of bone scaffolds

In this section, the geometric models of novel bone scaffolds were
designed using the MMC method to match the properties of different
human bone tissues. The geometric configuration and material charac-
teristics of the initial structure are described below. Each scaffold was
modeled as a cube with dimensions of 10.0 mm x 10.0 mm x 10.0 mm,

Fig. 4. Design process of the novel non-periodic biomimetic bone scaffolds. CT images (A) and (B) of bones were from different regions of the spine, respectively. (C)
A cube with initial generated pores. (D) Straight pore type 1. (E) Straight pore type II. (F) Transformation process from straight to bending pores. (G) Bending pore
type L. (H) Bending pore type II
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containing internally generated pores, as illustrated in Fig. 4C. To bal-
ance design quality and computational efficiency, the number of com-
ponents (or pores) per direction was set to 3 x 3, resulting in a total of 9
components. Increasing the number of components (e.g., 4 x 4) would
significantly raise computational cost, while using fewer components (e.
g., 2 x 2) would lead to suboptimal structural performance. The scaffold
material was assumed to be isotropic, with a Young’s modulus of 2500.0
MPa and a Poisson’s ratio of 0.3. The structure was discretized using 20
x 20 x 20 eight-node hexahedral finite elements for numerical analysis.

To validate the feasibility of the novel biomimetic bone scaffolds
designed using the MMC method, two distinct regions of human spinal
bone were selected as target structures, as illustrated in Fig. 4A and B.
The elasticity matrices of porous bone samples, computed using FE
models, were employed as the target stiffness values for scaffold opti-
mization. To calculate the effective modulus of these samples, a previ-
ously established method was adopted to generate heterogeneous FE
models based on human bone data [26]. Initially, the scaffolds were
optimized using straight components, resulting in designs with straight
pore channels. Subsequently, efforts were made to transform these
components into curved geometries in order to closely mimic the natural
architecture of cancellous bones, as depicted in Fig. 4F. A trigonometric
function was incorporated into the TDF, which can transform the
straight components into the bending components. In addition to these
types of components, other types of components can also be generated
by incorporating different functions into the TDF. Although the straight
and bending components were studied in this work, other types of
components also deserved to be investigated in future works. Compared
to straight pores, bending pores better resemble the irregular and
interconnected morphology of human cancellous bones [30]. Accord-
ingly, the components were re-optimized to produce scaffolds with
bending pores, aiming to improve anatomical realism and biomechan-
ical performance.

2.3. Evaluation on the performance of the novel bone scaffolds

2.3.1. Analysis of mechanical performance

The mechanical performance of the novel bone scaffolds was
analyzed using the FE method. The structure of cancellous bone exhibits
orthotropic characteristics, defined by three symmetric planes and nine
independent elastic constants. To simplify the optimization process,
scaffold design is typically reduced to the optimization of three Young’s
moduli and three shear moduli along principal directions in an ortho-
tropic framework [23,31]. It is important to note that different initial
design configurations can lead to distinct scaffold geometries, due to the
presence of local optima and the existence of multiple valid solutions in
topology optimization processes [32,33].

To improve modeling efficiency and avoid repeated mesh parti-
tioning during the optimization process, a surrogate material FE model
was employed. The design domain was discretized using eight-node
hexahedral elements, and the material properties of each element
were determined by mapping the structural components, representing
regions not occupied by material, onto a fixed Eulerian grid [31].
Accordingly, the Young’s modulus E. for each element was calculated
based on the material distribution as follows:

b (1))

where E' represents the Young’s modulus of the material, 2G=1,-.8)

are the values of the structural TDF »?(x) at the 8 nodes of element e, and
q is an integer with ¢ = 2.

The elastic modulus of each element was determined based on the
known TDF values at its nodes. To distinguish between material and
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void regions, the Heaviside function, denoted as H(x), was introduced.
This function takes a value of 1.0 when x > 0.0, and 0.0 when x < 0.0.
During the optimization process, a regularized form of the Heaviside
function was employed to ensure numerical stability and differentia-
bility. The regularized function is defined as follow:

1,.x>¢
31-a) (x x* l+a
H(x): %(;—§>+T,—€§x§e (20)
a,x < —€

where the parameter ¢ controls the width of the transition region in the
function, and the parameter « is introduced to avoid singularities in the
stiffness matrix of the structure. Both parameters are small positive
constants selected to ensure numerical stability during the optimization
process.

2.3.2. Analysis of permeability

The permeability of the novel biomimetic bone scaffolds was eval-
uated using computational fluid dynamics (CFD) analysis. Mass trans-
port behavior is a critical characteristic of bone scaffolds, as a high
capacity for fluid is essential to support cell viability, nutrient delivery,
and waste removal, thereby ensuring normal tissue growth. Given that
the permeability of cancellous bone is predominantly oriented along the
longitudinal direction of the body [34], this study focused exclusively on
evaluating permeability in that direction. Simulations were conducted
using COMSOL Multiphysics (v6.0, COMSOL Inc., Stockholm, Sweden),
to model fluid flow through the scaffold structures and assess their
effectiveness in facilitating mass transport.

The permeability of all four novel biomimetic bone scaffolds, each
with dimensions of 10.0 mm x 10.0 mm x 10.0 mm was evaluated. It is
worth noting that TPMS structures are widely used in bone scaffold
design due to their favorable mechanical and transport properties,
particularly in their high permeability [35]. Among these, the Schwarz P
structure is recognized for its superior permeability performance.
Therefore, in this study, the permeability of the novel scaffolds was
compared with that of a Schwarz P scaffold. configured witha 3 x 3 x 3
unit cell array within the same overall dimensions, as shown in Fig. 5A.
To simulate fluid flow through the scaffolds, a virtual fluid domain
measuring 10.0 mm x 10.0 mm x 2.5 mm was added to both the top and
bottom surfaces of each scaffold, as shown in Fig. 5B. The top surface of
the model served as the fluid inlet, with a prescribed flow velocity of
0.001 m/s, while the bottom surfaces acted as the fluid outlet, with a
fixed pressure of 0.0 Pa. All remaining surfaces were assigned no-slip
wall boundary conditions. The permeability was then calculated based
on the simulated results using Darcy’s law, given by:

vpd

Re = (21)
"

where R, is the Reynolds number, v is the flow velocity, (p is the density
of the fluid, d is the diameter of pores, and y is the dynamic viscosity of
the fluid.

The permeability of the scaffolds can be calculated as:

il

K= AP (22)
_Q
V=2 (23)

where K is the permeability, L is the length of flow path, AP is the
pressure drop, Q is the fluid flow, and A is the cross-section area of the
fluid domain. The fluid was modeled as water with p = 1000.0 kg/m>, u
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2.5mm

10.0mm

2.5mm

Fig. 5. Schematic diagrams of (A) Schwarz P scaffold structure and (B) fluid domain and boundary conditions of straight pore type I scaffold applied in the

CFD simulation.

= 0.001 Paes, and v = 0.001 m/s. The fluid properties and flow condi-
tions employed in this study are consistent with those used in previous
research [28,36].

2.3.3. Additive manufacturing

In this study, the manufacturability of the novel biomimetic bone
scaffolds was evaluated through additive manufacturing. The scaffolds
were fabricated using the selective laser melting (SLM) technique with
stainless steel 316L powder, in a 99.99 % argon atmosphere using an
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SLM machine (Renishaw AM400, Wotton-under-Edge, UK). The fabri-
cation was carried out with a laser power of 160.0 W, scanning speed of
1000.0 mm/s, hatch spacing of 80.0y m, and layer thickness of 30.0u m.
A bidirectional orthogonal scanning strategy was applied for each layer
to ensure uniformity and structural integrity. To assess the quality of the
printed scaffolds, a scanning electron microscope (SEM) was used to
examine their surface morphology and fidelity to the original design,
thereby verifying the manufacturability of the novel biomimetic
structures.
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Fig. 6. Comparison of the anisotropic elastic properties of the designed non-periodic biomimetic bone scaffolds with those of human cancellous bone. (A) Bone
scaffold with straight pore type I. (B) Bone scaffold with straight pore type II. (C) Bone scaffold with bending pore type I. (D) Bone scaffold with bending pore type II.
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3. Results
3.1. Geometric model of bone scaffolds

Using the porous bone tissue shown in Fig. 4A as the target stiffness,
a bone scaffold with straight pore type I was design with a porosity of 62
%, as shown in Fig. 4D. Similarly, based on the bone tissue in Fig. 4B, a
bone scaffold with straight pore type II with a porosity of 67 % was
obtained, as shown in Fig. 4E. These initial scaffold structures (Fig. 4D
and E) were subsequently adjusted and re-optimized using curved
components to better mimic the target bone tissues. The same bone
samples from Fig. 4A and B were used as target stiffnesses. As a result,
two biomimetic bone scaffolds with bending pores were developed. The
bending pore type I scaffold, with a porosity of 62 % is shown in Fig. 4G,
while the bending pore type II scaffold, with a porosity of 67 %, is shown
in Fig. 4H.

3.2. Mechanical properties of bone scaffolds

The novel non-periodic biomimetic bone scaffolds were designed to
satisfy mechanical behavior requirements by closely matching the
anisotropic mechanical properties of human cancellous bone. Due to its
naturally irregular porous architecture, cancellous bone exhibits
inherent anisotropy. A comparative analysis between the mechanical
performance of the desired scaffolds and human bone tissue was con-
ducted, focusing on anisotropic characteristics, as illustrated in Fig. 6.
The elastic constants Cy7, Cao, C33, C12, C13 and Cog of the stiffness
matrix were used as comparative indicators. As we know, there are nine
independent constants in an orthotropic elastic matrix. Two shear con-
stants in the same direction are strong positive correlation, which also
reported in our previous work [16]. Therefore, to concisely exhibited the
results, six constants were used as comparative indicators. When
compare with the target human bone tissue, the relative errors for the
straight pore type I scaffold ranged from 3.44 % to 8.98 %, and for type
11, from 1.32 % to 8.49 %, as shown in Figs. 6A and C. After incorpo-
rating curved pores, these errors were reduced. For the bending pore
type I scaffold, the relative errors decreased to 3.33 % — 6.82 %, while
for the bending pore type II, the range was reduced to 1.20 % — 8.20 %,
as shown in Figs. 6B and D. These results demonstrate that all novel
scaffolds closely replicate the mechanical behavior of human cancellous
bone, with the bending pore configurations offering a better match in
terms of both elastic moduli and morphological similarity. Furthermore,
performance comparisons during the optimization process, summarized
in Table 1, revealed that scaffolds using curved components required
fewer iterations than those with straight components. This indicates that
curved components provided a more favorable initial configuration,
thereby enhancing the overall optimization efficiency.

To facilitate a more intuitive comparison of anisotropic behavior
between the designed bone scaffold and human bone, the Young’s
modulus surfaces of both the human cancellous bone and the novel
biomimetic scaffolds are illustrated in Fig. 7. The results show that the
mechanical performance of the non-periodic biomimetic bone scaffolds
closely resembles that of human cancellous bone, thereby demonstrating
the effectiveness and feasibility of the proposed design method.

3.3. Permeability of bone scaffolds

The novel bone scaffolds demonstrated excellent permeability,
enabling enhanced nutrient transport to surrounding tissues and thereby
promoting cell growth. The permeabilities of the scaffolds with straight
pore type I and bending pore type I were 3.70 x 10~° m? and 3.61 x
10~® m?, respectively, indicating only minimal variation in permeability
before and after pore bending. Additionally, variations in porosity led to
corresponding changes in permeability. For straight pore type II and
bending pore type II, the permeabilities were 1.52 x 10~ m? and 1.47
x 1078 m? respectively. To further demonstrate the superior
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Table 1
Comparison of different components.

Component types Iteration steps Objective function value

Straight pore type I 135 0.055
Bending pore type I 73
Straight pore type II 149 0.033
Bending pore type II 82

permeability of the novel non-periodic biomimetic scaffolds, the
permeability of a Schwarz P structure was evaluated under the same
porosity as the type I scaffold, which can ensure the comparability be-
tween the two. The Schwarz P structure exhibited a permeability of 7.95
x 10~° m? which is four times lower than that of the novel scaffolds, as
shown in Fig. 8. These results confirm that the permeability of the
designed scaffolds was significantly enhanced. Moreover, the fluid
streamlines were analyzed to visualize flow behavior. As shown in Fig. 9,
the majority of fluid entered and exited through the larger pores, with
the flow rate increasing and then decreasing along the pathway, further
confirming effective mass transport through the scaffold.

3.4. Manufacturability of bone scaffolds

To validate the manufacturability of the novel non-periodic bio-
mimetic bone scaffolds, samples were fabricated using SLM. The
resulting scaffolds exhibited morphological characteristics that were
largely consistent with the designed geometries, as illustrated in
Fig. 10A, with the internal pores remaining unobstructed and well-
formed. Additionally, SEM was performed to examine the surface
quality at various magnifications, as shown in Fig. 10B. SEM images
captured at 25x, 100 x and 150 x magnifications revealed that the
fabricated bone scaffolds possessed high surface quality and demon-
strated excellent manufacturability.

4. Discussion

In the present study, novel non-periodic biomimetic bone scaffolds
were designed using the MMC method. An explicit boundary evolution
technique was employed to optimize the layout of porous bone scaffolds
based on the equivalent stiffness method. Within this framework, pores
were modeled as slender components and topologically optimized
within a defined design domain. Once the optimal component layout
was determined, the non-component phases were designated as solid
regions, while the component phases represented the pore structures.
Two scaffold types were initially obtained with straight pores, desig-
nated as type I and type II. To more closely mimic the microstructures of
human cancellous bone, the straight components were subsequently
transformed into bending components, resulting in bending pore type I
and type II scaffolds. The mechanical performance, permeability and
manufacturability of these novel bone scaffolds were systematically
evaluated. Several key findings emerged from this study, which are
summarized below.

First, bone scaffolds with mechanical properties closely matching
those of human bone in all directions were successfully designed. This is
a critical requirement for bone implants, as osteointegration between
bone tissue and the scaffold is significantly enhanced when the scaffold
mimics the mechanical behavior of natural bone. The maximum error in
the elasticity matrix of the scaffolds with bending pores was found to be
lower than that of scaffolds with straight pore, likely due to the
improved morphological similarity of the bending pore design to human
cancellous bone. Importantly, the issue of stress shielding, a common
cause of implant loosening due to bone resorption, may be mitigated by
using scaffolds whose average elastic properties closely resemble those
of the host bone tissue. By reducing the mismatch in mechanical prop-
erties, a larger portion of the applied load can be transmitted through
the scaffold to the surrounding bone, promoting more natural load



H. Wang et al.

Young’s modulus(MPa)

Materials & Design 259 (2025) 114815

Young’s modulus(MPa) Young’s modulus(MPa)

1500
1500 L
1400
A%00 1400
2000 %00 2000 1900 2000 1300
1000 4 1200 1000 4 1200 1000 4 11200
1100
. 0l 10 N 0l 1100 N 0]
1000 1000 1000
-1000 -1000 4 -1000 4
000 . 900 ” 900
2000 L. <1000 [l 500 -2000 4 . -1000 M 800 -2000 . ) " -1000 M 500
1000 ' i "0 " '
s S 0 son 0 e 700 0 B o 700
) 1000 1000
" 1000 1000 4 v 1000 X v 1000 x
Young's modulus(MPa) Young’s modulus(MPa) Young's modulus(MPa)
E 1500 1500
D 1500 F
1400 1400
2000 1400 2000 - 2000
1300
1300
1000 | 1300 1000 1000
” 1200
N0 1200 by O 120 o O
-1000 4 1100 -1000 1100 -1000 ' 1100
-2000 4 22000 r ¢ -2000 2000 1000
pe ~ 0 ) P 0 0 ;
0 B 900 0 =y 900 2000 " 2000 0
% 2000 2000  x V 2000 2000 y X

Fig. 7. Young’s modulus surfaces of the target bones and corresponding bone scaffolds. (A) Target bone I. (B) Bone scaffold with straight pore type I. (C) Bone
scaffold with bending pore type I. (D) Target bone II. (E) Bone scaffold with straight pore type II. (F) Bone scaffold with bending pore type II.

4009 .0 s
3.70x10% 3 6110

3.50 A

3.00 1

2.00 1

152x10% | 47x10°%

1.50

Permeability(x 10-*m?)

1.00 7.95%10°

0.50

0.00 T
Schwarz P

Straight I BendingI  Straight I Bending Il
Fig. 8. Permeability results of novel bone scaffolds and Schwarz P structure via
CFD simulations.

distribution and reducing the risk of implant failure. Furthermore, the
novel scaffold design may be particularly suitable for bone repair in
confined anatomical regions due to its geometric adaptability. While
previous studies have used topology optimization to address mechanical
compatibility, many have overlooked critical factors such as perme-
ability and cellular growth environments [12,13]. Although some re-
searchers have optimized periodic scaffold structures for both maximum
stiffness and permeability [37,8], the non-periodic scaffolds developed
in this study offer a more biomimetic solution by combining mechanical
compatibility with enhanced permeability, thus better supporting bone
tissue regeneration.

Second, the novel bone scaffolds demonstrated higher permeability
compared to previously reported TPMS-based bone scaffolds. While a
slight decrease in permeability was observed after transforming the

pores from straight to curved, scaffolds with straight pores were
remained slightly more permeable than their curved counterpart at the
same porosity. Interestingly, an increase in overall porosity did not al-
ways lead to increased permeability — an observation that may seem
counterintuitive at first. Upon closer examination, it was found that
permeability was primarily influenced by the diameter and orientation
of longitudinal pores, which play a dominant role in fluid transport from
the top to bottom of the scaffold. Increasing porosity may inadvertently
enlarge transverse pores while reducing the diameter of longitudinal
pores, ultimately lowering effective permeability. This finding high-
lights that effective permeability is governed not only by porosity but
also by pore connectivity and directional alignment, potentially result-
ing in anisotropic permeability. Therefore, in order to achieve high
permeability, it is more critical to control the diameter of longitudinal
pores than to simply increase overall porosity. Although TPMS struc-
tures are commonly used in scaffold design for their favorable me-
chanical and permeability properties [35], novel scaffolds developed in
this study achieved approximately four times greater permeability than
the Schwarz P-type TPMS structures at equivalent porosity levels.
However, it is also essential to ensure that pore size remain within a
biologically acceptable range to support bone ingrowth. Human
cancellous bone typically features pore sizes ranging from 1.0 pm-1.0
mm, with trabecular plate spacing reaching up to 2.0 mm [38]. In
contrast, the novel scaffold with straight pore type I exhibited maximum
and minimum pore sizes of 3.05 mm and 0.75 mm, respectively, sug-
gesting that the upper limit of pore size may exceed that of natural bone.
This might not be ideal for bone ingrowth due to the excessive pore sizes.
Although the large pore sizes of bone scaffold can effectively enhance
the capability of mass transport, the nutrient might not normally de-
livery to bone cells to promote bone ingrowth. Moreover, excessively
large pore sizes might compromise the mechanical stability of the bone
scaffold when subjected to extreme loads. As such, future work should
incorporate pore size constraints into the design process to ensure better
compatibility and mechanical stability with microstructure of human
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WAL

Fig. 9. Distribution of the fluid flow in the bone scaffold with straight pore type 1. (A) x-y plane. (B) x-z plane. (C) y-z plane. (D) Axonometric diagram. The color bar

represents the fluid velocity.

bone and to promote optimal bone regeneration.

Third, the novel bone scaffolds demonstrate good manufacturability.
Using 316L stainless steel powder as the base material, the scaffolds
were successfully fabricated via SLM technology with high reproduc-
ibility and excellent structural fidelity. The favorable manufacturability
of the designed scaffolds highlights their potential for practical appli-
cation in bone tissue engineering, bridging the gap between computa-
tional design and clinical translation.

The results of the present study demonstrated that biomimetic bone
scaffolds can be effectively engineered to replicate the diverse

A

Fig. 10. Additive manufactured samples and SEM images of the novel non-
periodic biomimetic bone scaffolds. (A) Fabricated scaffold samples produced
using SLM. (B) SEM images of the scaffold surfaces at the magnifications of
25x, 100x and 150x.
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mechanical and morphological properties of bones across different
anatomical regions. The MMC method exhibited several advantages in
the design of porous structures, indicating geometric flexibility and
computational efficiency. However, it is important to acknowledge that
the outcomes of the optimization process are influenced by the initial
design variables. Different initial configurations may lead to distinct
scaffold architectures while using consistent initial designs tend to result
in more uniform and predictable topologies, thereby enhancing the ra-
tionality and reproducibility of scaffold reconstruction. In this study, the
pores were also approximated as matrices of tubes with super-elliptic
cross-sections, offering a practical geometric abstraction. For more
complex structures, applying the MMC design framework can substan-
tially reduce the number of design variables, simplify the optimization
process, and improve overall design efficiency. Key advantage of the
MMC method include the explicit geometric representation, reduced
computational time for FE analysis, and streamlined control over
structural features, making it particularly suitable for applications in
biomedical engineering. Moreover, the MMC- based approach bears
conceptual similarity to inverse homogenization methods in topology
optimization [39,40]. While the inverse homogenization framework was
originally developed for periodic microstructures, the MMC method
extends its utility to non-periodic scaffold designs, offering both effi-
ciency and flexibility in engineering functionally graded biomimetic
structures.

Several limitations of the present study should be discussed. First,
only the average elastic mechanical properties of the cubic bone scaf-
folds were investigated. Although the scaffolds demonstrated compati-
bility with bone tissues, the design of scaffolds with anisotropic
mechanical properties more closely resembling those of natural bone,
remains an important future direction. The current scaffold designs may
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be more suitable for small bone defects, where the defect region can be
trimmed into a cuboidal shape and approximately repaired using the
proposed scaffold. However, for large bone defects with irregular ge-
ometries, cuboidal scaffolds may not be adequate. To address this, future
work will focus on using the actual geometry of large bone defects as the
design domain, will approximately defined boundary conditions to
generate irregularly shaped bone scaffold that conform to the native
bone profile. The MMC method offers promising potential for this, as it
allows efficient design of complex, irregular scaffold geometries by
allowing components to move, deform and overlap. Further exploration
is required to establish a framework for designing patient-specific scaf-
folds that match both the shape and mechanical needs of large bone
defects. Additionally, other mechanical characteristics such as fatigue
resistance and mechanobiological indices, including wall shear stress
[41], should be incorporated in future evaluations to better understand
scaffold performance under physiological conditions. Second, although
the current study provides comprehensive numerical analyses, experi-
mental validation of the FE simulations and CFD results has not yet been
performed. Nonetheless, the simulation methodologies applied here are
based on well-established and widely accepted approaches in previous
studies [42]. Further research will aim to validate the computational
findings through mechanical testing, in vitro and in vivo experiments,
cell experiments, and animal studies to assess the biological effective-
ness of scaffold designs and their ability to support bone ingrowth. Last
but not the least, permeability analysis in this study was limited to a
single direction. Given the inherently anisotropic nature of bone and
scaffold microstructures, a more detailed evaluation of direction-
dependent permeability is critical. It is also very essential to investi-
gate the permeability in transverse direction. Future work should
explore the full 3D anisotropic permeability characteristics of the scaf-
folds to ensure their efficacy in facilitating nutrient transport and
vascularization from multiple directions, while also better guiding their
utility in load-bearing applications.

5. Conclusion

In this study, the MMC method was employed to design novel non-
periodic biomimetic bone scaffolds. The explicit boundary evolution
technique was used to optimize the layout of porous structures based on
the equivalent stiffness method, with pores modeled as slender com-
ponents and topologically optimized within a defined design domain.
Upon achieving the optimal component configuration, the non-
component phases were designated as the solid regions, while the
component phases represented the pores. Bone scaffolds with straight
pore type I and type II were initially obtained. To better replicate the
morphology of human cancellous bone, straight components were sub-
sequently transformed into bending components, yielding bending pore
type I and type II scaffolds. All four scaffold types exhibited bone-like
mechanical properties, high permeability, and good manufacturability.
The key conclusions are summarized as follows:

(1) Elastic properties of the novel scaffolds closely matched those of
human cancellous bone, indicating the potential to mitigate stress
shielding after implantation.

(2) The permeability of the novel scaffolds was significantly
enhanced. At equivalent porosity levels, their permeability
exceeded that of TPMS-based scaffolds by more than four times.

(3) The novel scaffolds demonstrated excellent manufacturability, as
confirmed by high-quality samples fabricated using SLM.

Overall, the scaffold structures developed using the MMC method
show strong potential for applications in medical implants, tissue repair,
and broader areas of biomedical engineering, where porous biomaterials
must be tailored for specific stiffness and permeability requirements.
These designs offer a promising pathway for promoting bone cell growth
and regeneration, contributing to the advancement of scaffold-based
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strategies in bone tissue engineering.
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