
1. Introduction
Gradient porous structures, characterized by spatial
variation in porosity or pore size that changes grad-
ually in one or more directions, exhibit superior per-
formance and have found applications across various
fields. Traditional methods for creating such struc-
tures often struggle with precise control over pore
size, porosity, and their spatial distribution. Howev-
er, the advancement of additive manufacturing tech-
nology opens new avenues for fabricating gradient
porous structures, contingent upon sound and effi-
cient geometric modeling [1, 2]. An adept modeling
approach not only significantly reduces the design
and manufacturing timeline but also ensures product
quality, playing a pivotal role in the structural design
process.
Computer aided design (CAD) modeling is the pre-
dominant approach for designing gradient porous

structures. It starts with designing simple pore ele-
ments and then assembles these into gradient porous
structures through Boolean operations. While straight-
forward and convenient, this method best suits the
modeling of structures with regularly and orderly
arranged pores [3]. However, the demand in practical
applications often leans towards gradient porous
structures featuring irregular and interconnected
pores. These structures are crucial in various appli-
cations, including bone tissue engineering scaffolds
in biomedical engineering [4, 5], filtration and sepa -
ration technology for water treatment and air purifi-
cation [6, 7], energy storage and conversion in bat-
teries [8, 9], heat dissipation of electronic equipment
[10], and noise from acoustic materials control [11],
etc. The challenge in modeling these applications
lies in constructing irregular and interconnected pores
and controlling complex pore size distributions.
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Consequently, parametric modeling of gradient
porous structures, utilizing a series of algorithms, has
emerged as a focal point of research.
Algorithm-based approaches to designing gradient
porous structures mainly encompass the Voronoi tes-
sellation method and the implicit surface method.
The Voronoi method creates a grid structure by gen-
erating a series of random discrete points and then
logically connecting these points using various de-
sign strategies [4, 12]. However, this method faces
challenges such as lack of repeatability, high energy
consumption, and extended processing time. On the
other hand, the implicit surface method, exemplified
by Three Periodic Minimal Surfaces (TPMS) that are
periodic in three mutually independent directions in
three-dimensional space, allows for the manipulation
of structural properties by altering parameters in the
mathematical equation [13, 14]. While this method
is user-friendly, achieving complex pore size distri-
butions remains a challenge.
In our previous research, co-continuous gradient
porous structures were fabricated from immiscible
polymer blends via “temperature difference phase
separation” [15, 16]. This approach was centered on
the phase evolution process of such blends, utilizing
their natural immiscibility and the temperature-de-
pendency of their phase evolution rates. The appli-
cation of a temperature field enabled the precise con-
trol of porosity gradient distributions, ultimately the
interconnected gradient porous structures with dif-
ferent pore size distributions. Motivated by these in-
sights, in this work, a model coupling phase field
theory with fluid flow dynamics is established, and
the phase evolution process of polymer blends is
simulated. On this basis, a design method for gradi-
ent porous structures based on phase field theory by
applying temperature fields is proposed, which pro-
vides model data for additive manufacturing tech-
nology. The research in this article can enrich the de-
sign methods of gradient porous structures.

2. Mathematical model
To accurately simulate the phase evolution process
of co-continuous polymer blends, the two-phase re-
gion is modeled as the fluid domain, with the bound-
ary between these phases treated as the kinematic
boundary. This approach allows the preparation
process to be conceptualized as a two-phase momen-
tum transfer issue featuring a moving boundary. By

integrating phase field theory with fluid dynamics at
this interface, a coupled flow-phase field model is
established to address the dynamics of a moving
two-phase boundary. The behavior of the phase field
variable is governed by the Cahn-Hilliard equation
[17], as indicated in Equation (1):

(1)

where, ϕ is the phase field variable, t is the time, v is
the velocity vector, M is the mobility coefficient. F
is the total free energy of the mixed system, which
can be expressed as Equation (2):

(2)

κ is the gradient energy coefficient, and V is the vol-
ume of the object.
The Ginzburg-Landau free energy functional, better
suited for binary immiscible systems, is substituted
into Equation (1), from which the phase field equa-
tion is derived, as demonstrated in Equation (3):

(3)

where, ε is the interface thickness.
As ε tends to 0, the ratio produces interfacial ten-
sion (Equation (4)):

(4)

in the classical sense [18], and the mobility adjust-
ment parameter is defined as(Equation (5)):

(5)

Using parameters σ and χ, Equation (2) can be ex-
pressed in another form (Equation (6)):

(6)

The fluid flow in a fixed area is governed by the cou-
pling of mass and momentum conservation, which
can be expressed by the Equation (7):

(7)
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where T is the transposition of the matrix in Equa-
tion (7); η is the viscosity.
During the flow-phase field dynamics model evolu-
tion of co-continuous polymer blends, the interface
between fluid domains serves as the kinematic
boundary and is affected by interfacial tension and
size-related factors [19]. In such instances, the inte-
gration of the flow model with the boundary convec-
tion equation leads to the development of a fluid flow
model characterized by a moving boundary. The sim-
ulation of the preparation process is conducted using
the established mathematical model, which encom-
passes four parameters: viscosity, interfacial tension,
mobility, and interfacial thickness, where the viscos-
ity is determined based on its physical significance.
This study employs the physical process of co-con-
tinuous polymer blends to perform geometric mod-
eling of gradient porous structures. In the modeling
process, the influence of material viscosity can be
disregarded, thus, the process is controlled by three
key phase field parameters: interfacial tension, mo-
bility, and interface thickness. The production of a
homogeneous porous structure results from isother-
mal heat treatment (absence of temperature field),
while the application of non-isothermal heat treat-
ment (incorporation of temperature field) facilitates
the creation of a gradient porous structure with a spe-
cific pore size distribution, achieved by the strategic
design of a suitable temperature field.

3. Modeling process and control strategies
Drawing from the mathematical model established
in Section 2 for the phase evolution process of
 immiscible co-continuous polymer blends, a method
for geometric modeling of gradient porous structures
has been developed in COMSOL. Illustrated in
 Figure 1, the procedure begins by setting the design
objective, which is to achieve a pore size distribution
meets the required performance criteria. Following
this, modeling is executed, informed by the simula-
tion of the gradient porous structure's preparation
process. The steps involved in modeling process in-
clude: constructing the external geometric model of
the object, generating a two-phase initial structure at
random, manipulating the phase field parameters, and
generating a gradient phase structure through temper-
ature field design; subsequently, one phase is re-
moved to achieve the gradient porous structure with
the targeted pore size distribution. The completed
geometric model is then converted into a file that can
be used for additive manufacturing technology data
exchange to facilitate subsequent applications.
To ensure a distinct two-phase interface throughout
the geometric modeling process, the following ap-
proach is adopted for setting the phase field param-
eters: the computational grid is typically configured
as a tetrahedral structure, and the size of the grid is
dozens of times smaller than the smallest phase geo-
metric size in the model. The interface thickness is
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Figure 1. Modeling method.



designated as 10–3 times the average size of the
mesh, while the initial mobility parameter is set at
1 m·s/kg. Adjustments to the interfacial tension and
time step, followed by the attainment of a stable so-
lution, allow for the recalibration of the mobility
value to guarantee accurate tracking of the two-
phase interface movement. Once these phase field
parameters are established, adjustments to the inter-
facial tension enable controlled modifications to
pore size within specified limits. In the case of a ho-
mogeneous porous structure, the pore size is directly
influenced by the value of interfacial tension, assum-
ing other conditions are constant. For creating a gra-
dient porous structure, a temperature field is applied.
By establishing a relationship between the interfacial
tension and the temperature field, the pore size dis-
tribution is tuned through the strategic manipulation
of the temperature field.

4. Results
4.1. Modeling of homogeneous porous

structure
In this section, a cylinder measuring 30 mm in di-
ameter and 35 mm in height is employed as the outer
contour geometric model for simulating homoge-
neous porous structures with varying pore diameters
and porosities. Free tetrahedral meshing is used, with
a maximum cell size of 1.11 mm, a minimum cell
size of 0.12 mm, and a mesh number of 312742.
Based on the mesh size, the interface thickness and
mobility are set at 0.045 m and 1 m·s/kg, respective-
ly, while the interfacial tension is varied across four
distinct values: 0.1, 0.4, 0.7, and 1 N/m. Following
the process outlined in Section 3, one phase is sub-
sequently removed, resulting in the acquisition of
homogeneous porous structures featuring four vary-
ing pore sizes, all with a porosity of 0.5. These struc-
tures are then 3D printed using Stereo Lithography
Apparatus (SLA), as depicted in Figure 2a. This fig-
ure demonstrates that, under certain conditions, ho-
mogeneous porous structures with interconnected
different pore diameters can be achieved by varying
the interfacial tension values, with the pore diameter
increasing as the interfacial tension value rises.
Moreover, by maintaining the interfacial tension at
a constant value of 0.4 N/m and employing the same
modeling procedure, phase components of differing
concentrations are eventually removed. This process
yields four homogeneous porous structures with
varying porosities, as illustrated in Figure 2b.

4.2. Modeling of gradient porous structures
Drawing upon the documented applications of gra-
dient porous structures in literature, this section em-
ploys the phase field method to design and model
such structures. Reference [20] used the TPMS
method to simulate a femoral structure with a dense
cortical shell and a porous cancellous interior, as de-
picted in Figure 3a. The pore size transitions from
small in the outer region to larger in the central inner
region, exhibiting a distinct variation between these
sizes. Employing the phase field approach outlined
in this paper, a similar structure, mirroring these pore
size characteristics, is achieved. The meshing is done
using a free tetrahedral mesh. The maximum cell
size is 1.01 mm, the minimum cell size is 0.19 mm,
and the number of grid cells is 228 492. The interfa-
cial tension σ (in N/m) is set as a piecewise function
of the temperature T (in K). The outer temperature
is 10 K, and the center temperature is 100 K. When
10 ≤ T ≤ 15, σ = 0.0001; when 15 < T ≤ 100, σ = 0.5.
The interface thickness εpf is 0.3·10–3 m, and the mo-
bility χ is 1 m∙s/kg. The model of the structure is dis-
played in Figure 3b, with its 3D printed counterpart
shown in Figure 3c. The outer region with small pore
size is in the shape of a ring, with inner and outer ra-
dius of 13.5 and 18.0 mm respectively. The equiva-
lent pore size is 0.27 mm in the outer region and
0.90 mm in the inner region.
Figure 4 illustrates how reference [21, 22] utilized
the TPMS approach to create various gradient
porous structures. Figure 4a presents a hybrid
cylinder/half-sphere shaped scaffold, intended to
replicate a femoral head joint. The scaffold consists
of a hemisphere with a radius of 20 mm and a
cylinder with a radius of 10 mm and a height of
20 mm, and the hemisphere is located directly
above the cylinder and closely fits the cylinder, and
the axes of both of them are completely overlapped.
The phase field method outlined in this paper is em-
ployed. The maximum cell size is 1.48 mm, the
minimum cell size is 0.16 mm, and the number of
grid cells is 120 204. The interfacial tension σ (in
N/m) is a piecewise function relative to the temper-
ature T (in K). The temperature gradient is along
the Z axis, when –20 ≤ T ≤ 0, σ = 0.001, when
0 < T ≤ 20, σ = 0.3. The interface thickness εpf is
0.5·10–3 m, and the mobility χ is 1 m∙s/kg. The 3D
printed counterpart is produced using the SLA tech-
nique, as depicted in Figure 4b. The equivalent
pore size of the cylinder part is 0.98 mm, and the
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Figure 2. Homogeneous porous structures. a) Homogeneous porous structures with different pore sizes (same porosity),
b) homogeneous porous structures with different porosities (same pore size).

Figure 3. Femoral structure: a) femoral structure; b) femoral structure constructed by phase field method; c) 3D print of
femoral structure.



equivalent pore size of the hemisphere part is
0.59 mm.
While Figure 4c displays a gradient cube structure
with a side length of 36 mm. Employing the phase
field method outlined in this paper, the maximum cell
size is 1.33 mm, the minimum cell size is 0.144 mm,
and the number of grid cells is 334988. The interfa-
cial tension σ (in N/m) is a piecewise function rela-
tive to the temperature T (in K). The temperature gra-
dient is along the Z axis, when 0 ≤ T ≤ 18, σ = 3,
when 18 < T ≤ 36, σ = 750. The interface thickness
εpf is 1·10–3 m, and the mobility χ is 1 m∙s/kg. The
3D printed counterpart is produced using the SLA
technique, as depicted in Figure 4d. The equivalent
pore size of the upper part is 1.23 mm, and the equiv-
alent pore size of the lower part is 0.54 mm.
The phase field method introduced in this paper,
which designs gradient porous structures through the
application of temperature fields, demonstrates prac-
tical viability, enabling rapid and precise control
over pore size distribution. The resulting gradient
porous structures are characterized by their irregular
pores, seamless transition zones across varying
pores, and interconnected pore networks. This con-
tributes to the enhanced optimization of their multi-
functional properties.

5. Conclusions
This paper establishes a flow-phase field dynamics
model rooted in the phase separation behavior of
two-phase immiscible co-continuous polymer blends,
laying the groundwork for a novel geometric mod-
eling approach for gradient porous structures guided
by phase field theory. This approach addresses the
shortcomings of conventional modeling techniques,
such as high energy demands, uniform pore struc-
tures, and limited variability in pore size distribution.
Through meticulous manipulation of phase field pa-
rameters and strategic design of the temperature field,
it facilitates the efficient geometric modeling of gra-
dient porous structures with varied pore size distri-
butions. This method is suited for additive manufac-
turing, promising broad application across diverse
sectors including machinery, energy, medical, con-
struction, and aerospace, enhancing properties such
as mechanical strength, sound absorption, and heat
transfer. This innovative approach significantly cuts
costs, fuels the development of advanced porous ma-
terials, and streamlines the research and develop-
ment process.
Future research based on the methodologies intro-
duced in this study will delve into the intricate rela-
tionships between phase field control parameters and
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Figure 4. Gradient porous structures: a) hybrid cylinder/half-sphere shaped scaffold; b) hybrid cylinder/half-sphere shaped
scaffold constructed by phase field method; c) gradient cube structure; d) gradient cube structure constructed by
phase field method.



porosity. This is to devise more comprehensive strate-
gies for constructing increasingly complex gradient
porous structures.
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