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Abstract:

This study investigates the application of particle swarm optimization (PSO) algorithm in optimizing the force uni-
formity of personalized 3D-printed insoles, aiming to enhance the comfort and functionality of the insoles. Traditional
insole designs often lead to uneven force distribution due to fixed lattice materials and structures, particularly in
critical areas such as the forefoot and heel, which can result in health issues. This research proposes an optimization
model that combines the PSO algorithm with a variable density algorithm, enabling dynamic adjustments to the
support capabilities of different regions of the insole to achieve uniform force distribution. The results indicate that
after optimization with the PSO algorithm, the force distribution of the insoles has significantly improved, with
pressure peaks effectively dispersed in critical areas. Furthermore, this research validates the effectiveness of
the optimization method through 3D printing technology, providing a theoretical foundation for the design and
optimization of personalized 3D-printed insoles. It demonstrates that the combination of the PSO algorithm and
variable density methods can effectively improve insole performance, showing promising application prospects.
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1. Introduction

In recent years, the rapid development of 3D printing tech-
nology and materials science has made the design and manu-
facturing of personalized insoles increasingly feasible. Utilizing
3D printing technology, insoles can be precisely produced
according to the foot characteristics and movement needs of
different users, ensuring ergonomic compliance [1,2]. Tradi-
tional insole designs, however, often depend on fixed lattice
materials and structures, leading to uneven force distribution
across the foot, particularly in critical areas such as the forefoot
and heel, where force concentration frequently occurs [3,4].
This uneven force distribution can lead to foot fatigue and
pain and may also contribute to long-term health issues like
plantar fasciitis and Achilles tendonitis [5,6].

Given these challenges, optimizing force distribution in insoles
to enhance their comfort and functionality has become an
urgent research priority. Researchers have begun exploring
new design methods and technical approaches to improve
insoles’ performance [7,8]. A key aspect of achieving persona-
lized designs lies in optimizing the internal structure of the
insole to attain ideal force uniformity, thereby enhancing
the overall comfort experienced by the wearer [9,10]. Among
various optimization algorithms, particle swarm optimization
(PSO) has emerged as an effective tool for solving complex
optimization problems due to its simplicity and efficient global
search capabilities [11]. This algorithm mimics the foraging
behavior of birds, iteratively updating the positions and veloci-
ties of particles to find optimal solutions within complex search
spaces.

Chen et al. [12] proposed an adaptive inertia weight strategy
aimed at dynamically adjusting weights based on the current
environment and search state, enhancing the algorithm’s
adaptability and robustness in both dynamic and static environ-
ments. Li et al. [13,14] adopted a neighborhood topology
structure based on complex networks to build personalized
neighborhoods for each particle, significantly improving the
global and local search capabilities of the PSO algorithm.
Although optimizing the neighborhood topology structure can
enhance the accuracy of the PSO algorithm, constructing
complex topologies incurs additional time costs. Li et al. [15]
introduced the concept of a strategy pool, allowing particles to
dynamically select suitable strategies based on the environ-
ment, thereby improving the algorithm’s adaptability and diver-
sity. Wang et al. [16,17] proposed a method for adaptively
employing three different learning strategies, dynamically
selecting and adjusting strategies based on the current search
state and problem characteristics to enhance the algorithm’s
adaptability and performance. Although hybrid strategies can
effectively mitigate the risk of premature convergence, how to
reasonably combine different strategies remains a challenge.
The findings from the above studies provide a research founda-
tion and theoretical support for constructing the PSO algorithm
for optimizing the pressure distribution of insoles.

This study aims to utilize the PSO algorithm to develop a model
for optimizing force uniformity in the design of 3D-printed
insoles. The proposed model aims to optimize the supportive func-
tion of the insole for the foot, ensuring reasonable force distribu-
tion, minimizing the force concentration, and ultimately enhancing
the overall comfort and performance of the insole [18-20].
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Specifically, the study treats the design parameters of the insole
as particles within a three-dimensional search space and employs
the PSO algorithm to iteratively optimize these parameters,
achieving uniform force distribution across the foot.

2. Experimental and methods

2.1. Experimental conditions

This study established experimental conditions to measure the
pressure distribution on the soles of the feet. The experimental
setup, as shown in Figure 1, consists of pressure sensors and a
data acquisition system. During the testing process, partici-
pants stand barefoot on the insoles, and the sensors record
the force data from various parts of the foot in real time, gen-
erating force distribution maps. The experimental environment
is maintained at room temperature to ensure consistency in
material properties. Static mode is adopted for force testing,
requiring participants to remain still, with each test group
repeated three times to enhance the reliability of the data.

2.2. Research methods

Current research on insole design mainly relies on computer
simulations to optimize the pressure distribution on the foot’s
sole. This article proposes an optimization model for insole
pressure distribution based on the PSO algorithm combined
with a variable density algorithm. The PSO algorithm is a popu-
lation-based optimization technique known for its strong global
search capability and simplicity of implementation, making it
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Figure 1. Experimental conditions.

efficient for handling optimization problems involving multiple
variables and complex objectives. By combining PSO with the
variable density algorithm, the model can achieve dynamic
adjustments to the support capability of the insole in different
areas of the foot’s sole through iterative optimization, thereby
achieving the goal of pressure distribution optimization. Figure 2
illustrates the overall technical approach for the study of force
uniformity in insoles using the PSO algorithm.

2.2.1. Constructing the foot pressure uniformity based
on PSO

In the application of the PSO algorithm, feasible solutions can
be regarded as particles in a flight space. These particles fly
through the search space at a certain velocity, with their flight
direction and distance determined by their speed. Each parti-
cle’s fitness value is determined by the optimization function,
and the particles search in the solution space by following the
current optimal particle. The algorithm randomly generates an
initial population and iteratively seeks the optimal solution.

For the issue of force uniformity in insoles, the mathematical
description of the PSO algorithm is as follows: in a three-dimen-
sional search space composed of N particles, the position of the
ith particle can be represented as x; = (X, Xj», Xic), the optimal
position found during the search as P; = (P;a, Pjp, Pic), and x(f)
represents the position of the ith particle at time t. The velocity
of the particle is represented as v; = (Vja, Vi, Vic), and v(f) is the
speed of the ith particle at time t. Py = (Pga, Pgs, Pgyc) refers to
the optimal position found by all particles in the population thus
far. In each iteration, the dth dimension evolves according to
the following equation:
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Vig(t + 1) = vig(t) + ¢ x iy x [pi(t) = xi(1)]
+.Cg X 1y X [pg(t) = x;(D)].

(1

In the equation, t represents the current time, ¢, and ¢, are
learning factors that are non-negative constants used to adjust
the step size of the particle’s flight, and ry and r, are random
numbers in the range [0,1].

The process for constructing the PSO algorithm for force uni-
formity in insoles is as follows:

1. Set the learning factors ¢, and ¢4, the maximum number of
iterations MaxDT, and initialize the current evolution time
as t = 1. Randomly generate N particles to form the initial
particle swarm and set the initial positions and velocities of
the particles.

2. Calculate the objective function value for each particle to
evaluate its fitness.

3. Compare each particle’s current fitness with its individual
historical optimal value P; discovered so far. If the current
fitness is better than P;, update P;.

4. Compare each particle’s current fitness with the global
historical optimal value P,. If the current fitness is better

than Py, update the current global optimum.

5. Update the flight speed and position of each particle
according to the formula.

6. If the termination conditions are met, end the iteration;
otherwise, return to step (2).

Termination conditions are as follows:

1. The maximum number of iterations has been reached.
2. A sufficiently good fitness value has been obtained.
3. The optimal solution no longer changes.

For example, in line 12, the corresponding objective function,
as well as the force curve before optimization and the target
optimization curve, is shown as in equation (2):

y = h(35(t)* — 84(t)® + 70(t)° - 20(¢)"). )

The choice of a seventh-degree polynomial as the target optimi-
zation curve is primarily due to its superiority in fitting complex
force distributions. First, the seventh-degree polynomial has
a high degree of freedom, allowing it to effectively adapt to
curves with different shapes and characteristics, thereby
improving the fitting accuracy to actual force data. Second,
higher-degree polynomials can provide smooth curves, pre-
venting abrupt changes in the force distribution and ensuring a
more uniform force transmission, which enhances the comfort of
wearing insoles.

In addition, the seventh-degree polynomial demonstrates
good stability in numerical calculations, reducing oscillation

g 1'esult(t) F before(t)

\

Figure 3. Force distribution curves before and after optimization.
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Figure 4. Swarm behavior of convergence. (a) Initial distribution, (b) 100 iterations, (c) 1,000 iterations, (d) 2,000 iterations, and (e) magnified view

of particle distribution after 5,000 iterations.

phenomena and ensuring the convergence and reliability of the
optimization algorithm. Furthermore, using a seventh-degree
polynomial has physical rationality in mechanics and engi-
neering applications, accurately reflecting the force conditions
of the insoles under different usage scenarios. Therefore, the
seventh-degree polynomial not only theoretically meets the

optimization requirements but also effectively supports the uni-
formity of force distribution in practical applications.

As shown in Figure 3, the coordinates of 1,000 uniformly dis-
tributed points on the force curve Fpeore(t) before optimization
are defined as (A4 Bis), and the coordinates of 1,000
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Figure 5. Data on force distribution before and after optimization. (a) Before optimization. (b) After optimization.

uniformly distributed points on the target optimization curve
Fresut(t) are defined as (Auy, Boy). The sum of the Euclidean
distances of the corresponding points is denoted as S(t), which
is used to represent the non-coincidence of the two force
curves. Let the design parameters be defined as a;, b;, and c;,
then we have

1,000
Sit) = Y (A — Axi)® + (Biy - Bai)?, (3)
t=1

where t=1,2,...,1,000,i=1,2, ..., 100.
Objective function:

Min Si(t). 4)

0
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Boundary conditions:

a+thb+c=1. (5)

Correction function:

a;
Gty =@, v ¥\ bi) (6)
(

The PSO algorithm is used to achieve uniform distribution of
force on the insoles, and the above mathematical model is pro-
gramed and calculated using the Visual Studio 2019 programing
tool. Following the method described in reference, the best value
of the objective function obtained by the swarm is monitored, and
convergence is assumed when no changes are observed within
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Figure 6. Lattice structure. (a) BCC, (b) VC, (c) BCCZ, and (d) FCCZ.

the specified number of iterations. Here, the size of the particle
swarm is set to 100, and the maximum number of iterations is set
t0 5,000. Based on empirical ranges and preliminary calculations
of particle convergence speed, learning factors ¢, = 0.05 and
¢g = 0.1 are determined. After exceeding 1,800 iterations, the
optimal solution stagnates, and the collective behavior of particle
convergence is shown in Figure 4.

In Figure 4, the red particles represent the optimal particles,
illustrating the initial distribution of particles and their conver-
gence after 100, 1,000, 2,000, and 5,000 iterations. It can be
observed that the convergence of the red particles is quite

R

(€)

Figure 7. Variable density lattice structure. (a) BCC, (b) VC, (c) BCCZ, and (d) FCCZ.

good. After optimization and uniformization, correction coeffi-
cients a1» = 0.840, b1, = 0.572, and ¢, = —0.412 are obtained,
with the objective function value being 0, leading to the force
distribution on the insoles after uniformization.

2.2.2. Foot pressure distribution results

In the experiment, the subject is a female with a foot size of 38
and a weight of 55 kg. Figure 5 displays the force distribution
data of the insoles before and after optimization. Before opti-

mization, the force on the insoles is primarily concentrated in
the forefoot and heel areas, resulting in noticeable pressure

(d)
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Figure 8. Force distribution of insoles before and after optimization. (a) BCC, (b) VC, (c) BCCZ, and (d) FCCZ.
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Figure 8. (Continued)
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Figure 9. 3D printing process of insoles.

peaks, which can lead to discomfort during walking and move-
ment, increasing potential health risks. After processing with
the PSO algorithm, the force distribution on the insoles
becomes more uniform, with significantly reduced pressure
peaks, and a more reasonable distribution of force across var-
ious areas of the foot. This optimization effectively improves the
comfort of the insoles and alleviates fatigue caused by uneven
force distribution.

To achieve the optimized force distribution for 3D printed
insoles, this study employs a combination of PSO and variable
density methods to construct the lattice structure, aimed at
enhancing the comfort and support of the insoles. By adjusting
the rod diameters in different areas, it is possible to effectively
change the stiffness and elasticity of the material, thereby opti-
mizing the force characteristics of the insoles during use.

2.2.3. Lattice structure and variable density method

The basic lattice forms utilized include four types of lattice struc-
tures, as shown in Figure 6: body-centered cubic structure

Table 1. Manufacturing process parameters for lattice structure insoles

Process name Process parameters
Nozzle temperature (°C) 215-240
Build plate temperature (°C) 20
Print layer thickness (mm) 0.2
Nozzle diameter (mm) 0.4
Filling density 100%
Enclosure temperature (°C) 25-35

(BCC), vertex-centered structure (VC), body-centered cubic
vertex structure (BCCZ), and face-centered cubic vertex struc-
ture (FCCZ). These structures exhibit significant differences in
anisotropic mechanical properties and are widely representa-
tive. Additionally, a cubic envelope space is selected to facil-
itate the arrangement of the lattice within the design domain,
resulting in a more regular structural boundary. The aim is to
validate the optimization results through these four lattice
forms.

The mechanical properties of lattice structures are also related
to their relative density. The relative density of a lattice structure
is defined as the ratio of the equivalent density of the structure
itself to the actual density of the base material, as shown in
equation (7).

pr= (7)
In this equation, p represents the equivalent density of the lat-
tice structure itself and py denotes the density of the base
material of the lattice structure. The formulas (8)—(11) corre-
spond to the relative density calculation results for BCC, VC,
BCCZ, and FCCZ. In this study, the equivalent density of the
lattice structure is calculated by considering the supporting
rods. To simplify the calculation process, at the vertices of the
lattice structure, although the rods overlap, they are still treated
as complete supporting rods. As a result, the relative density
obtained is somewhat higher and more conservative.

°
|
|
|

_p _2md?% _3J3m(d)? ®)
po L2 4 )

3md?, 3m(d)?
p* = ﬁ = 3 2 =——1, (9)
Po 41 4 /2
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2md?y,  3md%, 3m+4V3m(d)?
p* = £ = 3 1 + 3 2 = \/_ —1, (10)
Po L 4L 4 I
.. p _3md%  2md% _ 3V2m(dY’ (11)
T B -2 \K)

In these equations, d represents the diameter of the supporting
rod, / denotes the length of the supporting rod, and L refers to
the lattice dimension. From the relative density expressions of
the four unit cells, it can be observed that the relative density
of each lattice can be characterized by d//, which is independent
of the lattice dimension. The weight reduction ratio of the lattice
structure refers to the percentage of pore volume relative to the

total volume occupied by the entire lattice structure, denoted as
P. The calculation method for the weight reduction ratio is related
to the relative density, as indicated by the following formula:

P=0-p)%. (12)

The cubic envelope space lattice is consistent in all three direc-
tions, and the equivalent material belongs to orthotropic materials.
Therefore, in the stiffness matrix, the coupling terms for tension
and shear are both zero, and the coefficients in two orthogonal
directions on the cross-section are the same. As a result, the 36
parameters in the fourth-order stiffness tensor matrix [C] can be
reduced to three independent parameters: C1, Cy,, and Cgyg.

(d)

Figure 10. Results of 3D printed insoles. (a) Uniform density VC. (b) PSO and variable density VC. (c) Uniform density BCCZ. (d) PSO and variable

density BCCZ.

10



AUTEX Research Journal, Vol. 25, No. 1, 2025, 20250036, DOI 10.1515/aut-2025-0036

(c)

Figure 11. Pressure distribution cloud map of insoles before and after optimization. (a) Uniform density VC. (b) PSO and variable density VC.
(c) Uniform density BCCZ. (d) PSO and variable density BCCZ.

C11 C12 C12 1/E -vIE -vIE 0 0 0
Ci2 Cy1 C12 -vIE 1/E -v[E 0 0 O
c=|C2 Ciz Ciy (13) T=|-vE -viE 1/E 0 0 0 (14)
44 ' 0 0 0 1G O o |
Caa 0 0 0 0 1G 0
44

0 0 0 0 0 1/G

By taking the inverse of the matrix [C] from formula (12), we  This study selects four lattice configurations from the previous
obtain its inverse matrix [T], as shown in formula (13). Fromthe  gection for homogenization analysis, with TPU70A as the
inverse matrix [S], the Young's modulus E, shear modulus G,  chosen material, having an elastic modulus of 3.6 MPa, a ten-

and Poisson’s ratio v can be derived as follows: sile strength of 32MPa, a density of 1.08g/cm® and a
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Poisson’s ratio of 0.42. The size of the single lattice is selected
as 4 x 4 x 4mm°. Based on the Young’s modulus E, shear
modulus G, and Poisson’s ratio v data for different relative
density lattice configurations, it is possible to achieve variations
by changing the diameter of the lattice support rods and
applying gradient changes. The variable density lattice struc-
ture is shown in Figure 7.

3. Results and discussion

3.1. Construction of uniform density and PSO variable
density lattice structure insoles

Using four types of lattice structures: BCC, VC, BCCZ, and FCCZ, the
insoles were filled with both uniform density and variable density
structures combined with the PSO algorithm. The filling results are
shown in Figure 8. The upper right section displays the results of using
a uniform density lattice for insole filling, while the lower right section
illustrates the effects of using a variable density lattice for filling.

The results indicate that insoles filled with BCC and VC lattice
structures are relatively sparse in overall density. This design not
only significantly reduces the weight of the insoles but also meets
the daily lightweight requirements, making them suitable for long-
term wear and casual activities. In contrast, insoles filled with
BCCZ and FCCZ lattice structures exhibit higher filling density
and stronger support performance, making them more suitable
for sport scenarios that involve higher loads.

Furthermore, a pressure optimization model based on the PSO
combined with a variable density algorithm was constructed to
dynamically adjust the pressure distribution of the insoles. The
PSO algorithm optimizes the pressure distribution across dif-
ferent areas of the insoles by simulating the iterative search
process of particles within the solution space. The variable
density algorithm optimizes the local parameters of the lattice
structure according to the mechanical demands of different
regions of the foot, thereby adjusting the stiffness and elasticity
distribution characteristics within the insoles. During the optimi-
zation process, the pressure optimization model gradually
reduces the excessive pressure in areas of high stress concen-
tration while enhancing the support performance in low-pres-
sure areas, creating a pressure distribution state that is more
aligned with ergonomic requirements.

3.2. 3D printed lattice structure insoles

The manufacturing process parameters of the lattice structure
insoles directly affect the print quality and structural perfor-
mance. Table 1 lists the printing process parameters used in
the experiment with TPU70A filament, including the nozzle tem-
perature, build plate temperature, print layer thickness, nozzle
diameter, filling density, and enclosure temperature.

In the design process of lattice structures, the VC structure, due
to its nodes being concentrated at the vertices of the unit, exhi-
bits higher symmetry and uniformity, making it easier to control
achieving precision and material distribution during printing. On
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the other hand, the BCCZ structure incorporates inclined struts
at the center of each unit to create a more complex three-
dimensional network. This design not only enhances the
strength and stability of the structure but also effectively
addresses more complex loading conditions. Therefore, the
selection of these two lattice structures provides a solid basis
for comparison in the experiment. Thus, the experiment
focused on the VC and BCCZ lattice structures, conducting
3D printing of insoles before and after optimization, as shown
in Figure 9.

Using the equal density VC lattice structure, PSO combined
with variable density VC lattice structure, equal density BCCZ
lattice structure, and PSO combined with variable density
BCCZ lattice structure, insoles were printed. The results of
the 3D printing are shown in Figure 10.

3.3. Result analysis

According to the experimental conditions established in Figure
1, a foot pressure analysis was conducted on the above-men-
tioned 3D printed insoles, and the results are shown in
Figure 11.

Figure 11(a) shows the insole formed by the unoptimized VC
lattice structure. Figure 11(b) shows the insole formed by the
optimized VC lattice structure. Figure 11(c) shows the insole
formed by the unoptimized BCCZ lattice structure. Figure 11(d)
shows the insole formed by the optimized BCCZ lattice struc-
ture. By studying the pressure distribution cloud maps of the
insoles before and after optimization, it is evident that the opti-
mized lattice structure insoles demonstrate significant improve-
ments in load-bearing performance and deformation uniformity.
The insoles before optimization show a concentrated pressure
distribution in the load-bearing areas, which can easily lead to
stress concentration in certain regions. In contrast, the opti-
mized insoles achieve a more uniform pressure distribution,
significantly reducing the localized stress concentration and
increasing the overall comfort and durability.

The results indicate that the pressure distribution of the opti-
mized insoles has been significantly improved, especially in
high-load areas, allowing for more effective dispersion of the
pressure applied to the insoles, thereby enhancing comfort and
functionality during wear. Experimental analysis shows that the
combination of PSO and variable density algorithms plays an
important role in optimizing the manufacturing and performance
enhancement of lattice structure insoles, providing a reference
for future insole design.

4. Conclusions

This study employed the PSO algorithm to achieve uniformity in
the stress distribution of insoles, validating the effectiveness of
the optimization algorithm in insole design. Through a detailed
comparison of the stress distribution before and after optimiza-
tion, the results demonstrated that pressure in critical areas
such as the forefoot and heel was effectively dispersed after
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optimization, resulting in a more uniform stress distribution.
This change not only enhanced the comfort of the insoles but
also significantly reduced the risk of fatigue and long-term
health issues caused by uneven stress.

The research indicates that reasonable structural design has a
significant impact on the performance of insoles. The results of
this study lay a theoretical foundation for the design and opti-
mization of personalized 3D-printed insoles, suggesting that
the combination of the PSO algorithm and variable density
methods can effectively improve the comfort and performance
of insoles.
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