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ABSTRACT

By 2035, the global prevalence of diabetes is estimated to reach 532 million. Foot
ulcers, as a complication of diabetes, are particularly important to prevent in dia-
betic patients by regulating plantar pressure. Inspired by the mechanical properties of
auxetic materials, a auxetic diabetic shoe was designed. The study utilized finite ele-
ment analysis to compare the mechanical properties of the 3D auxetic lattice midsole
with the traditional hexagonal lattice midsole, including peak pressure, peak displace-
ment, stress energy, and viscous energy dissipation. The analysis of the mechanical
properties of the auxetic structure provides valuable insights for the design of diabetic
footwear soles.
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INTRODUCTION

Compared to diabetic shoes with conventional PU foam heel pads, heel pads
with an auxetic re-entrant honeycomb structure have significantly lower peak
contact forces and average pressures on the heel (Leung, Yick, Sun, Chow, &
Ng, 2022). Seats with auxetic structures can reduce contact stresses between
the human body and the seat, making them more comfortable than regu-
lar seats (Jasińska, Janus-MIchalska, & Smardzewski, 2012). The auxetic
properties of auxetic materials allows for an even distribution of stress, mak-
ing them an excellent choice for cushioning to prevent injuries in elderly
or disabled people (Yang, Vora, & Chang, 2018). Auxetic materials reduce
impact peak acceleration by 6 times compared to typical foams when sub-
jected to a rigid hemisphere impact (Allen et al., 2015). Numerous studies
have shown the potential of auxetic materials for sports protection (Allen
et al., 2015; Duncan et al., 2018). Han et al., (2022) designed auxetic materi-
als that not only improve energy-absorbing properties but also have excellent
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lightweight characteristics. Michalski and Strek (2019) revealed that the re-
entrant auxetic structure has higher fatigue strength than the non-auxetic
honeycomb structure through finite element analysis. Compared with con-
ventional honeycomb structures, Lang et al., (2023) found that re-entrant
honeycomb structures have better load-bearing performance and energy
absorption capacity. Because of the unusual advantages of compression and
cushioning, lightweight, and fatigue resistance, this kind of structural mate-
rial is potentially valuable in footwear design, especially in diabetic footwear
design.

Considering that the sole is often used as a solid component in the con-
struction of the entire shoe, designers can optimize the pressure-reducing and
cushioning properties of the entire shoe by adjusting the design of the sole
in order to create a shoe that prevents diabetic foot ulcers or assists in ulcer
healing. Auxestic structures have been shown to have excellent properties
in various applications. However, the ability to optimize plantar pressure in
shoe sole design has yet to be adequately investigated.

METHODOLOGY

In order to achieve the objective of this research, experiment employed the 3D
re-entrant hexagonal honeycomb lattice structure proposed by Evans (1994)
and designed a shoe sole (a) for diabetic foot patients. Additionally, shoe
sole (b) with traditional hexagonal honeycomb structure was designed as the
control group for the experimental study. The model of the shoe soles were
built by Rhino 3D modelling software and the grasshopper parametric design
plugin.

According to the mathematical model proposed by Gibson and Ashby, the
elastic modulus of the 3D re-entrant honeycomb structure is significantly
influenced by the diameter of lattice ribs. To minimize additional confound-
ing factors, the thickness of the lattice ribs was controlled in both sole design
schemes employing the two types of lattices. To ensure that the density of
the sole material had a uniform influence on sole performance across the 3D
spatial extent of the lattice, the lattice was uniformly arranged. Each sole fea-
tured a longitudinal arrangement of 2 unit cells of the lattice. The weights of
sole (a) and sole (b) were 148g and 107g respectively.

The study utilized Abaqus finite element analysis software to construct
a coupled model of the foot, sole, and ground. The experiment simulated
the interaction forces and effects between the sole and the foot during walk-
ing. The analysis encompassed aspects such as peak pressure magnitude and
distribution, maximum displacement and distribution, as well as energy dissi-
pation. During the finite element analysis process, walking was characterized
by five gait events (heel strike, early stance, midstance, late stance, and toe-
off) (Moayedi, Arshi, Salehi, Akrami, & Naemi, 2021). Based on a global
coordinate system fixed on the ground, three angles (α, β, γ ) representing
the foot during each of these five stance events were introduced to represent
the gait pattern within a gait cycle. According to research of Moayedi et al.,
(2021), The 3D foot orientation angles (α, β, γ ) are given in Table 1.
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Table 1. Material properties and element types of different parts of the model.

Heel
strike

Early
stance

Mid-
stance

Late
stance

Toe off

Roll(α)◦(Rotation around x axis) 10.82 9.49 6.21 3.04 7.59
Pitch(β)◦(Rotation around x axis) 5.58 −2.13 −3.26 −6.81 −34.00
Yaw(γ )◦(Rotation around x axis) 16.08 14.01 13.23 13.76 14.07

RESULTS AND DISCUSSION

The impact forces representing walking were applied to two different shoe
sole structures, and the stress and displacement distribution results are shown
in Figure 1 and Figure 2, respectively. By observation, it can be noted that the
highest pressure peaks during the walking process are located at the heel and
forefoot. This signifies that both of these regions are high-pressure peak areas.

According to Figure 1, the stress peak for insole (a) is 1.9 MPa, and for
insole (b), it is 1.8 MPa. The analysis results indicate that the stress peaks for
both are approximately equal. However, insole (b) has a mass of 41g less than
insole (a). Given that the stress peaks are similar, it suggests that the structural
design of insole (a) is considered more effective in reducing plantar pressure.
According to Figure 2, the deformation peak for insole (a) is 1.1 mm, while
for insole (b), it is 1.22 mm. Due to the lower mass and thus lower equivalent
density of insole (b), the deformation peak is slightly higher.

Figure 1: Maximum stress distributions of midsoles with auxetic structure (a) and
traditional hexagonal structure (b).

The variations in losses over time were analyzed as Figure 3 and Figure 4.
According to these results, the highest energy loss is associated with insole (a).
Due to its auxetic structure, insole (a) absorbs more energy, with the highest
strain energy and viscous energy losses. In other words, insole (a) dissipates a
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greater amount of energy, enabling it to absorb more energy. Greater energy
absorption by the insole can help reduce the impact of physical activity on
the feet of diabetic patients, thereby minimizing potential injuries.

Figure 2: Maximum displacements of midsoles with auxetic structure (a) and tradi-
tional hexagonal structure (b).

Figure 3: Strain energy comparison between midsoles with auxetic structure (a) and
traditional hexagonal structure (b).

Figure 4: Viscosity dissipation comparison between midsoles with auxetic structure
(a) and traditional hexagonal structure (b).
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CONCLUSION

The study employed a 3D-printed linear viscoelastic material for simu-
lating walking. The innovation lies in comparing the mechanical differ-
ences between the auxetic structure and traditional honeycomb structures.
Through this research process, it was determined how internal pattern
designs in shoe midsoles can cater to the needs of specific user groups. The
study explored the impact of different internal pattern structures on plantar
pressure for shoe soles with the same volume. This provides valuable insights
for optimizing the mechanical performance of shoe soles designs.

However, this study still has certain limitations. It was challenging to con-
trol the quality of the shoe soles during the design process, and the quality
of the experimental group and the control group was not well controlled.
This is an aspect that needs further refinement in future research. Based on
the comparison of sole design and mechanical performance, this study brings
new innovations to the field of custom 3D-printed footwear.
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