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Abstract: Diabetic patients with foot ulcers are often unaware of excessive pressure or pain on their feet due to
impaired peripheral nerves losing their functionality to sense repeated excessive higher plantar pressure. Using
offloading insoles to reduce or redistribute pressure beneath the feet has become one of the popular approaches
to alleviate the problem of excessive pressure on wound sites. One innovative solution to this problem is the use
of 3D printed insoles. This study investigated the effect of infill pattern and infill density on plantar pressure
reduction for 3D-printed insoles during walking. The study involves five infill patterns: grid, honeycomb,
triangle, cubic, and gyroid, along with several infill densities ranging from 14% to 20%. The test 3D-printed
thermoplastic polyurethane specimens were assessed for mechanical properties to identify suitable infill
patterns for creating prototypes of insoles for the plantar pressure study. The results indicated that the
honeycomb infill pattern exhibited the highest maximum compression load at 50% compressive strain and has
a significant area under the loading-unloading curve, signifying high energy absorption. Conversely, the gyroid
infill pattern exhibited the lowest maximum compression load at 50% compressive strain and minimal energy
absorption. Both infill patterns with 20% infill density were applied in 3D-printed insoles and tested on the foot
plantar pressure of healthy male volunteers during walking. No statistically significant differences in plantar
pressure were observed between the two infill patterns compared to walking without insoles. However, the

reduction of plantar pressure at hindfoot region was noticed when using the insoles.

Keywords: diabetic foot; 3D-printed insole; infill pattern; infill density; plantar pressure

1. Introduction

Diabetes mellitus (DM) is a non-communicable disease which affects the daily life of patients
and is associated with poor health outcomes. A common complication of diabetic patients is diabetic
foot syndrome which can be developed to a severe complication such as diabetic foot ulcer (DFU). It
was reported that the global prevalence of DFU was 6.3% which was higher in males than in females
and higher in patients with type 2 DM than that with type 1 DM [1]. The management of DFU
becomes a challenge in the healthcare service and it also leads to a socioeconomic burden [2,3]. Many
strategies have been implemented to manage foot DFU such as glycaemic control, pharmacological
therapy, topical oxygen therapy, wound dressing and debridement [3,4]. One effective strategy of
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preventive management for DFU is the off-loading strategy which aims to reduce and redistribute
weight-bearing load over an area of the foot. Several off-loading devices have been applied to diabetic
patients including total contact cast, removable cast walkers, orthotic devices and custom-made shoes
and insoles [2,3,5]. The effective off-loading of diabetic foot is mandatory for ulcer healing and ulcer
recurrence prevention.

Additive manufacturing technology has been introduced for prototype fabrication and final
product fabrication. It is the process of making an object by building material, layer-by-layer, such as
3D-printing technology. Currently, 3D-printing technology has become popular and easily available
as desktop equipment, especially fused deposition modeling (FDM). Making a diabetic custom-made
insole using the FDM method can reduce many steps in the fabrication process compared to a
conventional insole manufacturing which is laborious work [6]. Furthermore, conventional insole
manufacturing causes harmful particles which can affect the respiratory system and environment [7].
Several studies fabricated 3D-printed insoles for diabetic feet using the FDM method [6,8-11].
Various thermoplastic materials can be printed with FDM method i.e. acrylonitrile butadiene styrene
(ABS), polylactic acid (PLA), polycarbonate (PC), thermoplastic elastomer (TPE) and thermoplastic
polyurethane (TPU) etc. When making a 3D-printed insole for diabetic foot, frequently used material
is TPU due to homogeneous, isotropic and soft elastic material [9]. Furthermore, excluding the 3D
printer setup, important printing factors include not only material but also infill pattern and infill
density. These two factors can affect printing time, material usage and the mechanical properties and
off-loading characteristic of insole.

Several computational and experimental studies have been conducted with different infill
structures such as porous structural unit and lattice structures [11-15]. Kumar et al. proposed a 3D-
printed insole using Kelvin lattice structure which can reduce plantar pressure and promotes more
balanced weight distribution [13]. Ali et al. performed the simulation using three lattice meshes of
midsole designs including hexagonal, elliptical and circular lattice structures [14]. They showed the
highest maximum stress occurring in the midsole with the elliptical lattice structure. Their work
concluded that using combination of lattice structure to increase the energy absorption capacity or
providing more local comfort to user’s requirements. Jonnala and colleagues reported that the gyroid
structure has a high specific energy absorption capability when compared to the solid structure. This
characteristic is beneficial to the orthotic insole [11]. They suggested that the infill density parameter
should be considered for the selection of the structure for 3D-printed insole. Chatzistergos and
colleagues varied the stiffness of 3D-printed footbeds by changing the infill density [16]. They
showed that stiffer footbeds were suitable for participants who have high body mass index. It was
also reported that 3D-printed insole shows better comfort improvement compared to the
prefabricated insole in patients with symptomatic flatfoot [17]. However, there are still limited
studies that consider the effects of infill pattern and infill density of 3D printing on the mechanical
properties based on experimental studies and consequently tests in human subjects to observe the
plantar pressure distribution during gait. This study investigated this gap by performing five
different infill patterns (honeycomb, grid, triangular, cubic and gyroid patterns) and four different
infill densities (14%, 16%, 18%, 20%) for mechanical properties testing. Furthermore, we investigated
the effects of selected infill pattern and density using in 3D-printed insole on the plantar pressure
distribution during walking in healthy subjects which is valuable information for an insole design
for diabetic patients.

2. Materials and Methods

2.1. Specimen Preparation

The standard test specimens were 28.6+0.1 mm in diameter and 12.5+0.5 mm in thickness as
suggested in ASTM D575-91. The test specimens were printed using Pro 2 Plus 3D printer (Raise 3D
Technologies, Inc., Lake Forest, CA, United States). The material was TPU filament (PolyFlex™
TPU95, Polymaker, Changshu, China). The ideaMaker® slicing software version 4.4.1(Raise 3D
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Technologies, Inc.,, Lake Forest, CA, United States) was used to assign infill pattern and density.
Honeycomb, grid, triangular, cubic and gyroid patterns were printed with four different infill densities
(14%, 16%, 18%, 20%) as shown in Figure 1. For each infill density, three test specimens were prepared.

Triangle Honeycomb Grid Gyroid

Cubic

14%

Figure 1. Five infill patterns and four infill densities created for test specimens.

2.2. Mechanical Properties Test

The test specimens were performed a compression test at 50% strain using the Instron 8872 series of
servohydraulic testing systems (Instron, Norwood, MA, United State). Loading and unloading conditions
were performed during the test according to ASTM D575-91. Each test specimen was repeated 4 times
and maximum compressive load and area under the loading-unloading curves were determined.

2.3. Insole Fabrication

The 3D-printed insoles were designed as simple flat insoles with a length of 26.5 mm and a
thickness of 3 mm, like a cushion insole, using a computer-aided design software-ANSYS
SpaceClaim, 3D modeling software, (ANSYS, Inc., Canonsburg, PA, United States). The insoles were
fabricated using Pro 2 Plus 3D printer (Raise 3D Technologies, Inc., Lake Forest, CA, United States)
and PolyFlex™ TPU95 (Polymaker, Changshu, P.R. China). Figure 2 shows the 3D-printed flat insole.

Top view

3D-printed insole

Side view

Figure 2. Flat insole drawing for 3D printer.
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2.4. Plantar Pressure Measurement

Ten healthy male participants without any foot deformity were recruited to measure the plantar
pressure wearing with and without 3D-printed insoles. The study protocol was approved by the
ethical committee of Faculty of Medicine, Prince of Songkla University with the approval number
REC.66-188-38-2. Plantar pressure was measured using Pedar® system (Novel gmbh, Munich, Germany),
an in-shoe plantar pressure sensors, during 3 rounds of 10-metre walking at self-selected speed. The test
was conducted at the Southern Medical Rehabilitation Centre of Songklanagarind Hospital.

2.5. Gait Data Analysis

In each participant, five consecutive gait cycles were analyzed and post-processed plantar
pressure data to segment it into stance and swing phases. Then, mean plantar pressure of each side
in three regions of the foot (hindfoot, midfoot and forefoot) and area under the curve of force-time
during stance phase of the gait cycle were determined. One-way ANOVA was performed to
determine the significance of mean plantar pressure and area under the force-time curve. The
statistical significance is defined when p<0.05.

3. Results

3.1. Mechanical Property Testing

Figure 3 shows maximum compression load of test specimens with different infill patterns and
infill densities. Increasing infill density potentially provides a higher compression load for every infill
pattern. At 50% strain test, honeycomb infill pattern presents the highest maximum compression load
that can be applied on specimens during the loading-unloading test whereas gyroid infill pattern is
thelowest. The loading-unloading test showed that TPU has viscoelastic material properties (Figure
4). In the first trial of loading-unloading test, specimen was in a pre-condition. Therefore, trial 2 to
trail 4 were taken into consideration. The patterns of the loading-unloading plot looked similar for
each infill pattern. When we calculated the area under the loading-unloading curves, which
represented energy absorption, we found that honeycomb infill pattern mostly had maximum area,
whereas gyroid infill pattern had minimum area as shown in Figure 5. The loading-unloading area
increased when the infill density increased. Therefore, we selected these two infill patterns,
honeycomb and gyroid, to investigate the plantar pressure during walking.
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Figure 3. Maximum compression load of test specimens with five infill patterns (honeycomb, grid, triangle, cubic
and gyroid) and four infill densities (14%, 16%, 18%, 20%).
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Figure 4. The loading-unloading test at 50% strain on test specimens with 20% infill density of five infill patterns
(GR: Gyroid, CB: Cubic, TR: Triangle, GD: Grid and HC: honeycomb).
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Figure 5. The area under the loading-unloading curves of test specimens with five infill patterns (honeycomb,
grid, triangle, cubic and gyroid) and four infill densities (14%, 16%, 18%, 20%).

3.2. Plantar Pressure in Gait

In this study, ten healthy male participants were recruited, and their demographic data are
presented in Table 1. All participants are adults with the dominant right-hand side. Table 2 shows
the mean plantar pressure during gait in three-foot regions when walking with and without 3D-
printed insoles. It is noticed that the right foot has slightly lower mean plantar pressure compared to
the left foot. Hindfoot and forefoot regions are high mean plantar pressure areas when walking with
or without 3D-printed insoles. Using 3D-printed insoles, there is no significant difference in mean
plantar pressure in each foot region when compared to walking without insole.
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Table 1. The demographic data of 10 healthy male participants.

Demographics
Age (years) 23.10+3.25
Gender (male/female) 10/0
BMI (kg/m?) 22.93+1.43
Foot length (cm) 25.52 +0.97
Side of dominant (left/right) 0/10

Table 2. The mean plantar pressure during gait in three regions of the foot when walked with 3D-printed insoles

and without insoles.

Mean plantar pressure (kPa)

Infill pattern Hindfoot Midfoot Forefoot
Left Right Left Right Left Right
None 58.21+10.64 52.9745.10 16.43+3.45 21.84+8.46 58.06+7.99 38.51£11.15
Honeycomb 51.80+10.33 47.26x8.31 19.26+4.19 27.57+10.75 56.99+7.81 45.00+14.82
Gyroid 54.56+9.67 46.27+6.84 18.53+2.54 26.81+7.47 62.27+8.96 40.4629.91

Center of pressure (COP) trajectories, green lines, during walking with and without 3D-printed
insoles are displayed in Figure 6. The trajectories start from heel to forefoot regions, and they look
different for each participant. In common, these trajectories line in the middle and move to medial
side in the midfoot region more than lateral side. Table 3 presents the area under the force-time curve
during gait. It shows that walking without insoles has the lowest force-time integral (FTI) compared
to walking with 3D-printed insoles. Wearing 3D-printed insoles with honeycomb infill pattern
provides the highest FT1. However, our investigations show no statistically significant difference in
FTI between wearing 3D-printed insoles and not wearing them.

Table 3. The area under the force-time curve during gait with and without 3D-printed insoles.

Insole AUC (N-s)
None 337.75 +45.31
Honeycomb 377.40 +49.52
Gyroid 374.43 +48.73

Honeycomb

No.4

No.8

Figure 6. Center of pressure trajectories during walking with and without 3D-printed insoles in two

participants.
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4. Discussion

This study demonstrated that infill patterns and density play important roles in mechanical
properties of 3D-printed objects, especially for making an insole. The findings of this study suggest that
stiffness of 3D-printed object depends on infill pattern and infill density. Walking with insoles, the selected
infill pattern (honeycomb and gyroid) with 20% infill density could reduce the plantar pressure at the heel
around 10% when compared to walking without insole. However, there was increased plantar pressure
in midfoot and forefoot regions when using insoles. This addresses the insole design and printing
parameters that need to be considered when making the 3D-printerd insoles for diabetic patients.

There are several materials which are commonly used for insoles such as gel, foam, cork and
leather. These materials range from good flexibility to good firmness to add an extra cushion, support
and control. It was reported that low to moderate stiffness materials are suitable for cushioning
function [18,19]. Softer materials provide comfortable accommodation, whereas stiffer materials are
more durable [20]. Chatzistergos et al. pointed out that correct selection of cushioning stiffness can
significantly reduce plantar pressure, and stiffer cushioning materials were necessary for higher BMI
[16]. They also showed increased infill densities from 10% to 20% provided higher relative stiffness
for 3D-printed TPU footbeds. Their finding was like our study that increased infill densities obtained
higher maximum compression load, especially for honeycomb and gyroid patterns. Orsu and Shaik
looked at the compression strength of customized shoe insole with different infill patterns and infill
densities using 3D printing [21]. Four infill patterns were investigated with 25%, 40% and 60% infill
densities, they were triangle, rectilinear, cubic and gyroid. Compressive strength was higher when
the infill density increased for all infill patterns. Gyroid and Cubic infill patterns had lower
compressive strength compared to the other two patterns. Their finding has similar results to our
study which showed that gyroid and cubic infill patterns had lower maximum compression load
compared to the other three patterns. However, in our study, honeycomb infill pattern provides the
highest maximum compression load among five infill patterns, not triangle infill pattern. Peker and
colleagues performed mechanical tests on the 3D printed specimens using elastic filament and found
that hardness, Young’s modulus and tensile stress were increased when infill density was increased
[6]. Some computational studies looked at the most effective insole infill for plantar pressure and
weight distribution. Koteswari and Yeole used finite element analysis to demonstrate that the lattice
structures affected maximum stress and deformation [12]. Similarly, Kumar et al. numerically
showed that increasing number of unit cell enhances higher stiffness of the insole model and unit cell
architecture plays a role on stiffness [13].

Cushioning, shock absorption and durability are important features of diabetic insoles which
help to distribute pressure across the foot, reduce the impact of walking or standing and long-lasting
support, respectively. Our study showed that TPU showed a viscoelastic behavior when under the
loading-unloading compression test. The energy absorbed during a loading-unloading cycle are
different in each infill pattern and infill density. Honeycomb infill pattern possibly has a good shock
absorption characteristic due to high energy absorption while gyroid infill pattern has low energy
absorption. Furthermore, our study revealed that increased infill density provided higher energy
absorption. Our findings were supported by Jonnala et al. who reported that gyroid structure showed
lower elastic absorbed energy per unit volume than solid structure[11] and Xiao et al. who concluded
that density is a major factor which influences cushioning energy absorption performance [22].
Materials with high energy absorption and elastic modulus indicate its potential application in
dampers, shock absorbers and cushioning [23]. It was found that the specimens taken from the single
material insole had larger relative energy dissipation compared to that taken from the dual-material
insole, providing higher stress response [24,25]. However, good energy absorption materials relate
to high stiffness which should be considered when using them as materials for diabetic insoles.

3D-printed insoles have been proposed in many studies for diabetic foot management in the
aspect of off-loading function and plantar pressure reduction. Stiffness optimization of 3D-printed
footbeds was conducted in fifteen diabetic patients by Chatzistergos et al. and they found that the
optimum stiffness resulted in maximum percentage of plantar pressure reduction [16]. In our study,
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subjects walked with 3D-printed insoles had lower mean plantar pressure in the hindfoot region on
both left and right sides than without insoles whereas they had elevated mean plantar pressure in
other regions of foot. Kumar and Sarangi used 3D-printed insoles made of kelvin lattice infill to look
at the plantar pressure distribution during standing and showed that the insole-clad foot condition
had lower average pressure compared to the barefoot condition, similar in both feet [13]. Another
study by Zuniga et al. found that 3D-printed insoles using thermoplastic polyurethane polyester-
based polymer with hexagonal infill pattern and 40% infill density had lower average peak pressure
than the standard insole [26]. Zuniga et al also reported that another filament that they used for 3D-
printed insoles showed slightly higher average peak pressure than the standard insoles. This suggests
that wearing insole is beneficial in plantar pressure reduction. This benefit is also supported by Muir
and colleagues who confirmed that the 3D-printed personalized metamaterials insoles could reduce
plantar pressure in offloading regions [27].

Total contact insole (TCI) with graded-stiffness showed a reduction in peak plantar pressure
better than normal TCI, flat insole with graded-stiffness and normal flat insole during walking,
especially during upward acceleration [9]. Our study used 3D-printed flat insoles that might not fit
the foot shape of each participant, but they were able to reduce plantar pressure at the heel. In clinical
practice, contoured insoles are provided to diabetic patients due to their offloading performance
[25,28]. The material selection for insoles is also important for offloading performance and soft insole
materials usually had a better performance than the rigid insole materials. Furthermore, thickness of
insole can influence offloading performance as well as energy absorption. In our study, 3D-printed
insole with 3 mm thickness were tested. This might be a reason that there is no significant difference
in plantar pressure reduction and area under the curve of force-time plot when compared to walking
without insole. Cheung and Zhang studied a parametric design of pressure-relieving foot orthosis
using statistics-based finite element method and addressed several factors in reducing peak plantar
pressure including arch-conforming, insole stiffness and insole thickness [29]. Tang et al. proposed a
new design method to optimize the stress distribution of the contact surfaces between the foot and the
insole using functional gradient structure via porous structural units (cube) to the 3D-printed insole,
leading to reduce the peak plantar pressure [30]. Furthermore, we could not clearly distinguish the
difference of center of pressure (COP) trajectory between with 3D-printed insoles and without insole.
There are various paths of COP which are different for each participant. However, there was a study that
showed types of material, stiffness, thickness and shape of insole effect on COP trajectory [25,31].

This study has several limitations which should be further improved and investigated. First, the
design and thickness of the insole should be modified. As previously mentioned, contoured and
optimized stiffness insoles should be designed, printed and tested. Flexural fatigue, durability and
comfort ability test should be done with 3D-printed insole to look at the effects of infill pattern and
density on these characteristics [16,32]. It is better to perform the effectiveness of 3D-printed insoles
on plantar pressure reduction and distribution in diabetic patients who have an early stage of foot
ulceration to obtain more insights of users.

5. Conclusions

The effects of infill pattern and density were investigated on mechanical properties of 3D-
printed specimens and on plantar pressure reduction of 3D-printed insoles. The findings of this study
show that both factors notably influence stiffness and energy absorption. Increased infill densities
provided higher maximum compression load (higher stiffness) and area under the loading-
unloading curve (energy absorption). Among 5 infill patterns, the honeycomb infill pattern gave the
highest stiffness whereas the gyroid infill pattern showed the lowest stiffness. However, when
applying honeycomb infill pattern and gyroid infill pattern at 20% infill density, there was no
significant difference in plantar pressure reduction between with and without 3D-printed insoles.
There was slightly reduced plantar pressure in a hindfoot region during walking whereas other foot
regions had elevated plantar pressure when wearing 3D-printed insoles. We suggest that optimized
stiffness should be considered when offloading is focused on diabetic feet.
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