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Abstract - Decreasing peak plantar pressure (PPP) is an essential intervention for reducing foot discomfort as well as
reducing foot ulcers risks in diabetic patients. Advanced technologies of 3D scanning and 3D printing havepaved the
wayforcreating personalized insoles with optimized fit to the precise contours and dimensions of anindividual's foot.This
study has developed a customtotal contact insole (TCI) that can achieve PPP reduction efficiently during both standing and
walking through 3D printing with thermoplastic polyurethane (TPU) and honeycomb infill structure of the insole.
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I. INTRODUCTION

One significant factor contributing to foot discomfort
is peak plantar pressure (PPP)[1]which refers to the
maximum force exerted on the plantar surface during
standing, walking, or running. Pathological foot
structure[2] and inadequate footwear[3] contribute
significantly to the point and extent of PPP. In
diabetic patients, high PPP can result in foot
ulcer[4]which leads to uncontrollable infection and
amputation. Reducing PPP during standing and
walking is crucial for achieving optimal foot comfort
and reducing risks of diabetic foot ulcers.

Strategies for PPP reduction[5] through modification
of footwearare mainly (1) accommodating individual
foot structure, and (2) off-loading PPP in specific
plantar regions [6-8]. There are several footwear
designs and orthotics such as cushioned insoles [9],
arch-supportive  footwear [10], rocker-bottom
footwear [11] and custom-molded orthotics[12]that
have been proven to reduce PPP. The effectiveness of
these designs varied depending on individual foot
conditions and requirements.

The advancements in 3D printing technology have
transformed the landscape of product customization,
including tailored healthcare products [13-15].
Among numerous 3D printing material, thermoplastic
polyurethane (TPU) is an ideal polymer for making
insoles because of the excellent durability, resilience,
shock absorption and high energy return properties
[16]. The 3D printing process enables the creation of
targeted designs, incorporating material and infill
structures to achieve prescribed levels of rigidity or
flexibility to support specific anatomical structures.
The resulting insoles can effectively redistribute
plantar pressure during standing and walking and
contribute to improved biomechanical functioning
[17]. The aim of this study was to test the hypothesis
that total contact insole (TCI) by combining TPU as

printing material and 3D printing infill structure can
accommodate the individual foot structure and
redistribute plantar pressure effectively during
standing and walking.

I1. DETAILS EXPERIMENTAL
2.1. Materials and Methods

2.1.1. Collection of 3D Anthropometric Data of the
feet

The Skanect™scanner for windows was used for
collection of 3D anthropometric data of the feet. 3D
scan collected data can be used for surface editing
purposes and fit analysis [18]. This will assist visual
insole size prediction and custom fit designs, achieve
visual try-ons hence improved fitting (Fig.1).

A complete surface model of the foot was built inside
Skanect™. The scanned image can be further
processed with “simplify” action to smoothen the
surface (Fig.2). The finalized scan was saved as a
stereo-lithography (STL) file.

2.1.2. Customized 3D Printed Insole Design

To prepare the STL model for 3D printing of an
insole, two computer-aided design (CAD) software
were used:

1) Rhinoceros v6.0 (Rhino) [18] was used for surface
extracting and processing as shown in Fig.3. The final
outcome in this process is a complicated polygon
surface mesh made of 28,000 = 5% fragments.

2) Autodesk MeshMixer for surface smoothening and
final touch-ups i.e. adding volumes and thickness to
the surface [19]. The extracted polygon surface
shown Fig.3 was transferred from Rhino to
MeshMixer. The polygon surface was firstly
simplified via a 33% reduction in control points,
leaving a finer mesh with 19,000 + 5% fragments. A
sculptural tool was used to smoothen the polygon.
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Fig.1.Flowchart of 3D scanning

Fig.2. The scanned model were smoothen by the “simplify mesh”
tool in the Skanect interface; resolution of scan was refined
through in this step.
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Flg 3. Screenshots in Rhino v6.0 showing side view of surface
integration process and obtained polygon mesh of feet.

Fig. 4Screenshots in MeshMixer showing the smoothened
NURBS surface from product with an even thickness of 3mm.

surface into a NURBS surface (non-uniform rational
B-spline surface as shown in Fig.4. The finalized
insole surface was extruded with an eventhickness

of3mm, and the model is ready for fabrication using
3D printing methodology.

2.1.3. 3D printing

The 3D-TFCs were fabricated with the Prusa Mendel
I13++® 3D printer under fused deposition modeling
(FDM) system. The compatible software is Repetier-
Host v1.0.6 by Hot-World GmbH & Co, together
with model analysis and slicing software named
slic3rv1.2.9.

To result in a softer, shock absorbable, lighter yet
supportive 3D-TFC, the infill percentage variables
were defined as the main design element in this part.
By investigating the most advanced 3D printed
objects such as the jet-powered unmanned aerial
vehicle (UAV) by Stratasys and Aurora Flight
Sciences in late 2015, the model uses the FDM
process to create honeycomb structures inside the
wings to reduce weight, at the same time to provide
strength to the part [20].Infill percentage of 30% was
chosen according to the spacing within 5cm? samples
in Fig.5 and its ratio to the grand thickness of the
insole. The 30% ratio sample will give sufficient
support yet a bouncy hollow ‘air layer’ within the
3mm thick insole(Fig.5).

Fig.5. Honeycomb structure samples displayed in different ‘
infill percentage.

2.2. Plantar pressure tests
8-sensors smart insoles using the Force Sensing
Resistors (FSRs) [21] as pressure sensors were
designed as shown in Fig.6.

For detecting the different pressure distribution
between flat and 3D contoured insole, Four FSRs
placed at toe, 1st metatarsophalangeal joints, 4th
metatarsophalangeal joints, and heel were adapted,
additional 4 sensors were placed at the medial and
transverse arches. There is less pressure on the 4
additional sensors during wearing a flat insole. The
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increased pressure on these 4 sensors can be used to
estimate the contact between foot and the insole.

Fig.6. Sensor allocation according to foot bone positions in the
flat insole design.

Human ethics approval was obtained prior to the tests.

Six healthy people volunteered the tests. Each
volunteer get three pairs of insoles: tailored plat
insole with 8 pressure sensors, commercial insole,
and tailored 3D printed TCI. Plantar pressure
distribution was measured during single leg standing,
double leg standing and walking. Two-way ANOVA
was used for statistical comparison among 3 types of
insoles. Statistical significance was considered if
p<0.05.

I11. RESULTS AND DISCUSSION

3.1. Product properties of the custom 3D printed
TCI

The custom 3D printed TPU insole with 70% porosity
honeycomb structure possessed a weight 65g and
thickness 4.5mm on average, lighter and thinner than
commercial insoles (>80g, >7.5mm).

3.2. Plantar pressure spatial distribution

There is different pattern of plantar pressure
distribution during double leg standing for 3 types of
insoles. For the flat insole, the major supporting
regions are sensor 1, 3, 6 and 8, with the peak
pressure at the sensor 8 at the heel region. For the
commercial insole, the major supporting regions are
at sensor 2, 4, and 6, with the peak pressure at sensor
4 or 6. For the customized insole, instead of a single
peak pressure region, there are 2 major supporting
regions: forefoot at sensor 2, 3 and 4, and rearfoot at
sensor 6, 7 and 8 (Fig.6).

3.3. Plantar pressure distribution during walking

The plantar pressure distribution is different for each
type insole.

Flat insole: Peak pressure is at sensor 8 during heel
strike phase and peak pressure is at sensor 1 and 2
during heel lift phase. The highest pressure lies on

sensor 1 (toe) and 8 (rare foot). On the other hand,
sensor 2, 4 (outer mid-foot), and 5 (arch) has no
detection on pressure, suggesting no contact between
foot and insole (Fig.7a).

Commercial insole:Variation of pressure on sensor 8
can reveal the heel strike and heel lift phase. However,
the peak pressure is located at sensor 3 or 4instead of
at sensor 8 and sensor 1 during the whole stance
phase (Fig.7b).

TCI: Variation of pressure on sensor 8 can reveal the
heel strike and heel lift phase. However, the peak
pressure is found to distribute at several sensors
concurrently instead of at a single sensor. At the heel
strike phase, the same level peak pressure distributes
at sensor 6, 7 and 8 while the same level peak
pressure distributes at sensor 1, 2 and 3 during heel
lift phase (Fig.7c).

200 Walking Pressure of left foot on a Flat Insole with eight sensors for three gait cycles
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Fig. 7a Walking pressure of a foot on a flat insole;

Walking Pressure of Right foot on a Commercial Insole with eight sensors for three gait cycles
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Fig. 7b Walking pressure of a foot on a commercial insole.

300 Walking Pressure of Right foot on a Customized 3D Insole with eight sensors for three gait cycles

250 . s—l]

e
PAL /3

= — e o
3 S R
s ~ A » 3 R
\ 2 AL e \ 3
‘. i ¢
4 A I ¥ / AT\ Sl
150 +—_J& ezt e 4 “p-.‘, o
= : LS
R

E S5
100 £ 6
7

R

Fig. 7c Walking pressure of a foot on a TCI.

The number and distribution of pressure sensors in
insole can detect the spatial distribution of plantar
pressure effectively. It can identify the peak pressure
at the heel and forefoot. It can show the difference in
pressure spatial distribution between different insole
designs. The TCI redistributed plantar pressures
during double legs and single leg standing thus
decreased PPP at metatarsal joint and heel
significantly. Gait dynamic analysis has shown the
changes of pressure value during different gait phases
by wearing TCI thus decreased the PPP at each gait
phase (Fig.7a-c).

IV. CONCLUSIONS

The results have proven the hypothesis that TCI by
combining TPU as printing material and 3D printing
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infill structure can accommodate the individual foot
structure and redistribute plantar pressure effectively
during standing and walking. The optimal infill
structure of the TCI is honeycomb with 70% porosity.
With is infill structure the TCI can be very light
weight (65¢g) and thin (4.5mm). The 3D printed TCI
in this study has weight and thickness of much lower
than most commercial insoles and did not affect gait
performance. This TCI has commercialization
potential to benefit foot health and comfort as well as

preventing diabetic foot ulcers by reducing PPP.
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