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Abstract: This study introduces a design procedure for improving an individual’s footwear comfort with body weight index
and activity requirements by customized three-dimensional (3D)-printed shoe midsole lattice structure. This method guides
the selection of customized 3D-printed fabrications incorporating both physical and geometrical properties that meet user
demands. The analysis of the lattice effects on minimizing the stress on plantar pressure was performed by initially creating
various shoe midsole lattice structures designed. An appropriate common 3D printable material was selected along with
validating its viscoelastic properties using finite element analysis. The lattice structure designs were analyzed under various
loading conditions to investigate the suitability of the method in fabricating a customized 3D-printed shoe midsole based on

the individual’s specifications using a single material with minimum cost, time, and material use.

Keywords: Customization, Shoe, Sole, 3D printing, 4D printing, Viscoelastic, Polyurethane

*Correspondence to: Ali Zolfagharian, School of Engineering, Deakin University, Geelong, Australia; a.zolfagharian@deakin.edu.au

Received: June 1, 2021; Accepted: June 25, 2021; Published Online: xxx

Citation: Zolfagharian A, Lakhi M, Ranjbar S, et al., 2021, Custom Shoe Sole Design and Modeling Towards 3D Printing. Int ] Bioprint.

http://doi.org/10.18063/ijb. v7i4.396

1. Introduction

The use of additive manufacturing and three-dimensional
(3D) printers is very popular these days!'!, and they
have various applications in various industries, including
aerospace!, automotive®, soft robotics!®, construction!”,
food printing!®, and tissue engineering®!®. One of these
is the custom manufacturing of products. 3D printing
opens the way to novel footwear items by integrating new
materials and digital production. At present, the technology
now makes it easier to produce high-performance sports
shoes and customized sandals using 3D printed shoe
components. This enables shoe manufacturers to join the
market rapidly by exploring new designs and offering
more personalization options. Despite these benefits, the
use of 3D printing in footwear remains limited, as the
technology currently is yet to enable mass customization
incorporating high-level nonlinear materials behavior
and geometrical designs to accommodate the intensive

and high productivity needs of individuals in the market.
However, the development of footwear 3D printing
is driven by trends in digital production and desire for
personalized experience. Considering midsoles, they
are typically constructed throughout the shoe as a solid
component with the same level of support. The designers
may optimize cushioning properties throughout the
whole shoe by adjusting various sections of a midsole,
producing better performance footwear. The present study
shows an approach to improve the efficiency of shoes in
different uses through the optimal geometry design of a
3D printing material tailoring different purposes.

Due to unhealthy lifestyle, like high fat diet and
lack of enough exercises due to working from home, a
higher number of people are nowadays prone to various
types of diseases, which lead to obesity, which in turn
increases body mass index (BMI). People with high BMI
frequently suffers from the problems of foot ulceration
due to excessive walking or standing for a long time.
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The need is to have a perfect shoe which will not only
provide comfort, but also maintain the functionality in
diverse daily activities!"!l. It can also be inferred from
the open literature that shoe sole plays a critical role
in rehabilitation of lower limb!'?! while it improves
walking function!’®! and reduces foot lesions. Patients
often complain of foot pain and fatigue after prolonged
walking, followed by pain in the knee and ankle that
generally deteriorates the quality of lifel"*. The effects of
custom-made sole on the life quality of individuals both
physically and mentally are proven!'*!. Due to difference in
foot structures of people, customizable midsole has come
into picture, which provides more comfort as compared
to prefabricated counterparts. One solution is 3D printing
of custom shoe midsole, where 3D scanning techniques
helps in getting the exact shape and size of the foot which
act as input to design. Custom soles are more suitable for
plantar structure of patient!'! and can further be improved
if traditional support structure is optimized; therefore,
further damage reduction at a lower cost, material waste,
and fabrication timel'”%],

In the past years, there has been considerable
amount of research in footwear industry to provide
best comfort shoes for different walks of people from
various fields, such as the sports or health sector; many
researchers continue to deliver crucial information based
on the experimental and theoretical works!'”!. The stiffness
reported as a crucial factor accounts for 70% of the comfort
for diabetic users®?. High plantar pressure generated on
foot can be impacted by changing the stiffness of the
shoe sole material®??!. A study has shown the efficacy
of customized sole in reducing the peak of load by
40% at metatarsal region!. Custom-made insoles have
proven to provide considerably better stress distribution
and much less maximum stress (around 40%) compared
to flat insoles, which is very important in fabrication
and selection of comfortable insoles®l. Furthermore,
the effect of custom-made 3D-printed foot orthoses in
the treatment of pain result in the foot of workers due
to prolonged standing has been studied®. Analysis of
the participants’ test results revealed that after wearing
customized 3D printing orthoses, feeling of discomfort,
pain, and heavy legs were reduced significantly.

Increase of thickness makes the stress distribution
more uniform and decreases the maximum stress value
up to 10%. However, simply increasing the thickness
does not necessarily lead to less maximum stress after
a certain thickness of the insole®” that is where more
sophisticated lattice design from 3D printing could play
a significant role. 3D printing has been recently focused
as the most flexible technology in making midsoles due
to its unit features in designing and developing variable
density and stiffness products with changing the infill
pattern in two and three dimensions, changing the infill

across the sole, changing wall thickness of infill walls and
changing infill density and height of each voxel. Hence,
the midsole designed could not only be customized to the
individual’s foot, but also is customized to the types of
activity, such as walking, running, or jumping. The same
level of performance will be hard to do or impossible with
machining and conventional subtractive manufacturing.

Recent studies were conducted on different lattice
structures by changing its unit cell size and shape to check
the behavior of their mechanical property, deformation
behavior, and compressive property?”*1. Different lattice
structures with closed and open unit cells of same size
were investigated in these studies and found that lattice
structure with a closed unit cell has higher stiffness
compared to the open lattice. A comparison analysis of
lattice structures made from different unit cells by additive
manufacturing were conducted®”. The compression tests
were performed on four different topologies such as
Diamond, Grid, X shape, and Vintiles to investigate the
mechanical property of all four topologies. It has been
found that the Grid lattice delivered the highest stiffness
compared to others which can be helpful to use in heel
part of the insole as it requires stiffer material. Diamond
shape lattice structure has shown the most uniform stress
distribution property which can be helpful for reducing
the plantar pressure.

Shoe firms have been moving away from leather to
shoes that are almost entirely polymeric. Thermoplastic
urethane (TPU) is a soft material that is highly resistant
to wear and abrasion, and is already used widely in many
industries, including footwear. The visco-hyper-elastic
property of TPU is preferred due to their elasticity property
and resistance they offer when subjected to compression.
The TPU also meets the requirements for medical devices
with regard to cytotoxicity and skin sensitization in
accordance with the DIN EN ISO 10993-5 and 10993-10
standards. The major advantage of soft-filament materials
is the flexibility that makes them deformed under a load
and its ability to revert back to their original state when
the load is removed. This property makes it possible
to fabricate durable 3D objects with high deformation
stability. In addition to its softness and flexibility, TPU is
also known for its functional properties of being durable
and being able to withstand ambient temperatures up to
80°C. TPU is therefore practical for both consumer and
industrial use.

The fast print speeds and compatibility with springy
and flexible materials such as TPU, silicone, and elastic
polyurethane, common for athletic shoes, have made resin-
based 3D printing technology a sustainable manufacturing
option. At present, vat photopolymerization is the most
popular category of 3D printing methods for footwear
manufacturing®!. This category includes resin-based
technologies, such as stereolithography and digital
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light processing, and Carbon’s digital light synthesis

(DLS)P%. These methods are based on a similar technique,

in which a light source (laser, light-emitting projector or

diodes) is applied to a liquid resin layer by layer, thereby
consolidating it. Besides resin-based technology, shoe
manufacturers also employ powder-based technologies,
such as Multi Jet Fusion (MJF) from HP and Selective

Laser Sintering (SLS)P3. The MJF and SLS are more

frequently utilized in the manufacture of insoles, as

opposed to resin-based technologies used in midsoles.

In this study, we present three different lattice
patterns designed with same wall thickness and amount
of a DLS 3D printing-based material. The midsoles
were positioned according to the foot sole to create a
specific design taking into consideration the visco-hyper-
elastic material effects as per individual specifications.
The type of lattice depends on the required demands
of the individual applications. These patterns were also
compared in different loading scenarios under different
input loads simulating the type of activities to judge the
efficiency of viscoelastic lattice design in distributing the
stress. The results of the conducted simulations showed
that the physical properties of customized 3D-printed
midsoles are affected by the pattern type with the same
amount of material and properties. The contribution of
our study is as follows:

a) The 3D-printed grade TPU material properties were
validated in ABAQUS finite element analysis (FEA)
platform.

b) A specific design for the customized 3D printing was
introduced along with flexible patterns, considering
the viscoelasticity property of material.

¢) A procedure was presented to design and 3D print
a customized midsole in terms of specific individual
features, such as body weight and type of activity,
using merely one type of material at minimum cost
and material use.

The rest of this paper is organized as follows:
Section 2 is dedicated to the detailed methodology of
3D-printed customized midsole design and the materials
characterizations; Section 3 provides the description
of the FEA and simulation results and discussion; and
Section 4 summarizes the study.

2. Methodology

2.1. Custom midsole design workflow

The pressure distribution is practically consistent in
ordinary people. Originally, the body mass appeared on the
heel area than that on the middle foot as it transitioned to
the forefoot and then was received by that of the toe region
in the end®¥. In ordinary humans, the maximum pressure
is located on the second metatarsal. The variation of the
plantar pressure in normal individuals is from region of heel

contact to area off toe. Figure 1 shows an image®*! where
ground reaction forces generated on the foot are derived by
foot movement using an experimental gait analysis.

To build an individual shoe sole for a person,
plantar pressure needs to be lower which is possible
using different lattice structures and a single 3D printing
material. As midsole is subjected to low velocity impact
test, visco-hyper-elastic materials are most suitable as
they offer high elasticity and show positive results on
dynamics humans’ body.

The effects of sole designs on the plantar pressure
and the ground reaction force over a period of time have
been studied®®. The results revealed the reaction force
value changes by changing the stiffness and damping
structure. It was also observed that both elastic and viscos
properties of sole give torque to ankle and knee joints and
make the body propulsion. The aim of midsole design is
to reduce plantar pressure generated on different areas of
foot and give more relaxation to the person’s body while
they do activities in footwear.

Therefore, in the present work, the shoe sole was
designed by considering different activities of person,
such as walking, running and jumping, and for this trend,
viscoelastic material was selected and subjected to low-
velocity impact test that results in a graph of load over
time. This load versus time graph gives the idea about
how shoe midsole is helpful to reduce the plantar pressure
in people based on their specific activity. The novelty of
the present study compared to other currently commercial
models is the investigation of functional customization
that does more than just geometry consideration with
the incorporation of viscoelastic material properties into
performance evaluation for specific user demand.

A detailed workflow of design and simulation
proposed in this study is illustrated in Figure 2. The
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Figure 1. Reaction force generated on feet (from ref.’) licensed
under Creative Commons Attribution 4.0 License).
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Figure 2. A schematic workflow of custom 3D-printed midsole production.

process starts with receiving the foot shape of an
individual using scan or even the shoe size. Then, the
lattice of different shapes, for example, three here, are
designed and generated in computer-aided design (CAD)
software. It should be noted that the cell size of lattices
is chosen arbitrarily while their effect is considerable
for a further study to deliver more regional stiffness in
sole as per individual specifications, such as diabetic
patients. Next, a simulation is carried out in an FEA
platform called ABAQUS, considering the nonlinearity
and viscoelastic properties of the 3D printing material
to reflect the stress distribution on the midsole surface in
contact with plantar subjected to increasing, downward-
directed displacement, which leads to contact with
the rigid ground surface and compression of the
lattice. Finally, the desired lattice providing less stress
compatible to the user application, that is, walking or
running, are suggested for 3D printing.

2.2. Materials preparation and characteristics

DLS technology is a new printing method for 3D printing
of soft polymers. Elastomeric polyurethane (EUP40) is a
type of soft polymer that can be printed by this method.
This material has an elongation length of about 275%,
shear strength 23 kN.m, shore hardness 68A, and T (glass
transition temperature) 8°CP7l. These properties have led
to EUP40 being classified as a rubber-like viscoelastic
material. For this reason, the nco-Hookean and Yeoh’s
rubber-like model as well as Carol are used to study the
behavior of the material as:

W= ici(lli -3+ iDi(Ili -3)

i=0 i=s+l1

(1)

W =al, + bl +c I, )

The viscoelastic behavior of EPU40 for 3D printing
of midsole is characterized at different strain rates and
it was used in this work to simulate the results having
validated using FEA in ABAQUS. To find the stress-
strain relationship in quasi-static state, homogeneous
uniaxial tensile test with low strain rate were conducted*”.
Furthermore, to confirm the ability of traction, that is,
high elongation in the failure of EUP40 in the set of
experiments, the strain rates of 0.032/s, 0.128/s, and
0.576/s at speeds of 50 mm/min, 200 mm/min, and
900 mm/min were conducted, respectively, to achieve
high elongation.

The validation of stress-strain results at different
strain rates are shown in Figure 3. According to this
figure, increasing the strain rate has increased the
stress in the same strain by 100%. This behavior of
material indicates that models (1) and (2) are suitable
to use to understand the behavior of the midsole
material. Finally, after performing quasi-static tests,
cyclic tests, relaxation tests, and experimental study of
material behavior, the parameters of the two models are
presented in Table 1.
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3. Results and discussion
Three lattice designs with the same amount of
materials for the sake of comparisons were created

Table 1. Elastic and viscous parameters for Carroll’s, neo-
Hookean, and Yeoh’s models

Carrol model a b C -
2.868e- 1.4183¢- 7.846e-0 -
01 07 1
Neo-Hookean+ C, D, D, D,
Yeoh’s model  8.20le- 5.792e- 4.464e- 3.382¢+00
01 01 01
25
[ ] Hossain et al
SR=0.384 /s
— 2 | e— SR=0.128 /s PR
== e= SR=0.032/s
%H —_——— SR=0,0003/2 /s — R o
g e
& -
T 1 MLl
;j 0.5
0
0 0.1 0.2 0.3 0.4 0.5 0.6

Nominal Strain [-]

Figure 3. Viscoelastic 3D-printed EPU40 stress-strain results.

A

in the CAD software and converted into step format
before being imported into ABAQUS (Dassault,
France) for the FEA study. Different elements were
used for ground, foot, and midsole where ground
block and foot were meshed by 5 mm R3D4 and
R3D3, respectively, and midsoles were meshed by
3 mm C3D4 tetrahedral elements as shown in Figure 4.
The boundary conditions of different parts are shown
in Figure 5, where the ground block is constrained in
all directions. The input force was defined for three
different scenarios of walking, running, and jumping
of an individual with 1820 mm height, 84.6 kg weight,
and equivalent BMI of 25.3 in Figure 61!, A dynamics/
explicit solver with time steps corresponding to input
force was used for calculating the simulation results in
various individual specifications during walking,
running, and jumping. According to the simulation
of ordinary walking!'?, the stresses of plantar were
within the linear elastic range of EPU40 material. The
properties of the foot and the ground were assumed
rigid, and for shoe midsole, the EPU40 properties
were defined (Figure 3).

The impact forces representing the individual
specifications in walking, running, and jumping were
applied for the three lattices, and stress and displacement
distributions results are shown in Figures 7 and 8,
respectively. It is observed that the highest-pressure peaks

6.4
/*‘\\
<\ A\
~— ot/
’ )
7 o
- . 3 . 8
F LS
6.4
6.4
5| Y /_Q(\‘/> $
¢ g
B (T\) 1
Nt 6.5
C 3.8

03.8 A

Figure 4. Different lattice meshes of midsole designs: (A) hexagonal, (B) elliptical, and (C) circular.
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Figure 5. The boundary conditions and contact illustration of foot
on midsole.
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Figure 6. Input forces representing the individual specifications.
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were at the heel and medial forefoot for all modes of
walking, running, and jumping. From the data, it is clear
that the medial forefoot and heel absorbed the maximum
pressure during the jumping activity in comparison to the
other two activities. The absolute peak data represent the
maximum pressure at a specific point in the segmented
area. For running, the peak pressure at medial forefoot
and heel meaning both the regions are high pressure peak
areas.

Furthermore, the results revealed the elliptical
lattice has the highest stress, which accordingly
undergoes higher displacement. This is due to the
different structure in the shape of the lattice compared to
the circular and hexagonal ones. According to Figure 9,
it can be concluded that as the number of polygonal sides
decreases or the ratio of large diameter to small diameter
(in horizontal geometry) increases, the amount of stress
and displacement increases.

Figures 10 and 11 show the changes in strain
energy and viscous energy loss over time, respectively.
According to these results, in each of the stepping
specifications, the highest energy is related to the
elliptical geometry. The greater effect of the elliptical
geometry is due to the topology of this structure that is
more prone to crushing and consequently undergoing
a higher amount of displacement, stress, and energy.
According to Figures 10 and 11, the maximum
values of strain energy and viscous energy loss are
observed in elliptical, hexagonal, and circular lattices,

S, Mises
(Avg: 75%)

1458
' L334
l.zl,;

F - Lsoo
E I.

S, Mises
(Avg: 75%)

2.102

! 7.927

752
LI

B 401

Figure 7. Maximum stress distributions of midsoles for different lattices (circular, elliptical, and hexagonal, from the left to right,
respectively) at different scenarios of (A) walking, (B) running, and (C) jumping.
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Figure 8. Maximum displacements of midsoles for different lattices (circular, elliptical, and hexagonal, from left to right, respectively) at

different scenarios of (A) walking, (B) running, and (C) jumping.
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Figure 9. Maximum (A) stress and (B) displacement of midsoles in
different scenarios of walking, running, and jumping.

respectively. This result is also arguable according to
Figure 9, where with increasing displacement values
in different lattices and consequently increasing
amount of stress applied to the midsole, higher
dissipation energy occurs with the same trend. As a
result, the elliptical lattice experiences the highest
amount of energy dissipation.

In general, hexagonal grids under non-planar
loading have a higher energy absorption capacity than
in-plane loading. The hexagonal lattice could be useful
when the merely energy absorption of non-planar
loading is the goal. Yet, the impact force duration is
one of the important parameters in energy absorption.
When the goal is to protect the human body from injury
in walking, running, and jumping under the impact
load, the importance of the impact time dominates so
as with extending the time of impact its magnitude and
the risk of damage it causes to the human body reduces
accordingly. By applying the input forces of different
gaits of an individual according to Figure 6, it can be
seen that the amount of energy in Figures 10 and 11 for
jumping mode is much higher than running and walking
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Figure 10. (A-C) Strain energy comparisons.
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Figure 11. (A-C) Energy dissipation due to viscosity comparisons.

mode due to the effects of the magnitude and time of
impact force on the shoe midsole.

It is an undeniable that denser infill patterns supply
stronger support to a fabrication to absorb more energy
or less the crushing. However, they consume more
printing time, energy, material, and subsequent waste.
Therefore, this method of customizing the shoe midsole
in terms of individual’s specifications but using the
same amount of materials is efficiency in the reduction
of material usage and time of 3D printing. This study
proves the feasibility of an adaptive infill patterns
application in stiffness and damping tuning required in
custom shoes industry. Further clinical and experimental
measurements are required as future directions.

4. Conclusion

In this work, various shoe midsoles were designed by
considering different activities of person, such as walking,
running, and jumping, and for this trend, a 3D printable
viscoelastic material was selected and subjected to low
velocity impact test that resulted in a graph of load over time.
This load versus time graph gives the idea about how shoe
midsole is helpful to reduce the plantar pressure on people
based on their specific activity. The novelty of the present
study compared to other currently commercial models is
investigation of functional customization that does more
than just geometry consideration with incorporating the
viscoelastic material properties into performance evaluation
for specific user need. The models with different thicknesses
and materials were not considered here and our focus was
merely on the interior pattern of 3D-printed midsoles that
delivers various functionalities with considerations on cost
reduction and the use of a common 3D printer and a single
material. The study proved that the 3D printing is effective
in making a midsole that caters to requirements of different
individuals based on the infill patterns design. This study
brings new innovation into customized 3D-printed shoes
industries by providing these meaningful insights into the
design process.

The results of this study also provide scope of using
combination of lattice structure to increase the energy
absorption capacity or elasticity, or providing more local
support and comfort as per individual requirements, such
as diabetic injuries or sports. The midsoles could see
evolving improvements through 4D printing that redirects
these vertical impact forces into horizontal forward
motion, thus delivering a running economy or varying
the stiffness to serve at various environmental conditions,
such as different relative humidities and temperatures.
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