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Abstract

Diabetes mellitus (DM) is one of the most concerning diseases worldwide because the ailment
has such a large economic burden on health systems. In 2021, more than 422 million people
globally suffered from diabetes and the number is increasing every year. Due to the loss of the
protective sensation that is associated with neuropathy, diabetic patients have difficulties in
responding to pressure, wounds and/or injuries, especially on their feet. Wounds could quickly
become infected with a long recovery duration, thus leading to foot ulceration and even foot

amputation which greatly deteriorate their quality of life.

Diabetic insoles are frequently used to provide optimal fit and reduce the magnitude of plantar
pressure. It is anticipated that the three-dimensional (3D) design of diabetic footwear and
insoles and the type of footwear material have a major impact on fit and wear comfort, which
lead to increased compliance with treatment to prevent neuropathic diabetic foot ulcers.
Diabetic insoles can also protect the plantar of the foot thus reducing the risk of such ulcers
because they have the most contact with the plantar of the foot and can evenly distribute the
pressure throughout the entire plantar. Diabetic insoles are generally made of soft materials,
such as polypropylene (PP), ethylene vinyl acetate (EVA), polyethylene (PE), microcellular
rubber (MCR), etc. As the pressure offloaded between the insole and plantar of the foot as well
as the geometry of the foot during walking differ greatly from those of standing, a more in-
depth understanding of the effects of changes in the geometry of the foot and insole material
properties on diabetic insoles is therefore important to provide better protection for the diabetic

foot.



This study began with a discussion on the pressure distribution under different insole conditions
during walking. The properties of 3 different traditional insole materials: EVA foam -
Lunalastik®, a PE material - PeLite®, and a PU material - Poron®, were outlined. Also, the
mean peak pressure of the plantar with the insole and barefoot condition were systematically
evaluated. The result showed that the PU material had the best performance which could readily
absorb energy and reduce the plantar pressure. The findings of this study provided very useful
guidelines to enhance the anatomical design of diabetic insoles to optimize the pressure

distribution throughout the plantar of the foot.

After that, the geometry of the foot during an entire walking cycle was captured by using a
four-dimensional (4D) foot scanning system. Different parts of the foot measured at 3 different
walking speeds (slow, normal, and fast) and 5 different stances during walking (first heel
contact, first metatarsal head contact, first toe contact, heel take off and metatarsal head take
off) were systematically evaluated. The results showed that the foot measurements had no
statistical difference with regard to walking speed, while 12 of the 13 foot measurements had
a statistical difference with regard to the stances during walking. The deformation ratio could
be used to provide a better understanding of the foot deformation which advanced the design

and development of diabetic insoles.

In addition, considering the very high contact pressure in the rearfoot and forefoot regions,
insoles with a braced frame structure that used traditional insole materials were proposed to
further reduce the shear stress and contact pressure at the interface between the plantar-insole
surface to reduce the risk of foot injury. Finite element models (FEMs) were developed to

evaluate the structural changes of the developed braced frame structure upon exertion of



compressive forces. Also, the effect of different braced frame structures on the shear stress,
contact area as well as the maximum contact force on the plantar were analysed through a finite
element analysis (FEA). The validated FEMs showed that the proposed braced frame structure
provided a reduction in the shear stress (~21%) and maximum contact force (~55%) in

comparison to traditional diabetic insoles.

To evaluate the planter pressure during heel strike posture, an auxetic heel pad was examined
and a wear trial with the heel pad was subsequently conducted. This was a novel pressure
relieving heel pad based on a circular auxetic re-entrant honeycomb structure which was
constructed by using 3D printing technology to minimize the pressure on the heel, thus
reducing the occurrence of foot ulcers. FEMs were developed to evaluate the structural changes
of the developed circular auxetic structure upon exertion of compressive forces. Moreover, the
effects of the internal angle of the re-entrant structure on the peak contact force and the mean
pressure acting on the heel as well as the contact area between the heel and the pads were
investigated through an FEA. Based on the result from the validated FEMs, the proposed heel
pad facilitated a distinct reduction in the peak contact force (~ 10%) and the mean pressure
(~14%) in comparison to the structure of a conventional diabetic insole (made of PU foam).
The wear trial result confirmed that the proposed heel pad offered a better pressure relief
performance than the traditional heel pad, hence reducing the risk of heel ulcers. The
characterized result of the designed circular auxetic structure not only provided new insights
into diabetic foot protection, but also the design and advancement of other impact resistance
products. The outputs of this project therefore added a new dimension to diabetic insole design
and diabetic foot treatment. More importantly, it could be used to protect the feet and reduce

the risk of foot ulcers, and thus preserve the mobility of diabetic patients.
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Chapter 1 Introduction

1.1 Background
Diabetes mellitus (DM) is one of the diseases that causes the most concern worldwide
because the condition has a significant economic burden on health systems. In 2021, more
than 422 million people suffered from diabetes globally and the number is increasing
every year[1]. In general, there are two types of diabetes: Types 1 and 2. Type 1 diabetes
is mostly inherited and caused by an autoimmune reaction in which the body cannot
produce any insulin[2]. Normally, Type 1 diabetes emerges at a very young age. Currently,
there are no means of preventing or curing Type 1 diabetes[3]. Type 2 diabetes is when
the insulin cannot be used properly so that the high blood sugar levels cannot be
controlled[4]. Type 2 diabetes mainly originates from an unhealthy diet and lifestyle and
mostly develops in adults or the elderly[5]. However, both types of diabetes have similar
symptoms; for example, blurred vision, slow healing of injuries, diabetic foot, etc.[6, 7].
Around 50% of the population of diabetes suffer from neuropathy[8]. Due to the loss of
the protective sensation that is associated with neuropathy, diabetic patients have
difficulties in responding to pressure, wounds and/or injuries[9]. Wounds could quickly
become infected with a long recovery duration, thus leading to foot ulceration and even
foot amputation which greatly deteriorates the quality of life[10]. More than 15% of the
diabetic community have developed a diabetic foot ulcer during their lifetime[11]. It is
believed that the main reason for diabetic foot ulcers is excessive plantar pressure, which
can result in necrosis or even amputation of the foot or the entire calf[12, 13]. Considering
the above-mentioned consequences, diabetics use many different ways to protect their feet.
For instance, they use diabetic insoles, and wear diabetic shoes and diabetic socks to

reduce the plantar pressure and protect the plantar foot from injury[14].



Diabetic footwear is commonly worn by diabetic patients to protect their feet at all times
including during both static and dynamic movements and recommended to wear all kinds
of diabetic footwear once the patent is diagnosed [15, 16]. Generally, diabetic footwear
has a longer shoe length and extra depth which can allow the toes to move freely without
adding any unnecessary pressure compared to regular footwear[17]. Apart from that, the
insole in diabetic footwear is one of the most important elements to protect the plantar
foot from injury[ 18]. Custom-fabricated footwear insoles that are anatomically engineered
to reduce the magnitude of exposure to pressure are one of the primary means to manage
diabetic foot problems[19]. By using a well-designed diabetic insole, the contact area
between the plantar foot and the insole can be increased, however, the contact pressure
can be reduced[20]. Also, shock-absorbing, and soft material like foam, gel and leather
are often used as the insole material[17] (Figure 1.1). Nevertheless, the efficacy of insoles
varies with the stress-strain performance of the insole material which requires maintaining
constant contact between the foot-insole interface and allowing effective control of plantar
pressure[20]. Yet related scientific knowledge is minimal, whilst the mechanisms behind
the different structures of the insoles in relation to the mechanical stress that acts
tangential to the plantar surface are still unclear. To better understand the role of plantar
pressure, more in-depth analyses on the foot-insole pressure and the interaction between
the plantar soft tissues and insole materials are therefore necessary for engineering the
design of orthotic insoles for diabetic patients[21]. However, it is important to develop
insoles with a different internal structure that can increase the contact area and reduce the
pressure on the plantar foot [22]. The aim of this study is to develop a diabetic insole that
reduces the dynamic plantar pressure. The study will also use a finite element model (FEM)
to predict the dynamic plantar pressure distribution so as to enhance the design of diabetic

footwear.



Diabetic insoles are generally custom moulded. The plantar soft tissue of the diabetic foot
has a slower recovery compared to non-diabetics. The geometry of the foot is one of the
key factors for producing a diabetic insole. Yet related scientific knowledge on the
dynamic changes to the foot shape is limited. The foot morphology of each individual
patient is taken into consideration in the fabrication of custom-made insoles, in order to
offer suitable support that would reduce the magnitude of induced pressure and
redistribute the plantar weight forces by facilitating total contact with the plantar surface
of the foot, thus reducing the development of diabetic foot ulcers[23]. An accurate
representation of the shape of the foot at the foot-insole interface is the first priority in
fabricating total-contact insoles, which affects the success of the goal of pressure relief.
A mismatched or poorly fitting insole design can result in undue pressure on the foot, thus
causing discomfort or even foot pain[24]. Despite recent developments in 3D scanning
technologies, the protocols and measurement approaches used to characterise the plantar

of the foot surface to design diabetic insoles are still limited.

Figure 1. 1 An example of a diabetic insole with three layers of different material



1.2 Problem statement
Diabetic foot insoles are typically used for the treatment of foot ulceration in patients with
diabetes. Nonetheless, there are two main problems associated with diabetic insoles which
influence the quality and efficacy of treatment. They are the control of the plantar pressure
in relation to the fabrication and structural design of the insole material and the 3D

dynamic foot shape and fit of the insoles.

(1) Control of plantar pressure and structural design of insole materials

First, the relationship between the geometry of the plantar of the foot and pattern of the
diabetic insole needs to be further examined and optimised. Generally, there are three
layers with different materials that are used in a diabetic insole. Furthermore, standard
diabetic insoles usually have a thicker layer in the heel and metatarsal head which can
offer extra protection to those areas[25]. Since the heel and the metatarsal head of the
plantar of the foot have the most contact pressure, they can become injured very easily
which leads to foot ulceration[26]. The performance of diabetic insoles in preventing
diabetic foot ulcers during walking is not well understood. It is believed that reducing the
peak pressure and improving the pressure distribution can reduce the risk of injury.
Therefore, the efficacy of currently available diabetic insoles varies with different
structures and materials. However, the manufacture of diabetic insoles is specific to the
wearer since there are no instructions on choosing the right diabetic insole. In other words,
it is challenging to fully understand the effect of a diabetic insole in protecting the plantar

of the foot from injury.



(2) Three-dimensional dynamic shape of foot and fit of insoles

As discussed above, an accurate protocol and measurement approach to obtain the foot
shape with particular focus on the plantar of the foot is crucial for designing diabetic
insoles. Traditionally, foot shape geometry is obtained with patients in the standing
position. A standing position allows the plantar of both feet to balance the weight.
However, the foot shape continuously deforms upon weight bearing and locomotion. For
instance, during the heel strike position, most of the body weight is supported by the heel
of the plantar, while during forefoot strike, most of the body weight is supported by the
metatarsal of the plantar foot[27]. The characterisation of foot shape geometry and plantar
deformation during walking is challenging with the use of traditional 3D scanning
technology. Diabetic insoles that are designed from an upright standing position may
therefore result in poor conformity of the foot-insole interface during dynamic movement.
Therefore, this study aims to offer a scientific approach which addresses the intricacies of
diabetic insoles and reliable guidelines to predict the resultant performance of diabetic
insoles which would be invaluable for both research and practical purposes, thus

facilitating more effective management of the diabetic foot.



1.3 Research objectives

The research objectives of this study are as follows:

1.

To establish a thorough scientific basis for understanding the physiological mechanisms,
particularly the foot geometry changes during walking and the contact interface
between the foot skin and the footwear of diabetic patients in order to protect the

diabetic foot against impact and pressure.

To characterise the mechanical properties of insole materials such as shock absorption,
friction, stiffness, bending, etc. which affect the plantar pressure distribution in different

loading conditions during walking.

To analyse the contact mechanics of heel strike between the heel and the insole and
formulate biomechanical models to simulate the pressure distribution of the heel in

relation to different the structures and features of insole materials.

4. To propose a new insole material structure and undertake laboratory wear trials to

validate finite element models that analyse and numerically simulate the administration
of plantar pressure, so as to accurately and reliably alleviate plantar pressure, thus

reducing the risk of foot ulceration of diabetic patients.



1.4 Originality and significance of the study
With the increasing prevalence of diabetes, prevention and management of diabetic
ulceration have become a leading public health challenge. Diabetic foot ulceration is
one of the most detrimental and costly complications experienced by diabetic patients
with 15-25% of those who suffer from foot ulcers at risk of lower limb amputation[28].
One of the major causes of ulceration is the high plantar pressure during locomotion
since there are increased load and strain on the plantar skin and soft tissues[29].
Therefore, by using custom-design orthotic footwear, diabetic patients have an
excellent means of evenly supporting their foot and reducing the peak pressure (up to
50-70%)[30]. They are generally made of a leather upper, with a wide and deep toe box,
a rocker sole which is designed to reduce foot pressure, extra foam interlining that
moulds to the natural curves of the foot and superior shock absorption for maximum

comfort, wide heel base for stability, and a light and flexible sole[17].

However, there is still much ambiguity in terms of the insole fit and control of plantar
pressure, thus increasing the risk of ulceration[31]. The footwear and insole prescription
parameters such as the type of material and its compression, resilience, and stress-strain
behaviour induced by repetitive plantar stresses are not fully studied. The changes in
the foot shape and the corresponding change in plantar pressure during locomotion have

been largely overlooked.

A diabetic insole that is anatomically engineered and fabricated remains challenging,
thus there is currently wear discomfort, poor fit and low adherence with the use of

orthotic insoles, particularly at home. Wearing poorly fitting footwear and insoles may
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further worsen the foot conditions as it increases the risk of falls, thus leading to serious
morbidity and mortality. This project therefore offers a scientific approach to address
the intricacies of footwear for diabetics, thus advancing the design process and the
choice of fabrication. Biomechanical simulation models to predict the interface
pressure between the plantar of the foot and insole to control excessive plantar pressure
will be established, thus facilitating effective prevention of diabetic foot ulcers. The
output of this project can contribute to the development of other daily and active
footwear for diabetics, and add a new dimension to footwear design, orthotic treatment
and/or medical garments. More importantly, the output can be used to protect the foot

and reduce the risk of ulcers, and thus preserve the mobility of diabetic patients.



1.5 Outline of the report

The structure and framework of this study is presented in Figure 1.2. The thesis is

divided into seven chapters. The outline of each chapter is summarized below.
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Chapter 1 is the introduction of this study. This chapter provides the background
information, conceptualisation and rationale, and objectives of this study. Thus, the
originality and significance of this study are provided. At the end of this chapter, the

outline of the chapter has been provided.

Chapter 2 is the literature review which includes a review of studies on the development
and treatment of diabetic plantar ulceration, customised orthotic insoles and associated
problems, foot geometry measurements and foot-insole interface pressure
measurements. Also, the numerical simulation by using finite element analysis has been
reviewed. It provides useful guidelines for understanding the gap knowledge and

formulate a scientific approach in this study.

In chapter 3, the physical and mechanical properties of the insole materials are explored,
which are the key element to determine the performance of the diabetic insoles. The
effects of different insole materials on redistribution of plantar pressure during standing
and walking are investigated. By using the in-shoe Pedar® system, the offloading
performance of different insole materials are compared. The findings will contribute to

the material selection for insole design.

Chapter 4 investigates the foot measurements and geometry changes during human
walking. It aims to provide an accurate and reliable foot anthropometric data in dynamic

situations for enhancing the fit and comfort of footwear and insoles. By using a novel
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dynamic 3D foot scanning system, the 3D geometry shape of the foot including the

plantar during walking are continuously scanned and characterized.

With reference to the excellent offloading performance of the braced frame structures,
new structures of the insole material are proposed in Chapter 5. The application of
braced frame structure insole for diabetic patient can effectively improve the shear
stress, the contact area as well as the contact pressure of the plantar during standing
posture. A FE foot model including soft tissues and bone has been developed to
simulate the standing posture. The braced frame structure enhances the pressure

reduction of the insole which can reduce the risk of ulcerations for the diabetic patients.

Chapter 6 explicates the development of 3D printed auxetic heel pads for the diabetic
patients. The application of auxetic structure for insole development can effectively
improve the contact area and contact pressure of the heel during heel strike posture. A
FE model of the foot heel has been developed that the effect of the auxetic heel pad on
the peak contact force, total contact point and mean pressure of the heel were simulated.
The auxetic structures proposed in the study would not limit to the diabetic foot heel
pads, but also various personal protective gears for optimal cushioning and protection

from impact forces.

In Chapter 7, the conclusion of this study and the future research direction related to
the diabetic insole for diabetic patient are proposed. The investigation and discoveries
of the study will be clearly organized in this section. After that, the outlook of the

development of diabetic insole of diabetes will be given.
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Chapter 2 Literature Review

2.1 Introduction
Diabetic insoles are a protective solution for diabetic patients to prevent diabetic foot
ulcers. In this chapter, an overview on diabetic plantar ulceration and different types of
diabetic insoles is presented. The development of the insole and problems correlated
with them, and their materials are reviewed. Moreover, current types of foot geometry
measurements are discussed. The equipment and applications of measured plantar

pressure will also be reviewed.

2.2 Diabetic foot ulceration

2.2.1 Formation of diabetic foot ulceration
Diabetic foot ulcers are a main complication of DM, and also one of the main injuries
of the diabetic foot. Normally, when the body experiences an injury, the skin and/or
tissues break open. This external or internal injury is called a wound. Normally, the
wound will then start to heal, which is an innate immune response[32]. During the
wound healing process, the extracellular matrix directs repair to replace the damaged
tissues, which is a key step that produces the largest part of the dermal skin layer[33,
34] (Figure 2.1). Since neuropathy involves the loss of the protective sensation , the
diabetic patient has a very low or no response to pressure, temperature, and any type of
injury to his/her foot. As a result, diabetic patients frequently suffer from foot injuries
like minor cuts or pressure injuries[35, 36]. Normally, when there is a wound, the
platelets aggregate in the wound area. The activated platelets release cytokines and

growth factors which further cause their activation to eventually form a haemostatic
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plug. Neutrophils are important cells in the immune system that help to prevent
bacterial infections. They trap and remove pathogens and dead tissue. After that, the
granulation tissues, which are the new connective tissues, replace the aggregated
platelets. The tensile strength of the granulation tissues then increases to that of regular
skin. However, this formation process of the granulation tissues is slower for diabetics,
which is why the wounds of diabetics have a very high risk of infection and then become
ulcers[37, 38] (Figure 2.2). Diabetic foot ulcers are frequently found in areas with high
contact pressure over bony prominences of the plantar surface of the forefoot and the

heel[39].

The causes of peripheral diabetic neuropathy or nerve damage is not only due to long-
term hyperglycaemia (high blood sugar), but also, the blood vessels and the local tissues
are pathologically changed [40, 41]. The soft tissues of the plantar of the foot can absorb
compressive stresses like a cushion that can absorb energy especially in the plantar heel
[28]. Nevertheless, the high blood glucose means that the skin of the feet of diabetic
patients is dry, thick, and stiff. Compared to non-diabetics, the plantar soft tissues of
diabetic patients have a significantly lower peak strain, but higher peak stress and
Young’s modulus, thus resulting in low shock absorption efficiency to dampen the
effects of impact forces during gait [42, 43]. The changes in the mechanical properties
of plantar tissues with impaired cushioning ability could eventually reduce their
capacity to uniformly distribute load during locomotion. Of which, the heel is the first
part of the plantar of the foot that is subjected to high impact forces from body weight.
The altered mechanical properties of the plantar soft tissues of diabetics with repetitive

and excessive loading beneath the heel, together with poor vascular supply and nerve
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damage in the diabetic foot may eventually result in cell and tissue death, and thus, a

high risk of heel ulceration[44].

Figure 2. 1 A diabetic foot severity grade.[34]

Figure 2. 2 Immature diabetic foot ulcer[36]
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2.2.2 Problems and impacts of diabetic foot ulceration
Diabetic foot ulceration can have a serious deleterious effect on quality of life including
negative impacts on both career and personal life. Diabetic foot ulceration can cause
loss of mobility which seriously affects many routine tasks like bathing[45] [46]. Due
to limited mobility, leisure activities may not be a viable option and there is always the
concern of an increased infection and deterioration of the ulcer. If the ulceration is not
addressed, necrosis might occur or even the amputation of the foot or the lower leg.
Although many patients can recover from such ulcers within a year, the rate if
recurrence is very high[16]. Once there is ulceration, even if the ulcers are treated,
recurrence is very common[47]. For example, Kim et al. [48] found in their study in
South Korea that around 40% of patients have a recurrence in the same area within one

year after healing and nearly 70% within their lifetime.

The problems and impact of diabetic foot ulcers are magnified for the elderly and
smokers[49]. Calluses and cracked skin are commonly found in those who suffer from
foot ulceration. The unhealed wound increases the humidity of the in-shoe environment
which contributes to the risk of infection[50]. The usual locations of diabetic foot ulcer

are over dorsal portion of the plantar especially in the metatarsal head and heel region.
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2.2.3 Treatment for diabetic foot ulceration
Diabetic insoles are therapeutic insoles that are specifically made to accommodate the
foot morphology, thereby facilitating its total contact with the plantar surface of the
foot. The function of orthotic insoles is to reduce the transmission of elevated plantar
loads from the plantar bony prominences and redistribute plantar pressure over a wider

surface area, thus reducing the risk of ulceration[15, 51, 52].

Nowadays, there are several treatments for foot ulcers. In Taiwan, Oneness Biotech
launched a novel topical medication called Fespixon cream, and the trial phase has
commenced in the US with the aim for a global launch in 2030[53]. Also, antibiotics
can be used to reduce the severity of the infection, which can stop the wound from
further deterioration[54]. Moreover, there are many types of wound dressings that can
be used to treat diabetic foot ulcers, such as exosome and hydrogel dressings [55, 56].
However, most related treatments can only reduce the infection of the wound[57]. The

best solution is to protect the foot well and prevent the foot from injury.

2.3 Diabetic insoles

2.3.1 Principles of diabetic insole
Custom-fabricated orthotic footwear and/or insoles are commonly used for optimal fit
and reducing the magnitude of the plantar pressure. The main design characteristics of
orthotic footwear and insoles, such as the geometric contours, fit and material properties,
which directly affect the interfacial interactions between the foot and the insole. It is
anticipated that the 3D design of orthotic footwear and insoles and the choice of

footwear materials have a major impact on the fit and comfort, which leads to increased
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compliance with treatment to prevent ulceration of the neuropathic diabetic foot. Foot
deformations and biomechanical inefficiencies can be reduced with the use of orthotic
insoles, in which the plantar load from the plantar bony prominences and the peak
contact pressure can be reduced by distributing the plantar pressure throughout the
entire insole. Therefore, orthotic insoles can protect the plantar of the foot and reduce
the risk of diabetic foot ulcers[58] (Figure 2.3). Diabetic insoles have the most contact
with the plantar of the foot and used to evenly distribute the pressure through the entire
plantar. Normally, the forefoot and the heel of the plantar are subjected to the most
pressure during standing and walking[59]. When standing barefoot, there is no contact
between the arch and the ground, and all the pressure is exerted onto the forefoot and
the heel[60]. During barefoot walking, the process can be simply divided into 3 parts,
i.e., the heel strike, mid stance and toe off. During heel strike, all the body weight is
supported by the heel of one foot and the forefoot of another foot. During mid stand,
all of the body weight is supported by one foot, and mainly by the heel and the forefoot.
During toe off, all of the body weight is supported by the forefoot[61]. Therefore,
diabetic foot ulceration[62] mainly occurs at the forefoot and heel. On the other hand,
arch support can provide contact with the arch. In order to reduce the contact pressure
of the foot, the contact area between the insole and plant should be increased [17]. An
additional pad that offers extra cushioning to the forefoot and the heel is commonly
found in diabetic insoles. Therefore, diabetic insole should be used anytime to prevent

the foot from getting injury.[63]

Apart from dividing the insole into the forefoot, arch and heel, there are diabetic insoles
that contain different layers with different types of materials. There is a diabetic insole

that contains a triple-layer structure (Figure 2.4). Each layer has its own characteristics
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that protect the foot of the diabetic patient. The top layer is built with perforated
polypropylene (PP) material that is very soft and the primary role of this layer is to
evenly distribute the plantar pressure and reduce the peak force of the insole since it is
directly in contact with the plantar of the foot. The middle layer is made of ethylene
vinyl acetate (EVA) which is used as a cushioning material to absorb the impact forces
during walking. The bottom layer of the insole is made of polyethylene (PE) material
which is relatively harder than the materials of the other two layers to provide stability
during walking. Therefore, the multiple layers of materials used for the insole can
provide different properties that reduce the plantar pressure and prevent diabetic foot

ulcers[64].

Figure 2. 3 Example of insole structure for foot deformities
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Figure 2. 4 Triple-layer structure of a foot orthopaedic insole for diabetic patients[64]

2.3.2 Properties of insole materials
As discussed in the previous section, diabetic insoles are generally made of a plurality
of materials, such as PP, EVA, PE, microcellular rubber (MCR), etc. EVA such as
Nora® Lunalastik and Lunairflex is available in a wide range of hardness and densities,
and levels of durability. Low density EVA is generally soft and resilient which provides
good cushioning, shock absorption and walking comfort, whilst high density EVA
provides dimensional stability, support and control. EVA can also be formulated in
open or closed cell structures. EVA with an open cell structure is pervious to liquids
because the foam cells are broken so that air can permeate them more easily. Thus, open
cell foam can absorb humidity since each foam cell is porous and absorbent. On the
other hand, EVA with closed cell structures is less permeable to liquid, vapour, and air,
but more durable due to the isolation of each foam cell. However, the EVA material is
not durable. It may become very hard after some period of time, especially it is not

often used.

PEs such as Pe-Lite® are soft and heat-formable in applications and offer reasonable
amount of cushioning and shock absorption. PEs are a polymer with a lower density

and molecular weight. These materials have a relatively smaller stiffness-to-thickness
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ratio which causes permanently high compression set and rapid shape deformation. PU
foams such as PORON® have excellent cushioning and pressure distribution properties,
as well as high energy absorption behaviour. Soft PU foams are usually adopted in
orthotic insoles for spot cushioning which not only provide excellent resistance to
ground reaction forces when walking, but also high resistance to bottoming out under
pressure, shock, and shear. However, the PE and PU material after several times of
bending, it is easy to fracture since they have poor elongation. MCR excels at absorbing
shocks from external forces. The hardness of MCR is Shore A 15 and its unique
manufacturing process gives MCR the ability to spring back to its original shape when
the pressure is released, which prevents high pressure points and plantar ulcers[65].
This material has not yet appeared in mass production since there are manufacturing in
scaling up for large scale production, it is very difficult to ensure every product is the

same.

Many studies have evaluated the effectiveness and applications of different types of
insole materials on various clinical applications[66-70]. However, there is little
information available on the most suitable type of insole materials for diabetic patients.
Due to the scarcity of standardised guidelines for material selection, the use of materials
for manufacturing insoles is highly subjective and entirely reliant on the experience of

practitioners.

2.3.3 Development of diabetic insole
Traditionally, there are a total of 7 steps that are carried out to produce a diabetic insole
(Figure 2.5). To begin with, it is important to understand the foot problems and the

daily use of the insole of diabetic patients. For instance, they may have foot or knee
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pain. Then the bone of the foot of the patient has to be analysed by using a 3D foot
scanner. That step is to understand the lower leg alignment problem and the weight
distribution patterns of the diabetic patient[71]. After understanding the alignment
problem of the lower leg, the patient has to understand the correct standing posture, in
which the weight distribution should be evenly placed on both feet. The next step is to
use two rubber bags filled with fine silicon sand to obtain an imprint of the shape of the
foot. The entire plantar of the foot including the forefoot, arch and heel, should have
full contact with the rubber bag. This process can provide a perfect footprint to make
the insole. Then the insoles would be produced based on the footprint. After that,
stabilising is needed. The moulded insole then has to strengthen the arch area and
stabilise the rear foot. Moreover, an extra layer is added underneath the parts of the
insole for the heel and the metatarsal heads. Also, arch support would be added to the
insole. In addition, a finishing process is required so that the insole can fit into personal
footwear[72]. Lastly, the diabetic patient has to use the insole and provide feedback
about the insole. Nowadays, improved technology has facilitated many new types of
equipment to produce an insole. The plantar pressure during walking can be measured
by using a pedograph platform including the direction and the amount of the force as
well as the pressure in different gait cycles[73]. This technology can help to understand
the changes in the plantar pressure[74]. Furthermore, based on the result of the plantar
pressure measurements, a suitable insole can be generated by inputting the information
into a computer software programme. Then by using three-dimensional (3D) printing
technology, the entire insole can be printed out and the geometry of the insole can match

that of the plantar of the foot.
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Figure 2. 5 Steps of customising a diabetic insole

2.3.4 Evaluation of plantar pressure
Recently, a number in-shoe devices have been made available and commercially and
clinically adopted, as well as in examined academically, to measure the interfacial
pressure between the foot and insole[75]. Pedobarography is a method to measure the
pressure between the foot and a surface including floor-based systems, such as the
Strideway system (Tekscan) which is a modular platform full of sensors (Figure 2.6A).
The subject can walk on this platform and the pressure distribution during walking is
measured. The key limitation of this modular platform is that only the barefoot
condition can be used to measure the pressure distribution. When the subject is wearing
footwear, the plantar pressure cannot be measured. The most frequently used device is

the Novel Pedar® in-shoe pressure measurement system (Novel GmbH) which has
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been conventionally used to measure the plantar pressure[76] (Figure 2.6B). The Novel
Pedar® is an in-sole based system in which the insole with a matrix of pressure sensors
will be inserted into a shoe. The insole can precisely and accurately receive the real
time size and position of the pressure between the plantar and the footwear. There are
in total 99 Pedar sensors in the insole and each sensor has a pressure range of 15 — 600
kPa. Due to the large number of sensors, the pressure distribution and centre of force
that act on the foot over time can be easily obtained. The thickness of the sensors is 1.9
mm which would not affect the comfort sensation of the insole. In addition, Pedar®
system has a Bluetooth® system inside and that can provide a real time data and that

wireless device can provide a high flexibility and mobility for the experiment.

In previous studies, by using the in-shoe pressure measurement systems to identify the
behaviour of different types of in-shoes interventions, like the shoe lacing, custom-
made insole and arch support etc., on the plantar pressure distribution and loading
patterns of participants with different foot problems. With the benefit of the custom-
made foot orthoses and insole can redistribute the plantar pressure along the whole foot.
However, the effectiveness of insoles that relieve plantar pressure may vary due to the
different materials used[77-80]. There are some studies by using in-sole pressure
measurement sensors to understand the performance of different material and shoe type
on reducing the force and plantar pressure in different activities so as to find the best
footwear that provide the best force reduction, mainly the athletes [38, 81, 82].
Therefore, there are a very wide application to collect the insole plantar pressure data.
Those methods can provide a very high efficiency and accurate information for data

analysis.
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Figure 2. 6 Foot-pressure monitoring system (A). Modular platform, Strideway System

(B). Pedar insole system[76]

2.3.5 Prediction of plantar pressure
Research studies have also attempted to use pressure prediction models or systems to
predict the contact pressure between the plantar of the foot and the insole with the aim
to reduce the individual differences and potential trials and errors during human wear
trials[83]. As the production of diabetic insoles is costly and time consuming, the use
of prediction models can reduce the need for extensive experiments with improved data
accuracy and reliability. Also, the production model can provide a large amount of data
such as the pressure on the bones, internal changes of the insole, etc.[61]. Basically,
mathematical model approach as well as the computational modelling and simulation

analysis method are commonly used to predict the contact interface pressure.
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2.3.5.1 Mathematical model
Due to the length of time required for pressure measurements and the costly equipment,
mathematicians recommend and have created different prediction models to predict the
interfacial pressure[84]. Laplace’s law is one of the most eminent fundamental
principles developed by different researchers. Laplace equations are a nonlinear partial
differential equation that explains for the continuous capillary pressure that differ at the
interface between two static fluids, because of the effect of the surface tension[85]. For
instance, there is an equation developed to use in diabetic plantar pressure analyses
through image fusion. Image fusion was used for the wavelet transform and compared
with Laplace’s law [86]. Chattopadhyay and Bera [87] suggested a new mathematical
method based on the principle of energy, which can predict the result of the fabric tube
in the foam cylinder provided. As compared to the conventional Laplace’s law, the new
model has improved prediction accuracy. Although researchers have validated the
accuracy of the mathematical models when comparing experimental results with the
real situation, this approach is limited to cylindrical body parts. It is noted that
mathematical models are not commonly used in hospitals, due to the complex

mechanical properties of different textile materials.

2.3.5.2 Computational modelling and simulation analysis
Following the advancements in both the software and the hardware of computers, more
complex simulation modelling approaches have been developed, which has resulted in
high accuracy. Recently, the finite element method has been widely used in solving
different biomechanics problems and footwear research[75, 88]. Since there are many
components in the human body such as the complex structures of the bones,

hyperelasticity of the tissues and complex geometry of the body surface, large,
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complicated structures or geometry of the human anatomy can be simplified into finite
elements in the form of triangles or quadrilaterals[89]. Based on the geometry of the
foot, different material properties of the insole and foot including the bones, soft tissues
and muscles can be built into the simulation[90] (Figure 2.7). By defining the boundary
conditions on the finite elements, the plantar pressure can be estimated, and the
distribution of the pressure can be shown on the plantar surface[91]. The plantar
pressure and the distribution are very helpful for developing a diabetic insole so that
the result of different parameters such as the insole material properties and the shape of

the insole can be observed by changing the value of the input model[92].

Finite element modelling is an effective means to systematically evaluate the parametric
design effects of the proposed diabetic insole and biomechanical response of the foot
under different loading conditions in different stance phases, as well as with different
shape and material variations, but without the need to fabricate prototypes and undergo
wear trial evaluations. For example, Shaulian et al.[93] investigated the use of an FEM
to simulate a foot in the heel strike position when changing the depth of the off-loading
hole under the foot ulcer in the insole. It is found that a large offloading radius, large
radius of curvature and large depth of the hole can reduce the most pressure and reduce
the risk to the lowest for diabetic ulcers. By using an FEM, the patient does not need to
try on the insole numerous times, which can reduce the experiment time and the risk of

the diabetic patients of diabetic foot ulcers[15].
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Figure 2. 7 A pressure prediction of normal subject wearing insole by using FEM and a

comparison between real situation[94]

2.4 Foot anthropometric measurements
The human foot is an important organ for weight bearing and locomotion. Over the past
decades, a number of studies have tried to establish a reliable and definitive foot
anthropometric measurement framework that can best describe the shape, size, and
proportion of the foot. Nevertheless, the foot characteristics and geometry change with
posture in different weight bearing condition. For example, the plantar of the foot
becomes flatter when the patient is standing on one foot, and the plantar curvature also
deforms with increased body weight on the foot. Xiong et al.[24] showed that the foot
length increases by about 15% when there is no to full body-weight placed onto the
foot. The foot also increases in weight, reduces in height and rotates to the medial side
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upon loading. Foot anthropometric measurements during dynamic walking can provide
realistic 3D foot information and plantar geometries for practical use of footwear which

can advance the design of diabetic insoles for improved fit and wear comfort.

Foot measurements are usually made based on the following dimensions: length, width,
height, and girth of the foot. Foot length measurements include the foot, arch, heel to
medial malleolus, heel to lateral malleolus and heel to 5™ toe lengths. Foot width
measurements include the foot, heel, width, bimalleolar and mid-foot widths. Foot
height measurements comprise the medial malleolus and lateral malleolus heights and
height at 50% foot length[95]. For foot girths, the ball, instep, long heel, short heel,

ankle and waist girths are taken.

2.4.1 Conventional methods for taking foot measurements
Foot measurement devices such as calipers and podographs are traditionally used for
measuring the length and the width of the foot. Calipers are often used to measure the
height of the foot and goniometers are used to measure the angle of the foot[96].
Normally, those measurement devices are easy to use and do not require much training
to use them. However, they are normally low in accuracy and require a long time to use.
Since they can only provide some general data, the complex anatomical sites of the
dorsal and plantar of the foot are not considered in the measurements. Moreover, it is
very common to have a large measurement error due to several reasons. First, the foot
is flexible and soft where the position and the size of each bone and muscle may have
a large difference which causes a large variation in the measurement. Also, the marked

scale of each piece of equipment may not be the same due to quality control. Moreover,
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the landmarks on the foot which are used to find the corresponding location for
measurement might be erroneous depending on the practitioner skills. Therefore, the
reliability of such equipment is questionable. In order to reduce errors and improve the
accuracy of the measurement, researchers have used plaster casting to obtain the
geometry of the entire foot (Figure 2.8). To create a plaster casting, the subject is first
required to place the foot inside a container with clearance from the sides and bottom.
The mixed alginate, which is used to construct the mould, is then poured into the
container. After that, the subject slowly removes his/her foot from the container to help
prevent air bubbles. Next, the foot is immersed again slowly and held until the mixed
alginate sets to a firm solid gel. Then the foot is removed from the top of the mixed
alginate. After forming the mould, the liquid form of the plaster is poured into the mould
and the plaster is left to dry. Lastly, the plaster is removed from the mould and the
plaster foot is formed. As the plaster foot is hard and kept in the same position, the
measurement can be more accurate. However, this method requires a long processing
time and only a non-weight bearing foot geometry can be obtained. In order to obtain
the geometry of the plantar of the foot, podographs are commonly used and two-
dimensional footprints are collected (Figure 2.9). Based on the footprint from the
podograph, measurements such as foot length, width and angle can be taken. However,
using these discussed measurement methods may have a negative effect on the diabetic
foot since all of the measures require a great deal of contact with the equipment. Also,
these methods may cause discomfort because it is difficult to keep the foot in the same
position for a long period of time, which affects the accuracy of the measurement.
Therefore, a less invasive method that requires little or no contact with the foot should

be used to obtain the foot geometry.
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Figure 2. 8 Example of casted foot.

Figure 2. 9 Footprint result using podograph

2.4.2 3D foot image analysis methods
Apart from the conventional measurement methods, 3D image analysis is widely used
in which digital images of the human anatomy are examined. Three-dimensional
scanning is becoming popular as this method can quickly capture all of the physical
measurements from scanning an object. During the scanning process, there is no contact
with the subject which can avoid any unnecessary injuries. Also, all of the scanned
images can be stored in a digital form and retrieved when needed. As the 3D scanned
images can only provide the surface geometry, it is necessary to place landmarks on the
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object in order to obtain the measurements. The 3D foot images are obtained in digital
form[97]. Three-dimensional surface registration is required to form a 3D image[98].
Nevertheless, the image quality is greatly influenced by light reflection. During
scanning of the foot in an upright standing position, the plantar surface and the edge of
the toes cannot be collected as a result of shading. On the other hand, 3D foot scanning
systems with the aid of software programmes are specially designed to capture foot
images so that the accuracy of data extraction can be precisely controlled. Standard foot
measurements for footwear and insole production, such as the heel width, arch height,
foot girth, etc. can be efficiently obtained[99, 100] (Figure 2.10). This not only shortens
the foot scanning process, but also provides data on the plantar surface. Nevertheless,
the feet are still measured or scanned during static standing or sitting in a non-weight-

bearing condition.

While 3D foot scanning technologies have been gaining more attention in research
studies, researchers have started to realise the limitations of scanning systems. To date,
specific information on the geometric characteristics of the plantar of the foot which
affect the 3D design and shape of the footbed is particularly scarce. Inherent ambiguity
is also found in the foot dimensions and the 3D foot shape geometry changes during
locomotion due to changes in body weight and balance. An anatomically engineered
design and fabrication of orthotic insoles for diabetic patients therefore remain
challenging. With advances in scanning technologies, a novel 4D foot scanning system
has been developed to capture dynamic 3D foot images during a gait cycle (Figure
2.11). The 4D foot scanning system has numbers of modular camera units synchronized
with a robust LED lighting system that used to capture the foot image together. Provides

360-degree full foot coverage. Records foot articulation and a range of actions in 4D.
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The capture speed is up to 40 frames per second. It is anticipated that the dynamic
scanning system provides a scientific approach to address the intricacies of footwear
design which incorporates precise 3D foot shape and plantar geometries and human
locomotion to improve the fit, wear comfort and adherence of the use of diabetic insoles.
However, there are some limitations in using 4D scanning is that during a gait, the foot
that is in swing phase may block the camera. During that moment, the 3D image of the

foot during stance phase may have defect.

Figure 2. 10 (A) 3D laser scanner; (B) FotoScan scanner; (C) 3D foot model using 3D

scanner[100]

32



Figure 2. 11 Example of a 4D scanning system: 3dMD (US)

2.5 Finite element analysis
Finite element analysis (FEA) is one of the commonly used computation approaches to
understand and to settle the engineering problem. The first prediction method was
developed in the 1800’s. John William Strutt Rayleigh is the first scientist created a
method to predict natural frequency of some simple structures[101]. The deformation
of a structure and/or the shape changes can be quantified by minimizing the distributed
energy in the structure. Unfortunately, this approach was very complicated for complex
shapes since the number of possible shapes grew with complexity. However, this
prediction method is important for the development of subsequent finite element
analysis algorithms[102]. In the 1950s, team of Boeing used triangular stress elements

to model airplane wings, and an in-house program was developed for structure analysis
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in computer[103] (see Figure 2.12). The basic idea of finite element was thus
developed, although the process was full of limitation and very time consuming. With
the advances of the digital computer, the finite element analysis begins to commercially
use[104]. This is a very popular computational simulation method that used to solve the
numerical problem arising in engineering and mathematical modelling and to enhance
the understanding of biomechanical applications[105]. Hence, the use of FEM in the
biomechanical research in very common and success due to the efficient of modeling
structures with asymmetric geometries and complex material properties[106]. Since it
provides vivid simulation of in vivo conditions, Finite element model (FEM) can
simulate load distribution and deformation of systems. It allows flexible changes of
input parameters and material modifications so as to investigate their effects [107-109].
The use of FEM can overcome experimental limitations of clinically relevant
applications. It is an effective approach that provides additional clinical information
and generates results in a cost and time effective way for better understanding of the
geometry and mechanical behaviour of the foot [93, 110]. The FEM is an ideal clinical
tool to understand the foot behaviour in different situations and explore the design of
different forms of footwear. Moreover, the use of FEA can reduce the risk of getting
injury for the DM patients and avoid the danger of repeating experiments. In the light
of the preventative measures for COVID-19, FEA can reduce the contact between each

other [111, 112].
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Figure 2. 12. Communication satellite with core body, rectangular photovoltaic arrays, and

circular reflectors. Accelerometer layout of 124 sensors in (a) and force layout of 6 actuators

in (b)

2.5.1 Principle and characteristics of finite element analysis
FEA is a famous method for numerically solving differential equations that arise in
engineering and mathematical analysis. Apart from traditional problems of structural
analysis, heat transfer, fluid flow, mass transfer and electromagnetic, FEA can be used
to enhance the understanding of biomechanical applications. The finite element model
(FEM) (Figure 2.13) is a general numerical method to solve partial differential
equations of two or three spatial variable, for example different boundary value
problem[113]. To simplify the equation problem, FEM divided some large systems into
smaller and simpler parts which is called finite elements. This is achieved by
discretizing a specific space in the spatial dimension, which is achieved by building a

grid of objects; numerical deterritorialization with a finite number of points. The
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formulation of finite element methods for boundary value problems eventually led to
the creation of systems of algebraic equations. This method approximates an unknown
function in the domain. The finite element that modelled by some simple equations are
then combined into a larger system of equations to model the entire problem. The FEM
then uses a variational approach to approximate a solution that minimizes the associated

error function.

In the biomechanical applications, FEM provides a clear image that simulate the vivo
condition. By using FEM, the prediction of the pressure change, temperature change,
geometry change in vivo can be found easily. Once the models are developed, different
experiment can be done by changing the material properties and boundary conditions,
which do not have to put extra cost like the production cost of the product, or the risk
of getting injury of the patients (see Figure 2.14). Apart from the benefit of the cost,
FEM can provide more experimental results than conducting complex experiments in
the real world. Hence, the FEM has been widely adopted in biomechanical research for

unlimited geometry and complicated material characteristics.

Figure 2. 13. Stress field obtained from the finite element method (FEM) analysis
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Figure 2. 14. Strasbourg University Finite Element Head Model[114]

2.5.2 Application of finite element analysis on bio-medical engineering
As there are many benefits of using FEA, many researchers have used it to develop
biomedical goods and their effects on the human body. For example, a well-developed
biomechanical FEM was used to simulate the contact pressure of the foot-insole
interface. The soft tissue, foot bones, ankle, tendon and insole can be developed in the
FEM. In order to simulate the standing posture, the boundary conditions of the model
were set to applied on the Achilles tendon toward the insole and the foot bones were
connected with the muscle[115]. The result of the FEM showed the plantar pressure
distribution and the internal stress-strain of the bones and soft tissue structure under
different boundary conditions and various of insole structure and material. Franciosa,
et al.[116] integrated a FEM and a parametric study to determine the effect of the sole
on the contact pressure of the foot (Figure 2.15). Although many researchers developed
foot model to find the plantar-insole pressure by using FEA, traditional insole materials

are generally used while the complex insole structure is largely neglected.
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Figure 2. 15. Initial shoe design[116]

2.6 Internal structure design
Insole material structures and parameters such as stress-strain behaviour and shear force
are not fully studied. Literatures on insole shear stress between the plantar-insole
interface indicated that shear stresses on the diabetic foot not only show a close
correlation with thermal changes in response of walking [117, 118], but also contribute
up to 30% of the vertical loading on the foot[119]. Analysis of the material parameters
is therefore important to better understand the insole materials for precise control and
management of the plantar pressure for optimal foot protection. Therefore, in this part,

braced frame structure and auxetic structure will be included.

38



2.6.1 Braced frame structure
Braced frame structure is traditionally used to prevent excessive lateral loading under
the influence of lateral loads by providing diagonal steel members or shear cores in
building construction. The structural system can resist wind and earthquake forces in
the field of civil engineering building [120]. Normally, the members in a braced frame
cannot be moved in lateral direction. Beams and columns in the braced frame are rated
under vertical loads, assuming that the bracing system contributes to all the loads in
lateral direction[121]. There is a wide range of braced framed structures, such as V-
braced, X-braced and multi-storey-X-braced (Figure 2.16). The V-braced frame
structure was design to protect the maximum unbalanced vertical and horizonal loads
when there is buckling and yielding adding to the beam. However, the beam of the V-
braced structure has to be very strong to keep the stability. While the X-braced and the
multi-storey-X-braced structures have low peak inter-storey drift ratio, they can induce
balanced forces to the beams when there are buckling and yielding. In considering the
reduced shear force energy with improved stability of the braced frame structures[122],
the potential use of X-braced and multi-storey-X-braced structures for insole material
is investigated in this study. These two structures have a very low peak inter story drift
ratio in all different braced framed structure, which means they are more stable than the

others[123].
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Figure 2. 16 Centric Steel Braced Frames with High Ductility

The density of insole materials is strongly associated with the energy absorption
performance of insoles during wearing. When shear force is applied to the insole, the

shear deformation reduces the volume of the insole by using the equation:

_m (D
P=y

where p is the density, mis the mass and V' is the volume. The use of the braced framed

structure may reduce the shear deformation of insole material [124], while the density

of the insole can remain constant for minimal contact pressure between the plantar and

the insole [125].
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2.6.2 Auxetic structure
Auxetic material can be defined as a material that exhibits negative Poisson’s ratio.
Poisson’s ratio is the ratio of the transverse train and axial strain have negative
relationship. For most of the materials, have a positive Poisson’s ratio, that if tensile
stress is given in the longitudinal direction, the material shrinks in the transverse
direction (see Figure 2.17). However, an auxetic material enlarge when tensile stress
is given[126]. Apart from the transformation of the shape of material, Poisson’s ratio is
also a key of the mechanical properties that affects the shear strength and modulus of
the material. There is a negative relationship between the shearing modulus and
Poisson’s ratio, that helps the auxetic material can be the suitable material to resist
impact [127, 128]. Along with the development of auxetic material, various internal
structures and geometries are invented and evaluated its deformation behaviour which
can be some particular structures of macroscopic to micro-level or even a single
molecule. The auxetic geometries can be summarized as re-entrant hexagons, re-entrant
quadrangles, rotating units, chiral structures and foldable structures, different variations
can be created based on such basic auxetic geometries to obtain a desired Poisson’s
ratio at different strains[129]. Together with unique deformation pattern, auxetic
materials and structures are increasingly used in various personal protection equipment,
seat cushions, vibration dampers, acoustic isolators, etc [86, 130]. The superior
properties of auxetics for insoles may improve energy absorption and protect the foot
from impact forces and the velocity of locomotion. Under a compression load, auxetic
materials tend to move toward the compression point, leading to increased rigidity at
the contact area with increased indentation resistance and lower energy absorption[131,
132]. It is anticipated that the increased contact area of between the plantar and the

insole can alleviate high plantar pressure, particularly during body movement. As
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Scarpa et al. [133] indicated, the energy absorption ability of auxetic foam is ten folds

that of traditional foam materials under repetitive compression [133].

Figure 2. 17 The differences between conventional and auxetic material
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2.7 Summary
Diabetic plantar ulceration resultant of elevated pressure affects foot functions and
cause the need for amputation. Customised orthotic insoles are used to prevent ulcers
by redistributing the plantar pressure over a wider surface area. The choice of insole
materials is a key factor in improving treatment effectiveness. However, the pressure
reduction performance of insole materials for diabetic patients is somewhat unclear.
The material selection process is entirely based on the experience of individual
practitioners. The use of a simulation model could precisely predict the performance
of different insole materials on the reduction and redistribution of plantar pressure so

as to optimise the design of diabetic insoles.

Precise foot geometric measurements are required to custom design orthotic insoles
with an optimal fit. Nevertheless, conventional devices used to obtain foot geometry
measurements show relatively low repeatability and accuracy with limited postures,
while the foot shape and measurements change considerably during locomotion. The
lack of foot shape information in various weight bearing conditions during stances may
inevitably cause discomfort to diabetic patients who have remarkable deformities or
ulcerations, thus adversely affecting the insole fit, treatment efficacy and adherence to
treatment. Therefore, a reliable way to acquire 3D images of the foot during dynamic
movement is necessary to minimise the problems of insole fit. To improve the efficacy
of orthotic insoles, the fit of insole with a consistent contact at the interface between
the foot and insole to enable effective control of the plantar pressure are paramount.
Finite element models that allowing flexible changes of input parameters and material
modifications can reliably simulate the load distribution and deformation of insole

systems, providing a new understanding of the geometry and mechanical behaviour of
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the foot and the insole. Braced frame structure and auxetic structure will be used in the

design of diabetic insole to minimise the contact pressure.
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Chapter 3 Pressure distribution under different insole conditions during

walking

3.1 Introduction
The function of orthotic insoles is to facilitate the transmission of elevated plantar loads
from prominent plantar bony prominences and redistribute plantar pressure over a wider
surface area, thus reducing the risk of ulceration. The type of material not only affects
the comfort of the patients, but also influences the functional performance of orthotic
insoles. Knowledge on the properties of insole materials is essential to understand their
behaviour for insole prescriptions. In this chapter, the material properties of different
insole materials and their effects on the plantar pressure and gait performance of

diabetic patients are investigated.

3.2 Experimental

3.2.1 Insole materials and test methods
A total of 3 traditional insole are sourced from the commercial market, including
Lunalastik®, PeLite® and Poron®. Amongst, Lunalastik® is ethylene-vinyl acetate
(EVA) and PeLite® is polyethylene foam (PE foam) with a closed cell structure, while
Poron® is a polyurethane open cell foam (PU foam) with excellent impact absorption
properties. To compare the material properties, ASTM D638 Standard Test Method for
Tensile Properties of Plastics was referenced and the Instron 5566 universal mechanical
test frame was used. In order to find the energy absorption, Young’s modulus and

compression strain at preset point, a SkN load is added to the materials.
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3.2.2 Subjects

There are twenty male diabetic subjects participated in this study. Their ages ranged
between 60 and 71 (mean: 66.0, SD: 3.0) and BMI was 20.3 to 26.8 (mean: 23.6, SD:
2.3). The selected subjects: (1) are 55 years old or above, (2) no have no foot current
foot injury, and (3) able to walk by themselves. The demographics of the participants
are listed in Table 3.1. The study was approved by the Human Ethics Committee of the
Hong Kong Polytechnic University. The participants provided written informed

consent before taking part in the study.

Table 3. 1 Subject profile

Overall N=20 Range N=20
(Mean= S.D.)
Age 66.00 = 3.00 60-71
Weight (kg) 64.00 = 8.00 54-84
Height (cm) 164.50 + 6.50 155-175
BMI 23.6+2.3 20.3-26.8
Foot length (Left)(cm) 40=+1 38-42
Foot length (Right)(cm) 39.1+1.1 37-40.5




3.2.3 Plantar Pressure measurement
Subjects were required to walk in barefoot over a distance of 8m at their noraml pace
to find the self-selected speed. Two timing gates were placed at the 1 m and 7 m to
determine the duration for each trial. A total of 10 trials were carried out to obtain the
speed of walking of each participant, which was calculated based on the division of the
distance walked (6 m) by the time needed to cover this distance (s). To minimize the
error on the plantar pressure due to the various walking speeds, the walking trials were
refused if it over 5% of the predetermined self-selected speed [6]. The walking speed
that collected from all the subjects is ranged from 0.58m/s to 0.89 m/s [7, §]. An
automatic timing gate (Brower Timing Systems, Utah, USA) is used to capture the
walking speed. After recording the walking speed, In-shoe Pedar® system (Novel
GmbH, Munich, Germany) was used and located between the plantar and the diabetic
insole to collect the walking plantar. The subject was required to walk with their own
speed three times with different diabetic insole. There are 99 sensors in the Pedar®
insole and the whole insole will divide into 3 part which is the forefoot, midfoot and

rearfoot to find the pressure distribution (Figure 3.1).
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Figure 3. 1 Distribution of the 99 sensors in the Pedar® insole

3.3 Data analysis
All the received data was analysed by Statistical Package for the Social Sciences (SPSS
Inc, version 22, IBM, Arnonk, NY). A one-way repeated measures Anova (rANOVA)
was used to find the performance of the three insole condition and barefoot condition.
Pearson’s correlations have been carried out between the left and the right foot, and the

mean peak pressure. The significance of the statistical analysis was set at a level of 0.05.

The percentage change of the mean peak pressure between barefoot and insole
conditions were calculated with p = [(b — a)/a] x 100%, where p is the percentage
change of peak pressure, b (kPa) is the mean peak pressure of walking under different
insole conditions, a (kPa) is the mean peak pressure of standing under barefoot

condition.
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3.4 Result and Discussion

3.4.1 Material properties of the insoles
The insole material property results are shown in Table 3.2. 5 samples were measured
for each diabetic insole and the mean were calculated. As shown, PeLite® insole
resulted in the highest value in hardness of 44.6A, Young’s modulus of 3.28 MPa and
compression strain at preset point of 5.36%, while it has the lowest value in density of

® insole material exhibited the lowest

0.16 g/cm® and energy absorption of 73%. Poron
value in hardness of 15.1A, Young’s modulus of 0.72 MPa and compression strain at

pre-set point of 2.20%, while it has the highest value in density of 0.32 g/cm? and energy

absorption of 78.60%.

Table 3. 2 A summary of material properties of insole materials

Material Lunalastik® PeLite® Poron®
Hardness (A) 32.8 44.6 15.1
Thickness (mm) 3.12 3.17 291
Density (g/cm3) 0.2 0.16 0.32
Energy absorption (%) 75.30% 73.00% 78.60%
Young's modulus (MPa) 1.87 3.28 0.72
Compression strain at pre-set point % 2.71 5.36 2.20
(Load=0N)
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3.4.2 Overall offloading performance of different insoles

3.4.2.1 Mean peak pressure
Table 3.3 shows the mean peak pressure obtained at various insole and barefoot
condition during standing and walking posture. As compared to barefoot, the use of
insole has reduced the mean peak pressure by 12.1% (Lunalastik®), 14.3% (Pelite®)
and 15.0% (Poron®) respectively during standing. In addition, by comparing to
barefoot, the use of insole has reduced the mean peak pressure by 16.0% (Lunalastik®),
13.1% (Pelite®) and 19.8% (Poron®) respectively during walking. By using one-way
repeated ANOVA analysis, all the insoles have a significant reduction as compared to
barefoot in both standing and walking. Poron® showed the best offloading performance

amongst the 3 insole materials studied.

Table 3. 3 Statistical results of the overall mean peak pressure during standing and walking

(N=20)°
Standing Posture
Lunalastik® Pelite® Poron® Barefoot
Mean peak pressure (kPa) = S.D. 123.3+25.4 1203+ 16.8 119.3+20.7 1404+214
Compared to barefoot (p-value) 0.032 0.000 0.000
Walking Posture

Mean peak pressure (kPa) + S.D. 313.9+£29.0 324.7+34.0 299.7+29.7 373.8+38.2

Compared to barefoot (p-value) 0.000 0.000 0.000

 Significant value (p < 0.05) in red
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3.4.2.2 Contact area
Table 3.4 shows the mean plantar contact area at insole conditions and barefoot
condition at standing posture, the contact area of the insole-plantar interface increased
when insole is used. As compared to barefoot condition, the mean contact area is
increased by 24.9% (Lunalastik®), 25.5% (Pelite®) and 25.1% (Poron®) respectively.
By using the one-way repeated ANOVA analysis, the increased mean plantar contact

area is statistically significant in all insole conditions.

During walking, the contact area of the insole-plantar interface increased when insole
is used. The mean contact area is increased by 10.5% (Lunalastik®), 10.1% (Pelite®)
and 10.0% (Poron®) respectively. By using the one-way repeated ANOVA analysis,
the increased mean plantar contact area is statistically significant in all insole condition

with the barefoot condition.

Table 3. 4 Statistical results of the overall contact area during standing and standing (N=20) ?

Standing posture

Lunalastik®  Pelite® Poron® Barefoot
Contact area (cm?) £S.D. 160.1 £16.7 160.8 £13.4 160.2+16.6 128.1+16.7
Compared to barefoot (p-value) 0.000 0.000 0.000
Walking Posture
Contact area (cm?) = S.D. 1929+5.3 192.1+£6.9 192.0 £ 6.1 1745+ 12.1
Compared to barefoot (p-value) 0.000 0.000 0.000

 Significant value (p < 0.05) in red
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3.4.3 Regional offloading performance of different insoles

3.4.3.1 Mean Peak Pressure
Figure 3.2, Tables 3.5 and 3.6 provide the regional mean peak pressure under various
foot conditions during standing and walking. During standing posture, the use of
Lunalastik® insole has reduced the peak pressures by 11.2% (rearfoot) and 15.8%
(forefoot), while Pelite® insole has reduced the peak pressures by 18.1% (rearfoot) and
23.7% (forefoot) and Poron® insole has reduced the peak pressures by 14.8% (rearfoot)
and 27.0% (forefoot) respectively. The insertion of 3D arch support has increased the
mean peak pressure at midfoot region. During walking posture, the use of Lunalastik®
insole has reduced the peak pressures by 18.9% (rearfoot), 11.9% (midfoot) and 14.0%
(forefoot), while Pelite® insole has reduced the peak pressures by 18.1% (rearfoot),
5.5% (midfoot) and 12.4% (forefoot) and Poron® insole has reduced the peak pressures

by 23.8% (rearfoot), 10.9% (midfoot) and 21.1% (forefoot) respectively.

Through one-way repeated ANOVA analysis, the reduction of mean peak pressure is
significant at rearfoot and forefoot in most insole conditions, while the change of

pressure at midfoot is statistically insignificant.
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Figure 3. 2 Regional mean peak pressure comparison under insole and barefoot during

standing and walking
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Table 3. S Mean peak pressure and change percentage of each foot region under insole and

barefoot conditions
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Table 3. 6 Summary of rANOVA results for effect of barefoot vs insoles (mean peak pressure)

Standing Posture
Barefoot VS Insoles df F p-value
Rearfoot Barefoot Lunalastik® 7.47 4.59 0.722
Pelite® 12.06 1.99 0.000
Poron® 9.84 2.28 0.002
Midfoot Barefoot Lunalastik® -1.79 1.75 1.000
Pelite® -0.90 1.00 1.000
Poron® -0.02 0.93 1.000
Forefoot Barefoot Lunalastik® 6.52 3.44 0.440
Pelite® 9.82 1.42 0.000
Poron® 11.19 1.74 0.000
Walking Posture
Barefoot VS Insoles df F p-value
Rearfoot Barefoot Lunalastik® 29.87 2.98 0.000
Pelite® 25.84 3.43 0.000
Poron® 37.74 3.05 0.000
Midfoot Barefoot Lunalastik® 9.47 3.99 0.169
Pelite® 4.39 4.07 1.000
Poron® 8.68 3.62 0.162
Forefoot Barefoot Lunalastik® 18.82 3.21 0.000
Pelite® 16.66 3.65 0.001
Poron® 28.35 3.83 0.000

# Significant value (p < 0.05) in red
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4.3.3.2 Contact area

Figure 3.3 shows the regional contact area at various insole and barefoot conditions.
By using the one-way repeated ANOVA analysis, the use of insoles has significantly

increased the contact area amongst the 3 foot regions. During walking, area similar

trend is also observed, except the forefoot region.

Standing posture Walking posture

100

50 A

Contact Area (cm?)

B Lunalastik®
W Poron®

M Pelite®
Barefoot

Rearfoot

* Indicates a significant difference p < 0.05

Midfoot

Forefoo

t

Contact Area (cm?)

100 A

50

Lunalastik® *
M Pelite® | * 1
Poron® | *|
Barefoot
el
*
* = II
| lill
I I
I
Rearfoot Midfoot Forefoot

Figure 3. 3 Regional contact area comparison under insole and barefoot conditions
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3.5 Discussion
Diabetic insoles are used to redistribute the plantar pressure through the whole planter
and avoid peak pressure. The structure and the material property of the insole always
reflect to the performance of the insoles. Arch support, metatarsal and heel pad are
frequently used to reduce the peak pressure and increase the contact area of the plantar-
insole interface. In this study, the material properties of the traditional diabetic insole
material are firstly compared. Among the 3 insole materials, Poron® has the highest
density, the lowest compression strain and the best energy absorption performance that
it tends to readily absorb energy and reduce the plantar pressure. Through laboratory
wear trials, Poron® has the best offloading performance in comparison with the other
two insoles studied. As compared to barefoot, the use of Poron® insoles has
significantly reduced the mean peak plantar pressure in both standing (15%) and

walking (19.8%).

When the regional offloading performance is examined, the insoles perform differently
at various foot regions. As compared to barefoot, the insertion of insole showed
significant reduction of plantar pressure in the rearfoot and forefoot regions. The
offloading performance of insole is less apparent in the midfoot region. This may be
explained by the 3D arch support of insole with increased contact area in midfoot.
Amongst, the rearfoot and forefoot generally share the highest plantar pressure at
standing (70% of the total plantar pressure) and walking (80% of total plantar pressure).
Therefore, regarding to an insole design, it is very important to divide the insole at least
into three parts. Since the features of each insole region needs to provide different needs
for the plantar. For the rearfoot and the forefoot, it is important to reduce the contact

pressure by improving the material property or structure. At midfoot, arch support can
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provide a better fit and increase the contact area. The material for the insole of the
midfoot region can be thicker and harder which can redistribute more pressure to the

midfoot.

3.6 Summary
In this chapter, the plantar pressure of the diabetic subjects at barefoot and insole
conditions was investigated. Amongst the 3 traditional insole materials, Poron® insole
is able to readily absorb energy and reduce the plantar pressure. The choice of insole
material structure and property is crucial, thus affecting the effectiveness of insoles for
optimal cushioning and protection. While the regional offloading performance of
insoles perform differently at various foot regions, attention should also be paid at the
rearfoot and the forefoot regions that sharing the highest insole-foot contact pressure in

design of diabetic insoles.
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Chapter 4 Foot Geometric changes of diabetic foot during walking

4.1 Introduction
The fit and design of diabetic insoles greatly affect the protection and performance of
footwear. To provide adequate foot protection, consideration should be given to foot
measurements during dynamic movement. However, currently available diabetic
insoles based the standing stance of the foot have failed to provide optimum fit. The
impact of foot movement on the foot dimensions should be investigated to improve the
fit and protection of diabetic insoles. Taking the various walking speeds into
consideration, the foot geometry for three different walking speeds is analysed in this
chapter. Dynamic three-dimensional or four-dimensional (4D) scans of the foot are
analysed to examine foot deformation during various foot stances, from the first heel
contact, first metatarsal head contact, first toe contact, heel take off to metatarsal head
take off. The changes in the manual measurements with various walking speeds are

then statistically analysed.
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4.2 Methodology

4.2.1 Subjects

A total of fourteen male diabetic subjects participated in this study. The selected
subjects: (1) are diabetic patients, (2) have no history of foot wounds, and (3) are able
to walk by themselves. The demographics of the participants are listed in Table 4.1.
The study was approved by the Human Ethics Committee of the Hong Kong
Polytechnic University. The participants were informed about the study contents in
Cantonese and provided written consent before taking part in the study. The Chinese

language consent forms are shown in Figure S1.

Table 4. 1. Participant demographics

Male N=14 Range N=14
(Mean £+ S.D.)
Body height (cm) 167.11 £7.06 157 - 181
Body weight (kg) 66.36 £7.27 54 -82
BMI (kg/m?) 23.77+2.22 20.48 —26.78
Foot length (cm) 25.43 +£0.86 23.40-26.90
Age (years old) 68.00 + 3.00 60-71
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4.2.2 4D scanning approach
Dynamic 3D scanning was used to obtain the foot dimensions in 5 different foot stances
during gait at 3 different walking speeds. Dynamic 3D scanners can accurately capture
the geometry and profile of the body with detailed information during movement. A
3dMDfoot™ System Series was used to capture foot models during walking. This
system provides 360-degree full foot coverage including the plantar of the foot. The
system offers a maximum capture speed of 40 frames per second (fps), a total of five
modular camera units and a powerful light emitting diode (LED) system. The 3D
sensing of surface images offers a linear accuracy range of 0.7 mm. Scanned images
are processed by the system to output 3D files of objects. The subjects are required to
walk on a walkway, and the cameras then capture the foot geometry on the scanning

area (see Figure 4.1).

Figure 4. 1 Setup of 4D foot scanning system.
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4.2.3 Landmarks and foot measurements
Before scanning, 14 coloured markers (landmarks) that are 5 mm in diameter are
adhered to the foot of each subject to ensure reliable measurements for different frames
during walking, as shown in Figure 4.2. In order to reduce the measurement error and
maximized the accuracy of the data, small and flat markers are used. There are 13
measured areas, including 3 length dimensions, 2 height dimensions, 3 width

dimensions, 3 angles and 2 girths, as listed in Table 4.2 and shown in Figure 4.3.

Figure 4. 2 Landmarks of foot

Figure 4. 3 Anthropometric measurements of foot taken from 3D images
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Table 4. 2 Foot measurements for insole design *

Dimension type Abbre- Dimension Description Landmarks
viation
Length F-L Foot Length ~ Distance between most posterior 1-6
point of the heel and foremost
point of the longest toe
MB-L  Medial Ball  Distance between most posterior 2 -6
Length point of the heel and most medial
point of MTH1
LB-L Lateral Ball ~ Distance between most posterior 3 -6
Length point of the heel and most lateral
point of MTHS
Height I-H Instep Height  Highest point of the foot at 50% 7-9
of the foot length
B-H Ball Height ~ Highest point of the foot at the 8-9
golden ratio (61.8% of foot
length)
Width AB-W  Anatomical Distance between most medial 2%y — 3xy
Ball Width point of MTH1 and most lateral
point of MTHS
OB-W  Orthogonal Distance between most lateral and 25 — 3«
Ball Width most medial points of the forefoot
measured orthogonally
OH-W  Orthogonal Distance between most lateral and 4 -5
Heel Width medial points if the heel measured
orthogonally is between 14 and
20% of foot length
Angle B-A Ball Angle Angle between the connecting £3 -2 —x axis
line of MTHI1 and MTHS and the
X-axis
TI-A Toe 1 Angle  Angle between the connecting A6-2-4
line of most medial point of the
heel and MTHI1 and the
connecting line of most medial
point of Toel and MTHS
T5-A Toe 5 Angle  Angle between the connecting Al7-3-5
line of most lateral point of the
heel and MTHS and the
connecting line of most lateral
point of Toe5 and MTHS
Girth AB-G  Anatomical Girth around anatomical 10-3-10
Ball Girth landmarks MTH1 and MTHS
LI-G Last Instep Girth around the point detected on 11 —12—11
Girth the last at an angle of 22° relative

to the vertical

@ MTH 1: first metatarsal head; MTH 5: fifth metatarsal head.
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4.2.4. Walking speed
The subjects were required to walk on a 6-metre-long platform. Two Brower Timing
Systems were used to record the walking time of the subjects, and the 4D foot scanner
was placed at the centre of the walking platform to capture the 3D images. The subjects
were required to walk on the platform 10 times to record their normal walking time.
The average time of those 10 walks was then used as the reference time for the subject.
Three different walking speeds (m/s) were used: slow (6(m)/ 1.2 x reference time (s)),
normal (6(m) / 1.0 x reference time (s)) and fast (6(m) / 0.8 x reference time (s)). The
left and right feet of each participant were scanned at those three walking speeds. If the
subject walked over 5% of the predetermined self-selected speed, that scanning
progress will be refused. The participants were scanned in their bare feet. Basically,
five different stances of walking were captured for the different foot measurements (see
Table 4.3). They are the first heel contact, first metatarsal head contact, first toe contact,
heel take off and metatarsal head take off. The 3D images of each frame are shown in

Figure 4.4.

Table 4. 3. Foot measurement in different walking posture

Foot measurement First Heel First MTH First Toe Heel Take MTH Take

Contact Contact Contact Off off

Foot Length 4 v v

Medial Ball Length L, L, L,

Lateral Ball Length

Height Measures 4 v v

Ball Width 4 v v v
Heel Width 4 v 4 v

Girth Measurement 4 v v
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Figure 4. 4 Example of a measured 3D foot shape during gait.

4.3 Data analysis
The Statistical Package for the Social Sciences (SPSS Inc, version 22, IBM, Armonk,
NY) was used to analyse the data. A repeated-measures analysis of variance (rANOVA)
was performed to observe the effects of the three walking speeds as well as the foot
stance on each foot measurement. The significance of the statistical analysis was set at

a level of 0.05.

The foot deformation during the different stances of walking based on the foot
measurements was calculated by using the deformation ratio, which is determined by
using 6 = [(Max — Min) / Min] x 100, where 8 (%) is the foot deformation ratio, Max
(mm) is the maximum measured foot dimensions and Min (mm) is the minimum

measured foot dimensions for all the stances of walking.

65



4.4 Result

4.4.1 Differences in foot dimensions during walking

The result with different walking speed is shown in Table 4.4. According to the result

of rANOVA result, there are no foot measurement have a significant difference among

the three different walking speeds. On the other hand, 12 of the 13 foot measurements

show significant differences among the 5 different walking foot stances, including in

the 3 length dimensions, 2 height dimensions, 3 width dimensions, 3 angle dimensions

and 2 girth dimensions (see Table 4.5).

Table 4. 4 Foot measurement result in different walking speed.

Fast Normal Slow

No. Male N=14 Range N=14 Male N=14 Range N=14 Male N=14 Range N=14

(Mean = S.D.) (Mean + S.D.) (Mean + S.D.)
F-L (mm) 253.43 £8.46 240.16 -269.29 | 251.19 £6.37 239.53 -260.84 | 250.85£8.17 238.82 - 265.65
MB-L (mm) 179.13 +4.85 171.30 - 187.88 181.80 + 3.87 174.28 -189.25 | 181.54+£5.33 171.48 - 188.38
LB-L (mm) 155.28 £5.26 146.80 - 163.45 156.24 £ 591 147.34 - 163.76 156.69 £5.23 146.50 - 163.64
AB-W (mm) 108.17 £7.20 100.16 -127.40 | 108.30 +8.64 97.01 - 130.35 106.91 £ 6.40 100.08 - 124.96
OB-W (mm) 101.00 £ 4.37 94.17 - 108.36 100.46 +4.37 94.09 - 109.51 100.26 +£4.36 94.87 - 108.26
OH-W (mm) | 52.01+5.64 45.75 - 63.40 52.56 +4.96 45.69 - 60.23 51.44 +£5.30 44.67 - 60.51
I-H (mm) 69.12 £4.96 61.69 - 76.44 70.64 +5.59 62.71 -79.29 69.20+5.41 59.53-76.72
B-H (mm) 54.01 +£5.05 46.25 - 60.85 55.21+£5.59 48.23 - 65.49 53.29+£3.90 47.53 - 58.75
B-A (°) 74.25 +10.90 58.47 - 89.55 77.29 £ 8.98 59.84 - 88.19 76.00 +10.71 61.97 - 89.81
T1-A (°) 20.49 +£4.53 7.94 - 24.96 21.39 +4.05 10.99 - 24.90 19.59 +3.80 13.16 - 24.15
T5-A (°) 13.83 £3.48 8.03 - 19.88 14.96 + 4.66 5.31-19.65 15.60 +3.71 6.96 - 19.36
AB-G (mm) 221.65+14.55 202.40 - 244.46 219.29 £14.41 200.94 -244.12 219.51£13.48  200.93 - 236.96
LI-G (mm) 23522 +14.76  213.68-259.68 | 231.79+14.93 210.63-253.52 | 231.14+£14.30 209.91 - 254.04
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Table 4. S Summary of rANOVA results for the effect of three different speed and five

different frames on each foot measurement (N=14) *

Speed Frame

No. df F p-value 12 No. df F p-value n2

F-L 2.000 2.826 0.078 0.179 | F-L 2.000 32978.45  0.000 1.000
MB-L 2.000 2.095 0.143 0.139 | MB-L  2.000 13907.08  0.000 0.999
LB-L  1.359 0.386 0.606 0.029 | LB-L 2.000 2347.863  0.000 0.994
AB-W 1.140 0.258 0.650 0.019 | AB-W 1.006 252.340 0.000 0.951
OB-W 2.000 0.936 0.405 0.067 | OB-W  1.041 201.926 0.000 0.940
OH-W 2.000 0.202 0.819 0.015 | OH-W 1375 23.648 0.000  0.645

I-H 2.000 3.314 0.052 0.203 | I-H 1.024  835.109 0.000  0.985
B-H 2.000 1.835 0.180 0.124 | B-H 1.092  352.125 0.000  0.964
B-A 2.000 0.593 0.560 0.044 | B-A 3.000 7.817 0.000 0.376
T1-A 1.432 0.198 0.749 0.015 | TI-A 2.144  1.177 0.326 0.083
T5-A  2.000 0.413 0.666 0.031 | T5-A 3.000 5.274 0.004 0.289

AB-G  2.000 0.428 0.656 0.032 | AB-G  1.245 11409.250 0.000 0.999
LI-G 2.000 0.795 0.462 0.058 | LI-G 1.416 36708.340 0.000 1.000

 Significant value (p < 0.05) in red

4.4.2 Foot deformation between the walking postures
The foot deformation ratio was calculated and compared between the slow, normal and
fast walking speed. The three different speeds (fast, normal and slow) and the mean
result of the foot deformation ratio of the 13 foot measurements are listed in Table 4.6.
According to the equation, a high foot deformation ratio means that the length, or the
angle of the foot, undergoes a substantial change during the stances of walking. The
foot deformation ratio of the length, width, height and girth is between 1.1% to 9.1%,

1,1% to 9.0% and 1.1% to 8.6% at fast, normal and slow walking speeds, respectively.
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From the result, the deformation ratio of the width is the highest when comparing the
length, height, and girth, as shown in Figure 4.5. Figure 4.6 shows an example of the

change in girth measure under different foot stances.

Comparing the change (percentage) in the angular measurements, Toe 5 angle (T5-A)
shows a very large foot deformation during the different stances of walking. The
deformation ratio is 58.2%, 48.9% and 56.8% at fast, normal and slow walking speeds,
respectively, as shown in Figure 4.7. The result of the Paired T-test showed that the
result of the left and right feet among all the measurement has no significant difference

(Table 4.7).
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Table 4. 6 Foot deformation ratio (%) at three different walking speeds and mean of foot

measurements.
Foot deformation ratio (%) (N=14)
Foot measurement Fast speed Normal speed Slow speed Mean
(Mean £ S.D.) (Mean £ S.D.) (Mean £ S.D.) (Mean + S.D.)
Foot length (F-L) 2.51% +0.10% 2.55%+0.11% 2.56% + 0.09% 2.51% + 0.10%

Medial ball length (MB-L) 2.15% £ 0.09% 2.10% £ 0.12% 2.08% = 0.12% 2.15% £ 0.09%
Lateral ball length (LB-L) 1.10% £ 0.09% 1.14% £ 0.11% 1.14% £ 0.11% 1.10% = 0.09%

Anatomical ball width (AB-W)  9.07% + 1.89% 8.91% £ 1.99% 8.59% +2.18% 9.07% + 1.89%
Orthogonal ball width (OB-W)  4.63% + 0.89% 4.66% + 0.85% 4.48% +1.01% 4.63% £ 0.89%
Orthogonal heel width (OH-W)  4.00% + 1.27% 3.72% + 1.78% 4.41% = 1.69% 4.00% £ 1.27%

Instep height (I-H) 6.99% = 1.88% 6.58% = 1.36% 7.46% + 1.40% 6.99% = 1.88%
Ball height (B-H) 3.66% £+ 0.78% 3.99% + 0.79% 4.03% + 1.14% 3.66% = 0.78%
Anatomical ball girth (AB-G) 1.75% + 0.12% 1.73% + 0.14% 1.77% + 0.15% 1.75% + 0.12%
Instep girth (LI-G) 2.75% + 0.20% 2.80% £ 0.20% 2.79% + 0.22% 2.75% £ 0.20%
Ball angle (B-A) 11.65% £5.52%  13.39% +7.36% 18.79% £+ 11.02% 14.61% +7.97%
Toel angle (T1-A) 50.27% £ 30.75% 49.97% £26.53% 41.12% +£26.22% 47.12% + 27.83%
Toe5 angle (T5-A) 58.19% +25.58% 48.93% +25.62% 56.84% £31.91% 54.65% +27.71%
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Table 4. 7 The paired T-test result of left and right foot.

Paired T-test (Sig.)

No. Frame Fast Normal Slow
F-L (mm) 1 / / /
2 0.904 0.932 0.921
3 0.936 0.940 0.914
4 0.958 0.929 0.931
5 / / /
MB-L (mm) 1 / / /
2 0.903 0.913 0.939
3 0.928 0.953 0.962
4 0.942 0911 0.903
5 / / /
LB-L (mm) 1 / / /
2 0.933 0.928 0.909
3 0.943 0.949 0.924
4 0.919 0.953 0.931
5 / / /
AB-W (mm) 1 / / /
2 0.972 0.936 0.952
3 0.932 0.965 0.962
4 0.925 0.951 0.944
5 0.927 0.909 0.918
OB-W (mm) 1 / / /
2 0.923 0.930 0.946
3 0.933 0.951 0.915
4 0.962 0.945 0.942
5 0.917 0.904 0.927
OH-W (mm) 1 0.912 0.916 0.905
2 0.942 0.933 0.922
3 0.918 0.941 0.929
4 0.936 0.913 0.922
5 / / /
I-H (mm) 1 / / /
2 0.953 0.962 0.963
3 0.948 0.957 0.935
4 0.937 0.944 0.926
5 / / /
B-H (mm) 1 / / /
2 0.941 0.925 0.912
3 0.945 0.943 0.921
4 0.962 0.938 0.933
5 / / /
B-A () 1 / / /
2 0.965 0.961 0.938
3 0.938 0.953 0.951
4 0.925 0.918 0.934
5 0.912 0.907 0.922
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T1-A (°) 1 / / /
2 0.942 0.944 0.935
3 0.947 0.926 0.951
4 0.958 0.939 0.922
5 0.941 0.928 0.933
T5-A (°) 1 / / /
2 0.937 0.931 0.943
3 0.925 0.933 0.916
4 0.939 0.921 0.946
5 0.938 0.942 0.928
AB-G (mm) 1 / / /
2 0.935 0.944 0.941
3 0.912 0.925 0.923
4 0.921 0.936 0.937
5 / / /
LI-G (mm) 1 / / /
2 0.914 0.905 0.922
3 0.951 0.954 0.931
4 0.943 0.917 0.939
5 / / /

Figure 4. 5 Foot deformation ratio (%) of length, width, height and girth measurements

during three different walking speeds and the mean of foot measurements.
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Figure 4. 6 Example of girth measurement with different stances

Figure 4. 7 Foot deformation ratio (%) of angle measurement during three different walking

speeds and mean of foot measurements.
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4.5 Discussion
According to the SPSS result, the changes in walking speed in this study do not show
a significant effect on the foot measurements. However, as indicated by Burnfield et
al. [134], there are significant changes in the plantar pressure with different walking
speeds due to acceleration and the associated impact forces. According to Simmonds et
al. [135], the weight bearing percentage during walking at a normal speed is increased
from 56.1% to 64.9% with increase in walking speed. The findings of Houston et al.
[136] and Tsung et al. [137] showed that there is no significant change between 50%
and 100% weight bearing. Therefore, the changes in walking speed in this study (£10%)
may be too subtle to induce significant foot deformation as compared to previous works.
Moreover, the frame of the foot during walking stances is significant in all of the foot
measurements except for Toe 1 angle (T1-A). This shows that the geometry of the foot
changes with different walking stances, which aligns with the findings of Novak et al.
[138]. In choosing the right footwear, there should be some tolerance for the overall
deformation during dynamic situations. Wen et al. [139] found that in a group of 80
subjects, there are no significant differences in the foot measurements between the left
and right feet, which is in agreement with the findings in this study. This infers that foot
measurements are not influenced by foot dominance. In an orthotic insole design, it is

therefore not necessary to develop left and right foot insoles individually.

Moreover, Zhang et al. [140] compared the foot dimensions at the non-weight and half
weight bearing conditions of 48 subjects, and found that the length deformation is very
small. In considering the five categories of foot measurements, the changes in length
dimensions are the lowest (1.1% - 2.5%), while major deformations are also found in

the angular dimensions (14.6% - 54.7%). Since the traditional insole design only
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concerns the length of the foot, diabetic patients only focus on the length of their foot
for selecting an insole or footwear. The angular dimension changes of the foot have not
been considered, therefore inevitably affecting the movement of the toes during
walking, especially in the area of Toes 1 and 5. The results also show that the
deformation of the medial ball length is much higher than that of the lateral ball length.
In footwear design, the medial foot should have more space to accommodate foot

deformation.

The anatomical ball width has the highest deformation ratio (8.9%) and the highest
deformation among all of the foot measurements except for the angular dimensions. In
Chapter 3, it was found that the contact pressure of the forefoot is very high during
walking, which correlates with the deformation ratio of the anatomical ball width. In
the selection of insoles, the width of the insole is not considered, which is based on the
ratio of the measured length. However, the deformation ratios of foot width are
consistently higher than those of the foot length, thus leading to poor fit of footwear

and even foot injury [141].

Moreover, the angular dimensions have the highest deformation ratio (14.6% to 54.7%),
where T5-A has the highest deformation ratio of 54.7%. It was found that the original
angle measurements are very small, especially the T1-A (18°) and T5-A (10°) angles.
Therefore, a slight change of the angular measurement leads to a large percentage
change. So it is important to provide more space to the toes to allow the toes to move

freely without contact with the footwear.
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4.6 Summary and Recommendation
Diabetic footwear fit is essential to facilitate foot movement during walking, as well as
provide protection to the foot. Detailed foot measurements from this chapter can help
to produce an optimal fitting diabetic insole that minimises the long-standing problem
of insole fit in different dimensions. By using the advanced technology of a 4D scanning
system, foot measurements at various loading conditions during walking can be
precisely captured and measured. The 3D foot images provide valuable information
for diabetic insole design with improved fit. The deformation ratio can be used to
provide a better understanding of the foot deformation that advances the design and

development of diabetic insoles when insoles are worn in daily activities.
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Chapter 5 Numerical simulation of pressure distribution for structure

design of diabetic footwear insoles.

5.1 Introduction
In this chapter, we propose a new type of insole structure which aims to reduce the
maximum plantar pressure of the diabetic patients. A FEM of foot with bone models is
constructed and slowly compressed to the insole under half bearing of body weight to
simulate a standing posture. By using finite element analysis (FEA), the influence of
the proposed insole internal structure on the redistribution of plantar pressure have been
simulated and the results are compared with traditional insole structure with material of

PE foam and PU foam.

5.2 Methodology

5.2.1 Design of the braced frame structures and construction of insole sub-model
A total of three different braced frame structures are used as the internal structure of
the insole material, including a square structure (SQ), a X-braced frame structure (XBF)
and a Multi-storey-X-braced frame structure (MXBF) respectively. Their
corresponding geometry and dimensions of the unit cell are shown in Figure 5.1. They
are prepared with dimensions of 120 mm in width, 300 mm in length and 36 mm in
height for insole applications [142]. The dimensions of the unit cells and the insole are
kept constant, while the volume of the insoles varies with different internal structure
designs (Table 5.1). Their mechanical properties and the pressure reduction
performance are also compared with two traditional insole materials, including a PU

foam (Poron®) and a PE foam (PeLite®).
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Figure 5. 1 Internal structures of insole in a Square (Sq), a X-braced frame (XBF) and a

Multi-storey-X-braced frame (MXEF) structure.

Table 5. 1 Volume of the insole with different internal structures

Insole Structure Volume (mm?)
Square (SQ) 496,000.00
X-braced frame (XBF) 755,133.72
Multi-storey-X-braced frame (MXBF) 897,045.70
Original (as control) 1,296,000.00
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5.2.2 Mechanical characterization of the insole material
The compression properties of two traditional types of insole materials, PU foam
(Poron®) and PE foam (PeLite®), were first measured. The ASTM D575 Standard Test
Method for rubber properties in compression was referenced and the Instron 5566
universal mechanical test frame was used. The specimens are 28.5 mm in diameter and
12.5 mm in thickness. The results were then inputted into the FEM to simulate the

interface pressure distribution during insole compression.

5.2.3 Three-dimensional scanning and modelling of foot sub-model
A structured light handheld 3D scanner (Artec Eva, Luxembourg) was used to obtain
the geometry and shape of a non-weighted foot (28 cm) of a healthy 26-year-old male
subject. The complex geometry and shape of the foot can be scanned accurately with
this scanner. This handheld 3D scanner has a 3D point accuracy up to 0.lmm, a 3D
resolution up to 0.2mm and a 3D reconstruction rate up to 16fps. By transforming the
raw scanning data to a 3D model, Artec Studio 13 was used. After obtaining the 3D
model of the foot, the sub-model of the foot bones including distal phalange, metatarsal,
cuboid, talus, calcaneus and tibia, as well as the designed insole and the foot were
constructed into a mesh model by using MSC Apex software. After the meshed model
was developed, then it was input into a FEA software (MSC Marc 2019.2.0, US) and
which is known as the FEM (Figures 5.2A and 5.2B). The material properties of the
foot and bones were obtained with reference to Gefen et al. [143] (Table 5.2). The
Young’s modulus and Poisson’s ratio for the bones and soft tissues are 7300 MPa and
0.3, 0.3MPa and 0.4 respectively. The element type of the insole is a structural 3-D

solid element type 127, the foot and the bones are structural 3-D solid element type 134
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[88], while the insole material is regarded as an Ogden elastomer model [144]. The

following equation is used to determine the strain energy:

N
ogden Z u_ ﬂak + Zak + Zak -3
ay 2 3 )

dematorlc
] (D

Ak

where i‘f" =] _% " is the deviatoric stretch ratio while U, and aj, are the moduli and
exponent constants obtained from the curve fitting of the experimental data. To validate
the accuracy of the FE contact model, a compression test was done so that the simulated
result was compared with the experimental compression result based on the ASTM

D575 standard test method.

Table 5. 2 Material properties and element type of the finite element model

Component  Element type Young’s modulus E (MPa) Poisson’s ratio v
Bone 3D-tetrahedra 7300 0.3
Soft tissue 3D-tetrahedra 0.3 0.4

To evaluate the plantar pressure in the standing position, an external force of 350 N
(half weight of the subject) was applied onto the insole (see Figure 5.2C). To ensure
all the force can be evenly applied onto the insole, a rigid link (RBE2) was set where
each node on the bottom surface of the insole was rigidly connected to a corresponding
node that was set under the insole, while the degree of freedom in all directions was
also fixed. The nodes above the ankle of the foot were fixed in all directions and the
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bones inside the foot were set as a rigid body. The friction force tolerance was set to be
0.22 [145]. The shear stress, maximum contact force and total contact area of the plantar
under the different structures of insole material were systematically investigated and

compared.

Figure S. 2 The FE foot models including (A) bone and (B) soft tissue that (C) its shear stress,
contact area and contact force with the insole sub-model can be simulated and optimised

through FEA
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5.3 Result and discussion

5.3.1 Compression properties
In order to withstand the deformation loads and retain the original shape of the insole
material to reduce the plantar pressure, the compressive stress of the insole material is
an important parameter. The stress-strain behaviour is one of the criteria to determine
the performance of the insole. With a low Young’s modulus, the insole can be easily
deformed to absorb energy. The stress-strain cycle of traditional insole material is
plotted in Figure 5.3 and the Young’s modulus and Poisson’s ratio values are listed in
Table 5.3. The PE foam has a higher Young’s modulus than that of the PU foam. PE
foam tends to have better shape retention with less deformation as compared to the PU

foam. The Young’s modulus and Poisson’s ratio values are applied to the FEM.

Table 5. 3. Material properties of the insole material

Material Young’s modulus E (MPa) Poisson’s ratio v Density p (kg/m?)
PU foam (Poron®) 1 0.35 52.5
PE foam (PeLite®) 3 0.34 73.5

PU foam (Poron®)

0.4 4 ===PEfoam (Pelite®)

Stress (MPa)
o

0 -
0 0.2 0.4
Engineering Strain (mm/mm)

Figure 5. 3 Potted material compression properties: stress-strain of PU foam vs PE foam
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5.3.2 Validation of material properties: stress-strain of PU foam vs PE foam
First, the reliability of the FEM is validated to confirm its ability to accurately predict
the material compression behaviour by using a FEA. A compression test was carried
out and the simulation results were compared with the experimentally obtained
compression displacement values. The solid specimens for the FEM are 28.5 mm in
diameter and 12.5 mm in thickness. A compression force of 350 N was applied to the
specimens to measure their displacements. The results showed that the FEM can
accurately predict the compression displacements of the PU and PE foams. As shown
in Figure 5.4, the compression displacement results obtained from the simulation
model is slightly higher than those from the experiments, but with less than a 3%

discrepancy, while the friction during the experiment is negligible in the FEM.

Figure 5. 4 Validation of the developed FEM. Comparison of experiment and simulation

results for PU foam and PE foam.
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5.3.3 Effect of insole internal structures on the insole-plantar interface
The FEM was then used to predict the influence of the proposed internal structure of
the PU and PE foams on the plantar of the foot. The shear stress, contact area, as well
as contact forces between the insole and plantar interface were then systematically

analysed.

5.3.3.1 Shear stress
A 3D geometric sub-model of the human foot was developed to predict the shear stress
of the soft tissues of the foot, the interface pressure between the foot and insole and the
contact conditions during standing, when the different insoles are worn. The mean shear
stress between the foot and the insole is shown in Figure 5.5A. The results indicate
that the PU foam insoles show a lower shear force compared to the PE foam insoles by
an average of 12%, which may be associated with the deformation behaviour of PE
insoles. In both foams, the proposed braced frame structure results in a major reduction
of the shear stress (21% or higher). As compared to the MXBF structure, the results
show that the XBF structure has a lower shear stress. The shear stress reduction
performance of the non-braced frame structure (Sq) is less effective, as compared to the
braced frame structures (XBF and MXBF). The shear stress distribution between the

foot and the insole for the various insole conditions is also obtained through simulation.

As shown in Figures 5.5B and 5.5C, high shear stresses are found along the edge of
the heel, metatarsals and the great toe, where the plantar soft tissues deform the most,
thus leading to a high risk of foot pain and injury. The peak shear stress on the edge of

the PU foam insole is lower than that of the PE foam insole (17% and higher). The
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braced frame structure has a low peak shear stress as compared to the non-braced frame
structure (Sq). Therefore, the braced frame structure can reduce the peak and the mean
shear stress of the plantar of the foot, which can greatly reduce the risk of becoming

injured from shearing forces.

0.02

>

[ PU foam (Poron®)

M PE foam (Pelite®)

o
o
=

Average shear stress (MPa)
o

Sq XBF MXBF Flat
Insole
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Figure 5. 5(A)Shear stress of PU and PE insoles in different internal structures; (B) Shear
stress distribution of the foot plantar at various PU insole structures and (C) PE insole

structures.
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5.3.3.2Contact area
Apart from the shear stress, insole designs with increased contact area between the
insole and the plantar are primarily adopted to redistribute the plantar pressure,
particularly during body movement for optimal foot protection from excessive plantar
pressure and even ulcerations for diabetic patients. The contact area is determined by:

F
P== o)

where P is the pressure, F is the magnitude of the normal forces and A is the area of the
surface on contact. As shown in Figure 5.6A, XBF shows a very high contact area in
both the PU and PE foams while Sq and MXBF show a similar result in the total contact
area. The original structure of the PU and PE insoles provides the smallest total contact
area. As compared to the control, the braced frame structure of XBF tends to increase
the contact area by 64% in the PU insole and 90% in the PE insole, at a load of 350 N.
Therefore, XBF increases the contact area more effectively than non-braced frame

structure (Sq) in both the PU (20%) and PE insoles (46%) (see Figure 5.6B).

The percentage changes in volume between XBF and the non-braced frame structure
(Sq) were then compared. The results showed that the volume of XBF is 52% larger
than that of Sq. The changes in the internal structure between the two insoles are shown
in Figure 5.6C. Under a compression load of 350 N, the space in the beam of the XBF
insole is substantially reduced as compared to the Sq. The XBF insole structure can
readily accommodate the curved interface of the plantar of the foot, hence leading to an

increased contact area with the plantar.
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A simple FE simulation was carried out to obtain the compression behaviour of the
insole structures. A compression force was applied onto a PU foam cuboid (length: 5
mm, width: 5 mm, and height: 10 mm) along two different directions (see Figure 5.7A).
To compress a cuboid of 1 mm, a total force of 3.47 N is required while to bend a cuboid
of 1 mm, the total force required is only 0.22 N. Apart from the FE, a mathematical
analysis was done to compare the forces for compression and bending. The equation

for compression stress is:

AL
o=—E ..03)

where ¢ is the compression stress, AL is the change in the length, L, is the original
length and E is the Young’s modulus of the material. It was found that a force of 2.5 N

is needed to compress 1 mm of cuboid. The equation for the bending stress is:

5= ? (4
I=| r%dm ...(5)
|

where o is the bending stress, M is the bending moment with respect to the centroidal
axis, c¢ is the radius of the centroidal axis, I is the bending moment of inertia, r is the
distance to some potential rotation axis, and the integral is over all the infinitesimal

elements of mass, dm, in a three-dimensional space occupied by object Q. The bending
moment of the cuboid is §M L?. Therefore, the force required to bend 1 mm of cuboid
is 0.16 N. Both the FE and mathematical results show that 1500% less force is needed

to bend than compress 1 mm of cuboid (see Figure 5.7B). Therefore, the XBF insole

can be readily deformed with increase in contact area between the plantar and the insole.
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Figure 5. 6(A) Comparison of contact area of PU foam and PE foam with different intern
structure. (B) Difference contact area of PU foam and PE foam with different intern structure
under 350N. (C) Illustration of FEM developed in this study to predict changes with XBF and

Sq insole.
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Figure 5. 7. (A) Illustration of FEM changes in bending and compression. (B) Comparison of

force of Bending vs compression.

5.3.3.3 Contact pressure
The braced frame structure has a lower maximum contact force than that of the control
condition; see Figure 5.8A. The maximum contact force of the XBF structure is 55%
lower with the PU foam and 86% with the PE foam. Due to the smaller contact area of
the non-braced frame structure (Sq), the maximum contact force is 4% higher in the PU
foam and 8% higher in PE foam in comparison with XBF. The influence of the internal
structure on the trajectory of the maximum contact force is negligible with both the PU
and PE foams; see Figure 5.8B. It has been found that pressure is directly proportional
to the applied force, but inversely proportional to the contact area. A material with a
low Young’s modulus tends to reduce the maximum contact force. In this study, PE
foam with an XBF structure has a lower maximum contact force (54% or less) than the
PU foam with a non-braced frame structure - (Sq and the control. The effect of the
internal structure on material deformation is more apparent than the Young’s modulus,
which leads to the reduction of the insole-foot contact pressure. By looking at Figures
5.8C and 5.8D, a large amount of contact force is found at the heel and the metatarsals.

The trend of the contact force pattern is similar to the distribution of the shear stress in
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the heel and the metatarsals which may result in potential foot pain and injury. As

compared to the control insole, the proposed braced frame structure enables a better

force distribution throughout the plantar with lower maximum contact forces.
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Figure S. 8. (A) Comparison of maximum contact force of PU foam and PE foam with
different intern structure. (B) Difference maximum contact force of PU foam and PE foam
with different intern structure under 350N; The contact force distribution of the plantar using:

(C) PU foam insole, (D) PE foam insole.
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5.4 Summary
In this study, two novel braced frame structures are proposed to reduce the shear stress
and the pressure interface between the insole and the plantar. An FEA is used to
systematically determine the influence of the braced frame structures on shear stress,
contact area and maximum contact force of the insole. A load of 350 N to simulate a
standing posture is applied to the foot model. The results show that XBF can effectively
reduce the shear stress and the maximum contact force, as compared to the control. The
X-shape beams of the XBF structure can be readily compressed, thus conforming to the

curvature of the foot with increased contact area.
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Chapter 6 3D printed auxetic heel pads for diabetic patients

6.1 Introduction
The heel is the first part of the plantar that is subjected to high impact forces from the
weight of the body [11, 29, 59, 146]. The altered mechanical properties of the plantar
soft tissues of the diabetic foot with repetitive excessive loading beneath the heel,
together with poor vascular supply and nerve damage may eventually result in cell and
tissue death, and a high risk of heel ulceration [147]. Nevertheless, the efficacy of such
insoles varies with the stress-strain performance of the insole material which needs to
provide consistent contact at the interface between the foot and insole and facilitate
effective control of the plantar pressure [16, 17, 59, 73]. Yet related scientific studies
have been minimal, whilst the mechanisms behind the different structures of insoles in
relation to the mechanical stress that acts tangential to the plantar surface are still

unclear.

In this study, we examine the potential of a heel pad with a 3D printed auxetic structure
to minimize the peak plantar pressure of DM patients. The conventional re-entrant
honeycomb cell is arranged in a circular structure which contributes to increasing the
contact area between the heel and the heel pad during walking. The influence of the
internal angle of the re-entrant honeycomb cells on the contact pressure of the heel is
investigated. Due to the progression of changes in the mechanical properties of the
plantar soft tissues of DM patients, the effect of different hardness of the heel on the
received contact pressure is also varied in this study. The designed heel pads are 3D
printed and compressed by using a hemisphere to simulate the heel strike in the gait
cycle. The FE approach is applied to observe the internal structural changes of the heel

pad and the pressure distribution of the hemisphere which cannot be experimentally
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observed. We also compare the pressure relief performance of the conventional insole

(PU foam) and proposed auxetic heel pads through an FEA and a wear trial.

6.2 Material and Methods

6.2.1 Design of the auxetic heel pads
Re-entrant cells with three different internal angles (60 °, 80° and 90°) are used in this
study. Note that the re-entrant honeycomb cells lose their auxetic property once their
internal angle is 90 ° or above. Therefore, the three heel pads are labeled A60, A80 and
N to denote an auxetic with an internal angle of 60°, auxetic with an internal angle of
80° and non-auxetic and internal angle of 90°, respectively. Their corresponding
geometry and the dimensions of each unit cell are shown in Figures 6.1 A, 6.1 B and
6.1 C. The honeycomb structures are fabricated in a circular shape to form the 3D heel
pads which are shown in Figures 6.1 D, 6.1 E and 6.1F. The length and the thickness
of the cell as well as the diameter and height of the resultant heel pad are kept constant
so that the total volume of the heel pads vary with different re-entrant angles (Table
6.1). The designed heel pads have a diameter of 56 mm, height of 15.4 mm and wall

thickness of 0.7 mm.
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Figure 6. 1. Internal structure of the designed heel pads: (A), (B), (C) The internal angle of

the heel pads; (D), (E), (F) heel pads with the internal structure.

Table 6. 1. The volume of each designed heel pads and PU foam heel pad

Designed heel pad Volume V (mm?)
Auxetic 60° 18601.84
Auxetic 80° 16146.25
Non-auxetic 90° 15287.95
PU foam 37775.69
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6.2.2 Additive manufacturing of modelled structures
The 3D models of auxetic 60°, auxetic 80° and non-auxetic 90° were constructed by
using SolidWorks® 2015 program. The samples (Figure 6.2 B) were then printed by
using a 3D printer (Envisiontec Perfactory® P4), which is based on stereolithography
(SLA) printing technology [148]. SLA printing technology allows the fabrication of
complex internal structures with excellent accuracy. A flexible resin (E-shore A80) was
used to print the heel pads. In the standard range, the separation distance is 15000um
and the separation velocity is 1850pum/s. In the burn-in range, the separation distance is
20000um and the separation velocity is 800um/s. The pads were exposed to ultraviolet
(UV) light for 6 s to cure the resin and 4 s was allowed to elapse prior to the next

exposure to the UV light. The energy of the UV light is 180 mW/dm?.

A hemisphere of 50 mm in diameter was 3D printed by using a Stratasys Polyjet J750™

Digital Anatomy™ 3D printer to simulate the heel (Figure 6.2 A). The 3D print
material used is photopolymer flexible resin with varying degrees of hardness. Four
different hardness - Shores A30, A60, A85 and D86 were used to simulate the
individual differences in the stiffness of the skin of the heel amongst the diabetic

patients.
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Figure 6. 2. (A) 3D printed hemispheres with Shores A30, A60, A85 and A86 hardness, and

(B) 3D printed heel pads: auxetic 60°, auxetic 80° and non-auxetic 90°.

6.2.3 Mechanical characterization and FE modeling
ASTM D638 Standard Test Method for Tensile Properties of Plastics was referenced
and the Instron 5566 universal mechanical test frame was used to obtain the tensile
properties of the 3D printed and PU foam material. Dog bone shaped samples with
nominal dimensions of 33 mm (L) x 6 mm (W) x 3.2 mm (T) were used for the tensile
test. The compression test was done by Instron 5566 universal mechanical test frame
to compare the result with the tensile test. ASTM D575 Standard Test Methods for
Rubber Properties in Compression was referenced. The standard test specimens were
28.6mm in diameter and 12.5mm in thickness. The results were then inputted into FE

software to simulate compression.

To evaluate the heel pressure in the heel strike position, a hemisphere was used to
simulate the heel of the plantar. The Instron 5566 universal mechanical test frame

equipped with a 10-k N load cell was used to compress the curved surface of the
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hemisphere together with the designed heel pads (Figure 6.3 A) [89] and 750 N was
applied onto the hemisphere to simulate the average body weight of a Chinese male

[148]. The test was conducted at 25°C and a crosshead speed of 10 mm/min.

A commercial FE modelling software (MSC Marc 2019.2.0, US) was used to simulate
the compression process. The 3D models were meshed by using MSC Apex software
and the mesh size of the FE models is 1 mm. The material modelling of both the
hemisphere and heel pad is assumed to be isotropic. The resin and the PE foam models
were based on Ogden formulation [149]. The tensile test result was fitted to the third

order deformation model according to the following strain energy function:

N N
W= SR A5 4 25— 3) + ) LR - A (1)
an n=1ﬁn

n=1

where u,, a,, fn, are material constants. When all terms Sn are equal to zero, the
second part of in the Equation above is omitted. The material properties are shown in
Table 6.2 For the boundary condition of the FEM, a node was added on top of the
hemisphere. By using rigid link (RBE2) where a number of entities are rigidly
connected to a retained entity, that node was set to be the retained entity and the top
surface of the hemisphere tied to the retained entity. All the degree of freedom is fixed.
750N was applied and onto the hemisphere the experimental process. The nodes at the
bottom surface of the heel pads were fixed in all directions (Figure 6.3 B). Friction was

neglected in the FEM. The peak contact force, total contact point and mean pressure
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of the hemisphere were measured. The changes of the internal auxetic cell structure

were compared among the different samples.

Figure 6. 3. (A) Schematic of compression experiment to simulate heel strike. (B) Simulation

through FEA
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6.2.4 Wear trial of the developed auxetic heel pad
To characterize the pressure relief performance of the heel pads with practical use
during gait, a NOVEL Pedar system was used to evaluate the distribution of plantar
pressure for various heel pad conditions. The system is insole shaped with 99 pressure
sensors in the insole and each sensor has a pressure range of 15-600 kPa. The size of
the Pedar insole is 42/43 EU and its thickness is 1.9 mm. A healthy male subject (age
25) with a shoe size of EU 43 and body weight of 72 kg was recruited for the wear trial
which would compare the proposed heel pad (A80) and a PU foam. The subject was
first instructed to wear a pair of sport shoes with the proposed heel pad. After that, the
subject was requested to walked 15 meters in a straight line. The walking speed of the
subject was kept constant throughout the wear trial based on the own walking pace. The

peak pressure was recorded during the wear trial.
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6.3 Results and Discussion

6.3.1 Tensile properties
The modulus is one of the key factors of an insole because its deformation allows the
insole to organically accommodate the shape of the plantar, thus resulting in a more
even pressure distribution. The stress-strain behaviors of the different heel pads and
hemisphere materials are plotted in Figures 6.4 A and 6.4 B. The flexible resin shows
a higher Young’s modulus than that of the PU foam. In other words, the flexible resin
is less deformation than the PU foam when the same force is applied. As shown in
Figure 6.5 A and 6.5 B, a similar trend of results is also found from the tensile test. The
flexible resin proposed in this study has a higher Young’s modulus than the traditional

PU foam.

The stiffness of the soft tissues of the feet can change due to different severity of the
diabetes. The performance of the heel pads can thus be affected by different soft tissue
stiffnesses. Hence, hemispheres with 4 different hardness were used. The stress-strain
in ascending order is Shores A30, A60, A85 and D86. Their corresponding mechanical

properties are listed in Table 6.2.
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Figure 6. 4. Plotted material tensile properties: (A) stress-strain of flexible resin vs. PU

foam, and (B) stress-strain of hemisphere with Shores A30, A60, A85 and D86.

Figure 6. 5. Plotted material compression properties: (A) stress-strain of flexible resin vs. PU

foam, and (B) stress-strain of hemisphere with Shores A30, A60, A85 and D86.
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Table 6. 2. Material properties of each hemisphere and heel pads.

Material Young’s modulus E (MPa) Poisson’s ratio v
Agilus 30 (Shore A 30) 0.85 0.35

Agilus 30 (Shore A 60) 1.6 0.33

Agilus 30 (Shore A 85) 20 0.31

Vero (Shore D 86) 1000 0.3

PU foam 1 0.35

Flexible Resin 4 0.33

6.3.2 Evaluation of experiment and simulation result
To evaluate the experimental and simulation results, a comparison of the maximum
compressive displacement values of the samples with an applied load of 750 N was
made. Both experimental and simulation results are similar for all of the samples (see
Figure 6.6). The difference in percentage between the experiment and simulation
results is around 3%. This small error can be attributed to the 3D printer, the orientation
of the 3D printing and assumption of isotropic material. For instance, there may be a
layer that shifted which caused some of the layers to move from their original position.
Also, the hemisphere might not have been perfectly aligned with the heel pads in the
experiment, thus causing variations in the contact position and structural changes to the
honeycomb cell. It is noted that due to the anisotropic property of 3D printed part caused

by the layering of 3D printing technique, it was assumed as isotropic in the FEA model.
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Figure 6. 6. Validation of the developed FEM. Comparison of experimental and simulation

results for auxetic 60°, auxetic 80°, non-auxetic 90° and PU foam heel pads.

6.3.3 Effect of auxetic heel pads

6.3.3.1 Heel contact area
The hemisphere is meshed homogeneously, which means that every mesh has the same
surface area. Therefore, the contact point of the hemisphere can be an indication of the
contact area between the heel pad and the hemisphere. According to Figure 6.7 A, the
contact point of the heel pads with an auxetic structure is significantly higher than that
of pads without an auxetic structure. Auxetic 80° shows the highest contact point which
is around 15% higher than that with non-auxetic 90°. The internal auxetic cell structure
could be the major reason that causes an increase in the contact area. Due to the curved
surface of the hemisphere, the contact pressure is concentrated in the center of the heel
pads. As a result, the inner and outer elastic rods of the re-entrant honeycomb structure
have different degrees of bending, where the inner rods bend more than the outer rods.
Figure 6.7 B illustrates the differences of the structural changes of the samples when
subjected to different loads. The inner elastic rods bend more than the outer elastic rods,

which causes the tilting of the bridging beam. Hence, the heel pad can more easily
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accommodate the curved surface and has a higher contact area with the hemisphere.
Unlike the re-entrant cell of auxetic 80°, the rod of non-auxetic 90° is not V-shaped
which imparts extra elasticity to the structure. Therefore, more force is required to bend
the straight rods as opposed to the V-shaped rods. Therefore, larger forces are needed

to deform non-auxetic materials to achieve the same contact area with the hemisphere.

When considering the effect of the hemisphere hardness on the contact area, softer
materials facilitate a higher contact point (refer to Figure 6.7 A). Figure 6.7 C
illustrates the internal structural changes of the heel pads which are compressed by
hemispheres of different degrees of hardness. Note that hemispheres with a hardness of
Shores A30 and A60 have a lower Young’s modulus than the heel pad material. The
deformation of these hemispheres is more obvious and results in a smaller curvature.

As such, the heel pad can accommodate a hemisphere with a lower compressive force.

The results from this study showed that the insole material structures have major
influence on the heel-insole contact area. The auxetic structure proposed in this study
deforms readily to accommodate the foot heel, leading to reduced heel pressure and
improved foot protection. It is also noted that the heel-insole interface and the
corresponding offloading performance of insole is not only affected by the choice of
insole materials, but also the mechanical properties of the plantar soft tissues of DM

patients.
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Figure 6. 7. (A) Comparison of contact area of auxetic vs. non-auxetic heel pads with

hemisphere of different degrees of hardness. (B) Deformation of internal structure of auxetic
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60°, auxetic 80° and non-auxetic 90°. (C) Illustration of FEM developed in this study to

predict changes in hemisphere with auxetic 80°.

6.3.3.2 Plantar heel pressure

According to Figures 6.8 A and 6.8 B, the heel pads with an auxetic structure show a

lower peak contact force and mean pressure in comparison to non-auxetic 90° The

auxetic sample with a larger internal angle (A80) shows approximately 37% and 16%

reduction in peak contact force and mean pressure respectively in comparison to non-

auxetic 90°. When considering the effect of the internal angle, the peak contact force

and mean pressure of auxetic 80° is around 23% and 11% lower than auxetic 60°.

Regarding the hardness of the hemisphere, the radius of the curvature of the hemisphere

made with softer materials is significantly increased under loading, thus resulting in

increased contact area between the heel pad and hemisphere. As a result, the hemisphere

made with a hardness of Shore D86 has the fewest contact points and highest peak force

and mean pressure among the four samples (see Figures 6.8 A and 6.8 B). To reflect

the real situation of DM patients, the progressive hardening of the plantar soft tissues

may further exacerbate the problem of excessive load and lead to higher risk of foot

ulcers.

In comparing the optimal sample (A80) with the PU foam sample for pressure relief,

the auxetic sample shows more contact points (19%), even though the PU foam has a

much lower Young’s modulus than the heel pad material (resin). This shows that the

effect of the internal cell structure is comparable to that of the stiffness of the insole

107



material for compression. The large number of contact points resulted in approximately

a 33% and 17% drop in peak force and mean pressure respectively.

With increased heel-insole contact area, the proposed auxetic structures result in
reduced peak plantar pressure. Results indicate that the use of auxetic 80° provides a
larger contact area compared to the PU foam heel pad. Although PU foam material has
a lower Young’s modulus, the contact area is still smaller than that of auxetic 80°.
Furthermore, a smaller contact area means that the peak contact force and the mean
pressure of the PU foam are also higher than those of auxetic 80° (Figures 6.8 D and
6.8 E). The peak contact force and the mean pressure of auxetic 80° are reduced by
32.77% and 16.71% compared to the PU foam heel pad. Therefore, auxetic 80° which
has an auxetic structure can provide a superior reduction of the peak force as opposed
to the conventional softer PU foam insole. The auxetic re-entrant honeycomb structure,
particular auxetic 80° for heel pad applications can effectively increases the heel-insole
contact area and reduces the peak plantar pressure, thus reducing the potential of heel

ulcerations for diabetic patients.
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Figure 6. 8. Comparison of (A) peak contact force and (B) mean pressure of heel pads with
auxetic and non-auxetic structures with hemispheres of different degrees of hardness; (C)
contact area and (D) peak contact force, and (E) mean pressure of heel pad with auxetic

structure and PU foam heel pad with hemispheres of different degrees of hardness.

6.3.4 Wear trial result
To further observe the performance of the heel pads, a laboratory wear trial was carried
out to compare the dynamic changes in the plantar contact pressure between the
proposed and PU foam heel pads as shown in Figure 6.9 A, the peak pressure of auxetic
80° is considerably lower than that of the PU foam heel pad by 19.17%. The wear trial
result confirms that the heel pad with an auxetic structure has a better pressure relief
performance than the traditional heel pad (see Figure 6.9 B), hence reducing the risk

of heel ulcers.
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Figure 6. 9. (A) Peak plantar heel pressure: heel pads with auxetic structure vs. PU foam heel

pad, and (B) Illustration of plantar heel contact during wear trial.

6.4 Summary
A novel heel pad with an auxetic structure by using SLA printing technology was
proposed to reduce the pressure on the heel of the plantar during walking. Since
stiffness of the plantar soft tissues in diabetics is different from non-diabetics,
hemisphere with different degrees of hardness is used to simulate the different
deformation of the soft tissues. Due to the complex internal structure of the heel pads,
FE modelling is used to further understand the deformation and the change in the
internal cell structure under pressure. According to the mechanical characterization, the
FE modelling shows a similar result as that obtained experimentally by using different
heel pads and hemisphere. The results of the FEM show that auxetic 80° has the lowest
peak contact force and mean pressure compared to the other heel pads. Upon
compression, the heel pad material tends to move toward the centre, which can increase

the foot-heel pad contact area and reduce the peak contact force. It is expected that this
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new approach is not limited to heel pads for the diabetic foot, but also various personal

protective gear for optimal cushioning and protection from impact forces.
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Chapter 7 Conclusions and Suggestions for Future Research

7.1 Conclusions
Diabetes mellitus (DM) is one of the most common life-long health conditions found
worldwide. Patients usually suffer from neuropathy which affects their foot sensitivity and
daily life. Due to the poor sensitivity of the feet, DM patients may frequently injure their
feet, but the healing of the wound can be very slow due to the insulin resistance of the body.
To improve the quality of life of DM patients, this study aims to improve diabetic insoles
which are the most common footwear device that protects the plantar of the foot from high
impact and pressure and provides a larger contact area to the plantar of the foot. To begin
with, a literature review is conducted to understand the background information for the
further development of diabetic insole designs according to previous studies and they are
reviewed in Chapter 2. This has led to the 4 objectives in this study. The first objective is
to find the changes in the geometry of the foot during walking and the contact interface
between the skin of the foot and footwear. The second objective is to understand the
mechanical properties of the insole materials that affect the plantar pressure. The third
objective is to analyse the contact mechanics of the heel strike posture and formulate
biomechanical models. Finally, the last objective is to propose a new insole material
structure and undertake laboratory wear trials. Details of the objectives are provided in
Section 1.3 of Chapter 1. Based on the research objectives, the results of this study are

summarised as follows:

1) In Chapter 3, the effects of different insole materials on the plantar pressure and gait
performance of diabetic patients are investigated. The mechanical properties of 3 types

of traditional insole materials are examined: EVA (Lunalastik®), PE foam (PeLite®),
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2)

and PU foam (Poron®). It is found that the PU foam has the lowest Young’s modulus
and hardness as well as the highest energy absorption amongst all of the insoles. A total
of twenty DM male subjects have participated in a walking and standing trial with three
different insoles and a bare foot condition. The plantar pressure during walking and
standing is measured by using a Pedar® insole sensor. Amongst the 3 insole materials,
PU foam has the highest density, lowest compression strain and best energy absorption
performance because the material tends to readily absorb energy and reduce the plantar
pressure. As compared to the barefoot condition, the use of PU foam insoles
significantly reduces the mean peak plantar pressure during both standing (15%) and
walking (19.8%). The laboratory wear trials show that the PU foam has the best
offloading performance in comparison to the other two types of insole materials studied.
As for the insole design, it is very important to divide the insole into different regions.
It is important to reduce the contact pressure by improving the material properties or

structure.

The changes in the geometry of the foot during walking has been explored in Chapter
4. These changes are very difficult to scan with a traditional handheld 3D scanner since
the plantar of the foot is always in contact with the ground. By using the newly
developed technology, that is, a 4D scanning system, the changes in the geometry of
the foot including the plantar can be scanned. Totally there are fourteen mal DM
subjects are recruited and they participate in a 3D scanning experiment with three
different walking speeds. The 3D scanned data provide the information to analyse the
foot measurements during slow, normal, and fast walking speeds as well as the foot for
five different stances during walking - first heel contact, first metatarsal head contact,

first toe contact, heel take off and metatarsal head take off. Based on the statistical
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analysis, the foot measurements show no significant differences related to the different
walking speeds. The changes in walking speed in this study (£10%) might be too subtle
to cause any significant foot deformation. However, 12 of the 13 foot measured
dimensions have a significant difference related to the stance during walking. The
results show the least deformation in the length of the foot amongst all of the foot
measurements. This suggests that the length dimension should not be the only
measurement for selecting an insole or footwear. The width and the angular changes
should also be considered to ensure that the footwear offers adequate protection for the
foot and enough space for the toes to move. The deformation ratio can be used to
provide a better understanding of the foot deformation to advance the design and
development of diabetic insoles when these insoles are worn for daily activities. The
insole design should provide an enough area for the toes to move, and a 3D shape that

fit the shape of the plantar.

With reference to the planter pressure distribution and the mechanical properties of the
insole materials, the addition of an internal structure is recommended for the insole to
further improve the performance and prevent very high contact pressure and shear
stresses. The shear stress is the lateral stress that is applied to the foot and contributes
up to 30% of the vertical loading on the foot. In Chapter 5, a new internal structure of
the insole material is proposed and investigated. A braced frame structure is usually
used to prevent excessive lateral loading under the influence of lateral loads by using
diagonal steel members or shear cores in building constructions. The XBF, MXBF and
SQ designs are used with two traditional types of materials: PU and PE foams. An FEM
is used to simulate the standing position of a male subject. A non-weight foot model is

obtained from a healthy male subject through scanning and the bone model is inserted
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into the foot model. A force of 350 N is applied to simulate the foot during standing.
The result shows that the XBF can reduce the most shear stress and contact pressure as
well as increase the contact area the most as compared to the other tested insoles. The
XBF shows a 21% reduction in shear stress, 64% increase in contact arca and a 55%
reduction in contact peak force. It is likely that the beam of the XBF is the key element
for these improvements. The X-shaped beams of the XBF structure can be readily
compressed, thus conforming to the curvature of the foot with increased contact area.
The findings of this study provide useful information and insights to manufacturers to
better understand insole structures, thus prescribing suitable insoles for diabetic patients

so that they receive optimal foot protection from ulcers.

As discussed in Chapter 3, the plantar pressure of the rearfoot is very high during
walking, especially in the heel strike position. In this chapter, a novel heel pad with an
auxetic structure by using stereolithography (SLA), which is a printing technology, to
reduce the pressure on the heel of the plantar during walking is proposed. Three
different internal angles are tested: 60°, 80° and 90°. Auxetic honeycomb structures are
fabricated in a circular shape. Also, 3D printed hemispheres with 4 different degrees of
hardness are used to simulate the different levels of heel hardness. Due to the complex
internal structure of the heel pads, FE modelling is used to further understand the
deformation and the changes in the internal cell structure under pressure. It is found
that by using hemispheres with different degrees of hardness, the auxetic structure with
an angle of 80° has the highest contact area, and lowest peak contact force and mean
pressure compared to the other heel pads. The contact area can increase more than 15%,
and peak contact force and mean pressure are reduced by more than 23% and 11%,

respectively through comparisons with other heel pads. It is believed that the inner
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elastic rods bend more than the outer elastic rods, which causes the tilting of the
bridging beam. Hence, the heel pad can more easily accommodate the curved surface
and has a higher contact area with the hemisphere. After that, a healthy male subject is
recruited for the wear trial. It is found that the peak pressure is reduced by 19.17%
compared with the traditional PU foam heel pad. Auxetic heel pad can help to increase
the contact area and reduce the contact pressure. Upon compression, the heel pad
material tends to move toward the centre, which can increase the foot-heel pad contact
area and reduce the peak contact force. It is expected that this new approach is not
limited to heel pads for the diabetic foot, but also various personal protective gear for

optimal cushioning and protection from impact forces.

7.2 Limitations

Some of the limitations of the theory and generalization of knowledge are listed below.

1) The sample size is very small. Only 20 subjects are recruited for the investigation on
pressure distribution during walking and 14 subjects for the investigation on changes
in the geometry of the foot during walking. One of the main reasons for the small
sample is due to the selection criteria. Subjects who have wounds or foot deformities
are excluded since they may be at risk of developing foot ulcerations. Moreover, due to
the COVID-19 pandemic at the time of this study, some of the subjects withdrew from
the study because the interaction may increase their risk of infection. The small sample
might not reflect the total targeted population. Therefore, it is recommended that
increasing the number of subjects is essential to obtain statistical power in future related

studies.
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2)

3)

4)

The braced frame structure insole in Chapter 5 was a virtual design. The designed insole
was not able to develop in real world. The effect of the insole can only present virtually.
Apart from that, this experiment only focusses on the standing posture. However, the
pressure add to the insole during walking is totally different from standing. The effect

of the braced frame structure insole can be further discovered.

The auxetic internal structure design in Chapter 6 can be further studied. Only the
auxetic re-entrant honeycomb structure has been developed. As this is a new application
of a heel pad with an auxetic structure, therefore, a simple auxetic structure is used.
There are other auxetic structures that can provide a greater auxetic effect; for example,
double arrowheads and lozenge grids. Apart from the selection of the auxetic structure,
the wall thickness, and the size of the auxetic structure can be further discussed. It is

recommended that more parameters like the length of the re-entrant should be studied.

In this study, the heel strike posture is simulated since the contact area of the heel is
very small but very high in contact pressure. Furthermore, the posture presents a very
high risk of foot injury. However, other postures like the heel-off posture have not been
examined. As the locomotion of the human foot is a highly complex motion, more foot

stances should be studied.
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7.3 Suggestions for Future Research

Future studies on advancing diabetic insoles can investigate different points of view to

provide better features. The ideas and viewpoints are discussed below accordingly.

1y

2)

3)

To optimise the heel pad with an auxetic structure, the formability of the shape, and
related mathematical models of different types of auxetic structures can be analysed to
further increase the contact area. Different materials such as thermoplastic polyurethane
(TPU) can be examined as the insole material to evaluate their mechanical properties,
which directly affect the contact area and pressure of the sole of the foot. Also, TPU
has excellent tensile strength and high elongation at break, which is very suitable for

insole development.

The diabetic insole design can use more active ingredients. For example, an antivirus
coating can be added on the insole so that the in-shoe environment can be sterilised and
cleaned. Chemical compounds like ammonia plus nitrogen are usually used as a long-
lasting protective coating. They can remain on a material for days to maintain a clean
in-shoe environment. As a result, this method can actively reduce the risk of diabetic

foot ulceration as foot fungus can be minimised.

More complex and high load-bearing stances can be simulated for designing diabetic
insoles. During a gait cycle, the body weight shifts from the heel to the forefoot. For
example, during the heel off stance, the pressure at the forefoot is very high and that is
one of the areas with a high risk of ulceration. New structures like those that are
reconfigurable can be used for the insole to reduce the contact pressure at the forefoot.
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Figure S 1 Chinese version of participant consent form
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