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ABSTRACT

Objective: The aim of this study was to assess the effect of customized insole (CMI) variations on plantar pressure in
diabetic foot with neuropathy, using finite element analysis (FEA).

Material and Methods: A three-dimensional foot model was constructed using FEA to study the peak contact pres-
sure between the foot and the CMI. Nora® Lunalastike, Ethylene Vinyl Acetate (EVA), Amfit® and TPU were chosen for
insole materials; and from these eight CMI models were created. The top surface of the tibia and fibula were fixed, and
a displacement of 3 mm was exerted from the ground along with upwards Achilles tendon force.

Results: The peak contact pressure contour showed that a softer material, CMI-A (E = 1.04 MPa), resulted in a better
reduction of peak contact pressure compared to a stiffer material; CMI-D (E = 11 MPa). In addition, it was shown that
the use of a single material to fabricate the CMI resulted in higher peak contact pressure; with the exception of CMI-A,
in comparison to a dual-layer material of CMI-E and CMI-F. Using FEA, can effectively enhance the insole material
selection process, without need of a trial and error practice in a clinical setting.

Conclusion: The use of dual materials to fabricate CMIs, with the softer material as a top layer, is beneficial compared

to a stiffer top layer material in the reduction of peak plantar pressure for diabetic foot with neuropathy.

Keywords: custom made insole; diabetic foot; finite element analysis; insole materials; peak plantar pressure

Corresponding author: Assist.Prof. Surapong Chatpun, Ph.D. PSU Med J 2021;1(2):43-54
Received 15 January 2021
Revised 14 March 2021

. Accepted 18 March 2021
E-mail: surapong.c@psu.ac.th Published online 1 July 2021
doi: 10.31584/psumj.2021247166

https://he01.tci-thaijo.org/index.php/PSUMJ/

Institute of Biomedical Engineering, Faculty of Medicine,
Prince of Songkla University, Hat Yai, Songkhla 90110, Thailand.



Selecting Appropriate Materials for Diabetic Foot

Nouman M, et al.

INTRODUCTION

Diabetic foot ulcer is a frequent complication found
in diabetes mellitus, and it has been estimated that 85.0%
of all amputations are preceded by foot ulceration and
re-ulceration.' The lifetime risk of diabetic foot ulceration
ranges from 15.0% to 25.0%.° Annually, 26 million people
with diabetes are effected with diabetic foot ulcers, and
its prevalence stands at 6.3% worldwide.® Diabetic foot
ulceration is a severe, chronic complication resulting from
abnormal plantar pressure distribution and neuropathy.*
Limited joint mobility, foot deformities and previous ulcer-
ations are identified as risk factors for ulcer development.®
Without appropriate foot care, the lower limb has a higher
risk of amputation, due to the prolonged complications of
diabetes.’

Custom-made insoles (CMls) are frequently pre-
scribed to relieve peak plantar pressure under bony pro-
minences, so as to prevent ulceration and re-ulceration
in the diabetic foot with neuropathy.” The success rate
of CMls is associated with the reduction of peak plantar
pressure.8 To attain an ideal CMI, for the diabetic foot with
neuropathy, it is important to explore the plantar pressure
distribution under the foot. Plantar pressure distribution
has been measured by experimental procedures to better
understand the biomechanics of diabetic foot along with
factors contributing to foot ulcers during gait. However,
these experimental procedures are time consuming with
varying, uncontrolled variables. Additionally, these varables
have resulted in the difficulty of the studies in acquiring
reliable results for diabetic foot with neuropathy.’

There are different effects of CMI materials on plantar
pressure distribution depending on the material stiffness,

insole thickness and CMI contour to the foot."” ™"

Increasing
the material stiffness and thickness of the insole enhances
stability during gait; however, the cushioning is reduced
when increasing the insole stiffness, and stiff insoles are
contraindicated towards the diabetic foot."” ™ Cushioning

is an important factor as it acts as a shock absorber and

reduces the impact on joints; especially the ankle, knee
and the lower back."™ Ethylene Vinyl Acetate (EVA)
is commonly used for the midsole in running shoes, due
to the fact that it has good cushioning properties.”® On
the contrary, the stability during gait cannot be achieved
by using insoles fabricated from EVA alone. Besides
EVA, insoles fabricated from Poron® tend to reduce plantar

pressure compared to the shod gait.""

However, using
Poron® increases the tendency of abrasion on the plantar
surface of the foot. Whilst, there is a vast variety of com-
mercial materials available that claim to reduce the peak
plantar pressure, very few materials can be prescribe to
the diabetic foot with neuropathy. This is bcause CMls
prescribed in real clinical scenarios are mostly fabricated
from multi-density materials for dibetic foot withneuropathy.
Finite element analysis (FEA), based on foot models, is
potentially significant in understanding foot pathologies
and for developing therapeutic interventions." FEA enables
an effective evaluation of therapeutic interventions to obtain
clinical goals in the selection process of appropriate designs
and materials of CMI for ideal performance.” Whilst, most
researchers focused on single materials used to fabricate
an insole with varying hardness, others have used materials
selected for diabetic foot that are inappropriate. Addition-
ally, in some cases the designs are not well controlled and
are clinically inapplicable.”

To enhance the plantar pressure management for
the diabetic foot with neuropathy, it is a necessity to select
appropriate materials for fabricating CMls. In addition, the
effect of the combination of various materials, that reflect
real clinical situations towards prescription of CMls for the
diabetic foot with neuropathy, also need to be studied.
Therefore, this study focused on the material properties,
by controlling the overall thickness of a custom-made
insole for the diabetic foot with neuropathy. A three-di-
mensional finite element model of the foot was developed
in contact with different custom made insoles and the

ground. The influence of uniform and multi-layer custom-
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made insoles on plantar pressure at the loading response
phase of the gait cycle were evaluated. The outcome of
this analysis will help the researchers to design and select
an appropriate material for a desirable plantar pressure

distribution for the diabetic foot with neuropathy.

MATERIAL AND METHODS

Finite element model generation

A three-dimensional (3D) FEA model of the left foot
was constructed to study the contact pressure between
the foot and the CMI. This study was approved by the
Human Research Ethics Committee (REC. 63-219-25-2),
Faculty of Medicine, Prince of Songkla University, Thailand.
Computerized tomography images of the unloaded, left
foot (male subject, 57 years old, 84 kg) were imported to the
image processing software Mimics version 20 (Materialise,
Leuven, Belgium), and a 3D model of the foot bones and
encapsulated soft tissue were developed. As, the foot is a
complex structure; comprising of 28 bones, 33 joints, 107
ligaments, and 18 muscles”, our FEA model was there-
fore simplified to reduce the modeling time and to improve

the feasibility of optimization. In this study, 28 bones were

. — Fixed surface

Achilles tendon —— Bones

Soft tissue

Plantar fascia

Ground

fused together as one, whole object. The relative motion
between the bone segments was neglected, and the effects
of muscles and ligaments were also neglected. The foot
model was assembled in Ansys Spaceclaim (Ansys Inc.
Pennsylvania, USA). The CMI and the ground were created
following the geometry of the foot, as shown in Figure 1.

Material properties

The reconstructed 3D model was imported to a
finite element solver Ansys 2019 R1 (Ansys, Inc. Penn-
sylvania, USA) to predict the plantar pressure distribution
with CMI. The foot bones and soft tissues were assumed
to be isotropic, and assigned with linear elastic material

properties.” *

The selected materials, to design a custom
made insole, were those most commonly used in a realistic
clinical setup: their properties are listed in Table 1.

The combination of materials to make a dual layer
CMI are as follows: CMI-E (Nora® Lunalastike and Am-
fit?), CMI-F (Nora® Lunalastike and TPU), CMI-G (EVA
and Amfit®) and CMI-H (EVA and TPU): as shown in
Table 2. Note that the first material in the bracket rep-
resents the top layer in contact with the foot, and the
second material represents the base layer in contact with

the ground.

~__—— Fixed surface

Achilles tendon —— Bones

—

Soft tissue

Plantar fascia

Ground

Load

Figure 1 Finite element analysis model of the foot: showing the foot (A) without and (B) with the custom made insole

(CMI) geometries, demonstrating the boundary and loading conditions used in the simulation
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Loading and boundary conditions

Diabetic foot is prone to neuropathy, limited joint
mobility, and most frequent ulcer formation. As the body
weight transfers to the limb during loading response, the
heel acts as a rocker with the flexed knee acting as a
shock absorption. Ankle plantar flexion results in forefoot

contact and progress to mid-stance of the gait cycle. With

Table 1 Material properties of bone, soft tissue, plantar
fascia and custom-made insoles in the finite
element model

Components Young’s  Poisson’s References
modulus  ratio
(MPa)
Bone 7,300 0.30 Brilakis E et al.®
Soft tissue 0.19 0.49 Chen WP et al.*
Plantar fascia 350 0.35 Wright DG et al.*®
CMI-A (Nora® 1.04 0.25 Lo WT et al.*®
Lunalastike)
CMI-B (EVA) 5 0.40 Lewis G et al.”
CMI-C (Amfit®) 8.97 0.39 Lo WT et al.*®
CMI-D (TPU) 11 0.45 Frick A et al.*®
Ground 21,000  0.30 Su S et al.®

EVA = Ethylene vinyl acetate; TPU =Thermoplastic polyurethane;

CMI = custom-made insoled

Table 2 Combination of materials for custom-made

insoles
Type Top layer Base layer
CMI-E Nora® Lunalastike (3 mm) Amfit® (3 mm)
CMI-F Nora® Lunalastike (3 mm) TPU (3 mm)
CMI-G EVA (3 mm) Amfit® (3 mm)
CMI-H EVA (3 mm) TPU (3 mm)

EVA = Ethylene vinyl acetate; TPU = Thermoplastic polyurethane;

CMI = custom-made insoled

@

limited joint mobility, shock absorption can be achieved
by the CMI from heel strike to mid-stance of the gait
cycle. Therefore, the authors focused on the loading
response of the gait phase.

The bones and soft tissues were set to be bonded.
Without the CMI the foot-ground interaction was set to
be frictional; with a frictional coefficient of 0.6. In cases
of the foot with the CMI, frictional coefficient of 0.6 was
assigned between the CMI and the ground.”* Interaction
between the foot and the custom made insole was set to
be frictional, with a frictional coefficient 0.3.*° To simulate
the plantar fascia we used 5 tension-only link elements,
and the origin and insertion points were based on their
anatomical location in regards to an anatomy atlas.”®

The top surface of both the tibia and fibula were
fixed, and displacement of 3 mm represented a load of
396 N was exerted beneath the ground:*” as shown in
Figure 1. Moreover, a vertically upward directed Achilles
tendon force, approximately 50.0% of the load, during
loading response was used in this FEA model; this was
based on a previous study.”® The peak contact pressure

between the foot and the CMI was then evaluated.

Meshing

The complete 3D model of foot along with custom
made insole and ground was meshed with linear tet-
rahedron elements. A mesh convergence analysis was
performed to ensure that the predicted FEA results were
insensitive of the element size and number. The mesh
convergence study was conducted based on the peak
contact pressure for five different element sizes (6 mm to
4 mm with an interval of 0.5 mm). A negligible difference
(of less than 2.0%) in the peak contact pressure was
observed from element sizes of 5 mm to 4.5 mm, and
then further to 4.0 mm. Therefore, the element size of
5 mm (with 203,482 elements) was considered to be a

computationally optimal mesh size for further analysis.
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FEA model validation

Validation is one of the most important stages in
FEA. This FEA foot model was validated by comparing
the peak contact pressure with the experimental result of
peak plantar pressure from neuropathic diabetic patients,

measured by Pedar® system from shod gait without a

CMI, at level ground from the author's previous study.”

RESULTS

This current work analyzed the effect of CMI
materials, and its combinations on the plantar pressure
distribution, using the FEA approach. With the use of
a CMI, the contact area between the foot and the CMI
increased when compared to without use of a CMI. Alter-
natively, the peak contact pressure was reduced with all
the materials used in this study; with the exception of a
CMI made from a stiffer material. Using CMI with soft
materials tends to reduce the peak contact pressure
effectively, when compared to stiffer materials. CMls
fabricated from a combination of soft and stiff materials
resulted in a more evenly distribution of the contact pres-
sure. The softer top layer provided a better distribution of
peak contact pressure compared to the stiffer top layer

with the same base layer.

Validation

In order to validate the accuracy of the current
FEA foot model, the simulated peak contact pressure was
compared with the experimental peak plantar pressure
measured on diabetic subjects in Nouman et al’s work.”
It was found that the peak contact pressures at the heel
and forefoot of the FEA foot model without a CMI were in
similar magnitudes to the peak plantar pressure from the
experiment (Figure 2A). The comparison also showed that
there was a good agreement of the predicted FEA foot
model, and the experimental peak plantar pressure map-
ping (Figure 2B); especially at the hind-foot which repre-
sented the initial stage of the gait cycle during the loading
response phase (3.0-12.0% of the gait cycle).

PSU Medical Journal Vol. 1 No. 2 May-Aug 2021

Effect of using single materials on peak contact
pressure

The FEA foot model predictions for peak contact
pressure, corresponding to four CMlIs from CMI-Ato CMI-D,
are shown in Figure 3. The contact pressure contour
showed that CMI-A resulted in 78.0% reduction of peak
contact pressure compared to CMI-B. The contact pres-
sure increased with the use of stiffer CMIs. An increase in
the stiffness of the CMIs, increased the contact pressure;
especially at the mid-foot and hind-foot. With CMI-D the
peak contact pressure was the highest; especially at the
hind-foot compared to CMI-A, which resulted in minimum

peak contact pressure.

Effect of using dual materials on peak contact
pressure

Figure 4 shows the simulated contact pressure
distribution from the combination of dual materials. The
peak contact pressure was highest under the hind-foot
with dual materials. With the stiffer material, as both top
and bottom layers, this resulted in high peak contact pres-
sure at both the mid-foot and hind-foot. However, there
was not much difference in peak contact pressure, when
keeping the top layer unchanged; as shown in CMI-E and
CMI-F. The change of contact pressure occurred when
the top layer material was changed, as shown in CMI-E
and CMI-G. It was found that CMI-E resulted in the low-
est peak contact pressure compared to CMI-G, with the
same base layer; wherein, the reduction of peak contact

pressure was 35.0% with CMI-E compared to CMI-G.

Effect of type of insole on peak contact pres-
sure and regions of the foot

Three regions of the foot represented with cross-
over lines, with a CMI and without a CMI, at the fore-foot
and hind-foot are shown in Figure 5A and Figure 5C.
However, there is no contact pressure at the mid-foot

without a CMI (Figure 5B). The peak contact pressure
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Figure 2 Validation of plantar pressure: (A) predicted peak contact pressure and experimental measurement during
gait and (B) plantar pressure mapping from the previous study by Nouman et al. (2017); and finite element

analysis without a CMI*®
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Figure 3 The plantar contact pressure obtained from four FEA models; using a single material. CMI variations, from
soft to hard (CMI-A to CMI-D)

0.32931
0.27952 Max

0.21954
0.18295
0.14636
0.10977
0.07318
0.03659
0 Min

CMI-C

CMI = custom-made insoled

@ NUFITHIVANBASUNS T7 1 8707 2 W.A.-&.0. 2564



Selecting Appropriate Materials for Diabetic Foot

Nouman M, et al.

was highest without a CMI; especially at the fore-foot
and hind-foot. With the use of a CMI, more peak contact
pressure was distributed to the medial and lateral sides,
and it increased from softer to stiffer materials, as from
CMI-A to CMI-D; especially at the hind-foot and mid-
foot. However, with softer base layer materials (Nora®
and EVA) the peak contact pressure dropped for all re-
gions compared to that of stiffer single materials (Amfit®
and TPU).

The contact pressure was highest at the medial
and lateral of the fore-foot without a CMI. With the use

of a CMI the peak plantar pressure from the medial and

0.22421
0.1993
0.17439
0.14409 Max

0.099649
0.074737
0.049824
0.024912
0 Min

CMI-E

0.22421
0.20605 Max

b 017439
0.14947
0.12456
0.099649

— 0.074737

0.049824
0.024912
0 Min

CMI-G

CMI = custom-made insoled

- 017439

lateral of the foot dropped. The peak contact pressure at
the fore-foot reduced from 78.0% and 68.0% from the
medial and lateral of the foot, respectively. There is not
much difference of peak contact pressure at the fore-foot
with all types of CMls; howbeit, the vulnerability can be
seen at the medial fore-foot. CMI-E resulted in minimum
peak contact pressure compared to all types of CMI at the
medial fore-foot. However, there was a 24.0% increase in
peak contact pressure compared to CMI-A. CMI- D, and
CMI-H resulted in the maximum peak contact pressure at

the medial fore-foot.

0.22421
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0.14827 Max
0.12456
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0.024912

0 Min

CMI-F

0.22421 Max
0.19929
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Figure 4 The plantar contact pressure obtained from four FEA models of dual-layer materials
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Figure 5 Effect of CMIs on peak contact pressure at three regions of the foot: fore-foot, mid-foot and hind-foot. On

the right figure the point at the middle of the line is the reference point “0”

The contact pressure was highest at the lateral
mid-foot with all types of CMI, with the highest peak con-
tact pressure being found with CMI-D; when compared to
all other types of CMls. In contrast, a similar pattern was
found, as at the hind-foot, with the use of CMI-A result-
ing in minimum peak contact pressure; when compared to
all other types of CMIs. Compared to CMI-A, there were
20.0% and 23.0% increments in peak contact pressure
with CMI-E and CMI-F, respectively.

At the hind-foot, peak contact pressure was highest
with a smaller area of contact without a CMI, compared to
all types of CMls. The peak contact pressure decreased by
59.0% with the use of CMI-A, when compared to without
a CMI. The highest peak contact pressure occurred at the
lateral hind-foot with all types of CMIs. CMI-D resulted in
the highest peak contact pressure compared to all other
types of CMls; whereas, CMI-A resulted in minimum peak

contact pressure, as compared to other CMIs. The second,
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most appropriate CMIs for hind-foot were CMI-E and
CMI-F. There was a 21.0% increase of peak contact
pressure with the use of CMI-E when compared to CMI-
A. Moreover, CMI-F resulted in a 27.0% increase of peak

contact pressure when compared to CMI-A.

DISCUSSION

The peak contact pressure with different types of
custom made insoles, based on both single and dual
materials, at the loading response of the gait cycle were
examined in this study. The FEA models for the foot and
CMIs were developed and validated with experimental
data. Using FEA the key finding of these current results
showed that: with the same base material, the top layer
with a softer material (CMI-E), resulted in a significant
reduction of peak contact pressure, compared to a stiffer
material as a top layer (CMI-G). Moreover, the base layer
has a minimal effect on peak contact pressure when the
material is changed from soft to hard.

The foot without a CMI, the FEA model, and the
results were validated by comparing the peak plantar
pressure during gait, measured by the Pedar® system.
Using this comparison, the FEA results were consistent
with the experimental results. Therefore, the author’s cur-
rent FEA model was considered to be sufficiently accurate
for use in further biomechanical investigations. The FEA
model allows a systematic analysis of the effects of a
CMI, made up of both uniform and a combination of ma-
terials, on peak plantar pressure in the diabetic foot with
neuropathy. The unique aspect of this work, compared to
previous works, is the investigation of multiple materials
that are useful for clinical practice towards the diabetic
foot with neuropathy.

The foot acts as a flexible body during initial con-
tact, for shock absorption while also acting as a rigid
body to push the body forward. The plantar pressure in
the current FEA model was found to be higher at the

hind-foot from initial contact to mid-stance, and at the

PSU Medical Journal Vol. 1 No. 2 May-Aug 2021

fore-foot from mid-stance to terminal stance of the gait
cycle.®* This would be more relevant in the case of dia-
betic feet that frequently face ulceration and re-ulceration
at the hind-foot and fore-foot." Both the hind-foot and
fore-foot peak plantar pressure increased in diabetic neu-
ropathic foot; however, the fore-foot and hind-foot ratio
increased only in severe diabetic neuropathy.” As the
authors current FEA model focused on the initial stage of
diabetes, the loading response phase condition would be
a more realistic situation to consider as representing the
first peak of the gait cycle. As expected, the present FEA
model predicted that all the CMIs showed a reduction of
peak contact pressure compared to those without a CMI.
CMis, fabricated either from single and soft materials or a
combination of soft and stiff materials, resulted in 61.0%
and 52.0% reduction of peak contact pressure compared
to those without use of a CMI, respectively. Similar re-
duction of peak plantar pressure was found while using
different cushioning materials, and conformity compared
to flat insoles.*® Other studies reported that using CMls
could reduce 30.0 to 40.0% of peak plantar pressure.** *

CMls are strongly dependent on the mechanical
characteristics of the material used to provide cushion-
ing.* The use of a single and stiffer material of CMI-D
tended to result in increased contact pressure, as com-
pared to CMI-A (softer), that is commonly seen in FEA
studies. In individuals with higher peak plantar pressure,
the overall reduction of peak value is achieved by in-
creasing the thickness of the insole” Moreover, peak
plantar pressure with the use of prefabricated insoles, was
reduced with the use of soft materials: 55 shore EVA and
35 shore EVA.* Similar reduction was observed in this
current study, by changing the material and keeping the
same thickness of the CMIs. Other studies claimed that
the value of maximum stress remains nearly constant,
due to the use of uniform materials to fabricate CMIs.*
Howbeit, in a real clinical scenario, the combination of

materials is used for the diabetic foot with neuropathy to
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relieve the pressure from the areas of high pressure, and
to provide comfort.

Clinical trials have been conducted to evaluate the
effect of different insole configurations on the fore-foot
plantar pressure distribution. The plantar pressure reduced
with both arch support and metatarsal dome, from the
central (36.0%) and medial fore—foot (39.0%)." Based on
our results, with the addition of a base layer of a stiffer
material, the peak contact pressure was reduced; es-
pecially from the mid-foot and fore-foot, compared to
flat insoles and optimal insoles.”® By changing the base
layer material, the peak contact pressure has a minimal
effect on plantar pressure distribution. In contrast, changing
the top layer from a soft material to a stiff material increased
the peak contact pressure. Similar results were found
while using varying materials, with the most effective
material being used as a cushioning material. This resulted
in a reduction of plantar pressure of up to 53.0% when
compared to painful fore-foot.*

Modifications to the insole have an impact on dif-
ferent regions of the foot, compared to the basic insoles
fabricated from Nora Lunalastike® and Nora Lunasoft®;
as both the top and bottom layers, respectively, tend to
have a peak pressure of 231 kPa.” From our results, in
the loading response phase, the peak contact pressure
reduced from 115 kPa to 78 kPa, when changing the ma-
terial type and its combination. CMlIs fabricated from softer
materials resulted in the least peak contact pressure,
compared to stiffer materials. However, the prescription
of CMls, towards the diabetic foot with neuropathy, has
to provide comfort to the foot, cause a reduction of peak
plantar pressure; especially from the fore-foot, and allow
for the provision of stability during gait. These functions
of CMIs can be achieved by a combination of materials
in the fabrication of CMls for the diabetic foot with neu-
ropathy. The control mechanism of the combination of
appropriate materials provides a better control of fore-foot,
with an improvement in gait: which was similarly found in

previous studies.®

©

Despite clinical evidence of the beneficial effects of
CMils, for prevention of ulcerations in the diabetic foot with
neuropathy, there is still a need to explore further into CMI
materials. Additionally, the design of any CMI also plays
an important role in the correction or accommodation of
foot deformities, and the prevention from ulceration and
re-ulceration in the diabetic foot with neuropathy. Finite
element analysis can provide a useful means for inves-
tigating plantar pressure distribution in the diabetic foot
with neuropathy. This is achieved by varying the insole
interventions (materials and designs) without the need to
conduct the in vivo experiments, which are resource and
time intensive.

Some limitations were presented in our study while
investigating the use of CMI materials. At present, only
one-foot model, without foot deformities, was simulated
with different types of CMls. Our foot model was also
simplified with the bones being fused together, in addi-
tion to being assigned with linear elastic material proper-
ties. Furthermore, this study proposed a subject specific
model. However, the validation was not performed on the
same subject with the experimental study by plantar pres-
sure measurement. The soft tissue properties of diabetic
foot were not considered, and the relative motion between
bones of the foot were neglected. The Achilles tendon
was the only muscle force considered, while other intrinsic
and extrinsic muscle forces were not simulated. Material
combinations, with controlled overall insole thickness and
insole designs during other phases of gait cycle; especially
towards the diabetic foot with neuropathy, should be studied

in the future.

CONCLUSION

For the diabetic foot with neuropathy, CMI materials
and designs play an important role on the reduction of
peak contact pressure during gait. Our study demon-
strated how CMI materials and their combinations can
dramatically alter peak contact pressure. Using dual

materials to fabricate CMIs, and having a softer material
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as a top layer is beneficial compared to stiffer materials,
in the reduction of peak plantar pressure in the diabetic

foot with neuropathy.
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