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Featured Application: Finite element analysis to assess the effect of materials used for a custom-
made insole to provide information for the suitable material selection in the conventional prac-
tice of insole fabrication for the diabetic foot with neuropathy.

Abstract: Offloading plantar pressure in a diabetic foot with neuropathy is challenging in conven-
tional clinical practice. Custom-made insole (CMI) materials play an important role in plantar
pressure reduction, but the assessment is costly and time-consuming. Finite element analysis (FEA)
can provide an efficient evaluation of different insoles on the plantar pressure distribution. This
study investigated the effect of CMI materials and their combinations on plantar pressure reduc-
tion for the diabetic foot with neuropathy using FEA. The study was conducted by constructing a
three-dimensional foot model along with CMI to study the peak contact pressure between the foot
and CMI. The softer material (E = 5 MPa) resulted in a better reduction of peak contact pressure
compared with the stiffer material (E = 11 MPa). The plantar pressure was well redistributed with
softer material compared with the stiffer material and its combination. In addition, the single softer
material resulted in reduced frictional stress under the first metatarsal head compared with the stiffer
material and the combination of materials. The softer material and its combination have a beneficial
effect on plantar pressure reduction and redistribution for a diabetic foot with neuropathy. This study
provided an effective approach for CMI material selection using FEA.

Keywords: finite element analysis; custom-made insole; insole materials; peak plantar pressure;
frictional stress

1. Introduction

Diabetic peripheral neuropathy is the major risk factor for the development of plantar
foot ulcerations. The lifetime risk of diabetic foot ulceration ranges from 15% to 25% [1,2].
Annually, 26 million people with diabetes are affected by diabetic foot ulcers and its
prevalence is 6.3% worldwide [3]. A foot ulcer may require the resection of distal osseous
and soft tissue structure, surgical debridement, daily dressings, strict glycemic control
and intravenous antibiotic treatment for disinfection [4—6]. Diabetic foot complications,
including limited joint mobility, foot deformities, and previous history of ulceration, play a
major role in the ulcer development [7,8]. The abnormal plantar pressure distribution in
the presence of neuropathy causes prolong severe foot complications [9]. It is estimated
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that 85% of all amputations are preceded by foot ulceration and re-ulceration [10,11] and it
can be prevented with appropriate foot care.

There are various factors that contribute to the ulcer healing including glycated
hemoglobin level and peak plantar pressure. Adequate levels of glycated hemoglobin
is an important factor especially during the healing of an ulcer [12-14]. Other factors,
including repetitive high plantar pressure, increased friction between foot and footwear,
especially during walking activities, contribute to ulcer formation that can be reduced using
appropriate insoles [15-17]. To prevent ulceration and re-ulceration, the custom-made
insole (CMI) is commonly prescribed to redistribute the peak plantar pressure under bony
prominences in a diabetic foot with neuropathy [18]. The CMI is considered ideal and is
associated with the reduction of peak plantar pressure for a diabetic foot with neuropathy.
In experimental studies, plantar pressure sensors have been used to measure the plantar
pressure to better understand the biomechanics of the diabetic foot and factors contributing
to foot ulcers during gait. However, the experimental procedures are time consuming with
varying uncontrolled variables, which has made it difficult for studies to acquire reliable
results for a diabetic foot with neuropathy [19,20].

The prolonged trial and error experimental procedures in a clinical setting with a wide
variety of materials for insole fabrication is a challenge for both the clinician and patients.
To attain ideal results of CMI, it seems impossible to go through each material and foot
complication with all possible age-dependent daily living activities. In comparison with
experimental methods, finite element analysis (FEA) is a numerical tool providing solutions
to complex mathematical problems to determine various stress, strain, deformation and
contact pressure [21,22]. Nowadays, FEA is a popular tool for studying biomechanics
and for evaluating various protocols without prolonged patient involvement. Subject-
specific FE foot models offer a huge amount of data that can be beneficial in both clinical
application and footwear designs. It also contributes to understanding the behavior of
foot biomechanics and the effects of different interventions [23]. Most researchers focused
on a single material used to fabricate an insole with varying hardness. Others used
inappropriate materials selected for a diabetic foot. In some cases, the thickness of the
CMIs was not well controlled and clinically inapplicable [21,24]. An appropriate material
with controlled thickness of CMIs that is clinically prescribed for a diabetic foot with
neuropathy is still lacking.

Material stiffness, CMI thickness and insole contour to the foot have an effect on
plantar pressure distribution [16,25]. Increasing the material stiffness and thickness of the
insole can enhance the stability during gait. However, the cushioning is reduced while
increasing the insole stiffness and the stiff insoles are contraindicated towards the diabetic
foot [26,27]. Cushioning is an important factor as it acts as a shock absorber, reducing the
impact on the joints, especially the ankle, knee and the lower back [28]. There is a vast
variety of commercial materials available claiming to reduce the peak plantar pressure.
However, very few materials can be prescribed to the diabetic foot with neuropathy. CMlIs
prescribed in a real clinical scenario are mostly fabricated from multi-density materials for
a diabetic foot with neuropathy, while most researchers have focused on single materials
used to fabricate an insole with varying hardness and others have used materials selected
for a diabetic foot that are inappropriate.

To improve the plantar pressure management for the diabetic foot with neuropathy; it
is important to select appropriate materials for the CMI fabrication. In addition, the effect
of the combination of various materials, which reflect real clinical situations towards the
prescription of CMIs for the diabetic foot with neuropathy, would also be studied. This
current study focused on insole materials from softer to stiffer materials used to fabricate
a CMI for a diabetic foot with neuropathy. In addition, the effect of the combination of
various materials that reflect the real clinical situation towards a prescription of CMI for
a diabetic foot with neuropathy would also be studied. Therefore, this study aimed to
investigate the effect of various materials and their combinations on the regional plantar
pressure reduction and frictional stress under bony prominences for a diabetic foot with
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neuropathy during balance standing. A three-dimensional finite element (FE) model of
the foot geometry and soft tissues was developed in contact with different CMIs and the
ground. It is important to improve the selection of appropriate materials using the FE
approach for a diabetic foot with neuropathy. The outcome of this study will provide an
effective material selection for a desirable plantar pressure reduction and redistribution for
a diabetic foot with neuropathy.

2. Materials and Methods
2.1. Finite Element Model Generation

A three-dimensional (3D) FEA model of a foot was constructed to study the contact
pressure between the foot and CMI. Two types of CMIs were designed with overall similar
thickness; single layer (6 mm) and two layers with top layer (3 mm) and base layer (3 mm).
The thickness of CMI was measured from the lowest point of the hindfoot to the ground.
Using computer-aided design, the subtraction technique was performed to obtain CMI
with an overall thickness of 6 mm. This study used the images from a human subject to
reconstruct the foot model. The protocol was approved by the research ethics committee
(EC-63-219-25-2), Faculty of Medicine, Prince of Songkla University. The computerized
tomography scan images of a 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 foot bones with encapsulated soft tissues were developed. The foot is a complex
structure, as it comprises 26 bones, 33 joints, muscles, and numerous ligaments [29]. In
this study, the FEA foot model was simplified to reduce the modeling cost and to improve
the feasibility of optimization. Therefore, 26 bones were merged together as one whole
body. The relative motion between the segments was neglected, and the effects of muscles
and ligaments were also neglected [30]. The models were assembled in Ansys SpaceClaim
(ANSYS Inc., Canonsburg, PA, USA). The CMI and ground were then created following
the geometry of the foot, as shown in Figure 1.

Soft tissue \

«'

Figure 1. Finite element model generation through various steps including (a) the computerized

tomography (CT) scan images of foot, (b) processed CT images with segmentation, (c) reconstructed
foot model with bones and soft tissue, (d) subtracted foot from box to construct a custom-made insole
(CMI) and (e) CMI dimensions following the foot morphology and length.

2.2. Material Properties

The 3D reconstructed foot model was imported to a finite element solver Ansys 2019
R1 (ANSYS Inc., Pennsylvania, PA, USA) for analysis and prediction of the plantar pressure
distribution with CMI. The foot bones and soft tissues were assumed to be isotropic and
assigned with linear elastic material properties. Three materials that were most commonly
used in the real clinical setup were selected to design a custom-made insole and their
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properties are listed in Table 1. Additionally, the combination of materials for a custom-
made insole is presented in Table 2.

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

Young’s Modulus

Components (MPa) Poisson’s Ratio References
Bone 7300 0.3 Brilakis et al. [31]
Soft tissue 0.19 0.49 Chen et al. [32]
Plantar fascia 350 0.35 Chen et al. [33]
EVA (CMI-A 6 mm) 5 0.40 Lewis et al. [34]
Amfit® (CMI-B 6 mm) 8.97 0.39 Lo et al. [35]
TPU (CMI-C 6 mm) 11 0.45 Frick et al. [36]
Ground 2,100,000 0.3 Su et al. [37]

Table 2. The combination of materials for 2-layer custom-made insole.

Type Top Layer Base Layer
CMI-D EVA (3 mm) TPU (3 mm)
CMI-E Amfit® (3 mm) TPU (3 mm)
2.3. Meshing

The complete 3D model of a foot along with a custom-made insole and ground was
meshed with linear tetrahedron elements. A mesh convergence analysis was performed
to ensure that the predicted FE results were insensitive to the element size. The mesh
convergence study was conducted based on the peak contact pressure for five different
element sizes ranging from 6 to 4 mm with an interval of 0.5 mm. The mesh density was
gradually increased until the deviation in the estimated peak contact pressure was less
than 5% [38].

2.4. Loading and Boundary Conditions

The bones and soft tissues were bonded together. The frictional coefficient (i) of 0.6
was set between the foot and ground in the case of without CMI and between CMI and
ground in the case with CMI [39]. Additionally, a frictional coefficient (i) of 0.3 was set
between the foot and CMI [40]. The plantar fascia was represented with 5 tension-only link
elements with their origin and insertion sites based on their anatomical location [41].

The top surfaces of the tibia and fibula were fixed, and a 420 N force as the ground
reaction force was exerted beneath the ground (Figure 2). The Achilles tendon force in the
upward direction was applied in the FEA model. The peak contact pressure between the
foot and CMI was computationally evaluated.

——Fixed surface —— Fixed surface
—Bones

Achilles tendon — ———Bones Achillestendon —

__ - Soft tissue
. —Soft tissue . =
Plantarfascia __

Plantar fascia - |

—
Ground
Ground

*

Load Load

Figure 2. Finite element analysis models showing the foot without and with a custom-made insole
(CMI). The boundary and loading conditions prescribed in the simulation were illustrated.



Appl. Sci. 2021, 11, 3412

50f11

2.5. Validation

Validation is one of the most important stages in FEA. A 59-year-old male diabetic sub-
ject with neuropathy weighing 84 kg was recruited and half of that weight was prescribed
in the FEA model as a ground reaction force of 420 N on a single foot during balanced
standing. The experimental averaged peak plantar pressure from a neuropathic diabetic
patient measured by the Pedar® system during a balanced standing on a level ground
with CMI fabricated from EVA was compared with the simulated peak contact pressure
for validation.

3. Results

The 3D FE foot model with CMI was developed to analyze the effect of various
materials and their combinations on plantar pressure distribution. Using CMIs with soft
materials tends to reduce the peak contact pressure effectively when compared to the
stiffer CMIs. CMIs fabricated from a combination of soft and stiff materials resulted in
a more even distribution of the contact pressure. The softer top layer provided better
distribution of peak contact pressure compared with the stiffer top layer with the same
base layer material.

3.1. Mesh Convergence and Model Validation

A negligible difference (of less than 2%) in the peak contact pressure was observed
from the element size of 5 to 4.5 mm and further to 4.0 mm. According to the aforemen-
tioned convergence criteria, the element size of 5 mm (203,482 elements) was considered to
be a computationally optimal mesh size for further analysis.

Using CM], it was found that the peak contact pressure at the hindfoot with EVA was
higher compared with forefoot and midfoot. The trend of predicted pressure distribution
from the regions of the foot was similar to the peak plantar pressure measured from the
experiment (Figure 3A). Therefore, it was a good agreement of the predicted FE results
and experimental peak plantar pressure mapping especially at hindfoot during balanced
standing with the increase in contact area with CMI fabricated from EVA (Figure 3B).
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Figure 3. Validation of plantar pressure: (A) peak contact pressure results and experimental results
from forefoot, midfoot and hindfoot during balanced standing on CMI fabricated from EVA and (B)
plantar pressure mapping from the experimental measured and finite element predicted values with
CMI fabricated from EVA.

3.2. Contact Pressure Distribution

The FE predictions for distribution of contact pressure corresponding to five custom-
made insoles (CMI-A to CMI-E) are shown in Figure 4. The peak contact pressure was
highest with CMI-C, especially at the hindfoot compared with other CMI materials and
their combinations. The peak contact pressure was distributed more to the medial and
lateral sides and it increased from softer to stiffer materials, especially at the hindfoot. The
contact pressure contour showed that CMI-A resulted in a 1.52% reduction of peak contact
pressure at the hindfoot compared with CMI-C. Moreover, the combination of materials,
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CMI-D resulted in a 0.95% reduction of peak contact pressure at hindfoot compared with
CMI-C. There was also an increase of contact pressure proximal to the metatarsal heads
indicating offloading of the peak contact pressure under the first metatarsal head with
CMI-D compared with CMI-A.
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Figure 4. The contact pressure distribution with soft material to stiffer material and its combinations.

3.3. Regional Peak Contact Pressure

The peak contact pressure was highest without CMI at the forefoot and hindfoot
(Table 3) during balance standing. The peak contact pressure was reduced by 9.44% from
the forefoot compared to the hindfoot with CMI-A fabricated from a soft material. Moreover,
there was a remarkable difference of 15.62% between forefoot and hindfoot with CMI-C
fabricated from a stiffer material. The combination of softer and stiffer materials as CMI-D,
presented a 10.17% difference between forefoot and hindfoot, which was closer to the value
presented by CMI-A. The maximum contact pressure difference between midfoot and
hindfoot was 16.50% from CMI-C fabricated from a single stiffer material.

Table 3. Peak contact pressure without and with CMI fabricated from various materials and
their combinations.

CMIs Peak Contact Pressure (kPa) Ratio
FF MF HF MF/FF HF/FF MF/HF
w/o 275.0 - 279.0 - 0.98 -

CMI-A 41.3 39.3 45.2 0.95 0.91 0.87
CMI-B 40.2 39.5 45.6 0.98 0.88 0.87
CMI-C 39.7 394 459 0.99 0.86 0.86
CMI-D 41.3 39.2 45.5 0.95 0.90 0.86
CMI-E 40.1 39.4 45.6 0.98 0.87 0.86

w /o = without CMI; FF = forefoot; MF = midfoot; HF = hindfoot.

3.4. Frictional Stress

The maximum frictional stress was highest under the first metatarsal head without
CMI and with CMI fabricated from various materials and their combinations (Figure 5). All
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CMIs showed reduction of maximum frictional stress compared to without CMI. Among
the CMIs the maximum reduction was observed with CMI-A fabricated from EVA. As
CMI-A being a softer material than CMI-C (TPU), the frictional stress was lowered by
3.36% under the first metatarsal head. However, the combination of EVA and TPU (CMI-D)
resulted in an increase of the maximum frictional stress by 4.11% compared to CMI-A
during balanced standing.
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Figure 5. (A) The finite element analysis (FEA) results for the maximum frictional stress obtained from
different CMI materials varied from soft to hard compared to without CMI, and (B) the comparison
of frictional stress obtained from FEA in the case of without and with CMI fabricated from EVA using
a single layer of softer material.

4. Discussion

In this study, a subject-specific 3D FEA foot model with CMI assigned with different
materials and their combinations was developed to investigate the effects of materials on
peak contact pressure in a diabetic foot with neuropathy. FEA results revealed that the peak
contact pressure was reduced with CMI fabricated from all materials used in this study
compared to without CMI. Specifically, using CMI with soft material (EVA) tends to reduce
the peak contact pressure effectively compared with CMI with stiffer material (TPU). The
higher regional contact pressure shifted to the midfoot and the peak contact pressure was
reduced from hindfoot and forefoot with CMI. There was a notable reduction of frictional
stress with softer material under the first metatarsal head compared with stiffer material.

The predicted results from FEA were validated with the experimental study using the
Pedar® system by comparing the peak contact pressure during balanced standing with
CMI fabricated from EVA. In this comparison, the FEA results were in agreement with
the experimental results. The present FEA study predicted that all the CMIs showed a
reduction of peak contact pressure compared to without CMI. The CMI fabricated either
from a single soft material or a combination of softer and stiffer materials resulted in a
reduction of peak contact pressure compared to without CMI. Similar reduction of peak
contact pressure was found while using different cushioning materials and conformity
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compared with the flat insole [42]. Other studies reported a 30% to 40% reduction of peak
contact pressure using CMI [43,44].

The current FE model indicates increased peak contact pressure at the forefoot and
hindfoot without CMI. However, the ratio of peak contact pressure between forefoot and
hindfoot was less than two showing lower severity of ulceration (Table 3). Researchers
found that a severe neuropathic group had a FF/HF ratio higher than two during gait;
however, mild to moderate neuropathic groups still had this ratio of less than two [45]. The
FF/HF ratio was reduced from 1.07 to 0.87 with CMI fabricated from Multiform, Plastazote®
and microcellular rubber compared to without CMI during gait [16,17]. A similar reduction
of contact pressure ratio was found in this study during balanced standing with CMI
fabricated from EVA. CMIs are strongly dependent on the mechanical characteristics of
the material used to provide cushioning [46,47]. The peak plantar pressure reduces with a
customized insole, especially from the forefoot compared with a flat insole [48]. Based on
our results, the CMI with a softer material was able to redistribute plantar pressure better
as compared to stiffer materials and their combinations. Nevertheless, the addition of a
base layer of stiffer material has a minimal effect on plantar pressure distribution. The
stiffer top layer tends to increase the peak contact pressure compared with the soft top
layer material. Similar results were found in our study using softer CM], as other studies
found it was effective in reducing the plantar pressure up to 53% compared to the painful
forefoot region of the foot [49,50]. Therefore, CMI with a softer material can be prescribed
to people with prolonged standing activities. However, soft materials are not prescribed in
a clinical setup as various offloading structures such as metatarsal pads, metatarsal bars or
medial arch support because they cannot withstand the repetitive subject’s load during
daily living activities. In addition, clinicians would most probably design the CMI with a
multi-density material combination to achieve clinical goals from the subjects with different
foot complications. These modifications provide comfort by reduction of peak contact
pressure, especially at the forefoot and provide stability to the foot, which is similarly
found in the previous studies with an improvement in gait [51,52].

The FE modeling allowed a systematic analysis of the CMI fabricated from various
materials and their combinations on peak contact pressure in a diabetic foot with neuropa-
thy. The unique aspect of this work is to compare the frictional stress among different
materials and their combinations that are useful for clinical practice toward diabetic foot
with neuropathy. The peak plantar pressure is frequently addressed in the subjects with
foot complications. However, the measurement of frictional stress using in-shoe pressure
sensors is rarely addressed and are still challenging in real clinical scenarios. The high rate
of ulceration is related to abnormal plantar pressure distribution and frictional stresses
under bony prominences. These frictional stresses lead to callus formation and ulceration.
Previous studies focused on the attachment of a sensor to the callus sites to measure the
forces that cause the callus formation [53,54]. In our current study, a real scenario repre-
senting a balanced standing position without CMI in a comparison with different CMI
materials was analyzed. FEA is a powerful tool that can provide insights for the clinician
to select appropriate insole materials and their combinations for the diabetic foot with
neuropathy to reduce the frictional stresses between the foot and CML

The repetitive maximum frictional stresses lead to callus formation, causing ulceration
under the metatarsal heads. These ulcerations can be prevented with the use of CMI as it
shows a remarkable reduction of frictional stress with CMI compared to without CML The
maximum frictional stress is reduced especially under the first metatarsal head using soft
material. However, due to rigidity of the base layer, the addition of a stiffer base layer with
softer material increased the maximum frictional stress. As a result, maximum frictional
stress can be identified as the secondary factor causing ulceration as the primary causative
factor is considered as the imbalance ratio between forefoot and hindfoot in a diabetic foot
with neuropathy [55].

Our previous experimental study demonstrated how CMI material and its variations
dramatically reduced the peak contact pressure at the forefoot and hindfoot, including
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a contact pressure shifting to the midfoot [16]. Furthermore, the combination of multi-
density materials to fabricate CMI provides comfort and stability to the diabetic neuropathic
foot. The information from the FE results is to shorten the trial and error process for the
podiatrist, but the clinical consideration should be made after a detailed foot examination
of each case. Some limitations were presented in the current study in investigating the
use of CMI materials. At present, only a one-foot model was simulated with different
types of CMI, and the foot model was simplified and assigned with linear elastic material
properties obtained from the literature. The Achilles tendon was the only muscle force
considered while other intrinsic and extrinsic muscle forces were not simulated. Moreover,
the validation was not done on the same subject as the experimental study, but the plantar
pressure measurement was obtained with a subject of similar weight and age.

5. Conclusions

Using FEA, it revealed that CMI materials and their combinations played an important
role in the reduction of peak contact pressure during balanced standing for a diabetic foot
with neuropathy. Our study demonstrated how CMI materials and their combinations
can dramatically alter peak contact pressure and frictional stress under the first metatarsal
head. The redistribution of pressure was more significant using a softer material and
their combination with a stiffer material compared with only a stiff material. However,
it is important to have some preliminary experimental studies that will give the range of
the plantar pressure and can be compared with the FE results. Therefore, it is important
to go through these important steps of FEA; mesh convergence study, validation with
experimental study or with previous literature published with similar boundary conditions.
After the clinical diagnosis, this work will provide tangible support for the clinicians
during CMI prescription to effectively select CMI materials by eliminating the prolonged
trial and error procedure for a desirable plantar pressure reduction and redistribution for
a diabetic foot with higher plantar pressure and offloading of plantar foot ulcers. The
hyperelastic material properties of the foot’s soft tissues and insole materials should be
further considered. In addition, it is necessary to study various insole designs and insole
material combinations to reduce the chances of ulceration and re-ulceration for a diabetic
foot with neuropathy.
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