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Abstract: The number of people with diabetes is rising day-by-day, which also raises the incidence of
diabetic ulcers, sensation loss in the foot’s plantar area, and in extreme instances, amputations. Using
customized shoes, unloading orthoses, insoles, and other strategies may help control these issues to
some degree. In this work, a novel modular diabetic insole was designed and fabricated to effectively
offload the abnormal or peak plantar pressures in diabetic patients. The pressure values in the plantar
region were quantified using an in-house-developed plantar pressure-measuring insole consisting
of force sensitive resistor (FSR) sensors. The effectiveness of the modular diabetic insole was tested
qualitatively and quantitatively. The qualitative performance of the insole was reported using Quebec
User Evaluation of Satisfaction with Assistive Technology (QUEST 2.0) in terms of subjective parame-
ters like comfort, ease of use, effectiveness, etc. and calculated as 4.7 & 0.18. Thereafter, the wearable
pressure-measuring insole was used to investigate the feasibility of modular insole for the plantar
pressure offloading during standing and walking conditions. It was observed that the maximum av-
erage zonal pressure (AZP) was reduced by up to 99% from 121.30 + 3.72 kPa to 0.22 £ 0.18 kPa for
the standing condition whereas it was reduced to 6.76 £ 2.03 kPa from 197.71 + 3.21 kPa with a per-
centage value of 96% for the walking condition. In conclusion, the findings of this work validate the
effectiveness of the modular diabetic insole as an intervention tool for diabetic foot ulcer prevention.
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1. Introduction

With 382 million cases globally, diabetes is one of the main causes of chronic illness
and limb loss. It is estimated that 592 million instances of diabetes will be recorded by
2035 [1-3]. Diabetic foot disease is widespread, and as the population ages and the obesity
pandemic persists, so too will its frequency. Peripheral diabetic neuropathy is a condition
that affects the nerves of the feet in patients with diabetes. Due to this condition, patients
may experience a loss of sensation in their feet, which makes them unable to feel pain or
discomfort. As a result, they may suffer from repetitive minor injuries caused by internal
factors such as calluses, nails, or foot deformities, and external factors such as shoes, burns,
or foreign bodies. These injuries often go unnoticed at the time of occurrence due to the
lack of sensation in the feet and can eventually lead to foot ulceration [4-6]. Diabetic foot
ulcers (DFUs) are only one of the many problems that may occur in diabetic patients. These
are a prevalent consequence of diabetes mellitus that has been on the rise in recent decades.
It is estimated that about 5% of all patients with diabetes have a history of foot ulceration,
while the lifetime risk of diabetic patients developing this complication is 15% [7,8]. It
was reported in the literature that an estimated 80% of lower limb amputations resulting
from diabetes were preceded by the development of foot ulcers. Foot ulcers are a common
complication of diabetes and typically occur due to a combination of factors such as nerve
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damage, poor circulation, and high blood sugar levels. These ulcers are usually induced
by acute, repeated, or thermal damage and appear in the regions of peak mechanical
stress [9,10].

An early diagnosis and medication can help mitigate and prevent ulceration, but it
is possible only in a non-neuropathic foot, i.e., before the ulcer starts to protrude but the
tissue starts to produce pain. However, diagnosis becomes extremely complicated and
difficult in cases with peripheral neuropathy in the foot, which has been observed to be a
common occurrence in diabetic patients. Common interventions for protruding diabetic
ulcers include pressure offloading techniques such as using crutches, special foot orthotics,
and custom pressure offloading insoles. Conservative orthotic care may be used to unload
a foot ulcer, allowing the patient to continue being somewhat active [11]. By considerably
reducing plantar pressure, these orthotic devices relieve tension at the afflicted area and
aid in the healing of ulceration [12]. The goal of the medical intervention is to reallocate
the pressure at the plantar fascia that is responsible for ulcers. For this reason, a range
of materials with varying density, cushioning effect, and shock absorption may be used
to create the foot orthoses, allowing them to be customized to the patient’s specifications.
When opposed to prefabricated orthoses, customized foot orthoses provide superior therapy
because they make complete contact with the plantar area of the foot [13-16].

Diabetes patients have increased plantar pressures [17,18], which may result in ulcer-
ation or re-ulceration at new places. Previous research [18-22] has shown that lowering
plantar pressure may successfully lower the diabetic population’s risk of these issues.
Sutkowska et al. [23] studied the medical records of a diabetic group and observed sig-
nificant variation in the plantar pressure across the patients. The forefoot and heel were
shown to be areas of elevated plantar pressure in a study by Caselli et al. [24] on under-foot
pressure in a diabetic population. Increasing pressure was found to be correlated with an
increase in the severity of neuropathic disease. A force-measuring platform was used in
research by Cock et al. [25] to determine the centre of pressure and plantar pressure. The
findings of the work quantified a significant difference in the result values across different
gait phases of participants. In recent studies, sensor-based insoles were more attractive
than platform solutions because patients may use them outside of the clinic to capture
data over time [26,27]. Several such studies evaluated shoe-based pressure measurement
devices during walking or running, in contrast to platform systems [28,29]. The majority
of these devices included numerous sensing locations and a wireless data transmission
protocol. Force-sensitive resistors or piezoresistive materials were often utilized to provide
the flexibility of the sensors [30,31].

It was found in the literature that the custom pressure offloading insoles offered the
same benefits as the total contact cast, i.e., TCC, without most of its demerits. When
used in combination with stable walking shoes, custom-made insoles have been found
to offer a range of benefits for the foot compared to prefabricated insoles. Specifically,
while prefabricated insoles are able to provide overall good cushioning outcomes, custom
insoles have been shown to also reduce pressure in the heel region effectively, making
walking more comfortable and less likely to cause discomfort or pain. Additionally, custom
insoles have been shown to significantly offload plantar pressure in both the forefoot and
rearfoot regions of the foot, which has not been observed in prefabricated insoles. Thus,
custom insoles can help to reduce the pressures at the important foot locations and thereby
minimize the risk of injury or discomfort and support overall foot health [32-34]. However,
producing custom insoles is a tedious process requiring significant attention to detail [35,36].
A skilled clinician and technician is required to scan the patient’s feet, model the insole
via a parametric computer-aided design (CAD) tool, and produce the finished product in
a small workshop using various fabrication techniques. The entire process takes several
days, failing to provide a prompt solution of isolating and offloading pressure from the
ulceration prone zone. Additionally, such a set up incurs significant capital, increasing the
cost of the insole as well as follow-up treatment [17,37-40]. To overcome these challenges,
a novel customized and cost-effective, nearly standardized insole is needed, which can



Prosthesis 2024, 6

343

offload pressure effectively from any given region on the plantar surface of the diabetic
foot. Moreover, the insole must have comfort and shock attenuation properties, especially
at the heel, and support the whole plantar region of the foot. The proposed work plan
was focused on the development and validation of a customized insole to offload plantar
pressure and reduce pain, as an ulceration prevention measure, which can be an effective
ulcer intervention during wound care, and as a postoperative medical care or intervention.

2. Materials and Methods

The modular diabetic insole works on removing supporting segments to generate a
void under the ulcerated region for offloading pressure. This section describes the design,
fabrication, pressure measurement device, and testing protocol of the modular diabetic
pressure offloading insole.

2.1. Geometrical Modelling and Design of Modular Insole

A standard UK-8 insole size was considered to design and fabricate the proposed
insole. Using SolidWorks 2021 (Dassault Systemes, Paris, France), the outer boundary of the
mid-frame insole was generated in conformance with the Mondopoint system as outlined in
ISO 9407:2019 [41]. Figure 1 shows the components of the modular insole, namely, the mid-
frame and 14 unique moulded silicone rubber inserts. In line with literature studies [19,42]
that outlined the most common regions exhibiting abnormal or peak plantar pressures in
diabetic patients, the internal area of the mid-frame was segmented into 14 regions, as
illustrated in Figure 2.

Moulded Silicone
Inserts

Circular Voids

Insole Mid-frame

Figure 1. Design of modular diabetic pressure offloading insole.

In the toe region of the foot, area T1 supported the hallux, area T2 supported the second
toe, and area T3 supported toes 3-5. The forefoot region was divided into three segments,
i.e., medial forefoot (FF1), central forefoot (FF2), and lateral forefoot (FF3). The lateral
midfoot region was divided into two segments, namely MF1 and MF2, the latter lying
closer to the heel region. A single segment denoted by A supported the insole area under
the medial midfoot region. The heel region was divided into a total of five segments, with
H1 and H2 on the lateral side of the foot, H3 and H4 on the medial side of the foot, and H in
the central part of the heel region at the ball of the foot. Each segmented region in the mid-
frame housed its respective moulded silicone insert, designed to be individually removable
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and reattachable. The mid-frame was 0.6 mm thick and 3D-printed using an Ender-3 S1
Pro (Shenzhen Creality 3D Technology Co, Ltd., China). Since the mid-frame is subjected
to large stretching and bending stresses during walking, thermoplastic polyurethane (TPU)
of Shore hardness 95A was selected to sustain the considered stress scenarios. The inserts
were designed with grooves with widths and depths of 0.6 mm and 3 mm, respectively. The
groove was cut along each insert’s periphery, midway through the thickness of the insert,
as shown in Figure 3. The groove allowed the inserts to be locked in the corresponding
segments in the mid-frame. All inserts had an overall thickness of 6 mm, which was found
to be sufficient to maintain a gap between the floor of the shoe and the plantar surface of
the foot during maximum compression of the insole.

Figure 2. Segments of the mid-frame of the modular diabetic insole.

As shown in Figure 1, cylindrical voids were designed to facilitate better insole com-
pression. The through-hole circular voids were homogeneously spaced, 4.5 mm apart in
both the horizontal and vertical directions, such that each insert had roughly a 45% void
density by volume. Additionally, this improved the breathability and cushioning prop-
erties when compared with a moulded silicone rubber insole with no voids. The inserts
were made of liquid silicone rubber (LSR) of Shore 10A hardness (Chemzest Enterprises,
Chennai, India). Silicone rubber was used because of its ease of manufacturing, bioinert
properties, and excellent wear-resistant properties. Figure 4 shows the 3D-printed two-part
split moulds used to develop the inserts for the modular insole.
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Figure 3. Groove geometry in the silicone inserts.
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Figure 4. Three-dimensional-printed two-part split moulds for silicone insert moulding; (A, Left)
mould wall with groove forming geometry, (A, Right) mould base with circular void-forming
geometry; (B)—assembled mould for fabrication.

The assembled insole was placed inside a zipped pouch made of a soft and stretchable
fabric, stitched in the shape of the insole. This helped in reducing friction between the foot
and the insole, improving comfort, and abating further risk of ulceration by preventing a
direct contact of the silicone inserts with the plantar surface of the foot. The pouch would
also comply with changes in dimensions over the truncated region of the modular insole
when compressed and flexed during ambulation. Figure 5 shows the procedure for using
the modular diabetic insole.
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Figure 5. (A) Fourteen silicone inserts; (B) mid-frame; (C) silicone inserts assembled with FF2 region
truncated as an example; (D) modular insole placed in the pouch; (E) pouch zip closed for placing
inside the shoe.

2.2. Plantar Pressure-Measuring Insole

A wearable plantar pressure-measuring insole was developed to validate the extent of
pressure offloading offered by the modular insole after removing any insert. The insole
consisted of force sensitive resistor (FSR) sensors (Interlink Electronics, Inc., California,
USA) placed in the centres of 11 segments of the diabetic insole. The FSR sensor had an
effective sensing region constrained within a diameter of 12.5 mm. Regions T3, H2, and
H3 were not probed as the areas were too small or the regions would show insignificant
pressure magnitudes for the occurrence or progression of the ulceration [19,42]. Table 1
shows the location of the centre of each sensor in the pressure-measuring insole with the
centre of segment H as the origin (Figure 2).

Table 1. Location of sensor centres in the pressure-measuring insole.

Sensor Location X Coordinate (mm) Y Coordinate (mm)
H 0 0
H4 22.5 21
H1 —225 21
A 14.5 86
MF2 -19 58
MF1 —22 110
FF3 —-37 143
FEF2 —6 161
FF1 25 158
T2 -9 207
T1 16.5 203

Figure 6 shows the pressure-measuring insole with electronic hardware and FSR
sensors. One side of the FSR sensors was pasted on a 2 mm thick ethylene-vinyl acetate
(EVA) foam sheet cut in the shape of a UK-8-size insole. Similarly, the other face of the
sensors was covered with a 0.6 mm thick 3D printed-PLA sheet, which provided the
FSR sensors with a solid reactive surface for accurate data acquisition. All sensors were
connected to the microcontroller board (Teensy 4.1 Development Board, PJRC.COM, LLC,,
Sherwood, OR, USA) through a voltage divider circuit [43,44]. A 20-band flat ribbon
cable (FRC) was used to connect the sensors in the insole to the electronics hardware. The
microcontroller board was fixed inside a simple cardboard box which was tied onto the
volunteer’s leg using a Velcro strap during all trials in this study.
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Figure 6. Pressure-measuring insole with the wearable electronics hardware (left); internal layout of
FSR sensors sandwiched between the EVA (Yellow) and PLA (Black) layers (right).

2.3. Data Measurement

The code was written and compiled in the Arduino Integrated Development Environ-
ment (IDE). The sensor data were polled at a maximum rate of approximately 5000 complete
scans per second, where a complete scan was defined as the time it took the microcontroller
to complete one iteration of the entire code and finally display the conditioned values
of each sensor. For quantitative trials, two types of data were computed for each of the
11 probed regions, i.e., the running average of plantar pressures at a sampling rate of
20 ms per scan and the maximum values of pressures per sensor that occurred anytime
during the time period of the trial. During trials, the pressure-measuring insole was placed
under the modular insole inside the shoe, the data were displayed on the serial monitor
in the Arduino IDE software (ver. 2.3.2) and the computed data were recorded from the
microcontroller board to a laptop via a USB cable.

2.4. Demographics

The modular diabetic insole was tested quantitatively and qualitatively to assess its
performance. The cohort for testing the modular insole consisted of 10 healthy participants
with a foot size of UK 8. All participants were male, between the ages of 22 years and
32 years. The weight ranged from 55 kg to 90 kg, with an average weight of 68 kg. No
participants had any external injury in the foot and no foot deformations or abnormalities
were present. As this design was an initial proof-of-concept model, it was deemed safer
to study its performance and effects on healthy participants prior to testing on diabetic
patients to get rudimentary performance metrics for the insole. This would also allow the
design to be significantly improved based on the feedback from this study, leading to more
accurate results during clinical trials in the future. The study was approved by the Ethical
Committee of the Indian Institute of Technology Delhi (IIT-Delhi, New Delhi, India). The
volunteers provided a signed consent form before the study was conducted.

2.5. Qualitative Tests

Quebec User Evaluation of Satisfaction with Assistive Technology (QUEST 2.0) [45-47]
was used to ascertain the qualitative performance of the insole. The user’s satisfaction with
the modular insole was evaluated using the device subscale of the QUEST 2.0 questionnaire.
It is an eight-item instrument for judging an assistive device’s subjective parameters like
comfort, ease of use, effectiveness, etc. All such parameters are scored on a scale of 1 to
5, where 5 indicates high satisfaction, and 1 indicates complete dissatisfaction. Initially,
participants were asked to wear the footwear with a generic EVA insole to create a baseline
of comfort against which the comfort of the proposed insole was marked. The qualitative
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study was then performed through two cases, Q1 and Q2. The first case (Q1) recorded
QUEST scores for the modular insole with all inserts included in the mid-frame for each
participant. The second case (Q2) involved all participants scoring the performance of the
modular insole with each of the 14 inserts removed one at a time. Different movements
like walking, jumping, and jogging were used to evaluate parameters like cushioning in
different regions of the insole, fit of the insole, noticeability of different inserts, noticeability
of the truncated region, etc. The overall QUEST scores were compared for Q1 and Q2,
indicating the feasibility of the insole in providing satisfactory comfort even after inserts
were removed for offloading pressure.

2.6. Quantitative Tests

The wearable pressure-measuring insole was used to test the modular insole for the
feasibility of plantar pressure offloading during standing (referred to as case S) and walking
(referred to as case W). The test setup included a pair of shoes with their original insole
removed and replaced with the pressure-measuring insole stacked under the modular
diabetic insole. In both cases, S and W, every participant first tested the modular insole
with all inserts attached, hereby referred to as S (full) and W (full). Following this, 9 out
of the 14 total inserts (T1, FF1, FF2, FF3, MF1, MF2, H1, H4, and H) were removed one
at a time, and plantar pressures were recorded for each subcase per participant. During
offloading trials, S or W followed by the insert name was used to refer to the removed
insert for the trials, e.g., W (FF2) would refer to the trial during walking with insert FF2
removed for offloading in that region. Inserts T2 and A were excluded from the removal
trials as they exhibited very low magnitudes of pressures for both cases S and W. However,
pressures under inserts T2 and A were still recorded for S (full) and W (full). Therefore,
each participant was subjected to a total of 10 trials for each case, S and W. For each trial in
case S, participants were directed to stand straight as they normally would for a duration
of 5 s. The pressure-measuring insole computed the average zonal pressure (AZP) values
for each of the 11 probed zones using the running average algorithm. For case W, the
volunteers were asked to walk freely and normally for a duration of 20 s while wearing the
test setup. During this period, the pressure-measuring insole recorded and displayed the
maxima of pressures at each of the 11 probed zones. The modular insole was considered
feasible if the pressure values at the truncated segment were extremely low. This translated
to the plantar surface of the foot not touching the floor of the shoe, leading to efficient
pressure offloading in the desired region. Figure 7 shows the participants wearing the test
setup during the various trials.

Figure 7. Volunteer wearing insole (inside shoe) and microcontroller using a Velcro strap during the
qualitative and quantitative trials.
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3. Results
3.1. QUEST 2.0 Score

The feasibility of the modular diabetic insole as a wearable intervention device was
evaluated by checking the extent of comfort and other user-oriented parameters occurring
during static and dynamic scenarios by means of the QUEST 2.0 questionnaire. For case
Q1, a QUEST 2.0 score of 4.71 &+ 0.17 was obtained. For case Q2, the QUEST 2.0 score was
4.69 + 0.19. Therefore, the overall QUEST 2.0 score for the complete insole was 4.7 4 0.18.
Tables 2 and 3 show the individual scores given by the participants for both cases Q1 and
Q2, respectively.

Table 2. QUEST 2.0 scores on the device’s subscale for case Q1 (standing).

Participant Score Maximum  Minimum Median Average Std. Dev.

48
45
5.0
49
4.6
4.5
4.7
4.8
4.8
4.5

—_

5.0 4.5 4.75 471 0.17

O 0 NI Ul Wi

=
o

Table 3. QUEST 2.0 scores on the device’s subscale for case Q2 (walking).

Participant Score Maximum  Minimum Median Average Std. Dev.

47
4.6
48
5.0
4.8
43
45
49
4.7
4.6

—

5.0 43 47 4.69 0.19

O 00O NI O Ul W

=
o

The total QUEST 2.0 score for the performance of the insole was between four and five,
which indicated very high user satisfaction. There was not much difference between the
overall scores of Q1 and Q2. This indicated that even though there was some perceived drop
in comfort in Q2 compared to Q1, it was not major, and that some participants preferred
the offloaded case over case Q1. All participants confirmed that the used insole provided a
high degree of comfort to the foot.

Certain points of feedback for the modular diabetic insole gained through trials Q1 and
Q2 were noteworthy. All of the participants highly favoured the cushioning effect of the
insole during walking, specifically at the forefoot and the ball of the foot (segments FF1-3
and H, respectively). This positive response validated that the use of circular voids in all
the inserts tended to increase the perceived comfort of the insole. For Q2, truncated regions
at FF1, FF2, FF3, H1, and H4 were completely unnoticeable by the participants, possibly
due to ample support from the surrounding regions. The edges of the inserts surrounding
the truncated region were also not noticeable and did not give rise to any discomfort. For
inserts T1 and T2 removed in case Q2, the empty space was only felt if the participant
voluntarily lowered the toes in the void, which was understandable. For truncated regions
at MF1, MF2 and H, the voids were mildly noticeable due to their relatively larger surface
area and higher concentration of pressures, respectively. However, voids in those regions
were not deemed uncomfortable.
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Voids generated by removing inserts T3, H2, and H3 were completely imperceptible
owing to their small surface areas and locations. Region T3 generally provided extremely
minor reaction pressures during walking or other movements during ambulation. The area
of the foot in contact with this region was also very small (toes 3-5), which was also why this
insert was excluded from the circular void design for simplification purposes. Segments
H2 and H3 generally did not come in contact with the foot. However, their contribution
in supporting the foot became apparent when insert H was removed. Although small in
area, they had the crucial role of supporting the heel region in case insert H was removed,
especially during the heel strike. This would not allow the ball of the foot to touch the floor
of the shoe, in effect, offloading pressure from region H. All participants could easily use
the insole due to its intuitive design and construction. Extracting and reattaching any insert
in the mid-frame of the insole was successfully carried out by all participants. Inserting the
assembled insole in the pouch was also easily performed by inverting the empty pouch
before placing it inside. The pouch was stitched to be ambidextrous, making it even simpler
to use. The participants also placed and removed the insole from the footwear without
any hassle.

These results indicated that the modular diabetic insole was delicate on the feet and
could be prescribed as an assistive intervention device for diabetic foot ulcer care. The
insole could also be used as a general-purpose comfort insole and in cases of nondiabetic
foot ulceration.

3.2. Extent and Feasibility of Pressure Offloading

The pressures were recorded under 11 regions of the modular insole with the help
of the pressure-measuring insole for cases S and W, as mentioned previously. Pressure
values from respective trials for all 10 participants were averaged, called the average zonal
pressure (AZP).

3.2.1. Pressure Offloading during Standing

Table 4 below shows the AZP values for the group of nine offloaded cases during the
standing condition.

Table 4. Average zonal pressure values for the cohort for the 9 offloaded cases (standing).

Case S AZP Values in kPa (Std. Dev)
Subcases T1 T2 FF1 FF2 FF3 MF1 MEF2 A H1 H4 H
s (T1) 0.01 * 10.80 72.83 24.74 57.96 32.21 28.92 3.09 100.58 24.71 135.71
(0.01) (3.85) (4.00) (3.74) (4.20) (6.50) (5.50) (3.10) (3.56) (3.93) (4.20)
S (FF1) 49.04 12.94 1.32 % 22.41 60.11 33.02 28.46 3.38 95.70 27.27 132.70
(4.29) (6.08) (0.87) (4.23) (4.08) (5.44) (4.50) (3.34) (3.82) (5.16) (3.74)
S (FF2) 42.80 11.80 70.38 0.20 * 64.80 31.38 29.53 3.48 105.48 20.31 148.02
(3.75) (5.27) (4.83) (0.17) (3.75) (5.51) (4.88) (3.34) (3.31) (6.11) (3.56)
S (FF3) 49.64 12.87 70.90 21.77 0.66 * 33.50 34.70 8.39 89.37 22.54 148.53
(4.04) (5.95) (6.60) (4.49) (0.28) (3.91) (3.93) (5.92) (3.34) (3.58) (3.29)
S (MF1) 46.15 13.90 74.40 19.46 65.50 0.79 * 33.75 3.88 101.12 22.41 140.51
(3.27) (3.59) (3.26) (3.30) (3.90) (0.70) (5.97) (3.31) (3.58) (4.71) (3.45)
S (MF2) 44.87 10.80 71.35 23.81 58.73 29.52 0.32* 4.03 102.06 24.14 149.89
(3.26) (3.60) (3.24) (3.30) (3.90) (3.27) (0.11) (3.19) (3.23) (3.32) (3.20)
S (H1) 50.61 14.38 78.65 23.57 61.58 29.01 28.01 5.59 0.01 * 18.45 143.92
(3.64) (4.10) (3.42) (5.26) (4.08) (4.73) (4.87) (5.59) (0.01) (9.12) (4.30)
S (H4) 49.56 14.89 73.49 18.31 57.25 32.44 31.24 7.13 97.33 0.02 * 144.92
(3.57) (4.09) (3.38) (5.12) (4.01) (4.72) (4.87) (5.59) (3.68) (0.02) (4.25)
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Table 4. Cont.

Case S AZP Values in kPa (Std. Dev)
Subcases T1 T2 FF1 FF2 FF3 MF1 MF2 A H1 H4 H
S (H) 51.97 13.75 80.14 22.13 62.12 29.29 33.72 5.86 98.28 21.48 0.22 *
(5.04) (5.22) (4.45) (5.03) (7.04) (6.67) (5.05) (6.30) (5.48) (5.04) (0.18)

* Bold values represent offloaded pressures. Abbreviations: AZP—average zonal pressure; T1, T2—toe inserts;
FF1, FF2, FE3—forefoot inserts; MF1, MF2—midfoot inserts; A—arch insert; H1, H4, H—heel inserts (refer to
Figure 2); S (x)—where S denotes trials during standing and ‘x” is the removed insert in each subcase (refer to
Section 2.6).

Figure 8 shows the pressure values in the 11 probed regions of the modular diabetic
insole for case S. Corresponding AZP values (kPa) across all 10 participants were averaged
and are presented in the figure along with their standard deviation (kPa). Figure 8A shows
the AZP values for S (full). On the other hand, Figure 8B only shows the offloaded AZP
values, which occurred when the corresponding insert was removed while all other inserts
were attached.

20.53
(¥4.41)

(£0.70)

0.32
(£0.12)

Figure 8. Average zonal pressure (AZP) values for case S (mean + S.D.) in kPa; (A) AZP values in
11 regions with all inserts attached in the mid-frame for S (Full); (B) offloaded AZP values in the nine
regions with the corresponding inserts removed.

For trial S (full) (Figure 8A), the maximum AZP value occurred in region H with a
magnitude of 121.30 + 3.72 kPa, whereas the minimum magnitude of the AZP manifested
in region A with a magnitude of 4.41 + 4.14 kPa. Since the magnitude of the AZP at inserts
T2 and A were very low, contributing only about 2.15% and 0.84% of the total pressure
recorded, respectively, trials S (T2) and S (A) were not considered. In the offloaded case,
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as shown in Figure 8B, the percentage decrease in pressure ranged from 98.25% to 99.99%
in segments FF1 and H1, respectively. The maximum pressure in Figure 8B occurred in
segment FF1 with an AZP value of 1.32 & 0.87 kPa. Since AZP values in all other regions
were less than that in FF1, it was validated that the plantar surface of the foot did not come
into contact with the floor of the shoe during standing, in effect, offloading all the pressure
from the individual segmented regions.

3.2.2. Pressure Off-loading during Walking

Table 5 below shows the AZP values for the nine offloaded cases during walking.

Table 5. Average zonal pressure values for the cohort for the 9 offloaded cases (walking).

Case W AZP Values in kPa (Std. Dev)

Subcases T1 T2 FF1 FF2 FF3 MF1 MEF2 A H1 H4 H
W (T1) 3.29 * 29.26 186.75 73.93 185.81 84.91 91.96 14.34 145.09 57.32 192.02
(2.01) (6.32) (4.05) (4.43) (3.48) (3.60) (3.87) (8.10) (3.70) 4.71) (4.00)
W (FF1) 120.12 21.64 1.29 * 80.35 192.36 85.48 95.26 12.03 140.71 41.09 206.05
(4.85) (5.74) (0.48) (4.55) (4.14) (3.42) (3.48) (9.02) (3.75) (4.01) (3.52)
W (FF2) 113.52 35.81 186.89 1.08 * 192.03 86.84 97.38 13.35 140.24 47.41 193.01
(3.92) (4.62) (3.91) (0.48) (4.70) (3.91) (4.20) (10.24) (3.68) (3.56) (3.83)
W (FE3) 111.88 17.01 177.88 74.18 3.95* 89.33 92.59 14.16 146.80 57.44 199.00
(3.44) (5.67) (3.69) (3.25) (1.09) (3.19) (3.39) (9.06) (3.35) (3.54) (3.18)
\ 116.93 28.92 176.34 62.44 187.97 0.71 * 89.80 18.75 143.96 50.86 201.47
(MF1) (3.42) (4.74) (3.77) (3.82) (3.95) (0.46) (3.87) (5.70) (3.69) (4.09) (3.62)
Y 114.37 32.95 184.57 75.10 184.17 90.47 0.34 * 12.28 150.24 60.28 206.66
(ME2) (3.24) (3.40) (3.18) (3.10) (3.13) (3.23) (0.15) (3.45) (3.17) (3.11) (3.15)
W (H1) 116.43 21.46 176.54 63.01 182.23 86.95 94.69 6.01 045 * 50.78 209.19
(5.08) (9.16) (5.67) (4.82) (4.70) (5.05) (5.14) (4.95) (0.42) (5.03) (3.91)
W (H4) 119.52 27.16 176.02 74.08 180.96 84.58 96.42 16.82 139.18 0.29 * 203.41
(4.09) (5.65) (3.25) (3.56) (3.96) (3.40) (4.05) (5.93) (3.78) (0.25) (3.95)
W (H) 111.92 50.51 172.43 75.37 191.96 87.62 88.63 13.94 149.89 61.09 6.76 *
(3.41) (3.77) (3.38) (3.77) (4.05) (3.89) (3.59) (3.88) (4.67) (4.80) (2.03)

* Bold values represent offloaded pressures. Abbreviations: AZP—average zonal pressure; T1, T2—toe inserts;
FF1, FF2, FF3—forefoot inserts; MF1, MF2—midfoot inserts; A—arch insert; H1, H4, H—heel inserts (refer to
Figure 2); W (x)—where W denotes trials during walking and ‘x” is the removed insert in each subcase (refer to
Section 2.6).

Similar to Figure 8, Figure 9 represents the AZP values gauged during trials for case W.

For trial W (full) as shown in Figure 9A, the maximum AZP value was observed in
region H with a magnitude of 197.71 & 3.21 kPa, whereas the smallest AZP value was
observed in region A with a magnitude of 16.21 &+ 8.81 kPa. Since the magnitude of the
AZP atinserts T2 and A were very low, contributing only about 2.55% and 1.37% of the total
pressure recorded, respectively, they were not considered for removal in the consequent
pressure offloading trials.

For the offloaded cases as shown in Figure 9B, the percentage decrease in pressure
ranged from 96.58% to 99.69% in segments H and H1, respectively. The maximum pressure
in Figure 9B occurred in segment H with an AZP value of 6.76 £ 2.03 kPa. This suggested
that for W (H), some contact was prevalent between the ball of the foot and the floor of the
shoe during heel strike. Moreover, regions T1 and FF3 showed the next highest-pressure
regions with magnitudes of 3.29 & 2.01 kPa and 3.95 £ 1.09 kPa, respectively. Although
minor in magnitude, there was evidence of a similar contact in segments FF3 and T1,
mostly during the foot-off phase of the gait cycle. It was understandable that such contact
would occur at T1 due to the dexterity of metatarsal joints during walking. Considering
the observed results and feedback of the participants, the modular insole was still able to
provide sufficient pressure offloading in all nine regions (96.58-99.69%).
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Figure 9. Average zonal pressure (AZP) values for case W (mean + S.D.) in kPa; (A) AZP values in
11 regions with all inserts attached in the mid-frame for W (full); (B) offloaded AZP values in the
9 regions with the corresponding inserts removed.

A few limitations of the modular diabetic insole emerged during the study. As
supported by the results for case W (H), there was evidence that the heel, at the ball of the
foot, was majorly in contact with the floor of the shoe, most probably during the heel strike
phase of the gait. This effect could be mitigated by reducing the radius of the silicone insert
at H along with a subsequent increase in the areas of inserts H1-4. Another limitation
was that a small percentage of shoes were not able to accommodate the insole due to its
relatively larger thickness (6 mm) as compared to prefabricated general insoles (~1-2 mm).
More data would be required to optimize the thicknesses in the different segmented regions
of the insole to enable a better generalized fit. Lastly, the modular diabetic insole should be
prescribed for longer trial periods to assess all nuances in comfort and performance.

4. Conclusions

In conclusion, the developed novel modular insole was able to effectively offload
plantar pressure, which would be beneficial for individuals with diabetic ulcers and also to
prevent ulceration progression. The pressure measurement device, which was fabricated
to map the real-time pressure readings during standing and walking, successfully differ-
entiated between the plantar pressure observed in the standing and walking participants,
respectively. The quantitative and qualitative assessment showed the effectiveness of the
insole in offloading the peak plantar pressure region or tentative ulceration progression
region. The recorded values of average zonal pressure at different locations across the
different plantar regions during standing and walking conditions confirmed a significant
offloading of peak pressure ranging from ~96-99%. The methodology and findings re-
ported in this work would be indispensable for providing guidelines and strategies to
medical practitioners and researchers to minimize ulceration progression. Also, it would
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be beneficial for diabetic patients for a timely analysis of pressure zones of their plantar
fascia and possible ulceration or reoccurrence.
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