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Abstract. The prevalence of diabetes has been increasing worldwide, and this has
resulted in a rise in diabetic foot ulcers. Several assistive devices, such as custom shoes,
unloading orthoses, and insoles, have been developed to address these issues. A modular
insole was developed to off-load the peak plantar pressures in diabetic patients. Plantar
pressure values were measured using an indigenously fabricated pressure mapping
insole integrated with high precision Force Sensitive Resistor (FSR) sensors. The
performance of the modular insole was quantified quantitatively and qualitatively to
assess its effectiveness. For the healthy participants, the results showed that the
maximum average zonal pressure (AZP) was reduced by 97% from 122.39 +3.62 kPa to
3.27 £0.50 kPa during standing and by 98% from 195.71 £3.19 kPa to 3.57 +0.31 kPa
during walking. Similarly, for the diabetic participants, AZP values were reduced by 96%
from 67.92 £12.45 kPa to 3.09 +£0.32 kPa for standing and by 97% from 130.96 +4.27
kPa to 3.67 +0.54 kPa for walking conditions, respectively. The results confirmed the
effectiveness of the modular insole in off-loading the plantar pressure. The development
of such devices holds great promise in improving the quality of life of diabetic patients
and reducing the risk of complications such as diabetic ulceration.
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1. INTRODUCTION

Diabetes is a chronic illness that affects millions of people worldwide. In fact, there are
currently 382 million cases of diabetes globally, and it's estimated that this number will
increase to 592 million by 2035 [1-3]. One of the consequences of diabetes is diabetic foot
ulceration, which is becoming more common as the population ages and obesity rates
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continue to rise [4]. Diabetic foot ulcers occur in around 5% of all patients with diabetes
and can be the precursor to 80% of lower limb amputations due to diabetes [5-7]. These
ulcers usually occur in areas of the foot that experience high levels of mechanical stress. If
not treated promptly, foot ulcers can become infected and may ultimately require
amputation [8].

Early diagnosis and timely medication can help prevent and mitigate ulceration in
diabetic patients. However, when peripheral neuropathy occurs in the foot, which is a
common occurrence in diabetic patients, diagnosing the condition becomes extremely
complicated and difficult. When it comes to treating protruding diabetic ulcers,
conventional interventions include using pressure off-loading techniques such as crutches,
special foot orthotics, and custom pressure off-loading insoles [9-11]. The main objective
of medical intervention is to redistribute the pressure exerted on the plantar fascia, which
is the underlying cause of ulcers [12,13]. Customized foot orthoses are regarded as a better
treatment because they provide complete contact with the plantar portion of the foot, unlike
prefabricated orthoses [14]. However, effective treatment of diabetic ulcers requires a
comprehensive approach, including wound care and glycemic control management, to
prevent further complications. Therefore, diabetic patients are advised to seek medical
attention immediately after they notice any signs of foot ulceration to prevent the condition
from worsening [15,16].

Previous studies have shown that it is essential to lower plantar pressures in diabetic
patients to reduce this risk [17-19]. In a study by Caselli et al. [20], they observed that the
forefoot and heel areas were the most affected in the diabetic population, with the highest
levels of plantar pressure. Furthermore, increased pressure was positively correlated with
increased severity of neuropathic disease. A force-measuring device was used by Cock et
al. [21] to determine the center of pressure and plantar pressure of the foot. They found
significant variation in the results for different gait phases across all the participants. The
recent development of sensor-based insoles has made it possible for patients to collect data
outside of clinics, making it easier to monitor their progress and detect any potential issues
early on [22,23]. Several studies have used shoe-based pressure-measuring devices while
walking or running. These devices typically have numerous sensing sites (piezoresistive
materials or force-sensitive resistors) and use wireless data transmission methods [24,25].
Force-sensitive resistors or piezoresistive materials are often used to provide flexibility to
the sensors [26].

After conducting a thorough review of existing literature, it was observed that custom
pressure off-loading insoles offer similar assistance to Total Contact Cast (TCC) but with
fewer drawbacks. The fabrication of such customized insoles is a laborious and intricate
procedure that demands detailed attention to every aspect [27,28]. Also, the process of
traditional fabrication might be time-consuming, as it may need several days to effectively
address the issue of isolating and relieving pressure from the area prone to ulceration [29-
31]. To address these challenges, there is a need to develop a tailored and economical insole
that is almost universally applicable and can efficiently alleviate pressure from any specific
area on the sole of a diabetic foot. Additionally, the insole should possess both comfort and
shock absorption characteristics, particularly at the heel, while also providing support to
the whole plantar area of the foot. The reported work focuses on developing and validating
a customized insole designed to off-load plantar pressure for diabetic patients. This
particular insole can effectively intervene for ulceration during post-operative medical care
and wound care.
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2. MATERIALS AND METHODS

The modular diabetic pressure off-loading insole was designed to alleviate pressure on
ulcerated areas of the foot. Removable supporting segments were made to create a void
under the affected area, which helps to distribute weight more evenly and reduce pressure
on the ulcer. The fabrication process involves using high-quality materials and advanced
manufacturing techniques to ensure that the insole is durable, comfortable, and effective.
A pressure measurement device was used to measure the pressure distribution and off-
loading capabilities of the insole. The testing process involves monitoring the results to
verify that the insole is effective in reducing pressure in diabetic patients and corresponding
on ulcerated areas (in future studies) and improving the overall comfort and mobility of the
individual.

2.1. Designing and Modeling of Modular Insole

A standard UK-8 insole size was considered for designing and fabricating the modular
insole. The outline of the insole’s mid-frame was plotted as per the mondopoint system
using SolidWorks 2021 (Dassault Systémes, France). The modular insole comprised two
main components: the mid-frame (Fig. 1b) and fourteen uniquely molded silicone rubber
inserts (Fig. 1a). To accommodate the specific needs of each region, molded silicone inserts
were designed to be individually removable and re-attachable. This segmentation was
based on previous literature studies, which highlighted the most common areas where
diabetic patients experience abnormal or peak plantar pressures [15,16].

Due to the significant stretching and bending strains experienced when walking,
Thermoplastic Polyurethane (TPU) material with a shore hardness of 95A was chosen for
the 3D printing of mid-frame (0.6mm thickness) to withstand these stress conditions
[32,33]. The inserts were created with grooves of width and depth of 0.6mm and 3mm,
respectively (Fig. 1c), to facilitate the proper attachment of the inserts to the matching
segments in the mid-frame. These inserts (thickness of 6mm each) were designed to
provide maximum comfort and support to the foot, making it easier to walk, run, and stand
for prolonged periods of time. The focus of this work was to improve the cushioning
properties of insoles; therefore, the cylindrical voids were strategically placed in a
homogenous pattern, designed, and incorporated into the insoles (as shown in Fig. 1a). The
inserts were made using a polymeric solution of shore hardness 10A (liquid silicone
rubber), a bio-inert and wear-resistant material that was easy to mold.

Figure 2 shows the 3D-printed molds for fabricating the modular insole and the
fabricated silicone inserts. Figure 3 illustrates the 3D-printed mid-frame of the insole and
the assembled silicone inserts with the mid-frame. The final modular insole was then
packed in the pouch for the participant’s trial. The material used for the pouch was soft and
stretchable, which means that the pouch will adjust itself according to the foot's
movements, providing a smooth and comfortable experience for the individual. The
assembled insole, designed specifically for diabetic patients, is a novel technology that
aims to improve the individual's comfort while reducing the risk of ulceration.
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Fig. 1 (a) SolidWorks design of modular insole, (b) 3D-printed mid-frame for holding the
inserts, (c) grooves geometry in inserts

Fig. 2 (a) 3D-printed mold wall with grooves, (b) mold base with circular voids, (c)
assembled mold for fabricating silicone inserts, (d) fabricated silicone inserts
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Fig. 3 (a) 3D printed mid-frame, (b) assembled silicone inserts and mid-frame, (c)
modular insole in the pouch, (d) mid-foot 1 insert removed from the insole (for
representation only)

2.2. Pressure Measurement of Plantar Fascia

A wearable pressure measurement insole was developed to quantify the pressure values
at the foot plantar, with the aim of validating the effectiveness of modular insole in pressure
off-loading. The insole was comprised of Force Sensitive Resistor (FSR) sensors
manufactured by Interlink Electronics, Inc., California, United States. These FSR sensors
(212.5 mm) have proven to be highly effective in sensing variations in pressure levels, and
they were placed in the centers of eleven different regions of the modular insole. However,
three regions (Toe 3, Heel 2, and Heel 3) were not measured due to their small size or
because they showed insignificant pressure levels that would not contribute to the
occurrence or progression of ulceration [15,16,34]. Table 1 shows the location of each
sensor with respect to the segment Heel as the origin point. The negative coordinates
represent the lateral part, and the positive coordinates represent the medial part of the foot
(Fig. 1b).

Table 1 Sensor location on the in-house fabricated pressure measuring insole

Sensor Location Coordinates (in mm)

Abbreviated word Abbreviation X-axis Y-axis
Heel Heel 0 0
Heel 4 Heel Medial Region 225 21
Heel 1 Heel Lateral Region -22.5 21
Arch Arch 145 86
Mid-Foot 2 Midfoot Region 2 -19 58
Mid-Foot 1 Midfoot Region 1 -22 110
Fore-Foot 3 Forefoot Region 3 -37 143
Fore-Foot 2 Forefoot Region 2 -6 161
Fore-Foot 1 Forefoot Region 1 25 158
Toe 2 Toe Region 2 -9 207

Toel Toe Region 1 (Hallux)  16.5 203
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Fig. 4 (a) Pressure measuring insole with microcontroller board for data recording, (b)
EVA-PLA sandwich with FSR sensors, (c) diabetic volunteer with the modular insole
(inside the shoe)

Figure 4 shows a detailed view of the pressure-measuring insole, designed and
fabricated to monitor the plantar pressure values of the foot. The FSR sensors were affixed
to one side of a 2mm thick Ethylene-Vinyl Acetate (EVA) foam sheet, which was precisely
shaped into the dimensions of a UK8-size insole, serving as the base for the FSR sensors.
On the opposite side, a 3D-printed PLA sheet of 0.6mm thickness was used to cover the
sensors, providing FSR sensors with a solid surface for the accurate recording of the data.
A voltage divider circuit connected the sensors in the insole to the microcontroller board,
which reduced the voltage from the sensors to a level that could be read by the
microcontroller [35,36]. A box was 3D printed to fix the microcontroller board, which was



Development and Testing of a Novel Diabetic Orthosis for Plantar Pressure Reduction 7

tied onto the volunteer's leg using a Velcro strap during all trials in this study to record the
data via a 20-band flat ribbon cable (Fig. 4c). By keeping the microcontroller board in a
fixed position, the data obtained from the sensors could be accurately recorded and
analyzed.

2.3. Measurement of the Recorded Data

During the data collection, the pressure-measuring insole was positioned underneath
the modular insole inside the shoe. Arduino Integrated Development Environment (IDE)
was used to code pressure measuring insoles with complete scans of 5000 per second to
collect sensor data. A complete scan was operationally defined as the time required for the
microcontroller to execute one full loop of the whole code and display the processed values
of each sensor. The study included the mean value of plantar pressures, calculated at a
frequency of 20 milliseconds for each scan, as well as the highest pressure values recorded
by each sensor at any point throughout the trial period. The recorded data values were
shown on the laptop in the Arduino IDE program (Fig. 4c) and full computed datasets were
saved from the microcontroller board to the laptop via a USB connection for each trial.

2.4. Performance of Modular Insole

The modular insole was tested quantitatively and qualitatively on a group of fifteen
healthy and fifteen diabetic participants (all males) with a UK8 foot size under the approval
of the Ethical Committee of the Indian Institute of Technology Delhi (1IT-Delhi). Table 2
listed the details for healthy participants (height, weight, age) and diabetic participants
(height, weight, age, blood glucose) of the present study. The modular insole was tested
using various performance parameters, including comfort, fit, durability, and pressure off-
loading, to ensure that it meets the highest safety and efficacy standards for diabetic
patients.

Table 2 Details of the healthy and participants with diabetes for the study

Healthy Participants Participants with Diabetes
Sr. . . . : Blood
No. Height Weight Age Height Weight Age
° (incm) (inKg)  (inyears)  (incm) (inKg)  (inyears) Glucose
(mg/dL)
1 165.1 72 28 170.4 72 62 178.3
2 185.4 66 33 174.2 78 58 141.4
3 180.3 83 31 175.3 81 47 120.5
4 175.4 78 42 170.2 65 51 126.5
5 180.3 86 50 165.4 76 39 130.5
6 177.1 74 52 173.7 77 42 138.2
7 182.9 68 47 165.1 89 60 174.2
8 164.6 91 62 175.5 71 53 230.4
9 1714 57 30 173.7 87 55 142.4
10 166.3 63 26 170.2 79 49 164.7
11 182.9 61 29 180.3 59 36 136.2
12 185.4 74 35 166.3 64 59 152.1
13 173.7 88 36 177.6 82 58 211.3
14 164.6 76 32 181.1 71 46 132.8
15 1754 62 35 179.3 83 51 146.5
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2.4.1 Qualitative Tests

The study aimed to evaluate the performance of a modular insole using the Quebec
User Evaluation of Satisfaction with Assistive Technology (QUEST 2.0) questionnaire
[37,38]. This questionnaire measures the subjective parameters of an assistive device, such
as comfort, ease of use, and effectiveness. The questionnaire has eight items, and each item
was scored from 1 to 5, where 5 corresponds to completely satisfied and 1 means
completely dissatisfied. The modular insole was tested for healthy participants (HP) and
diabetic participants (DP) in two cases, i.e., with all inserts in the midframe in case 1 (Q1)
and removal of inserts one by one in case 2 (Q2). In this way, there were two individual
cases for healthy participants (HP-Q1 and HP-Q2) and diabetic participants (DP-Q1 and
DP-Q2).

2.4.2 Quantitative Tests

The testing setup consists of a pair of shoes with a pressure-measuring insole under the
modular insole in one of the shoes by replacing the original insole. The testing trials were
carried out under two conditions: standing (stated as case CS) and walking (stated as case
CW). Initially, each participant trial was conducted with all inserts connected to the
modular insole, which is denoted as CS (full) and CW (full). Subsequently, nine out of the
fourteen inserts (namely, Toe 1, Fore-Foot 1, Fore-Foot 2, Fore-Foot 3, Mid-Foot 1, Mid-
Foot 2, Heel 1, Heel 4, and Heel) were individually removed to record the plantar pressure
values for each sub-case per participant. Toe 2 and Arch were not included in the removal
experiments due to their significantly low-pressure magnitudes in both CS and CW
scenarios. However, pressure for these regions was recorded for the full insole during
standing and walking. Each participant had a total of 10 trials, consisting of one trial with
a complete insole and nine trials with the inserts removed for each instance (CS and CW).
The AZP values were recorded using the running average algorithm with pressure
measuring insole. During the trial in case CS, participants were instructed to maintain an
upright posture, as they typically would, for a period of 5 seconds. For walking cases (i.e.,
CW), the participants were instructed to walk naturally and without any restrictions for a
period of 20 seconds. The effectiveness of the modular insole was validated based on its
AZP values for the off-loaded regions, confirming the efficient pressure off-loading in the
desired region.

3. RESULTS AND DISCUSSION

3.1. QUEST-based Qualitative Analysis

For healthy participants, the QUEST score was calculated to be 4.63 +0.08 for the HP-
Q1 case and 4.61 +0.09 for the HP-Q2 case. For diabetic participants, the QUEST score
for case DP-Q1 was 4.80 +0.06, indicating high satisfaction with the insole's comfort and
other features. Similarly, for case DP-Q2, the QUEST score was 4.81 +0.17, demonstrating
consistent user satisfaction. Figure 5 displays the QUEST scoring for the healthy
participants (Fig. 5a) and diabetic participants (Fig. 5b), providing a detailed view of the
individual’s satisfaction levels.
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Fig. 5 QUEST scoring for: (a) healthy participants, (b) diabetic participants

According to the QUEST results, the participants were very satisfied with the
performance of the insole, as it scored between 4 and 5 on the scale. During the Qualitative
trials for healthy (HP-Q1, HP-Q2) and diabetic participants (DP-Q1, DP-Q2), certain
feedback points regarding the modular diabetic insole were noted. The participants did not
notice the truncated regions at Fore-Foot 1, Fore-Foot 2, Fore-Foot 3, Heel 1, and Heel 4
during Q2 (HP-Q2 and DP-Q2), probably due to support from the surrounding surface of
the insole. The empty space left by inserts Toe 1 and Toe 2 in Q2 (HP-Q2 and DP-Q2) was
only felt by participants when they lowered their toes voluntarily. The voids created by
removing inserts Toe 3, Heel 2, and Heel 3 were entirely imperceptible due to their minimal
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areas. The foot area at region Toe 3-5 did not add my significant contribution to the plantar
pressure values and hence excluded from the design of circular voids for simplicity. The
simplified insole design and fabrication made it easy for everyone to use, and participants
were comfortable removing and reattaching any insert from the mid-frame. All participants
acknowledged that the insole offered a substantial level of comfort to the foot. Moreover,
the insole can be recommended as a comfort insole that can be used in cases of non-diabetic
foot ulceration as well.

3.2. Evaluation of Pressure Off-loading

As discussed earlier, a pressure mapping insole was used for the measurement of plantar
pressures under eleven segments of the modular insole for healthy and diabetic participants
for standing and walking conditions, respectively. These values were then averaged (from
the individual values of all participants) to calculate the values of Average Zonal Pressure
(AZP). The AZP values provide a comprehensive understanding of the distribution of
pressures across the different regions of the foot.

3.2.1 Pressure Off-loading for Healthy Participants

Table 3 comprehensively summarizes the AZP values (mean £S.D.) for nine cases that
were off-loaded during standing conditions for healthy participants. The values for full
insole and no insole were also recorded to compare the effectiveness of the off-loading in
different cases. Similarly, Table 4 corresponds to the summary of AZP values for plantar
pressure off-loading during walking conditions for healthy patients. Figure 6 provides
detailed information about the pressure values at various regions for healthy participants in
standing and walking cases. The pressure values were recorded at eleven different locations
(nine off-loaded), and the corresponding AZP values (in kPa) were noted for all fifteen
participants. These values were then averaged to obtain a representative value (mean
+S.D.). To provide a more comprehensive understanding, Figs. 6a and 6¢ show AZP values
for healthy participants in standing and walking cases with full modular insole, i.e., without
removing any insert from the insole. In contrast, Figs. 6b and 6d illustrate the off-loaded
AZP values obtained by removing one of the inserts and keeping the rest during trials
during standing and walking conditions, respectively.

For standing condition with the full insole, the maximum value for average zonal
pressure was observed at the heel region with a magnitude of 122.39+3.62 kPa (Fig. 6a).
On the other hand, the minimum magnitude of average zonal pressure was observed at the
arch region with a value of 3.86+3.66 kPa. The pressure magnitudes at inserts Toe 2 and
Arch were quite low, accounting for only 1.83% and 0.76% of the total pressure recorded.
Therefore, the AZP values for Toe 2 and Arch were not considered for the study. In the
off-loaded case, as shown in Fig. 6b, the plantar pressure values decrease from 97.52% to
99.98% at Mid-Foot 1 and Heel 1, respectively. The maximum AZP value was quantified
at Fore-Foot 1 (4.89+1.38 kPa), confirming the off-loading at other regions during standing
conditions across all the participants.
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Table 3 Average zonal pressure values (in kPa) for healthy participants (standing) in
different off-loading conditions

Removed

Fore-

Fore-

Fore-

Mid-

Mid-

inserts | Toel Toe2 Footl Foot2 Foot3 Footl Foot?2 Arch Heel 1 Heel 4 Heel
Noinsole 6352 740 9834 2435 7866 3227 2573 300 11664 1777 13344
Std. Dev. 440 588 406 527 559 678 650 311 341 498 354
Fullinsole 4752 920 7374 1855 5482 2267 2355 386 10596 1931 12239
Std. Dev. 397 489 380 395 478 561 525 366 351 606  3.62
Toe 1
T 352 1053 7478 3187 4241 2126 2445 317 9550 1208  82.82
Std. Dev. 038 351 401 360 476 629 546 314 403 436  4.25
rFeor;eo-\'/:;dOt 1 5186 2522 489 1873 8751 5005 60.60 353 9893 4423 14758
Std. Dev. 430 545 138 419 398 478 406 347 358 447  3.65
feor:]‘;'\f:d"t 2 3471 919 5313 331 6695 2247 4072 359 11528 3070 148.95
Std. Dev. 386 548 477 030 379 562 489 339 330 606  3.56
rFeor;eo-\'/:;dOt 3  8ap9 2010 8735 1528 382 1559 1922 1318 8616 2330 144.67
Std. Dev. 310 395 337 344 034 361 368 373 333 368  3.29
:\Q:T?O\F/ggt 1 6752 2120 8878 1640 4705 397 3481 406 10965 4274 14172
Std. Dev. 326 356 338 350 394 087 598 341 357 469 347
'r\é'r'gosggt 2 5569 4165 3416 2971 9186 6048 441 347 11752 3377 155.36
Std. Dev. 414 384 1224 402 387 354 196 337 331 466  3.35
'r';erﬁé\}e | 4671 597 11158 4003 89.06 2983 2735 1085 386 5852 115.08
Std. Dev. 331 320 319 341 352 368 419 348 002 369  3.38
Heel 4 4671 597 11158 4003 89.06 2983 2735 1085 5852 309  115.08
removed
Std. Dev. 331 320 319 341 352 368 419 348 369 009  3.38
'r';erﬁéve ; 6562 1341 10673 3525 10509 4331 3613 905 5268 1663  3.27
Std. Dev. 436 512 372 434 401 435 358 601 552 428  0.50

susceptible to injury.

* Bold values represent the removed/off-loaded inserts.

Figure 6¢ shows the AZP values for healthy participants with the full insole in walking
condition. The highest value of average zonal pressure was observed at the heel region with
a magnitude of 195.16+3.19 kPa, indicating the maximum pressure applied at that point.
Conversely, the lowest average zonal pressure value was observed at the arch region with
a magnitude of 22.32+6.28 kPa. The areas with high AZP values are considered to be at
greater risk of skin breakdown and injury, while the areas with low AZP values are less

It should be noted that the AZP magnitudes at inserts Toe 2 and Arch were observed to
be very low, contributing only 1.44% and 1.88% of the total recorded pressure. They were
not considered for evaluation based on the fact that their impact on the overall pressure was
insignificant, and removing these inserts would not have a significant effect on the outcome
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of the trials. In Fig. 6d, the off-loaded cases showed a significant decrease in pressure,
ranging from 92.71% to 98.17% at segments Heel 4 and Heel, respectively. The highest
pressure value occurred at segment Fore-Foot 3, with an AZP value of 5.70£1.25 kPa. It
was also observed that the Fore-Foot 1 and Fore-Foot 2 segments followed the highest
pressure value after the Fore-Foot 3 segment with a magnitude of 4.36 +0.48 kPa and
4.07+1.36 kPa, respectively. Although these values were minor in magnitude, evidence of
similar contact during the heel strike was observed at segments Heel, Heel 4, and Heel 1.
After considering the observed results and participant feedback, it was concluded that the
modular insole provided sufficient pressure off-loading in all nine regions, with a range of
92.71% — 98.17%.

Table 4 Average zonal pressure values (in kPa) for healthy participants (walking) in
different off-loading conditions

Removed Fore- Fore- Fore- Mid- Mid-

inserts | Toel Toe2 Footl Foot2 Foot3 Footl Foot?2 Arch  Heel1 Heel4 Heel
Noinsole 6716 655 11450 3053 6923 2226 2164 460 11688 1058 138.43
Std. Dev. 506 735 471 708 741 772 910 596 360 663 431
Fullinsole 12810 17.06 17169 93.98 20121 7832 80.87 2232 14363 4866 195.16
Std. Dev. 301 542 342 329 352 344 358 628 323 393 319
Ifrﬁ Olv o 333 1779 8088 3658 16314 10399 10644 319 10456 7188 19555
Std. Dev. 034 758 410 435 357 333 359 310 361 454 352
rFe"nr%'vF:dOt 1 7712 2164 436 5235 19236 8548 10229 1003 13071 71.09 186.05
Std. Dev. 485 574 048 455 414 342 348 1102 375 401 352
rFeonfo'vF:dOt 2 13007 5866 15093 407 12255 62.83 8795 326 9704 5044 15024
Std. Dev. 312 341 334 136 344 333 330 306 315 352 3.6
feor{]‘g\f:dm 8 13277 4054 3236 5786 570 4555 6384 1502 12382 5521 17136
Std. Dev. 466 397 1562 408 125 362 376 1489 375 343  3.97
r'\:rfosggt L 12003 1672 17136 8896 19658 351  67.99 1507 14075 4741 193.46
Std. Dev. 383 613 351 356 353 023 366 529 335 411  3.27
:\gr'gosggt 2 9242 2512 11824 2795 7185 5548 343 1189 12878 5929 170.78
Std. Dev. 490 388 439 622 522 352 045 1309 345 351 364
:enfé\}e ] 9355 7755 9207 5893 23312 12144 11574 327 383 7989 18208
Std. Dev. 463 326 922 563 312 341 345 323 045 387  3.35
r'eerﬁ(')\‘/‘e ] 7579 1584 15045 8537 167.68 6996 7307 1221 13369 355 19368
Std. Dev. 338 402 313 313 308 332 325 336 313 026 311
Heel 6802 2230 12531 5083 13290 7130 4475 658 2867 1193 357
removed
Std. Dev. 452 771 415 458 412 422 456 740 350 403 031

* Bold values represent the removed/off-loaded inserts.
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Fig. 6 AZP values (in kPa, mean +S.D.) for healthy participants: (a) full insole with all
inserts during standing, (b) off-loading of regions by removing their respective insert in
standing position, (c) full insole with all inserts during walking, (d) off-loading of regions
by removing their respective insert in walking condition

3.2.2 Pressure Off-loading for Diabetic Participants

The recorded AZP values (mean +S.D.) for the fifteen diabetic participants during
standing and walking conditions are tabulated in Tables 5 and 6, respectively. Additionally,
the values were recorded for both the full insole and no insole cases to compare the off-
loading results for both cases.

During the diabetic participants in standing condition with a full insole, the highest
AZP was found at the heel region, reaching a magnitude of 40.92 +12.45 kPa (Fig. 7a).
Conversely, the lowest magnitude of AZP was recorded at the arch region, with a value of
4.88 +4.53 kPa. Similar to the healthy participants, the pressure magnitudes at the inserts
toe 2 and arch were relatively low, accounting for only 2.78% and 2.19%, and excluded
from the off-loaded trials. For the off-loading case, the AZP values of plantar pressure were
decreased, ranging from 87.11% to 97.82% at Fore-Foot 3 and Heel 1, respectively (Fig.
7b). The AZP values for the rest of the segments were lower than those at Fore-Foot 3,
which confirmed the pressure off-loading across all the other regions.

The data presented in Fig. 7c shows the AZP values for diabetic participants with full
insole while walking. The heel region showed the highest AZP value of 130.96 +4.27 kPa,
indicating the maximum pressure applied at that specific point. Conversely, the lowest
average zonal pressure value was observed at the arch region with a magnitude of
12.45+9.51 kPa. For diabetic patients, the plantar region with high AZP values is more
susceptible to skin breakdown and injury (ultimately the ulceration), while the areas with
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low AZP values are less vulnerable to injury. Similar to the previous cases, it should be
noted that the AZP magnitudes at inserts Toe 2 and Arch were observed to be very low,
contributing only 2.21% and 2.06%. Therefore, these were excluded from off-loading cases
during the trials. Figure 7d illustrates the results of the pressure off-loading trials, which
showed a significant decrease in pressure ranging from 81.52% to 97.19% at segments
Heel 4 and Heel, respectively.

Table 5 Average zonal pressure values (in kPa) for participants with diabetes (standing)
in different off-loading conditions

Removed Fore- Fore-  Fore- Mid- Mid-

inserts | Toel Toe2 Footl Foot2 Foot3 Footl Foot?2 Arch  Heell Heel4 Heel
Noinsole 2607 326 4000 1683 4178 1040 864 309 2926 510 57.77
Std. Dev. 964 333 1648 774 937 634 650 306 662 421 747
Fullinsole 2440 619 3343 2434 3074 1363 1789 488 4740 1523 67.92
Std. Dev. 937 524 1169 663 937 837 845 453 999 569 1245
rTe‘;]‘:olve ; 242 1488 9012 3740 80.62 2433 2639 423 11869 1253 104.10
Std. Dev. 246 418 763 525 603 743 826 463 573 574 1012
rFeonrng:d"t 1 5685 1909 374 2363 11556 4561 6693 375 8453 3664 12587
Std. Dev. 376 488 166 372 411 541 450 355 373 455 345
rFe"nr%vF;’ d°t 2 3824 843 1439 247 7649 1693 3295 368 10299 1625 123.96
Std. Dev. 333 321 338 053 328 338 341 319 312 362 3.8
rFeonrng:dOt 3 7068 1330 5766 1293 396 1491 1894 914 9081 2365 15214
Std. Dev. 398 603 58 438 038 385 395 588 339 360 3.8
?gﬁosggt 1 6218 1864 8440 1659 5746 110 5184 395 11896 56.87 153.89
Std. Dev. 314 322 324 317 330 008 311 317 326 323 314
r'\é'r'T‘]’o\Flgg‘ 2 9081 2442 11627 2732 6996 5377 226 1232 12654 57.33 17235
Std. Dev. 476 385 456 627 539 347 006 1399 347 355 3.0
Heel 1 6783 360 12284 1834 7324 1682 1653 314 103 772 8344
removed
Std. Dev. 416 357 392 447 430 437 425 311 002 411 427
:enf:)\‘/‘e ; 4263 1102 8193 2009 6190 4273 3258 761 6893 158  106.83
Std. Dev. 334 326 325 314 321 332 415 331 327 037 337
Heel 2776 1144 5496 1517 1914 1141 1402 308 6015 655  3.09
removed
Std. Dev. 356 339 350 349 360 397 38 308 332 346 032

* Bold values represent the removed/off-loaded inserts.
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Table 6 Average zonal pressure values (in kPa) for participants with diabetes (walking)
in different off-loading conditions

Removed

Fore-

Fore-

Fore-

Mid-

Mid-

inserts | Toel Toe2 Footl Foot2 Foot3 Footl Foot?2 Arch — Heel 1 Heel4  Heel
Noinsole  7.75 551 2868 1720 1471 1345 1807 307 8963 3584 10568
Std. Dev. 350 347 400 363 398 361 364 307 323 331 313
Fullinsole 5576 1335 6620 3713 7220 49.66 4025 1245 9884 27.07 130.96
Std. Dev. 674 526 901 673 818 484 6338 951 425 640 427
o 344 1084 6283 4417 11120 3162 4412 362 9355 2518 114.42
Std. Dev. 027 627 523 439 429 750 505 344 360 485 342
rorefotl 8305 2322 432 6119 21691 8755 10550 1218 13852 7871 18800
Std. Dev. 435 588 052 342 329 339 342 1106 358 341 355
FOeFOl2 jorg2 2747 7574 686 7055 3988 2944 895 13752 4420 11235
Std. Dev. 496 361 554 144 687 368 520 1351 341 380 560
FOePOS 9017 1742 7066 2443 566 2310 2188 851 11164 3109 11406
Std. Dev. 453 567 530 48 111 415 351 638 360 427 437
'r\é'r'r?osggt 1 e598 2561 3242 2558 2623 432 1854 314 12829 11.99 107.97
Std. Dev. 392 560 419 88 514 057 387 315 376 587  3.64
'r\é'r'gosggt 2 16314 3549 17690 7794 12777 7646 352 2370 13083 7148 180.34
Std. Dev. 345 346 351 325 357 375 028 1623 336 321 384
reell 13047 2116 15673 8090 15999 7274 7158 586 358 3624 15371
Std. Dev. 367 741 379 395 437 339 350 609 031 48 400
reeld 11333 2853 12255 4110 9260 4317 3877 745 9771 319  110.94
Std. Dev. 350 524 384 48 349 425 361 378 341 008 332
el 4868 843 13126 5021 13947 5402 3003 1764 3280 1605  3.67
Std. Dev. 360 339 345 359 335 361 363 405 355 370 054

* Bold values represent the removed/off-loaded inserts.

After analyzing the results for both healthy and diabetic participants, certain important
observations were made. First, diabetic patients have lower AZP values with full insole
than healthy participants for both standing and walking conditions. For the standing case,
the maximum AZP values were recorded at the Heel region. The calculated value for
healthy participants was 122.39 £3.62 kPa (mean +S.D.) and 67.92 +12.45 kPa for the
diabetic participants. Similar to the standing case, the maximum AZP values were recorded
at the Heel region for the walking. The AZP value for healthy participants was found to be
195.16 +3.19 kPa (mean £S.D.) and 130.96 +4.27 kPa for the diabetic participants. The
segments of the forefoot region, i.e., Fore-Foot 1, Fore-Foot 2, and Fore-Foot 3, also
showed comparable results. This is due to the reason that diabetes affects the stiffness of
the plantar fascia of diabetic patients, making it swollen and achy, hindering them from
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placing the entire foot while standing and walking properly. Second, the AZP values
closely resembled across all the nine off-loading cases for healthy and diabetic participants
in both conditions, i.e., standing and walking, confirming the effectiveness of the modular
insole. Third, based on the QUEST results, diabetic patients found the insole as a
conformable solution for their walking and pressure off-loading. This statement can also
be confirmed from the off-loading values during standing and walking in nine different
cases for diabetic patients. Fourth, the heel region is most prone to ulceration occurrence,
and the modular insole can be a preventive measure to off-load the pressure from the
region, particularly for diabetic patients.

Fig. 7 AZP values (in kPa, mean £S.D.) for diabetic participants: (a) full insole with all
inserts during standing, (b) off-loading of regions by removing their respective insert in
standing position, (c) full insole with all inserts during walking, (d) off-loading of regions
by removing their respective insert in walking condition

4. CONCLUSIONS

The novel modular insole has proved to be an effective way of off-loading the pressure
from the foot's plantar fascia. It has the potential to improve the quality of an individual’s
life suffering from diabetic ulcers by off-loading pressure from the plantar region of the
foot, thus reducing pain and improving mobility. The findings of this study would be
valuable for researchers and medical practitioners to better understand the progression of
ulceration in the diabetic foot. The modular insole can help prevent the progression of
ulceration, which can lead to serious complications if left untreated.
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There are some limitations of the modular diabetic insole that should be acknowledged.
First, it was observed from the AZP values of the heel region at the ball of the foot that the
heel was mostly in contact with the shoe during the heel striking of the gait phase. To
address the issue, the radius of the silicone insert of the heel region could be decreased and,
subsequently, increase the insert areas of heel 1, heel 2, heel 3, and heel 4. Second, the
insole trials (particularly walking) should be for longer duration to validate all nuances in
the performance and comfort of the modular diabetic insole. In conclusion, this study will
benefit diabetic patients by providing an analysis of plantar pressure, which can help
prevent ulceration or re-occurrence. Overall, this study emphasizes the importance of
accessible and innovative solutions for managing diabetic foot ulcers.
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