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ABSTRACT

Background of the Study: The prevailing
cause of Diabetes is a decline in insulin
production, the outcome of which is an
elevated glucose level in the blood. The
superabundance of glucose in the blood can
cause severe complications, damaging other
body organs, including kidneys, nerves,
heart, and upper and lower limbs. However,
the common complication in diabetic
patients is foot ulcer, which is directly
associated  with  Diabetic  peripheral
neuropathy (DPN), which is the extensive
cause of this. DPN is the inability of nerves
to sense any external change, due to which
the foot plantar pressure is altered and
evolves because of the high glucose level.

Methodology: This paper provides a
solution in the form of a portable and cost-
effective device based on force sensors for
diabetic patients to monitor the change in
foot plantar pressure at home and overcome

the risk of foot ulceration. The device is
implemented on 30 participants to
characterize the plantar pressure values with
flat foot and normal foot types for the
Control group and diabetic group.

Results: An evident difference in the value
of Mid-foot pressure is observed for both the
groups, Control group (Normal foot =
144+2.63 kPa, Flat foot = 150+2.72 kPa) and
Diabetic Group (Normal foot = 213+2 kPa,
Flat foot = 216+1 kPa). Deviation in these
values discriminates the mid-foot pressure
for the two groups, thus providing us a range
for the individuals of the control group for
the alarming situation.

Conclusion: Noticing the plantar pressure
through the proposed device helps diabetes
patients reduce their risk.

Keywords: Blood glucose, type 1 diabetes
mellitus, flat foot, metatarsal, foot orthosis,
diabetic neuropathy, foot ulcers.

INTRODUCTION
Neuropathy is a commonly found condition in diabetic patients and is characterized by symptoms
of defective peripheral nerves. Patients with Diabetes (all types) can develop Diabetic neuropathy.
With time, the chances of neuropathy increase * in diabetic patients. Many kinds of the syndrome
can be caused by diabetes?. Toronto Consensus Panel on Diabetic Neuropathy described. Diabetic
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Neuropathy by stating that “uniform, distance-dependent sensorimotor polyneuropathy derivable
to metabolous and micro-vessel alterations as a product of long-term hyperglycemia risk and
cardiovascular possibility covariates”. Diabetic patients may develop different forms of
neuropathy?. Despite non-identical pathophysiology, primarily type 1 and type 2 diabetes, there
has been a well-established suspicion that the phenomena which lead to diabetic neuropathy are
collective. This suspicion has nowadays been called into examination®. As compared to Type 1
diabetes (54%-59%), Type 2 diabetes (which is more common) has less lifespan occurrence (45%)
of neuropathy®. The lower part of the body is the foot, which carries the whole body’s weight.
Positioning muscles, joints, and bones permit movement by bearing and absorbing vigorous
pressure while walking and standing®. The principal place of excessive weight on the sole are three:
the center of the heel and the first and fourth-fifth heads of the metatarsal. The uniform
arrangement of the physiological pressure distribution patterns on the sole provides stability to our
body’. Peripheral neuropathy is the primary source of dysfunction in patients with diabetes®®. It is
considered that about 50% of diabetic patients may show signs and symptoms of diabetic
peripheral neuropathy 10-15 years after diagnosis. For the evaluation of patients with Diabetes,
plantar pressure is a crucial factor. Higher plantar pressures are developed due to Diabetes.
Diabetic neuropathy is responsible for critical nerve dysfunction. This nerve dysfunction usually
leads to the ulceration of the foot. Due to the changes in the gait of the diabetic patient along with
changes in soft tissues, the chances of foot ulceration usually increase *°. It is challenging to treat
ulceration; these feet ulceration usually leads to infection and eventually to amputation of the lower
extremity. Neuropathy influences the internal foot muscles and grows in demented pedal design,
preceding clawing of the toes and prominent metatarsal heads on the plantar exterior. The shear
forces are increased due to the skin covering the bulging head of the metatarsal, causing injury in
the callus and subcutaneous tissues, eventually leading to ulceration!*2, Dysfunction of the nerve
results in the elevation of the plantar pressure of individuals with Diabetes. Patients with type 1
may also go through severe diabetic neuropathy in the start when their blood sugar is not in
control®!4, The estimations of plantar pressure can detect the connection of foot structure and
function of the foot, as this method allows one to estimate the pressure under the plantar foot.
Monitoring devices for foot pressure are available, but these devices are either very expensive or
not portable. This insole can detect the plantar pressure of diabetic patients at home to examine
their plantar pressure distribution since this device is highly portable and easy to use. The working
of the foot and ankle is determined by the readings of pressure in the plantar surface of the foot;
the foot and ankle give required assistance in load carrying and load transferring purposes®. The
foot’s position is divided into three possible types: standard, supinated, and pronated'®. Many
pieces of research are found on monitoring plantar pressure during the gait cycle, but very few are
found on plantar pressure estimation during standing'>!61718 This study aims to measure the
plantar pressure and determine the difference between the plantar pressure distributions of patients
with diabetic neuropathy and control groups. Diabetes is a frequently occurring health problem
that leads to sickness and death worldwide. This disease has a high risk of developing high-
pressure ulcers, especially in an individual’s lower limb. In 2012, it was estimated among the
population of the U.S. that 9.3% of people were affected by Diabetes, among which 25.9% were
affected were people above the age of 65 years (11.8 million)®. It is estimated that approximately
50% to 60% of patients will develop Diabetic Peripheral Neuropathy (DPN) within a year after
being diagnosed with Diabetes. It is one of the most probable outcomes of Diabetes Mellitus that
occurs due to severe nerve deterioration, and most often, it deteriorates the nerves of legs and feet,
and this nerve damage can lead to diabetic foot ulceration. The risk of foot ulceration is high in
patients with Diabetes due to changes in their gait patterns and biomechanical changes in their legs
and feet. In the diabetic neuropathic patient, there was a prolonged interval between heel strike
and toe-off, generally more than double to normal controls. It is essential to underline the long
contact time in diabetic neuropathic patients>%20- Pressure and contact time are vital in
distinguishing a diabetic neuropathic foot from a non-neuropathic diabetic foot'® There is a strong
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association between diabetic neuropathy and higher plantar loads that may be responsible for foot
ulceration. For scrutinizing the plantar pressure in diabetic patients, different methods and
techniques are used, including the Pedar-X system. The Pedar-X is one of the newer versions of
the in-shoe pressure distribution measuring system covering the whole plantar surface of the foot.
This Pedar system comprises a sensor-based insole that can be used with multiple synchronization
options, including EMG and video systems for gait analysis. It gives the output results in a
Pedograph, the colored footprints where different colors show the pressure distribution in the
plantar surface. During the procedure, the patients walked at control cadence on a walkway of 10
meters while wearing Pedar-X insoles inside anti-skid socks. The insoles consisted of a matrix of
at least 99 capacitive pressure sensors with 1.6-to-2.2-centimeter square spatial resolution and
thickness of 2.5 millimeters®. The Pedar-X System gives accurate results, but the patients must
perform their gate cycle by walking or running at a moderate speed. The basic technique in 2tis the
F-scan (Tekscan, Boston, MA, USA), which uses a computerized 3D dynamic tactile plantar
pressure distribution analysis system. This insole sensor system can measure critical surface
interface pressure with 960 independent sensing regions arranged in a matrix. The output is
displayed quantitatively as the pressure distribution profile using 3D graphs with different colors
indicating the different pressure levels. One more proposed technique is to use highly reliable
measurement devices, Tekscan High-Resolution Floor Mat System (Tekscan Inc., South Boston,
MA, USA), to calculate Peak Plantar Pressure (PPP) and Gait-RITE mat (Gait-RITE CIR Systems,
Inc., Havertown, PA, USA) to measure a steady-state walking speed and gait variables such as
cadence, step length, step time, toe-out angle, and peak plantar pressure??. This study showed that
walking speed in the diabetic group is slowed, not by decreasing a step length, but by increasing
step time compared with the age—gender-matched group. The results of this study also showed
variation in the peak plantar pressure distribution. A different approach in?® avails an F-scan
system for polarography. This foot insole system uses a thin layer of pressure sensors and contains
more than 960 sensors, trimmed according to the foot size of the patient. Pedobarography was
performed without orthosis at the initial visit, and two weeks later, it was done with an orthosis.
Patients were given custom-made foot orthosis and asked to walk with them until a stable cadence
was achieved. The patient’s gait patterns were also examined and recorded for 8 seconds to
distinguish the change in the plantar pressure after using orthosis for two weeks. Ultimately, the
patients were also asked to answer Health Assessment Questionnaire (HAQ) and Foot Function
Index (FFI). No significant difference was noted in the plantar pressure after two weeks in which
foot orthosis were worn for an average of 7 to 8 hrs/day. Insoles may help relieve pain and provide
comfort but cannot help improve the condition?. In Foot scan 7.97 gaits 2nd generation was
utilized to analyze the pressure data®*. Moreover, an approach of semi-automatic mapping was
also used to recognize ten regions of peak-pressure footprints for each trail. The areas of
observation were hallux (T1), toes 2 to 5 (T2-T5), the individual metatarsal heads (MTH) 1 to 5
(MTHZ1-5), midfoot (MF), medial heel (HM) and lateral heel (HL). Following semi-automatic total
mapping, the peak force sensor and force-time integral were extracted for all regions of
observations, excluding the MF and toe 2 to 5. The measurement of dynamic barefoot plantar
pressures of individuals was observed at self-selected walking speed. The only limitation of this
study might be the sample size of the person with Diabetes and the control groups. Another study
uses Foot Pressure SN GP MultiSence 4-2008-703 (Gebiom mbH Munster)!’ to assess Plantar
pressure distribution. The subjects were asked to stand on the device barefoot in a static fashion.
Afterward, the patients were instructed to walk on the device’s surface while dynamic pressures
were measured for both feet. The group with severe neuropathy had diabetes for a more extended
period than those without neuropathy, according to a summary of the study’s demographic
characteristics. The severe neuropathy group showed greater values in the heel, midfoot, and
medial forefoot than in diabetic patients without neuropathy. Compared to these diagnostic devices
and techniques, the study’s objective is to design a device with a simplified circuit with fewer
hardware parts and effective in terms of cost and availability. Moreover, it is also patient-friendly
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as it does not force patients to perform a gait cycle while doing experiments. The results are
achieved by placing the proposed foot insole in the shoes, which will measure the plantar pressure
of the foot during routine ambulation activities.

METHODOLOGY
Architectural Design and Mechanical Assembly
The proposed device comprises eight Force Sensitive Resistors (FSRs) interfaced with Arduino
through MATLAB code to analyze the pressure distribution patterns of the plantar foot. Fig. 1
shows the block diagram of the device.

FSR 1 |~--—
FSR 2 i—-——
FSR 3 |—

FSR a4 —

-{ ARDUINO NANO

DISPLAY ‘
FSRS  [———

FSR B I
FSR 7 i =
FSR 8 l*i

Fig.1. Block Diagram of the device (FSR stands for force-sensitive resistor)

The force-resistive sensor helps detect force by altering its resistance when applying pressure. The
principle involved is that when a force is applied to a sensor film’s surface, particles touch the
conducting electrodes, changing the film’s resistance. Even though there are many different kinds
of force sensors, force-sensitive resistors provide several benefits, including a small size (less than
0.5 mm), meager cost, and strong shock resistance. FSR sensors’ resistance reduces as more
pressure is applied to their surface.

They take input analog signals from the patient’s plantar foot to generate readings on the serial
monitor of Arduino Nano. Arduino Nano is a compact microcontroller with an operating voltage
of 5V. This component’s additional benefit includes its power consumption, which is
approximately 19 mA, small size, and eight input analog pins. These analog pins take the input
from the force-sensitive resistors on the foot’s placement on the insole. The force applied is
processed, analyzed, and displayed as plantar pressure in kilopascals (kPa).

Placements of FSRS in Proposed Device

These force sensors in the proposed device are placed on a foot insole for anatomical positions:
Hallux, Medial forefoot, Lateral forefoot, Medial mid-foot, Lateral mid-foot, and heel,
respectively. Their arrangement is on each metatarsal head 1-5, one sensor on the hallux, one on
the mid-foot region, and one on the heel region. Figure2 shows the arrangement of the sensors on
the designed insole.
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Figure 2. Arrangement of sensors according to the anatomical position of the foot
(Figure retrieved from http://chionline.com/anatomy/anat13a.gif)

Data Collection

The proposed device was implemented on diabetic patients and healthy participants to discriminate
the change in plantar pressure values of two groups by acquiring the pressure values from distinct
locations of the foot. A group of 30 people, in which diabetic patients with different foot types
(Flat foot and Normal Foot) and a control group (Flat foot and Normal Foot) with no history of
any foot surgery or severe injury were taken. According to the Inclusion criteria for the study,
Individuals with DPN but no foot ulcer are selected for the Diabetic Group and Control Group;
participants with no diabetes are chosen while the age range is from 35-65 years for both groups.
However, in the Diabetic Group, participants with foot ulcers are excluded. Subjects are divided
into two groups control group and the diabetic group. For the control group, 20 healthy individuals
participate in this research, and for the diabetic group, ten people to participate. Stratified sampling
is applied as it entails breaking the population up into smaller groups that might have significant
differences. Ensuring that each subgroup is fairly represented in the sample enables us to reach
more accurate findings. Diabetic patients are asked some questions regarding their history of
diabetes. Out of 10 diabetic patients, eight were diagnosed with diabetes 5-6 years ago, and only
two were diagnosed with diabetes eight years ago. They were also asked whether they felt pain in
their plantar foot region. Patients with foot ulcers or a history of foot ulcers are not asked to
participate in this research. The subject’s age ranges from 35-65 years. They are asked to place
their foot on the foot insole to display the plantar pressure in kPa on the serial monitor. For this
procedure, multiple visits to a clinic were done over a period of 3 months. The following section
contains the details of the data collection findings.

RESULTS
To display the plantar pressure in kPa, the participants of the two groups were instructed to place
their feet on the foot insole. Table 1 shows the collected data from the Control Group with normal
foot and flat foot participants who do not have problems with diabetic neuropathy and ulceration.
Referring to Table 1. It is noticeable that the Midfoot pressure values are distinct for Normal foot
and flat foot.
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Hallux(kPa)  Mid Foot (kPa) Medial forefoot (kPa) Lateral forefoot (kPa) Heel (kPa)

Subject 01 (NF) _ 307.5 1406 34538 336.2 3382
Subject 02 (NF) ~ 303.1 146.2 342.1 329.7 337.9
Subject 03 (NF)  310.1 139.9 345.3 337.1 340.2
Subject 04 (FF)  302.7 145.1 349.9 3335 338.7
Subject 05 (FF)  307.4 150 342.8 327.2 341.1
Subject 06 (NF) ~ 309.9 144.7 346.4 335.3 339.3
Subject 07 (NF)  312.4 142.9 3475 338 342.3
Subject 08 (FF) ~ 298.6 148.8 341 331.4 336.5
Subject 09 (NF)  305.3 1415 346.4 336.9 343.1
Subject 10 (NF) ~ 314.7 145.2 344.4 3305 335.2
Subject 11 (FF) ~ 309.2 149.7 340.1 334.7 339.9
Subject 12 (FF)  304.9 151.1 342.3 3323 343.2
Subject 13 (NF) 317 147.4 3376 336.9 337.6
Subject 14 (FF)  308.4 154.2 341.2 3315 339.3
Subject 15 (NF) ~ 302.7 144.6 350 329.6 336.1
Subject 16 (NF) 3115 1432 3475 335.1 340.7
Subject 17 (NF) ~ 305.9 148.7 349.1 340.3 344.8
Subject 18 (FF)  307.7 150.5 3432 3333 3405
Subject 19 (NF) ~ 310.5 146.3 348.4 336.9 3374
Subject 20 (NF)  306.2 142.9 339.6 3313 338.9

Table 1. Demographic Data of Pressure Values of Control Group (CG)
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Figure>2(a). Plantar pressure distribution of Control Group for normal foot individuals
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Figufe 2(b). Plantar pressure distribution of Control Group for flat foot individuals
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Figures 2(a) and 2(b) show the Plantar pressure values of the Control Group for both normal and
flat-foot individuals. For this analysis, 13 subjects have normal feet, while 07 subjects have flat
feet with no diabetes. It is noticeable from the bar graph that there is no considerable difference
between the values of pressure of hallux, midfoot, medial forefoot, lateral forefoot, and heel of the
Control group individuals; however, the foot type is different. However, mid-foot pressure is an
essential parameter of plantar pressure distribution as it is a vital indicator of an individual’s
condition. This value ranges from 139.9 kPa to 148.7 kPa for individuals with normal feet, while
it ranges from 145.1 kPa to 154.2 kPa for flat feet. Table 2 shows the collected data from the
diabetic neuropathy group (DN). From Table 2 of Diabetic neuropathy patients, the midfoot
pressure for flat foot patients is higher than normal foot type persons.

Hallux (kPa) Mid Foot (kPa) Medial forefoot (kPa) Lateral forefoot (kPa) Heel (kPa)
Subject 01 (NF) 305.4 215 356.4 3715 347.4
Subject 02 (NF)  306.2 2125 363 376.2 345.2
Subject 03 (NF) 311.5 209.7 355.7 369.8 343.9
Subject 04 (FF)  308.9 217.9 359.5 375.3 348.2
Subject 05 (NF)  304.8 2154 353.8 373.6 350.1
Subject 06 (NF) 307.2 212.8 360.2 372.1 344.5
Subject 07 (FF)  311.2 216.4 358.7 368.2 346.7
Subject 08 (NF) 308.4 2139 359.2 374.4 342.6
Subject 09 (FF)  310.3 215.6 361.5 371.9 352.1
Subject 10 (FF)  309.7 217.3 356.8 372 350.7

Table 2. Demographic Data of Pressure values of Diabetic neuropathy (DN) Group
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Figure 3(b). Plantar pressure distribution of Diabetic neuropathy for flat foot individuals
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Figures 3(a) and 3(b) show that the midfoot pressure varies from 209.7 kPa to 215.4 kPa for normal
foot type persons and 215.6 kPa to 217.9 kPa for flat foot patients. For this investigation, 06
individuals with normal feet and four with flat feet are selected with Diabetic Neuropathy. On

ISSN PRINT: 2311-3863

83

ISSN ONLINE: 2309-7833



Faiz M et al., 2024

OPEN ACCESS

comparing the results of Figure 2(a), 2(b) and Figure 3(a), (b), it is evident that the mid-foot
pressure for flat foot diabetic person is very high as compared to flat-foot normal individuals
(Control group) and the pressure value is far-ranging. By monitoring this compelling parameter
along with others, plantar pressure changes can be observed. This alteration is one of the extensive
causes associated with foot ulcers; thus, regularly tracking this parameter helps diabetic patients
overcome foot ulcers’ pathogenesis.

Normal Foot Flat Foot
Plantar Areas Control Group Diabetic Neuropathy  Control Group  Diabetic Neuropathy
Hallux (kPa) 308.98 307.25 305.55 310.02
Mid-foot (kPa) 144.16 213.21 149.91 216.8
Medial forefoot (kPa) 345.39 358.05 342.92 359.12
Lateral forefoot (kPa) 334.9 372.93 331.98 371.85
Heel (kPa) 339.36 345.61 339.88 349.42

Table 3. Average values of pressure distribution of Control Group (CG) & Diabetic Neuropathy (DN) Group.

Table 3 illustrates the average mean pressure distribution results for the Control Group and
Diabetic Neuropathy Group for Normal foot and flat foot individuals. The pressure values reveal
a significant alteration in the value of Midfoot pressure of the Control Group and Diabetic
neuropathy group for both normal foot and flat foot. Moreover, it is also clear from the outcomes
that a value greater than 320 kPa for Hallux Pressure, mid-foot pressure more than 225kPa, Medial
forefoot value greater than 370 kPa, a value greater than 385 kPa for Lateral forefoot, and a value
greater than 355 kPa for heel pressure may lead to foot ulcer.

Comparison of results of our proposed insole with Pedar x-System:
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Figure 4. Comparative analysis of plantar pressure distribution of our device with already existing device

Figure 4 shows the comparative graphical display of the results obtained from our smart insole and
Pedar X-system [3] for the control group (no diabetes) and Diabetic Neuropathy Group. This
comparison correlates our device’s outcome with standard values mentioned in [3] to validate our
device. The bar diagram shows that the importance of pressure measured from distinct points of
the foot is approximately the same. Deviation in the value of mid-foot pressure is noticeable.
Moreover, our device measured the pressure values for different foot types, a promising feature
lacking in Pedar X-system.
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DISCUSSION

According to the International Diabetes Federation, 9.1-26.1 million diabetic patients will
experience diabetic foot ulcers (DFUs) annually. Moreover, following diagnosis, one in four
diabetic patients will develop at least one-foot ulcer, and they are a diabetic complication that may
lead to amputation if not treated® One of the major factors responsible for this complication is
Diabetic peripheral neuropathy (DPN), which in turn is associated with a change in plantar
pressure of the foot. Thus, monitoring the foot pressure values of a diabetic person may help
apprehend this frightening situation before the onset of a foot ulcer. This foot insole aims to design
an easily accessible and low-budget solution for monitoring the plantar pressure of diabetic
patients to keep an eye on the complexity of their condition even at home.

CONCLUSION

At this stage, we can conclude that Diabetic Neuropathy affects the performance of foot muscles,
significantly altering plantar pressure in these individuals. Moreover, foot type influences plantar
pressure distribution and can impact an individual’s motion dynamics. This is evident from the
readings, which show more mid-foot pressure distribution for flat-foot people. Higher mid-foot
pressure is associated with the deviation of weight bearing pattern from the lateral part of the foot
to the medial side. Our proposed device for detecting pressure distribution patterns on different
foot types in diabetic patients is simple, patient-friendly, economical, and can be used at home.
Monitoring plantar pressure aids diabetic patients in overcoming the chances of foot ulcers in the
long term and maintaining a robust lifestyle in the short term?®. This device is critical for
individuals with diabetes for a long time or with very high glucose levels, as they are at higher risk
of foot ulcers. Foot ulceration is critical because it may lead to infection and, in severe cases, may
cause amputation.
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