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Abstract

�e human foot is a complex anatomical structure comprising 26 bones, 33 joints, and over a hundred muscles. It enables a
wide range of movements, including walking, running, and balancing. �e stance phase of gait includes heel strike, foot �at,
mid-stance, and heel o�. �e complete walking cycle consists of heel strike, foot �at, mid-stance, heel o�, toe o�, and the
swing phase.

�is  paper  focuses  on  the  characterization  of  the  double  support  phase,  during  which  both  feet  are  in  contact  with  the
ground, bearing weight, and the body’s center of gravity is positioned between them. During this phase, the feet work in co-
ordination to maintain balance and stability. A well-functioning double support system can help prevent injuries, improve
balance, and enhance overall lower limb function.

�e study includes analysis of pressure distribution in the plantar area of the foot and the changes caused by prolonged dia-
betic neuropathy. Furthermore, the �ndings can guide modi�cations to footwear soles to help redistribute or compensate
for elevated pressure areas.
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Introduction

Diabetes  mellitus  is  a  chronic  metabolic  disorder
characterized  by  elevated  blood  glucose  levels.  It  arises
when the body is unable to produce su�cient insulin or ef-
fectively utilizes the insulin it produces. Insulin, a hormone
secreted  by  the  pancreas,  plays  a  key  role  in  regulating
blood  sugar  levels.

�ere are �ve main types of diabetes. Type 1 Dia-
betes is an autoimmune condition in which the immune sys-
tem attacks and destroys insulin-producing beta cells in the
pancreas.  Type  2  Diabetes  is  the  most  prevalent  form,  ac-
counting for approximately 90% of all cases. It is marked by
insulin resistance and reduced insulin secretion. Gestational
Diabetes is a temporary form of diabetes that occurs during
pregnancy,  typically  in  the  second  or  third  trimester.  �e
LADA  (Latent  Autoimmune  Diabetes  in  Adults)  A  slow-
er-progressing  form  of  Type  1  diabetes  that  develops  in
adults,  usually  a�er  the  age  of  30.

�e  MODY  (Maturity-Onset  Diabetes  of  the
Young) is a rare, hereditary form of diabetes caused by ge-
netic mutations a�ecting insulin production.

Diabetic neuropathy is a common complication of
diabetes and is generally classi�ed into three types: reversi-
ble  neuropathy,  persistent  symmetric  polyneuropathy,  and
autonomic  neuropathy.  If  le�  untreated,  diabetic  neuropa-
thy  can  result  in  serious  consequences  such  as  foot  ulcers
and, in severe cases, amputation.

Neuropathy-related  nerve  damage  is  primarily
caused by prolonged high blood sugar levels,  which impair
nerve  function  over  time.  �is  leads  to  symptoms  such  as
numbness, tingling, pain, and muscle weaknesses, particular-
ly in the feet and legs. When sensory nerves are a�ected, pa-
tients may lose the ability to feel pain, causing minor cuts or
injuries  to  go  unnoticed  and  potentially  develop  into  seri-
ous infections.

Foot pressure analysis plays a vital role in the early
detection  and  prevention  of  complications.  �is  paper  in-
vestigates plantar pressure distribution in various regions of
the foot during standing, helping to identify abnormal pres-
sure  zones.  Elevated  pressure  in  speci�c  areas,  particularly

the  metatarsal  region,  can  be  managed  using  so�,  �at
inserts. �ese inserts act as localised cushions that compen-
sate for the loss or displacement of the natural fat pad, dis-
tributing pressure more evenly across a larger surface area.

By  identifying  high-pressure  zones,  this  research
supports the development of customised footwear solutions
that  help  redistribute  pressure,  prevent  injuries,  and  im-
prove overall foot health in individuals with diabetic neuro-
pathy.

Dynamic analysis of various phases of the gait cy-
cle was conducted by using FSR sensors on 11 adults. FSR is
a polymer thick �lm transducer constructed with two layers
of  �lm substrate.  Measurements  are  collected from 8 pres-
sure  points.  Ambulatory  monitoring  was  carried  out  to
suggest alterations by using the scaphoid pad [1]. FSR using
a Holter-based system developed for the study of Kinemat-
ics at the Knee and ankle joint, along with gait. A study has
determined dynamic plantar foot pressure measurements at
six points of the foot and joint kinematics in hemiplegic and
diplegic  children  with  planovalgus  foot  deformity.3D  data
on 17 feet was obtained [2].

Later on, a new sensor was developed MEMS sen-
sor with elastic material to evaluate plantar pressure. Stain-
less  steel  was  used  as  an  elastic  material  to  bear  the  load.
�is  sensor  provided  another  possibility  of  a  force  sensor
for  dynamic  measurements  [3].  A  magnetic  �eld-sensitive
elastomer,  a  combination  of  magnetic  particles  and  elas-
tomer,  designed  to  measure  plantar  foot  pressure,  was
studied  by  implementing  a  study  on  young  students  with
normal  weight.  �e  system  was  unable  to  recognise  pres-
sure  on  �at  feet  and  about  heavy  subjects  [4].  A  study  on
static and dynamic plantar foot pressure was performed on
60 Chinese subjects based on foot scanner developed by the
RScanner company. Static and dynamic assessment was per-
formed on �ve pressure points on the foot. Correlation anal-
ysis was performed based on age and weight. A�er analysis,
the main plantar pressure bearing zones seem to be transfer-
ring from the �rst metatarsal zone towards the ��h metatar-
sal zone as people age [5]. Pedobarographic-based Disabili-
ty Analysis for Hemiplegic Patients of Di�erent Weights us-
ing Foot Planter Pressure Sensors. Data of three hemiplegic
patients compared with di�erent parameters as weight, pres-
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sure  and  gait  cycle.  �ere  was  a  di�erence  in  pressure  be-
tween hemiplegic and normal subjects. Pressure changes be-
tween the second and third metatarsal heads were analysed
based on the ANOVA test [6].  A low-cost plantar pressure
distribution system was designed by using FSR sensors. Sen-
sors were arranged in a matrix to evaluate pressure, but the
resolution  and  sensitivity  of  the  system  were  poor  [7].
Biofeedback-based plantar pressure measurement system in
which on auditory biofeedback, the subjects could e�ective-
ly reduce the pressure to the designated levels for the target
area of the sole. A study was done on 7 subjects with a histo-
ry of rheumatoid arthritis. �is paper showed that structu-
ral  abnormality  is  associated  with  increased  plantar  foot
pressure  [8].  EMG-based  the  machine  was  used  to  analyse
diabetic  peripheral  neuropathy.  It  concluded  that  gait  was
deviated  from  normal  due  to  nerve  damage  and  muscle
weakness Data acquired from nine muscles in the lower ex-
tremity  from  both  healthy  individuals  and  patients  with
DPN  disorder

System  Architecture  for  Plantar  Pressure  Moni-
toring

A  system  developed  using  FlexiForce  sensors  to
measure plantar foot pressure at  four speci�c points.  Mea-

surements were taken from non-diabetic, controlled diabet-
ic,  and  uncontrolled  diabetic  subjects.  �e  collected  data
was then analyzed to study and compare variations in foot
pressure across these groups.

Criteria for subject selection and Study design

�e study was conducted on a total of 68 male sub-
jects, categorized into three groups: 22 non-diabetic individ-
uals, 19 controlled diabetic patients, and 27 uncontrolled di-
abetic  patients.  Diabetes  was  diagnosed  based  on  WHO
guidelines,  with  fasting  blood  glucose  levels  ≥120  mg/dL
and  postprandial  levels  >150  mg/dL.

Subjects with HbA1c levels below 5.6% were classi-
�ed as non-diabetic, while those with HbA1c levels between
5.6% and 7% were considered controlled diabetics. Uncon-
trolled  diabetes  was  identi�ed  by  elevated  HbA1c  values
above  7%,  indicating  poor  long-term  glycemic  control.

To  eliminate  gender-related  variation,  only  male
subjects  were selected.  All  participants were within the age
range of  40 to 60 years and had a Body Mass Index (BMI)
between 18 and 25 kg/m2, calculated using the formula giv-
en below.

BMI = weight (kg) / [height (m)]2

Table 1: Participating subjects

Group No. of Subjects

Non-diabetic 22

Controlled diabetic 19

Uncontrolled Diabetic 27

Steps for measuring plantar pressure: -

1. �e subject is instructed to stand in a balanced
position with both feet placed on the transducer shoe.

2. �e system is powered on, and the desired chan-
nel  is  selected—one channel  at  a  time from the  four  avail-
able.

3.  �e  display  shows  the  voltage  output  corre-

sponding to the pressure applied by the subject’s foot at spe-
ci�c sensor points on the shoe sole.

4.  By  comparing  the  displayed  voltage  with  the
standard calibration chart of the Flexi-Force sensor, the ac-
tual plantar pressure at each point can be determined.

5. Plantar pressure readings at standard points are
recorded and analyzed to identify any abnormalities  in the
foot sole.
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Figure 1: Non-diabetic Subjects

�e  graph  above  illustrates  plantar  pressure  data
measured at four key points: the Toe, First Metatarsal Head,
Second Metatarsal Head, and Heel in normal, non-diabetic

subjects. �e pressure values range from 0 to 800 KPa. �e
X-axis represents the individual subjects, while the Y-axis in-
dicates the corresponding plantar pressure in kilopascals (K-
Pa).

Figure 2: Controlled diabetic subjects

�e  graph  above  presents  plantar  pressure  mea-
surements at four key regions of the foot: �e Toe, First Me-
tatarsal Head, Second Metatarsal Head, and Heel, recorded
in  normal  (non-diabetic)  subjects.  Pressure  values  range

from 0 to 800 kilopascals (KPa). �e X-axis represents indi-
vidual subjects, while the Y-axis denotes the corresponding
plantar pressure in KPa.
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Figure 3: Uncontrolled Diabetic subjects

�is graph represents pressure at four points in un-
controlled diabetic patients. Pressure levels are elevated be-
yond 700Kpa.It ranges between 7500Kpa to 950Kpa. X axis
shows subjects and Y axis shows pressure in KPa.

Stepwise Approach to One-Way ANOVA Analysis

1. Calculate group means

2. Calculate the overall mean (mean for all groups
combined).

3.  Calculate  within each group the total  deviation

of  each  individual  score  from  the  group  mean  “within
group  variation”

4.  Calculate  the  deviation  of  each  group  mean
from  the  overall  mean  –between  groupvariation

5.  Calculate  the  ratio  between-group  variation  to
the within-group variation (F value).

6.  If  between-group  variation  is  signi�cantly
greater than the within-group variation. then the di�erence
between 2 groups is statistically signi�cant P value <0.05

Calculations and Readings

F  =  MST/MSE  MST  =  SST/  p-1  MSE  =  SSE/N-p
SSE = ∑ (n−1)

where,

F = Anova Coe�cient

MSB = Mean sum of  squares  between the  groups
MSW = Mean sum of squares within the groups

MSE = Mean sum of squares due to error

SST = total Sum of squares

p = Total number of populations

n = �e total number of samples in a population

SSW  =  Sum  of  squares  within  the  groups  SSB  =
Sum of squares between the group’s SSE = Sum of squares
due to error

s  =  Standard  deviation  of  the  samples  N  =  Total
number of observations
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Table 2: Table of mean and S.D. of nondiabetic subjects

Toe MT1 MT2 Heel

mean 167.11 121.51 81.67 226.52

S.D 30.45 30.75 19.73 31.30

Table 3: Table of mean and S.D. of controlled diabetic subjects

Toe MT1 MT2 Heel

mean 182.96 182 116.38 241.25

S.D 32.96 37.51 27.91 37.03

Table 4: Table of mean and S.D. of uncontrolled diabetic subjects

Toe MT1 MT2 Heel

mean 180.45 209.15 187.58 203.31

S.D 23.01 39.06 20.27 38.17

Table 5: Test of signi�cance for toe on applying Anova

Sum of squares Df Mean square Fishersvalue Signi�cance(T)

Between group 3146.30 2 1573.15 1.937 0.152

Within group 52791.72 65 812.18

Total 55938.02 67

Table 6: Test of signi�cance for MT1 on applying Anova

Sum of squares D.F Mean square Fisher’s value Signi�cance(P)

Between Group 95147.05 2 47573.52 36.44 0.000

Within Group 84850.58 65 1305.39

179997.64 67

Table 7: Test of signi�cance for MT2 on applying Anova

 Sum of squares D.F Mean square Fisher’s value Signi�cance(P)

Between Group 143633.5 2 71816.74   

Within Group 32939.2 65 506.75 141.71 0

 176572 67    
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Table 8: Test of signi�cance for Heel on applying Anova

Sum of squares D.F Mean square Fisher’s value Signi�cance(P)

Between Group 16898.816 2 8449.408 6.608 0.002

Within Group 83136.138 65 1279.018

100034.95 67

Conclusion

A  statistical  analysis  of  the  plantar  foot  pressure
system  using  FlexiForce  sensors  can  be  employed  to  mea-
sure  pressures  at  various  points  on  the  feet,  helping  assess
neuropathy. It may be used to suggest suitable insole to re-

distribute  the  pressure.  �is  system  can  assist  in  selecting
appropriate footwear and predicting areas of elevated pres-
sure on the feet of diabetic patients. �e results of the analy-
sis indicate that diabetic patients experience higher pressure
at the metatarsal heads compared to normal subjects.
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