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Abstract

This study describes a non-invasive cost effectivaereening tool for the diagnosis of lower ex-
tremity peripheral diabetic disorders that includes diabetic autonomic neuropathy (DAN), foot
ulceration etc. The manifestation of these disorderis usually analyzed by measuring the pres-
sure applied on the electrodedn this study, we incorporated a new parameter namlg the foot
resistance. The electrodes pick up the subject'sdbskin resistance and the circuitry is used to
display the resistance on the Liquid Crystal Displg (LCD). A foot chart is created using the
software Lab VIEW, which displays resistance variabns in terms of color changes across the
three regions of the foot. This device was evaluateon normal, diabetic and the subjects with
diabetic neuropathy and the database thus obtainedas analyzed.
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Introduction

Diabetes mellitus resulted in an increased bloadagie lev-
el [1]. High blood sugar over a long time can daentte
nerves, which in turn lead to loss of sensatiorweroex-
tremities are most commonly affected. Some of thbatic
disorders include diabetic neuropathy, foot uldemattc.
These are generally diagnosed based on the sympitsos
there are various methods to diagnose the sameshbgg
the loss of sensation [2].

One such method is the Filament test. Sensitigitpuch is
tested using a soft nylon fiber, a 10g monofilaménthe
patient is unable to feel the touch of the filamamthis/her
feet, it is a sign of loss of sensation in thoseew

Another method is based on nerve conduction sflitis
includes the testing of how fast the nerves inetkteemities
conduct electrical signals. Sometimes electromyatyras
performed along with this test. Testing of the oese of
nerves to vibration is a common non-invasive metford
diagnosis of diabetic neuropathy. This is perforrasitig a
128Hz tuning fork.

The above-mentioned methods have their own liroitafi
either they are invasive or particularly used fiagdosis of
peripheral neuropathy [3]. However, this study pnts

a new non-invasive technique to detect DAN usirugrai-
nal parameter namely the foot resistance. Theskintresis-
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tance is the moisture content in the foot, assetiaith the
sweat glands activity, which is controlled by thepathetic
nervous system. Early diagnosis of DAN will lowee {pos-
sibility of occurrence of foot ulcers [4] and amggidn. Our
study compared the change in foot skin resistabtéd-
tween the normal subjects and patients with dialziior-
ders. This is implemented using both hardware eftd/are.

Methodology

At the initial stage of the project, the skin rémige was
measured using the standard set up i.e., the naifimand
the results were tabulated. We observed that thee a
wide range of variations in the resistance valdd® non-
occurrence of repeatability was the major drawbaithk the
former method. Later, a model was developed to také
time measurements from the subjects.

Figure 1. Basic measurement setup
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Prototype

The prototype includes the calibration of circugting
standard resistance values obtained from the DeRade
sistance Box (DRB). A dc constant current sourceudi
was designed to provide a constant current of 0.Z18A
per the threshold of perception of a human skiraddi-
tion to this, a voltage divider circuit [6] was dg®ed as a
resistance to voltage converter. The standardtaesis

Design parameters

The foot resistance might vary mainly with respecthe
surface area and moisture. This moisture contevedts
ing) depends on several parameters, including emsti
muscle activity, parasympathetic/sympathetic atgtivi
room temperature, moisture content of the room.

Environmental factors can be controlled by meagyuittire

arm of 100 was used. The other arm of the circuit wag€sistance in enclosed area under controlled tenper
connected to the DRB to obtain varied values acrogsonditions. The constant monitoring of temperatige

which the corresponding voltages were measured. THgAuired to note the change of resistance withe@smp
circuit has a temperature sensor to measure roam te Change in temperature. The plot thus obtained earsbd

perature. The output values were displayed usiagAih
duino Micro-controller [7].
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Figure 2. Block diagram of prototype

Subject model

The subject model includes design of the foot senso
supply of 9V is given to the voltage divider circuiOne
arm of the circuit was maintained at a very higtigtance
in order to limit the flow of current through thelgect.
The other arm of the circuit was connected to thiput
leads of the foot sensor and the correspondingagett
were measured. The foot resistance was then ctddula
from the obtained voltage values. The circuit diss a
temperature sensor to measure the foot temperfglire
The output values were displayed using the Arduitio
cro-controller. This circuitry along with the fosénsor is
placed inside a box in order to minimize the efeoct
environmental factors.
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Figure 3. Block diagram of subject model
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to distinguish the abnormal and normal subjectse Th
pressure applied on the electrodes can also varyetis-
tance and hence the subject is made to sit inaaedlpo-
sition with a clean foot. And the readings are tont
ously monitored for few minutes for accuracy. Thece
trodes are placed in such a way that it coversthhee
main regions of the foot-plantar region, ball regiand
the toe region. The surface area covered by trarete
also affects the resistance values. Hence a plialele
trode is to be used to get collective resistandaegaof
the foot.

Hardware

The hardware includes the foot sensor, voltagelasgu
voltage divider, temperature sensors and an Ardoiiro
crocontroller to interface with the Liquid Crysfaisplay.
In addition to this, the isolation amplifier is dgsed for
patient safety.

Voltage regulator

The voltage regulator [10] maintains constant \g#ta
level and overcome power fluctuations. The IC 788&d
here provides a constant 5V output.

Voltage divider
The voltage divider circuit is used as a resistatce
voltage converter.

Vout = (L)\/m
R+R,

Here R1 is considered as a standard resistor withiuee

of 1002, R2 is the variable resistance obtained from the
output leads of the foot sensor and Vin is the lagd
voltage of 5V. In order to allow milli-ampere cunteto
flow through the subject, the standard resistasa@din-
tained at a higher value.

| solation amplifier

The isolation amplifier provides electrical isotatiand acts
as electrical safety barrier. 1ISO122 protects fheuitry and
subject from common mode voltages by capacitiviaizm.

Temperature sensors

Two different temperature sensors are used here <o
indicate room temperature and the other is usechéas-
uring body temperature.
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LM 35 grammed to display the output voltage and the fesis-

LM35 measures the room temperature i.e., théance picked up from both the right and left fepttbe

temperature of the box within which the foot isqald. LCD.

The output voltage obtained is proportional to @edsius Software

temperature. This IC does not require any externz‘l_ab VIEW [12] software is ideal for any measurement

calibration. For every one degree rise in tempeedtere ;

is a corresponding 10mV change. control system, and_ the heart of th_e NI designfqiat.
The DAQ assistant is used to acquire the real A@eor

DC voltage. The foot sensors are connected to #h@ D

Temperature Strip assistant and the corresponding DC voltage sigaeds

The temperature strip also known as the Fever Sman, uired
easy and safe method to measure the core bog)?q )
temperature. By holding the strip firmly againste th Foot chart

surface for about 15s, the temperature can be read. Lab VIEW was used to create a foot chart with colmax
indicators to represent the placement of sensorshen
F oot sensor subject’s foot and to show colour changes for vaf@ot

The foot sensor picks up the resistance from tfferdint  resistances. Readings from three different regainthe
regions of the foot. They are placed accordindnéopres- foot viz., foot-plantar, toe and the ball regionsrevtaken
sure [11] points from the three main regions halntar  using the copper electrodes for the subjects. K wola-
and heal. The various electrodes, which were used aserved that colour variations were found amongesibj
disposable ECG electrodes, suction type, copped clavith dry and wet skin.

plates and copper electrodes. The best among thethex
copper electrodes and hence the same are used: Gold
plated copper electrode provides good conductiaitg
covers smaller surface area. It ensures low-impsglan
interface to patient. Centre hole in cup allowsdasy fill

of electrode gel after adhesion of cup to skirprtivides
better conductivity and reduced fluctuations coragatio
other electrodes.
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Figure 4. Copper electrodes

Arduino microcontroller interfaced with LCD

Arduino is a single board open source microcorsgroll
(UNO-Atmel ATmega 328) interfaced with the LCD. The
output voltage from the voltage divider is giventhe
input to the Arduino analog pin. The arduino is pro

Figure5. Foot chart

Tablel. Foot Skin Resistance

Foot skin resistance

Normal range 1kQ - 100k Diabetic disorders
(Brighter shades of red)
Wet skin (black to brown) Dry skin (brown to red) >100k2
1kQ - 20kQ 20k - 100

It was also found that the resistance values froreet indicated the possibility of presence of disordérhis
different regions of a foot are not the same buiedato  foot chart was also used to evaluate the degredy®f
the slightest degree. This was used to effectiaelglyze  function in correspondence with the intensity ofoco
the regions of foot with higher resistance valugsich variations.
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I mplementation

The output of the DAQ assistant is converted ihe rte-
quired data type from the dynamic data type anfkds
into the array. The first element of the array @rdirray
Function) is extracted using the sub-array properti
Then the each index element obtained is given@ad it
the sub Vi. The sub vi consists of the round colbox
properties. The colour box is programmed to displesy
corresponding colour code in accordance with thitin
resistance values.

Evaluation
The final device was tested for electrical safetipmpto
the real time measurements with the subjects.

Electrical safety analysis

The ultimate purpose of safety testing is to protesers
from electric hazards. The electrical safety arelyis

used to test the leakage current between the edisdr
and the ground of the circuit. Leakage currenhés dur-

rent that flows through the protective ground canduto

ground. In the absence of a grounding connectios the

current that could flow from any conductive parttbe

surface of non-conductive parts to ground if a catige

path was available (such as a human subject). Ulhject

places the foot on the electrodes through whictetiea
possibility of current entering the subject. Thakizge

current measured was around 50.7mA. The maximu
permissible current is 100mA. Hence the equipmesd w

found to be electrically safe.

Subjects
Ethical approval was obtained in order to recratignts

for real time measurement. For evaluation, a datlod
around 100 subjects (52 normal, 48 diabeti@s re-
corded. Foot resistance for various subjects dicty
normal subjects, diabetic patients, long term diakga-
tients, patients with foot ulceration and diabeisuropa-
thy were tabulated and analyzed.

Procedure

The environmental conditions and the muscular diets/
of the subject influence the moisture content & $kin
i.e., sweating. These conditions can vary the fests-
tance values drastically. Hence, the subject isemadsit
in a closed environment and in order to adapt ¢ocin-
stant room temperature. This is measured usingma te
perature sensor. The feet are positioned on tlutretes
inside a box, which is also maintained at constant-
perature. Simultaneously, the foot temperature ézasn
ured using temperature strip. The foot resistasceei
corded for a time period of 5 minutes. Any chanyee-
sistance within this period is taken into account.

Results and Discussion

The foot resistance values for normal subjects pad
tients with diabetes and diabetic neuropathy inigaar
ere taken using the project setup referred in gdbl
he following details were noted for each subjeeime,

age, sex, body temperature, ambient temperaturg (bo

temperature), resistance values for both the tedt right
feet, medical history namely diabetes/ DAN /leg
pain/surgery underwent etc., and risk factors.

Table|l. Database®

Age Sex Box T (°C) Leg T°(°C) Resistance (&) Resistance (&) R®
LF RF° LF® RF°
21 F 37 30 42 44 61 70 N
21 F 38 29 6.6 6 8.9 7.2 W
53 F 37 30 15 13 16 15 M
30 M 38 30 77 75 79 77 N
21 M 37 30 56 42 52 39 N
(a) Normal subjects
Age Sex Box T (°C) Leg T°(°C) Resistance () Resistance () R®
LF RF° LF® RF°
56 M 36 34 79 99 77 89 D1
67 F 36 34 109 67 102 66 D-15
57 F 37 32 116 132 121 140 FU
46 M 37 30 172 201 173 219 DN
78 F 37 34 196 204 199 210 DN

(b) Diabetic patients

@ Samples from Database of around 100 subjects (GRalp48 diabetic)

® Temperature

¢ Remarks ; N = Normal, W = wet(sweat) foot, M =dvsveat, D-1 = 1yr
Diabetes, D-15 = 15yrs diabetes, FU = foot uld@N = diabetic neuropathy

9 Left foot; Right foot
48€
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Software

With the foot chart created using Lab VIEW software
colour variations in accordance with foot resisamere
studied. Readings from three different regionshef foot
were taken using the copper electrodes for normia} s
jects. Explicit colour variations were found amodgy
and wet skin subjects. However, resistance valuas f
three different regions of a foot were not the samuée
varied to the slightest degree.

-'-_ —— __._.._.
| h?’

ole setup

Figure8. Figure9.Sub-  Figure10.

Foot sensor iect
LUZ.42 LR94117 .0 ject’s foot Foot chart placed
RUZ.61 RR182531. _

Conclusion

Thus copper electrodes were placed at 6 diffegibns
of the foot and the foot resistance values wererdsd. A
resistance to voltage converter circuit was impletee to
simultaneously measured the corresponding voltage v
Figure7. LCD display ues. The resistance and voltage values were digplay
the Liquid Crystal Display controlled by an Arduiidi-
Hardware crocontroller. A database of around 100 subjects wa

It has been observed that the foot resistance shoste- taken including the normal and the patients withbeltic
tively high value (greater than 100k for patients with dlsqrder. It_coult_j be _mfer_red that the foot resise for_
diabetic neuropathy using our setup. When compareg@tients with diabetic disorders were relativelyghi
with the statistical study [5], our setup showedenaccu- (>100K2) when compared to normals (2kio 100K2).
rate readings and therefore matched with the stendalhe equipment proved to be highly efficient anduaate.
resistance range. Patients with foot ulcers, estdge of ) ) ) )
neuropathy and prolonged diabetes also showed reigh This cost-effective device can pe made portabléha
sistance values but less when compared to diabetic  form of a shoe that would provide comfort for thebs
ropathy. This was proven with the comparative ssesy J€CtS being diagnosed. With such a design, gailysisa
made between normal subjects and patients sufferirgPuld be made and the resistance value for eage sta
from diabetic disorders. Normal subjects showedstes 9ait could also be studied. By increasing the nundje
tance values between@ko 100K2. However, a differen- electrodes covering the whole foot, a better cutiuda
tiation could be made among normal subjects wittmab resistance value could be obtained. This wouldchleefa-
dry skin and wet (sweat) skin. Wet skin resistamess ~ Cus of our future research.

found to be from 1® to 20k2 depending on the degree

of sweat whereas dry skin resistance was founctbes Acknowledgments
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