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ABSTRACT: Dynamic foot pressure measurement is necessatigydarly for diabetic patients to
prevent ulcers, eventually leading to gangrene ang@utation. The present work reports a low cost
optical sensing system for the above, suitabletli@r Third World. It uses a horizontally placed
transparent Acrylic plate with a webcam placed Wwefacing upwards. A white paper, backed by a
black adhesive plastic sheet, covered the whole pla the top. Light from a tubular fluorescent jam
entered the acrylic plate from a side and travetbedthickness through total internal reflection. A
points of pressure applied from the top, the atevben the paper and the acrylic plate got displaced
and caused breakdown of total internal reflectibme scattered light rays from the white sheet were
recorded by the webcam. Computer software on Jéatfopn was developed to grab and analyse
video data to display dynamic pressure distributioartificial colour contours. Approximate pressur
calibration was obtained using static and dynanalues obtained from subjects with normal and
abnormal foot pressures. Time graphs of pressuneset chosen points were also provided. The
developed system worked with satisfaction and isgoased for clinical assessment regularly.
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1. INTRODUCTION

Diabetic patients usually suffer from lack of nesensation, especially in the feet. Therefore rthait

on standing and during walking may deviate front thfaa normal person and points of high pressure
develop under the feet. However, due to neuroptiy do not feel any pain which would have been fel
had the nerve functions were alright. Later, uldersn at these high pressure points; gangrene and
amputation of the leg follow suit. Therefore, a glen device to assess and measure the pressure
distribution under the feet would be very helpfukiarly detection of high pressure points. Spécgles

can then be prepared to spread the pressure away tfre hot spots, thus saving the patient from
eventually from the traumatic amputation cripplihg person for the entire life. Again, pressuren{i
and pattern may differ while standing and durindking, usually it is the latter which put the soles
greater burden, and a dynamic pressure measureimémg walking has more importance from a clinical
point of view.

Many attempts have been made over the last dedadaesasuring such pressure distributions under the
feet. Simple ink impressions on a paper, permameethanical deformation created by a foot on
specialized material, etc., have been used indhg past [1],[2]. However, they suffer from various
disadvantages, the important one being the lacka darge dynamic range, lack of precision for
distinguishing the pressures at different pointsi gequiring fresh materials for each test. Inl¢ter part

of the last century several attempts have been noadeke computerized systems using optical sensors
for dynamic pressure measurement [3]. These tygicsled a clear glass slab placed horizontally with
tube-light placed at an edge of the slab wherd tiglvels within the slab through total interndleetion.

A still or a video camera is placed suitably belomgstly through a mirror placed at°4%o photograph

the underside of the feet pressing onto the glkge.p Some early models had a person standingen t
glass plate and the camera taking a picture ofd@bepressing onto the glass plate. Blood movedyawa
from the high pressure points and this change tlghtness and colour between pressurized and less
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pressurized areas. An improved version used a vgaper or plastic sheet spread on the top and the
person walks over this sheet. At points of pressairemolecules between the sheet and the acidit s
are removed which causes a breakdown of totalrnateeflection at those points. As a consequerngd li
goes out of the slab at these points and are tefleand scattered by the white sheet. The vide@Em
gets an image of these light patterns which esanis a distribution of pressure. A further impement

was made by cutting off external light by placinglack sheet on top of the white sheet. Howevemgno

of these instruments are commercially available.

Recently commercial Pedograph, or Pedobarograpipregat have become available [4],[5] which use a
matrix of small pressure transducers distributeer dkie whole sensitive area on which a person walks
through. These provide a lower resolution compamdatie above mentioned optical sensor, but may offe
a higher accuracy in pressure transduction. Howekiese instruments, sold only as a complete packag
with computers and software are very expensive,snend affordability of most Third World clinics
and hospitals. Reference [6] gives a review ofedéht types of foot pressure measurement systeans th
have been made at different times.

Therefore an attempt was made to improvise andladewe low cost Pedograph, including sensor and
computer software, suitable for the Third World.vi@g due consideration of various factors, a
Pedograph based on an optical sensor was the cbbimer group. Previous Pedographs based on this
concept used a high quality glass plate with highgparency of light. However, such glass platesat
available in most places of the Third World. Beside price of such glass materials is usually tégh.
Common glass plates that are available have a tamsparency (typically a green tint) and are not
suitable for this application, since light has tavel a length of the order of half a metre withoutch
attenuation. The present work looked for an adteéve to the transparent glass plate, and thisrative
should be readily available in the Third World. &edly early designs used very expensive video
cameras and digitization hardware and softwares Thbecause the camera has to be sensitive to very
low light levels; the scattered light rays from thikite paper sheet at points of pressure. HowétverRs

felt that digital cameras — both still and videbave gone through a big change in the last decade, 0
and a low priced video camera may suffice. Howewaasr,noted above, it should have a low light
sensitivity. Besides, it also should give at legsbut 30 frames per second, to give a dynamic image
necessary for the present application. The softwhmild be able to grab individual frames from the
chain of images created by the video camera, andetbthese to a user-friendly artificial colourdeal
video. Besides, analyses of the variation of pmesati different points of the sole should be penfed,
results being presented in the form of user frigtidhe graphs.

2. METHODS & RESULTS

Since there are several parts to this work, thénaust and results are presented together for eatlapa
follows.

2.1 Sensor design, improvisation

For improvisation at low cost, the first changeeatéd was in the choice of the transparent plate. W
went for a 12mm thick transparent acrylic sheetclwhis very cheap compared to glass with similar
transparency. The acrylic sheet used had a verg fansparency, more than 90% as measured using a
light meter. However, it is easily scratched whitids to the scattered light, so care needed to be
exercised in cleaning, wiping it dry using rubbgueeze, and mounting it. Once correctly fixed and
mounted, there is little or no chance of furtheaszhing.

The main part of the sensor, as shown in Fig.ihésthick transparent acrylic plate. All its edges
polished smooth. A sheet of white paper is placedt® top (glossy art paper, 120gn3jmwith the
backing of a black adhesive plastic sheet whichaiegnon the top covering the whole sensor. Thekblac
plastic sheet provides both light shielding andsatgl strength to sustain the pressure and shefaniogs
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from the feet of the patients, giving the white @agheet a long usable life. Light from a tubular
fluorescent lamp enters the plastic plate fromda sind passes within the transparent plate thrtatgh

Transparent White Black
Florescent Acrylic paper plastic
tube lam| sheet backing

plat7

Digital
video

camera\ -

Fig.1: Schematic of the optical pressure sensor

tube

lamp

Fig.2: No pressure on sensor. Total internal
reflection of all beams

Pressur

) e

internal reflection (Fig.2). Virtually no light coss

out of the plastic sheet either upwards or
downwards. A digital video camera is placed
within the box underneath the plate facing
upwards. The distance between the camera and the
acrylic plate should be appropriate to focus the
plate surface and cover the required field of view.

Normally without anything pressing onto the top
of the sensing area, the camera essentially gives a
dark background. At points where the foot presses
onto the sensing area, the air in microscopic spots
between the paper and the transparent plastic sheet
are displaced. This causes breakdown of total
internal reflection at these points and light rggs

out of the acrylic plate upwards. There these rays
are reflected and scattered by the white papet.shee
From below, those points look as bright spots and
the brightness increases with the amount of
pressure as an increased pressure essentially
increases the microscopic area of contact. The
digital video camera placed below captures these
patterns of light successively and stores the video
data into computer memory. Later these data are
processed to give an appropriate user friendly
output described in the next subsection.

All the four edges of the acrylic plate are poldhe
so that light is not scattered back from any of the
edges. Three edges of the acrylic plate except the
edge facing the fluorescent lamp are covered by
matt black paper sheets to absorb light transmitted

Fig.3. Pressure on sensor breaks down total ifterna 10 the edges. This is to prevent light reflecting a

reflection and scatters such beams downwards fnem t

white paper shet

B

Foot Video Analyzer - 558.proj
Flle Patient Info  Settings Calibration Help

the edges and coming back at steeper angl
(incident angle less than the critical angle) beeau
of edge imperfections. At the edge where light ente
some beams emerging from the fluorescent lam
may have incident angles less than the criticaleang
which will come out of the plate. To avoid thesgsra

from going far in distance through multiple
reflections, a matt black paper covers both the to
and the bottom surfaces of the plate for a fewesch
near this edge.

The digital video camera takes successiv:

Praoject Info
JPEG Directory:

L:\KSR. documentsiResearchiPadographiour workiVEA_Z2, 2\distiuser)
556, proj, JPEGs),

WMY File:

L:\KSR. documents|ResearchiPedographiour workiVEa_
2. 2\dist\user|Videa 558, whny

[ Extract & Select Frames ] [ Show Composite Image

]

[ Crop & Color Frames ] |I Show Colored video

photographs of the plastic plate on command fror- -~
Personal Computer (PC). The image-data is store
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the PC. To display the dynamic foot pressure
while walking, a frame rate of more than 10
per second (fps) would be necessary, the
greater the better. We targeted at 30 fps, and
the camera should be sensitive enough to work
at low light levels, since the scattered light due
to pressure would ideally range from total
darkness. Normal digital cameras have the
required sensitivity and frame rates, but will
require extra electro-mechanical gadgets to
switch it on and off from outside. Extra steps
would also be needed to acquire and store the
video data in the PC. On the other hand
Webcams can easily be controlled from a PC
and the data is stored into the PC directly, and
therefore have an advantage, but most of the
available ones do not have the required frame
rate at low light, as required by this application.
Most of these webcams slow down frame rate
at low light levels, giving more time for each
exposure. After a thorough search only a few

Fig. 5. Colour coded composite image (top) ancamé ~ Digh end webcams were found that could
snap of the video (bottom) (reproduced herein ~ Satisfy the requirement, and one of these, a
monochrome) Logitech Pro 9000 was procured and used in

the prototype. The video file is then read by
the software developed in this project for analys®s display as described in the next section.

Color, Coded Composite Image

It needs to be mentioned that a flourescent tighe tiriven directly from the ac mains electricisyiiable

to give errors mainly due to two reasons: i) vadtdlgictuations on the mains, and ii) regular simdaio
variation at 50/60 Hz. The latter will contribute & change of light intensity at double the freqyen
Since video data are recorded at 30 fps, the effeitte mains frequency variation may be signiftcdio
eliminate this problem, a dc powered inverter ofelaat more than 20 kHz was used. To keep the
voltage reasonably constant a rechargeable battefipat charge was used for this power source.

2.2 Computer display of results

The software was developed in Java platform. Omingnthe executable jar file a command window
appears with a sequence of commands as shown i Rigpich shows the final sequence. ‘Extract &
Select Frames’ is the first command to appear éokir it leads to a browsing option to search tfoe
video. On selecting the video file, the programates frame by frame sequences and a composite jmage
all in gray scale. It then displays the image amfe sequences where the frame can be frozen, @t run
slow or fast speeds in a movie mode, which contimepeating. The webcam chosen gives 30 frames per
second images. Since the raw video can be for fothgiations, unwanted images need to be discarded.
Therefore, the programme prompts the user to sdéhecfirst frame and to confirm. The programme
automatically picks up the following 90 frames emponding to 3 seconds of image data, assuming that
the total time required by a foot step while watkiwould not be more than this, even for patienth wi
foot problems. After confirmation, a ‘Crop & ColBrames’ command appears. On selection, it disglays
composite gray scale image and allows the userojp it to the required size of interest, elimingtite
background area. On confirmation the software pepeolour coded image data - frame by frame, and a
composite one with the colours of the maximum valuell the pixels. ‘Show Composite Image’ and
‘Show Coloured Video' are the two commands thate@pmext in sequence. Selecting each displays the
respective images in two separate windows which lmanmoved around the screen for a desired
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placement. At this point the user can click up to 6
points on the composite image, or on the video, and
click on another button to display time variatioh o
pressure graph at the selected points. Each ot thes
clicked points automatically creates a circularaare
around the point over which the average pressure is
calculated. The size of the circle can be adjusted
through a scale placed on the right hand side ef th
window, but a default value is given initially. On
clicking the button to plot graph after the seleatis
made, a separate window appears with the time graph
as shown in Fig. 6. There is a choice between line
graphs and solid filled graphs. The colour codiag h
been done to match a psychological viewpoint to
represent the grading of pressure. The progressfion
colour chosen, in ascending order of pressurerés;, g
light blue, deep blue, yellow, green, orange ardl re
On a tool bar in the graph window, clicking onto
‘Composite Image’ shows the composite image
together with a colour coded calibration charttemxm

in Fig. 7. Finally on selecting the ‘Print’ option this
window, this figure as well as the time graph wiwdo
shown in Fig. 6, are printed out on paper. For the
display, a measured background value is subtracted

Fig. 6, Time graphs of pressure at 6 selected past
chosen on the composite imaae in Fia. 5 (indicte

from all the data values before plotting the imaged
the time graphs. This non-zero background possibly

occurs because of imperfections in the apparerghsparent acrylic plate, which scatters some.light

2.3 Calibration

It has been reported that pressure sensitivity mifcal
sensors as used have different values for staticdgnamic
pressures, i.e., the sensitivity depends on the tiinthe
pressure being applied [7]. This is an importastiéswhich
needs to be incorporated in the design of equipmént
attempt was made first to obtain a static calibrgtand this
was used as a guide to an approximate dynamicratdib
attempted with actual dynamic foot pressure imdgas
normal healthy persons, and from patients with seve
diabetic neuropathy. For static calibration, two 8"6"
wooden platforms having four legs each were made T
legs had circular cross sections with diameterd"oéind
0.7 respectively for the two platforms. This malkes area
of the former twice that of the latter. Thick rubhgads
were attached to the legs to distribute the prestmrthe
whole contact area as much as possible. Such forphat
placed on the sensitive area of the Pedograph sésso
shown in Fig. 8.

A person with a known weight stood on it with oromtf
only for a brief period. No other parts of the badgluding
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the other foot touched anything else. A video vitie webcam was taken for a few seconds in this
position. This was then analysed using the abovatioreed foot pressure software, but with slight
modifications. Instead of the pressure values, rine pixel values that are directly proportional to
brightness were plotted. In the processed imageathe
pixel values varied between 0 and 255. Four graphg
corresponding to the four legs of the platform were
obtained where the circular area of measuremeng¢ wer
adjusted to match the leg contact area. Averagel pix
values obtained wunder the four legs and the
corresponding pressures obtained from the weigtt an
the total leg contact area were recorded. Thismsehe
was repeated with the same person standing on th
other platform. Similar measurements were obtained
from persons with significantly different weightshich
gave a range of pressure values. A linear plot wag
obtained with pixel values against pressure in l$tag

the above data and a typical one is shown in Fig. 9

Fig. 8. Calibrating platform having four legs
with circular cross sections and placed on the

. . . sensitive area of the Pedograph.
It needs to be mentioned that the calibration dépem grap

the settings of the webcam. Any automatic settilfy w

change the exposure depending on lighting conditidherefore, the webcam was set for all manugals. |
can be seen that the measured data points mattduk iy a straight line, but the dynamic rangeatber
small. Values for brightness and contrast of thbaaen allowed a good control over the pixel valuas a
the dynamic range of the calibration curve. Theseevoptimised after several trials, to get the aggh
dynamic range. These settings of the webcam wenetair@zed for the dynamic foot pressure calibration
described below.

For dynamic foot pressure calibration there areesg\difficulties. Since the brightness dependghen
time that a pressure is applied for as mentionea/eky7], it will change slightly with the speed of
walking and will also be different for differentipts under the same foot. However, in the clingegting,

it is the 7 colour ranges that will guide the aseet; a precise pressure calibration may not bg ve
important. Besides, a user would be more interebtetthe pressure over a small area rather than at
individual pixels in the clinical setting which Wikhgain have an averaging effect. Therefore, an
approximate calibration for dynamic foot
pressure was attempted through several ima( .,
obtained from normal persons, and fror y = 0.099x + 101.54
diabetic patients having high localise 200
pressure areas under the feet. An approxim
relationship with kPa values were obtaine 150 . /
from reports that foot pressures above 500 k
are considered abnormal, although son
reports quote widely different values [8]. Th
background where no pressure was appli 50
showed a non-zero pixel value. This could
due to imperfections in the apparentl 0 ‘ ‘ ‘
transparent acrylic plate and was to K 0 200 400 600 80
subtracted from all the pixel values in th Actual Pressure, kPa

image. However, to provide a background
colour range of gray in the image, and 1 Fig. 9. A static calibration curve with data obrfrom
ensure that it was not over compensated, | two persons.

100 A

Av. Pixel value
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full amount was not subtracted. The images andhgrabown in Figs. 5 to 7 were obtained after such
adjustments and calibration. This was later apptiestudy more subjects, both normal and abnoramal,
the calibration relationships were adjusted acogigi The results from subsequent clinical studies
appeared to be satisfactory.

2.4 Resolution

The inherent resolution offered by this webcames/high compared to the requirements. The cansera i
usually set to a resolution of 640 x 480 coverirfgela of view of 495mm x 370mm at the top surfade
the acrylic plate. This gives an area of about $génm (0.78mm square) per pixel of image. The
resolution will also depend on the thickness amadtality of the white paper sheet and its adhegiastic
sheet backing. For the particular assembly usesiagt found experimentally that a resolution bettan

4 sg-mm (2mm square), corresponding to 25 pixetsspecm, is obtained. A few commercial systems
based on dot capacitors usually give a resoluti@bout 4 elements per sq-cm [4]. Therefore, thiscal
sensor has a much better resolution compared with capacitor based systems.

3. DIscussION

This paper presents a practical approach to thelogwent of a pedograph for a Third World settiigg
very low cost. The sensor is made mostly from itevailable in the Third World. Personal computers
are widely available too. The only item that is resdily available is the high end webcam. Howetla,
price, around $100 per piece, is low enough to kesfock of several units for fabrication.

The acrylic plate is easily scratched, and so neadsful handling and preparation. However, ongs it
installed further possibility of scratching is mimal. Acrylic plates obtained from different manutaers
were found to have different resistance to scratcéied their internal clearness was also sligtiffgrént.
Therefore, one has to test the available onesttthgéighest quality.

The quality of the white paper sheet is importénimatt sheet may scatter light too much and thegana
obtained in the camera would be dim. Therefordpasy sheet was used. Again the thickness should be
optimal too. If it is too thin it may not spring ddato its natural state quickly enough contributiog loss

of temporal information. The same applies to ptastieets, most of which are sluggish in return.id\ga

the paper sheet is too thick it may spring backlduiafter a pressure is removed but the resolutiibh

be reduced as the pressure applied at any poihspvitad out a little. In the present work a 120rgm
glossy art paper produced satisfactory results.atiesive plastic sheet backing becomes integvethd

the white paper sheet, so their combined elastipgaty comes into play. Therefore the plastic sheet
should be as thin as possible. On the other hastiduld be strong enough to bear the pressure and
shearing forces due to patients walking, to lastasonably long period. Addition of the plastic ethis
liable to reduce resolution, but that is not toochmwf concern, as reported earlier. The combined
resolution was much better than that of expensivenaercial systems based on dot capacitor sensors.

The intensity of light of the fluorescent tube lammy gradually diminish with age. This may be
compensated by adjusting the brightness of the amalfor a standard weight placed on the sensor area.
The same is to be done when replacing a tube lamp.

The colour codes corresponding to different rangfepressures were decided upon by the authors on
discussion with the users, based on the local mdggltal reactions. It does not exactly follow cede
used by similar commercial equipment.

The main drawback of this system is the lack ofueate pressure calibration, although for the ctihic

purpose targeted, this approximate calibratiore@&sonably satisfactory. As mentioned before, thticst
and dynamic pressure calibrations are differents Tireans that the light output will depend on iheet
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of contact, which may differ from pixel to pixelna for test to test, even for the same subjectnEve

existing commercial pedographs showed a large rdiffee between absolute values of pressures
measured [9]. Therefore, further work needs to beedto improve this aspect. Through carefully

designed experiments the relation between pressut¢he time of contact for each individual systeas

to be determined. This information may then be usedevelop computer programmes to calibrate

individual pixels based on its time of contact.

The prototype made has been used to obtain clieialuation of more than 150 patients to date angtill in a
good condition. This shows the durability of thetemils chosen in the design, and its practicalimsiee clinic.

4. CONCLUSION

This work shows that with newly available materiatgl devices, low cost improvisation of a Pedograph
is possible that can help the delivery of moderaitheare to a wider population in the Third World.
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