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Abstract-We have developed an umbilical data-acquisition system 
for measuring pressures between the foot and shoe during walking. It 
consists of pressure sensors in the insoles of shoes, amplifier circuits, 
umbilical cables, an analog-to-digital converter, and a graphics display 
card in an IBM PC for real-time data collection and display. The ap- 
plied pressure on a sensor decreases its resistance, which causes the 
output voltage of the amplifier circuit to increase. We attach seven sen- 
sors to the surface of each insole of a pair of extra-depth shoes and 
calibrate all the sensors in the insole before and after each test using a 
load cell as a reference. The IBM PC samples the outputs from the 
sensor and the load cell and stores a piecewise linear lookup table for 
use in compensation for the nonlinearity of the sensor. On the PC’s 
graphics display, two programs provide displays of foot pressures as 
real-time bar graphs or as analog pressure versus time curves. 

INTRODUCTION 
The diabetic foot is especially susceptible to the complications 

of vascular disease and neuropathy. Patients with diabetic poly- 
neuropathy often lose pain and temperature sensations in their feet. 
They receive inadequate information about pressures under the feet 
during walking or standing. Thus, they can injure their feet acci- 
dentally without being aware of the injury. Painless trauma devel- 
ops and results in ulceration. Repetitive injury may also produce 
bone changes, causing the foot to become deformed. With changes 
in the configuration of the foot, the gait is altered and new pressure 
points are created, resulting in ulceration at these points. Infection 
frequently develops in these ulcers, with the risk of progressing to 
gangrene and amputation [l]. 

There are two common methods to measure the pressure distri- 
bution under the foot during walking. One method uses a force 
plate system. Usually the force plates are embedded in the floor of 
a platform. The subject must strike hidher feet within the confines 
of the measuring surface. Due to the forced walking pattern, the 
measurements on the force plates are not necessarily representative 
of the natural gait of the subject. In addition, this system is limited 
to single-step, barefoot walking. It is impossible to measure pres- 
sure for a large number of steps under controlled conditions with 
this system. 
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Another method of measuring the pressure distribution under the 
foot is to place sensors in the insole of a shoe. This technique can 
measure the plantar pressures during normal activity of a shoe- 
wearing subject. Bauman and Brand taped capacitive pressure pads 
100 mm2 in area and 1 mm thick to the sole of the foot with ad- 
hesive tape [2]. These sensors were located beneath the five met- 
atarsal heads, the great toe, and the heel. Hennacy and Gunther 
built a similar system using piezoelectric sensors in pads 735 mm2 
[3]. Lereim and Serek-Hanssen embedded silicon beam strain-gage 
sensors 12 mm in diameter and 2.5 mm in thickness into a PVC 
insole [4]. Miyazaki and Iwakura put two large rigid rectangular 
strain gage sensors on the heel region (65 x 35 mm) and metatar- 
sal head region (85 X 35 mm) of each sole of a pair of tennis shoes 
[5] .  There were several problems with the sensor because of its 
structure, shape, and attachment to the shoe. To solve these prob- 
lems, they subsequently used a flexible capacitive sensor made of 
rubber sponge and copper foils [6]. Chizeck et al. embedded four 
Model 105 strain-gage type miniature pressure sensors into the cen- 
ter of a soft insole supported by a thin and rigid sole to estimate 
the center of pressure under the foot [7]. 

Recently, Hermens et al. developed a semiportable system to 
measure the vertical reaction forces on both feet during walking 
[8]. They used eight capacitive force sensors attached to the bottom 
of the sole of the patient’s shoes. The force sensors could be easily 
attached to and removed from the patients’ shoes and generally did 
not influence walking. But this system could only measure several 
consecutive steps for a period of 20 s. To obtain the pressure dis- 
tribution over a large area of the sole of the foot, Henning et al. 
developed a special pressure sensitive insole made of 499 piezo- 
electric ceramic pressure sensors [9]. Each element of the sensor 
array was 4.78 mm2 in area and 1.2 mm thick. They embedded all 
sensors in a 3-4 mm thick layer of highly resilient silicone rubber 
at a center-to-center spacing of 6 mm. This system provided much 
detailed information about the pressure distribution under the foot. 

In an effort to determine the role of pressure in causing damage 
to insensate diabetic feet, we built an umbilical data-acquisition 
system to monitor the pressure distribution under the bony promi- 
nences of the feet during normal walking in shoes. This system is 
able to measure the pressures under the feet dynamically for 50 to 
60 consecutive steps. It allows the subject to walk freely. The sys- 
tem consists of resistive pressure sensors in the insoles of the shoes, 
amplifier circuits, umbilical cables, an analog-to-digital converter 
(ADC), and an IBM PC for real-time data collection and display. 

PRESSURE SENSORS AND AMPLIFIER CIRCUITS 

We used force-sensitive resistive pressure sensors (Interlink 
Electronics, 535 E. Montecito St., Santa Barbara, CA 93105), each 
16 mm in diameter, to measure foot pressures [IO], [ l l ] .  Each 
sensor consists of a conductive polymer sensing film deposited on 
Mylar film and an interdigitated conductive pattern printed on an 
opposing Mylar film. When the conductive polymer is pressed 
against the conductive pattern, the sensor’s resistance decreases. 
With no applied pressure, the sensor’s resistance is in the range of 
10-100 MQ, which decreases with pressure to a minimal value of 
about 2 kQ. Each sensor costs less than $ 1  and is only 250 pm 
thick. It is flexible and easily taped on the insoles of the shoes using 
Scotch tape. In our design, the output voltage of the amplifier cir- 
cuit increases from 0 to 3.5 V as the applied pressure causes the 
sensor’s resistance to decrease. The hysteresis of the sensor backed 
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Fig. 1. Increasing sensor pressure yields a nonlinear output voltage. 

with metal is 3% of a 2 MPa full scale. Its sensitivity is 6 mV/kPa 
for pressures less than 350 kPa and about 0.15 mV/kPa for pres- 
sures higher than 650 kPa. 

We taped seven Interlink sensors on the surface of each insole 
of a pair of P. W. Minor Super X extra-depth shoes. The sensors 
are located under the center of the heel, the five metatarsal heads, 
and the big toe of each foot since these bony prominences have 
higher pressures than other areas. 

To locate the bony prominences, we rolled an even layer of stamp 
pad ink onto a thin ink pad in an Apex foot imprinter (APEX Foot 
Health Ind., Inc., So. Hackensack, NJ 07606). The subject then 
walked barefoot on a piece of paper placed on the ink pad. From 
the footprint on the paper, we located seven high pressure points 
by choosing the seven relatively darker areas on the paper. Then 
we attached seven pressure sensors to those points on the insole. 
We tied a seven-channel amplifier circuit to each of the subject’s 
lower legs using Velcro straps to amplify the signals from the seven 
sensors under each foot. From the amplifers, two 10-wire shielded 
flexible cables, each 5 mm in diameter and IO m long, carry the 
signals to the ADC in the IBM PC while the subject is walking. 
The cables also supply the operating power to the amplifiers. The 
cables are anchored at the subject’s belt to reduce their effects on 
the subject’s walking. This system can record the foot pressures 
for 60 s (about 50 consecutive steps). 

We calibrated all the sensors before and after each test using a 
440-N load cell as a reference. Fig. 1 shows a calibration curve. 
Outputs from the sensor and the load cell sampled by the computer 
generated a piecewise linear lookup table for use in compensation 
for the nonlinearities of the sensors. We calibrated the sensors in 
the range of 0-1.5 MPa at a speed of about 3 s per cycle. Fig. 2 
shows the flowchart of the sensor calibration program which is 
written in the C language. 

FOOT PRESSURE DATA ACQUISITION A N D  DISPLAY 
The Lab Master (Tecmar) signal-acquisition system installed in 

the IBM PC provides 16 channels of analog-to-digital conversion 
with 12-b amplitude resolution [12]. The bit resolution is 5 mV 
providing 2.7-kPa pressure resolution when the peak pressure ap- 
plied to the sensor is in the range of 500-700 kPa. In tests to decide 
an optimal sample frequency for data acquisition, we used sample 
frequencies from 10 to 100 Hz with increments of 10 Hz. We found 
that peak pressures at 20-Hz and 100-Hz sampling frequencies were 
within 3% of each other, so we chose the lower sampling rate of 
20 Hz per channel to maximize the data acquisition time. 

Fig. 3 shows the data-acquisition flowchart for the program 
which is written in the C language. The PC acquires digital voltage 
data from the ADC, translates them into meaningful pressures ac- 
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Fig. 2. Sensor calibration flowchart. 
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Fig. 3. Data-acquisition flowchart. 
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Fig. 5 .  Pressures under the left foot vary with time. 

cording to the prestored sensor calibration cables, and then pro- 
vides pressure data in real time. The user has the option to select 
the number of channels to record and the sampling frequency. Sam- 
pled data for 60 s require an 18-kilobyte file for storage. 

There are several common methods for presenting foot pressures 
graphically. One method shows the pressures as bar graphs within 
a foot outline. Hennens er al. outlined the left and right feet on the 
computer screen with a bar graph at the location of each sensor [8]. 
The height of the bar represented the amplitude of force at a given 
time. The measured forces could be reviewed at 200-ms time in- 
tervals, forward or backward, in real time or in slow motion. The 
advantage of this real-time display was that it allowed a direct but 
imprecise view of pressures. A disadvantage was that it was im- 
possible to capture such a dynamic picture on paper. The most 
commonly used method of presenting data is to plot pressure versus 
time for all sensors [2], [8], [13], [14]. This shows the temporal 
relationships of all the pressure waveforms. Another useful method 
is to display the total force per foot as a function of time [5], [6], 

[8]. The total force is calculated from the sum of the individual 
forces from all sensors under each foot. However, such a total force 
does not represent the actual total force under each foot since the 
sensors do not cover the whole area of the foot. 

One method of presenting the measured forces is to calculate the 
center of force of the individual forces of one foot as a function of 
time [8], [15], [16]. This method gives a visual representation of 
the measured forces under each foot and shows how the center of 
the force distribution moves under the foot during the stance phase. 
Another way of presenting data is 3-D computer graphics of pres- 
sure contours under the foot [9], [16], [17]. The intersections of 
the lines of a grid superimposed on the shoe outline represent the 
locations of the centers of the sensor elements. An interpolation 
procedure determines the complete vertical pressure distribution at 
any instant. The height of the surface above the ground plane is 
directly proportional to pressure. This method presents data in a 
visually meaningful manner. However it  is very cornputationally 
intensive. Franks et al. used seven different colors on a color mon- 
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Fig. 6. Averaged peak pressures (kPa) for a normal subject. 

itor to present different pressure levels [ 181. Soames et al. dis- 
played pressure-time area, which reflects both pressure and time 
information, versus the sensor position [ 191. 

We provide two methods of presenting pressure data with the 
umbilical system. One displays real-time bar graphs at the loca- 
tions of each sensor. The other shows pressures versus time under 
each foot. The real-time display allows us to monitor the pressures 
while the subject is walking or standing. The pressures appear as 
seven bars within each foot outline. The amplitude of each bar is 
proportional to the pressure at the particular sensor. 

We also play back recorded pressures versus time. This permits 
analysis of recorded pressures after the experiment. Figs. 4 and 5 
show the pressures of seven sensors under the right foot and left 
foot respectively when a subject is walking normally. Keyboard 
options provide for display of any one or combination of the seven 
channels to study time and pressure relationships. Other options 
select different pages of data to display, zoom the display, and put 
grids on the backgrounds. 

TEST RESULTS AND DISCUSSION 
We tested a normal subject to determine peak pressures during 

walking. The subject walked seven to ten steps at a cadence of 
about 60 steps/min. Fig. 6 shows the results. Although peak pres- 
sures under the feet depend on many factors such as body weight, 
walking style, and foot contours, the peak pressures that we mea- 
sured are in the range of 500-1000 kPa and are consistent with 
those reported by other researchers [16], [19]-[21]. 

This umbilical system for monitoring pressure distribution under 
the normal foot has several limitations. First, the subject can only 
walk within a limited distance and only seven to ten steps before 
turning because of the length of the umbilical cables. Frequent turns 
affect the subject’s normal gait pattern. Second, the use of cables 
might also affect the subject’s normal gait. 

With the advent of the Electrodynogram (EDG), a computerized 
gait analysis system developed by the Langer Biomechanics Group, 
Inc., physicians can objectively quantify biomechanically gener- 
ated pressures of the foot at the interface of the foot and appropriate 
surfaces and make a diagnosis based on statistical data [22]. The 
EDG records forces generated through the feet using a waist-pack 
recorder. The recorder uses a CMOS microprocessor and an 8-ki- 
lobyte solid-state memory [23]. 

We are building a similar battery-powered system with an ex- 
panded memory of 480 kbytes, which can continuously sample at 
a 20-Hz rate per channel and store signals from 16 sensor channels 
for 15 min. After that the data are transferred to the IBM PC for 
later analysis and display in about 60 s through a parallel data l ink .  
Such a microprocessor-based data-acquisition system will enable 
us to monitor the pressure distributions as a function of time inside 
the shoes on freely-moving ambulatory subjects. 

The portability of the system will offer more potential for study- 
ing pressure variations under the foot than does the current umbil- 

ical system. We plan to collect and analyze pressure and timing 
information under both normal and insensate feet. By comparing 
the difference of pressures under the feet and timing of footsteps 
for normal and insensate subjects, we will determine what roles 
pressure and timing play in tissue damage under the foot. Then we 
will feed back the most important information to the patients 
through electrotactile stimulation to help the diabetic protect his/ 
her feet from tissue damage. 
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