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Piezoelectric Fixing Direction effect on GRF test results in
Wearable Shoe-Insole System
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Abstract
This article is about studying the placing direction effect of a
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piezoelectric sensor on the shoe insole in the GRF results. Where the
sensors used in this research are in two directions, along and
perpendicular to the foot midline. In the both cases the sensors were
fixed on the shoe insole to sense the foot pressure. For the first set of
sensors which are perpendicular to the foot midline the collected data
has similar trend to the GRF collected from the force plate, as the small
lateral strain in the shoe insole due to the patient weight and GRF is
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close to the GRF data collected from other measurement system. On

Received: 13 Oct. 2022 the other hand, the collected data from the second set of sensors which
Revised: 24 Oct. 2022 are in a longitudinal direction with the foot midline will have different
trend and values from the collected data from the force plate or any
Accepted: 19" Nov. 2022 other GRF measurement system. This different in the results is due to
the large longitudinal strain in the shoe insole due to the patient weight
which produce dissimilar results from the force plate result data.
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1. Introduction measurements were used to extract GRF data from
Using a wearable measurements sensors system to range of human body daily activities [2]. Other
collect the ground reaction force GRF data have been technologies used to measure GRF such as F-scan,
more reliable than using other methods [1]. These force plate or any other technologies are limited to
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laboratory conditions measurements only [3,4]. Several
groups of researchers used GRF measurement as an
indicator for the performance of the manufactured
prosthetic or orthotics and to compare it to the sound
lower limb [5, 6, 7]. During the last two decades, many
researchers were studied the wearable GRF [8] as it
become more reliable methodology to collect data for
long time and wide range of daily activity. Also it can
benefit patients who has problems in their feet e.g.
diabetes or who have any other issues that needs
monitoring [9]. There are many types of wearable
sensor systems that can be used to collect the required
data, based on the required aim of the study. In general,
multiple local sensors system is the most widely used in
this type of studies [8, 10, 11, 12, 13, 14, 15, 16, 17].
Other sensing technologies were using a full sensing
pad for all the insole area to measure the GRF [18, 19,
20]. The full pad insole sensor (loadsol) which is a
wireless single sensor pad sensor that measure the
vertical ground reaction force [18]. The (loadsol) system
and any similar system designed to measure the GRF
cost much more than using a multi local sensors that
located under the main pressure interface areas such as
under heel, toe, metatarsophalangeal joint areas. In
addition to any areas that might be important to
examine the patient for a specific condition such as the
area under the metatarsus arc to test the patient for flat
foot condition. The multi-sensor measurement system
can cost mush less than the full pad insole sensor and
the cost is mainly based on the selected type of sensor.
There are wide range of sensors that can be used for
this
barometers,

application, accelerometers, pressure sensors,

gyroscopes, [8].

Capacitance measurement system installed in the shoe

magnetometers,

insole was used to measure the GRF in several
locations in under the foot during wide range of daily
and athletic activities [9, 10, 11, 12], the capacitive
sensors used in these researches measure the change in
the capacitance value. This change is due to the
movement of the distance between the capacitor plates
when a pressure was applied. A resistance based sensor
system was installed in the shoe insole to measure the
GRF under the foot [13, 14], in these projects
resistance based sensors were located in specific areas
under the foot to measure the pressure. The interface
pressure will lead to change in the dimension of the
electrical resistance of the sensor material and a
calibrated to
measure the generated force. An optical sensor was

resistance measurement system was
developed to measure the GRF by assembling an
optical source and sensor in opposite plates with spring
between them to sense the applied pressure, this system
can generate raw voltage data from the optical sensor
that can be calibrated to pressure values [15, 16]. A
micro-electro-mechanical system was developed to
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measure three axis GRI in the shoe insole [17], in this
project a MEMS force measurement system was
designed and fabricated to measure the GRF. The
measurement was utilized by attaching the force sensor
to rubber which located under the foot in 16 specific
areas to collect the required GRF data.

Piezoelectric sensors also used by the researcher in
earlier researches to measure the GRF in wide range of
daily activities [21, 22]. Piezoelectric sensor produces
voltage signal when any deformation was applied on
them. These signals can be collected and calibrated to
measure interface pressure, strain and other parameters.
These measurements can be extracted from the
generated signals based on the attaching conditions and
the property of the material that attached to.

The aim of this article is to use piezoelectric sensors
to measure the GRF. The piezoelectric sensors were
located in specific areas where interface pressure can be
detected. In this research the piezoelectric sensors were
installed in two directions; along and perpendicular to
the foot midline axis to find the more reliable sensor
direction to present the GRF. The collected data were
analysed then compared with the standard trend of the
gait cycle GRF data.

2. Method
2.1. Subject

In this study one male participant accomplished the
experimental part of the protocol, this participant has
the following body properties; weight 80kg, height
178cm and 28 years old without any abnormality in his
health, nervous system and musculoskeletal. The
experiment protocol was clarified to the participant,
then he did several attempts before collecting the data
for this study.

2.2. The Wearable Measurement System

The wearable system which was used in this study is
shown in figure 1 below and it has the following main
parts: (LDT1-028K) piezoelectric sensor which its
dimension is 25mm by 13mm [23]. These sensors wete
connected to an electronic circuit to filter the unwanted
generated noise, the other part of this system is the (lab
jack T7-PRO) data acquisition logger which transmitted
the data wirelessly to a computer which can be saved
and processed [24].

The piezoelectric sensor from (TE connectivity
Ltd., Schaffhausen, Switzerland) serve multi-purpose
such as, pressure sensof, strain sensor, and also it can
work as vibration detector [23]. The piezoelectric
sensor in this study work as pressure and strain sensor
which these two sensors are attached to the shoe insole.
The locations of the sensors were under the heel and
metatarsophalangeal joint. The electronic band-filter
circuit work as a filter for the unwanted signals which
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have frequencies far from the gait cycle. The electronic
items for this band-pass filter are shown figure 2 below.
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Figure (1): Wearable system parts
(a) Shoe Insole with two piezoelectric sensors, (b) Band
pass filter electronic circuit, (c) Data acquisition logger,
(d) portable charger
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Figure (2): Band-pass filter electronic circuit [21,22].

The generated signal from the piezoelectric sensor
was filtered through out the band pass filter electronic
circuit then collected by the data logger to be
transmitted through WiFi and saved in a PC computer.
The data logger system is powered by portable charger
(ANKER Power bank 13400, by Anker Technology)
which can store 13400mAh charging capability. This
the
experiment for several hours to accomplish the
required data collection protocols. In the end the
collected data were stored and processed in a PC

charging capability were sufficient to run

computer after transmitting through WiFi connection,
the data then analysed to extract the gait cycle
measurement [21,22].
2.3. The Protocol

The experimental part for this study was delivered
using two piezoelectric sensors were placed under the
heel the placed
metatarsophalangeal joint area. The two positions were

area and other sensor was
selected based on the main two locations where the
GREF are transferred between the foot and the ground.
The sensors location was selected through reviewing
previous studies about the issue [9, 10, 14, 16] then by
attempting several experiments to locate the spot where
sufficient signal was generated from the piezoelectric

sensors. For the heel area sensor, the location was
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selected after reviewing the related studies and

attempting few experiments. On the other hand,
the which  placed in the
metatarsophalangeal joint area needed to attempt more

locating sensor
experiments.

There are two major sets of data were delivered in this
study, the first set when the piezoelectric sensors were
placed in longitudinal direction with the foot midline
axis, as shown in figure 3a below. And the second set
when the
perpendicular direction with the foot midline axis, as
shown in figure 3b below.

piezoelectric  sensors were placed in

(®)

Figure (3): Attached sensors to shoe insole a) in
longitudinal direction to the foot midline axis, b) in
perpendicular direction to the foot midline axis [21]

(2)

Several trials were attempt to finally locate the
piezoelectric sensors then they attached to the shoe
insole to run the experiments. After that the insole was
placed into a sport shoe then the participant has put on
the shoe and secured the rest of the measuring system
items to his lower limb by a belt comfortably. The
participant then starts to walk around for some time to
achieve the required self-selected speed walking which
was around 1.2 m/sec on the selected path for the
experiment. The system then turned on, the Wili
connection with the PC was secured using a local
router. And the data logger starts to transmit the
collected data from the piezoelectric sensors. Several
sampling rate was tested to find the suitable sampling
rate value which can be used to find the gait cycle
measurements. Then the data logger was set on 200Hz
which was suitable for the walking speed and any other
daily activity. Each experiment was utilized for at least 6
times to ensure that the average for these experiments
after analysing was close to the real gait cycle for the
participant.

2.4 Data collecting and processing

The generated signal from the piezoelectric sensors
are collected as analogue voltage data in the (labjack)
data logger. The data logger will transmit the collected
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data through WiFi connection to a PC where it can be
stored and processed afterword. The collected voltage
data represent the strain rate values at any time [25, 20].
The strain value can be found by numerally integrated
the collected data with respect to time to find the strain
value [21,22]. The founded strain values can be
considered as interface pressure, shoe-insole strain,
GRF or any other value using the required calibration
and coefficients. Another factor that affect the type of
the collected data, which is the attaching condition, the
piezoelectric sensor will measure the shoe-insole strain
if the sensor were glued and fixed to the insole.

The numerical integration was utilized by using
General Trapezoidal Numerical Integration Formula,
where its principle can be shown in the equation below:

=fie € dt S TR (0 +e
(t+1))/2)At

Where: e= strain, ¢'= strain rate, a= the time of
stepping beginning, b= the time when the strain
required to be found, t= time and At= time interval
27].

The strain data found from this equation can be
GRF data the
coefficients that was found earlier. These coefficients

transformed  to using required
were found by utilizing set of experiment using
vibration kit consist of piezoelectric sensor attached to
rubber and been excited shaker and the collected strain
data was compared to accelerometer and load cell data
[28, 29]. The extracted coefficients values will be used
to find the values of the applied force from the

measured strain values from the piezoelectric sensors.

3. Results

A sample of the collected raw voltage data from the
piezoelectric is shown in the figure 4. As the data from
sensor (a) from figure 3 represent the data (V1) in
figure 4, and (F1) in figure 5, also the data from sensor
(b) from figure 3 represent the data (V2) in figure 4,
and (F2) in figure 5.

Raw voltage data
10

Voltage V

Time sec

Figure (4): Strain rate signals raw voltage data for
several steps.
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The collected data above in figure 4 represent the
piezoelectric sensor signal after being filtered and
adjusted to the data logger requirements using the
electronic circuit shown in figure 2. The data in figure
4, is extracted from the sensor which attached in the
longitudinal direction to the foot midline. The above
signal in figure 4, will be transformed to strain data
using (General Trapezoidal Numerical Integration
Formula) shown above. The calculated strain data then
transferred to force using the coefficient cited above
[28,29]. The force data are shown in figure 5 represent
the calculated force values from the collected strain
results from the piezo-sensor. These data shown in
figure 5 are measured with piezo-sensor in longitudinal
direction with the foot midline, and perpendicular with
foot midline respectively. The data in figure 5 shows
the data for a complete gait cycle.

Force values found from longitudenal piezo

SENSOfrs

1000

500

Force N

-500

-1000 -
Time sec

()

Force values found from perpendicular piezo
sensors

800

600

400

Force N

200

0 0.2 0.4 0.6 .8 1 1.2

Time sec

(®)
Figure (5): Force calculated from the measured strain
data using the piezo-sensor in a) longitudinal direction,
b) perpendicular direction

Figure 5 shows a clear difference between the
collected data from piezo-sensors in which installed in
longitudinal and perpendicular direction to the foot
midline. The difference in the measured data might be
due to the difference in the shoe-insole strain. The
insole longitudinal strain was probably generated due to
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the elongation happened during the gait cycle phases.
As the foot heel starts contacting the ground, the
backside of the foot and the shoe-insole will be fixed to
the ground. The rest of the shoe-insole will start to
stretch due to the friction force between the foot and
the insole. This force will be very clear in the sensor
which in longitudinal direction. And it would not be
obvious in the sensor which was in perpendicular
direction to the foot midline. On the other hand, the
sensor in perpendicular direction to the foot midline
senses the interface pressure clearly when compare its
result to the data of same subject walking conditions at
the force plate as shown in figure 6 [21,22]. The
measured GRF with the force plate shows that the
standard (M — shape) profile for the GRF, as the data
from figure 6 represent the summation of the GRF
from all the local sensors in the force plate under the
foot print area. The calculated GRF (as shown in figure
5b) from the wearable measurement system used in this
project by the two sensors in perpendicular direction is
similar to the M-shape which measured by the force
plate (as shown in figure 6). On the other hand, the
the
longitudinal direction with the foot midline (as shown

collected data from sensors which are in

in figure 5a) is different from the standard M-shape of
the GRF (as shown in figure 6).

Measured GRF using Force Plate
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Figure (6): Measured GRF using force plate [21,22].

4. Discussion

The calculated force outcomes which measured
the
measurement conditions, such as; the location where
attaching the piezoelectric sensor, and the sensor
attaching direction, which been investigated in this

from strain data are affected with several

research. The collected data can present wide range of
results based on the direction of installing the
piezoclectric sensor. In this research two sets of
experiments were utilized to find the generated signals
in the piezoelectric sensor using wearable measurement
system and find its physical explication.

The first set of data was utilized with sensors
installed in longitudinal direction with the foot midline
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axis. From this experiment, the main value of the
measured longitudinal data in the shoe insole represent
the shoe-insole strain rather than the interface pressure.
This strain was due to the longitudinal tension strain
occurs in the shoe-insole during the gait cycle phases. It
starts when the foot starts contacting the ground (heel
strike phase) in the heel area as shown in figure 5a. The
heel area will be as fixed support with the ground and
shoe-insole will suffer from accumulated tension load
due to the friction with the shoe and the foot. This
tension load will increase with the gait cycle phase
transform to mid stance and reaches its maximum value
there. This behaviour can be shown in the sensor under
the metatarsophalangeal joint area (sensor b shown in
figure 3) which is F2 in figure 5a. then under the toe off
phase of the gait cycle, the sensor signal will
dramatically change towards compression due to the
severe bending under the metatarsophalangeal joint area
where the sensor will be on the top of the shoe bottom
(shoe-sole) which suffer from compression stress.
However, the other sensor located under the heel area
(sensor a in figure 3) which its results shown in F1 will
measure the GRF in the same trend as the sensor in
perpendicular direction to the foot midline which
shown in figure 5b, this similarity in the GRF trend
shows less effect of the longitudinal load in the heel
area might be because of the physical condition of
fixing the shoe heel area between the ground and the
foot.

On the other hand, the second set of results where
the piezoelectric sensors ate attached to the shoe insole
in perpendicular direction to the foot midline as in
figure 3b. The results shown in figure 5b, show close
trend to the measured GRF using force plate. Also the
measured value from the wearable sensor system
installed in perpendicular direction to the foot midline
shows similar GRF values to the measured GRF using
force plate. This similarity in the result will make it very
possible to use this system with this installation
conditions as wearable GRF measurement system.
Where this
compared with the force plate. Also, it can be used to
measure the GRF in different daily activities in addition
to athletics activities or as a monitoring system for any

wearable system cost much less in

patients who need any measurements for any abnormal
pressure on the foot such as diabetes.

5. Conclusions

The collecting (GRF) data using a wearable shoe
insole system is very useful to improve the monitoring
system. The suggested system cost is much less than the
available ready to use products in the market. The
(GRF) data could be for patient or the athletes who are
in need to be observed in real life activity not only in
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laboratory conditions. This atticle was about studying
the effect of the direction of piezoelectric sensors in the
wearable shoe insole system, to find the direction which
results the closest (GRF) data to the standard measured
data from the force plate. It was found from this study
that placing the piezoelectric sensors in a perpendicular
direction to the foot midline will produce more close
(GRF) data to the typical collected data from the force
plate. The collected data from the second group where
the sensors were placed along the foot midline are far
from the typical collected data from the force plate
data. The sensors locations, placing direction were
studied in this article to find the closest data to the
standard results from the force plate measuring system.
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