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The aim of this study was to determine the distribution of discrete sensors under the footprint for ac-
curate plantar pressure analyses. For this purpose, two different sensor layouts have been tested and
compared, to determine which was the most accurate to monitor plantar pressure with wireless devices
in research and/or clinical practice. Ten healthy volunteers participated in the study (age range: 23-58
years). The barycenter of pressures (BoP) determined from the plantar pressure system (W-inshoe®) was
compared to the center of pressures (CoP) determined from a force platform (AMTI) in the medial-lateral
(ML) and anterior-posterior (AP) directions. Then, the vertical ground reaction force (VGRF) obtained from
both W-inshoe® and force platform was compared for both layouts for each subject. The BoP and vGRF
determined from the plantar pressure system data showed good correlation (SCC) with those determined
from the force platform data, notably for the second sensor organization (ML SCC= 0.95; AP SCC=0.99;
VGRF SCC=0.91). The study demonstrates that an adjusted placement of removable sensors is key to
accurate plantar pressure analyses. These results are promising for a plantar pressure recording outside
clinical or laboratory settings, for long time monitoring, real time feedback or for whatever activity re-
quiring a low-cost system.

1. Introduction

New wireless plantar pressure systems have been developed in
recent years, aiming mainly at providing low-cost systems for mo-
bile gait analysis, activity monitoring and rehabilitation [1-5]. They
may be classified into two groups, according to the number and or-
ganization of the sensors throughout the insole. In the first group,
the insoles are entirely wrapped in a matrix of sensors [6-10], so
as to be able to analyze the pressures exerted under the whole
foot, regardless of sensor placement. In the second group, the in-
soles are composed of few sensors usually located along specific
anatomical landmarks [4,11,12]. The main issue, there, consists in
defining an optimal placement so as to avoid errors incurred by
the position of the sensors in conjunction with these landmarks
[13]. Howell et al. [3] suggested a methodology to decide where
best to place twelve sensors throughout the insole of a new low-
cost plantar pressure system. For this purpose, a 32-sensor insole
was created and tested to determine the locations most relevant
to ground reaction force and ankle moment calculations [14]. Au-
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thors used the information obtained from the 32-sensor insole in-
corporated in a model shoe that was similar for all the subjects,
to determine the location of the 12 sensors during a walking task.
From the plantar pressures recorded, a mean location was defined
for the sensors. Authors observed good results when they com-
pared those obtained with the insole with those from the force
platform. However, two important shortcomings have to be men-
tioned in this method: (1) Subjects must have the same feet size
or the same sensors distribution may be reproduced in a scaled
model for bigger or smaller feet. In that case, the scale process
is never detailed but should take into account a possible allom-
etry from one size to another as a function of age. (2) Only one
configuration has been created, and so the feet shape differences
between all subjects are not taken into account. Authors analyzed
the ground reaction force and the ankle moment to determine the
insole accuracy for uses outside of a laboratory. The center of pres-
sures (CoP) monitoring is also equally important to study the sub-
ject’s balance in order to detect any pathology [15-17], or to be
used during rehabilitation to prevent fall risks [18-20], or to evalu-
ate the effects of a surgery [21,22] outside of a laboratory. However,
the CoP is computed by means of a force platform which is a heavy
and expensive device, limiting the analyses to few non-consecutive
stance phases. Low-cost embedded systems analyzing plantar pres-
sures had been developed for that reason, making it possible to
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determine the barycenter of pressures (BoP) and to compute the
vertical ground reaction force (vGRF) during dynamic tasks outside
laboratory settings, like clinical applications in patients in podia-
trist’s offices for example. The CoP and BoP, as the vGREF, allow one
to analyze the recovery after a lower limb surgery, the severity of
the pathology creating an important lower limb asymmetry [23-
26]. The interest of the low-cost portable systems using discrete
sensors is to allow a plantar pressure survey over several consecu-
tive steps in research and/or clinical practice, or even in everyday
life. The aim of this study is to determine an adjusted and indi-
vidualized layout of removable sensors to accurately analyze plan-
tar pressure. For this purpose, the BoP and VGRF obtained from
a plantar pressure system (W-inshoe®, MEDICAPTEURS®O, France)
are compared to the CoP and vGRF obtained from a force platform,
which is the criterion measure. A first sensor layout was designed
according to Cavanagh et al. [27], then a second one was drawn to
limit the number of sensors to three located under the heel so as
to take into account the calcaneus anatomy on the one hand, and
on the other hand to add a sensor under the metatarsus to increase
the definition under a poly-articulated area. Then, results obtained
from both sensor layouts are discussed to determine which is the
most accurate to analyze plantar pressure.

2. Materials and methods
2.1. Materials

2.1.1. The plantar pressure system

The W-inshoe® is a wireless embedded system including 9
force sensor resistors. The sensors are 0.5 mm thick and the di-
ameter of the active surface is 14.3 mm. The pressure and temper-
ature ranges are 9.8-785kPa and —40 °C to +85 °C, respectively.
The 9 sensors are connected to a wireless Bluetooth transmitter
attached to the subject’s ankle. The transmitter’s dimensions are
65 mm x 45.5 mm x 18.3 mm for a weight of 50g. Data, sampled
at a rate of 100 Hz, are transmitted to the computer and treated
with the W-inshoe® software (MEDICAPTEURS®, France). The sen-
sors are calibrated individually in the range of 0 to 600 kPa using
a calibration press (MEDICAPTEURS®, France) that applies progres-
sively increased forces to the sensor. The forces applied and the
corresponding digital outputs of the sensors are recorded to de-
termine the relationship between them. The linearity of the cali-
bration press is verified regularly by means of a system (MARK-10,
series 5 force gauges) certified by the manufacturer.

2.1.2. The force platform

One AMTI force platform (Advanced Mechanical Technology,
Inc., Watertown, MA, USA), sampled at a rate of 1000 Hz, was used
to calculate the center of pressure (CoP) under each foot. Three
passive reflective markers were placed along each foot: (1) on the
first metatarsal head; (2) on the fifth metatarsal head; (3) at the
heel. A Vicon motion analysis system (Vicon, Oxford metric’s, Ox-
ford, United Kingdom) with eleven infrared cameras, sampled at
a rate of 200 Hz, was used to determine the positions of the re-
flective markers. The measurement uncertainty of AMTI and W-
inshoe® sensors is about 1% each.

2.1.3. The pressure platform

One portable pressure platform, Win-pod® (MEDICAPTEURS®,
France), was used to record the subject’s footprint. The Win-pod®
system allows one to analyze the plantar pressures (PP) during
postural or dynamic tasks. The pressure platform dimensions were
530 mm x 600 mm x 45 mm, for a weight of 6,8 kg. It included a
48 x 48 sensors matrix (i.e., 4 sensors/cm?) and the manufacturer
checked sensor homogeneity. Each sensor was 0.15 mm thick with
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Fig. 1. Footprint areas determination. (a) The first and (b) second sensor layout.

an 8 mm x 8 mm diameter. Data, sampled at 100 Hz, was transmit-
ted to the computer and treated with the Win-pod® software.

2.2. Subjects

Ten healthy volunteers (4 women, 6 men) ranging from 23
to 58 years (X=38 + 12) participated in this study. Subjects re-
ported no medical history related to their lower limbs (for exam-
ple surgery, pes cavus or pes planus). All subjects gave informed
consent prior to participating in the study.

2.3. Experimental protocol

To validate the methodology used to locate the sensors of the
W-inshoe® system, a three-step protocol was created. Step 1 con-
sisted in dividing the footprint recorded by Win-pod® into 9 areas
according to Cavanagh et al. [27]. Step 2 consisted in adjusting the
placement of the 9 W-inshoe® sensors under each foot and for
each subject. Step 3 consisted in comparing the results obtained
with the W-inshoe® system and the AMTI force platform during
the same walking trials to validate the method and determine the
most accurate sensor placement.

2.3.1. Footprint areas determination

Each subject’s footprints were recorded, using the Win-pod®
pressure system, during a walking test at spontaneous speed. A
program had been developed to map the subject’s footprints into
9 areas according to Cavanagh et al. [27]. Two configurations to
place the sensors had been created. These were: the heel (divided
into 4 areas for the first sensor layout and 3 areas for the second
sensor layout); the midfoot; the forefoot (divided in 3 areas for the
first sensor configuration and 4 areas for the second) and the Hal-
lux (Fig. 1a and b). They represented successively 30% (heel); 35%
(midfoot); 20% (forefoot) and 15% (lesser toes) of the length of the
foot.

2.3.2. Sensors location

The footprint recorded with the Win-pod®, helped determine
the peak plantar pressure of each defined areas. First, the coor-
dinates of their locations were expressed at the Win-pod® ori-
gin from the program. The coordinates of the foot origin were
also expressed at the Win-pod® origin (Fig. 1a and b). Second, the


https://www.researchgate.net/publication/246447669_In-shoe_plantar_pressure_measurement_A_review?el=1_x_8&enrichId=rgreq-d87bea34022e146a8caf36f33e2df20b-XXX&enrichSource=Y292ZXJQYWdlOzMwOTE0NTA3MjtBUzo0Mjg2OTY4MDU4NzU3MjFAMTQ3OTIyMDY5MTU0OA==
https://www.researchgate.net/publication/246447669_In-shoe_plantar_pressure_measurement_A_review?el=1_x_8&enrichId=rgreq-d87bea34022e146a8caf36f33e2df20b-XXX&enrichSource=Y292ZXJQYWdlOzMwOTE0NTA3MjtBUzo0Mjg2OTY4MDU4NzU3MjFAMTQ3OTIyMDY5MTU0OA==
https://www.researchgate.net/publication/246447669_In-shoe_plantar_pressure_measurement_A_review?el=1_x_8&enrichId=rgreq-d87bea34022e146a8caf36f33e2df20b-XXX&enrichSource=Y292ZXJQYWdlOzMwOTE0NTA3MjtBUzo0Mjg2OTY4MDU4NzU3MjFAMTQ3OTIyMDY5MTU0OA==

Q
evins
(12344
00~ 00
::. e0e

@

®

see
2
®
oo

(31344
900000
R
® .é
L 34
00000: 444
:
L 34
o
*0

o.:o
e
06

ae
L ]
i
134
L34

200
est2lese
gadesis
iy
26

Fig. 2. Sensor layout. (a) Win-pod® footprint model printed at a 1/1 scale with the
9 peak pressure locations; (b) locations of the 9 W-inshoe® sensors taped directly
under the foot.

locations of the nine sensors were then transferred to the foot ori-
gin to precisely locate each sensor under the foot during dynamic
tasks.

2.3.3. Sensor layout

The peak pressure locations determined from the Win-Pod’s
footprint were printed at a 1/1 scale, and served as a model to
locate the 9 W-inshoe® sensors on the peak pressure locations
(Fig. 2a). Nine ink pads, their size fitting that of the sensors, were
taped at the peak plantar pressure locations. For an easier place-
ment of the subject’s foot on the footprint with the nine ink pads,
and to avoid errors of sensor locations, a system was used to fix
the footprint in a reference position. The subjects were asked to
put their feet one after the other on the system with the footprint
model. Each ink pad left a mark under the foot so as to determine
the positions of the 9 sensors. Then, the 9 W-inshoe® sensors were
taped on each mark directly under the foot to avoid any constraint
due to insole or shoe (Fig. 2b).

2.3.4. Validation of the W-inshoe® sensor layout

The subjects, equipped with the W-inshoe®, performed walk-
ing trials on a 10 m walkway including the AMTI force platform.
After trials at self-selected speed (familiarization), a start mark
was placed, enabling the subjects to strike the force platform af-
ter 4 steps. This procedure permitted a better reproducibility be-
tween trials [28]. Only trials with the foot fully positioned on the
force platform were accepted for analysis. Six trials per foot were
recorded. It took around thirty minutes to set up and perform pa-
tient testing: ten minutes to record and print the footprints; ten
minutes to fix the sensors under the feet and ten minutes to record
data.

2.4. Data collection and analysis

The force platform, the Vicon systems and the W-inshoe® were
synchronized using an Arduino system. Data recorded by the force
platform, the Vicon and the W-inshoe® systems were computed
for comparison. Data recorded by the force platform was used
to compute the coordinates of the CoP in medial-lateral (x) and

anterior-posterior (y) directions (Egs. (1) and (2)). Data recorded
by the W-inshoe® system was used to calculate the BoP in x and y
directions (Egs. (3) and (4)) when the subject’s foot was in contact
with the force platform.

My
Xcor = ~UCRF (1)
and
Mx
YCoP = VGRF (2)

Where (XCoP, YCoP) is the instantaneous position of the CoP
in the medial-lateral (x) and anterior-posterior (y) directions, (Mx,
My) are the ground reaction forces momentum and VGRF is the
vertical ground reaction force.

o Z;L] Xi UGRE
XBoP = &= = (3)
and

_ YiL1Yi -VGRE

Where (XBoP, YBoP) is the instantaneous position of the BoP;
(xi, yi) is the position of the center of sensor i in the medial-
lateral (x) and anterior-posterior (y) directions; vGRFi is the vertical
ground reaction force applied to the sensor i; and n is the number
of sensors.

The positions of the three markers obtained by the Vicon mo-
tion analysis system were used to determine the positions of the
foot regarding the force platform during the recordings. It enabled
us to align the CoP (computed in the platform reference) and the
BoP (computed in the foot reference).

The vGRF profiles obtained by both systems were compared.
Data of all analyzed steps were re-sampled to 100Hz by means of
an interpolation procedure.

2.5. Statistical analysis

Statistical analyses were performed using the STATISTICA soft-
ware (STATISTICA V12, StatSoft, Maison-Alfort, France). The Spear-
man’s correlation coefficient (SCC) was computed to determine
the correlation between the CoP and BoP curves. Two repeated-
measures Anova were performed to find out the differences be-
tween CoP and BoP displacements in medial-lateral (ML) and
anterior-posterior (AP) directions. To detect with accuracy any dif-
ference throughout the stance phase, ten windows were created
-composed of ten frames each- to break down the signals. To
quantify errors between both systems, the root mean square er-
ror (RMSE) was calculated for the whole stance phase. As for the
VGRF curves analysis, the mean SCC and the normalized root mean
square error (NRMSE) were computed to compare our results with
those obtained in previous studies. The vGRF data were divided in
ten windows to perform repeated-measures Anova from RMSE val-
ues to follow errors between both curves throughout the stance
phase. A Bonferroni post-hoc test was done to determine if any
difference appeared between the RMSE values calculated at each
window (p < 0.005).

3. Results
3.1. CoP and BoP displacements

3.1.1. First sensor layout

The SCC and the RMSE values in the AP and ML directions
between the AMTI force platform and the W-inshoe® systems
are presented in Table 1, showing the results of both sensor lay-
outs. The SCC results showed a good correlation in the ML direc-
tion, and a higher correlation in the AP direction. The repeated-
measures Anova showed differences for 1% to 40% of the stance
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Table 1
CoP and BoP comparison for the first and second sensor layout.

First sensor layout

Second sensor layout

Medial-lateral axis (x)

Anterior-posterior axis (y)

Medial-lateral axis (x)  Anterior-posterior axis (y)

Mean SCC
Mean rmse (mm)

091 + 0.04
55 + 2

0.97 + 0.02
155 £ 3

0.95 + 0.02
41 + 1

0.99 £ 0.01
125 £ 2

phase (ML=7.5mm +4.7mm; AP=24.7mm+6.6 mm), and no
difference was obtained for 41% to 100% of the stance phase
(ML=3.6 mm 4 1.7 mm; AP =9.3 mm +4.8 mm) in the ML and AP
directions. The RMSE results showed a 5.5 + 2 RMSE in the ML
direction and a 15.5 + 3 RMSE in the AP direction.

3.1.2. Second sensor layout

The SCC results showed a better correlation in the ML and AP
directions (Table 1). The repeated-measures Anova showed differ-
ences for 11% to 31% of the stance phase (ML= 6.3 mm +4 mm;
AP =14.8 mm + 4.7 mm), no difference was obtained for 1% to
10% and 32% to 100% of the stance phase (ML= 3.5 mm +2 mm;
AP =11 mm =+ 5.7 mm) in the ML and AP directions. The RMSE re-
sults showed a 41+1 RMSE in the ML direction and a 12.54+2
RMSE in the AP direction.

3.2. vGRF curves

3.2.1. First sensor layout

The SCC results showed a good correlation with a value higher
than 0.85 (SCC=0.90+0.08). The normalized root mean square
error (NRMSE) between both vGRF curves showed that the force
recorded by the force platform was higher than the force recorded
by the pressure sensors system. Indeed, the average NRMSE is
about 50% (NRMSE=50% + 2%). The repeated-measures Anova
done from RMSE values showed differences between the ten
windows (p<0.0001). To determine more precisely where these
differences were located, a Bonferroni post-hoc was done. Re-
sults showed no difference for 21% to 90% of the stance phase
(RMSE=444 + 36N).

3.2.2. Second sensor layout

The SCC results showed a better correlation between the
VGRF curves obtained by both systems (SCC=0.91 4 0.08). This
placement allows a moderate decrease of the NRMSE to 46%
(NRMSE=46% + 1%). The repeated-measures Anova showed differ-
ences between the ten RMSE values (p<0.0001) but the Bonferroni
post-hoc test showed no difference between the RMSE values for
11% to 90% of the stance phase (RMSE=390 + 35N).

4. Discussion

The aim of this study was to adjust the layout of removable
sensors spread over insoles, in order to analyze plantar pressure
accurately while outside of a laboratory. For this purpose, two sen-
sor layouts were created and compared. The BoP was compared
to the CoP, which acted as standard measure. Then, the vGRF ob-
tained from both W-inshoe® and force platform were compared.

4.1. CoP and BoP curves

The second sensor layout showed better results with a higher
correlation between the CoP of the force platform and the BoP
of the W-inshoe® systems (SCC=0.95 in the ML direction and
SCC=0.99 in the AP direction) than the first (SCC= 0.91 in the ML
direction and SCC=0.97 in the AP direction). In the ML direction
the correlation is lower than in the AP direction for both layouts,

with a lesser difference for the second one. This was observed in
previous studies [13,29]. However it must be noted that the SCC
obtained in the ML direction in the present study is higher than
those obtained previously (Pearson CC greater than 0.7) [13,29], in
particular for the second sensor organization.

The second sensor layout allowed a decrease in RMSE values
(RMSE=4.14+1mm in the ML direction and RMSE=12.5 &+ 1 mm
in the AP direction) as compared to the first (RMSE=5.1 & 1 mm in
the ML direction and RMSE=15.5 + 3 mm in the AP direction). Fur-
thermore, it permitted to obtain RMSE values that were lower than
those reported by Chesnin et al. [13] that were by 5.6 + 3 mm in
the ML and by 13.7 & 5.9 mm in the AP directions. These first re-
sults confirm the relevance of our method, notably concerning the
second sensor layout, especially if we consider that the adjusted
layout of 9 sensors allows results similar to those obtained with
either a 24 sensor insole [13] or even with a 99 sensor one [29],
notwithstanding the fact that the insoles were put in shoes that
seem to induce higher AP RMSE while in the present study the
sensors were taped directly under the foot. Looking at the BoP and
CoP differences over time, the repeated-measures Anova enabled to
specify the analysis over the different phases of the foot contact.
The second sensor layout allowed narrowing differences between
BoP and CoP curves (11% to 31% of the stance phase) compared to
the first (1% to 40% of the stance phase). Nevertheless, differences
persisted during the heel loading in the ML and AP directions (11%
to 31% of the stance phase) for the second sensor layout with a BoP
vs. CoP RMSE higher than during the next phases. At that moment,
the heel fat pad located under the calcaneus suffers from a defor-
mation in the 3 dimensions. Wearing et al. [30] showed a decrease
by half of the heel pad thickness in the sagittal plane during gait
while the unloaded heel pad thickness is 18.9 mm and decreases
to 8.6 mm as a minimum during the ground contact. Our sensors
being taped under the foot, their displacements relatively to the
foot origin may be due to soft tissue deformation under the heel
and may explain the differences between the CoP and BoP during
the first part of the stance phase.

4.2. vGRF curves

The VGRF profiles obtained by the W-inshoe® system show typ-
ical patterns, i.e. the double-peak-curve, with the first peak oc-
curring at the weight acceptance and the second at the push-
off (Fig. 3) for both sensor layouts. These observations are con-
firmed with a high correlation between both systems for the
first (SCC=0.90) and second (SCC=0.91) layout. These results are
higher than those reported by Chesnin et al. [13] (PCC > 0.70),
and close to those reported by Crea et al. [1] (PCC=0.88 + 0.03).
In addition, the NRMSE results obtained in the present study are
lower for the second layout (NRMSE=46%) compared to the first
(NRMSE=50%) and lower than the NRMSE reported by Crea et al.
[1] (NRMSE=80%). These NRMSE differences may be due to differ-
ences in method. Indeed, Crea et al. [1] have created insoles com-
posed of several sensors which were then fitted in a shoe. In the
present study, sensors were taped directly under the foot. The good
results obtained by the second sensor layout, concerning the mea-
sure of the normal ground reaction force component, confirm that
adjusting the layout of the 9 W-inshoe® sensors from the peak
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Fig. 3. Comparison between the insole VGRF profiles (grey line) and the AMTI vGRF
profiles (black line) of Subject #1.

pressure leads to valuable plantar pressure measures with a low
number of sensors, while the previous studies regarding the topic
had used 24 to 99 sensors per insole. Moreover, the individual-
ized distribution of the sensors under each foot enabled to avoid
any difference due to anatomic asymmetry and to keep the mea-
sures under both feet accurate. It is important to adapt the lay-
out to each foot, in order to take its shape into account. Indeed,
the layout can be modified according to pathologies like lower-
limb arthritis or diabetes [31-40], in order to detect foot prob-
lems before functional limitations develop or to decrease joint pain
41-45]. It can be adapted, more generally, to the feet of patients
who have suffered from a lower limb surgery [46-49]. These re-
sults are promising in terms of sensor layout methodology for gait
analysis outside clinical or laboratory settings, or whenever a low-
cost system must be used. Besides, there is room for further im-
provements, to make the procedure simpler and faster. We vali-
dated this process with sensors taped under the foot. It enables
to avoid the forces due to the bending of an insole and to con-
sider that both sensor and platform surfaces are aligned during the
recordings of a vertical ground reaction force. However, the shoe
or insole materials at the foot-to-ground interface make the com-
parison between sensor and force platform signals critical, while
the 3D deformations of the structure induce changes in sensor ori-
entation and layout. One has to assume that sensor sticking is a
valuable means to reduce these artifacts or to evaluate the effects
of intermediate structures on local plantar pressures. The original-
ity of this procedure is twofold: 1- this procedure may be used
with more or less sensors. 2- Four to five times cheapest than
other plantar pressure systems, the win-shoe also simplify the data
treatment for real time feedback. It is a potential for development
of other applications dedicated to clinical and daily life surveys. It
may be used for long time locomotor disorders monitoring. To en-
large the investigation possibilities, we can mention that the pro-
cedure we validated for plantar pressure analysis can be adapted
to measure pressure in different configurations such as grasping or
seating while the sensors can be located in various supports like
gloves or seats.

5. Conclusion

The aim of this study was to determine an adjusted placement
for insole sensors in order to analyze plantar pressure accurately.
Results show good correlation between the data of the AMTI force
platform and those computed from the 9 sensors of the W-inshoe®
system, notably regarding the second sensor layout, while their
distribution under the foot followed the peak pressure locations
identified through the Win-pod® pressure platform. This layout al-

lows results that are more similar, even better sometimes, than
those from previous studies using insoles integrating many more
sensors (24 to 99 sensors), compared to a low-cost system like the
W-inshoe®. Taping the sensors under the foot enables the shape
of both feet to be taken into account, and is an argument to better
evaluate the effect of intermediate structures at the foot-to-ground
interface like insole or shoe.
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