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Abstract—Large-area tactile sensors are used to image the
pressure exerted by human body parts. More specifically,
they can be used to measure plantar pressure on human
stability tests. The center-of-pressure (CoP) trajectory is the
primary outcome of such tests. Previous research has shown
that the parameters obtained from the trajectory correlate
with those obtained from a reference instrument, that is,
a force platform (FP). However, there are still noticeable
differences. In this work, a low-cost prototype of a pressure-
sensitive mat (PSM) has been built and compared with an FP
in stability tests. The sensitive material is Velostat, which is
readily available. Such a mat could make objective stability
tests more accessible. A model of two nonlinear effects,
hysteresis and creep, has been considered to compensate
for them. Given that it was rather difficult to characterize the
large mat with a pneumatic device, a small-sized sensor array
was first characterized in a controlled environment. Then the
model was extended to the large mat using a suitable scaling
factor. The experimental results show that compensating for the nonlinear effects led to a decrease in the differences
between the two instruments, the FP and the mat, with an average improvement of 26% in the distance between the
trajectories.

Index Terms— Center of pressure (CoP), creep, force platform (FP), hysteresis, resistive sensor array, stability test,
tactile sensor.

I. INTRODUCTION

PRESSURE sensor arrays have been used in the field
of robotics, ergonomics, or sports among many others.
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In this article we focus on large area sensors, pressure-sensitive
mats (PSMs), suitable for imaging the pressure of body parts
on seats or on the floor [1], [2].

One of the parameters that can be obtained from a pressure
distribution is the center of pressure (CoP). Its displacement is
a typical measurement in balance tests [3], [4], [5]. The instru-
ment that can be considered the gold standard for measuring
CoP is the force platform (FP). However, they are usually
expensive and cumbersome. Thus, several alternatives have
been proposed. PSMs are one of them, the outstanding benefits
of which are low weight, flexibility, ease of transportation,
and cost in some cases. Several studies [6], [7], [8], [9], [10]
have compared both systems by extracting some parameters
of the CoP trajectory that have shown moderate to strong
correlation. The differences are not surprising given that the
principle of operation is completely different. In PSMs, there
are several sensing units in which capacitance or resistance
change when a force is applied. The response of each unit is
far from an ideal straight line and several phenomena such
as nonrepeatability, creep, hysteresis, or nonlinearity appear
very often [11], [12], [13], [14], [15]. If the units are placed
in an array, crosstalk can appear too [16]. Besides, it is
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well-known that each cell in an array has a different response
even if the manufacturing process, material, and electrode
shape are the same for all of them. Thus, an equilibration
step is often recommended [17]. In [10] it was shown that
removing crosstalk, improving resolution, and modeling of
sensor time response could improve agreement between the
instruments. In [6], the agreement between both instruments
was improved by considering a filter in the frequency domain
that relates their CoP displacements. The filter was found
numerically.

One aspect that remains to be studied is the influence
of hysteresis and creep in the CoP derived from a PSM.
Hysteresis and creep compensation is very common in
piezoelectric actuators [18], [19]. The compensation requires
a model of the hysteresis and dynamic behavior of the actuator.
Once the model is known, the simplest control strategy is a
feedforward operation in which the inverse model is placed
in cascade with the piezoactuated stage [19], [20]. In this
way, the influence of creep and hysteresis is minimized. For
tactile sensors, hysteresis can also be compensated as in [21]:
a generalized Prandtl–Ishlinskii model was used to model the
sensor output. In this way, the compensated pressure reduced
its error from 7.20% to 1.51% for an input range of 206 kPa.
A large error reduction was also found by using a Preisach
hysteresis model for a silicon piezoresistive sensor [22].
In [23], a new model of hysteresis was implemented in
order to better predict the output of a tactile sensor on a
printed circuit board (PCB). It was shown that fitting an
individual model for each taxel in a 16 × 16 array improved
pressure images dramatically, reducing not only the hysteresis
nonlinearities but also the mismatching between different
taxels. In [24], a modified Prandtl–Ishlinskii (MPI) model
was used to compensate for the hysteresis of a piezoresistive
sensor and reduce the error in estimating the rotation angle
of a wrist. Arndt [25] considered a simple model to correct
the creep in a plantar pressure measurement system. The
tests were performed with two subjects, who walked for three
hours. The boots included commercial insoles with capacitive
sensors. Creep was determined by fitting a second-order
polynomial on the total force output to calculate the
percentage of increase in sensor output. Then this percentage
was used to correct the output of specific sensors. It was
found that the corrected force underneath the metatarsal heads
II–V was in agreement with previous fatigue studies. In [26],
creep was corrected for a foam rubber optical pressure system.
The strain was modeled as the addition of an instantaneous
response and an exponential term. This model was found
to be better than power law time-dependent functions. A
different approach to compensation was presented in [27].
In this study, the force applied to a flexible tactile sensor
based on carbon black–filled elastomers was recovered using
a new probabilistic nonparametric sensor model based on
Gaussian processes. In comparison with other Gaussian
process filtering, the proposed approach reduced the error
by 33%.

The goal of the current study is to compensate for nonlinear
effects of piezoresistive sensors to improve CoP measure-
ments. The compensation is performed for a large area mat

composed of an array of 16 × 16 cells. Each cell contains an
interdigital electrode and a Velostat as sensitive material. This
material has become popular for low-cost devices [12], [28].
The focus is on applications to human balance tests. However,
a small-sized array was also constructed to find the hysteresis
and creep models because the large area mat could not fit
into the pneumatic device used for characterizing the sensor
response.

The novelty of this article relies on several aspects. First
of all, the hysteresis and creep of a pressure sensor based on
Velostat has been modeled. Although there have been several
studies that have measured properties of Velostat-based tactile
sensors such as sensitivity, hysteresis, response time, creep,
or repeatability (see [11], [14], [28], [29], [30] or [31] and
references therein), they just characterize these phenomena
with simple parameters extracted from the sensor response.
On the other hand, the current work uses a theory with a
strong formal background to develop the model and opens
the possibility of compensation by inverting it. Second, the
compensation is applied to improve CoP measurements. Pre-
vious studies that compared FP and PSM did not try to
carry out any improvement [7], [8], [9] or did not consider
hysteresis at all [6], [10]. In any case, they do not consider
the CoP itself but some quantities derived from it. Thirdly,
no previous studies on tactile sensors have considered the
joint compensation of creep and hysteresis. In this regard, only
hysteresis was considered in [21], [22], [23], [24], and [27],
while only creep was considered in [25] and [26]. Fourthly,
in the current paper the model found for the small-sized array
is extended to the large area mat. Given that it is not possible
to characterize the mat itself, a scaling factor is introduced to
adapt the model found in the small-sized array. This heuristic
factor ensures that the total pressure detected by the mat is
coherent with the weight of the person on it. On the other
hand, in previous studies [21], [22], [23], [24], [25], [26],
[27] the models were found in the same experiments for which
compensation was then carried out. Finally, it is worth pointing
out that our study deals with a low-cost PSM with poor
accuracy, many sources of error, and mismatching between
cells. Despite this, it is shown that the CoP measurement
can be improved with the proposed compensation. Therefore,
this study promotes the availability of reliable and affordable
instruments for stability measurements, which are performed
everyday in primary health care centers.

The remainder of this article is organized as follows.
Section II presents the models of asymmetric hysteresis and
creep together with the figures of merit to evaluate perfor-
mance and the rationale behind the use of a scaling factor.
Section III presents the experimental set-up, which includes
the pneumatic device, a commercial FP and a prototype of
PSM. The FP is the reference instrument. Moreover, the tests
performed by several volunteers are also described. Section IV
presents and discusses the results of the experiments: on one
hand, the results found on the pneumatic device to find the
model parameters; on the other hand, the results found on the
stability tests to check the improvement due to the correction
of nonlinear effects. Finally, Section V outlines the main
conclusions and guides for future research.
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II. THEORETICAL BACKGROUND

A. Hysteresis
In this article, we have adopted an MPI model to compen-

sate for the hysteresis behavior [32]. It belongs to the group
of phenomenological models based on operators [19]. It has
several advantages: it can be inverted analytically and the
equations are described in [32]; it relies on a few parameters,
which is very suitable to find them in a fitting process; it can
model asymmetric hysteresis, which appear often in previous
studies.

The hysteresis behavior is based on the one-side play (OSP)
operator, which is a modification of the play operator for
positive signals. Given an input x(t) for t in [0, tM ] and a
set of times 0 < t1 < t2 < · · · < tM so that x(t) is monotone
in each subinterval [ti , ti+1], the output of the OSP operator,
yr (t), with threshold r is as follows:

yr (0) = Fr [x](0) = fr (x(0), 0)

yr (t) = Fr [x](t) = fr (x(t), yr (ti )) (1)

for ti < t ≤ ti+1, with

fr (x, yr ) = max(x − r, min(x, yr )). (2)

The output of the system is obtained from a weighted sum
of OSP operators. Besides, a third-order polynomial is added
to model asymmetric hysteresis

yh(t) = a1 x(t) + a2 x2(t) + a3x3(t) +

N∑
i=1

bi Fri [x](t). (3)

In this article, we have selected N = 6 OSP operators with
equally distributed thresholds as ri = (i − 1)/N considering a
normalized input. Moreover the weights are given as a typical
decreasing exponential function with two parameters, ρ and τ

bi = ρ e(−τ ri ). (4)

To define the inverse of the MPI model [32], the output is
divided as a sum of two parts

yh(t) = P[x](t) + F[x](t) (5)

where P[x](t) = a2 x2(t) + a3x3(t) and F[x](t) = a1 x(t) +∑N
i=1 bi Fri [x](t). Thus F[x](t) represents the hysteresis and

the linear term.
The inverse F−1 is again an MPI model [32]

F−1
[u](t) = â1 u(t) +

N∑
j=1

b̂ j Fr̂ j [u](t) (6)

where

â1 =
1
a1

b̂ j = −
b j(

a1 +
∑ j−1

i=1 bi

) (
a1 +

∑ j
i=1 bi

)
r̂ j = a1 r j +

j−1∑
i=1

bi (r j − ri ). (7)

Fig. 1. Signal flowchart of the inverse hysteresis operation.

In order to get the complete inverse model, the flowchart
of Fig. 1 can be applied [32]. In other words, to obtain x(t)
from yh(t), we apply the following equations:

u(t) = yh(t) − P[x](t) = yh(t) − (a2 x2(t) + a3 x3(t))

x(t) = F−1
[u](t). (8)

B. Creep
A single creep operator can be modeled as a first-order

linear time invariant model [18], [19]. In the time domain,
the global creep can be represented by a weighted sum of
creep operators [33], [34], [35]. Each creep operator has a
parameter li and produces an output at time tk = k T given
by

yc,i (tk) = e−li T yc,i (tk−1) + (1 − e−li T )x(tk−1) (9)

where T is the sampling period.
The total creep output, represented as C[x](t), is given by

yc(tk) = C[x](tk) =

Nc∑
i=1

wi yc,i (tk) (10)

where wi is the weight and Nc is the number of creep
operators.

C. Joint Creep and Hysteresis Modeling
The joint model of hysteresis and creep is given in

Fig. 2(a). The outputs of hysteresis and creep, (3) and (10), are
added [34]. The joint inverse model is better understood graph-
ically, Fig. 2(b), applying the same ideas as in Fig. 1 [36].
Formally, the output is again obtained as x(t) = F−1

[u](t),
with F−1

[u](t) defined in (6). However, in this case the creep
is also subtracted to get u(t)

u(t) = y(t) − P[x](t) − C[x](t) (11)

where P[x](t) is defined below (5), and C[x](t) is defined
in (10).

In our study, the sensor input, x , corresponds to pressure,
and the sensor output, y, to its conductance. Thus, the inverse
model can be used to recover the applied pressure from the
measured conductance.

D. Parameter Identification
The set of all model parameters is the following: ρ, τ ,

(a1, a2, a3), li , and wi . Their identification is not a trivial task.
It is an optimization problem in a high dimensional space with
several constraints. If a pressure temporal series, xt , is applied
to a sensor and the conductance of the sensor is recorded
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Fig. 2. (a) Signal flowchart of the joint hysteresis and creep model and
(b) its inverse.

as yexp,t , then the goal is to minimize the sum of squares of
the difference between the experimental output, yexp,t , and the
model output, ym,t , which in this article is also divided by the
number of points in the sequence, Nt . Thus, the target function
to be minimized, SSEN , is defined as follows:

SSEN =

∑Nt
t=1(yexp,t − ym,t )

2

Nt
. (12)

It is typical to use some stochastic search algorithm.
Thus, in this article, we have adopted a simulated-annealing
algorithm [37] for searching the parameter space.

E. Extending the Model to a Large Mat
As it will be explained in Section III, it was not possible to

characterize directly the PSM used in the stability test, which
is a 32 × 32 cm mat. Thus, the model parameters were found
for a reduced sensor array. However, this leads to the question
of the suitability of the given model for a different array, even
if the materials and electrode shapes are the same.

In this article, a heuristic scaling factor is proposed for the
stability experiments in which a person stands on the large
mat. If the model that relates conductance to pressure is called
generically as x = M(y), then the conductance is scaled by a
factor f such that

16∑
i=1

16∑
j=1

M( f · yi, j ) · A = Weight (13)

where yi, j is the conductance measured for each cell of the
mat, A is the area of the cells, and Weight is the weight of
the volunteer performing the experiment. The mat used in this
article is a square array of 16 × 16 cells.

The stability experiments lasted 30 s so that we took the
average of the above equation. The factor f was found by
means of a brute force search in the interval [0.25, 0.75].

F. CoP Trajectory Comparison and Model Variants
When comparing the output of the large mat and the FP,

the figure of merit, Eu, is based on the comparison of the
CoP trajectories given by the two instruments. We considered
the distance between each pair of points of a trajectory, di and
obtained the lock-step Euclidean distance [38], which is further
divided by the number of points in the trajectory, NCoP

Eu =

√∑NCoP
i=1 d2

i

NCoP
. (14)

Several model variants are considered in Section IV to check
the improvement associated with increasing model complex-
ity: a naive approach in which conductance and pressure is
supposed to be proportional, a compensation of hysteresis and
creep using the model found in the pneumatic platform, and
the same compensation including the scaling factor described
in Section II-E.

III. EXPERIMENTAL SET-UP

A. Experiments for Model Identification
The experiments for identification of creep and hysteresis

parameters were done with a small-sized array of ten sensors
because the large mat did not fit into the pneumatic device
used for characterization. The electrode had an interdigital
shape manufactured on a PCB and was covered with a sheet
of Velostat. This material is a carbon-impregnated polyolefin
foil (surface resistivity < 31 k�/cm2, volume resistivity <

500 �-cm, thickness 0.2 mm). A simple multiplexed data
acquisition system based on an Arduino Nano Every Board
and a voltage divider circuit was used to read the sensor data
and send them to a PC.

The small-sized array was introduced in a pneumatic device
suitable for applying a series of predefined uniform pressures.
The pneumatic characterization system consists of a PB100E
Equilibration Device by Tekscan [39] (gauge accuracy:
1% F.S., pressure range: 0–100 psi) controlled with a propor-
tional pressure regulator 171E2N.T.D.0009 by Pneumax [40]
(linearity: <±0.3% F.S., hysteresis: <0.3% F.S., repeatability:
<±0.3% F.S., sensitivity < ±0.3% F.S., outlet pressure:
0–9 bar). This pressure regulator is connected to a personal
computer to control the exerted pressure automatically using
LabVIEWTM application. Fig. 3 shows a photo of the charac-
terization set-up and a scheme of the system connections.

A set of hysteresis cycles was applied: changing the maxi-
mum pressure value first (descendent hysteresis cycles) and
later the minimum one (ascendant hysteresis cycles). The
pressure changed every 6 s (2 psi step). Before changing
the pressure set point, both pressure and conductances were
recorded. In the descendent hysteresis set, one cycle involves
exerting pressure from 0 to 32 psi. Another cycle is done
from 0 to 28 psi (4 psi lower than the last maximum value),
and so on, until eight cycles are completed. In the ascendant
hysteresis set, one cycle consists in applying pressure from 0 to
32 psi, then down to 4 psi (4 psi higher than the last minimum
value), up again until 32 psi, and finally down to 0 psi; and so
on until seven cycles are completed. Each set of cycles was
repeated ten times consecutively.
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Fig. 3. Experimental set-up with the pneumatic device.

In this study, the output of the ten sensors was averaged
and considered as a single unit. The model identification was
performed for this averaged sensor.

B. PSM Prototype and Stability Tests
The CoP was measured simultaneously by a commercial

FP and the PSM prototype. The FP was a PS-2141 PASPort
by PASCO [41] (weight: 4 kg, size 35 × 35 cm). It allows
measuring forces between −1100 and 4400 N with a resolution
of 0.1 N. The measurements were registered at 100 Hz.
The PASCO software records data via USB, performs some
processing, and exports the data to a file in which the CoP
coordinates are stored directly.

The prototype PSM is based on a 16 × 16 grid of
interdigital electrodes [Fig. 4(a)] on a flexible PCB, covering
an area of 32 × 32 cm. A sheet of piezoresistive Velostat was
attached to the PCB to provide pressure sensitivity. Fig. 4(b)
shows a picture of the PSM. Analog multiplexers select one
cell at a time, which is connected to a voltage divider circuit
and to the ADC of an STM32F103C8T6 microcontroller. Data
is sent to a PC via USB [Fig. 4(c) and (d)], which also powers
the circuit. The whole PSM is scanned at 100 Hz. The circuit
is similar to those described in [10], [42], and [43]. It also
allows Bluetooth communication and battery power but these
options were not used in this study. This basic circuit shows
crosstalk [16] that was removed using a post-processing
[44], [45]. The CoP was obtained from the pressure
measurements.

The PSM was placed on top of the FP during the exper-
iments. Then, data acquisition was started. Afterward, each
volunteer was asked to step on the instruments and perform
a test for at least 30 s while trying to control balance.
Thus, the mat started from an unloaded condition in all
the tests, allowing the inverse model to be applied from a

Fig. 4. Prototype of PSM. (a) Electrode shape. (b) Corner of the
PSM with unfolded sheet of Velostat. (c) Picture of the data acquisition
system. (d) Diagram of the data acquisition system.

known state. Three kinds of tests were performed1: 1) single-
legged, left leg; 2) single-legged, right leg; and 3) starting
in quiet standing and then swaying while describing circles
seen from above (“rotation” test for short). In the rotation
test, the CoP describes an elliptic path approximately. The
CoP span is higher than in the single-legged experiments
because the movements are somehow forced. In this way,
instruments can be compared for different ranges. Given that
the data acquisition software is different for each instrument,
they were not synchronized. Therefore their CoP signals had
an unavoidable delay. A semi-automatic procedure based on
their cross correlation was used to align them and extract
a 30-s window for further processing. Since only relative
displacements are interesting in human balance studies, in both
instruments coordinates were measured with respect to their
average values in each axis. This allows a fair comparison
between them. In this way, the exact position of the PSM
on top of the FP is not relevant, although the PSM was
approximately centered on the FP surface.

Four volunteers performed the tests. Each participant con-
sented to the experimental protocol, which was approved by
the regional ethics committee: Comité de Ética de la Inves-
tigación de la Comunidad Autónoma de Aragón (CEICA),
on December 18, 2019, (reference: 22/2019, protocol version:
1.0, 29-11-2019).

1Videos showing how tests were carried out have been uploaded
as supplementary material. Code and data associated with the article
is publicly available at https://gitlab.com/ctmedra1/creep_hyst_comp_psm/-
/releases/v202310
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Fig. 5. Experimental results of the descendent hysteresis cycles.
(a) Pressure pattern applied in one repetition. (b) General view of ten
repetitions. (c) First repetition. (d) Fifth repetition.

Fig. 6. Experimental results of the ascendant hysteresis cycles.
(a) Pressure pattern applied in one repetition. (b) General view of ten
repetitions. (c) First repetition. (d) Fifth repetition.

IV. RESULTS AND DISCUSSION

A. Model Optimization
The results of the experiments described in Section III-A

for model optimization on the small-sized array are presented
in Figs. 5 and 6; the former presents the pressure pattern
with decreasing maximum values, while the latter presents
increasing minimum values. The pressure cycles were repeated
ten times consecutively each one. In Fig. 5, the conductance
shows an increasing trend as a function of the repetition, while
in Fig. 6 the increasing trend takes place up to the intermediate
repetitions but then conductance decreases globally in the last
ones. Thus, it is clear that the model has to include some
dependence on time, which is the creep modeling explained

TABLE I
MODEL PARAMETERS

Fig. 7. Results of SSEN calculated for each repetition of the hysteresis
cycles: ascendant cycles (red) and descendent cycles (green).

in Section II. The model parameters are shown in Table I.
However, the model considered cannot explain the decrease
in conductance observed in the last cycles of Fig. 6(b). This
behavior is rather another confirmation of the poor repeata-
bility widely highlighted in the literature for piezoresistive
sensors [31], [46]. For Velostat-based tactile sensors, previous
studies such as [29] and [11] have presented large differences
in sensor output for the same load. Dzedzickis et al. [31]
indicate that the structure of piezoresistive materials is non-
homogeneous, and that this feature has an impact on the
repeatability of sensor response. Additionally, they indicate
that higher loads can damage Velostat and lead to a loss of
conductivity.

The figures also show two repetitions in detail to observe
the model fit more clearly. The model fit is rather irregular
with respect to the cycle repetition. The first repetition is the
worse while the fit improves for the next repetitions [compare
Fig. 5(c) with Fig. 5(d) or Fig. 6(c) with Fig. 6(d)]. If SSEN is
calculated separately for each repetition, the irregular fit can be
quantified, Fig. 7. The main outcome is the anomaly of SSEN
in the first repetition, while the rest is far more homogeneous
with some possible trend to get worse for the last repetitions.
The difference of the first repetition can be related to the fact
that a preload step helps to reduce creep and make the output
more repeatable [47], [48]. The well-known manufacturer
Tekscan call this conditioning: The sensors should be loaded
with a value higher than the maximum load for a few cycles
[49], [50], [51]. In our experiment, the first repetition acts as
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TABLE II
MODELS USED FOR OBTAINING COP TRAJECTORY

Fig. 8. Averaged results for Eu in global and by experiment for three
conductance versus pressure models: proportional model (PROP), and
creep and hysteresis compensation with or without scaling (SCHC and
CHC, respectively).

a kind of preload that reduces the creep of the subsequent
repetitions.

B. Center of Pressure
The figure of merit for the CoP experiments on the PSM

(Section III-B) is presented for several model variants. The list
of abbreviations is included in Table II for the sake of clarity.
FP is also included for completeness. Concerning the PSM,
results from a naive approach that assumes that conductance
is proportional to pressure will be shown (PROP for short).
This assumption is sometimes used in the literature and gives a
reasonable similarity between the shape of the CoP trajectories
derived from PSM and FP. Besides, Eu will be shown for two
models that compensate hysteresis and creep without and with
scaling factor (described in Section II-E), creep and hysteresis
compensation (CHC), and scaled CHC (SCHC), respectively.

Fig. 8 shows the figure of merit for the CoP experiments
considering the PSM model variants described in Table II.
It is apparent from the figure that the models including
compensation, CHC and SCHC, improve the naive PROP
approach. Scaling is also a relevant aspect to further improve
the results, especially in the single-legged experiments (CHC
versus SCHC). For these kind of experiments, there is almost
no improvement if the scaling is not carried out.

The improvement is also visually apparent when drawing
the temporal series of the CoP coordinates. Fig. 9 shows one
example of the medial lateral (ML) and anterior posterior (AP)
CoP coordinates given by the FP or the PSM considering

Fig. 9. Examples of temporal series of CoP coordinates. Blue: CoP
given by the FP; orange: CoP derived from PSM using the SCHC model;
green: CoP derived from PSM using the CHC model; red: CoP obtained
from PSM using the PROP model. (a) and (b) Rotation experiment (CoP
ML and AP axes, respectively). (c) and (d) Left leg experiment (CoP ML
and AP axes, respectively).

a naive PROP approach, the CHC or the SCHC proposed
models. Although the correlation between signals is always
high, the height of peaks and valleys is clearly different when
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comparing the FP and the PSM outputs. Nevertheless, the
results of the joint MPI and creep models allow the peaks
and valleys of the predicted PSM output to better approximate
the results of the FP. SCHC and CHC signals are often very
close, but in the AP direction of the single-legged experiment,
Fig. 9(d), the scaling, SCHC, seems to make a difference in
order to reproduce some peaks. It has been noticed that this
is a general trend and not only true for the examples shown
in Fig. 9(c) and (d): There is more room for improvement in
the AP direction than in the ML direction for single-legged
experiments and the scaling is especially relevant in those
cases. One of the volunteers repeated the experiments with
the same instrument set-up but with his body rotated 90◦ and
the AP direction was again the worse, while it corresponded
to a different axis of the instruments. Thus, there seems to be
no intrinsic differences between the axes in the PSM.

We have also checked that Eu improved in all the 12 exper-
iments (four people and three trials per person). The average
relative improvement of the SCHC model with respect to the
PROP model is 26%, ranging from 13% to 37%. Moreover,
scaling always improves Eu: when comparing SCHC and
CHC, Eu is better again in all the 12 experiments (average
relative improvement of 15%, ranging from 2.5% to 34%).
Thus, despite the fact that the model has been optimized for
a different sample of the sensor array and the approximation
inherent to the proposed scaling, it seems that the model has
captured a key aspect of the material/electrode behavior.

V. CONCLUSION AND FUTURE WORK

In this article, a hysteresis and creep model of a Velostat-
based PSM has been found. The model allows measuring the
CoP displacements in human stability test with an increasing
accuracy. To deduce the model, a small-sized sensor array was
subjected to an experiment in a controlled environment with
a pneumatic device. A scaling factor was proposed to apply it
to the larger mat meaningfully. The experiments show that the
model output fits correctly the experimental data. Moreover,
when processing the CoP, a clear improvement is observed if
the SCHC model is applied (26% in average). In this way, the
CoP trajectory measured by a low-cost PSM is more similar
to that measured by an FP.

However, the model can be further improved because the fit
is far from perfect. Thus, a future work should apply a different
characterization that better captures the temporal trend of the
sensor output or even to define a model specific to Velostat.

Another aspect to be considered is the large variability
of cells between the same array. It is likely that a smaller
spatial resolution could alleviate this problem, because the
measurement would come from a large number of cells.
Nonetheless, a practical procedure to calibrate an equilibrate
each cell should be devised for large mats. Another solution
would be to be able to build large mats by joining small-sized
arrays, each of which could fit the size of pneumatic devices
for their characterization.
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