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Wearable technologies are gaining momentum and widespread diffusion. Thanks to devices such as activity trackers, in form
of bracelets, watches, or anklets, the end-users are becoming more and more aware of their daily activity routine, posture, and
training and can modify their motor-behavior. Activity trackers are prevalently based on inertial sensors such as accelerometers and
gyroscopes. Loads we bear with us and the interface pressure they put on our body also affect posture. A contact interface pressure
sensing wearable would be beneficial to complement inertial activity trackers. What is precluding force sensing resistors (FSR) to be
the next best seller wearable? In this paper, we provide elements to answer this question. We build an FSR based on resistive material
(Velostat) and printed conductive ink electrodes on polyethylene terephthalate (PET) substrate; we test its response to pressure in
the range 0-2.7 kPa. We present a state-of-the-art review, filtered by the need to identify technologies adequate for wearables. We
conclude that the repeatability is the major issue yet unsolved.

1. Introduction

Modern electronics has reached a level of integration that has
made it possible to include computational capabilities into
everyday objects. Moreover, garments can exploit the poten-
tial of digital electronics, embedding sensor and actuators.
Both the industry and scientific research are pushing on this
kind of devices, commonly called wearables [1].

Wearables are generally employed to collect information
about the user and data is usually related to some particular
activity or some physiological parameters. Wearability is one
of the key points involved in the design of such kind of
devices; in fact the primary goal is to perform the measure in
an unobtrusive but reliable way. Furthermore, the accuracy
and reliability of measurement play an important role, par-
ticularly in health and professional sport applications, where
wearables aim at substituting or at least act as outdoor com-
panion of laboratory and hospital high-quality appliances.

Activity trackers, embedding inertial sensing, are one of
the most popular kinds of wearables, leveraging on the need
of the consumer to keep healthy behaviors, stay active, and

care for her/his fitness. However, sometimes their accuracy
is controversial. Another important yet overlooked aspect
related to daily life comfort and health is the impact on
posture and comfort of what we bear with us every day such
as bags, backpack [2], or sport equipment. Even what we wear
such as shoes [3-6] or professional vests for bearing objects,
like those used by the military [7] or by professionals, can
affect comfort and posture [8, 9].

For example, a challenging task is the monitoring of
pressure exerted by a backpack on the shoulders and on the
back of the user [8, 10], which is complicated by the uncon-
trollability of the strap-shoulder interface and by user move-
ments [11]. Several research works address this issue to extract
meaningful information having an impact on ergonomy [2]
or user posture [9, 12].

A field where interface pressure sensors are applied with
similar constraints as in wearables is robotics. In this scenario,
touch sensors are employed to close the feedback loop needed
to accurately control the grasping force, giving to a robot
(or to a prostheses) the possibility of handling objects [13-
15] with a controlled force. However, a robotic hand typically



offers at least one rigid surface. Instead, the human body
surface is soft and skin and tissues have complex and variable
mechanical properties.

In all these examples, the contact interface pressure
exerted on the body by the object under investigation is,
among others, a key physical quantity to take into account.
Therefore we will not be surprised if the next wearable
coming in the market would be a “comfort tracker” based on
interface pressure; but why is it not happening? Application
of contact interface pressure sensors to commercial products
is restricted to gait analysis [16] and, to the best of the authors’
knowledge, no other commercial device based on contact
interface pressure sensors has been already presented on
the market. Some products exist but they are addressed to
professionals, researchers, or doctors [17-19].

In this paper, we report our experience in exploring
the design space of contact interface pressure sensors that
are adequate to be part of a wearable; for this reason we
focus on the sensing technologies that are compliant with
the integration inside garments or other kinds of clothing
(i.e., shoes, backpacks). We concentrate on the sensor and
its conditioning electronics since the other components (i.e.,
GPIO interfaces, microcontroller, and power supply) are
shared with the majority of wearable devices. An analysis of
the literature on force sensors is performed with focus on
transducers that can be used for wearables. Sensor structures,
electronics, and processing algorithms are discussed. A low
cost flexible force sensor, made with Velostat and conductive
ink electrodes printed on PET substrate, is realized and tested.
Experiments are executed in laboratory, with test procedures
that are targeted to investigate their performance. Consider-
ing five tests, executed on different days, the signals acquired
in the same conditions show that the amplitude can reach
twice the value of a previous measurement. We conclude that
the poor performance, in particular the repeatability of this
sensing technology, is one of the main reasons of its relatively
low diffusion for commercial devices.

The paper starts with an overview of force sensing tech-
nologies together with a brief explanation of the physical phe-
nomena that are behind these sensors (Section 2). Section 3
is focused on technologies that comply with the need of
wearables; in particular materials and sensor structures are
described. Error compensation techniques are described
in Section4 and to complete the work some tests on a
custom interface pressure sensor are reported and discussed
(Sections 5, 6, 7, and 8).

In the following, the terms pressure, interface pressure,
and contact pressure are used as synonyms since the measure-
ment of other types of pressure such as absolute atmosphere
pressure is not the scope of this paper.

2. Force Sensing Overview

All applications mentioned in the previous section rely on
force sensors; on the market and in scientific literature there
are several transducers used to convert force into an electric
quantity [20, 21]; each of these has its own advantages and
disadvantages. In the following, we will use the terms force
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and pressure as synonyms, considering that force is pressure
over an area, assuming that the area is known.

It is not easy to catalog the whole set of force sensors since
many forms and many physical effects are involved. Here the
subdivision is made using the physical quantity exploited to
quantify the force. In this context we find sensors involving
a variation of an electrical property (resistance, capacitance,
or more generally impedance), sensors generating a charge
displacement (piezoelectric), and others that use different
physical quantities (light, magnetic field) to measure the dis-
placement variation of a known material [20-22]; also out-of-
the-box barometric MEMS (Micro Electromechanical Sys-
tems) can be used to measure interface pressure [21, 23].

Since the electrical resistance of a conductor is function
of its mechanical dimensions, if it is deformed a precision
ohmmeter can detect the difference in electrical resistivity.
This principle is used by strain gauges to convert a strain
into a resistance variation. Moreover, within some limits, the
strain of a material has a well defined relationship with force;
therefore through the measure of the deformation obtained
from the strain gauge, it is possible to calculate the actual
force.

Since strain gauges are sensitive to deformation in all
directions, gauges are often connected together in a Wheat-
stone bridge circuit; this helps to amplify the small resistance
changes and it leads to a differential configuration, where
components can be summed or canceled depending on their
sign. As an example, shear forces and temperature effects can
be canceled as presented in [24]. Load cells often use this
technology.

A promising type of pressure sensors for wearable appli-
cations is force sensing resistors (sometimes called piezore-
sistive sensors). They are resistive sensors, such as strain
gauges, but they rely on different working principles. In fact
strain gauges are based on the variation of length and width
of the conductor, while force sensing resistor is based on
the variation of conductivity of the sensor itself. There are
of course also mechanical deformations but they produce
different effects. A clear demonstration of this is that a strain
gauge produces a variation of resistance that unlikely exceeds
0.5%. Instead a commercial force sensing resistor has a range
that is typically wider than one order of magnitude [18, 25].
This category of sensor will be analyzed closely later.

Piezoelectric force sensors are based on the piezoelectric
effect of some materials, which generate an electric charge
when stressed. To extract the charge information a sophis-
ticated electronic is needed since parasitic effects tend to
recombine the charge making the material shortly neutral.
This implies that these transducers can hardly be used to
measure static or slow varying forces; this can be solved by
combining information coming from other kinds of pressure
sensors ([5]). Moreover, a protection has to be provided to
the electronics since if the sensor is actuated with a big and
impulsive force high voltages, up to thousands of volts, can be
generated.

Capacitive force sensors are usually a parallel-plate capac-
itor, which changes its capacitance in function of the applied
force. This is due to the dielectric that, in this case, is an
elastomer or another sort of squeezable material that gets
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thinner when subject to pressure [19, 26]. Even with these
sensors the conditioning circuit is complex and subject to
noise due to connecting cables.

Other types of force sensors exploit different effects: some
are based on light [22] and others on magnetic sensors [21].
They mainly use the measurement of the displacement that
the force generates on an elastomer (i.e., by knowing the
displacement of a spring it is possible to calculate the force
that is acting on it through the elasticity coeflicient).

Finally, barometric MEMS can be used to sense an
interface pressure if they are drowned in some soft or liquid
material such as silicone. They actually sense the pressure of
silicone that can be related to the force acting on it [9, 21, 23].
All these sensors rely on the mechanical characteristics of the
constructing material.

Not all the previously mentioned types of force sensor are
appropriate for wearable applications; in fact most of them
have been developed for mechanic applications where the
materials that are involved are usually steel, aluminum, or
other stiff materials.

If the interface pressure measurement has to be done
on the body surface, requirements are different from those
needed for mechanics. First of all, as already mentioned, the
presence of a bulky and hard sensor, even if small, can be a
problem since it causes areas of higher contact pressure. This
of course falsifies the measurement; moreover it could reduce
acceptability and usage comfort.

Since for many applications a pressure map is more useful
than a single measurement the unit cost of each sensor has to
be low and the fabrication process has to be scalable.

With these requirements, it is clear that sensors in form of
load cells (that can be based on strain gauges or piezoelectric
effect) are not appropriate. Even though on the market there
are some load cells that are rather thin, down to 2.5 mm [27],
and can be used in some wearable application, their rigidity
and cost remain a problem.

In contrast, strain gauges can be built on flexible sub-
strates, and for this reason they can be adapted and used for
wearables.

Piezoelectric sensors can be found in the form of load
cells, with the same cons described in a previous paragraph,
or in the form of flexible thin film, made of a piezoelec-
tric polymer, for example, polyvinylidene fluoride (PVDF)
[28] or piezoelectric zinc oxide (ZnO) [29]. These flexible
materials can be used to sense force or pressure but it is
sensitive to many factors (i.e., bending, temperature) [28];
thus difficult modeling is needed to compensate parasitic
effects. Moreover, it remains a piezoelectric sensor and thus
it cannot be used to measure static forces.

Capacitive sensors can be built using flexible materials
making them a suitable choice for body pressure measure-
ments but the parasitic capacitance of sensor connections
and the complexity of needed electronics limit their usage
and integration inside garments, especially if the cost is a
constraint.

Piezoresistive/force sensing resistors instead have the
advantages that can be fabricated using flexible materials, but
also they are very robust against noise and the conditioning
electronics is simple; that is, in many cases only a bias resistor

is used [30]. Moreover, the unit costs are relatively low for
commercial ones and very low if they are custom-made as
the one used in our experiments. However, performance of
these sensors is known to be quite poor; as an example in [31]
a repeatability error up to 15% is found within an experiment
performed with a controlled load machine. Therefore an
evaluation is needed to verify if they are suitable for a given
application.

Other types of sensors mentioned earlier are not evalu-
ated here since they are custom prototypes, not available in
market.

3. Flexible Resistive Force Sensors

From the categories exposed in previous sections, this study
is focused on resistive sensors because they are widely used;
they involve low cost electronics and therefore suitable for
wearables, even for those targeting the consumer market.

Since there are some different physical effects that drive
the working principles of these sensors, we adopt a classi-
fication similar to [32], where four physical phenomena are
described:

(i) Strain Gauge: they rely on the change of resistance of
a deformed conductor.

(ii) Quantum Tunneling: it exploits the tunnel effect that
drives the conduction in a composite where conduc-
tive fillers are dispersed inside a polymeric matrix.
When a pressure is applied the distance between
conductive particles inside the composite changes,
varying the overall material conductivity.

(iii) Percolation: in this case it takes the advantages of
undergoing a threshold between an insulating state
and a conductive one [33]. The threshold depends
on the amount of conductive filler dispersed in the
matrix, and of course this is influenced by the applied
pressure since the deformation modifies contacts
between particles creating/destroying direct conduc-
tive path inside the matrix.

(iv) Piezoresistivity: this is the generic term used to
describe the propriety of a material to change its
conductivity with respect to the applied pressure.

More than one aforementioned effect is present on the same
sensor category but one dominates over the others [32, 34].

The remainder of this paper will be focused on sensors
exploiting percolation effect, since they can be made with
extremely low cost and easy available materials. Moreover
from our literature analysis, there is no clear advantage in
using quantum tunneling sensors. Strain gauges have better
general performance, but there is no known way to easily use
them as interface pressure sensor, in particular if they must
be applied on a wearable device where the Wheatstone bridge
configuration cannot be effectively exploited.

3.1. Sensor Structures. When a sensor is built to exploit
percolation (but similar procedure is used for quantum tun-
neling based sensors) the resistance of a composite material
is measured through the use of some electrodes that are in
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FIGURE 1: Common sensor structures, copper or conductive lines/electrodes are in yellow; polymeric composite is in transparent gray: (a)
single point sensor sandwich structure, (b) single point sensor interdigital structure, (c) single point sensor fringe electrode structure, and

(d) sensor matrix.

contact with the polymeric composite. Those electrodes can
be embedded inside the material during fabrication [34, 35],
glued to material [36, 37], or in contact with it [37-39]. In
the first two cases surface resistance between electrodes and
composite is constant; otherwise if the electrodes are not
glued, surface resistance variation can have big impact on the
overall effect [31, 37].

Contact pressure sensors can be divided into two main
categories, that is, single point sensors and matrices. Exam-
ples of both can be found in commercial products and in
research prototypes.

Single point implementations are sensors able to sense
pressure or force in a small area; therefore they have a single
output and are of small size and low cost. A popular structure
is the sandwich-like one; it is built with the two electrodes
on both sides of the composite [39] (Figure 1(a)). Another
solution that can help to save space and costs is to place both
electrodes side by side [37] (or with an interdigital structure
[14]) on the same side of sensing material (Figure 1(b)). There
are also some works that place electrodes away from the
sensing area [34, 40] (Figure 1(c)); this increases flexibility,
but on the other side the sensibility is reduced due to the
fixed resistance contribution that cannot be separated from
the variable part. Sensors matrices are more useful when a
pressure map is needed instead of the information that relates
only to a single point [30, 38, 41]. The most simple structure
is based on horizontal and vertical electrodes that are placed
on both sides of sensitive polymeric material (Figure 1(d)).
The matrix is read by activating a horizontal line and reading
resistance of each vertical line; then that horizontal line is

driven to neutral voltage and the subsequent line is activated.
In this way all the matrix is scanned.

3.2. Resistive Composite. The sensing part of percolation
based pressure sensors is the resistive material that connects
the electrodes (Figure 1). This resistive material is basically
a mixture of conductive particles and an insulating material
that acts as suspension matrix.

Researchers often produce their own composite mate-
rial with desired electrical/mechanical proprieties. A lot of
variants exist [32, 34, 37, 38, 40, 42] but in the majority of
cases they consist of a polymer such as polydimethylsiloxane
(PDMS) [32, 34, 38, 40, 42] that is a silicone rubber or ethyl
vinyl acetate (EVA) [37, 43] mixed with conductive particles.
The weak point of these bespoke composites is that they are
custom-made; therefore they are difficult to reproduce and/or
to fabricate in scale if the final objective is to use them in
today’s commercial wearables.

Some manufacturer made resistive composite for other
purposes such as antistatic protection or shielding and, in
some cases (such as Velostat/Lingstat produced by 3M), they
are suitable for making force sensing resistor [31, 39, 44].
Since these materials are industrially produced they are easily
available and of low cost; this is the main reason why we
selected Velostat for our sensor.

Some specialized sensor manufacturers use conductive
inks [18, 25] to ease the mass production; unfortunately
their processes are not extensively documented since they are
covered by patents.

In general, the mix of a polymer with conductive particles
such as carbon black [36, 38], graphene, or carbon nanotubes
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[34, 40, 42, 45] generates a resistive composite material.
Changing particles size, shape, and concentration leads to dif-
ferent dominating effects (negative or positive pressure coeffi-
cient of resistance). Carbon nanotubes, which have elongated
shape, make the resistance of composite increase with pres-
sure [42, 45]; instead, carbon black particles that have a more
spherical-like shape tend to make a negative pressure coef-
ficient of resistance [32]. Some results suggest that the sign
of the dominating effect is also dependent on the electrodes
[38].

As already said, more conduction mechanisms can take
place inside the same composite [32, 38]. As an example,
in carbon nanotubes composite a positive coeflicient of
resistance is observed for percolation mechanism but at
the same time quantum tunneling conduction, which has
opposite trend, occurs.

4. Common Problems and Proposed Solutions

The performance of a generic sensor is usually evaluated in
terms of the following:

(i) Linearity: how linear the output is with respect to
input solicitation.

(ii) Drift/stability: how the output varies if a constant
(long duration) solicitation is applied.

(iii) Hysteresis: how much a loading unloading cycle can
affect the output at a given solicitation.

(iv) Homogeneity: how similar the responses of two spec-
imens of the same sensor are.

(V) Repeatability: how the response varies if it undergoes
the same solicitation in the same test conditions.

For polymer based sensors almost all these figures of merit
are poor [14, 31, 38, 46-48], but some effort has been done
to reduce or compensate errors. It is important to point out
that a technique that improves sensor performance only on
a test bench with a specific stimulus [38, 44, 49] is useless if
the same technique cannot be applied on real signals acquired
“on field.”

The linearity problem is faced mainly with the use of
proper conditioning circuit. If only qualitative information
is requested, the high nonlinearity of resistance response can
be discarded and a simple bias resistor can be used [30, 50].
In fact, due to their transfer function, these sensors can
be used to make a logarithmic-like response, where at low
pressure the sensitivity is high but as the pressure increases
it is reduced leading to a sort of dynamic range compression.
A more linear response is obtained using a transimpedance
amplifier (Section 5.2) and if further improvements are
requested a calibration based on a polynomial equation can
be used [50, 51].

Drift and stability are usually related to the relaxation/
creep of the resistive material subject to a stress [31, 38, 39].
A proposed solution for this is the modeling of the creep
effect [52] with the aim of removing the unwanted effects by a
system inversion [38, 39]. With this approach the polymer is
modeled as viscoelastic material that has a response with

at least two contributions; one is almost instantaneous and
the other is slower. A problem with this method is that the
material shows a different time constant during loading and
unloading. Some solutions have been proposed [38], but it
is not clear if it is possible to apply this solution to arbitrary
signals.

The hysteresis can be treated with complex mathematical
models [53] or with a simpler algorithm that takes into
account the moving integral of sensor’s signal [51]. It must
be noted that when the material is modeled as viscoelastic
material the time constant of first-order model is quite long
(using Velostat we calculate a time constant of 311 seconds).
This slow response of material can be confused with hysteresis
since a loading/unloading cycle inevitably takes some time;
then the integral of applied stress within the test gives some
contribution to the reading at the end of the cycle. For this
reason hysteresis tests should be done carefully. A solution
can be performing tests with long cycles; in this way the
slow response of material is ended and results are consistent.
Otherwise using short cycles it is possible to discard the
material relaxation since its effect is negligible within short
periods of time. As reference, we consider a short period
when the duration is less than 0.01 times the time constant
of the first-order system that best characterizes the sensor
and long periods when the duration is longer than 5 time
constants.

Homogeneity is a problem when calibration and other
techniques exposed here cannot be performed on every used
sensor [14, 31]. Characterization of every sensing point is
complicated especially when working on sensor matrix since
many points should be stimulated in a controlled way. For
this a classical solution is the usage of pressurized chamber
(19, 50].

Repeatability is one of the mayor issues of resistive
pressure sensors and no clear explanation has been already
found. With these sensors the same measurement, performed
with the same conditions, can lead to different results [54—
56]; similar results are found with both commercial and
custom sensors.

5. System Description

5.1. Sensor. The sensor we used during our tests was devel-
oped in the context of an industrial project with the aim to
enhance a backpack with pressure sensors. Since the objective
was the design of a commercial product the cost was the
primary constraint. This excludes much of the previously
mentioned force sensing technologies and the choice was to
develop a custom sensor.

To decrease cost and simplify integration and especially
the wirings, we choose the interdigital structure proposed
in Figure 1(b), with dimensions 1.5cm x 3 cm (Figure 2(a)).
After some preliminary experiments with materials not
reported here, we chose Velostat because it is readily available
and it is a standard technology, with an affordable price.
Those are characteristics that well suit our initial aim: to
develop a commercial low-end wearable gadget. Although
we used an interdigital structure we were interested in
monitoring a wide area; therefore we developed a matrix
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FIGURE 2: (a) Interdigital electrode structure used in our sensor: grid spacing is 0.5 mm. (b) The actual sensor used for our experiments.
Electrodes are printed with conductive ink on flexible PET substrate. Velostat, visible in the center of the figure, is trimmed and fixed with

tape to avoid shifts.

(visible in Figure 2(b)) that uses only one layer for electrodes
and interconnections, avoiding the typical matrix structure
showed in Figure 1(d). The matrix has been printed (by
an external company [57]) with conductive ink in a two-
stage patented process (InkJetFlex technology): first stage is
printing the design using a catalytic ink; the second stage
is the copper plating process. With this process sheet resis-
tance of 30 m(}/square is obtained. A successive antitarnish
treatment with benzotriazole has been applied. The printing
substrate is Stabilex SU320 (flexible PET), 125 microns thick.
Experiments were done on a single matrix element (visible
in Figure 2(a)). The Velostat foil was trimmed with the same
dimensions of electrodes (1.5 cm x 3 cm) and, to avoid shifts,
it has been fixed to the PET substrate with normal tape.

The total sensor interconnections resistance is R;,, = 50 Q
(measured with a Fluke 175 multimeter) and it is summed to
sensor resistance since it is in series. To solve this we applied
a correction on all acquired data prior to any analysis that
cancel the effect of R, ;.
5.2. Conditioning Electronics. As conditioning circuit we used
a transimpedance amplifier, which is a current to voltage
converter. This circuit is especially suitable when a sensor
matrix has to be scanned [38, 43, 45]. Furthermore, sen-
sor conductance is easier to handle than resistance being
directly proportional to pressure [32, 39]; in fact this circuit
(Figure 3(a)) is advised by commercial sensor producers [18,
25].

Since our system needs to be portable and battery pow-
ered we had the restriction of using a single side supply at
3.3 V. To overcome this constraint without reducing dynamic
range some modifications are made to the basic circuit
configuration. Our final circuit is shown in Figure 3(b) and
it has the benefits that the voltage across the sensor can be
maximized (near to V. if the operational amplifier supports

V" and V™ to be close to V), making it possible to reduce
feedback resistor (for a given gain) and then reduce noise
due to current generated by magnetic flux concatenated in
connections path. Moreover the output swing is increased by
setting the output offset voltage with Rj.

With the proposed circuit, the sensor conductance can be
computed with this formula:

1 2
G, = —

V. Rf
s R = R.V [Vout_f<l_R_)]’ (1)
s fVee B

where symbols refer to Figure 3(b) (low pass filter response,
due to feedback network, has been discarded).

6. Test

6.1. Experimental Setup. The described system has been
positioned on a bench and acquisition is done by a National
Instruments USB-6210, which has 16-bit analog to digital
convert (ADC). Acquired data is stored on a PC and is
analyzed off-line with Matlab. The pressure solicitation is
done with reference weights made of steel and a 7 mm thick
layer of EVA has been used to homogenize pressure between
weights and Velostat. The area of pressure is determined by
the weights size, that is, 5.6 cm x 7.5 cm. The same conditions
are maintained to the best of our possibilities during the
whole experiment. The use of weights is prone to inaccuracies
since it is a manual process; however it well reproduces real-
life conditions where the environment is not controlled. For
this reason, we state that if the sensor has problems with
weights that lead, after all, to a rather controlled condition it
will have much more problems working on a wearable device
where bending, shaking, shear force, and other artifacts
occur.
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FIGURE 3: (a) Simple transimpedance amplifier. (b) The same circuit adapted to overcome constraints imposed by the system. The resistor

inside circle (R;) represents the pressure sensor under test.

6.2. Performed Tests and Results

6.2.1. Viscoelastic Modeling. The first test aimed at extracting
parameters for a standard linear solid (or viscoelastic) model
similarly as done in [38, 39], with the purpose of correcting
errors due to material’s creep. The response of the used
model has two components, one that is proportional to the
stimulation and one that is slower and evolves exponentially,
as a typical first-order system. The overall step response of
such system given by

§= Alkp+k, (1 e 0 0leson)] @

where S is the strain and it is measured in microstrain that
is the deformation expressed in terms of parts per million. A
is the amplitude of the input step; in our case it is a pressure.
kp and k, are weighting coefficients of the proportional and
exponential part of response. T,eonse is the time constant of
the model and ¢, is the step starting time.

For our model we consider a linear relationship between
sensor conductance and exerted pressure [18, 25, 32, 39];
therefore considering (2) and the linearity of conditioning
circuit with respect to sensor conductance we can write the

expected V,, trend as
Vou = Vo + SK'
L ©)
=Vo+A [klp +K (1 _ e o)/r,espom)] ,
Vo=V +Vp, (4)

where the new coefficients k), = kpK' and k, = k,K' take

into account a multiplying factor (K') due to the circuit gain
and sensor physical dimensions. Vi, is the offset which is
composed by the electric bias (V) and by an offset due to
linearization (V) of output voltage with respect to pressure.
Since the relaxation time is different in loading/unloading we
focus only on loading for the moment; furthermore in the
analysis the offset value due to electronics biasing V;; has been
removed.
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FIGURE 4: Raw output data from viscoelastic modeling tests (elec-
tronic bias V has been compensated). Numbers inside steps are
the actual ordering of performed trials (after the test has been
performed, trials were truncated and reordered for clarity). The red
values below the signal trace are the amplitude of steps generated
by reference weight on an area of 5.6 cm x 7.5 cm. Multiply output
voltage for (V. /2)(1 - R y /Rp) to convert it to sensor conductance.

Material showed quite long relaxation time (7 eqonse iR
the order of 300 seconds); therefore each test followed this
procedure: sensor output recording is started and data is
acquired for 10 minutes without any load; the weight is
applied on the sensor and output is recorded for 30 minutes;
afterwards the weight is removed and the recording is
stopped. A rest time of 20 minutes follows before another
cycle starts. With this procedure the sensor is loaded for 30
minutes and unloaded for the following 30 minutes. Tests
have lasted 5 nonconsecutive days that were distributed in 10
days.

We used five input pressures levels (marked in red in
Figures 4 and 5(a)) and for each pressure the test has been
repeated five times.

All the acquired data have been queued, V; = 0.28 V offset
has been removed, and results are showed in Figure 4.
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With these results we state that on average the sensor
behavior is monotonic but the repeatability of results is
low since for the same pressure (i.e., with 2.70kPa) up to
a factor two of difference is observed between the lowest
and the highest output value. To try solving this we have
overlapped and averaged trials with the same input obtaining
amean trend for each pressure level; we called this procedure
Period Averaging. Results from this processing are showed in
Figure 5(a) (blue line); now the signal evolution is closer to
the behavior of a first-order system whose parameters can be
extracted using linear regression.

Referring to (3) the fitted model that we have calculated
has these parameters:

ki = 4.56 x 10™* [V/Pa],

k=197 x107* [V/Pa],
5)
T =311 [s],

response

V, =0.192V.

Multiplying K, ki, and V; for (V/2)(1 - Rf/RB) gives
the same parameters with conductance in place of volts.
These new sets of parameters are specific for this sensor and
independent of conditioning circuit.

Simulating the response of the system with these param-
eters is possible to view how the ideal viscoelastic model
approaches the acquired data (Figure 5(a)). Furthermore it
is possible to invert the system; the obtained one accepts
acquired data as input and returns the estimated pressure
(Figure 5(b)).

After processing, the mean rms error obtained within the
test range is 9.4% with respect to the actual solicitation value.

It has to be remarked that these results have been obtained
using the average of five test cycles; therefore this processing
technique is suitable for periodic signals only; moreover

the output has a delay equal, in this case, to five times the
cycle duration. Moreover error is calculated using the same
test set used to calculate system coefficients; then it is an
underestimation.

6.2.2. Dynamic Response Modeling. This test aims at charac-
terizing the sensor with respect to dynamic signals to whom
the contribution of exponential in (3) is negligible. For this
purpose a fixed pressure offset is exerted on the sensor with a
weight that has been placed at least 2 hours before starting the
test; this ensures that the material has reached the stability.
The test consists in soliciting the sensor with a square wave
with a period of 10 seconds and 50% duty cycle; each test
lasted 10 minutes. The square signal is generated by loading
and unloading a second weight on top of the first one. Since
the time constant that best approximates sensor response is
311 seconds, a square wave with a period of 10 seconds can
be considered fast. In fact during the 5 seconds of loading
only the 1.7% of the exponential is completed; moreover the
exponential evolution of signal is only a part of the entire
response that is dominated by the instantaneous term as can
be seen from magnitude of parameters (3) and (4); therefore
the square wave period is short enough to evaluate only the
dynamic sensor response avoiding the other contributions.

The test is repeated with five levels of pressure step ampli-
tude and with two offset values. In total ten test configurations
have been used and for each configuration tree repetitions,
each lasting 10 minutes, are performed.

The first step of the analysis consists in detecting ris-
ing/falling edge of each step using derivative of the signal.
The average value within two consecutive edges is calculated
and then only the difference AV (Figure 6(a)) between two
consecutive steps is considered; in this way effects due to the
slow exponential evolution are excluded.

Figures 6(b) and 6(c) present AV as function of the ampli-
tude of the steps. The transfer function found is monotonic
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and, within some intervals, also linear, but standard deviation
is up to 53% of the mean value; therefore, within tested
range, only two or three different levels of pressure can be
estimated; results are not significantly different when offset
is changed. It has to be noted that the processing considers
AV between high and low level of each step and therefore the
absolute value is discarded. If all tests are queued and plotted
(Figure 6(d)), it can be seen that the absolute value is not
stable during tests. In fact, in the case with 0.9 kPa offset the
absolute value is continuously rising and this can be explained
with viscoelastic behavior, but using 1.8 kPa offset firstly it
rises and then it falls.

As final comment, sensitivity changes with pressure
offset; in particular it decreases. This is consistent with the
saturation effect. In particular the angular coefficient (the
derivative) of the best fitline ism = 1.3x10~* V/Pa for 0.9 kPa
offset, and m = 5.9 x 10* V/Pa for 1.8 kPa offset.

7. Discussion

Flexible force sensors have been used for many studies since
at least 20 years but their accuracy is controversial. From the
test we did on our custom-made sensor we show that the
repeatability is one of the major issues. To try solving this we



10 Journal of Sensors
TABLE 1: Comparison table for works using Velostat for sensing purposes.
Reference  Year Matrix/single Cond1t19n1ng Usage Resolution
circuit
Transimpedance Pressure measurement <450 Pa with
This work 2016 Single point (15 x 30 mm) p precompression of
amplifier (0-2.7 kPa)
900 Pa
[44] 2015 Matrix 2 x 8 sensel (7 x 14.5 cm Bias resistor Posture recognition, <250 gr (241 Pa) \-Nl'[h no
each) range 0-4 kg (0-3.9 kPa) precompression
[31] 2001 Matrix 8 x 8 sensel (5 X 5 mm Bias resistor Pressure measurement <0.2N (2 kPa) V\{lth no
each) (0-500 kPa) precompression
[39] 2012 Single point (15 x 15 mm) Bias resistor Force measurement 0N (440 Pa) with no
(0-5N) precompression
. . Pressure measurement <1kg (98 kPa) with no
61 2015
(o1] Single point (10 x 10 mm) NA (0-1000 kPa) precompression
(62] 2011 Matrix 64 sensel (10 x 10 mm NA Pressure measurement 7 grams (686 Pa) Wlth no
each) map precompression
[63] 2014 Matrix 160 x 160 cm (48 x 43 NA Gesture recognition NA
sensel)
[64] 2011 Single point Bias resistor Event (impact) detection NA
[65] 2016 Matrix 33 sz;l(s:}ell)(llo * H0mm Bias resistor Posture analysis NA
Pressure measurement
66 2014 i i 2
[66] Single point (1cm”) NA (0-250 kPa) NA
[46] 201 Matrix Bias resistor Gesture recognition NA
[67] 2015 Two single point sensors Bias resistor Comprfesswe and NA
stretching forces
[56] 2014 Matrix 4 X 4 sensel Bias resistor Force measurement NA

(4-60N)

applied a technique we called Period Averaging which helps
to get more reliable results, but this has some limitations; for
example, it can be applied only on signals which are known
to have some form of periodicity.

From literature analysis we found that when flexible
sensors are used to measure skin interface pressure, results
can be affected by inaccuracies due to the nonideality of the
tissues that compose the human body [6, 11]. In fact body
softness variation due to bones prominence, sensor bending,
and shear forces are effects always present in this kind of
measurement that affects sensor’s response.

When acquired data is used to classify patterns [41, 43,
58, 59] (this is mostly done with data coming from sensor
matrices instead of a single sensor) the spatial resolution and
the number of sensing points are crucial for the measure-
ment; this is confirmed by the fact that sometimes the area of
pressure carries more information than pressure magnitude
itself [60]. Then this type of sensors should be used in
matrices configuration when the area of pressure shape is the
parameter to measure or the feature to be classified. Some
data on absolute interface pressure can be extracted but it has
to be considered only qualitative.

The low accuracy of single point sensors, the cost and
complexity of sensor matrices, and issues related to measure
body interface pressure are certainly some key factors for
the relatively low diffusion of this technology for commercial
devices.

We add Table 1 comparing studies based on Velostat for
different sensing needs. We provide range and resolution,
when available, of some of them, converted in Pascal for
an easy comparison with our work. However, some works
provide results in terms of percentage of recognition (ges-
ture/postures/etc.) not presenting a characterization of the
Sensor.

8. Conclusions

We performed some tests on a flexible force sensor made with
Velostat: the repeatability has been found to be one of the
major issues, in particular for long measurement. In fact if
random raw data is taken out from result set, up to around
+50% of error can be found.

A technique called Period Averaging is proposed to limit
uncertainty issues but it is not resolutive.

Concluding, we state that measure absolute pressure with
this sensing technology could be very challenging, but for
other applications where spatial information is the key, they
can be used exploiting their low cost and simplicity.
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