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Abstract: This article presents a novel artificial skin technology based on the Electric Impedance
Tomography (EIT) that employs multi-frequency currents for detecting the material and the tempera-
ture of objects in contact with piezoresistive sheets. To date, few artificial skins in the literature are
capable of detecting an object’s material, e.g., wood, skin, leather, or plastic. EIT-based artificial skins
have been employed mostly to detect the position of the contact but not its characteristics. Thanks
to multi-frequency currents, our EIT-based artificial skin is capable of characterising the spectral
profile of objects in contact and identifying an object’s material at ambient temperature. Moreover,
our model is capable of detecting several levels of temperature (from —10 up to 60 °C) and can
also maintain a certain accuracy for material identification. In addition to the known capabilities of
ElT-based artificial skins concerning detecting pressure and location of objects, as well as being low
cost, these two novel modalities demonstrate the potential of EIT-based artificial skins to achieve
global tactile sensing.

Keywords: tactile sensor; artificial skin; electrical impedance tomography; multi-frequencies;

machine learning; material recognition; temperature

1. Introduction

Several techniques have been used to endow artificial skins with multiple tactile modal-
ities, including contact pressure, texture discrimination and temperature detection [1]. One
challenge of most artificial skin designs is to combine as many different sensors into the
same device [2]. However, difficulties arise when it comes to making large surfaces, increas-
ing the complexity of the electronic architecture. The opposite approach, more minimalist,
is to employ only one medium [3], e.g., a piezoresistive sheet of composite material, to
retrieve pressure localisation information. The advantages of using this technique include
easier conception, low cost and less energy consumption [4,5]. Here, difficulties arise
concerning retrieving the localisation of the touch, i.e., inferring the desired information
from the medium during reconstruction. Multiple phenomena occur as they are all inter-
twined in the signal (pressure, shape, location, temperature, material, texture). One popular
technique applying this approach is Electrical Impedance Tomography (EIT), which uses an
electrical signal to carry out pressure information from a large surface medium [6]. In tactile
devices, a voltage matrix is retrieved when a current is injected in a piezoresistive layer.
By retrieving the conductivity changes, the localisation of the contact is inferred by the
local change of conductivity. Despite its advantages in terms of energy consumption and
practical use, an EIT-based technique has poor spatial precision and can be influenced by
the material conductivity in contact [7].

The EIT reconstruction is an ill-posed parametric problem due to the finite number of
electrodes used and the nature of the inverse problem of the conductivity reconstruction [8].
This also involves a long computational method to retrieve the reconstruction, thus making
it unsuitable for real-time applications. However, this can be solved by using machine
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learning techniques [9-14]. To tackle some of the issues, we extended the traditional EIT-
based tactile sensor to use Multi-Frequency Analysis to retrieve more information. This can
be compared to how the human somatosensory system processes tactile information [15,16].
The touch sense is recomposed from the Multi-Frequency Analysis made from several
mechanoreceptors, ranging from a few Hertz (5 to 20 Hz) to a few thousand (1000 to
2000 Hz) [17,18]. These different frequencies are used to distinguish between different
tactile information. Moreover, the frequencies also allow encoding information while it
is being transmitted to the brain. Because of that, the touch sense is capable of retrieving
different information types, from caresses to high pressure with pain and temperature as
well. Inspired by this biological mechanism, we propose to extend the standard EIT method
for artificial skin using a frequency spectrum to reconstruct different modalities such as
pressure, temperature and material type. In the context of artificial skins, by comparison,
the EIT technique usually employs a direct current with no frequency to reconstruct
localisation and pressure. We develop an artificial skin capable of retrieving localisation,
pressure and material type, with the ability to be scaled to cover large surfaces. Figure 1
shows the global architecture of our sensor. With our machine learning approach, we extend
this ability by retrieving temperature information. During our experiments, we showed
the pertinence of our approach with the detection of multiple materials with different
conductivity profiles in the multi-frequency spectrum, as well as their temperature. The
experiments also showed accurate discrimination from low conductivity materials (plastic,
biological tissues) to high conductivity materials (metal). Our approach resolves the
drawback of the conventional EIT technique for artificial skins for not detecting different
contact types easily at the surface and extends it with unprecedented features: material
and temperature detection. Multispectral EIT gives the promise of designing multi-modal
artificial skins using one sensor only.
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Figure 1. Diagram of the sensor global architecture: from the initial contact, identification allows
retrieval of material type and temperature. Measurements are done with multiple frequencies and
four types of objects at different temperatures. The aim is to identify the object type and estimate the
contact temperature.

The paper is organised as follows; In Section 2, we present state of the art impedance
spectroscopy techniques using multi-frequencies, the EIT technique and our approach
using multi-frequency EIT. In Section 3, we present the device, the hardware architecture
and the EIT injection pattern used. The reconstruction algorithm is also presented. In
Section 4, we present the three experiments using multi-frequency EIT to extract feature
characteristics of the material, the pressure and the temperature using plastic, metal and
human skin. Finally, in Section 5, we discuss the potential uses of this sensor and its
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advantages in future human-machine Interactions toward the design of a multi-modal
tactile sensor.

2. Methods

This section will present current flexible tactile sensors and the EIT technique with
its applications. EIT is based on the impedance of the material in order to reconstruct the
conductivity. It is an ill-posed problem; therefore, most of the recent research is focused on
the reconstruction aspect.

2.1. Flexible Sensors

From medicine to robotics, research about flexible sensors has flourished [19,20].
The flexibility aspect is challenging; however, many different materials are available [21].
They can be related to different technologies based on electrical phenomena occurring;:
piezoresistive, piezoelectric, piezocapacitive and triboelectric [20,22,23]. For example,
PDMS (polydimethylsiloxane) is one of the materials used to design flexible sensors. Each
has different abilities and produces different behaviours. They can be very low cost, have
good stretch capabilities and can give localisation and pressure information.

Table 1 summarises different sensor technologies. Our sensor is based on a carbon
black polymer fabric called Velostat/Lingstat from 3 M. It has a surface resistivity of
31 kQ)/sq-cm. The working temperature range is from —45 to 65 °C. It is low-cost and
widely available. This is very advantageous compared to developing custom fabric with
specific characteristics. However, it suffers from a lack of stability with high hysteresis
and bad ageing and cannot stand very high temperatures (80 °C) or it faces the risk of
irremediable electrical property changes.

Table 1. Flexible tactile sensor systems and methods.

System Material Technique Stimuli Injection Modality I;::: €

Nagakubo et al., PSCR Multilayers .

2007 [24] Fabric EIT DC Pressure/Localisation 1kHz

Suen et al., 2018 [19] PDMS/ZnO 3 x 3 grid AC1-10Hz Pressure/Temperature NC

Lee et al., 2020 [25] TENG/rGO 4 x 4 grid/KNN NC Pressure NC

Di Giacomo et al., . .

2017 [26] Pectin 4 x 4 grid AC5Hz/DC Temperature 50Hz

Russo et al., 2017 [4] Nylon coated with EIT 16 electrodes AC 2kHz/DC localisation 78 Hz
polypyrrole

Pang et al., 2020 [22] Graphene Aerogel 10 x 10 grid/CNN NC Pressure/localisation =~ NC

Yoon et al., 2017 [27] Carbon Elastomer EIT 16 electrodes DC Pressure/Localisation 35 Hz

Oh et al., 2018 [28] MWCNT-PDMS EIT 24 electrodes AC 1kHz Pressure/Localisation 14 Hz

O’Neill et al.,

2018 [29] CNT-PDMS 4 electrods/RNN NC Pressure 30Hz

The influence of the temperature on the resistivity is not known for the Velostat. How-
ever, because it is a carbon-black-based polymer, the sensor behaviour can be deduced from
it. The carbon-black material impedance is directly correlated with the temperature [30].
This research shows the theoretical and experimental results for temperature and density in-
fluences of carbon-black impedance. In our case, because Velostat is a commercial product,
the exact composition is not known. Conjectures can be made, but we decided to conduct
our own experiments to measure the temperature influence.

2.2. Electrical Impedance Tomography

The EIT is an imagery technique born in the mid-1980s [31-33]. The idea is to retrieve
information about a hidden object. For example, the position of a certain object within
another is retrieved. The way to retrieve this information is to inject an electrical current (or
tension) in a certain area of the object and measure the tension (or the current) in another
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area. This gives information about the conductivity of the area. If this step is repeated
across the object, a conductivity map can be reconstructed. If () is a bounded area (of
dimensions d > 2) and w is its frequency, then the problem can be described as follows:

y(x,w) = o(x) +iwe(x), 1)

where ¢ is the electrical conductivity and € is the electrical permittivity at position x. v is
the inverse electrical impedance at position x of (); thus, the EIT is the inverse problem
of obtaining the impedance of () with only current or voltage measurement from the
boundaries of ().

EIT systems are based on the Electronic Impedance Spectroscopy (EIS) technique.
A typical EIS system consists of an electronic device that generates stimulations over differ-
ent frequencies and measures the electrical signal coming from a Sample Under Test (SUT).
Usually, metallic electrodes that have physical contact with the SUT are used. The most
common implementation, even in commercial instruments, is the frequency sweep tech-
nique. Here, the stimulation signal is a sine wave where the frequency is modified in
each impedance calculation. There are several challenges for the integration of rapid mea-
surement for tactile sensors by EIS. The frequency sweep technique requires an extensive
exploration time, especially at lower frequencies. For the measurements, acquisition time
should be shorter than the time between successive touches. Therefore, both faster and
accurate methods are needed. Nowadays, EIT is used for different applications in the
medical field, from tumour detection to brain stroke monitoring [34]. However, the first
and most used application is lung monitoring in ICU. This is because of the advantage EIT
has compared to others: non-invasiveness.

2.3. Multi-Frequency

For certain applications, one frequency is not enough. For detection of two material
types, such as blood/bones in the body, multi-frequencies are necessary. In this case,
a solution will be to apply two tomographies with different frequencies. A straightforward
approach is to inject, frequency per frequency, all the frequencies needed for the reconstruc-
tion. This method can be very effective if the situation needs only a couple of frequencies
but can be very slow when more frequencies are injected. The sweep frequency is an
extension of this method, but the fastest way is to inject all frequencies at once. However,
the complexity increases in this setup.

2.4. Current Injection in EIT

EIT is based on an injected current in a body to reconstruct its conductivity. However
many methods can be used to obtain these results. The most basic one is to use a Direct Cur-
rent (DC) signal. No frequency is used, so it is called Electrical Resistivity Tomography [35].
It is faster to obtain results from this approach but for some applications, the frequency
plays a crucial role in the reconstruction: depending on the frequency, a reconstruction of a
specific material can have a better resolution.

2.5. Reconstruction

The reconstruction algorithm is the step that produces the conductivity distribution of
a body from EIT. This can be used to obtain the spatial localisation of the contact in our
setup, for example. By using an approximation of Maxwell’s equations, we have:

v H(x,w) = y(x,w)E(x, w),

2

v E(x,w) =0. @)

H is the magnetic field strength and E the electric field. By setting the differential

magnetic field strength as the electrical current and the electric field as the differential
scalar electric potential, we obtain:
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E(x,w) = = v ¢(x,w), 3)
v H(x,w) = j(x,w),
Using this, we can obtain from Equation (2) Ohm’s Law:
j(x) = =1(x,w) v ¢(x,w). @)

Finally, Equation (4) gives us the possibility of writing the partial differential equation:

v [r(x,w) v o(x,w)] = 0. ®)

The inverse conductivity problem is to find 7(x, w) from Equation (5). In order to do
that, several techniques have been developed. The common method applied is parametric
reconstruction. This uses techniques such as the back-projection method or the iterative
method. Most parametric methods have been integrated in EIDORS, a library found in
Matlab that implements some basic and improved reconstruction methods [36]. This used
the Complete Electrode Model (CEM), Finite Element Methods (FEM) and other parametric
tools to reconstruct the conductivity and tackle the ill-posed problem. Methods such as
GREIT [37] and PEPR [38] try to compensate for this problem.

Another type of reconstruction is to learn the reconstruction using probabilistic meth-
ods [39,40] and machine learning [41,42]. The advantage is that a complete description of
the setup is not necessary, having enough data is the only requirement for this technique.

3. Sensor
3.1. The Tactile Sensor

The Velostat fabric itself is shaped in a circle of 20 cm in diameter, as seen in Figure 2.
The electrodes are clipped to the boundaries of the fabric circle uniformly. To have only
the surface resistivity playing a role, the Velostat fabric is put on a small layer of foam
and a rigid non-conductive base. These three layers are clipped together by the electrodes
themselves. The electrodes are then connected to the multiplexing card. Because the
injection pattern uses two electrodes and the measurement also uses two electrodes, a total
of four multiplexers is needed.

g

Figure 2. Top view of the tactile sensor. The black layer is the Velostat and electrodes are clamped to
it but only on the top face of the Velostat. This assures the measurement is only related to the surface
impedance changes.

The sensor can be divided into three parts: The sensor itself, the signal conditioning
and the data processing part. The first two parts work together to obtain the voltage
acquisition of the sensor and the processing part allows obtaining the categorisation of the
material type and other information. Figure 3 shows the three parts working together.
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The sensing area is designed as a multiple layer scheme with the Velostat on top.
Below the first layer, foam is placed to increase the bend when a force is applied to the
Velostat and to add softness to the sensor. On the bottom part, an insulating layer is
put before the bottom layer which composes the support layer. We use cardboard as the
insulating layer and some copper/plastic for the support layer. The total thickness of the
sensor is about 1 cm.

AN AN
o
-« DAC<—|
Material
Type
u_
controller
Pressure

—»ADC 4T
A

Figure 3. Diagram of the sensor global architecture, the three parts are the fabric called Velostat,
the signal conditioning which is composed of the multiplexing part and the DAC/VCCS. The last
part is handled with the microcontroller and the data are processed with a computer.

Our sensor has a diameter of 20 cm, which is an arbitrary choice. Tests have been made
with different sizes, especially smaller sizes. Our purpose is to build a large-scale sensor and
20 cm seems to be large enough in our case. Larger areas can also be developed using this
technology, but for simplicity and because the purpose is to highlight the multi-modality
capabilities, tests were conducted with only one sensor size.

3.2. Electrical Hardware

The first part is composed of a piezoresistive film conducting electricity. The film
is cut in a round shape and connects to 16 electrodes. The electrodes are connected to
the signal conditioning part. This part is composed of a multiplexing/demultiplexing
stage, a Voltage-Controlled Current Source (VCCS) and a microcontroller. The signal is first
generated by the microcontroller as a sinusoidal (at 1k, 2.5k, 5k, 7.5k, 10k, 25k, 50 k, 75 k,
100 k and 250 kHz) with a Voltage Peak-to-Peak (VPP) to 2 V and a DC component of 1 V.
The signal is then processed by the VCCS, converting it to a constant 100 pA. The current
obtained is steered by the multiplexing stage to produce a current in the sensor between
two electrodes. The microcontroller then commands the demultiplexing to obtain two
electrodes as voltage measurement. This measurement is then passed to the third part.
The data are processed afterward for categorisation.

3.3. Signal Processing

To inject a current into the sensor, it needs to be constant first. A DAC generates
the waveform first. This comes from the microcontroller itself, an Analog Discovery 2.
It can generate and measure analogue signals, control the multiplexing part with digital
I/0 pins and also communicate with a computer using a USB interface. The generated
waveform is passed to a Howland Current Pump. The circuit was designed to obtain
a VCCS with a constant current of 100 pA. This allows having a bipolar signal with a
constant current. Because we use EIT with current injection, we need to provide a constant
alternative current. This means the voltage is measured across the electrodes using the
multiplexing component.
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3.4. Data Processing

This part allows the retrieval of the data from the signal processing part to the mi-
crocontroller. The data are then saved in a computer for offline processing. Real-time
processing by the computer is possible but was not implemented in this study. The re-
trieved data were sampled at 10 times the frequency of the stimuli. A complete frame,
which means all the frequency with all the measurements is carried out in under 30 s for a
standard, frequency by frequency, measurement. Another mode using frequency sweep
retrieves data in under 5 s. The data are finally processed to categorise information about
material types, pressure and temperature.

3.5. Learning Technique

In this research, the machine learning approach was used to process the data. However,
unlike previous works [41], the learning approach was used to discriminate material pres-
sure and also describe temperature drift. This technique was also used in complementary
of multi-frequency injection (see Figure 4). First, the method consisted in lowering the data
dimension. This was accomplished with a Principal Component Analysis (PCA). Then
the data were given in a K-Nearest Neighbour classification. Other methods were used
in this step such as Support Vector Machine (SVM) and Gaussian Mixture Model (GMM).
The purpose was to classify the stimuli by their type, their pressure or their temperature.
With this technique, prior learning can be used to classify afterward, but new classes can
also emerge and be learned with this technique. Some drawbacks are prior learning must
be robust enough to work with new data and it does not allow reconstructing the contact
spatially. The data after PCA were plotted alongside the centroids of the k-means and
the decision boundaries. The data were labelled afterward in order to visually represent
the categorisation.

Label (Ground thruth)

Raw PCA data Clustering (K-means ) applied after clustering

display

® Metal
Plastic
Leather

® Hand

1 ¥
B
o

“10 ‘,‘

Figure 4. Diagram of the sensor identification architecture, The data were reduced with a PCA. Then
the reduced data were categorise using non supervised learning (K-means). The data were then
labelled and are shown.

4. Experiments

In this section, three experiments will be presented. The first one describes the sensor
behaviour with different contact pressure. The second one will highlight the differences in
results based on changes in temperature. Finally, the last experiment will show material
recognition with pressure and temperature changes.

Previous experiments show [9] the ability to recognise material types of the contact
using multi-frequency. Each material was placed in the same general location, at the center
of the sensor.

In these experiments, the sensor was placed on a table. A 3D-printed object is placed
on the sensor at the center. The object is printed with a round shape to match the roundness
of the sensor and eliminate factors from edges. One face of the object is left untouched, thus
having a plastic side, and the opposite side is covered with aluminium foil, thus having a
metallic side. The thickness of the object is around 2 cm, thus isolating the metallic part of
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the plastic part. During the experiment, the object is placed either on one side or the other
to simulate a plastic or metallic touch. To simulate forces, we used precision weights. Each
weight is placed on top of the object to simulate the corresponding force. The pressures
are calculated using the surface in contact between the 3D-printed object and the sensor,
and the measuring weight.

Figure 5 shows the response of each material at 10 kHz. The material was placed
at the same place. The pressure applied was the same. The data represent the means of
the impedance for each measurement. The results show material types can be deduced
by looking at the raw data. However, the difference is very small for each material and
other techniques can be used in order to discriminate more precisely the material type.
For instance, delta between plastic and metal is only 16 () at 5 kHz. The learning method
was used with these data and shows very good categorisation.

Frequency response for each material

1.75
—— metal

1.70 plastic
c —<— apple
j:‘ 1.651 —#— hand
- —— leather
N
o 1.601
o
5
o 1.55
19
Q
£ 1.50 A

1.45 A

103 10°
Frequency Hz

Figure 5. Impedance means for each contact type. The contact was made with the same pressure.

Figure 6 also shows the results of this experiment. Several materials were placed at the
center. Each material was recognised with very good accuracy from different types. This
shows that with the same temperature and pressure, material type is very well categorised.

Confusion matrix

Metal 0.00 0.00 0.00

Leather A

Hand 1

True label

Apple 1

Plastic -

X9
X
¢ & € VQQ Q\?;’
%
Predicted label
accuracy=0.97; misclass=0.03

Figure 6. Confusion matrix of material recognition with constant temperature and pressure.
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4.1. Experiment 1: Pressure

Because the sensor is composed of Velostat, the fabric has a piezoresistive property.
This property allows the sensor to change its electrical resistance in relation to the pressure
applied. This is the main phenomenon allowing the pressure modality in such sensors.
However, the question arises: how precisely the pressure can be retrieved?

In a second experiment, different pressures were applied to the center of the sensor,
allowing averaging measurements for more robustness. Figure 7 presents the impedance
mean for each measurement. It was conducted at 10 kHz. It shows an increase of impedance
following higher pressures. This is mainly due to the piezoresistive effect of the fabric
sensor. The more pressure applied, the more resistivity obtained from the sensor. Because of
the constant current, the voltage needs to rise to compensate for the resistivity increase.
By monitoring the tension measurement and its change with no pressure and some pressure,
without any spatial reconstruction or other methods, the pressure can be retrieved. This
allows gaining a modality by just looking at the raw data. However, this can be more
difficult to retrieve if the contact is from a different material type, location or temperature.
Nevertheless, this shows, with other works, that pressure is available from the electrical
properties of the sensor itself.

Frequencies responses for
different pressure at 10 kHz

2840 A

2830 1

2820 1

2810 1

2800 1

Impedance |Z| in Q

2790 A

2780 -

7.8 86 9.4 10.1 109 11.7 12.5 13.3 14.0 14.8 15.6
Pressure in hPa

Figure 7. Impedance from different pressure with metal at 10 kHz.

The results also show two other things. First, there is a non-linearity between 7.8 hPa
and 8.6 hPa measurements. This represents a weight of around 100 g. The hypothesis is
that the sensor is not compressed enough concerning the Velostat and only “bends” it with
the weight of the object. The second non-linearity is above 14.0 hPa. This starts a plateau
in which the measurement does not increase over the pressure. This could be explained
this time because the pressure reaches a threshold; the sensor cannot “bend” any more and
the Velostat is fully compressed. The impedance reaches a maximum, like a Force-Sensing
Resistor (FSR).

Figure 8 shows the results of the pressure identification using metal contact at the
same place with different levels of pressure: Low pressure between 0.05 N/cm? (5 hPa) and
0.125 N/cm? (12.5 hPa), middle pressure from 0.125 N/cm? to 0.175 N/cm? (17.5 hPa) and
high pressure from 0.175 N/ cm? to 0.215 N /cm? (21.5 hPa). The confusion matrix is filled
by using the results of the PCA and k-means clustering against the labels. Pressure can
be categorised without too many errors. More specifically, the errors only occur between
the first two pressure categories. The accuracy is still above 90% between three levels of
pressure. The pressure is obtained because of the material properties of the sensor. Even
though the precise value of the pressure is not available, this can still be used to differentiate
levels of pressures. This can be used to, for example, distinguish between harmful and
safe pressures.
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Confusion matrix

Low press : 0.1N/cm? 0.0000

Middle press : 0.15N/cm? 0.1250

True label

High press : 0.2N/cm? - 0.0000

Predicted label
accuracy=0.9375; misclass=0.0625

Figure 8. Confusion matrix of the PCA and k-means reconstruction with metal at different pressure.

The applied pressure could be considered low for such a sensor but some limitations
come from the architecture itself. The experiment needs to use precision weights to simulate
force applied to the sensor. In order to accommodate all the weights, the object has to be
large enough. This induces lower pressure. Nonetheless, the pressures are still representa-
tive for some use case, for early detection of touch in cobot for example. The Velostat itself
possesses a pressure upper limit in which the impedance cannot change any more. One
solution to tackle this issue is to change the sensing fabric. By making a piezoelectric fabric
with specific properties, the pressure range can be changed.

4.2. Experiment 2: Temperature Influence

In this experiment, the temperature was changed between acquisitions. The purpose
is to describe the temperature influence of the measurements. Figure 9 shows the raw data
of the EIT measurements with no contact at the sensor. The experiment was conducted
in a controlled temperature chamber. The temperatures were chosen to be within the
working range of the sensor fabric. The experiment starts at —10 °C up to 60 °C with
5 °C increment. As the figure shows, the tension follows an exponential growth. It grows
almost the same for each frequency up until 75 kHz. This matches the fact that Velostat
has a frequency range up to 100 kHz. Moreover, the exponential growth of the tension is
stopped at 60 °C. After 65 °C, the Velostat starts changing its properties but can be reversed
if the temperature goes down. However at 80 °C, the property changes are definitive.
Our data show that impedance becomes greater due to increases in temperature. The fact
that it grows so significantly is also a problem since it makes pressure reading difficult.
A method of calibrating the sensor before measurement has to be carried out to obtain more
reliable information. Therefore, by using a specific portion of the sensor, the calibration
can be carried out to retrieve pressure with more accuracy. Moreover, thermal drift is a
well know problem and compensation solution already exist in specific circuits (ASIC)
components [43].

The experiment in Figure 10 shows the hysteresis of the fabric related to the tem-
perature. All frequencies have been averaged for simplicity. The results show a strong
hysteresis in the temperature range of the fabric. This behaviour is kept after several passes
(or iterations) during the same time lapse. The time needed by the sensor to retrieve its
original impedance value at rest (room temperature) surpasses the reasonable time between
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instances of contact. This for now cannot be changed and has to be compensated for. It
also adds to the complexity associate of retrieving the pressure and a temperature change.
Nonetheless, this shows how the temperature plays an important part in the impedance
measurement. This can be used in order to either compensate temperature drift or retrieve
temperature information.

Frequency response at 1k and 5k Hz with no pressure
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Figure 9. Impedance of the sensor for different temperatures with no contact.
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Figure 10. Hysteresis from impedance measurement of the sensor at different temperatures with
frequency mean.

4.3. Experiment 3: Material Type Recognition at Different Conditions

This experiment focused on the recognition of materiel type. The aim was to detect
the material type using the sensor with our recognition model. The objects were placed
at the same place. To minimise the effect of other factors, same pressures were applied to
simulate similar weights. Temperature was constant through each experiment.

Figure 11 shows four different cases. Each one was used to differentiate only one
parameter. For each figure, the color labels correspond to the dot plot, whereas the back-
ground color is only used to illustrate the decision boundaries of the k-means. The color
label is the ground truth and is used to check the performances of the categorisation.
Figure 11a shows how the model can differentiate the temperature with the same material
type. This demonstrates once again how the temperature can be retrieved with our sensor.
Figure 11b shows, on the other hand, how the sensor behaves with different pressures
at a constant temperature with the same material type. In both cases, the pressure and
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Constant Material
Type

Different Material
Type

-2

temperature are retrieved with the same method and can be categorised well. Overall,
the results show the model is robust and can be used to categorise different modalities.
Other models based on supervised learning can be used to retrieve more preciselythe
pressure and temperature values but by keeping the model exactly the same, different
modalities can still be retrieved simultaneously.

Constant Temperature
Clustering of the pressure with plastic contact

Constant Pressure

Clustering of the temperature with plastic contact

no contact
plastic @ 7.8 hPa

plastic @ 15.6 hPa
plastic @ 23.4 hPa

@ plastic 25°C 2
QO plastic 35°C
@ plastic 45°C ®

@00e

Eigenvector 2
o

—14

Eigenvector 1

(a) (b)

Clustering of metal and plastic contact
at 7.8 hPa and 15.6 hPa

Clustering of metal and plastic contact
at 35°C and 45°C

@ metal @ 7.8 hPa

O plastic @ 7.8 hPa
o O metal @ 15.6 hPa
° @ plastic @ 15.6 hPa

‘.1.0

Eigenvector 2

metal 35°C -1
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plastic 45°C
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(d)

Figure 11. PCA transformed data with k-means clustering in different conditions, using all fre-

quencies available for the PCA transformation: plot (a) the identification with plastic at different
temperatures but with constant pressure (weight of 100 g producing 7.8 hPa); (b) the same plastic
contact but at a constant temperature (25 °C) with different weights applied (100 g, 200 g and 300 g,
producing up to 23.4 of hPa); (c) the identification of metal and plastic at two temperatures with
constant pressure (7.8 hPa); and (d) the metal/plastic identification at two pressures with constant
temperature (25 °C).

The next experiment was conducted using two samples of the same size: one of plastic
and one of metal. Each sample was pressed with two pressure levels: 7.8 hPa and 23.4 hPa.
Each acquisition was achieved with only one sample in contact with the sensor. Figure 11d
shows the results. The two pressures were all correctly categorised using the same model
as previously. The results also show that material discrimination is still available with
pressure discrimination. The sensor is able to distinguish if the contact is a 100 g metal or a
100 g plastic, for example.

Figure 11c is the result of the experiment conducted with metal and plastic at two
different temperatures. The purpose of this experiment was to check if the material recog-
nition is still working at different temperatures. The object was placed as usual next to the
first electrode couple. The clustering manages to categorise all different types of stimuli.
However, some data are not correctly categorised. This is because temperature plays such
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an important role in the impedance measurement. Nonetheless, the accuracy is still above
90% recognition.

Figure 12 shows the different parameters influencing the measured impedance. The tem-
perature, pressure and corresponding impedance are plotted in a 3D graph, each represent-
ing an axis. The measure is from an experiment using metal as a material type. Because the
resultant plane is not straight in any direction, a classifier could distinguish between the
two modalities. Moreover, by adding the plane from another material type, if the two
planes did not cross each other, the material type could be distinguished as well. This
figure shows how the device is capable of recognising material types, either the pressure or
the temperature. This makes our sensor robust to environmental changes.

Influence of the Temperature (in °C), Pressure (in N/cm?)
and Material type on the measured Impedance value |Z|

I Metal
B Plastic

0.20

- 0.18

o

w 0.16

£ 014

3
0.12 16
0.10 20 ¢

30 @Q
31000 3 400 40 4@

1zjq 31,800

Figure 12. Summary of the influence of Temperature, Pressure and Material Type in the impedance
value. Each plane corresponds to one particular material type (metal or plastic).

Furthermore, it also makes the sensor sensible enough to differentiate between the
temperature and the pressure at the same time. The sensor can categorise at the same
time the pressure, the temperature and the material type. The ranges of the modalities are
from —20 °C up to 60 °C for the temperature, from 10 g up to 500 g (between 0.05 N/cm?
and 0.25 N/cm?) and differentiate between plastic and metal. This gives us the ability to
develop a multi-modal sensor thanks to multi-frequency analysis.

5. Conclusions

This research presents a novel approach in developing multi-modal tactile sensors.
By using a fabric with some electrical properties, new modalities can be retrieved. EIT is
the base for the measurement but using new reconstruction algorithms, material type can
be retrieved. This algorithm, based on machine learning, uses raw data and so can also be
used to extend the scope of EIT. Pressure information can be retrieved directly from the raw
data. By using some calibrations, the temperature hysteresis can be contained and pressure
information/material type can be retrieved. In contrast, because of the great reaction of the
temperature, the fabric itself can be used as a temperature sensor. Finally, a method can
be developed in order to obtain all these modalities at once. This will provide a new way
to develop human-machine interfaces such as in robotics. Our novel approach allowed
us to use the same algorithm to obtain pressure as well as temperature while still being
able to differentiate material types. Because spatial reconstruction is available, this sensor
is capable using four modalities (pressure, temperature, material types and localisation).
This implication allows one sensor to have all of this modalities, while being flexible and
able to be scaled. With more than 95% accuracy in material recognition under different
pressures and temperatures, the sensor shows its capabilities thanks to the contribution
of the Multi-Frequency Analysis. The device is also compatible in real time. Even though
it was not the focus of our research, experiments were conducted. Currently the online
measurement is slow, taking up to 20 s per frame. Optimisation has been done by using
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simultaneous multiple frequencies down to 2 s per frame. We are currently designing and
building a new acquisition card that will allow us to reduce even more the time for each
frame to obtain an acquisition rate up to 50 Hz. The processing part is very fast because of
the methods used, thus making the acquisition part the only challenge in terms of reaching
a faster time. Moreover, the device is still affordable, with low energy consumption and
low complexity. The challenge will be to obtain a robust measurement from this device.
Having a good calibration unit is needed in order to compensate for the hysteresis. Other
fabrics that share similar electrical properties with the ones used are also a viable solution.
By finding a fabric with a small hysteresis, both in time and amplitude, the sensor will
increase in accuracy. We use frequency per frequency implementation to obtain more
precise raw data as well as to reduce the signal processing aspect. The next phase will be to
implement simultaneous multi-frequency injection to speed up the process, thus allowing
a full real-time functionality for future implementation.
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AC Alternative Current

ASIC Application Specific Integrated Circuit
DC Direct Current

EIDORS  Electrical Impedance and Diffuse Optical Tomography Reconstruction Software
EIT Electrical Impedance Tomography

EIS Electrical Impedance Spectroscopy
ERT Electrical Resistance Tomograpgy
GMM Gaussian Mixture Model

ICU Intensive Care Unit

MFA Multi Frequency Analysisi

NC Not Communicated

PCA Principal Component Analysis

SVM Support Vector Machine
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