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Soft Tactile Skin Using an
Embedded Ionic Liquid and
Tomographic Imaging
Whole-body-contact sensing will be crucial in the quest to make robots capable of safe
interaction with humans. This paper describes a novel design and a fabrication method
of artificial tactile sensing skin for robots. The manufacturing method described in this
paper allows easy filling of a complex microchannel network with a liquid conductor
(e.g., room temperature ionic liquid (RTIL)). The proposed sensing skin can detect the
magnitude and location of surface contacts using electrical impedance tomography
(EIT), an imaging technique mostly used in the medical field and examined recently in
conjunction with sensors based on a piezoresistive polymer sheet for robotic applications.
Unlike piezoresistive polymers, our IL-filled artificial skin changes its impedance in a
more predictable manner, since the measured value is determined by a simple function of
the microchannel geometry only, rather than complex physical phenomena. As a proof of
concept, we demonstrate that our EIT artificial skin can detect surface contacts and
graphically show their magnitudes and locations. [DOI: 10.1115/1.4029474]

1 Introduction

Physical and control performance of a robot in unstructured
human environments are significantly dependent on its sensing
capability. As discussed by Siciliano and Khatib, whole-body-
touch-sensing [1] in robots, which is still an unsolved problem,
will be one of the key factors that will not only ensure human
safety but also improve human–robot interactions in the future.
Although the study of human tactile function has led to better
understanding of the essential sensory characteristics of ideal arti-
ficial skin [2], no existing approach can match the human tactile
apparatus in terms of sensitivity, multimodality, and robustness all
at the same time.

One of the first attempts to produce artificial sensing skin for
robotic applications was introduced by Lumelsky et al. [3,4] Their
modular skin device used multiple infrared sensors to detect prox-
imity and contact of an object. Other researchers have proposed
exploiting the change in capacitance between two soft planes
[5,6] or the variation in the resistance of a piezoresistive material
[7–9] as means of localizing and measuring applied stresses [10].
All these approaches encounter one same challenge, complicated
internal wiring to connect multiple sensing elements or to create a
sensor array. In order to circumvent the associated physical con-
straints, the use of a flexible printed circuit board (PCB) layer or
flexible/stretchable wires has been proposed. However, this
method also limits the robustness of the device and its mechanical
properties such as flexibility and stretchability.

We propose the use of EIT combined with a conductive liquid
embedded soft sensor (Fig. 1) for tactile sensing. EIT is a nonin-
vasive medical imaging technique that reconstructs cross-
sectional images of the internal structure of a human body using
impedance measurements obtained from multiple electrodes
placed on the skin [11]. EIT has also been employed in tactile
sensors in conjunction with piezoresistive materials as a means
of detecting a contact location and its corresponding pressure
[12–15], This EIT-based tactile sensing technique simplifies the
previously mentioned complicated internal wiring, since deforma-
tions caused by contact pressures on a large flexible surface can
be easily measured without constraining the mechanical properties
of the material.

However, the image quality obtained in this method is often rel-
atively poor compared to those of conventional array approaches
[16]. The low image quality is partially due to an ill-posed prob-
lem of the image processing [17]. Some researchers have proven
that the inclusion of internal electrodes could improve image qual-
ity [18]. However, another factor is the nature of current flow in
the piezoresistive materials. It has been shown that current
dynamics in doped silicones are complex, nonlinear, and difficult
to predict accurately [8,19,20].

Recent attempts to exploit the change in electrical resistance in
soft material containing liquid metal microchannels [21] have
shown promise for detecting various modalities such as strain
changes [22,23], contact pressures [22,24], shear forces [25], and
curvatures [26].

Unlike conventional piezoresistive rubbers based on conductive
nanoparticles and involving complex interactive phenomena, the
resistance of such material is dominantly governed by the change
in microchannel geometry, resulting in the response to be much
more predictable. Capacitive sensing can be also combined with
liquid metal microchannels. Double layered microchannels with a
grid pattern surrounding air pockets embedded in a silicone layer
have been used to measure normal contact forces [27]. Microcon-
tact printing has been proposed to fabricate microcomb patterns of
liquid metal microchannels for detecting strain changes. Both
methods utilize capacitive changes of sensing elements [28].

Following our previous work of using a soft material containing
dual-liquid microchannels for detecting large strain changes with
interference-free signal conduction [29], we decided to combine
the advantages of the EIT sensing method with the repeatability
of the mechanical deformation of microchannels filled with a con-
ductive liquid. We used a low conductive RTIL. RTILs are not
only chemically stable compared to ionic solutions (e.g., saline
solutions) that are composed of water and ions but also have lower
surface tensions than liquid metals (e.g., gallium–indium alloy).

We designed a matrix-type soft sensor made of silicone elasto-
mer with embedded microchannels filled with an RTIL. Tomo-
graphic imaging allowed the sensor to detect contact location and
pressure without adding internal wiring. We believe that such sen-
sors could be useful as skin for many robotic applications. This
paper describes the novel design and manufacturing processes of
the proposed sensing skin (Fig. 1). Although the algorithm used
for EIT image reconstruction is still crude, we are able to obtain
valid imaging and believe that this approach introduces several
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advantages over previously proposed scalable tactile robotic
skins.

2 Tomographic Imaging and IL Microchannel

Embedded Silicone Sensor

Tomographic imaging is a widely used technology in medical
fields, since it can provide relatively precise images of inside of a
human body in a noninvasive and radiation-free way. By defini-
tion, tomographic imaging is based on the inverse reconstruction
of cross-sectional images from measurements made at boundaries.
Different types of measurement methods may be used depending
on applications. For example, X-ray computed tomography meas-
ures X-rays going from the X-ray source to the X-ray sensors
through the patient’s body, while EIT measures electrical poten-
tials of multiple measurement electrodes when an electrical
current was injected through the body (see Fig. 2). The difference
is that X-rays, unlike electrical currents, pass through the body in
a straight line. In the case of EIT, electrical current paths are
dependent on the internal conductivity of the medium and will
cover the full conductive surface [12,13]. The mathematical
reconstruction of EIT is thus often described as a complex and
severely ill-posed problem.

The main advantage of using EIT to reconstruct the stress pat-
terns within a piezoresistive sheet is that electrical connections
only at the edges of the material are sufficient. Conductive rubber
sheets generally consist of polymer matrices blended with conduc-
tive nanoparticles or microparticles. In this type of materials,
electric current flows through conductive chains as a result of the
quantum tunneling effect [30]. As shown in Fig. 3, unlike with
bulk metal conductors, the current in a piezoresistive composite
does not necessarily flow through the straight line (the shortest
path) between two electrodes but rather follows the principal
chains of conductive particles, which may form an arbitrary path
within the rubber sheet. This means that a stress applied to a point

at a considerable distance from the shortest geometric path
between two electrodes could change the sensor impedance more
than a stress applied to a point on this line, resulting in a compro-
mised accuracy of the contact location.

In order to solve this problem, we propose the use of a silicone
sheet containing a network of microchannels filled with an IL, as
shown in Fig. 4. ILs, also called molten salts, are salts in a liquid
state, and unlike ionic solutions, are composed only of ions. By
selecting anions and cations, it is possible to create theoretically
1018 different ILs [31]. Some of these have melting points below
room temperature, acquiring the name RTILs. This property is
mainly due to the charge distribution of the ions as well as their
symmetry and hydrogen bonding ability [32].

Fig. 2 Example of a typical EIT acquisition protocol with eight electrodes. EIT requires eight
consecutive current injection electrode pairs and 48 distinct voltage measurements.

Fig. 3 Example of a real conductive chain path that makes a
longer route than a shortest path in a piezoresistive composite

Fig. 4 Complete skin sensor prototype. Internal lines are
microchannels filled with RTIL, and black ellipses are conduc-
tive polymer patches as electrical interfaces to measurement
electrodes.

Fig. 1 Artificial skin prototype with an embedded IL micro-
channel network
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Depending on the ions used, the material properties of RTILs
can be tailored with specific applications. RTILs in industry are
generally considered as a “green” alternative to conventional sol-
vents or electrolytes [32] because of their high ionic conductivity
and nonvolatility [31]. These characteristics also make them
suitable for use in silicone sensors [33,34].

Since silicone is gas-permeable, bubbles can form in the chan-
nels of sensors containing ionic solutions as changes in tempera-
ture increase then decrease the hydrosolubility of atmospheric
gases. Water itself forms vapor as temperature increases. Avoid-
ing the presence of water altogether is preferable. Since no general
theoretical model is available to predict the properties of RTILs,
most literatures rely on experimental measurements. The RTIL
(1-ethyl-3-methylimidazolium ethyl sulfate (EMISE), Sigma-
Aldrich/BASF,� 95% purity) used in our sensor prototype has a
melting point of �30 �C [35]. Previous research has reported that
this RTIL has negligible vapor pressure and is chemically stable
with contacts with both air and water [36].

It is well known that the conductivity of a channel filled with
conductive liquids is a function of only the length between the
two electrodes and the area of the channel cross section. Another
advantage of using RTIL as a conductive medium into a resistive-
based artificial skin is that its sensitivity will remain stable over
time [31]. While the overall resistivity of a piezoresistive rubber
is known to increase greatly with the aging of the silicone matrix
[37], the resistivity of an RTIL is not affected by time [31].

Finally, ILs are also preferred to liquid metals (e.g., eutectic
gallium–indium (eGaIn), q¼ 29.4� 10�4 X m [38]) due to their
higher resistivity (q¼ 2.5 X m), thus maximizing the variation in
absolute resistance and minimizing the impact of random varia-
tions at the interface between solid and liquid.

3 Design and Fabrication

3.1 Sensor Base Layer and Soft Electrodes. Our sensor was
made of an extremely soft platinum-cured silicone called Ecoflex
(Smooth-on, shore 00-30) following the manufacturing process
presented in Fig. 5. A mold was first machined from an acrylic
sheet using an Epilog Helix 40 -W CO2 laser cutter at 20% speed
and 30% power. This mold bore features that produced channels
of which the cross section was trapezoidal, measuring 350 lm in
depth, 650 lm at the bottom, and 1300 lm at the top. Larger chan-
nels than reported previously [29] were preferred in order to
increase the channel volume fraction of the resulting sensor. The
mold is shown in Fig. 6.

In order to avoid leakage of the ILs from the sensor due to
movement of metal probes, we made silicone-based electrodes
containing a mixture of high-aspect-ratio nickel strands (NiNs,
length 30 lm, Conductive Composites, Inc.) and nickel-coated
micron-sized carbon fibers (NiCCF, length 800 lm, Conductive
Composites, Inc.). Nickel is highly conductive, affordable, slow
to oxidize, and hence suitable for our application. This mixture
provided very good conductivity with minimal impact on the
mechanical properties of the silicone elastomer (e.g., high elonga-
tion at break, low hysteresis, and low Young’s modulus). It con-
tained 4% NiNs and 0.09% NiCCF by volume, as reported
previously [29]. The composite was blended for 3 min in a plane-
tary mixer (Thinky ARE-310), which provided minimal strand
agglomeration and breakage. The measured resistivity of these
conductive interfaces was 8� 103 X �m, far below the resistivity
of the IL (q¼ 2.5 X �m).

Twelve casted electrodes were placed in the mold described
above and Ecoflex silicone was added, degassed, and then cured
in an oven at 65 �C for approximately 25 min. The cured layer
was separated from the mold and the electrode surfaces that come
into contact with the RTIL were etched at low power with the
CO2 laser in order to expose the conductive fibers and thus
increase greatly the conductivity. The wavelength of a CO2 laser

(10.6 lm) is such that the laser is reflected by nickel and only the
silicone is removed.

3.2 Injection of RTIL Into the Sensor. RTIL was injected
into the first layer of the sensor. In previous studies, the liquid was
injected into the completed assembly, using a needle to vent air
from the distal end of each channel [22,29,39]. Although this tech-
nique has proven its simplicity and reliability, it allows only one-
dimensional filling of a single channel in one direction and thus
cannot be used for multiple interconnected channels. Indeed, in
our case, it is extremely hard to completely fill the sensor array
only from one injection point to one suction point, as experience
shows that liquids first flow into the most friction-less path

Fig. 5 Manufacturing process. (a) Cast soft electrodes using a
mixture of nickel strands and CFs with liquid silicone. (b) Pour
liquid silicone to cast a base sensor layer with a microchannel
pattern and embed electrodes. (c) Micromachine electrodes for
increased conductivity using low-power laser. (d) Spin coat
liquid silicone on a mesh layer mold. (e) Laminate the base
layer on the uncured mesh layer for bonding. (f) Remove the
mesh-bonded base layer from the mold and inject an RTIL.
(g) Pour another silicone layer for top mesh sealing.
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between the two needles, resulting in empty channels in the other
areas. Hence, the technique developed should allow a multidirec-
tional filling of the channels.

Furthermore, due to the high surface tension of the liquid, com-
bined with the hydrophobic character of silicone, filling the open
channels was not possible either. Besides, the platinum-based cat-
alyst used to cure Ecoflex is very sensitive to extraneous chemical
agents, and any contact between RTIL and subsequently applied
liquid silicone would inhibit curing and cause defects in the skin.

As an alternative, electrowetting [40] of the bottom surface of
the channels has been investigated as a means of guiding the flow
of IL into the sensor skin. However, ILs are less compliant than
other liquids with electrowetting [41]. Our tests showed that the
required electric field was strong enough to cause dielectric break-
down of the silicone. Freezing the liquid before curing the silicone
[42] was not practical either, since the melting point of the RTIL
is approximately �30 �C [35].

Our solution to the RTIL injection problem was to fabricate a
silicone mesh layer that allowed air to pass through while

retaining water (like hydrophobic air filters or a Gore-Tex
VR

material). An acrylic mold was prepared by laser micromachin-
ning using a CO2 laser engraver with minimum power to obtain a
grid of cones approximately 150 lm in height and 200 lm apart,
as shown in Fig. 7. A thin layer of a liquid silicone (EcoFlex
0030) was then spin-coated on the acrylic mold at 800 rpm for
30 s. Meanwhile, the first sensor layer was heated in an oven at
65 �C for 10 min. The heated layer was placed on the spin-coated
mold, and the assembly was placed in the oven again for curing.
The skin was then carefully detached from the mold after curing
maintaining the mesh layer bonded on the first sensor layer. The
resulting membrane had holes approximately 50 lm in diameter.
The skin was finally filled with RTIL using a syringe with a hypo-
dermic needle, at room temperature, starting from one point and
until all channels were filled. The needle was able to penetrate the
mesh layer without damaging the net structure by taking advant-
age of the high stretchability of the silicone material.

When injected through a microchannel, the RTIL is constrained
by the bottom and side walls. This forces the RTIL to either flow
forward in the microchannel or to pass through the small holes on
the top mesh layer. Although the dynamics of Newtonian liquids
are usually constrained by the gravitational force, this principle
does not apply any more in such small dimensions [43]. The
RTIL’s surface tension (c¼ 48.79� 10�4 N �m�1 [44]) therefore
govern the RTIL’s flow, and, with the help of the mesh layer, con-
strains the RTIL to flow undivided through all the networked
microchannels. Indeed, the mesh layer holes are approximately
170 times smaller than the cross-sectional area of the microchan-
nel and allow the air to vent out while being small enough to act
decisively on the RTIL’s surface tension.

Approximately 1 ml of RTIL was used to fill the microchannel
network. We believe that this filling procedure will be useful in
other fabrication and design of microfluidic sensors, especially
when building complex multichannel structures.

3.3 Sealing of the Sensor. The netlike structure should be
sealed once the sensor is filled, since wetting of the pores is possi-
ble and the RTIL could leak under external pressure. Ecoflex was
mixed and degassed for 30 s and then precured for 5 min in the
oven at 65 �C. This increases its viscosity considerably, although
it can still be poured into the enclosed space and spread carefully
over the porous surface. The resulting bond was much better than
what we experienced with the conventional approach of bonding
two previously cured flat layer, thus insuring good robustness of
the skin. This better bonding is mainly due to the geometry of the

Fig. 6 Laser cut microchannel mold (left) and its 3D microscopic view (right) of engraved
details

Fig. 7 Mesh layer mold (top) and 3D image reconstitution (bot-
tom) with an optodigital microscope (Olympus DSX-100). Color
scale indicates height of structures after laser ablation.
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netlike structure that increase the surface area in contact between
the two layers and that also trap the uncured silicone in its pores.

Although the skin was not tested for mechanical fatigues by
cyclic loading, the softness and intrinsic elasticity of Ecoflex
(900% elongation at break) as well as the use of only soft or liquid
components make the sensor quite robust. Moreover, unlike with
the usual channel filling method, our approach did not require to
create holes for liquid injection once the sensor has been sealed.
Large forces (about 600 N) were applied to test our sealing meth-
ods. These caused no leakage or visible damage to the skin.

4 Simulation

Before conducting experiments, we checked our EIT pressure
sensing concept through simulation using an open source MATLAB

toolkit (EIDORS [45]—version 3.7.1) for designing and solving an
EIT model through the finite element method (FEM). A base
mesh structure of the microchannel network was made in 2D
using a commercial FEM software (ABAQUS/CAE 6.13-3, Dassault
Systems) and exported to EIDORS.1

As illustrated in Fig. 8, EIDORS generates stimulation patterns
applying a constant current to each pair of adjacent electrodes and
calculates the voltage charged on each element of the mesh
through a forward solver. Based on the calculated voltage, the
inverse solver of EIDORS reconstructs the conductivity of the mesh
and generates an image of the reconstructed conductivity [47].
The dimension of this simulation model was the same as that of
the sensor prototype. The base mesh structure contains 12 electro-
des (resistance: 0.2 X) and a circular pressure area (diameter:
6 mm), as shown in Figs. 8 and 9, respectively.

In our simulation, the conductivity of the pressure area can be
expressed as a function of the pressure derived from the following
analytical model for hyperelastic pressure sensing [21]

DR ¼ qL

wh

1

1� 2ð1� �2Þwvp=Eh
� 1

� �
(1)

q, �, and E are the electrical resistivity of the IL, and Poisson’s
ratio, and elastic modulus of the silicone material, respectively. L
is the length of the microchannel, w and h are the width and height

of the cross section of the microchannel, respectively. Then, based
on Eq. (1), the new conductivity of the pressure area is

r ¼ l � r0 (2)

where r0 is an initial conductivity and the coefficient
l¼ 1 – 2(1 – �2)w v p/Eh. Since the applied pressure has an influ-
ence on the conductivity changes of not only the pressure area but
also its vicinity, in Eq. (2), the effective pressure area was
calculated and used in the simulation, as illustrated in Fig. 9.

Using this conversion process, we simulated the deformation of
the skin, as shown in Fig. 10. Both pressure locations and magni-
tudes were estimated for different pressure inputs, as shown in
Fig. 10(a), using an input current of 10 mA. The following param-
eters were also used in the simulation: r0¼ 0.398 S �m�1,
�¼ 0.49, and E¼ 125 kPa. 20 dB of signal-to-noise ratio was also
included make a similar condition of actual sensors. The results
showed the minimum conductivity at the center of the pressure
and a gradual conductivity increase at the adjacent areas as the
distances from the center increase reaching the initial conductivity
(r0) eventually. The conductivity reconstruction (i.e., pressure
estimation) was reliable regardless of the magnitudes and the
number of the pressures.

Although the current approach does not incorporate the 3D
deformation of the microchannels, the simulation results demon-
strated that the EIT can be easily combined with microfluidic soft
sensing devices for detecting contact pressures.

5 Experiments: Contact Location and Image

Reconstruction

The goal of this paper is to present a novel idea of implement-
ing EIT to touch-sensitive skin filled with an IL and to discuss the
design challenges associated with this approach. The inverse EIT
problem is a complex topic on which many papers have been pub-
lished over the last 20 years. Future work will be oriented more
toward how we can improve the touch image quality using more
complex but reliable reconstruction algorithms. In the meantime,
this section will present simple experiments conducted on the skin
prototype in order to show that the proposed fabrication method
leads to artificial skin that can effectively detect pressure contacts
as well as their magnitudes.

5.1 Sensing Mechanism of the Skin. Given that the specific
conductivity of the IL is isotropic and since the number and shape
of the channels is known, the skin can be modeled as a matrix of
resistors in which each channel section is a resistor and each con-
nection between the channels is a node. The impedance of an IL is
a function of the distance between electrodes, and the smallest
cross-sectional area of the microchannel between the electrodes
and the liquid conductivity. The pressure applied to the skin will
deform the microchannel and decreases its cross-sectional area,
and it consequently increases the impedance that can be measured
from the electrodes located at the edge of the skin.

Since the impedance changes are due to the area changes of the
cross section of the microchannel, and also the deformed silicone
elastomer can easily return to its original shape when the pressure
is released, the impedance changes are highly predictable and re-
producible. In addition, the dynamics of ions as charge carriers
are constant in a large frequency domain [33], whereas the paths
of current as modified by forces applied to silicone doped with
conducting nanoparticles are far more difficult to predict
[8,19,20], the sensing mechanism in the our skin is more reliable
than that those of EIT skin sensors that use conductive rubbers
[12,13].

5.2 EIT Image Reconstruction. A conventional way of
acquiring EIT data is measuring electrical potentials between all
the electrodes except two electrodes to which an alternating

Fig. 8 Voltage pattern from the first stimulation injecting a
constant current into electrode 1 and 2. Each electrode is
denoted with the green bars and is placed at the channels’
extremities with its acquisition order. Right legend bar repre-
sents voltage difference in the network.

1A.vrml file generated in ABAQUS was converted to a.stl file using MESHLAB [46],
and then the.stl file was imported to EIDORS.
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current is injected. This process is repeated by changing the two
injection electrodes until it covers all the electrodes [12,13]. Com-
plex numerical methods may be used to reconstruct the image
from the obtained data. However, in our case, we employed a

simple numerical method called weighted filtered back projection
[48], since the purpose of our experiments was to validate the con-
cept of using EIT on a soft skin sensor that contains a network of
embedded conductive microchannels. In our method, the image

Fig. 9 Conductivity patterns with different pressure values, 35 kPa (left) and 50 kPa (right).
Legend bars represents conductivity gradient (S �m21). The coefficient l determines the bound-
ary of the effective pressure area (R3 at 35 kPa and R4 at 50 kPa). At 35 kPa, l � 0.4433, 0.452,
0.5048, and 0.7154 for R1 5 3 mm, R2 5 4 mm, and R3 5 5 mm, respectively, and l � 1 (i.e., r 5 r0)
for Ri (i�4); At 50 kPa, l � 0.2047, 0.2171, 0.2926, 0.5935, and 0.8949 for R1 5 3 mm, R2 5 4 mm,
R3 5 5 mm, and R4 5 6 mm, respectively, and l � 1 (i.e., r 5 r0) for Ri (i�5). The coefficients are
calculated based on the dimensions and material properties of the prototype.

Fig. 10 (a) Conductivity distributions with one point load (p 5 35 kPa) centered at (x 5 26 mm
and y 5 26 mm) and two point loads (p 5 50 kPa) centered at (x 5 212 mm and y 5 12 mm) and
(x 5 12 mm and y 5 212 mm). (b) Images of reconstructed conductivity of the loads.
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reconstruction algorithm creates a matrix by attributing a score to
each node of the skin. This score is calculated by summing the
impedances of the channels crossing at this position. This simple
method provides accurate results, since our skin is composed of a
discrete set of channels that follow a symmetric organization as
opposed to the unknown medium generally explored with EIT,
thus simplifying the problem. Furthermore, the conductivity of
EMISE IL is isotropic, which makes the current flow inside the
channels much more predictable.

Normal forces were applied to the skin using a commercial
force gauge (M4-10, Mark-10) and a test stand (ES10, Mark-10),
and the impedance was measured at 1 kHz at the edge electrodes
of the skin. To apply a force in a repeatable manner, a rigid cylin-
drical end-effector (6 mm in diameter and 6.35 mm in height) was
mounted on the force gauge. Since the measurements were per-
formed manually using an external device, a simple custom data
acquisition protocol was followed. Impedance was measured
between one electrode and the next, in a clockwise order, without
redundancy. Measurements were performed first without any load
in order to populate a calibration matrix used to evaluate the
impedance due to other causes than the RTIL filled channels and
mitigate their impact on the sensors’ accuracy. The end-effector
was then brought down to the skin until the force measured by the
force gauge reached target value. The experimental setup is shown
in Fig. 11.

Two experiments were conducted to evaluate the skin proto-
type. In the first experiment, a single load with three different
force levels were applied to a same location. The skin was able to

detect both the location and the magnitude of the force, as shown
in Figs. 12 and 13. For the force estimation, the resistance differ-
ence between the collected data and the calibration matrix was
calculated and then filtered through bicubic interpolation in

Fig. 11 Experimental setup for pressure response measurement using a high accuracy
force gauge (left) and the close-up view of the sensor and the pressure tip (right)

Fig. 12 Pressure application experiment (left) and its postprocessed estimated pressure
image

Fig. 13 MATLAB generated images of three distinct forces
applied at the same skin position
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MATLAB. Although the experiments were simple and use only one
subset of the measurements obtained, this method demonstrates
the capability of extracting the location and magnitude of a con-
tact. The contact was detected exactly at the same location of the
actual load. Also, although the relationship is not exactly linear,
the three different forces were estimated with the three shaded
curves with peaks of different amplitudes in Fig. 13. In the second
experiment, two same loads (0.5 N) were applied to the two differ-
ent locations. The result, shown in Fig. 14, shows that two same
resistance changes were detected at the two contact locations.

The experimental results validated that our skin prototype was
able to identify the locations and magnitudes of contact forces for
both single and multiple load conditions.

6 Conclusion

This paper describes a novel manufacturing method for a tactile
skin sensor based on a noninvasive sensing approach that combines
EIT with a conductive microfluidic network in a soft material.

The use microchannels filled with an IL as a contact pressure
sensing element has an advantage over conductive rubber sensors
since changes in resistance (or impedance) are more predictable
and repeatable. Another advantage of using EIT over other com-
mon imaging techniques, such as arrayed electrodes [49], is that it
provides a complete cross-sectional image. Also, the spatial reso-
lution of the sensor depends more on the density of the conductive
channels of the network rather than on the number of electrodes
that typically determines the spatial resolution of conventional
grid-patterned tactile sensors. The complexity and density of the
network can be easily reconfigurable without changing the
number of signal wires.

We described the design and a method of manufacturing for a
soft tactile skin with 12 electrodes. The result demonstrated that
the skin prototype could provide clear images of contact pressures

on the surface using EIT imaging. Although the current prototype
is small-sized, our approach is scalable in terms of the size of the
skin and its resolution within the limits of the fabrication equip-
ment (e.g., the size of the laser cutter and the spin-coater). The
manufacturing of molds and the use of fast-curing soft silicone
allowed complete tailoring of various parameters such as size,
shape, number of elements, and resolution of a contact area over
the sensing region.

We believe that the inherent softness of silicone, the conductive
properties of EMISE, and the simplicity of the manufacturing pro-
cedure enabled this conformable skin, an interesting avenue to
explore for the development of highly flexible and stretchable
large-area tactile sensing skin for robotic applications. Future
work will be focused on the development of an analytical model
of the impedance of the skin to improve the quality of the image
reconstruction.
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