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Abstract—Providing robots with the capability of sensing
their surrounding environment is an important feature that
would lead to a more intuitive and safe physical human-robot
interaction. This paper proposes a new design of homogeneous
flexible and stretchable robot skin based on carbon-black-filled
(CBF) silicone and conductive fabric that can sense multiple
contact locations as well as applied pressure. CBF silicone has
been already used in sensing technology but its piezoresistivity
is still largely misunderstood. This particular behavior is inves-
tigated in this paper through a set of experiments conducted on
isolated sensing cells. Using the results of these experiments, a
model describing the variation of the resistivity in the CBF
silicone as a function of the applied pressure is proposed.
Based on this model, a simple way to accurately estimate the
applied pressure in real time is demonstrated. Finally, using
this improved knowledge of the behaviour of the CBF silicone,
the fabrication of a fully functional sensor array is presented.
The proposed design has the particularity of circumventing the
well-known problem of cross-talk between sensing cells.

I. INTRODUCTION

Enabling safe physical human-robot interaction could lead
to a new working mode in which human judgment ability
and robot power could be efficiently combined. However,
due to this specific capability, robots should be designed
in a different way in order to ensure the human’s physical
integrity. One way to make robots safer is by reducing
their capability of transferring power. Distributed macro-mini
actuation [?], static balancing [?] and torque limiting devices
[1] are some examples of proposed solutions in this context.
At the sensor level, robots should be able to detect external
contacts on their whole body. This capability of sensing
contacts would inevitably result in a safer coexistence of
humans and robots into the same workspace but would also
lead to a more efficient interaction by adding a port of
interaction for sensing the human intentions.

An artificial sensitive skin is considered by many as a
sensory capability that could lead to more advanced robotics.
An increasing amount of work has been done over the last
decade on this topic. In [2], the authors present a prototype
for collision prevention using infrared sensor pairs(LED +
detector) mounted on a polyimide substrate that are able
to sense objects at a distance of up to 20 cm. In [3], a
more advanced material using organic field-effect transistor
featuring pressure sensing capabilities has been proposed.
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Fig. 1. Proposed robotic skin with a view of the internal sensor layer.

However, this material is still far from commercial applica-
tion. In [4], the authors have proposed a realistic solution
for industrial applications based on a pressure-activated
conductive rubber sheet to sense multi contact locations. The
reported experiments have shown that using a skin with such
a simple feature can greatly improve safety in human-robot
interaction by detecting collisions and reacting to them. How-
ever, despite this success, determining only contact location
does not address the problem of intuitive collaboration, since
such primary information is clearly not sufficient for making
a distinction between wanted or unwanted contact. Adding
pressure sensing capabilities will help filling this gap.

An inherent property of Carbon-black-filled silicone (CBF
silicone) makes this material a good candidate for playing
this role, especially if high precision is not required. Indeed,
the electrical resistivity of CBF silicone changes with the
applied pressure. Moreover, its viscoelastic behaviour add
compliance that greatly helps dissipating contact energy.
Unfortunately, nonlinearity, creep and long relaxation time
make it difficult to estimate the applied pressure. In [5],
the authors suggested that the relation between pressure
and internal resistance is similar to the stress/strain relation
of a viscoelastic material. In a similar way, [6] used the
Burgers viscoelastic model to fit the resistive behaviour
during compression. Although these models help to predict
the time-resistivity behaviour of loaded silicone, work has
to be done in order to estimate the applied load from the
time-resistivity output. CBF silicone has already been used
in the design of pressure sensitive sensors as in [7] where
row and column electrodes have been stitched across a one
piece sensor layer. However, while the simplicity of the
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Fig. 2.
the characterization of the resistivity behaviour.

Sample used in the investigation of the optimal sensitivity and for

approach was promising for realistic full scale applications,
the resulting sensor was subject to the well-known cross-
talk effect, which produces an unwanted variation at a given
sensing point for a pressure applied at another point.

This paper presents a new simple and cost-effective design
of flexible and stretchable robot skin. The sensor array
based on carbon-black filled (CBF) silicone and conductive
fabric, is built in a way that even if the resulting material is
homogeneous, each tactile cell is isolated from the others to
prevent cross-talk. First, a study on the sensitivity of a single
sensing cell is conducted in order to find the optimal mass
ratio of carbon black versus silicone. Using the resulting
optimal sample, the change of the resistivity of the CBF
silicone in reaction to an applied pressure is investigated to
gain a better understanding of the overall sensor behaviour.
Based on these results, a model is defined and further used
to estimate the applied pressure on a sensing cell in real-
time. Finally, the fabrication of a fully functional sensor array
that can detect multi-contact locations as well as pressure is
presented. Fig. (1) shows a picture of the resulting robot skin.

II. CARBONE-BLACK-FILLED SILICONE PREPARATION

The electrical properties of CBF silicone vary depending
on the nature and the proportion of the two materials. This
section investigates the problem of finding the optimum
concentration of carbon in a given platinum silicone that will
lead to the maximum sensitivity.

A. Method

For the sensitivity test, Smooth-Sil 940, a two-part plat-
inum cured silicone was mechanically mixed for two min-
utes, without any solvent, with carbon black powder(carbon
black, acetylene, 50% compressed, 99.9+% (metal basis))
from Alfa Aesar. The mixture cured at room temperature
during 4 hours in a 0.125 thickness mold and was then cut
into one square inch samples. Stretchable conductive fabric
(0.1Q2/¢m) made by Les EMF was embedded into each cell
to serve as an electrode in the material. Fig. (2) show one
of the samples used for this experiment.

B. Optimization of sensitivity

We define the sensitivity of CBF silicone as the following
ratio : (Ryuqz— Ro)/Ro where Ry is the initial resistivity and
R0z 18 the resistivity at which the output signal saturates. A
good sensitivity makes the data processing easier by reducing
the relative noise level and the error due to the discretization
of the input signal. Using the fabrication method previously
described, eight samples were prepared with various carbon
black mass fractions and their sensitivity was measured.
Fig. (3) shows the normalized resitance variation ((Rq0 —
Ry)/Ryp) for these samples. It appears that the sensitivity of
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Fig. 3. Resistivity (R) and sensitivity of Smooth-Sil 940 silicone composite
as a function of CB mass fraction.

the silicone increases when the CB mass fraction decreases.
The experiment stopped at 1.5% but there is most likely
a mass fraction in the range between 0% and 1.5% that
would lead to a better sensitivity. However, with the mass
fraction approaching zero, the maximal resistivity tends to
00, thereby driving not enough current for the acquisition
system. Therefore, as a compromise between sensitivity and
hardware limitation, a 1.5% CB mass fraction is chosen for
the design of the sensing device.

III. PRESSURE SENSITIVE RESPONSE MODEL

Several papers [8], [9], [10] have been written about the
electrical properties of pressure sensitive rubber composite
using silicone and carbon black. Some of them [8] observed
a decrease of the electrical resistivity when a pressure is
applied. One generally accepted idea to explain this phe-
nomenon is the compressive matrix model. This concept
considers the volume of CB to be constant, by contrats
with the volume of silicone that decreases with pressure.
Therefore, the volume fraction of CB increases under the
load, which induces a drop of electrical resistivity. In other
words, since the overall sensor volume decreases, more
contact is made between conductive particles, leading to a
decrease of the internal resistance.

Other researchers [11], [12] have observed the opposite
effect, i.e, an increase of the resistance under an applied
load. One proposed explanation for this variation is given by
an alternative mode in which the silicone is considered as
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(a) Compressible model in which volume fraction of CB
increases leading to new effective conductive path.

(b) Incompressible model where small displacements lead to reversible
destruction of effective conductive paths.

Fig. 4. Comparison of two important models to explain the resistance variation of CBF silicone under pressure. Both phenomena probably occur inside
silicone and their predominance depends on the filler material and the nature of the polymer matrix.

incompressible (but deformable) material. In this concept,
the effective conductive paths are broken by the matrix
deformation, leading to an increase of resistivity along with
pressure. Fig. (4a.) and Fig. (4b.) respectively illustrate these
two models.

From our experiments, we have observed both types of
resistance variation with the same CBF silicone mixture,
depending on the nature of electrode contact. Fig. 5 shows
the change of resistivity of two samples both built with 1.5%
CB. Both samples use the same conductive fabric electrode.
For the lower curve, the electrode was cast inside the silicone
compared while for the other one the electrodes were not
bound to the CBF silicone.
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Fig. 5. Change in resistivity of CBF silicone depending on the nature of
electrode contact.

This experiment suggests that the case for which the re-
sistance decreases when going form an unloaded to a loaded
state is linked with the contact resistance rather than with the
real internal CBF resistance. If the electrodes are outside, an
increase in the applied pressure on the material will increase
the contact area and the resistance will decrease. This could
explain why, in Fig. 5 the curve for the specimen with
outside electrodes does not react like a viscoelastic material.
Since the contact resistance is a lot larger than the material
resistivity, the effect of resistance variation of the material
itself does not appear on the curve with outside conductive
fabric electrodes. When the electrodes are inserted in the
silicone mixture, contact resistance becomes negligible and
therefore the variation of the resistance reflects the variation
of the resistance of the CBF silicone itself. The resistance

variation of the CBF silicone presented in this article better
fits the incompressive model in which matrix deformation
breaks effective conductive paths that are recovered as the
material returns to its original configuration.

IV. MODELLING OF THE RESISTIVITY BEHAVIOUR

As seen in the above section, the variation of the resistivity
of the CBF silicone used in the design of the proposed
robotic skin follows a curve similar to the strain (¢) in a
viscoelastic material. While for elastic material, the stress
(o) is directly linked to the strain (¢) via Young’s modulus
(E), for a viscoelastic material this relation can be much
more complex [13]. One impact of this is a non-instantaneous
recovery when going from a loaded state to an unloaded
one. For example, with the prototype presented in this paper,
looking at the resistivity (R) of the material, it can take up
to 25 seconds to reach 95% of recovery after unloading the
skin. A robot that would be controlled based on this signal
would inevitably produce unwanted motion. Therefore, it is
essential to define an appropriate model of the resistivity
variation of CBF silicone that could be used to predict the
real pressure applied on the skin. Knowing that :

R x e, (D

the modelling exercise can be summarized as finding a
function such as :

R = f(0). 2

Some authors [6], [14],[5] have investigated this relation.
However, the proposed model was function of time, which
can be difficult to deal with in a real-time implementation
aiming at making input prediction. Moreover, these papers
only investigated the response in the recovery phase. As it
can be seen in Fig. (6), the initial response to a pressure unit
step greatly differs from the one in the recovering phase,
leading to a nonlinear overall resistivity behaviour of the
CBF material. In this work, these two phases will be analyzed
using two distinct models.

A. Rising phase

A typical rising response to a unit step is shown in fig. (6).
As it can be seen, this phase is mainly characterized by a
quasi instantaneous response to an applied pressure then fol-
lowed by a small and slow restitution that will tend toward an

4844



iRising phase

Overshoot/ \:

= Quasi-instantaneous
response =

Recovery phase

€ Fast restitution

Slow restitution

Creeping

0 10 = 2 30 40 50 60 70

Fig. 6. Typical resistance variation curve for a pressure step applied.

equilibrium value. As suggested in [15], this abrupt change in
the resistivity and the following overshoot of the equilibrium
point can be caused by the instantaneous destruction of the
conductive chains followed by a reformation process.
Several tests performed with the sensitive cells suggested
that this phase can be accurately approximated by a combi-
nation of a simple gain together with a first order transfer
function between the resistivity (R) and the first time deriva-
tive of the stress (¢). In the Lapace domain, this gives :

1 Eu1+ 1 + E,
Gupls) = o + ——2— = Bt Hha) 5 % By,
Eu177u25 + EulEuZ (3)

Eul Nu2$S + Eu2

B. Recovery phase

[13] As it can be seen from fig. (6), the recovery process
has very slow dynamics as opposed to the rising phase and
varies similarly to the strain in a viscoelastic material during
relaxation. The latter aspect has been studied by many and
it is known to be a combination of different effects, i.e,
elastic behaviour (high dynamics component), viscoelastic
response(slow dynamics component) and viscous response
(creep). The Burgers model [16], which is a combination
of a Maxwell model (spring and dashpot in series) and a
Kelvin-Voigt model (spring and dashpot in parallel), can
accurately model this behaviour by taking into account these
three different effects.

As mentioned above, the variation of the resistivity of the
CBF silicone during the recovery phase follows very closely
the strain in the material. However, it differs on one small
aspect. While the creep typically prevents a return of the
material to its initial displacement, the resistivity in our tests
seem to be a recoverable process that always returns to its
original value. However, the time needed to return to the
initial resistance can be relatively long (up to 5 minutes)
and thus, over a short period of time, it is easy to confuse
this slow recovery with a residual strain. To include this
particularity, an augmented Burgers model, was used. In what
we have called the five elements model, a spring has been

|_|_| _1_ 13 Es

Burgers model

5 elements model

Fig. 7. Augmented Burger model.

added to the serial dashpot that usually accounts for the creep
in the material. This spring has the effect of always taking
the resistance back to its original value. Fig. (7) illustrates
our model and how it differs from the Burger model.

The representation in the Laplace domain of this model
that links the resistivity of one skin cell r; to the applied
stress o; on this cell is written as :

R(s as® +bs+c
SO P N @
o(s)  memss® + (n2E3 +n3E2) s + B> Es
with
n2M3
= 5
a B, )
E + E
b= TRty ©)
1
E>E
c = 2 3+E2+E3. (7)

1

1) Determination of the Model Coefficients: The first step
before using the above equations is finding the values of
the coefficients F; and n; appearing in eq. (3) and eq. (4).
Notice that these coefficients have no physical meaning since
their values depend on a normalized resistance. Finding the
coefficients for the rising phase is rather straightforward
since the model is close to be a simple gain. However, the
parameters of the recovery model can be more tricky to find.
One way to do it is by separating eq. (4) into a sum of
functions representing its three original serial components,
namely an elastic model and two visco-elastic models :

R(s) 1 L,
O'(S) - F1 7]28+E2 7738+E3.

G(s) = ®)
Thereafter, /1, F5 and E5 can be found as the inverse of
the respective gain for each associated phase of the recovery
curve. Then, by observing the decreasing dynamics of each
phase, the associated time constant (7;) can be inferred to
find 72 and 73 such that :

n = T E;. &)

Fig. 8 shows the effect of each serial component to a
released pressure and the total response as the combination
of them.
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V. ESTIMATION OF THE INPUT PRESSURE

The models presented above describe the change in resis-
tivity in the CBF material. However, the real need for these
models is the determination the currently applied pressure
on a given sensing cell. This implies inverting the above
equations. The Laplace transfer functions given by eq. (3)
and eq. (4) have the particularity of being of the same order
in both the numerator an the denominator. Therefore, once
the coefficients E; and 7; of eq. (3) and eq. (4) are known,
these functions only have to be inverted and used as a filter
where the value of the resistivity is the input and the applied
pressure is the output. One remaining challenge is deciding

Filtered time derivative of the
measured resistance

Treshold for recovery
model

Measured resistance

Time (s)

Fig. 9. Time derivative of the measured resistance and how it can be used
for switching between the two prediction models.

which of the two models to use. As seen above, the resistivity
behaviour of the used material cannot be modeled with a
simple linear equation. Therefore, one model was defined
for the rising response while another one was defined for the
recovery phase. Hence, the prediction of the applied pressure
obtained when inverting each model will only be valid in
their respective circumstances. Thus, for adequatly estimat-
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Fig. 10. Resistance variation to an applied step of pressure and the resulting
stress estimation.

ing the applied pressure, the prediction should be made by
alternating judiciously between each model according to their
respective domain of validity. One way to know when the
rising model or the recovery model should be used is by
monitoring the time derivative of the resistance. If the time
derivative is above a given positive threshold, the prediction
should be based on the rising phase equation while if the
time derivative is below another negative threshold, the filter
should be set using the recovery phase model. Fig. (9), taken
from a real experiment, shows how the derivative of the input
signal (p;) can be used for deciding which of the two models
should be used.

A. Validation

Fig. (10) shows the effectiveness of the proposed method
at adequately predicting the actual stress on the material. For
this test, a pressure of 15.5 kPa was applied and released on
one sensing cell. The response to this step was used to define
the visco-elastic coefficients (F; and 7;) for each model.
Thereafter, the equations were used (the derivative of the
resistance was used to select the proper model) to infer the
actual stress in the material. As seen on the curves, this model
can adequately compensate for the slow dynamics during
recovery of the sensing material. This test was repeated with
three successive pressure steps, to demonstrate the effect of
the creep. Fig. (11) shows the obtained resistance curve and
the resulting estimation of the stress. Even with creep, if
coefficients F’3 and 73 are properly defined, the model can
still reasonably predict the stress in the material.

VI. SKIN FABRICATION PROCESS

The previous sections investigated the properties and the
behaviour of the CBF silicone using a single sensing cell.
This section presents how a complete sensor array can be
produced using this material. A simple method based on
Shape Deposition Manufacturing [?] was developed that aims
at minimizing the number of required successive casts in
order to keep the production time as short as possible.
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Fig. 11. Three successive pressure steps applied and the resulting creep.

A. Conductive fabric circuit

As mentioned above, in order to obtain a stretchable and
flexible robot skin, the conductive array in the skin is made
of a conductive fabric. The fabric is preliminarily cut into
several discrete cells in order to form a conductive array and
then the resulting circuit is mounted on a polyimide sheet
with an adhesive back. The polyimide film and its adhesive
do not bond or react with silicone and thus, this thin film is
used to mask part of the circuit that should not stick to the
silicone. This masking process is performed on both sides of
the sensor.

B. Casting of the sensitive part

The next step is to cast the CBF silicone between the
two conductive fabric circuits at the optimal concentration
defined above. For this step, the rows and columns of the
sensor array are carefully aligned perpendicularly, since it
will not be possible to further move these part. Fig. 12 a)
illustrates this step.

C. Slicing of the CBF silicone

Once the silicone is cured, the material is sliced to remove
the extra CBF material between each row and column in
order to obtain discrete sensing cells. This step is facilitated
by the polyimide mask that was previously placed on the
conductive fabric where silicone has to be removed. The
sensor could be functional without this step, but isolating
each sensing cell from the others avoids the cross-talk
between the cells. Fig. (12 b.) shows the result of this step.

D. Final packaging of the sensor layer

In order to obtain a homogeneous sensor layer, the re-
sulting assembly is then embedded into a silicone layer also
made of non-conductive Smooth-Sil 940. Since the conduc-
tive fabric has been cast directly into the CBF silicone, there
is no chance for the non-conductive silicone to form an
insulating film between the sensitive part and the electrodes.
Fig. (12 c.) shows the final result of the sensor layer.

E. Complete skin

To make the skin more robust, and to add compliance
that will help to dissipate collision energy, a final protective
layer minus thickness (1/16 inch) than the sensor part is cast.
Fig. (1) gives an overview of the resulting complete skin.

VII. ACQUISITION SYSTEM

A robot skin cannot be used without a proper data acqui-
sition system. For a single sensitive cell, a voltage divider
and an analog to digital system could be used to obtain a
signal proportional to the resistivity of the sensor. For a
complete sensor structure, crosstalk currents make it difficult
to use such a circuit. From Fig. 13 we see that, when trying
to estimate the resistance Rpi, current could pass through
many other paths than R;;. For example, current could pass
through Rs;, R4 and Ry4 to return to the ground. Hence,
the resistivity estimated would be the one of the equivalent
grid resistor.

Fig. 13.
currents.

Equivalent grid resistance of robot skin and possible crosstalk

To avoid crosstalk current, the electrical potential of all
rows and columns, which are not the one to be selected
should be equal, thereby preventing crosstalk currents. Fol-
lowing the idea, an elegant solution was found in [17] in
order to obtain a signal depending only on R;;. In the
latter reference, the negative feedback of an operational
amplifier is used to reduce the voltage of the driven column
to the ground. Fig. 14 shows the circuit, which is a simple
inverting amplifier. As no current enters the inverting input,
ir,; = iR,., and we find easily the relation between the
input and the output, namely :

Rref
Vou = _‘/:i
' ( Rij )

(10)

Rre f

V:Jut

Fig. 14.  Circuit of the inverting amplifier used as a voltage divider to
estimate 12;;.

By using such a circuit on each column and grounding
every row that is not driven, we can estimate the value of
R;; without any crosstalk effect. Fig. 15 shows the concept
for the complete scanning circuit.
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(a) Conductive fabric circuit

(b) Removal of undesirable conductive silicone

|

(c) Complete skin

Fig. 12. Fabrication process of a stretchable and flexible robot skin.

Fig. 15. Scanning circuit for a four by four robot skin prototype.

VIII. CONCLUSION

The capability of sensing contact on the whole body of a
robot is clearly a key feature for enabling safe and more
advanced physical human-robot interaction. In this paper,
a new design of a flexible and stretchable robot skin that
can detect multi-contact locations as well as pressure level
was presented, with the aim of providing this capability to
robots. The fabrication process of this new sensor based
on carbon black filled silicone was first reviewed and then
the behaviour of the sensing layer was analyzed. Indeed,
even if CBF silicone has been already used in some sen-
sor technology, its piezoresistive behaviour is still largely
misunderstood. We have shown that using this material with
bond or unbond electrodes can lead to completely opposite
resistivity behaviour due to the contact resistance between
the electrodes and the CBF silicone. Finally, based on our
design where conductive layers are perfectly merged with
the CBF silicone, a model was proposed to characterize the
variation of the internal resistivity for an applied pressure.
Using the inverse of this model in conjunction with the
current resistance value, it was shown that it is possible to
accurately estimate the applied pressure. Finally, a prototype
of a flexible and strechable robot skin based on the sensor
array was described.
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