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Abstract— Thin and imperceptible soft skins that can detect
internal deformations as well as external forces, can go a long
way to address perception and control challenges in soft robots.
However, decoupling proprioceptive and exteroceptive stimuli
is a challenging task. In this paper, we present a silicone-based,
capacitive E-skin for exteroception and proprioception
(SCEEP). This soft and stretchable sensor can perceive stretch
as along with touch at 100 different points via its 100 tactels. In
this paper, we present a novel algorithm that decouples global
strain from local indentations due to external forces. The soft
skin is 10.1cm in length and 10cm in width and can be used to
accurately measure the global strain of up to 25% with an er-
ror of under 3%; while at the same time, can determine the
amplitude and position of local indentations. This is a step to-
wards a fully soft electronic skin that can act as a propriocep-
tive sensor to measure internal states while measuring external
forces.

I. INTRODUCTION

Conventional or rigid robots have been employed exten-
sively in the industry; however, these robots lack compli-
ance, adaptability and are not best suited for safe Human-
Robot Interaction (HRI). Soft robots provide inherent com-
pliance and safety being contenders for the challenges of
robots interacting with humans and generally, operating in
safety-critical environments [1]-[3].

Conventional robots can be controlled effectively by
built-in feedback systems and analytical models. However,
in soft robots, infinite degrees of freedom and compliance,
makes it difficult to have an accurate feedback for achieving
control.

In real environments, robots encounter different types of
stimuli simultaneously [4]. Researchers have studied capaci-
tive [5], [6], optical [7], [8], liquid-filled channels [9] and
resistive [10], [11] methods for sensing internal strains in soft
robots. Larson et al. employed electroluminescent soft capac-
itors molded into Ecoflex and examined the effects of stretch,
pneumatic pressure and external force on capacitance indi-
vidually [5]. However, the coupling or the response of capac-
itance owing to two or more stimuli acting simultaneously
has not been studied extensively.

Different sensing techniques have been employed in
combination, to sense more than one stimulus at the same
time. Totaro et al. used a combination of resistance and pho-
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Figure 1: SCEEP, a silicon-based capacitive skin, is highly stretchable and
foldable.

tosensitivity to determine bending and external force [12].
Thin tracks of gold nanoparticles were fabricated using su-
personic cluster beam implantation, and bending was sensed
by the change in resistance of these conductive tracks. The
external force was measured by the change in intensity of
light transmitted through photo waveguides. However, sim-
pler manufacturing methods and their application in soft ac-
tuators are yet to be explored.

Tactile sensing is a well-researched area in the challenge
towards equipping robots with the ability to sense touch.
Touch sensors, combined with the added functionality of
force sensing have been developed [13]. Similarly, soft
touch and force sensors have been used at the fingertips of
humanoid robots [14]. These fingertip sensors are not just
vital in improving the grasping of random objects but enable
them to hold finer objects like cloth and fabric [15]. Matsuno
et al. used conductive fabric to utilize the change in capaci-
tance for sensing proximity and touch and used it for safe
Human-Robot Interaction (HRI) [16]. Maiolino et al. devel-
oped modular pressure sensors, that can be embedded with
curved surfaces and can measure pressure. Their approach
utilizes non-deformable capacitors for correcting sensor var-
iations due to temperature changes [17], [18].

The Perception of multimodal stimuli is also an important
capability that has been investigated. A graphene-based e-
skin, to measure humidity and pressure was developed by
Dong et al. [19]. In addition to this, the temperature was
measured using the change in resistance of the graphene
layer. Hua et al. have worked on a highly stretchable and
multifunctional sensing skin [20]. Similar e-skins have lay-
ers of different sensing elements, making these capable of
measuring multiple stimuli at the same time [21]-[23].
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Figure 2: Four steps of fabricating SCEEP. a) shows the base layer of Ecoflex cured in the mold. b) shows the first set of interlocking terminals with a layer
of Ecoflex cured on top of it. A copper tape was used as a connection between carbon grease terminals and external circuitry; ¢) shows the next set of inter-
locking terminals made perpendicular to the previous set; d) shows SCEEP just before the disassembly of the mold. The common ground layer, combination
of both the electrode sets is shown with four copper tape terminals for the external connections.

However, detecting and decoupling different modes of
mechanical stimuli, such as pressure, force, and strain, by
utilizing a single sensing skin is an outstanding challenge in
the domain of soft sensing. In this work, we develop a Sili-
cone-based Capacitive E-skin for Exteroception and Propri-
oception (SCEEP) that uses a matrix of capacitive sensors
and propose a decoupling algorithm that can calculate the
global strain and identify the location of a local indentation
at the same time.

Human beings have cutaneous receptors to detect touch
and the amount of pressure applied [24]. In addition to these
cutaneous receptors, we have mechanoreceptors in our mus-
cles and joints that give kinesthetic or proprioceptive feed-
back to sense position and motion. The motivation for our
work is to make a soft stretchable skin capable of multimo-
dality just like human skin — an e-skin that can localize and
quantify touch as well as the stretch that it experiences.

In our previous work, we studied both the individual and
coupled effects of stretch, internal pressure and external force
on a soft capacitive sensor [25]. In this paper, we have em-
ployed a capacitive sensor array to determine stretch and in-
dentation. We used two sets of orthogonal terminals, at dif-
ferent heights from a common ground. The global change in
capacitance of the terminals was used to determine stretch,
while a local change in capacitance is interpreted as localized
touch.

II. METHODOLOGY

A. Fabrication of the Molds

The mold for our sensor insulation layers was modeled in
Creo Parametric, and then 3D printed using an Ultimaker3
rapid prototyping machine using polylactic acid (PLA). Each
layer was fabricated using EcoFlex 00-50 that was poured in
the printed layer molds.

B. Fabrication of the capacitive skin

We used Ecoflex 00-50 to fabricate the soft e-skin, be-
cause of the low cost, the ease of use and its biocompatibility.
The terminals were made using carbon grease. Carbon grease
can be applied easily and has a high stretchability. Stretching
the carbon grease terminals results in a change of resistance
of the carbon grease terminals. A copper tape of 0.07 mm
thickness was used as a connection between the carbon
grease electrodes and the external circuitry.

As a first step, both parts A and B of Ecoflex 00-50, mixed
in equal ratios, were poured into the base plate; the layer
thickness was maintained by levelling the Ecoflex material
whilst being in its pre-cured state. Curing of Ecoflex was
conducted at room temperature. It is noted that curing in an
oven at higher temperatures may deform the PLA mold. Af-
ter the bottom layer was cured, the first set of carbon grease
terminals was created using a stencil with a thickness of 0.25
mm. For the terminal design, an interlocking design was
adopted, as proposed by Lee et al. [26]; this pattern has been
proven to have a better sensitivity when compared to rectan-
gular patterns. After the stencil was removed, copper tape
terminals of 6mm width and 20mm length were pasted on the
top of the carbon grease terminals on both sides. Good elec-
trical connectivity between copper terminals and carbon
grease terminals was confirmed using an ohmmeter.

After the terminals were tested, a 3D printed plate of
0.5mm thickness was placed on top of the base plate and
screwed to it, to avoid any leakage of Ecoflex. After that,
Ecoflex was poured again into the mold and on top of the
already cured first layer. The layer thickness was maintained
by levelling the pre-cured Ecoflex mixture with a wooden
stick, removing any excess.

After the second Ecoflex layer had been applied and
cured, the stencil was placed orthogonally to the initial pat-
tern (90 degrees with respect to the pattern of the base layer)
on top to create the second set of carbon grease terminals.
The same process was repeated, and after curing the third
layer, a common ground terminal was printed. To print this
ground terminal, the first stencil was placed on top of the
third layer, and the terminals were printed. Then the second
stencil was placed on top of these printed terminals and or-
thogonal terminals were printed, resulting in one terminal
having an interlocking design. The copper tape terminals
were placed at the four corners of the e-skin for the connec-
tion of the ground terminal with external circuitry. A final
plate of 0.5 mm thickness was placed, and a final layer of
Ecoflex was applied and cured. After disassembling the
mold, the electrical connections were checked again. The
resultant silicone-based capacitive skin has a thickness of 2
mm and is ready to be used for experimentation.

C. Experimental Setup

For the stretching of the sensor skin, an M8 lead screw
with a SUNCOR stepper motor was used. The stepper motor

8952



has a step angle of 1.8° and was controlled using a stepper
driver (Big Easy stepper driver, by Sparkfun). The motor
holder and all other components along with the skin holders
were 3D printed. The skin holder was designed with cavities
to accommodate male header pins. When the e-skin was
clamped in the holder, these header pins, in contact with
copper tape terminals, were used as electrical connections
between the e-skin and the external circuitry.

For measuring the capacitance, an integrated circuit (IC)
CAV 424 by Analog Microelectronics, was used. This ca-
pacitance-to-voltage converting integrated circuit (IC), com-
pares the capacitance to a reference capacitance and converts
the difference to voltage. The data was acquired by using
one CAV424 in conjunction with two 16-1 multiplexers as
shown in Fig. 3.

—

Figure 3: Flow chart for data acquisition. SCEEP is connected to the CAV
424 through two 16-1 multiplexers, one for the x-terminals and another for
the y-terminals. The output of the CAV 424 is read at ADC of ATMEGA
2560.

The capacitance of each individual terminal and the
ground was first measured by a bridge meter (HM8118 LCR
bridge meter). It was found that the introduction of a multi-
plexer adds to the parasitic capacitance. Hence, the mini-
mum capacitance measured through the multiplexer was
used as the reference capacitance for the CAV424, ie.,
47pF. The operational frequency of the CAV424 oscillator
was set to 5 kHz.

After setting the initial parameters, the CAV 424 was
calibrated. The CAV 424 gives an output voltage that is a
linear function of the reciprocal of the capacitance being
measured. Hence, the minimum and maximum capacitance
for the calibration of the CAV424 were selected such that
the range of the capacitance of our e-skin is in the most sen-
sitive region of the capacitance-voltage curve. Using trim-
mer resistors, the output voltage of the CAV424 was set to
be 1V for 47pF and 4.3V for 220pF. The calibration curve
for the CAV424 is shown in Fig. 4. A trendline of a 4" de-
gree polynomial was used and to get an equation for the ca-
pacitance in terms of the voltage measured at the Analog to
Digital Converter (ADC), the x and y data in the calibration
curve was swapped.

An Arduino Atmega2560 microcontroller was used for
switching the terminals using multiplexers and reading volt-
age signals at the ADC. The sensor values were later sent to
a computer via a serial port. The stepper motor was also con-
trolled by the Arduino, and the minimum distance for
stretching and un-stretching of the skin was set to 6.25mm;
this was achieved by five complete rotations of the motor
shaft. The experimental setup is shown in Fig. 5.

Calibration Curve CAV424

ADC Voltage (V)
[~ [} S
%] o L =] £ o o

o

o8 EID ‘IE‘lD 1;0 2E‘|D 2‘50
Capacitance (pF)
Figure 4: Calibration curve for CAV424 obtained by using standard capaci-

tances connected through a multiplexer.

Figure 5: Complete experimental setup showing capacitive skin, mounted
on the mechanism for stretching along with control circuitry.

Figure 6: Nomenclature of terminals of SCEEP. The top left corner is taken
as the origin.

III. THE DECOUPLING ALGORITHM

The data acquired from SCEEP is then processed by our
decoupling algorithm. This algorithm decouples stretch from
indentation and quantifies both stimuli. For a better under-
standing of the algorithm, familiarization with the nomencla-
ture of the SCEEP is important, Fig. 6. The top left corner
was taken as the origin, and the clamped terminals were
named X1, X2 to X10. Similarly, the terminals orthogonal to
the direction of stretch were named Y1, Y2 to Y10. Both
sides of the terminals were connected to each other and then
to the input terminal of the CAV424 through a multiplexer.

The capacitance of each terminal with respect to the
ground terminal was measured, resulting in a 2x10 matrix for
each state. Fig. 7 shows the percentage difference in capaci-
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tance with the initial states of terminals X1, X5, X6 and X10,
when the skin is about to be stretched. Fig. 7 also shows the
average capacitances of all terminals in different states. The
SCEEP was stretched from 0 to 25mm with a step change of
6.25mm. The initial length of the skin was 101mm; hence, a
maximum stretch or A = 1.2475 was achieved. Here stretch is
defined as the ratio of the final length to the initial length,
A=L/L,

Percentage Change in C with Stretch A

12 | [T® Terminal X1 iy
~—#——Terminal X5 ’
Terminal X6
—#*— Terminal X10
[ |[—&— Average

A CIC, (%age)

o L L L L
1 1.056 11 1.15 12 125

Stretch (\)

Figure 7: Percentage increase in capacitance of terminals X1, X5, X6, X10
and average of all X terminals with stretch.

To obtain a 10x10 matrix representing all the nodes of the
skin, each X element of this 2x10 matrix was multiplied to all
the Y elements individually to make a 10x10 matrix and A

_ xuy b0at0y
was calculated. We define A (—m ) where, €, and

C,, are the capacitances of the x and y terminals in a particular
state while Cg, and Cy, are the capacitances of x and y ter-

minals in its initial state. To achieve local indentation, an
indenter with a circular tip of Smm diameter was 3D printed.
It was held in a multipurpose workstation (Dremel 220) and
two indentation depths Smm and 10mm from the zero states
were fixed. For decoupling indentation and stretch, a
MATLAB code was written; the corresponding flowchart is
shown in Fig. 8.

After developing the node matrix and calculating A, the
algorithm finds the maximum value in the node matrix and
then determines the coordinate points of that maximum val-
ue. To calculate the stretch, the algorithm defines four refer-
ence points along the diagonal and selects two reference
points at a maximum distance and at least two nodes away
from the point of indentation. From those two selected nodes,
the corresponding y-terminals were selected, and change in
capacitance of those y-terminals with the initial state was
used to calculate stretch. The mean stretch was calculated by
taking the average of the stretch of both terminals.

Figure 8: Flow chart of MATLAB algorithm used for decoupling indenta-
tion and stretch.

IV. RESULTS AND DISCUSSION

First, our algorithm was used on the data for indentations
at a stretch 1. The location of the indenter was at node (6,6).
The indentation was done in two steps, i.e., at Smm and then
10mm indentation, and the stretch calculated by the algo-
rithm was 1.0151 and 1.0122. The output of the algorithm is
shown in Fig. 9 and Fig. 10. In these figures, the stretch axis
is the y-axis along which stretch was applied. As shown in
the flowchart, the stretch was calculated and was used to plot
deformation, as shown in Fig. 9- 13.
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5mm indentation at stretch 1

A (%age)

Stretch A 0 x Terminals

Figure 9: 5 mm indentation at node (6,6) when applied stretch is 1.

10mm indentation at stretch 1

Stretch \

x Terminals

Figure 10: 10 mm indentation at node (6,6) when applied stretch is 1.

Next, the SCEEP was stretched to 1.124 and 1.2475, respec-
tively, and indentations were made at the same node, i.e. (6,
6), Figs. 11 and 12. For applied stretch = 1.124, the stretch
calculated by our algorithm with an applied indentation of
Smm was 1.1124, similarly, for an applied stretch = 1.2475,
the calculated stretch at Smm indentation was 1.2381. Fig.
13 shows the change of surface plot when 10mm indentation
was applied at node (3,8).

Smm indentation at stretch 1.124

A (%age)

} 2
Stretch A 0 x Terminals

Figure 11: Surface plot of A with 5 mm indentation at node (6,6). The ap-
plied stretch=1.124; the calculated stretch=1.1124 as shown on stretch axis.

5mm indentation at stretch 1.2475

A (%age)

Stretch A o 2

x Terminals

Figure 12: Surface plot of A with 5 mm indentation at node (6,6). The ap-
plied stretch=1.2475; the calculated stretch=1.238 1as shown on stretch axis.

10mm indentation at stretch 1

A (%age)

B 2
Stretch A 0 x Terminals

Figure 13: This graph shows the surface plot when a 10 mm indentation is
applied at (3,8) and stretch = 1.

It is evident from Figs. 9-12 that for a particular indentation,
the A capacitance change increases with stretch. This is be-
cause, at higher stretches, the local deformation for a par-
ticular indentation is larger than at lower stretches. Fig. 14
shows true stretch versus calculated stretch. This plot shows
that irrespective of indentation, the algorithm calculated the
stretch accurately.

Calculated Stretch vs True Stretch

Reference Line

Calculated Stretch

1 1056 11 1156 12 126
True Stretch ()
Figure 14: Shows the scatter plot of the calculated stretch from the devel-
oped algorithm, against the true stretch. For each particular indentation and
stretch, each experiment was repeated twice.

Fig. 15 shows that as the indentation depth is increased, A
increases at a decreasing rate. Marked trends for the change
of capacitance with increasing indentation depth showcase
the possibility of being able to quantify the indentation depth
from the sensor readings, which we will investigate in the
future.

=& Stretch=1

- Slrelch=1.0619 L
25} Stretch=1.1238 L

—#— Strelch=1.1856
~—8— Stretch=1.2475

o 1 2 3 4 5 & 7 8 9 1
Indentation (mm)
Figure 15: The percentage change in capacitance versus indentation depth;
the graph shows A with indentations at 5 and 10mm at different stretch
levels.
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V. CONCLUSIONS

In this paper, we have developed a soft capacitive sensing
skin and a decoupling algorithm that can be applied to the
capacitive readings from 100 tactels and calculate the global
strain and identify the location of a local indentation. We
fabricated the silicone capacitive skin with three layers of
complaint electrodes enclosed in between silicone layers.
SCEEP experiences a change in capacitance of all terminals
when stretched and a local change in capacitance of only the
corresponding terminals when indented in a small region. We
developed an algorithm that decouples stretch from indenta-
tion. Our algorithm detects the peak of the capacitance
change matrix and applies a decision-making approach to
determine terminals to be used for calculating stretch. By
calculating the percentage change in the capacitance of the
selected terminals from their initial state, the stretch is deter-
mined. We have achieved an excellent prediction of the glob-
al stretch with a maximum error of 2.6% observed in the in-
vestigated cases. The results show much promise for com-
bined sensing of different mechanical stimuli which is vital
for soft robots interacting with the environment. Future work
will use machine learning techniques to improve exterocep-
tion and proprioception capabilities using soft sensing skins,
and their integration with soft robots.
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