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Design and Fabrication of Soft Artificial Skin Using
Embedded Microchannels and Liquid Conductors

Yong-Lae Park, Member, IEEE, Bor-Rong Chen, Member, IEEE, and Robert J. Wood, Member, IEEE

Abstract— We describe the design, fabrication, and calibration
of a highly compliant artificial skin sensor. The sensor consists
of multilayered mircochannels in an elastomer matrix filled
with a conductive liquid, capable of detecting multiaxis strains
and contact pressure. A novel manufacturing method comprised
of layered molding and casting processes is demonstrated to
fabricate the multilayered soft sensor circuit. Silicone rubber
layers with channel patterns, cast with 3-D printed molds, are
bonded to create embedded microchannels, and a conductive
liquid is injected into the microchannels. The channel dimensions
are 200 pm (width) x 300 xum (height). The size of the sensor is
25 mm x 25 mm, and the thickness is approximately 3.5 mm. The
prototype is tested with a materials tester and showed linearity in
strain sensing and nonlinearity in pressure sensing. The sensor
signal is repeatable in both cases. The characteristic modulus
of the skin prototype is approximately 63 kPa. The sensor is
functional up to strains of approximately 250%.

Index Terms— Artificial skin, eutectic gallium indium (EGaln),
pressure sensing, soft sensors, strain sensing.

I. INTRODUCTION

HE DEVELOPMENT of highly deformable artificial
skin (Fig. 1) with contact force (or pressure) and strain
sensing capabilities [1] is a critical technology to the areas of
wearable computing [2], haptic interfaces, and tactile sensing
in robotics. With tactile sensing, robots are expected to work
more autonomously and be more responsive to unexpected
contacts by detecting contact forces during activities such as
manipulation and assembly. Application areas include hap-
tics [3], humanoid robotics [4], and medical robotics [5].
Different approaches for sensitive skin [6] have been
explored. One of the most widely used methods is to detect
structural deformation with embedded strain sensors in an
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Fig. 1. Soft artificial skin prototype showing its stretchability and
deformability.

artificial skin. Highly sensitive fiber optic strain sensors have
been embedded in a plastic robotic finger for force sensing and
contact localization [7], [8] and in surgical and interventional
tools for force and deflection sensing [9], [10]. Embedded
strain gauges have been used in a ridged rubber structure
for tactile sensing [11]. Detecting capacitance change with
embedded capacitive sensor [12] arrays is another approach for
tactile sensing, as shown in a human-friendly robot for contact
force sensing [13], [14]. Embedding conductive materials in
a polymer structure is also a popular method for artificial
skin such as nanowire active-matrix circuit integrated artificial
skins [15], conductive polymer-based sensors [16], solid-state
organic FET circuits [17], and conductive fluid embedded
silicone robot fingers [18]. In spite of their flexibility, the above
example sensing technologies are not truly stretchable and also
cannot remain functional at large strains. For example, fiber
optic sensors have upper strain limits of approximately 1-3%
for silica [19] and 10% for polymers [20], and typical strain
gauges cannot tolerate strains higher than 5% [21].

There have been stretchable skin-like sensors proposed
using different methods. Strain sensing fabric composites
for hand posture and gesture detection has been developed
using an electrically conductive elastomer [22]. A stretch-
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able tactile sensor has been proposed also using polymeric
composites [23]. A highly twistable tactile sensing array has
been made with stretchable helical electrodes [24]. An ionic
fluid has been used with an elastomer material for measuring
large strains [25]. Electroconductive elastic rubber materials
have been explored for measuring displacement and control
of McKibben pneumatic artificial muscle actuators [26]-[28].
However, these sensors are not able to remain functional at
strains over 100%.

We focus on a particular type of conductive liquid materials,
i.e., eutectic gallium-indium (EGaln) [29], which are finding
increasing applications in soft wearable robots [30], flexible
sensors [31] and stretchable electronics [32], [33]. EGaln is an
alloy of gallium and indium maintaining a liquid state at room
temperature. Due to its high surface tension and high electrical
conductance, EGaln is an ideal conductor for a soft sensor.

In this paper, we present a highly deformable artificial
robotic skin (Fig. 1) with multi-modal sensing capable of
detecting strain and contact pressure simultaneously, designed
and fabricated using the combined concept of hyperelastic
strain and pressure sensors with embedded microchannels
filled with EGaln [34]. The prototype is able to decouple
multi-axis strains as well as contact pressure at strains of
more than 100%. Although there have been some efforts
on developing robotic skins and structures that can detect
multiple types of stimuli [35], [36], highly deformable and
stretchable materials have not been fully explored for multi-
modal sensing.

To the best of our knowledge, this is the first approach
to make an artificial skin that provides multi-modal sensing
capability with a highly soft and stretchable material using an
embedded liquid conductor. The rest of the paper is organized
as follows. Section II discusses the design concept of the arti-
ficial skin. Section III describes the fabrication process using
a new variation of a rapid prototyping process. Section IV
presents the characterization procedures and results. Section V
describes the integrated system for real-time multi-modal
sensing. We conclude with a discussion of future work, which
includes improvement on the sensor linearity for contact
pressure sensing.

II. DESIGN

The sensing principles of our artificial skin are simple.
When the microchannels filled with EGaln are deformed by
either pressing or stretching, the electrical resistance of the
microchannels increases due to their reduced cross-sectional
areas, increased channel lengths, or both.

A. Strain Sensing

The design concept of strain sensing is adapted from a rub-
ber strain sensor that contains mercury in a rubber tube [37],
[38]. When the material experiences strain in the axial direc-
tion of the channels, the overall channel length increases and
the cross-sectional areas of the channels decrease, as shown in
Fig. 2(b), which causes an increase in the overall resistance of
the channel. Since the microchannels are filled with EGaln, the
strain sensor is highly flexible and stretchable. The theoretical
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Fig. 2. Hyperelastic sensor design concepts. (a) Pressure sensing. (b) Strain
sensing.
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Fig. 3. Comparison between theoretical and experimental results using single
microchannels. (a) Strain sensing (w = 0.6 mm, 2 = 0.5 mm, L = 50 mm,
and p =294 x 1078Q mfl). (b) Pressure sensing (w =2 mm, 2 = 1 mm,
and E = 125 kPa).

relationship between the resistance change (A R) and strain (¢)
can be easily found as follows:
L+ AL L
p —p— (D
(w + Aw)(h + Ah)

AR=R—-Ry=
wh
where R and Ry are the resistances of the microchannel
when stretched by AL and not stretched, respectively, p is
the electrical resistivity of EGaln, L is the length of the
microchannel, and w and & are the width and height of the
cross-section of the microchannel, respectively.

By replacing Aw and Ah with —vew and —veh, respec-
tively, and since ¢ = AL/L

pL [ (14 2v)e — v2e?

AR = —
(1 —ve)?

oh )

where v is the Poisson’s ratio of the elastomer material.

For an elastomer material (v = 0.5), we can further simplify
the above equation to

peL(8 —¢€)
T wh(2—e€)?

Fig. 3(a) shows comparison between theoretical and exper-
imental result of strain sensing using a single microchannel.

AR 3)

B. Pressure Sensing

Pressing the surface of the elastomer skin decreases the
cross-sectional area of the microchannels and increases their
electrical resistance, as shown in Fig. 2(a). The relationship
between the resistance change (A R) and contact pressure (p)
can be theoretically modeled [34] using linear elastic fracture
mechanics (LEFM) [39], [40]. Under the assumption that the
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Fig. 4. Design of the three sensor layers with embedded microchannels.
(a) Exploded view. (b) Assembled view. (c) Each sensor layer design (Layer 1:
x-axis strain sensing, Layer 2: y-axis strain sensing, and Layer 3: z-axis
pressure sensing).

cross-section of the microchannel is square, the resistance
change is expressed as

_rLt ! -
AR=on Il —2(1 —v>)wp/Eh 1] @

where and FE is the elastic modulus of the elastomer material.
Comparison between theoretical and experimental results of
pressure sensing is shown in Fig. 3(b).

C. Skin Design

The overall design includes three soft sensor layers made
of silicone rubber (Fig. 4) that is highly stretchable and com-
pressible (modulus: 69 kPa, shore hardness: 00-30). Layers 1
and 2 have straight-line microchannels with a strain gauge
pattern that results in directional sensitivity in axial directions
as well as surface pressure sensitivity, and Layer 3 has circular
patterned microchannels that are sensitive to surface pressure
but are not directionally sensitive to strains along any axis.
Layer 2 is placed on top of Layer 1 with a 90° rotation
for detecting strain along a perpendicular axis. Using the
combination of the signals from the three sensors, the device
is able to detect and distinguish three different stimuli: x-axis
strain, y-axis strain, and z-axis pressure Fig. 4(a).

The details of the complete prototype are shown in Fig. 5.
All three sensor layers are connected through interconnects [ p»
and p3 in Fig. 5(b)] between layers, making one circuit that
is electrically equivalent to three variable resistors connected
in series.

III. FABRICATION

The sensor prototype was fabricated using a layered mold-
ing and casting process, as shown in Fig. 6. The process can be
divided into three steps, casting, bonding, and EGaln injection.

The base material is silicone rubber,! which is chosen for
its combination of high stretchability (elongation at failure:
900%) and ease of casting at room temperature. A relatively
low mixed viscosity (3000 cps) is an additional consideration
in order to successfully reproduce the features of the mold.

1EcoFlex0030, Smooth-On, Inc., Easton, PA 18042, USA.
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Fig. 5. Actual prototype of the multilayered soft artificial skin sensor with
embedded EGaln microchannels. (a) Front side of the prototype showing
the pressure sensor (Layer 3) on top and its magnified view showing the
multilayered structure; pi, pa, p3, and ps are the EGaln reservoirs for wire
connections. (b) Back side of the prototype showing the bottom strain sensor
(Layer 1) on top and its magnified view showing the interconnects, p, and
p3, for connecting Layers 1 to 2 and Layers 2 to 3, respectively.

The first step is to cast separate sensor layers Fig. 6(a)
and (b). Plastic molds are prepared using a 3-D printer,” and
liquid silicone is poured into the molds. The liquid silicone is
cured at room temperature for more than three hours. Elevated
temperature (approximately 60 °C) may accelerate the curing
process of polymer materials.

The second step is to bond layers to make a single sensor
structure Fig. 6(c)—(f). The cured layers are bonded by spin-
coating the same liquid silicone between the layers. A small
piece of plastic is inserted in the interconnect hole before spin-
coating to prevent the liquid silicone blocking the hole and
removed before bonding layers. The actual bonding process
does not require any additional heat or pressure, although par-
tial curing at 60 °C for one minute of the spin-coated silicone
helps preventing the silicone from flowing into microchannels.
A single sensor structure is made by repeating this spin-coating
and bonding process. Also, alignment posts in the molds
facilitate aligning the interconnects between layers. Fig. 7
shows how each layer is bonded to the previous layer with
the alignment, described in Fig. 6(c)—(e). In each bonding
step, alignment is important to ensure the channel connection
between layers through the interconnects. The diameter of the
interconnect hole is 1 mm.

In the final step, EGaln? is injected into the microchannels
using two syringes. One syringe injects EGaln, and the other
syringe extracts air captured in the microchannels Fig. 6(g).
When connected, the three sensors form one continuous
channel, thus only a single filling step is required. Finally,
wire connections are made by inserting electrodes Fig. 6(h).

2ConnexSOO, Objet Geometries Ltd., Billerica, MA 01821, USA.
3 Gallium-Indium eutectic, 495425, Sigma-Aldrich, St. Louis, MO 63103.
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Fig. 6.  Fabrication process. (a) Prepare molds and pour liquid silicone.
(b) Remove molds when the silicone cures. (c) Spin-coat Layer 0 (2000 rpm
for 50 s.) and partially cure (60 °C for 1 min.). (d) Bond Layers 1 to 0.
(e) Bond Layers 2 and 3 by repeating spin-coating and partial curing.
(f) Remove mold of Layer 0. (g) Inject EGaln using syringes. (h) Connect
wire by inserting electrodes.

air release port
interconnects

EGaln injection Port

Fig. 7. Photos of microchannel embedded silicone layers showing the layer
bonding steps. (a) Layer 1. (b) Layers 1 and 2. (c) Layers 1, 2, and 3.

The punctures made by the wire connections can be sealed
using the same silicone material. The thickness of each layer
is approximately 0.75 mm making the overall thickness of
the complete skin prototype with appropriate sealing approx-
imately 3.5 mm. Fig. 8 shows how the multiple sensor layers
are filled with EGaln with a single injection. The entire
length of the microchannels in our prototype is approximately
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Fig. 8. Snapshots of the EGaln injection process. (a) Empty microchannels
before injection. (b) Start of injection. (c) Layer 1 injection. (d) Layer 2
injection. (e) Layer 3 injection. (d) Finished prototype.

Fig. 9. Experiment setups for sensor characterization. (a) x-axis strain test.
(b) y-axis strain test. (c) z-axis pressure test.

2.25 m, and the EGaln injection process takes approximately
one minute.

A complete prototype of the artificial skin is shown in Fig. 5.
The channel dimension is 200 gm (width) x 300 gm (height)
for all three layers. The overall size of the artificial skin is
25 mm x 25 mm.

IV. CHARACTERIZATION

Fig. 9 shows the experimental setups for three different
calibration tests: x and y-axis strain tests and z-axis surface
pressure test. The nominal resistance of each sensor layer at
rest is 2.6 Q, 2.5 Q, and 3.1 Q for Sensors 1, 2, and 3,
respectively. A commercial material tester* was used for all
the characterization experiments.

A. Strain Response

The strain response of the skin prototype was calibrated by
applying axial strains in two perpendicular directions: the x
and y axes. The prototype was gradually stretched multiple
times with various rates (1 mm/sec, 2 mm/sec, 4 mm/sec, and

4Instron 5544 A, Instron, Norwood, MA 02062, USA.



PARK et al.: DESIGN AND FABRICATION OF SOFT ARTIFICIAL SKIN

8 mm/sec) up to 100% in the x and y axes, separately, as
shown in Fig. 9(a) and (b), and the resistance changes of the
three sensors were measured. The calibration results for both
axes, in Fig. 10(a) and (b), showed linearity in strain sensing,
and the sensor signal was repeatable. With linear fitting of the
sensor signals in Fig. 10(a) and (b), the gauge factor (G) of
the strain sensor can be found as follows:

AR
T =GE+056 (5)

where AR is the resistance change, R is the original resistance
at rest, € is the applied strain, a is the temperature coefficient,
and @ is the temperature change. Since the temperature change
during the experiments was negligible, the experimental gauge
factors are 3.6 for x-axis strain sensing [from Sensor 1 in
Fig. 10(a)] and 3.7 for y-axis strain sensing [from Sensor 2
in Fig. 10(b)].

Since the sensor signals for strain sensing are approximately
linear, simultaneous strain measurement of both axes can be
achieved by determining a calibration matrix [10], [41], [42],
C, when y and s are measured reference and sensor signals,
respectively

y=s-C (6)

where 'y = [Iy Iy ] and s = [ sy s2]. [y and I, are the length
changes of the skin in x and y axes, respectively, and s; and
so are the resistance changes of Sensors 1 and 2, respectively.

Using the Moore—Penrose pseudoinverse, the calibration
matrix is

C= [STS] - sT. y. 7

Then, the error in measuring the length change of the skin
is
e=s-C—y. (8)

The calibration matrix for this sensor is
C— 5.54 0.81
~\0.985.76)°
Using the calibration matrix, we can estimate the length
changes of the skin in both x and y axes simultaneously from

the sensor signals. Our experiments yielded RMS displacement
errors of 1.6 mm in the x-axis and 1.8 mm in the y-axis.

B. Pressure Response

z-axis pressure response was also characterized by applying
compression multiple times at the center of the top surface of
the skin with a flat circular surface (diameter: 10 mm) up
to 50 kPa, as shown in Fig. 9(c), with various compression
rates (1 mm/sec, 1.5 mm/sec, and 2 mm/sec). Fig. 10(c) shows
the experimental pressure response. The top layer (Sensor 3)
showed the highest sensitivity. Considering the noise level
of the sensor signals, the minimum detectable pressure is
approximately 15 kPa. The pressure response is nonlinear
as expected from Equation (4). While the sensitivity in a
high pressure range (over 40 kPa) slightly decreased with an
increased compression rate, the repeatability of sensor signal
was improved, as shown in the inset of Fig. 10(c).
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Fig. 10. Calibration results: (a) x-axis strain. (b) y-axis strain. (c) z-axis
pressure.

C. Hysteresis Analysis

Polymer-based sensors generally have a certain amount of
hysteresis. All the calibration test results contain loading and
unloading loops, as shown in the first inset of Fig. 10(a), to
characterize the hysteresis levels. While the prototype displays
negligible hysteresis in strain sensing, it shows noticeable
hysteresis in pressure sensing especially in a high pressure
range over 40 kPa. The hysteresis level also changed with
varied compression rates. As the compression rate increases
from 1 mm/sec to 2 mm/sec, the hysteresis level decreases, as
shown in Fig. 10(c).

D. Stimulus Differentiation

Since the signals from the three sensor layers displayed
different responses in each experiment, the prototype is able
not only to measure the magnitude of the stimulus but also
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Fig. 11. Circuit diagram to read the sensor signals. py, pa, p3, and py are
the wire connection ports.

to identify the type of stimulus. One example strategy is
comparing the signs of the three sensor signals such as

1) If Vi > 0 and V;, < 0, the stimulus is x-axis strain,

2) If Vi <0 and V, > 0, the stimulus is y-axis strain,

3) If all three sensor signals are positive, the stimulus is

z-axis strain.

Once the type of the stimulus is identified, we can estimate
the magnitude of the stimulus from the calibration results.

The limitation of this strategy is that it is not capable of
decoupling more than one type of stimuli at the same time. For
example, if the surface of the skin is compressed while the skin
is stretched, the system is not able to decouple the two stimuli,
pressure and strain. However, it is possible to include pressure
response in the calibration matrix for decoupling pressure from
strain if the pressure response was made more linear.

V. SYSTEM INTEGRATION

Fig. 11 shows the circuit diagram to read signals from
the three sensor layers. A constant current source generates
current that flows through the three sensors in series, creating
voltage drops at each sensor layer. The voltage difference
across each sensor is amplified by an instrumentation amplifier.
The amplified signals are then connected to three analog-to-
digital conversion ports of a micro-controller to measure the
resistance changes.

The sensor can easily be interfaced with a computer and
become a novel input device. For example, using the calibra-
tion described in the previous section, we show that a real-time
pressure and strain monitoring system can be realized. Fig. 12
shows snapshots of the prototype in action. In this prototype,
the sensor signal was sampled and processed using an 8-bit
microcontroller’ at 50 Hz. An Arduino was chosen as the
embedded system software platform due to its user-friendly
development environment. The Arduino program performed
data acquisition and transmission to a laptop computer over
a USB serial interface. The microcontroller transfers the
resistance changes of all three sensor layers to the laptop

5Atmega328P, Atmel, San Jose, CA 95131, USA.
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2] @) e (b)

Fig. 12. Prototype in action. (a) No stimulus. (b) Contact pressure sensing.
(c) x-axis strain sensing. (d) y-axis strain sensing. (The color gradient
represents the center of the sensing area. It is not directly related to the sensor
signal.)

computer in real time at 50 Hz. The resistance changes were
then read by a MATLAB® program that included information
on the calibration parameters for estimating the strain and
pressure changes. Finally, the MATLAB program generated a
virtual model of the skin that changes shape based on the
sensor readings in real time. One can imagine such a setup to
be adapted to implement novel touch— and stretch-based user
interface for various applications such as computer games.

VI. DISCUSSION

The main contribution of this work is the design of a
multi-layered soft artificial skin and the development of a
novel fabrication method. The current design provides multi-
modal sensing capability requiring no additional sensors.
There will be various applications of this technology. Imme-
diate applications may include artificial skins for humanoid
robots [4], robotic prosthetics [43], soft wearable robots
[30], [44], human-friendly robots for human-robot interactions
(HRI) [45], and human-computer interface (HCI). Further-
more, due to the highly flexible and stretchable properties
and thin form-factor, this soft skin technology can be directly
integrated with any type of soft actuator.

Although the smallest channel size is 200 um, limited by
the resolution of the 3-D printer used for making molds, this
could be further reduced by implementing different manufac-
turing methods such as micromachined molds [46] and soft
lithography [47], [48]. More compact and sensitive skins could
be achieved by reducing the channel size.

While the current design showed linear and repeatable
responses in strain sensing, it showed a nonlinear response and
a high hysteresis level in pressure sensing, as already modeled
and experimentaly shown in [34]. The nonlinearity in pressure
sensing is due to the nonlinear areal reduction rate of the
rectangular microchannels when contact pressure is applied.
Improvement on the linearity in pressure sensing is currently

6The MathWorks Inc., Natick, MA 01760, USA.
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being investigated by changing the channel geometry. The
hysteresis could be also reduced by increasing the aspect ratio
of the microchannels. Improving linearity and repeatability in
pressure sensing is an active ongoing research area.

During fabrication, EGaln injection in the multi-layered
structure through the inter-layer interconnects makes the fab-
rication process simple. However, it will not be practical for
filling an extremely long channel and/or a higher number of
channels. A new manufacturing method that does not require
the EGaln injection step is another ongoing effort to enable
faster and higher volume production.

The polymer microchannel structure showed structural
robustness enough to remain functional against more than 100
strain tests. However, the first failure was observed at the wire
connection site that is a mechanical interface between soft and
rigid materials. When stretched excessively or repeatedly, the
elastomer started to delaminate from the rigid metal electrodes.
The sensor structure started to fail at strain of approximately
250%. One alternative to the current wire connection method is
using a flexible circuit interface, made from polyimide/copper
laminate, directly bonded to the end of the microchannel [49].

VII. CONCLUSION

A highly elastic artificial skin was developed using an
embedded liquid conductor. Three hyper-elastic silicone rub-
ber layers with embedded microchannels were stacked and
bonded. The three layers contain different channel patterns for
different types of sensing such as multi-axial strain and contact
pressure. A novel manufacturing method with layered molding
and casting techniques was developed to build a multi-layered
soft sensor circuit.

The artificial skin prototype has channel dimensions of
200 um (width) x 300 um (height) for all three layers. The
overall size of the artificial skin is 25 mm x 25 mm and the
thickness of the skin is approximately 3.5 mm. The charac-
teristic modulus of the skin found during the characterization
experiments is approximately 63 kPa. The sensor is functional
up to the strain of approximately 250%.

For strain sensing, the calibration results showed linear
and repeatable sensor signal. The gauge factors of the skin
prototype are 3.93 and 3.81 in x and y axes, respectively,
and the minimum detectable displacements are 1.5 mm in
x-axis and 1.6 mm in y-axis. For pressure sensing, the
prototype showed repeatable but not linear sensor signals.
The hysteresis level was high in a high pressure range (over
25 kPa). The sensor signal was repeatable in both cases.
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