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electrical resistance of the actuator by minimizing distance that 
current must travel through the percolating network of carbon 
black, allowing for lower voltages (5–20 V), faster activation 

times (1–40 s), and more versatile activation geometries. These 
improvements expand the capabilities and possible utilities of 
rigidity tuning elements in robotics and wearable technologies.
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Figure 1. Tendon composition and implementation. a) The unactivated and activated tendon’s response to a 50 g mass applied to its center. The 
stiffness of the unactivated tendon is higher than 10 MPa, while the stiffness of the actuated tendon is less than 1 MPa, resulting in the bending of 
the activated tendon in response to the mass. b) The layup of the tendon. A 1 mm layer of cTPE is impressed with copper leads on opposite sides and 
coated with a spray-deposited layer of EGaIn. This element is embedded in a silicone elastomer matrix for mechanical and electrical stability. Screw 
holes provide a secure attachment location for testing and implementation. The two insets show the composition of the cTPE and the cross-section 
of the tendon layup. c) Integration of the active cTPE tendon into a robotic finger with two activation modes, showing the cTPE in tensile applications. 
d) Integration of an active cTPE sheet into a moldable splint, showing the cTPE in flexural applications. e) Differential scanning calorimetry plot of 
conductive thermoplastic elastomer (cTPE) between −80 and 150 °C. This plot shows the second heating cycle with the exothermic direction oriented 
upward. The first cycle shows some abnormalities due to thermal stresses, but in cycles 2–4, the behavior converges. The peak at 73 °C indicates the 
melting temperature (Tm), while the peak at 60 °C represents the crystallization temperature (Tc). The kink between −80 and −50 °C represents the 
glass transition temperature; however, this value cannot be determined without examining the heat flow at lower temperatures. The inset shows DMA 
data, which corroborate the softening temperature found in the DSC data. f) Depiction of current direction during activation. The current flows along 
the lower resistance liquid metal electrodes, and then passes through the thickness of the cTPE. The current results in significant Joule heating in the 
cTPE, which eventually heats the whole architecture and is dissipated into the surroundings. g) Configuration and temperature response of the tendon 
during activation. (i) is a visible light photo of the tensile testing set-up during activation, and (ii) is an infrared photo, taken simultaneously from a 
distance of 10 mm (C2, FLIR). There is even heating across the tendon above the activation temperature.

Table 1. Comparison between thermally activated stiffness-tuning methods demonstrated in recent studies. Acronyms: cTPE = conductive thermo-
plastic elastomer, LMPA = low-melting-point alloy, TP = thermoplastic, SMP = shape-memory polymer.

Author (year) Activation time [s] Voltage [V] Stiffness ratio Material

Current work 2–40 5–20 15 cTPE

Tonazzini et al. (2016)[21] 29 External heating 700 LMPA

Van Meerbeek et al. (2016)[22] Not reported External heating 18 LMPA

Zheng et al. (2015)[27] 6–160 4–5 Not reported LMPA

Shan et al. (2015)[15] 6 100 25 cTPE

Balasubramanian et al. (2014)[16] 2.4 External heating 76 TP

Schubert et al. (2013)[26] 1 Not reported 27 LMPA

Shan et al. (2013)[20] 130 0.6 9033 LMPA

McKnight et al. (2010)[18] >60 Not reported 77 SMP
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Universal & Customizable Robot 
Grasping
Conventional robotics typically utilize specialized grasping
technologies that can only handle a limited class of objects.
In contrast, emerging co-robotics require universal gripping
systems that can match the versatility of natural grippers in
handling a wide variety of objects.

Objects from Amazon Picking Challenge 2015 
(IEEE Spectrum) 

Challenges & Existing Methodologies
Currently, the challenge of robot grasping is being addressed through
advancements in system-level hardware and algorithms for sensing,
control, and planning. However, progress also depends on new
materials and architectures that exhibit the mechanical compliance
and rigidity-tuning properties of biological systems.

Smart Mater. Struct. 22 (2013) 085005 W Shan et al
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Figure 7. (a), (b) Rigidity tunable composite with embedded Galinstan heater and SMP. (c) At room temperature, the SMP is rigid and the
composite can support flexural load. (d) When electrical current is supplied to the heater, the SMP softens and the composite bends.

soft robotics applications in which the host is naturally
soft and elastic. Lastly, these composites are inexpensive
and can be produced in minutes with masked deposition of
liquid-phase metal alloy in laser-patterned films of acrylic
elastomer (VHBTM tape; 3M). Because the elastomer film
bonds to itself through pressure-sensitive adhesion, each
layer can be rapidly patterned, filled, wired, and sealed.
This inexpensive and scalable fabrication method can be
extended to other applications in soft-matter electronics and
engineering, including liquid-phase gallium–indium circuits,
sensor arrays, and radio-frequency identification.

The experimental results are in reasonable agreement
with theoretical predictions derived from elementary com-
posite mechanics and heat transfer. The theory may be
generalized to obtain more accurate predictions and to
examine a broad range of loading conditions and designs. In
addition to improved theoretical models, future efforts will
focus on implementation of actively tunable elastic rigidity for
assistive wearable technologies and biologically inspired soft
robots. We also plan to refine the masked deposition method to
miniaturize the embedded features and incorporate a broader
range of conductive and thermal or electrically responsive
materials.
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Our Approach:  Adhesion & Stiffness 
Tunable Materials 
In an effort to address this challenge, we will build on the following recent
advances by our research labs and others in the fields of solid
mechanics, materials engineering, and soft robotics:

• Novel polymer-based materials that can change their elastic
modulus in response to electrical stimulation and be integrated into
soft robotic systems;

• Mechanisms for tuning the effective dry adhesion strength of soft
surfaces by modulating the subsurface stiffness or pressure the
mechanical stiffness to alter the stress distribution at the interface.

Together, these advancements will be utilized to realize soft active gripper
pads that can be mounted to a robot end-effector (example
implementation shown on upper right).

Problem Statement & Motivation

Method Evaluation & 
Device Testing

Robotic Gripper Systems
The adhesive structures and materials will be incorporated into
the contact pads of a robot end effector. Robot grasping tests
will be performed with a conventional wide-face parallel
gripper (mounted to a 4 DOF arm or Baxter robot) and
vacuum-based suction cup gripper.

Sensing Skin for Monitoring 
Interfacial Tractions
To examine the influence of contact pads on interfacial
pressure distributions, we will cover the objects with a tactile
skin that will map surface tractions. Depending on the shape
and stiffness of the object, the skin will either be a soft
elastomeric sheet or a tattoo-like ultrathin film. These same
electronics could also be incorporated into the gripper for
tactile feedback or contact pad activation

Baxter Robot at CMU Robotics Institute

Liquid Metal-Microelectronics Integration for a Sensorized Soft Robot
Skin

Tess Hellebrekers1, Kadri Bugra Ozutemiz2, Jessica Yin2, and Carmel Majidi1,2

Abstract— Progress in soft robotics depends on the inte-
gration of electronics for sensing, power regulation, and sig-
nal processing. Commercially available microelectronics satisfy
these functions and are small enough to preserve the natural
mechanics of the host system. Here, we present a method for
incorporating microelectronic sensors and integrated circuits
(ICs) into the elastomeric skin of a soft robot. The thin
stretchable skin contains various solid-state electronics for
orientation, pressure, proximity, and temperature sensing, and
a microprocessor. The components are connected by thin-film
copper traces wetted with eutectic gallium indium (EGaIn), a
room temperature liquid metal alloy that allows the circuit to
maintain conductivity as it deforms under mechanical loading.
In this paper, we characterize the function of the individual
sensors in air and water, discuss the integration of the micro-
electronic skin with a shape-memory actuated soft gripper, and
demonstrate the sensorized soft gripper in conjunction with a
4 degree-of-freedom (DOF) robot arm.

I. INTRODUCTION
Inspired by the versatility and multi-functionality of bi-

ological systems, the field of soft robotics has emerged to
address the limitations of rigid robots and machines [1]–
[5]. Unlike their conventional rigid counterparts, soft robots
utilize gels, elastomers, and fluids as replacements for rigid
parts and materials [6], [7]. This allows soft robots to oper-
ate under bending, stretching, and compression [8] without
losing functionality. These materials have mechanical and
rheological properties that are similar to those of biological
tissues and, as a result, have become increasingly popular
in healthcare robotics [9], human-robot interactions [10],
and other delicate tasks [11]. However, in order to achieve
complex tasks, a soft robot system requires components
for sensing and digital processing that are embedded in
its soft elastomer body. Depending on the task at hand, a
soft robot may require a wide range of sensing modalities
to determine both the environmental state (e.g. shape of
the object to be grasped, distance to the object) and the
internal state (e.g. orientation). In addition, the system may
need on-board digital processing capabilities to control or
preprocess incoming raw sensor data. In contrast to rigid
robots, the sensing and processing systems on a soft robot

*This work was in part supported by ONR Grants N00014-16-2301 and
N00014-14-10778, Code 34, Bio-Inspired Autonomous Systems (PM: Tom
McKenna) as well as by the National Science Foundation Graduate Research
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and conclusions or recommendations expressed in this material are those of
the author(s) and do not necessarily reflect the views of the National Science
Foundation.
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Fig. 1. A) Sensorized soft gripper holding onto medium-sized moss ball
inside a water tank. B) Close-up view of sensorized soft gripper with the
liquid metal traces and shape-memory coils visible. C) Close-up view of
liquid metal traces with processor, IMU, and depth sensors visible.

must continue functioning despite mechanical deformation
while minimizing interference with the underlying mechanics
of the host system.

In previous work, we demonstrated a method to reliably
interface rigid surface-mount integrated circuits (IC) to liquid
metal traces in order to fabricate hybrid stretchable circuits
[12]. These hybrid circuits maintain electrical functionality
under mechanical deformation while harnessing the relia-
bility and digital capabilities of commercially-available mi-
croelectronics. The current paper scales up the fabrication
technique for a large detailed circuit design, integrates high-
density interconnect patterns, and introduces an on-board
processor. Furthermore, we demonstrate a technique to in-
tegrate the stretchable sensing skin with a shape-memory
actuated soft gripper (Figure 1). Our goals in this study are
to: (i) integrate a soft robotic testbed with a soft and stretch-
able sensing skin that includes an embedded barometric chip,
temperature sensor, inertial measurement unit (IMU), time-
of-flight range (ToF) chip, and an on-board processor; (ii)
characterize and demonstrate the function of the gripper and
integrated sensors in air and water; and (iii) demonstrate the
performance of the sensorized soft gripper mounted onto a
four degree-of-freedom (DOF) robotic arm.

II. RELATED WORK

With the growing popularity of wearables, compliant and
stretchable sensing electronics are in increasing demand to
sense a diverse amount of stimuli, rapidly transmit data, and
process these signals. One approach to achieving stretchable
functionality is to use intrinsically soft and deformable
conductive polymers and composites [13]–[16] as conductive
traces. Another way of achieving stretchability is through

Fig. 2. A) Gripper skin immediately after removal from glass substrate. Close-up views of liquid metal traces surrounding the B) Simblee and C) Time-
of-Flight chip. D) Two-finger soft gripper with embedded acrylic inserts and shape-memory springs aligned along each finger. E) Overview of sensorized
soft gripper. F) Single shape-memory spring looped through acrylic inserts. G) Close-up view of liquid metal traces bending around sides of the gripper.
Labeled H) top-view and F) front-view of the skin electronics.

exploiting the mechanical compliance of nano/microscale
thin metal interconnects with serpentine or pre-buckled wavy
shapes that deform through flexing or twisting [17]–[20].

An alternative to these approaches employs the use of
microfluidic traces of liquid metal (LM) embedded in a soft
elastomer [2]. Eutectic Ga-In (EGaIn; 75% Ga and 25% In,
by wt.) and Ga-In-Sn (Galinstan; 68% Ga, 22% In, 10%
Sn) are particularly attractive because of their high electrical
conductivity (3.4⇥106 S/m), low melting point (19�C for
Galinstan, 15�C for EGaIn), low viscosity (2 mPa-s), low
toxicity [21], negligible vapor pressure [22], [23] and good
wetting properties to materials commonly used in IC chip
contacts such as gold or copper [12], [24]–[26]. Since these
metals are liquid at room temperature and have metallic con-
ductivity, they function as intrinsically stretchable conductors
that are not subject to the same limitations of conductive
polymers or deterministic architectures. As such, LM-based
electronics provide a unique combination of high metallic
conductivity and extreme elastomeric stretchability.

Soft systems and electronic skins with embedded LM-
based and flex-circuit-based strain [27]–[30], pressure sen-
sors [10], [31]–[33], acceleration, and temperature [34] have
already been demonstrated in the literature. However, general
soft robotic system integration with more diverse sensing
modalities such as orientation and range sensing, and on-
board processing capabilities has yet to be shown. Our work
closes this gap by introducing a technique for embedding
microelectronic sensors and IC chips into a soft and stretch-

able sensor skin that can then be integrated into a soft robot
gripper.

III. DESIGN
We demonstrate successful integration of microelectronic

sensors and ICs for applications in soft robotics by introduc-
ing a soft gripper that is capable of multi-modal sensing,
signal processing, and operation in water. The gripper is
actuated using shape memory alloy (SMA) springs that con-
tract when powered with electrical current. The skin contains
commercially-available electronic components connected by
liquid metal traces sealed in a thin elastomer layer to allow
the skin to deform without damaging the circuit (Figure
2A,B,C). The elastomeric gripper contains acrylic inserts that
rigidly affix the springs parallel to the fingers (Figure 2D,F).
When DC current is passed through the SMA springs, the
springs contract due to Joule heating and open the gripper.
When DC current is removed the elastomer relaxes, returning
the springs to their initial elongated state. The soft gripper is
designed to passively hold objects by minimizing activation
time in order to conserve the energy required for operation.

The sensorized gripper is composed of a silicone elastomer
that is covered with a soft sensing skin and fixed SMA
actuators (Figure 2E). The sensor skin is bonded around
the gripper and stretches with the movement of the gripper
without altering the underlying mechanics. In addition, the
elastomer-coated circuit and elastomeric gripper body are not
susceptible to galvanic corrosion, making this system ideal
for robotic applications in wet environments.

Fig. 2. A) Gripper skin immediately after removal from glass substrate. Close-up views of liquid metal traces surrounding the B) Simblee and C) Time-
of-Flight chip. D) Two-finger soft gripper with embedded acrylic inserts and shape-memory springs aligned along each finger. E) Overview of sensorized
soft gripper. F) Single shape-memory spring looped through acrylic inserts. G) Close-up view of liquid metal traces bending around sides of the gripper.
Labeled H) top-view and F) front-view of the skin electronics.
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Figure 4. (A) Process for populating AgNP-Ga-In circuit with surface mounted components.  (B) Circuit placed 
on a toy lemon using hydrographic transfer.  (C) Circuit functioning as electronic tattoo on human skin with an 
integrated LED on finger print, inset: LED is off on the same circuit. 

Conclusions 

We have introduced a technique to rapidly create soft and stretchable thin film electronics.  

The circuits are produced with ink-jet printed silver nanoparticles (AgNP) that interact with 

eutectic gallium indium (EGaIn) at room temperature to form mechanically robust conductive 

traces.  With the EGaIn coating, the traces exhibit a u106 increase in electrical conductivity 

and maintain low trace resistance under bending or when stretched to 80% strain.  On a soft 

elastomer substrate (PDMS), the trace exhibits a moderate electromechanical response (e.g. 

50% increase in electrical resistance with 50% strain; i.e. gauge factor �| 1) that is consistent 

over hundreds of loading cycles.  EGaIn also functions as a room temperature solder that can 

be used to populate the circuit with surface mounted microelectronics.  This is accomplished 

by placing the chips on the EGaIn-coated traces and then applying HCl vapor to remove 

surface oxide and allow the liquid metal to wet to the microchip pins. 

When printed on temporary tattoo paper, the circuits can be placed on 3D surfaces using 

hydrographic transfer or worn on the skin as an electronic tattoo.  Because the circuit is 

stretchable, it can be transferred to highly curved and non-developable (e.g. spherical) 

surfaces or placed over parts of the body that undergo significant strain.  Moreover, unlike 

other approaches to stretchable electronics (e.g. conductive elastomers, wavy circuits, EGaIn 

microfluidics, etc.), thin-film circuits can be produced using a conventional inkjet printer.  

This novel methodology leads to highly customized and feasible fabrication techniques of 

soft on-skin electronics that have never been demonstrated before.  Future efforts will focus 

on further elemental and topographic characterization of AgNP-Ga-In circuits printed on 

various substrates, optimization of AgNP printing, deposition, and cleaning techniques for 

achieving highest stretchability and conductivity, optimization of the transfer techniques, and 
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Turner group members 

presenting demos of 

“Sticky Materials” at Philly 

Materials Science and 

Engineering Day 

Shan group member Amir 

Mohamamdi Nasab presenting a 

research demo at Engineer’s Day 

at UNR

Majidi group members James 

Wissman and Tong Lu hosting a 

hands-on demo at the 2014 

SciTech Festival for Pittsburgh-

area middle school students

Education and Outreach

Materials 
Technology

Soft electronic skin using liquid metal circuitry (Carmel Majidi)

SSM with core-shell composite posts with dynamically tunable dry adhesion (Kevin Turner & Wanliang Shan) 

We will fabricate soft active 

contact pads that implement 

adhesion-tuning concepts via 

Subsurface Stiffness 

Modulation (SSM) and 

Subsurface Pressure 

Modulation (SPM)


