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Abstract— Soft robotic systems are composed of active and
passively deformable structures which are intrinsically compliant, flexible, and elastic. Although these features offer benefits of adaptability, robustness, and safety, controlling these
types of robots is a significant challenge, in part from the
difficulty of obtaining feedback from sensors which provide
state information without hindering the advantageous material
properties which grant these systems their unique mechanical
behavior. We demonstrate here the first integration of a flexible,
stretchable, liquid metal-based strain sensor with vacuumpowered soft pneumatic actuators (V-SPAs) for simultaneous
controlled feedback of the soft actuators as well as user input
and soft robotic device interaction. The soft sensors which are
encapsulated within a Polydimethylsiloxane (PDMS) membrane
are directly embedded in the outer body skin of the soft
actuators, and can be used to correlate the deformation of
the body under vacuum actuation to overall actuator strain
or to detect external disturbances. This information is used to
compute and control the angle of a rotational 3-DoF actuator
module, as well as detect implicit user input control signals
by direct interaction without the need for an external control
interface. The dual use of embedded sensing shown in this
work provides a fundamental strategy for soft collaborative
robot applications.
Index Terms— Soft pneumatic actuators, stretchable sensors,
soft robotics

I. I NTRODUCTION
Soft robots are designed to leverage benefits that many
biological organisms are known to exploit for achieving
compliance, robustness, and adaptability to their environment
[1]. These features have been described as the basis for
what has been termed morphological computation [2], [3],
allowing the mechanical properties of the constitutive soft
body tissues of the living systems to passively conform to
objects around them without invoking complex control to
do so. This effectively reduces the problem in tasks such as
manipulation or locomotion [4], [5] but does not completely
eliminate the need for higher level control [6].
In soft robotics the issue of control is at the front of
current challenges in the field. Although the best approach to
this problem has not been settled, primarily between modelbased and model free control methods [7]–[9], a widely
accepted starting point is the acknowledged need for implicit
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Fig. 1.
Sensorized V-SPA module. A soft, liquid metal strain sensor
integrated with a 3-DoF vacuum-powered soft pneumatic actuator module
enables sensing of its angular deformation upon activation. A single sensor is
bonded to each actuator in the module and comprised of a meandering path
which is positioned at the centerline of the actuator. This pattern extends
above and below the two longitudinal locations where folds occur due to
buckling when activated.

sensing strategies. The baseline requisite for sensors which
are compatible with soft structures makes even this starting
point a challenge.
In order to preserve the benefits of soft material robot body
and actuator compliance, any sensing system used in a fully
integrated soft robotic system should be likewise compliant.
While most commonly available robotic sensors are rigid,
various types of soft, flexible, and stretchable sensors have
been investigated in research toward developing soft robots
which are innervated with sensing abilities to interact with
the environment [10], [11] as well as provide feedback for
control. The sensing principles utilized in previous work
varies between resistive, capacitive, and optic types [12],
[13].
Among the diverse soft sensor types that have been
explored, liquid metal based sensors achieve some of the
highest performance in terms of stretchability, accuracy, and
highly thin form factor [14], [15]. This type of sensor also
stands out from the perspective of fabrication, as some can
be readily printed by direct writing methods while others
can be produced using a variety of versatile deposition
techniques, allowing application to wearable devices or soft
robotic structures and actuators [16]–[20]. The low-profile

