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Abstract—High aspect ratios are a common feature in
biological systems like muscle fibers, tentacles, or annelids
that inspire novel applications in artificial muscles, grasping,
manipulation, and locomotion. This paper explores interocep-
tive and exteroceptive sensing methods for high-aspect-ratio
soft robots to overcome the limitation of externalized sensing
and control, which is currently typical for such robots. We
present a design and manufacturing process for sensorized soft
robots (aspect ratio ~17) with an integrated stretchable carbon
microparticle proprioception sensor and phototransistor-based
exteroceptive layer for low-resolution ambient light detection.
We show that our interoceptive sensor provides accurate results
for curling during 120 pressurization cycles. The exteroceptive
sensor detects the proximity of other robots but shows only
a slight correlation during entanglement tests. Finally, we
demonstrate that sensorized high-aspect-ratio soft robots can
detect the disentanglement of robots under load.

I. INTRODUCTION

Soft pneumatic actuators have found increasing popularity
in the field of bioinspired engineering [1], [2], [3], enabling
or improving performance in various applications that depend
on compliance [4]. Recent work highlighted applications
for high-aspect-ratio soft robots, which are well suited for
delicate tasks that require low forces or high contact surfaces,
including in domains such as grasping [5], manipulation [6],
locomotion [7], or artificial muscles [8].

Emerging applications that leverage high-aspect-ratio soft
robots are so far limited by the lack of sensory information
providing feedback on the robot’s configuration. This limi-
tation thus necessitates an external component of the system
to provide state estimation and control. However, for an
autonomous system not limited by the need for such external
infrastructure, onboard state sensing is crucial to close the
control loop.

Our work investigates interoceptive and exteroceptive em-
bedded sensor methods for high-aspect-ratio soft robots,
which we define as robots with an aspect ratio higher than 10.
We extend previous one-channel designs to two pneumatic
channels for richer actuation capabilities, such as antagonis-
tic actuation, and actively controlled uncurling and curling.
We propose a design and sequential molding manufacturing
process for a sensorized high-aspect-ratio soft robot, which
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addresses the need for onboard state sensing in such au-
tonomous systems. Proprioceptive sensing is provided by the
integration of a strain sensor based on conductive carbon
microparticles in a stretchable channel. Proximity sensing
is provided by the integration of a set of phototransistors
to evaluate the presence of external objects at low spatial
resolution along the length of the robot. We characterize
the mechanical effect that the sensors impose on the robot’s
actuation. We close by outlining two applications of grasping
and locomotion in which sensorized high-aspect-ratio soft
robots provide the potential for closed-loop autonomy.

II. RELATED WORK

High-aspect-ratio soft robots are used in the context of
grasping, either inspired by single filaments, such as elephant
trunks [9], tendrils [10], [11] and tentacles [12], or collective
gripping based on entanglement of multiple filaments [5].
Another context in which such robots appear is collective lo-
comotion, as in a system inspired by California blackworms
[13] where individual robots entangle into a “blob” which is
itself mobile [7]. Novel manufacturing techniques for high-
aspect-ratio soft robots include bubble casting [8] and dip
coating [14]. This previous work concerns robots equipped
with a single pneumatic channel, able to transition between
curled and straight states by pressurizing and depressurizing.

Most soft robots lack sensorization and, thus, are con-
trolled in an open loop. However, this limits the robots’
applications and requires a human operator or other ex-
ternal infrastructure to provide sensory input. Instead, full
autonomy necessitates intero- and exteroceptive sensing that
is directly integrated into the robot. Interoceptive sensing
methods for soft and wearable robotics include carbon nan-
otube or carbon particle strain sensors [15], hydrogel strain
sensors [16], optical bending sensors [17], and capacitive
proprioception sensors [18]. Exteroceptive sensors for soft
robots have their main applications in tactile and proximity
sensing using capacitive sensors [19]. Capacitive sensors
serve as self-capacitive sensors for proximity detection as
well as mutual capacitive sensors for force detection [20].

Previous research has introduced interoceptive sensing for
object detection in contexts such as dexterous grasping with
a hand-inspired gripper [21] (with relatively large fingers and
a limited aspect ratio). However, sensing in high-aspect-ratio
soft robot applications remains an unresolved challenge since
the small wall thicknesses required for the actuation of high-
aspect-ratio robots complicate the integration of sensors into
a manufacturing process for these robots. Furthermore, high-
aspect-ratio soft robots can undergo strains exceeding 100%,
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Fig. 1: Proximity and proprioception sensors for high-aspect-ratio soft pneumatic actuators. (A) Schematic of a two-channel
high-aspect-ratio soft pneumatic actuator. When one channel is pressurized, the robot curls in the opposite direction. (B) Low-
resolution imaging via a phototransistor array, giving information on the local presence of external objects, such as other
robots in an entanglement context. (C) Proprioceptive sensor via integrated carbon microparticle channels, giving information
on deformation state, based on changes in electrical resistance. (D) Entanglement of an object with a sensorized stochastic

entanglement gripper.

which are significantly larger than for traditional soft robots,
putting more strenuous demands on integrated hardware.

III. MANUFACTURING SENSORIZED
HIGH-ASPECT-RATIO SOFT ROBOTS

High-aspect-ratio soft robots are designed as slender elas-
tic filaments that bend under internal pressure. We use
sequential casting as the manufacturing process for these
actuators, allowing us to integrate two pneumatic channels
for antagonistic actuation along with sensor structures di-
rectly into the silicone cast. Figure 2 outlines the three
steps to manufacture sensorized soft robots with an aspect
ratio of ~17. The robots consist of three layers: a layer for
exteroception sandwiched between two identical layers for
interoception and actuation.

A) Interoceptive Layer: A printed mold (Prusa MK3S,
PLA filament) with a U-shaped channel, and a metal rod,
are sprayed with a thin film of mold release. The metal rod
(diameter 2mm) is placed in a circular insert in the mold
to create an integrated pneumatic channel for actuation. We
pour silicone resin (Smooth-On Dragon Skin 10) into the
mold and use a coater to remove excess resin. After curing,
the actuation segment is demolded. We rotate it and deposit
four layers of carbon ink (0.1 wt.% Orion Printex XE2B
Beads and 99.9 wt.% isopropanol) with a syringe into the

U-shaped channel of the silicone cast. After two carbon
layers, copper wires are connected with silver chloride ink
(Dycotec Materials DM-SIP-2005PU) to the carbon channel.
The channel is finally sealed with silicone resin.

B) Exteroceptive Layer: Silicone-coated stranded wires
(Adafruit Silicone Cover Stranded-Core Wire 30AWG) are
placed in an acrylic mask with a laser-cut sinusoidal pattern
(Universal Laser VLS6.60). We apply a coating of low-
viscous silicone resin (Smooth-On Ecoflex 20) on the mask
to infuse the space between the wires and embed them in
silicone. Two such embedded wire layers are bonded together
and demolded. Phototransistors are soldered to the wire
layers facing towards opposite sides. The sinusoidal pattern
of the wires in the exteroceptive layer allows the layer to
stretch, reducing the robot’s bending stiffness.

C) Sensorized Robots: Interoceptive (from A) and exte-
roceptive (from B) layers are stacked in A-B-A sequence
and bonded with translucent silicone resin (Dragon Skin 10).
The bonded robot is dipped into resin to seal the pneumatic
channels on one side. Pneumatic tubes are inserted on the
other side and fixed with a zip tie. The final unactuated
robot’s dimensions are 186mm long and 11mm wide.
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Fig. 2: Manufacturing process for sensorized high-aspect-
ratio soft robots. (A) Interoceptive actuation layer with
an integrated pneumatic channel and carbon microparticle
strain sensor. (B) Exteroceptive layer with flexible wires and
phototransistors. (C) Complete sensorized robot, stacking an
exteroceptive layer between two interoceptive layers. More
information on the manufacturing process is given in §III.

IV. SENSOR CHARACTERIZATION

A. Proprioception Sensor

To measure the deformation of these robots and charac-
terize their interoceptive sensors, we manufactured several
robots and tracked them with a camera system. The robot
is recorded in front of a black background to obtain a
binary mask by thresholding. We filter the mask with a
Gaussian blur kernel, apply a closing morphology operation,
and threshold it again to remove small area defects in the
original mask. The mask is thinned to a pixel-wide skeleton
model using a thinning algorithm [22]. We interpolate the
positions of the skeleton model with piece-wise cubic splines
to obtain a mathematical description of the center line of the
deformed actuator as a 2D curve
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Fig. 3: Proprioceptive sensing results from integrated carbon
microparticle channels. (A) Raw image of a robot with one
actuation channel partially inflated. (B) Processed masked
area of the deforming robot at different stages of the actua-
tion cycle. (C) Resistive sensor measurements for a deformed
high-aspect-ratio soft robot show a nearly linear bijective
correlation with the tracked average curvature of the robot.
The filled area shows the resistance within one standard
deviation. Labels (a)—(e) correspond to the cases shown in
panel B.

The curvature of the skeleton model serves as a quan-
titative measurement of the deformation of the robot. We
approximate its deformation under a constant curvature as-
sumption and quantify it with its average curvature. The
processing steps for deformation tracking are shown in the
supplementary video. We record deformations during 120
inflation cycles for one pneumatic actuator and report the
average curvature and corresponding mean resistance of the
carbon microparticle strain sensor measured with an LCR
meter (B&K Precision 880) in Figure 3.

The long-term behavior of the sensor is tested during
cyclical loading and unloading conditions. We mount a single
carbon microparticle strain sensor on a tensile test machine
(Instron 68TM-10) and cyclically load it to a strain of 100%
for 229 cycles. The resistance R of an ideal sensor would
change under assumptions of linear mechanics and a constant
resistivity p with its strain € as
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Fig. 4: Recorded data during a cyclic tensile strain test with 229 cycles on a tensile test machine (Instron 68TM-10). Data
is recorded at 2H z. The sample (Ip = 150mm) is elongated by 150mm with a constant displacement rate of 7%. (A)
Carbon microparticle strain sensor clamped on the tensile test machine. (B) Mean strain-resistance relationship compared
to an ideal sensor under the assumptions of linear mechanics. The empirical data shows a small hysteresis between loading
and unloading cycles. The filled area indicates the interval within one standard deviation. (C) Cyclic measurements show a
reduced resistance in the undeformed and deformed configurations over an increasing number of cycles.
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with [ being the length of the trace, w its width, ¢ its
thickness, and v the Poisson ratio of the substrate. We assume
that the thickness of the trace is thin such that ¢ to.
Figure 4 compares the mean resistance from the empirical
data to the ideal sensor. While the assumptions for the
ideal sensor are closely followed for strains below 45%, the
resistance at large strains seems to plateau. Furthermore, a
small hysteresis is visible between the loading and unloading
case. The results also indicate that the resistance decreases
over cyclic loading. This is the case for both the resistance
at full loading to 100% strain as well as in the unloaded
configuration.
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B. Proximity Sensor

The straightforward use of the phototransistors to detect
local occlusions lets a robot evaluate a low-resolution visual
image of its local environment (Figure 5A).

In a context with many such robots entangling [5], [7], it
would be desirable for these sensors to provide a measure of
the degree of entanglement or the sensor’s position (surface
vs. interior) in the entangled “blob”, based on occlusion by
other robots in the blob. We test this use case with eight
non-sensorized robots entangling around a single sensorized
one (Figure 5B-D).

The masked area of the sensorized robot is divided into
five equal segments to track the locally visible surface in
each segment during entanglement. We define a measure of
visibility as

3)

with A;(t) being the visible surface of segment 4 at time t.
Thus v; = 0 would indicate that the segment of the robot
is completely visible (unentangled) while v; 1 would
indicate the segment is completely obscured (as when buried
in the interior of the entangled blob). We actuate the non-
sensorized robots cyclically to entangle the sensorized robot
36 times while tracking the sensorized robot with the camera.
Figure 5D shows that the signal from the phototransistor
and the visibility of the corresponding segment only correlate
slightly, with p = 0.12. That is, with the setup tested here
(in particular, the number and placement of phototransistors
and the number of other robots), the exteroceptive sensing
provides little information about the entanglement state.

C. Sensor Compliance

A critical aspect of embedded sensing for soft robotics
is the compliance of sensors. The integrated wires for the
exteroceptive sensing are flexible, but introduce an inelas-
tic element and therefore can be expected to affect the
robot’s compliance. To quantify this effect, we compared
non-sensorized robots, robots with only interoceptive carbon
microparticle sensors, and fully sensorized robots, regarding
their deformation at different operating pressures. Figure 6
indicates that even the interoceptive sensors increase the
required operating pressure to achieve a given deformation.
More prominent is the reinforcement effect for fully sen-
sorized robots due to the limited elasticity of the wires. This
significantly increases the required operating pressure for
deformations larger than 70°. In the case of a deformation
of 120°, the operating pressure for proprioceptive robots is
13% higher, and for fully sensorized robots 38% higher, than
for a robot without sensors.
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Fig. 5: Experimental tests of exteroceptive sensing. (A)
Component test of sensing with phototransistors. The binary
traces (S1-S3) indicate during which period a phototransistor
has been covered by manually placing another robot at this
location. (B-D) Entanglement sensing using exteroceptive
sensors. (B) One sensorized and eight non-sensorized robots
are placed in a photo box, with one set of phototransistors
of the sensorized robot facing toward a camera. The non-
sensorized robots entangle the sensorized one, occluding
some phototransistors. (C) Raw image and processed visible
area of the sensorized robot, separated into five segments
for local resolution of entanglement at the locations of
phototransistors. (D) Sensor and tracking measurements of
entanglement show only a weak correlation between the
visibility of the segment around a phototransistor and its
voltage signal. The filled area shows the change in sensory
voltage within one standard deviation.
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Fig. 6: Mechanical stiffening effect from sensorizing high-

aspect-ratio soft pneumatic actuators. The plot shows the

tested samples’ mean deformation and area within one stan-
dard deviation.

TABLE I: Comparison of sensor mechanisms considered in
this work. Reduction in compliance: O = little or no effect,
© = moderate effect, @ = major effect.

Signal-to- Reduction in

Noise Ratio ~ Compliance
Interoceptive Sensing
Optical Proprioception Sensor 0.0370 [ J
1-Thread (Self-Capacitive) Propriocep- 5.330 @]
tion Sensor
2-Thread (Mutual Capacitive) Proprio- 488.3 [ )
ception Sensor
Carbon Microparticle Strain Sensor 34.16 O
Exteroceptive Sensing
Self-Capacitive Sensing 1.076 o
Phototransistor Imaging 19.22 O

D. Alternate Sensing Mechanisms

Before settling on the design described above, we explored
two other potential approaches to proprioceptive and external
sensing. One was based on an interoceptive optical sensor,
intended to give information about pose (degree of curling).
The other was based on capacitive sensing, potentially of
use for both purposes. Here, we outline those approaches
and the reasons we did not use them in the final version of
the design.

The interoceptive optical sensor consisted of an internal
LED at one end of the robot’s body and a phototransistor at
the other end, with the body acting as an optical waveguide
in between [17]. The macrobending effect of the waveguide
reduces light intensity according to the degree of bending of
the body.

We tested capacitive proprioception sensors in two forms.
The first consisted of a single integrated conductive thread
running the length of the body. Such a thread could poten-
tially be used as a proximity sensor, based on capacitive
changes resulting from nearby conductive objects or other
robots, or as a proprioception sensor based on forming an
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Fig. 7: Grip failure test, in which two sets of entangled robots are pulled apart using a tensile test machine (Instron 68TM-
10). (A) Snapshots of a trial with eight entangled robots separating under load. Robots R1 and R2 provide the proprioceptive
sensor signals shown in panel B. The points in time (a) and (b) in the upper plot of panel B indicate the times of the snapshots.
(B) Time course of applied force and proprioceptive sensor measurements for two of the upper four robots during the test. As
the machine separates the entangled robots, they are gradually pulled into a straighter configuration, and the proprioceptive
resistance measurement slowly increases. When pulled free from the entanglement, the robots return quickly to a curled
position, showing sudden changes in proprioceptive resistance measurements, while the entanglement force recorded by the

tensile test machine simultaneously drops.

inductive coil under actuation. The second form consisted
of two conductive threads wrapped helically around the
actuator, which separate under body deformation, resulting
in a decreasing capacitance [21].

We tested these sensors, as well as the others described
in previous sections, by measuring their Signal-to-Noise
ratio (SNR) for actuation up to a complete 360° loop
as a quantitative metric of sensor performance. We also
qualitatively evaluated each sensor according to its effect on
the robot’s compliance. The results are reported in Table I.
The combination of both considerations led to the choice of
sensors in the final version of the robot, as described earlier.

We found that interoceptive optical sensors suffered from
the translucency of the silicone rubber, even when coloring
was added to darken it as much as possible and isolate inter-
nal from external light. Mutual capacitive sensors showed the
highest SNR by an order of magnitude, but capacitive sensors
are highly affected by external EMF signals. Furthermore,
the inelastic electrodes reinforce the actuator and reduce the
deformation range significantly (see supplementary video).
Self-capacitive sensors had low SNR, as well as difficulty
distinguishing signals resulting from proximity to an external
object from those resulting from curling.

V. TOWARDS APPLICATIONS

High-aspect-ratio soft robots have potential applications
in areas including grasping, locomotion, manipulation, and
artificial muscles. In this section, we outline potential uses
of robots with integrated sensing in the first two of those
areas.

A. Failure Detection in Stochastic Entanglement Grasping

To explore how proprioception could aid grasping, we
performed experiments in which sets of robots were attached
to the plates of a tensile test machine, pressurized to entangle,
and slowly pulled apart (Figure 7). As individual robots lose
contact and are pulled free of the entanglement (thereby
weakening the grip), the resulting sudden configuration
change is apparent in their proprioceptive measurements.
In this way, integrated proprioception sensors could provide
information about impending grasp failures for soft grippers,
such as entanglement grippers with high-aspect-ratio tendrils

[5].

B. Autonomous Role Differentiation for Collective Locomo-
tion of Worm-Inspired Soft Robots

California blackworms can entangle into “blobs” that
exhibit collective locomotion, where worms adopt different
roles (“pullers”, “wigglers”, etc.) based on their location
within the blob [13]. A system of robots inspired by the
worms has similarly demonstrated collective locomotion [7].
In that latter work, robots are manually assigned roles based
on their location. Sensors like those presented here could
provide information to each robot to help it determine its
location within the blob, and choose a role and gait accord-
ingly. For instance, a robot that changes its actuation state
without registering a corresponding change in proprioceptive
signal is likely to be immobilized by being entangled by other
robots; a robot sensing a bright external light is likely to be
on the leading face of a blob performing phototaxis. We will
investigate such strategies in future work.



VI. CONCLUSION

In this work, we developed a design and manufacturing
process for interoceptive and exteroceptive sensors in high-
aspect-ratio soft robots. Carbon microparticle proprioceptive
sensors detect the robot’s deformation even for high bending
angles. Exteroceptive sensing with distributed phototransis-
tors allows the detection of external obstacles based on
occlusion.

In our tests, the exteroceptive sensor was insufficient to
provide reliable information about a robot’s entanglement
state. It is possible that the phototransistor array would
be more effective as an entanglement sensor if there were
a larger number of robots, so that interior locations were
more fully occluded from ambient light. A larger number of
phototransistors could also be useful in providing a higher-
resolution evaluation of the local environment. More work
is needed to explore these possibilities and increase the
exteroceptive sensing’s utility as an entanglement sensor.

Future work will also more thoroughly explore the uses
outlined in Section V, testing grasp failure detection with a
range of different objects and different numbers of robots,
and advancing fully autonomous collective locomotion of
worm-inspired robot swarms.
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