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ABSTRACT: Sensors that can detect external stimuli and perceive the surrounding areas could | 'l'
0 er an ability for soft biomimetic robots to use the sensory feedback for closed-loop control of |‘

locomotion. Although various types of biomimetic robots have been developed, few systems have

included integrated stretchable sensors and interconnectors with miniaturized electronics. Here,
we introduce a soft, stretchable nanocomposite system with built-in wireless electronics with an
aim for feedback loop motion control of a robotic earthworm. The nanostructured strain sensor,
based on a carbon nanomaterial and a low-modulus silicone elastomer, allows for seamless
integration with the body of the soft robot that can accommodate large strains caused by bending,
stretching, and physical interactions with obstacles. A scalable, cost-e ective, and screen-printing method manufactures an array of
the strain sensors that are conductive and stretchable over 100% with a gauge factor over 38. An array of nanomembrane
interconnectors enables a reliable connection between soft sensors and wireless electronics while tolerating the robot’s multimodal
movements. A set of computational and experimental studies of soft materials, stretchable mechanics, and hybrid packaging provides
the key design factors for a reliable, nanocomposite sensor system. The miniaturized wireless circuit, embedded in the robot joint,
o0 ers real-time monitoring of strain changes during the motions of a robotic segment. Collectively, the soft sensor system presented
in this work shows great potential to be integrated with other exible, stretchable electronics for applications in soft robatics,
wearable devices, and human-machine interfaces.

KEYWORDS: soft earthworm robot, nanocomposite, stretchable strain sensor, stretchable interconnectors, locomotion, wireless electronics

INTRODUCTION is challenging for soft robots, whose deformable bodies include
a substantially higher number, nearly in nite, of degrees of
freedom.” To make soft robots capable of such perception,
they must be equipped with soft sensors that can emulate
physical sensations felt by humans and animals.?®

Many di erent types of soft sensors have been developed,
including resistive sensors®® ** piezoresistive sensors,® ¢
capacitive sensors,®"*® and optical sensors.** ** There are also
plenty of material choices when designing those sensors,
including inorganic nanomembranes,*” ** liquid metals,*
conductive nanomaterials,”**>*° ionic liquids,***" optical

bers,*** or conductive yarns/fabrics.*>*®*® These sensors
are typically encapsulated with silicone elastomers and rubbery
materials to ful Il the requirements of elasticity and durability
to be suitable for integration with soft robots. A few recent
e orts’” ** have focused on the development of a soft strain

Recent advances in robotics are remarkable and still growing in
number due to the continuous innovations in materials science,
physics, mechanics, and electronics. The eld of soft robotics,
in particular, has been the focus of many of these advances.
Soft robots are coveted for their natural ability to adapt to
environmental uncertainties and compensate for limitations in
control and sensing via their mechanical compliance, unlike
traditional rigid robots." ’ Recent studies have focused on soft
robotics inspired by biological systems.® For example, a wide
variety of living organisms, such as jelly shes,” shes,'°
octopuses,** frogs,'? salamanders,*® snakes,** rabbits,*® in-
sects,'® caterpillars,"*® and earthworms®® 2 has inspired the
design and fabrication of bioinspired robots. Among those, the
study of an earthworm’s locomotion has attracted signi cant
interest due to potential applications in environmental
exploration and agricultural automation.*?® The fundamental
principle of movement of every animal is to use their abilities Received: June 11, 2020 =
to perceive both the encumbrance of its body (proprioception) Accepted:  August 14, 2020 ~
and the external environment (exteroception).?® Rigid robots, Published: August 14, 2020
made of nondeformable materials, are amenable to proprio-

ception, because rigid mechanical joints regulate their

movements with limited degrees of freedom.?” Conversely, it
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Figure 1. Overview of a wireless strain sensing system integrated with a segment of a soft earthworm robot. (a) Nanocomposite strain sensor at
unstretched (left), stretched horizontally (middle), and twisted by ngers (right). (b) Sensor-embedded robotic segment at rest (top left),
uniaxially stretched (top right), outward bending (bottom left), and inward bending (bottom right). (c¢) Nanomembrane stretchable
interconnectors that can endure multimodal stretching and bending on a soft robotic segment without mechanical fracture. (d) Photos of a
miniaturized wireless circuit showing the top view of the entire circuit (top) and side view (bottom). (e) 3D-printed plastic case that incorporates
the wireless circuit with dedicated apertures providing physical access. (f) Flowchart showing the signal path from strain sensors to the mobile

device.

sensor by using a mixture of nanomaterials and polymers.
Although some of the prior works*’ “ show high stretchability
and high gauge factors of strain sensors, none of them has
demonstrated complete integration of a wireless, soft strain
sensor package with a soft robot for a locomotion study. Such a
full integration scheme is essential, especially when the soft
robot is designed to perform long-range, untethered
locomotion, such as conducting a large-area environmental
survey or a long-term agricultural soil analysis.

Here, we report a comprehensive study of materials,
mechanics, and electronics to develop highly stretchable strain
sensors, nanomembrane interconnectors, and miniaturized
wireless electronics, together with integrating with a soft
robotic earthworm. With the sensor package, this robot can
have capabilities of proprioception and exteroception, which
enable the control of its deformation and sensing of the
surrounding environment. The overall system is mechanically
compliant, which facilitates integration with the soft robot. An
electronic unit that both acquires and wirelessly transmits the
sensor data in real-time is embedded in a 3D-printed rigid
segment of the robot and is isolated from the direct e ects of
internal or external stresses. The highly stretchable and
sensitive strain sensors have a potential for various types of
applications in soft mobile robotics, exible wearable systems,
and machine interfaces.

RESULTS AND DISCUSSION

A Soft Electronic System with Strain Sensors,
Stretchable Interconnectors, and Wireless Circuits.
Figure 1 introduces a wireless strain sensing system that
incorporates strain sensors, nanomembrane stretchable inter-
connectors, and wireless electronics. Figure la shows the
ability of the soft nanocomposite strain sensor that endures
mechanical deformations, such as stretching and twisting,
without losing structural integrity. The soft robotic segment
shown in Figure 1b integrates the soft strain sensors on the
surface, which is also stretchable along its length and bendable.
We used two types of silicone elastomers to design strain
sensors (Eco ex 0030, Smooth-On) and soft robotic segments
(DragonSkin 10, Smooth-On). Such a tight sensor-to-body
integration enables accurate and sensitive detection of various
actuations performed by the soft segment as well as of external
mechanical stimuli presented by the environment. A detailed
description of the fabrication of sensors and robotic segments
appears in the Supporting Information, Figure S1.

Figure 1c shows thin and stretchable nanomembrane
interconnectors that are used to connect strain sensors with
a miniaturized printed circuit for wireless data acquisition. The
interconnectors are highly bendable and stretchable, providing
a compliant deformation mechanism that ensures the integrity
and stability of the electrical connection while being embedded
on the surface of the soft segment. The thin and exible circuit

https://dx.doi.org/10.1021/acsami.0c10672
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Figure 2. Development of a nanocomposite strain sensor and nanomembrane interconnector. (a) Schematic illustration of the fabrication process
of a soft strain sensor. (b) Multistep fabrication of stretchable interconnectors. (¢) Photos of a fabricated strain sensor at rest (left), 60% uniaxial
strain (center), and 60% biaxial strain (right). (d) FEA results, showing the same behavior as the experiment without mechanical fracture. Scale bar:
maximum principal strain. (e) Microfabricated stretchable interconnectors with 60% uniaxial strain (left) and with a zoom-in view of the stretched
patterns (center) and FEA result showing of the uniaxially stretched interconnector. Scale bar: maximum principal strain. (f) CNT-based strain
sensor embedded in a silicone elastomer. Cross-sectional views of microscope images (top and middle) show the CNT trace, while the SEM picture

(bottom) captures the densely packed CNT structure.

(Figure 1d) has densely packed chips for seamless integration
with a robotic segment. A detailed description of the circuit
design and chip components appears in the Experimental
Section and Supporting Information, Figure S2 and Table S1.
The wireless electronic unit is inserted into a 3D-printed
plastic case to protect it from external stresses during motions
of a soft robot. This case is made of two plastic halves that
snap- t together and connects two soft segments. Figure le
shows the packaging process along with necessary components,
including a switch, battery charging port, and sensor
interconnector.

The owchart in Figure 1f captures the entire process for the
detection of the multimodal segment deformation based on the
real-time sensor data. For each wireless electronic circuit, two
soft strain sensors are connected, while they detect time-
dependent resistance changes caused by segment actuation or
exposure to external mechanical stimuli. Based on the
Wheatstone bridge con guration, resistance changes in the
sensor cause the corresponding changes in voltages measured
at the output node of the bridge. The analog voltage data is
converted to digital signals by the onboard analog-to-digital
converter and is transmitted wirelessly via the Bluetooth Low
Energy unit to an external mobile device. Collectively, the

wireless sensor package o ers real-time monitoring of strain
changes on the surface of a soft robotic segment.
Fabrication and Characterization of Nanocomposite
Strain Sensors and Nanomembrane Interconnectors.
The fabrication of a soft strain sensor follows a scalable, low-
cost method that uses a screen printing technology (Figure
2a). In this study, we utilized a conductive nanomaterial,
carbon nanotubes (CNTSs) to design a highly stretchable and
sensitive strain sensor. The morphology of nanomaterials that
are used as a strain sensing element is a critical factor for
maximum stretchability. When embedded in a silicone matrix,
nanomaterials in 0D, 1D, and 2D behave di erently. According
to previous studies "> strain sensors that use high-aspect-
ratio 1D materials (Ag nanowires and CNTSs) show better
stretchability than sensors with other materials like carbon
nanoparticles and graphene.®® *° For a polymer matrix, we
considered both PDMS and Eco ex and selected Eco ex due
to the enhanced interfacial adhesion with CNTs as
demonstrated in the prior work.?® In this work, multiwalled
carbon nanotubes (MWCNT; Nanostructured & Amorphous
Materials) and a soft elastomer (Eco ex) were utilized to o er
both conductivity and stretchability. The OH-functionalized
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MWCNT was chosen due to its superior compatibility with
silicone elastomers to construct nanocomposite sensors.

To provide multiaxial stretchability, the strain sensor has an
open-mesh, serpentine pattern (Figure S3). Based on our prior
work,**®* we have identi ed optimal parameters to o er
stretchability, including a radius of curvature of 270° and a
trace width of 1 mm. By using a customized shadow mask, a
screen printing method fabricates CNT-embedded elastomeric
membranes (details in Figure S4). Afterward, a set of
nanomembrane interconnectors are mounted on the sensor’s
contact pads for electrical connection with a wireless electronic
system. Stretchable Ag ink (XE184E, Namics) is dispensed by
using a syringe directly onto the contact pads to ensure a rm
attachment while providing enough stretchability at the
junction. Following the interconnector bonding, the top layer
of an elastomer is prepared. The formulation of the top layer is
di erent than that of the bottom layer due to the added cure-
retardant component (Slo-Jo, Smooth-On), which allows the
top elastomer to Il the voids in the CNT network in the
printed trace. Such a process provides a better homogeneity of
the sensor while minimizing material dissociation at the
interface. Additional details of the fabrication processes appear
in the Experimental Section.

The nanomembrane stretchable interconnector is manufac-
tured by following a wafer-based multistep process (Figure
2b), including photolithography, thin Im deposition, dry/wet
etching, and material transfer printing.%® % As illustrated, at
the end of a microfabrication process, each wafer produces an
array of interconnectors and allows for selective and individual
removal of an interconnector during the transfer printing step.
The Au nanomembrane is sandwiched by polyimide (PI) to
place the core metal into the neutral mechanical plane, which
minimizes the bending stress. After the patterning, the
interconnector is retrieved from a carrying wafer and then
transfer-printed onto the stretchable membrane as prepared for
the strain sensor. We conducted a computational mechanics
study ( nite element analysis; FEA) to estimate the
mechanical behavior of both strain sensors and stretchable
interconnectors and to avoid undesirable failure from over-
stretching the components beyond the strain limit of the
incorporated materials. Figure 2c shows the top view
photographs of a single strain sensor reliably undergoing
uniaxial and biaxial stretching up to 60%. Figure 2d describes
the results of FEA for the sensor in both deformation states
showing the maximum principal strain in both models remains
under 1%, indicating the sensor’s structural compliance to both
uniaxial and biaxial deformations. In the same way, Figure 2e
shows the result of 60% uniaxial strain applied to the
stretchable interconnector on a soft membrane (thickness:
27 m), and an inset of a series of four ribbons. Instead of
creating locations of high-stress concentration, the individual
serpentine pattern allows for the unfolding of the ribbons into
more linear curves, which provides reliable and uniform
stretchability.

The resulting maximum principal strain below 1% assures
reliability for its deformation, considering Au’s fracture strain is
1%. Given the maximum expected strain on the sensor and the
interconnectors (located on the elongated side) is approx-
imately 15% from the segment bending in 90°, and these FEA
results, which used the 60% strain, portray the high and
su cient levels of mechanical stretchability in the sensor and
the interconnectors. An optical microscope investigation of the
printed sensor (top and middle images; Figure 2f) clearly

captures the Eco ex-sandwiched CNT structure. An additional
image (bottom image; Figure 2f), captured by a scanning
electron microscope, shows the successful penetration of
Eco ex inside the CNT trace. Even with a conductive layer
coating, the polymer matrix that integrates CNTs accumulates
electron charges during SEM imaging, which limits the
resolution. However, the SEM micrograph still shows CNT
bundles that are well mixed in the polymer.

Validation of the Performance and Mechanical
Reliability of the Sensors. Figure 3 summarizes the
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Figure 3. Validation of a strain sensor performance. () Uniaxial
stretching data that measures the resistance change of a strain sensor
with applied strain up to 100%. (b) Step stretching test from 0 to
100% (10% strain increase every 20 s) that highlights the relaxation of
the elastomeric substrate after stretching. Relaxation is marginal until
80% strain. (c) Uniaxial cyclic stretching test showing consistency of
the resistance variation over 500 cycles with 100% tensile strain. Inset
shows the data of 50 stretching events. (d) Magni cation of a single
stretching event from the cyclic stretching test in panel (c), showing
symmetric resistance variation in loading and unloading. (e) Uniaxial
cyclic test of a nanomembrane stretchable interconnector. Marginal
variation in resistance over 200 cycles with 60% tensile strain. Inset
shows data of a single stretching event. (f) Stress strain curve of the
interconnector in panel (e) with 100% tensile strain.

performance of a fabricated strain sensor, which includes
ultimate stretchability, sensitivity, and reliability during cyclic
stretching. A set of uniaxial and cyclic stretching tests was
conducted by using a mechanical stretcher and force gauge
(ESM303, Mark-10). Details of the experiment setup appear in
the Supporting Information Figure S5. The sensitivity of a
strain sensor is de ned by the gauge factor (GF):*

GF= *R where s the engineering strain showing the

ratio of the total displacement to the initial dimension, R is
the relative change in resistance, and R, is the initial resistance
at = 0%.
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Table 1. Comparison of the Design and Performance of Stretchable Strain Sensors

gauge stretchability
reference application sensor design material factor data acquisition (%)
This work strain detection for guided serpentine-patterned  Eco ex/CNTs 387 long-range wireless 100
robotic control sensor (Bluetooth)
Chong et al. monitoring of blood ow rosette type sensor PDMS/CB 75 wired 50
(2019)
Jeong et al. human motion detection rosette type sensor PDMS/GalnSn 2 near- eld wireless 50
(2017)
Gao et al. (2019) monitoring of human health strain sensor array Eco ex/SiC 250,000 near- eld wireless 5
Tang et al. plant growth monitoring linear strain sensor latex/graphite/CNTs 352 wired 150
(2019)
Chen et al. human motion detection transparent strain PDMS/CNTSs 14 wired 130
(2020) sensor
Wang et al. human motion detection rosette type sensor PDMS/CNTs 35.75 wired 45
(2018)
Gogurla et al. human motion detection strain sensor in Bio-  silk/AgNWs 30 wired 5
(2019) TENG
Lietal. (2020)  human motion detection linear strain sensor MWCNTs/PDMS 7.22 wired 40
microspheres
Lu et al. (2019)  human motion detection linear strain sensor MWCNTSs/PU 65.7 wired 3
Park et al. (2020) human motion detection linear strain sensor SWCNTs/PDMS 2.75 wired 80
Wang et al. human motion detection linear strain sensor TPU/CNTs/PDMS 0.339 wired 100
(2019)
Fu et al. (2019)  human motion detection linear strain sensor MWCNTs/PDMS 9 wired 40
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Figure 4. Detection of the bending deformation state with a pair of strain sensors. (a) Photos showing forward stretching of a soft robot segment.
Two chambers of the segment are in ated by the applied pressure (15 psi). (b) Voltage changes measured by two strain sensors during the cyclic
forward stretching of the robot in panel (a). Magni ed graph on the right shows measured voltage peaks for 60 s. (¢) Photos of the robot segment
undergoing left and right bending. (d) Cyclic bending data measured by a pair of strain sensors on the robot surface. Magni ed graph on the right
shows 100 second, out-of-phase voltage peaks.

Figure 3a summarizes the sensitivity (GF = 38.7) of the Figure 3d captures the behavior of the soft strain sensor in
fabricated strain sensor. The curve highlights a trend closely both loading and unloading conditions. Typically, a silicone
tting an exponential fashion with a value of R? = 0.996. Figure substrate has a long relaxation time when strain is applied. As a
3b shows the data of time-dependent changes of the sensor result, the relative resistance change during loading and
response when stretched up to 100%. In the experiment, the unloading shows an asymmetric relationship. However, the
sensor was held at a xed strain for 20 s following 10% soft sensor in Figure 3d shows a symmetric behavior in the

loading and unloading conditions. It was found out that the
deformation speed played a key role in governing the
relaxation e ect. In the tensile stretching tests, we used two
di erent speeds: 50 for Figure 3b and 200 mm/min for Figure
3c,d. While Figure 3b shows a typical viscoelastic behavior of
the elastomer-embedded sensor at a strain higher than 80%

stretching. Our sensor showed excellent stability in terms of
resistance (relative resistance changes less than 6%) when kept
at a constant strain until 80%. To validate the sensor’s
reliability, a cyclic stretching test from 0 to 100% uniaxial strain
has been performed up to 500 cycles. Figure 3c shows how the

strain sensor maintains its sensitivity throughout the whole with fast-speed deformation at a speed of 200 mm/min, the
experiment showing marginal drift in the value of  R/Rpat = strain sensor in Figure 2d shows a nearly symmetrical behavior
100%. The inset shows a detailed view of 50 cycles. The peaks of the resistance change during loading unloading cycles.
relative to each of the 500 cycles have been identi ed, resulting With short deformation time, the CNTSs in the nanocomposite
in an average GF = 34.6 with a standard deviation = 22. were minimally in uenced by the rearrangement e ect of
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CNTs in the silicone matrix. In addition, Figure 3e summarizes
the result of cyclic stretching of a fabricated nanomembrane
interconnector with 200 cycles from 0 to 60% strain. The result
shows negligible resistance change ( R/R, = 0.02), compared
to that from the strain sensor ( R/Ry = 40). Figure 3f captures
the stress change of the interconnector according to the
increased strain up to 100%. Collectively, Table 1 compares
the design and performance of the strain sensor in this study
with published works,*” **¢ 7 which captures the main
contribution of our work that reports a fully integrated wireless
sensor system for a soft robot application. The measured
experimental data were used to accurately model our strain
sensor for the FEA simulations. In the computational study,
the Ogden function™ for energy potential was used to study
large deformations in soft sensors and soft robotic motions.

Quanti cation of the Deformation of a Soft Robotic
Segment. Figure 4 summarizes a quantitative detection and
analysis of a soft robot’s deformation via surface-embedded,
soft strain sensors. The main goal of this study is to
demonstrate the sensor’s ability to detect the encumbrance
of the robot body (proprioception) and to perceive the
surrounding environment and adjacent objects (exterocep-
tion). As shown in Figure 4ab, when the soft segment
performs forward stretching (40%), both left and right strain
sensors respond simultaneously to the internal stimulus. In
addition, the strain sensor can monitor the segment’s cyclic
bending in di erent directions (maximum bending: 60°). In
the experimental study, the segment’'s base was completely

xed to a metal plate to ensure stability during the deformation
test. We used a pneumatic controller to in ate the soft robotic
segment with an internal pressure of 15 psi. Figure 4a captures
photos of a soft robotic segment that is elongated vertically due
to the applied pressure. The magni ed data set in Figure 4b
shows identical voltage peaks on the two curves, capturing an
accurate response from two strain sensors on the simultaneous
elongation of the soft segment. Figure 4c shows photos of a
cyclic bending test of the soft robotic segment that undergoes
repeated bending to the right and to the left (over 50 times).
The measured data in Figure 4d clearly captures that two
sensors can detect the bending deformation in di erent
directions. While the voltage peaks ( V = 400 mV) are
consistent with the forward stretching case, left and right
bending cases show out-of-phase signals. Whenever one sensor
undergoes stretching, the opposite sensor produces a small
voltage drop ( V = 40 mV), associated with its
corresponding compression. The details of the real-time
actuation of the soft robotic segment and wireless acquisition
of strain sensor data appear in Supporting Video S1 and Video
S2.

Pro ciency of Soft Nanomembrane Sensors in the
Robot’s Proprioception and Exteroception. Figure 5
represents a set of experimental studies that capture the soft
sensor's capabilities in proprioception and exteroception
caused by internal and external stimuli to a soft robot. A pair
of stretchable strain sensors is mounted on the surface of a
robotic segment by using Eco ex as a glue to enhance the
adhesion. No relative dissociation or delamination between the
parts was observed during the mechanical tests and other
actuation experiments. Figure 5a shows a sequence of
alternating voltage peaks that are caused by the alternative
right and left bending motions of the segment. Figure 5b is
associated with a repetition of left bending, aiming to generate
voltage signals associated with being repeatedly compressed by

Figure 5. Pro ciency of soft robot-embedded nanomembrane sensors
in proprioception and exteroception. Series of photos and
corresponding graphs show various types of robot actuation and
measured data by two sensors and wireless electronics. Soft robot
segment undergoes the following motions: (a) alternating left and
right bending, (b) repeated left bending, (c) actuated elongation, (d)
vertical compression, (e) tactile sensing on the left side, (f) tactile
sensing on the right side, (g) simultaneous lateral compression, and
(h) simulated ground vibration.

the bending motion of the segment (e.g., the left sensor). For
the demonstration of exteroception, we applied external
pressure to the soft robotic segment. When the robot segment
is elongated (Figure 5¢), two soft sensors show sharp peaks in
the measured voltages. Afterward, the robot segment is
compressed by applying a downward force to the terminal
end (Figure 5d), which mimics a situation where the motion of
the segment is impeded by a rigid object. Figure 5e,f shows the
responses of two sensors when external directional forces are
applied. In Figure 5e, the left side of the robot segment is
repeatedly pushed by a nger while Figure 5f shows the applied
force to the right side of the segment. Two sensors that are
mounted on the segment’s surface clearly detect the directional
forces and amounts. When forces are applied simultaneously
(Figure 5g), then two sensors show identical changes in the
voltage measurement. Figure 5h mimics an environmental
noise that an earthworm robot may experience in the soil. The
gentle tapping of the segment’s base plate causes ground
vibration. Two sensors can successfully detect the small voltage
changes (100 mV). Overall, the sensor-embedded robot
segment demonstrates its capability to detect both internal and
external stimuli, which mimic realistic situations that an
earthworm robot will experience. Based on this study, our
future work will focus on automatic detection and classi cation
of external stimuli toward feedback loop control of a soft
earthworm robot.

Application of the Wireless Strain Sensing System for
Integration with a Soft Robotic Earthworm. Figure 6
shows a possible application of the newly developed strain
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Figure 6. Application of the wireless strain sensing system for a soft
earthworm robot. (a) Photo of an earthworm (Lumbricus terrestris)
that has a long, exible, segmented, and hydrostatic skeleton. (b) Soft
robotic earthworm moving through a heterogeneous environment. (c)
Schematic illustration of the robot, including embedded two pairs of
strain sensors, miniaturized wireless electronics in a 3D-printed
custom connector, and soft tubing for pneumatic actuation of the
robot. Each segment has two inner chambers, which allows the
segment to bend left and right and extend longitudinally (indicated by
red arrows).

sensing system for full integration with a soft earthworm robot.
Earthworms (Lumbricus terrestris) have segmented, hydrostatic
skeletons and during crawling and burial can use a peristaltic
gait de ned by the elongation and contraction of longitudinal
and circular muscles around the body in sequence.”” We
designed a soft earthworm robot using the most widely used
pneumatic elastomer actuators to model the shape and basic
behavior of natural earthworms living in a heterogeneous
environment (Figure 6a). Based on an elastomeric con-
struction,”® the soft robot (Figure 6b) is constructed by
connecting ber-reinforced soft pneumatic actuators presented
in the previous section in series. Each actuator has two half-
cylinder inner chambers (r = 12.5 mm) that are made of two
concentric layers of elastomer with Kevlar threads between as
reinforcement. As described earlier, each actuator is capable of
bending and elongating depending on the pressure di erence
of its two inner chambers. Details of the fabrication process
and the structural description of the robotic worm appear in
the Experimental Section and Figure S1. Between each
actuator, there are 3D-printed plastic cases that serve as both
the mechanical joints and environmental shield for the wireless
electronics. The printed case has two apertures: one for the
stretchable interconnectors connecting strain sensors with the
circuit and the other for the connection of a rechargeable
battery. Figure 6c¢ illustrates the details of the robot that shows
the integration of multiple soft segments, strain sensors, and
wireless electronics. The system allows the integration of
numerous segments to replicate the movement of worms of
di erent sizes. However, to simplify the design and control
system in this work, we built the robot with four segments: two
for anchoring (bending segments at the front and back) and
two for elongation (middle segments). In this study, we used
the pneumatic actuation to control the soft earthworm robot
due to the high power density and resilience. The elastomer-
based actuators mimic the shapes and behavior of real
earthworms. Overall, this study shows the feasibility of
successful integration of stretchable sensors and wireless
electronics with a soft robot. The ultimate goal of this study
is to use multiple soft sensors for the detection of pressure

changes from the mechanical interaction of the robot with its
surrounding. The robot will then use this feedback for closed-
loop control of locomotion to utilize or avoid obstacles, such as
the ground and the rocks. Such feedback can also allow the
robot to modulate and optimize its gait according to its
environment.

CONCLUSIONS

In this paper, we introduce a newly developed soft electronic
system, including an array of nanocomposite strain sensors,
stretchable interconnectors, and wireless electronics, which is
seamlessly integrated into the body of a soft robotic segment
for detection of its deformation. The high elasticity of the
CNT-based nanocomposite, employed in the sensor fabrica-
tion, guarantees excellent compliance for the whole range of
movements (bending and stretching) that the robot could
perform. Moreover, the high sensitivity of CNT-enabled strain
sensors makes this system suitable for multimodal tactile
sensing. The wireless electronic system that incorporates soft
sensors shows the potential for other applications that require
remote monitoring and obstacle detection with untethered
robots. Future work will focus on the study of precise
pneumatic control and feedback loop control of a soft
earthworm robot in realistic soil environments.

EXPERIMENTAL SECTION

Fabrication of a Nanocomposite Strain Sensor. The strain
sensor consists of a screen-printed serpentine trace of multiwalled
carbon nanotubes (Nanostructured & Amorphous Materials)
sandwiched between two layers of a silicone elastomer (Eco ex
0030, Smooth-On). OH-functionalized CNTs have been chosen
among other types of functionalization due to their good
compatibility with elastomer matrices. The rst layer of a silicone
substrate is poured on a glass slide coated with polyvinyl alcohol
(PVA) Im and let cure. The CNTSs are deposited through a shadow
mask that is prepared by a femtosecond laser micromachining system
(Optec WS-Flex). Microfabricated stretchable interconnectors are
joined to the leads of the CNT-printed trace by using stretchable
silver ink (XE184E, Namics). The microfabrication of stretchable
interconnectors uses a PDMS-coated silicon wafer as a handle
substrate. On top of the PDMS layer, layers of Pl and Cr/Au are
deposited and patterned through metallization, photolithography, and
etching. After the patterning, we utilize a water soluble tape to
selectively retrieve each interconnector from the wafer to transfer
print on a soft elastomer (Eco ex) for subsequent encapsulation and
integration with a robotic segment. More details of the micro-
fabrication of strain sensors and stretchable interconnectors are
provided in the Supporting Information Note S1. Following the ink
curing process, the second layer of silicone is poured for encapsulation
of the device and let cure. The entire device is then cut out and peeled
o from the underlying PVA Im.

Fabrication of a Wireless Electronic Circuit. The data
acquisition system for the strain sensor includes a Bluetooth Low
Energy microcontroller (nRF52832, Nordic Semiconductor) inte-
grated with a two-channel 24-bit analog-to-digital converter front end
(ADS1292, Texas Instruments), with the inputs con gured as a
Wheatstone bridge. The system is powered by a rechargeable lithium
polymer battery (3.7 V). The front end chip simultaneously samples
at 125 samples per second on both channels, and the data are
transmitted wirelessly to an Android tablet, where the data are
plotted, recorded, and analyzed. The wireless transmission latency is
about 20 ms. The Bluetooth module is capable of maintaining a
robust wireless connection with the tablet for up to 20 m. A complete
list of electronic components used for the wireless circuit is shown in
Table S1.

Fabrication of a Soft Earthworm Robot. The soft earthworm
robot is assembled using four repetitive, 140 mm-long soft segments.
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