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1. Introduction

The way biological organisms use proprioception to perceive their
position in space and to adapt to uncertain environments by chang-
ing postures has intrigued and inspired scientists to develop biomi-
metic engineered systems. These include soft robots with soft,
stretchable, and deformable materials enabling infinite degrees
of freedom.[1] For example, by imitating the simple locomotion pat-
terns of worms[2,3] belonging to the phylum of arthropods[4] and
annelids,[5] researchers have demonstrated the potential of using
robots in constrained environments such as moving through a nar-
row hole. Such imitations of movements raise the hope that with
further advances it will be possible to enable autonomous soft
robots to conduct complex tasks such as grasping and controlled
manipulation of objects. However, the literature on soft robotics
shows that real-time sensory feedback, which is critical for such
controlled locomotion or tasks, is generally missing.[6a�d]

As a result, most of the biomimetic soft
robots reported so far have imitated simple
movement patterns of biological
organisms.[7,8] On the contrary, the
complex movements in biological organ-
isms are coordinated by proprioceptive
sensory receptors and the nervous
system. Such movements in soft robotics
can be attained with sensors such
as thermally/electrothermally driven
bimorph soft actuators[6e] and triboelectric
nanogenerator-based sensors.[6f]

Unlike soft robots, the conventional
rigid robots do not involve high degree of
stretchability, or deformation, except at
locations such as joints. Hence, stiff sen-
sors were sufficient for closed-loop control
in rigid-bodied robots.[9] However, such

approaches in soft robotics are challenging due to difficulties
related to integration or embedding of stiff devices in the flexible
and deformable structures. The stiff devices also constrain the
movements or bendability and due to the huge mismatch in
mechanical properties of stiff sensors and soft robotic body,
the overall system is prone to failure.[6c,d,10] Further, the dynam-
ics of soft robots are usually more complex due to the nature and
distribution of driving stimulus and the nonuniform mechanical
properties of composite materials and as a result it is difficult to
sense all conformations under external stimulus.[6c] The hyster-
esis and nonlinear behavior of the commonly used soft elasto-
meric materials also make it difficult to use stiff sensors to
control the movements.[11] The above challenges explain why
almost all the soft robotic manipulation and control works so
far have been demonstrated with no or little sensory feedback.
They have been conducted either by preprogrammed stimulus
variations or by instantaneous manual adjustments.[12] The
hyperelastic complex deformation of the soft objects makes it dif-
ficult to develop accurate models. Also, most of the current mod-
els consider sensing and actuation as separate entities.[13] As a
result, the demonstrations under laboratory conditions may
not yield desired results during deployment in the real
world.[1a,14] The variety of flexible and stretchable sensors[15]

and electronic or tactile skin[10d,16] can offer better solutions
for integration of sensors on soft robotic structures. The sensors
can provide instantaneous deformations (proprioception) or the
real-time state of the soft robot’s body.[1b] However, most of the
reported sensors[15a,b] have limited conformability with soft
objects or surfaces and are not readily customizable to suit
the dimension, shape, and functionality of the soft robots.
Further, the number of sensors that can be accommodated on
the soft robotic surface is limited, thus hindering the desired
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performance of the soft robot.[17] The seamless integration of
sensors and actuators throughout the body of a soft robot, just
as biological organisms have, can help resolve such challenges.

Addressing the earlier need, herein, we present soft structures
with intrinsic strain sensing provided through “seamlessly
embedded” sensing material. The fully embedded sensing mate-
rials in the soft robotic structure provide intrinsic strain-sensing
capability without occupying additional space. The custom-made
graphite paste[1e]-based ultrastretchable (900%), highly sensitive
(103 up to �200 and of the order of 105 at around 700% linear
strain), and fast-responding strain sensors (detailed fabrication
given in Experimental Section) presented here can be easily
embedded in the soft robotic structures. Tiny permanent mag-
nets are incorporated at the ends of worm-like soft robotic struc-
tures to allow controlled movement.[18] The sensing and the
potential for “proprioceptive soft robots”[1b] have been demon-
strated through magnetically driven soft robots with a worm-like
tubular body, as schematically shown in Figure 1. Specifically,
soft robots with inchworm- (phylum: arthropods) (Figure 1a)
and earthworm (phylum: annelids) (Figure 1c)-like shapes and
movements have been developed. The graphite paste is fully

embedded in the soft robotic structures, following a bioinspired
approach (Figure 1b) to provide instantaneous feedback about
deformation. The presented solution can also be used with other
soft robots that are controlled using alternative actuation techni-
ques such as pneumatic, electroactive, dielectric, shape memory
(SMA), etc.[19] The inchworm robot presented here utilizes the
ultraflexibility of the developed strain sensor to track its locomo-
tion resembling a real inchworm (Figure 1a,d). Likewise, the
cyclic locomotion of earthworm-type soft robot utilizes the ultra-
stretchability of the developed strain sensor for precise closed-
loop feedback control (Figure 1c,d). These results demonstrate
new possibilities for using soft robots with intrinsic sensing
in applications such as delicate surgery inside the body.

2. Results and Discussion

2.1. Performance of the Ultrastretchable Strain Sensor

Ultrastretchability of sensors, in particular strain sensors, is cru-
cial for soft robotic applications. In this context, we fabricated an
ultrastretchable soft tubular strain sensor using the graphite

Figure 1. Concept of the bioinspired earthworm and inchworm soft robots with seamlessly embedded sensors. a) Locomotion of inchworm (Image: Katja
Schulz/Flickr, reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Internation license (https://creativecommons.org/licenses/by/4.0/)).
b) General anatomy of worm-like organisms and the design and cross-section view of the soft robot with embedded sensor. c) Locomotion of earthworm (Image:
Brian Gratwicke/Flickr, reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/
by/4.0/)), d) typical features of piezoresistive elastomeric strain sensors, e) theme of this work, and f ) significance of this work with respect to state of art.
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paste material and Ecoflex (fabrication and characterization pro-
cedure given in Experimental Section) and demonstrated its per-
formance (see Movie S1, Supporting Information) for potential
soft robotic applications. The outer diameter of the strain sensor
is �2mm. Figure 2a shows the images of the strain sensor with
0% and 200% stretching. The fabricated sensor was character-
ized for its electromechanical performance using a custom strain
response arrangement with two stepper motors controlled by a
custom LabView program. The two ends of the sensor are
attached at the edge of each of the stepper motor platform
and linearly strained by the synchronous backward and forward
motion of the motors. The sensor’s instantaneous resistance is
recorded with a digital multimeter and the LabView interface. As
shown in Figure 2b, the sensor exhibited significant and periodic
variation of resistance with respect to the applied cyclic linear
strain. As the strain increases, the resistance increases to a max-
imum value in proportion to the applied strain. For example, the
maximum relative change of resistance, ΔR/Ro, was around
13%, 30%, 100%, 150%, and 300% for maximum applied strain
of 5%, 10%, 50%, 100%, and 200%, respectively. Finally, to find
the maximum stretchable limit, the device was stretched, as
shown in Figure 2c, until the elastomer snapped. As evident
from the figure, the device was able to stretch up to 900% without
damage. At this elongation, the device snapped at the contact
end, where it experienced greater tension while stretching.
The obtained stretchability is in accordance with the stretchable
limits of Ecoflex of up to 900%.[20] The very high values (�5 k) of

ΔR/Ro exhibited by the fabricated sensor are significantly higher
than the strain sensors reported in the literature[21] (see
Figure S1, Supporting Information) with similar materials and
designs.[15a,22] The ultrastretchability of the strain sensor is dem-
onstrated in the Movie S2, Supporting Information, and the cor-
responding sensor response is shown in Figure 2d (Here, the
stretchability was up to �800% before it broke as device�device
variation in the maximum breakpoint was expected.) As shown
in Figure 2d, the sensor is highly sensitive, and the resistance
increases slowly and reaches a maximum at the break point.
This is attributed to the fact that with the stretching of the elas-
tomeric sensor, the conducting graphitic particles move apart
and reduce the percolation path and electrical conductivity.
This is evident from the sensitivity of the order of 103 up to
�200 and of the order of 105 at around 700%. The response var-
iation is linear in the region 100�600%, as evident from the fig-
ure. The slight fluctuations in the response are because of the
manual nonprogrammed stretching by hand. It may be noted
that even though the stretchability of the order of 900% assures
the safe deployment of these ultrastretchable sensors, the device
will be more reliable in the operating ranges slightly below the
stretchability limits. The sensitivity of the ultrastretchable design
may be also dependent on various other factors such as conduc-
tive matrix, relative distribution of the particles, available electri-
cal conduction (percolation) paths and thereby the degree of
reconfiguration, the cross section perpendicular to the direction
of stretching, etc.

Figure 2. a,b) Controlled stretching of ultrastretchable tubular strain sensor for 0% (a) and 200% (b) dynamic strain response resistance variations of the
strain sensor measured for 20 continuous cycles up to 5, 10, 50, 100, and 200% linear strain. c) Testing the break limit of the sensor (900%) and d) the
image of electrical performance under 700% strain.
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2.2. Application of the Fully Embedded Strain-Sensing System
for Biomimetic Soft Robots

Bringing together the sensing capability of our developed ultra-
stretchable strain sensor, flexibility of the elastomeric medium
(Ecoflex), and established concepts of magnetically driven soft
robots, we have designed the earthworm- and inchworm-type soft
robots and demonstrated their external magnetic field-driven
movements with intrinsic sensing and closed feedback control.
The earthworm soft robot uses the stretchability and correspond-
ing response of the strain sensor and for this purpose, the ultra-
stretchable tubular design of the sensor was further improvized
(details given in Experimental Section) to fabricate the soft robot,
which can be manipulated via external magnetic field. The fabri-
cated earthworm robot is �4.5 cm in length and 4mm in diam-
eter, resembling an earthworm body (typically having diameter
�3mm and length of the order of few cm), which is boneless
and can be elongated by 100�200% of its original length during
locomotion. In the fabricated soft robot, the hollow cylindrical
Ecoflex acts as the soft elastic tissue of the earthworm and the
inner graphite paste channel as its sensing system. The two
NdFeB magnet pairs embedded within soft body which can actu-
ate forward or backward depending upon the direction of the
applied external magnetic field act as the muscular system to

enable the locomotion of earthworm-type robot. The arrangement
for the demonstration of the earthworm soft robot locomotion is
shown in Figure 3a, as well as Supporting Information, Figure S2,
Supporting Information. For this purpose, a transparent tube with
a diameter of �1.5 cm is mounted horizontally and the tubular
worm-like soft robot is placed in the middle of the tube along
the axis. Two NdFeB permanent magnets (50� 50� 5mm,
24 kg vertical pull, from Magnet Expert Ltd. UK) were attached
to the two linear motor stages and placed just below the tube close
to the head and tail of the earthworm robot in such a way that they
controlled the two ends of the soft robot (Figure 3a). Holding the
tail stationary with the magnet (motor), the other linear motor
moves forward (away from the first motor) and as a result the other
end of the earthworm robot stretches. This is accompanied by
simultaneous proportional increase in the strain and thereby
increases the sensor output. The magnet (motor) moves forward
and stretches the earthworm robot until the resistance value
reaches the upper-threshold value of resistance (5 kΩ), which
can be set in the LabView program based on desired stretching
in each step. The motor at the tail end is programmed to respond
to the upper-threshold resistance value and it moves forward as
soon as the threshold value is reached. The magnet attached to
the motor thus drags the tail portion of soft robot forward so that
it contracts to its original length. During this, the resistance also

Figure 3. a) Concept and sequence of earthworm soft robot locomotion. b) Single-cycle closed-loop-controlled locomotion of earthworm robot and c) the
corresponding sensor response and motor position. d) Consecutive five cycles of robotic actuation and e) corresponding sensor response and motor
position.
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decreases and once the resistance reaches the lower-threshold
value (corresponding to equilibrium state), the motor at the head
end of the soft robot moves, leading to further earthworm-type
movement. In our experiment, even though both the motors
can be made to modulate under closed feedback loop, for conve-
nience, as well as to demonstrate the adaptiveness of the closed-
loop soft robot actuation to unprogrammed stimulus, the rear
motor is operated under manual control and front motor under
automatic (closed loop) control. These cycles are repeated to obtain
(See Supplementary Movie S3, Supplementary Information) con-
trolled movement of soft robots, mimicking the earthworm loco-
motion, as shown in Figure 3a. Figure 3b shows one such
actuation cycle of the soft robot and Figure 3c shows the corre-
sponding strain sensor response and the instantaneous motor
position being controlled by closed feedback. As the motor moves,

the resistance reaches an upper threshold of around 1150% or ini-
tial value where motor stops, and the earthworm robot was
stretched up to around 33% of its original length. Once the soft
robot is restored to its lower-threshold resistance (�1 kΩ) state, the
motor moves again. Here, the one cycle of distance 2.5 cm was
completed in 33 s (average speed:�0.8 cm s�1). Figure 3d,e shows
similar soft robotic locomotion for five consecutive cycles of
smaller strokes traversing a total distance of 2.5 cm in 23 s (average
speed:�0.1 cm s�1). Assuming the tube as a blood vessel or other
internal organ of the body, one can guess the advances possible
with such controlled movements in the biomedical field, for exam-
ple, clearing the blockage in a blood vessel.

We also developed a new inchworm (Figure 4a)-type soft robot
(fabrication procedure given in Experimental Section), which uti-
lizes the bendability of the strain sensor. The cross section and

Figure 4. a) Inchworm (Image: Katja Schulz/Flickr, reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0/)), b) cross-section view of inchworm-type soft robot. c) Fabricated inchworm soft robot, d) in bending
configuration and e) movement and f ) Locomotion mechanism with magnetic field movement. g) Instantaneous strain-sensing response during loco-
motion. h) locomotion with forward and reverse direction. i) Schematic of locomotion with single magnet actuation. j) Sensor response during single
magnet actuation. k) Locomotion cycles with single magnet actuation.
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image of the fabricated inchworm-inspired magnetic soft robot
are shown in Figure 4b,c, respectively. The inchworm robot is
around 4 cm in length and has cross-section area of around
6mm. Here, Ecoflex acts as the soft elastic body of the inchworm
and the inner graphite paste channel as its sensing system. The
two NdFeB magnet pairs embedded within the soft body can
actuate forward or backward motion depending upon the direc-
tion of the applied external magnetic field enabling the locomo-
tion of the inchworm robot. When there is no external magnetic
field, the soft robot lies in the flat position as in Figure 4c.
Figure 4d shows the bending state of the inchworm robot.
Figure 4e shows several cycles of the closed-feedback-controlled
inchworm-inspired locomotion. The magnetic actuation scheme
is schematically shown in Figure 4f and in Figure S2, Supporting
Information. The actuation protocol is similar to the one followed
for the earthworm soft robot locomotion discussed in the previ-
ous section and Figure 3a, except that the two linear motors
(thereby attached magnets) move closer from the equilibrium
position while they move apart for earthworm motion. This is
in accordance with the fact that the earthworm motion relies
on stretching deformation, whereas inchworm locomotion relies
on bending deformation. Also, the demonstration is conducted
in the open stage for unrestricted bending deformation as com-
pared with the earthworm motion within a tube. In a typical
experimental procedure, assuming the soft robot initially in
the flat configuration, the two magnets attached to two linear
motors are aligned in the head and tail regions of the soft robot.
Now, the sensor resistance of the soft robot will be minimum.
Maintaining the head firm with the magnet (motor), the other
linear motor (tail region) is moved forward (toward the head
motor) and as a result the inchworm robot bends, anchored at
its head and tail. The bending deformation of the robot is pro-
portional to the proximity of the two motors and is reflected by
the corresponding systematic increase in sensor resistance.
When the resistance reaches the upper threshold, the motor
stops in response to the sensor feedback. The motor (head
region) then moves forward, transforming the bend worm
toward the flat state accompanied by the decrease in resistance.
When the lower-threshold resistance is reached, the tail end
motor again starts to move, approaching the head constituting
the next cycle of locomotion. In our experiment, even though
both the motors can be made to modulate under closed feed-
back loop, for convenience, as well as to demonstrate the
adaptiveness on the closed-loop soft robot actuation to unpro-
grammed stimulus, the front motor is operated under manual
control and back motor under automatic (closed-loop) control.
These cycles are repeated to obtain (See Movie S4 in supple-
mentary information) controlled movement of soft robots
mimicking the inchworm locomotion, as shown in
Figure 4a. Figure 4g shows the corresponding strain sensor
response and the instantaneous motor position being con-
trolled by closed feedback loop for three consecutive cycles.
The lower- and upper-threshold resistances (ΔR/Ro) for
feedback are around 200% and 350%, respectively.

The resistance variation during inchworm locomotion is much
lower as compared with the earthworm locomotion as the former
utilizes the stretchability and latter utilizes the bendability. The
soft robot completes three cycles of locomotion with a total dis-
tance of 25mm in around 50 s, which could be even faster if both

motors were controlled automatically. The few random spikes in
the resistance are attributed to the frictional disturbance between
the surface and the soft robot. However, for the smooth transition
of the motor, unaffected by these noises, various other parameters
such as tolerance, stabilization, etc. related to the motor driver and
feedback program can be chosen. Figure 4h shows similar loco-
motion cycles with forward and reverse direction. Here, in the for-
ward direction, the closed-loop locomotion is in the same manner
as in Figure 4g. Once the soft robot reaches the target point and
remains at rest (no stimulus), the motor also remains stationary.
Once the motor is set in reverse movement mode and manually
operated, the other motor can be driven under sensor feedback
response of the soft robot, thus continuing the cyclic locomotion
in the reverse direction. This demonstration also asserts the poten-
tial of the presented soft robot control approach for task-oriented
path planning. Unlike earthworm locomotion, the presented mag-
netic inchworm soft robot could be manipulated by magnetic field
by two schemes—the one by the already discussed two-magnet
mode and the other is with a single-magnet mode. Here, when
a magnet is brought toward and moved away from the middle
region of the robot in a periodic fashion (schematically shown
in Figure 4i), the soft robot exhibits systematic inchworm-
inspired locomotion cycles, as shown in Figure 4k. The corre-
sponding systematic variation of strain response is shown in
Figure 4j. When the soft robot is in the bent state, the resis-
tance is increased by 36%, as compared with its flat equilib-
rium state. It may be noted that the relative change in
resistance as well as the noise is less as compared with the
two-magnet locomotion scheme (Figure 4g). This is because
the two magnets strongly anchor the soft robot on the moving
surface and closely interact with the soft robot, yielding a more
time-dependent dynamic strain. At the same time, in the latter
case, the single magnet does not anchor the soft robot on the
locomotion surface and therefore the dynamic stress during
actuation is lesser. However, the two-magnet actuation pro-
vides better controlled locomotion than the single magnet
in the presented scenario.

3. Conclusion

The soft robotic earthworm and inchworm locomotion experi-
ments show that the instantaneous feedback from the fully
embedded intrinsic strain sensors can provide the critical infor-
mation needed to manipulate the soft robots. This will impart the
precision and greater adaptability to soft robots to operate in
diverse environments. The soft structures with seamlessly
embedded sensors, as in biological organs, will transform soft
robotics by enabling better control over the movements. This arti-
cle demonstrated the first example of such sensory integration
in a record stretchable (900%) soft structure. Using this
strain-sensitive material, Ecoflex and NdFeB magnets, we fabri-
cated biomimetic earthworm and inchworm soft robots with fully
embedded strain sensors and demonstrated their controlled loco-
motion and simultaneous sensing capability. The demonstration
of closed-loop-controlled bioinspired soft robot locomotion
shows the potential of intrinsic-sensing stimulus-responsive soft
robotics for real applications and brings soft robotics a step closer
to biological systems.
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4. Experimental Section

Ultrastretchable Strain Sensor Fabrication: The graphitic sensing material
was prepared by mixing 2 wt% of dispersant Triton X-100 (Sigma Aldrich)
and 5 wt% ethyl cellulose in terpineol (Sigma Aldrich) and magnetically
stirred for 2 h. Following this, graphite powder was added and stirred con-
tinuously for 12 h. The hollow elastomer tubular body of the ultrastretch-
able soft robot was obtained by following the replica molding approach. A
solid plastic rod of diameter of around 1mm was utilized as a mandrel
over which a thoroughly mixed Part A and Part B Ecoflex 00-30 was applied
as a thin layer. Once the elastomer was cured, the plastic core was
removed to obtain a hollow elastomer tube of desired length. Then,
the synthesized graphite paste was carefully filled inside the tube with
the help of a syringe. Afterward, electrical contacts were made at both ends
of the elastomer and were encapsulated with silver paste. The fabricated
tubular strain sensor was investigated for its mechanoresponse, using the
same arrangement, as given in Supporting Information.

Fabrication of Earthworm- and Inchworm-Based Biomimetic Locomotive
Soft Robots: For the fabrication of earthworm soft robot, the ultrastretch-
able tubular design of the strain sensor was further improvized in such a
way that it was manipulated via external magnetic field. A hollow tubular
elastomeric structure was first obtained as explained previously, with a
slightly larger diameter of 4 mm and length of 4.5 cm. After conducting
a similar procedure, as in the case of the ultrastretchable strain sensor,
the two ends (head and tail) of the tubular structure were made magneti-
cally active by a set of ten numbers of tiny N42-grade (each of 3 mm dia.,
1 mm thick, 0.19 kg vertical pull) NdFeB magnets (from Magnet Expert
Ltd, UK) on both ends. Afterward, the electrical contacts were made from
both sides.

The inchworm soft robot was fabricated using a similar approach, as in
the case of earthworm soft robot, except that a 3D-printed mold was uti-
lized. Ecoflex prepolymer mixture (with coloring additives) was poured in a
3D-printed mold of dimensions 4 cm length and 0.6 cm diameter, resem-
bling an inchworm with an inner hollow channel of 1 mm diameter. Once
the elastomer was cured, the inchworm-like elastomeric structure was
removed from the mold and sensitive graphite paste was filled inside
the tubular channel. Further, the ends of the elastomer were sealed with
ten numbers of tiny N42-grade (each of 3 mm dia., 1 mm thick, 0.19 kg
vertical pull) NdFeB magnets (from Magnet Expert Ltd, UK) on both ends.
Afterward, the electrical contacts were made from both sides.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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