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1. Introduction

Recent emergence of robots made of soft
materials and structural compliance has
underpinned the superiority of nature’s
design principle.[1,2] Beginning with the
mimicry of basic biological shape-
morphing mechanisms, exemplified by an
octopus’ arm[3,4] or fish’s fin,[5,6] this
newer class of design paradigm has
reached the point of harnessing their
muscular structures,[7] material composi-
tions,[8,9] and embodied locomotion
principles.[10–14] In a similar context, the
structure of soft actuators is accordingly
based to some extent on the anatomical
structure of biological muscle tissues,
where muscle cells are innervated and
activated by closely coupled somatic motor
neurons via the neuromuscular junction.

For example, soft artificial “muscles” are built upon the seam-
less entanglement with embodied fluid flows (“fluidic nerve”;
e.g., pneumatic network[15–18]) or electronics-induced stimula-
tion (“electronic nerve”; e.g., dielectric elastomer actuator
[DEA],[19,20] Joule-heating-assisted phase transition,[13,21]

and biohybrid stimulation[9,22,23]) (Figure S1, Supporting
Information). In light of this design perspective, existing soft
robot systems mostly rely on the predefined coordination of
muscles and nerves.

Adaptive and extreme changes in shape and configuration
are the functional and morphological uniqueness of soft robots
that traditional robots have found difficult to achieve. In fact,
studies of robot functions accompanied by large deformation
corresponding to several times the initial length, such as soft
origami designs[24–27] or vine-like growing robots,[28] have
highlighted the cutting-edge branch of the soft robot field.
Nevertheless, shape-morphing behaviors based on the prede-
fined and limited coordination between “muscles” and
“nerves” identify intrinsic hurdles for versatile uses. For exam-
ple, the actuation profiles of the soft pneumatic origami robots,
whose crease patterns are closely coupled with embedded flu-
idic “nerve” networks, produce only preprogrammed folding/
unfolding motions.[25–27] In this respect, achieving versatile
shape-morphing profiles may require dynamic reconfiguration
(i.e., selective and reversible attachment or detachment) of both
muscle and nerve parts within the robot body. Modular designs
as a potential alternative hold promise for an extensive range of
structural reconfiguration for both muscle and nerve parts,
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Adaptive and extreme changes in shape and configuration are the functional and
morphological uniqueness of soft robots, but existing design approaches still rely
on the predefined coordination of their “muscle” and “nerve” functions to
produce such behaviors. Herein, a strategy is introduced for building modular
soft machines that can be innervated in ways that conform to their body
extension or shape changes, based on modular soft electronics. The development
of soft electronic adhesive interlocking (SEAL) technology allows for instant,
robust, and repeatable integration of soft electronic modules that can “innervate”
and activate modular soft actuators and machines in a reconfigurable manner.
Demonstrations of soft robotic tentacles and their grasping capability show that
the robot function can be adapted to or reconfigured within the body with a
length extended more than 10 times. The modular strategy presented herein can
offer a unique promise to build up future robots with dynamic, reconfigurable
functions.
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thus maximizing the design diversity and functional versatility
of soft robots.[29] For instance, a pneumatically driven modular
soft robot, which accounts for the vast majority of the modular
design, enables the simultaneous reconfiguration of its body
(“muscle”) and fluidic channels (“nerve”) and consequently
produces various shape morphing, function, and locomotion
that were unattainable by a predefined manner.[30–36] In addi-
tion to the fluidic nerve, the integration of electronic nerves
onto DEAs,[19,20] shape memory alloys,[37] shape memory
polymers,[38] and phase-transition-based muscles[13,21] has also
been proposed as promising options for modularized soft
actuators.

Soft electronics has aided in the design and functional
advancement of soft robotics over the past few years.[39,40] The
stretchy feature of the soft electronic system can ideally offer
the capabilities of sensing, signal processing, muscle innerva-
tion, and control to soft robots with compact and stable connec-
tions.[41] Such benefits bring a clear comparative advantage in
many aspects over other existing “nerve” components, such as
autonomous fluidic logic circuitry.[42–45] Given the physical lay-
out and reconfigurable features of modular soft robots, there-
fore, the modular assembly of soft electronic functions could
offer an innovative strategy for functionalizing the robot.
Ongoing efforts in this direction include rapid but irreversible
siloxane bonding of system level, tailorable electronic mod-
ules,[46] and self-healable reconfiguration of liquid metal inter-
connects.[47] Despite such achievements, the irreversible
bonding technique and self-healing time (> a few minutes)
cause the repeatability and speed issues of innervation for soft
robot applications, respectively. Still, none of the existing soft
electronic technologies can meet the design or performance
requirement of modular soft electronic nerves for reconfigura-
ble modular soft robots.

Here, we introduce a novel strategy for reconfiguring modular
soft machines innervated by modular soft electronics, which
enrich their workspace and functionalities through both body
extension and adaptive innervation (Figure 1a). The technical
basis for this approach lies in a rapid, robust, and reversible
reconfiguration of soft electronic nerves that can be intimately
coupled with modular soft actuators and innervate them in a ver-
satile fashion. To achieve these capabilities, we developed a soft,
sticky electronic adhesive that combines mechanically interlock-
ing structures with vertically conductive, chemically modified
elastomer composites: we call it as “Soft Electronic Adhesive
interLocking (SEAL).” The SEAL allows for 1) instant assembly
of soft electronic modules that carry more than 105 times
increase in conductivity between each module within 50ms once
interlocked; 2) robustness of the assembled modules under vari-
ous mechanical deformations such as pressing, bending, twist-
ing, and stretching; and 3) repeatable and reconfigurable
integration of the modules into modular soft actuators and
machines for innervation. In combination with adequate designs
of electronics and robot modules, the SEAL delivers reconfigur-
ing and shape-changing instructions for the fixed or extended
modular soft robot bodies with a length of about 10 times its ini-
tial length. The reconfigurable innervation approach presented
here would pave a way for next-generation electrically driven soft
machines.

2. Results

2.1. Design and Mechanism of SEAL

Our SEAL technology is built from two key components: a soft,
sticky, and vertically conductive elastomer composite and a tail-
orable, soft silver nanowire (AgNW) interconnect (Figure 1b).
The sticky elastomer composite was made up of chemically mod-
ified poly (dimethyl siloxane) (PDMS)matrix within which highly
conductive silver-coated nickel microparticles (Ag–Ni,
diameter� 10 μm) were magnetically self-assembled into the
form of micropillar arrays (Figure 1c,d, and S2 and S3,
Supporting Information, for fabrication details). The addition
of ethoxylated polyethyleneimine (PEIE) transformed the cross-
linking network of PDMS from homogeneous to heterogeneous
one, which allowed for a 12-fold increase in the van der Waals
force of the surface while maintaining the solid phase.[48] We
additionally defined microscale-corrugated structures at their
top surface so as to form compact mechanical interlocking with
the AgNW interconnect that greatly complements the adhesive
property. The conductive inclusions were successfully aligned
within 3min under a patterned magnetic field of 100 mT even
inside the sticky polymer matrix with a relatively high viscosity,
and made the entire composite vertically conductive (out-of-plane
direction).[49,50] In addition to the morphological and electrical
characteristics, importantly, this sticky elastomer composite
could be formed directly onto the soft electronic module such
that it could play a perfect role as an electronic adhesive between
various functional modules. For the tailorable soft interconnect, a
corrugated microstructure of AgNW networks was introduced,
and its performance was optimized to have a high electrical con-
ductivity of 800 Sm�1 and reliable stretchability up to 50% with-
out any significant conductivity drop (Figure S4, Supporting
Information).[46] The tensile test result performed on SEAL
revealed Young’s modulus of 0.34MPa, which is notably lower
than that of PDMS (10:1). Specifically, the modulus of SEAL was
found to be approximately one tenth that of PDMS as shown in
Figure S5f, Supporting Information.

The complementary nature arising from the tripartite
coupling between strong van der Waals adhesion, mechanical
interlocking, and high conductivity underlies the mechanism
of SEAL (Figure 1e). Although the sticky composite itself has very
weak in-plane conduction paths (Figure 1e, left; and Figure S3,
Supporting Information), the strong and robust interlocking with
AgNW interconnects enables superb conduction paths through
every electronic module (Figure 1e, right), possibly resulting in
programmable electronic innervation when coupled with soft
actuators. The innervation process through the SEAL, which
was done by manual assembly with gentle pressure, achieved
over five orders of magnitude decrease in resistance with repeat-
able and reliable properties (Figure 1f ); and its response was
rapid (<50ms) (Figure 1g) and robust (Figure 1h) enough to
facilitate practical modular assembly in situ (Figure 1i).

2.2. Electrical and Adhesive Characterization of SEAL

To further investigate the principal characteristics and perfor-
mance of the SEAL, we prepared a set of samples (1� 5 cm2)
with different degrees of morphology, conductivity, and
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stickiness, and performed 180° peeling tests using a universal
testing machine (Instron-5543, Instron Inc.) (Figure S5a,
Supporting Information). The results first show that the SEAL

without any interlocking structure produced the adhesion force
of only 0.01 N cm�1, whereas the presence of corrugated
structures improved it by more than five times (Figure 2a).

Figure 1. Design concept of soft electronic adhesive interlocking (SEAL) for reconfigurable innervation of modular soft machines. a) Modular assembly of
soft robot body and electronic nerves enables both body extension and its reconfigurable innervation. b) Design concept of SEAL based on the tripartite
coupling between enhanced van der Waals adhesion, mechanical interlocking, and high electrical conductivity. See Figure S2, Supporting Information, for
the detailed fabrication steps. Scanning electron microscopy (SEM) images of c) the SEAL and d) its magnified view. Scale bars, 30 μm in (c) and 10 μm in
(d). e) Mechanism of SEAL. f ) Cyclic responses of the SEAL-mediated electronic innervation demonstrating repeatable and reliable assembly between soft
electronic modules. g) Typical response of the SEAL-mediated innervation showing the response time of <50ms for each assembly process and drastic
increase in electrical conductivity by more than five orders of magnitude. h) Mechanical robustness of the SEAL-mediated innervation in comparison with
the same adhesive without mechanically interlocking structures. i) Modular assembly demonstration of soft light-emitting modules in situ.
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This phenomenon arises from the change in contact area as the
amplitude of corrugation increases, advocating our design
approach that mechanical interlocking structures work comple-
mentarily with van der Waals adhesion. The conductivity of the

SEAL relies not only on the volume (or weight) ratio of Ag–Ni
microparticles against that of polymer matrix, but also on their
vertical alignment induced by a patterned magnetic field;[49,50]

therefore, a trade-off necessarily occurs between the conductivity

Figure 2. Electrical and adhesive characterization of SEAL. a) Effect of mechanical interlocking on adhesive properties. Inset SEM images show the typical
corrugated microstructures with different amplitudes. Scale bars, 20 μm. Electrical and adhesive properties as a function of b) Ag–Ni microparticles,
c) polyethyleneimine (PEIE) contents, and d) assembly cycle. Mechanical robustness and stretchy tolerance of the assembled electronic modules e) under
50% strain and f ) cyclic stretching of 30% strain in comparison with the sample without mechanical interlocking. g,h) Continuous, real-time responses
of the SEAL-mediated soft modular electronic system with dynamic and reconfigurable assembly/disassembly processes and i) during 20% stretching
of 5 cycles.
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and stickiness (adhesion force) (Figure 2b,c). For example, as the
amount of Ag–Ni microparticles within the mixture increased up
to 64 wt%, the sticky composite gained conductivity while it grad-
ually lost its adhesion (Figure 2b). Similarly, as we increased the
content of PEIE, which is a chemical agent that makes PDMS
sticker,[48] the adhesion force drastically increased to more than
0.1 N cm�1, but the conductivity could not be matched to the
ideal value for use (Figure 2c). As a consequence, we balanced
these contents by taking the values of 56 wt% of Ag–Ni micro-
particles and 1.8 wt% of PEIE, and obtained the optimal perfor-
mance of the SEAL which has a contact resistance of �10Ω and
an adhesion force of �0.05 N cm�1.

The robustness, reliability, and potentiality for practical mod-
ular assembly were explored by a set of experimental cyclic tests
in terms of adhesion and mechanical stretching. First, we
observed that the effect of repeated assembly and disassembly
on both electrical and adhesive performance was negligible up
to 50 times; however, in subsequent cycles, the contact resistance
significantly increased and reached about three times the initial
value whereas the adhesive characteristics remained nearly
unchanged up to 100 times, although the adhesive characteristics
degrade by about 30% after 10 000 repetitions of assembly
(Figures 2d and S5e, Supporting Information). This behavior
of degradation stems from the fatigue-induced fracture of
AgNWs embedded in the surface of AgNW interconnects upon
repetitive assembly/disassembly processes during which the
fractured AgNWs remain as residues on the SEAL pad
(Figure S6a, Supporting Information). Although this modular
connection reached its yield around 50 times of repetitive assem-
bly, we could solve this issue by introducing a fresh interconnect
which restored the contact resistance to its initial level
(Figure S6b,c, Supporting Information). In addition to the toler-
ance to repetitive adhesion, it is necessary to obtain a sufficient
level of stretchability that allows the modular system to stably
innervate and control soft machines under their continuum
deformation. We found that the electrical characteristics of the
SEAL and interconnect system could be maintained up to the
external strain of 50% without the contact failure at the SEAL
interface (Figure 2e). This stretchy–tolerance attributes mainly
to the existence of the corrugated mechanical interlocking struc-
ture (Figures 1i and 2f ). Due to the 1D pattern, the performance
of SEAL has an angle dependency, which varies about 30%
depending on the angle of alignment (Figure S5b,c,
Supporting Information). The optimized electronic modules
could work without contact failure under over 5,000 cycles of
25% stretching (Figure S5d, Supporting Information).

Based on these characterizations, we explored in situ, real-
time responses of consecutive reconfiguration of the SEAL-based
soft modular electronic system (Figure 2g–i). We prepared three
individual interconnects (1, 2, 3) and two soft electronic modules,
each of which has three SEAL pads for connection (see the inset
schematics in Figure 2g). Long-term, dynamic, and reconfigur-
able assembly processes were conducted based on three
distinctive regimes: 1) repetitive assembly/disassembly of the
interconnect 1, 2) sequential assembly of the interconnects
1–3 in order and their disassembly, and 3) assembly and cyclic
stretching (20% strain) of the interconnect 1. The results show
that the instantaneous formation (<50ms; see Figure 1h) of

electrical conduction paths via SEALs enabled rapid, robust,
and repeatable reconfiguration of soft electronic modules in situ.

2.3. Design and Characterization of Modular Soft Robots
Innervated by Modular Electronic Nerves

The optimized SEAL technology and the resultant soft modular
electronics can form the basis of entirely reconfigurable soft
machines in which the site of innervation and activation can
be controlled by the selective formation of “electronic nerves”
instead of the predefined design. As an artificial epidermis that
can diversify the innervation paths, this electronic nerve could be
closely coupled with the robot and actuate it. Figure 3a shows the
exploded-view schematic illustration of the soft robot built upon
the modular architectures of both soft electronic nerve parts and
soft muscle parts. Each robot module consists of a 3D printed
body, a muscle, and a joint that can be mechanically interlocked
with other modules. The robot module is innervated by the soft
modular electronic nerve based on the seamless bonding via an
adhesive layer made of the same base materials (PEIE/PDMS) as
the SEAL (see Figure S7, Supporting Information, for fabrication
process). The actuation mechanism of the muscle is similar to
that of a pouch motor,[51] where the muscle containing low-
boiling-point fluorinated solvents (1-methoxyheptafluoropropane
[C3F7OCH3] with a boiling point of 34 °C) undergoes huge
changes in volume through a heat-driven liquid-to-gas phase
transition when locally heated up by a soft electronic heater mod-
ule (�40 °C),[13,21] and this volume increase produces a bending
motion while being geometrically constrained by its own defor-
mation (Figure 3b). Figure 3c shows a typical transient response
of the single-module soft actuator integrated with the modular
soft electronic nerve. Upon the current input of 80mA, the max-
imum temperature generated by the heater reached �70 °C
within 35 s, which produced an effective bending motion of
the actuator up to �30°. We also observed that during the first
�15 s of heating, a geometric buckling process that caused a
backward motion occurred in the muscle. This is because when
the muscle was assembled onto the robot body by an epoxy glue
and adhesive spray, a prestrain was inherently applied to the soft
robot joint which changed the equilibrium point of the joint in
the low-pressure regime.

Attractive features of the proposed modular soft robot design
include a compact assembly between every robot part (i.e., body,
muscle, and nerve) as well as a great deal of design freedom for
versatile robot function. To showcase the potential benefits, we
prepared a bunch of robot modules (Figure 3d) and electronic
nerve modules (Figure 3e) and demonstrated an in situ, compact
assembly of a fully integrated soft modular robotic finger consist-
ing of three modules (Figure 3f; see Figure S8, and Video S1,
Supporting Information, for the assembly process). This
approach allowed us to achieve not only the physical body exten-
sion of the robot system by several times its initial length but also
the adaptive innervation process so that the muscle function can
be adapted to or maintained within the extended body form
factor (Figure 3g, top; Video S2, Supporting Information). To
be specific, if a robot consists of only one single joint (module
1), it is enough to assemble one electronic nerve (heater) to actu-
ate it; however, if the robot is extended to have two (module
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Figure 3. Design and characterization of modular soft robots innervated by modular electronic nerves. a) Exploded-view schematic illustration of a
modular soft robot consisting of soft muscles, 3D printed robot modules, electronics modules, and SEAL. See Figure S7, Supporting Information,
for the detailed fabrication steps. b) Actuation mechanism of the unit soft robot module consisting of the liquid-filled muscle and 3D printed robot
body. c) Typical actuation profile (angle) of the unit robot module in response to heating of 40 s. Photographs of d) 3D printed robot modules,
e) electronic modules with SEAL, and f ) their assembly. All scale bars, 2 cm. g) Actuation sequences of extending 3-module soft robots innervated
by modular soft electronic nerves. Scale bar, 5 cm. Actuation performance of the extending modular robots: transient responses of each joint for each
extension sequence, from module 1 to module 1þ 2þ 3 as depicted in Figure 2 g, h) top, i) saturated responses, and j) fingertip forces as a function of
the input voltage. k) Actuation performance of the 3-module robot with selective innervation as a function of the input voltage. Robot actuation l) with a
repetition frequency of 0.017 Hz and m) repeatability of a soft robot under 10 V input. n) Continuous, real-time responses of the 3-module soft robot with
dynamic and reconfigurable innervation by assembly/disassembly of electronic modules.
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1þ 2) or three joints (module 1þ 2þ 3), additional nerves
should be formed to meet the full potential of its extended body.
In addition to this basic design scheme, the capability of full
reconfiguration in the body and nerve part also suggested
nontrivial, versatile responses of the robotic finger by selective
innervation without any electrical programming (Figure 3g,
bottom; Video S3, Supporting Information).

We quantitatively investigated the output performance of the
modular robot actuation to obtain the accessible range of work-
space and force for potential applications. Herein, the bending
angle and the fingertip force were two main parameters, each
of which was measured respectively by the experimental setup
as shown in Figure S9, Supporting Information. First, we mea-
sured the transient response of every joint for the designs with
module 1, module 1þ 2, and module 1þ 2þ 3 (see Figure 3g,
top), when activated by the electronic nerve with the input of 10 V
(corresponding to 67, 110, 147mA, respectively). The results sug-
gested that each joint clearly followed the typical response profile
even including the initial (0–15 s) buckling process as shown in
Figure 3c (Figure 3h). We also found that the effect of input
power and the number of activated joints predominantly contrib-
uted to the output bending motion (up to �110°) (Figure 3i) and
force (up to �45mN) (Figure 3j) in a nearly linear fashion. This
behavior originates from the fact that the more heat generated,
the greater the volume change, which in turn, leads to an
increase in the bending stiffness of the robot. Similar results
observed in the output performance of the 3-module soft robotic
finger with selective innervation suggested that the innervation
path, controlled by the modular assembly strategy, could deter-
mine the robot function, in addition to the design of the robot
body (Figure 3k). The actuation of modular robots can be
achieved at a range of frequencies through modulation of the
duty cycle of the input voltage (Figure 3l and S11, Supporting
Information). Furthermore, Figure 3m demonstrates that the
modular soft robot assembled with an electronic nerve can repeat
actuation even at repetitions of more than 100 times with no
significant degradation.

We finally carried out the long-term and dynamic reconfigu-
ration of the modular soft robot to verify the instantaneous inner-
vation and the corresponding responses of the robot (Figure 3n).
The 3-module robotic finger was used in the test with the con-
stant input of 9 V. On top of the results shown in Figure 2g, it was
revealed that the SEAL-induced conduction paths and electronic
nerve networks, formed instantly onto the robot body by modular
soft electronics, successfully provided the sequence of spatially
coordinated “activation cues” (heat in this case) at the site of
interest and the resulting robot actuation consequently demon-
strated the effectiveness of reconfigurable innervation of soft
machines.

2.4. Reconfigurable Innervation of Modular Soft Robots

Key benefits of our approach arise from the capabilities of body
extension to the desired length and of reconfigurable innervation
adaptive to the elongated body. To show an extreme case of pro-
totypical examples, we demonstrated a class of robotic tentacles
that can extend, but are not limited, to 10 times their initial
length and get innervated throughout their extended bodies

in a programmable manner without electrical programming
(Figure 4a). The robotic tentacle grew up by the sequential
assemblies of constituent robot unit modules, and became func-
tionalized by soft modular electronic nerves. Upon activation, its
pattern of movement could range from fingertip movement to, if
necessary, large deformations throughout the entire body
depending on the site of innervation, providing potential capabil-
ities of shape morphing suitable for target objects,
functions, and environments (Figure 4a; Video S4, Supporting
Information).

The modular design of soft robots and their capabilities of
reconfigurable innervation by modular soft electronics may
provide ideal platforms for the tasks that robots with predefined
layouts and functions cannot address. As an illustrative example,
we demonstrated a set of soft robotic grippers consisting of three
robotic tentacles (Figure 4b–e). First, the positioning of the
robotic tentacles in the form of human hands allowed the gripper
to produce movements with small curvatures when fully
innervated (Figure 4b). Notably, the total power consumption
of the gripper was at an appropriate level (�5.4W; 1.8W
[=12 V� 150mA] per each robotic tentacle) that could be driven
using commercially available batteries. This implies that the
robots or machines built upon our design strategy can be highly
compact and untethered with minimal computing units and
appendages, showing benefits over existing pneumatically driven
modular robot designs (Figure 4c).[29–36] To further validate the
effectiveness of our concept, we developed a gripper that can
extend from 4 to 25 cm in length with selective innervation
(Figure 4d; Video S5, Supporting Information, for simulation
of robotic tentacles). In particular, the sites of innervation were
limited to three robot modules located at the fingertip part to
achieve both reconfigurable innervation and effective grasping.
This gripper successfully demonstrated universal gripping of
various, lightweight objects (Figure 4e; Video S6, Supporting
Information). The maximum weight that our gripper can grip
is estimated using a coefficient of static friction (3.54) of the
fingertip to be about 49 g based on three fingers. Still, it may vary
depending on the number of fingers or the shape and surface of
the object (Figure S10, Supporting Information).

3. Discussion

In this work, we have described advances in robotic reconfigur-
ability that point the way toward new methods of designing
electrically innervated soft machines. We have proposed and
validated an entirely modular design achieving a high degree
of both body extension and adaptive innervation of soft machines
for versatile shape morphing and robot applications. Combined
aspects of micro-corrugated mechanical interlocking, enhanced
van der Waals adhesion, and magnetically aligned vertical elec-
trical conduction (named, “SEAL”) allowed for rapid, robust, and
repeatable assembly of soft electronic modules in a manner that
formed reconfigurable electronic nerves of soft machines. The
soft robot presented here was a prototypical design that could
be easily 3D printed, modularized, and integrated seamlessly
with soft electronics. The results showed that the robot could
extend its body and be innervated and actuated either entirely
or site-selectively by electronic nerve distribution, providing

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2023, 2300013 2300013 (7 of 10) © 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300013 by Seoul N

ational U
niversity, W

iley O
nline L

ibrary on [17/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


potential capabilities to suit targeted applications. Although the
robot applications we presented here were limited to the soft
robotic grippers, it is believed that our approach could readily
broaden its potential applications by diversifying the design of
the unit robot module and the way of its assemblies.

We focused, in the current robot design, on the validation of
dynamic modular assembly with extreme shape changes such as
body extension and shape morphing; hence, there still remains
much room for improvement in actuation time and force, cur-
rently limited to �40 s and �50mN, respectively. Optimizing
the volume of liquid encased within the muscle and increasing

the heat conductivity of the robot body would be a possible
engineering solution. Further, the use of high-performance
DEAs[19,20] or electrically driven artificial muscles[52,53] and
pumps[54,55] might provide a more practical set of robot applica-
tions. The employment of active, autonomous assembly technol-
ogies (e.g., magnets) will further augment the autonomy and
functionality of reconfigurable modular robots. Focusing on
the SEAL, enhancing the length of AgNW interconnects for soft
electronic nerves is necessary. This can lead to the development
of larger robots, thereby expanding the workspace of soft modu-
lar robots. However, achieving this may require new fabrication

Figure 4. Reconfigurable innervation of modular soft machines. a) Multi-module soft robotic tentacles showing extreme shape changes by both body
extension and reconfigurable innervation, b) a soft robotic gripper consisting of 3-module robotic tentacles and its actuation heat map (inset).
c) Untethered design of the gripper shown in (b). d,e) Concept and demonstration of a soft robotic gripper consisting of 9-module robotic tentacles
that can extend and be selectively innervated for grasping capabilities. All scale bars, 5 cm.
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methods for interconnects. Given all these features, we expect
that our approach would make a step toward a new generation
of reconfigurable and environment-adaptive robots.
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