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ABSTRACT: Untethered robots, compared with their tethered counterparts, may bring
enhanced autonomy. It is highly desirable to engineer multifunctional, lightweight, rapid,
and low-voltage driven untethered soft robots that have enhanced adaptability and safer
interaction capabilities. Here we present an untethered soft robot by a smart integration
of 4D printed liquid crystalline elastomer (LCE) actuators with the associated electronics.
The LCE artificial muscle, which consists of a modified LCE sandwiched between a
polyimide based heating film and a silicone adhesive, not only has adjustable transition
temperatures (39—46 °C) and modulus (0.61—2.57 MPa) but also has decent mechanical
properties such as adequate rigidity to support certain loads and sufficient propulsive
forces (13.7 MPa) to facilitate robotics motions. As a result, we developed an untethered,
compact LCE soft robot that is the lightest (overall weight of 9.87g) and the quickest
(0.28 body length per minute), and has the lowest cost of transportation (CoT of 7),
among all untethered electric-driven LCE robots. The LCE robot can also be used for
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grasping and demonstrating obstacle crossing capability on challenging terrains.

KEYWORDS: 4D printing, liquid crystalline elastomer actuator, untethered soft robotics, soft crawling, soft grasping

1. INTRODUCTION

Untethered robots, which usually use on-board power sources,
are highly important to complete long-range autonomous
missions' ~ that require larger ranges of mobility, and are
more suitable for realizing tasks in challenging spaces such as
narrow pipelines.*”® Untethered soft robots, compared to their
rigid counterparts, have enhanced dexterity (due to higher
degrees of freedom), increased robustness, and safer interaction
capabilities and are thus more applicable to adaptive and
complex tasks in unpredictable and unstructured environ-
ments’~'* such as forests and ruins (see Figure 1A).

Soft actuators are key components of untethered soft
machines.'*™'® Pneumatic actuators,”’lx magnetic actuators,w
dielectric elastomer actuators,' ionic polymer—metal composite
actuators,”” and shape memory actuators” have been used to
develop various untethered soft robots. Pneumatic methods
offer robust actuation capabilities but often require cumber-
some, energy-intensive pumps. Consequently, they might not be
the first choice for compact, lightweight, untethered soft
robots.'® Magnetic approaches present lightweight solutions
for untethered soft robotics. Yet, their reliance on specialized
external magnetic fields can complicate control, especially when
rapid movements are involved.'” Dielectric elastomer actuators
provide the advantage of simpler controls and energy efficiency;
but the need for high voltages can raise safety concerns." Ionic
polymer—metal composite actuators operate at low voltages,
though they might not provide the strongest force outputs.”
‘While shape memory actuators can be used to deliver powerful
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actuations, they pose challenges in precision control and
scalability for mass production.”*

Liquid crystalline elastomer (LCE) actuators can be used to
offer fully soft, relatively powerful, robust, and muscle-like
actuations”®”” which can be triggered by several stimuli
including light,28 heat,” magnetic fields,***" and electricity.32
LCE actuators driven soft robots can bring a class of untethered
soft robots that can be operated using low voltages and thus can
be lightweight™ and portable (see Figure 1A). Light,”* magnetic
field,*® and heat responsive29 LCE actuators all require external
stimulus fields, significantly limiting their moving ranges, but
this limitation can be addressed by electric responsive LCE
actuators. It is, however, still relatively challenging to design and
develop electric responsive LCE actuator driven untethered soft
robots.

The successful fabrication of LCE actuators requires delicate
control over their deformations across varying temperature
ranges. However, the design of LCE robots entails the
consideration of several factors; for instance, excessively high
or low driving temperatures are not conducive to creating LCE
robots. A low transition temperature could transform the
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Figure 1. Electrically responsive LCE actuator driven multifunctional untethered soft machines. (A) Portable untethered soft machines can be
conveniently used for search and rescue tasks in unstructured environments. (B) Multifunctional untethered soft robot fabrication strategy. (C) The
electrically responsive LCE actuator driven untethered soft robot walking on a plastic table with a speed of 0.28 body length per minute. (D) The
electrically responsive LCE actuator driven untethered soft gripper grasping a table tennis of 2.7 g. Body length = 5.96 cm. Scale bars = 2 cm.

actuator into an isotropic state at room temperature, inhibiting challenging task. Moreover, the preparation of LCE actuators

deformation upon heating. Conversely, a high transition often involves vacuum and heating steps in the synthesis process,

temperature could trigger the LCE’s failure or detachment

from other robot parts, leading to considerable energy loss.” usually extending over 2—3 days, notably longer than the
Therefore, designing an appropriate LCE actuator is a preparation of other material-based soft robots.***’
36060 https://doi.org/10.1021/acsami.5c06159
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Table 1. Comparison of the Main LCE Actuator Driven Soft Robots

function
maximum moving loading
stimulus  total robot speed capability  cost of transport

untethered/tethered ~ methods  weight (g)  (body length/min) (g) (CoT) crawling loading grasping ref
untethered electricity N/A 0.05 N/A 50000—100000 yes yes yes He et al.*
untethered electricity 54.20 0.11 N/A 2985-27000 yes no no Boothby et al.>’
untethered heat N/A 2.53 N/A N/A yes no no Kotikian et al.*
untethered light 0.02 1.50 0.01 N/A yes no no Pilz da Cunha et al."’
tethered electricity N/A 0.09 N/A N/A yes no no Wang et al.*®
tethered electricity N/A 0.05 N/A N/A yes no no Song et al.*’
untethered electricity 9.87 0.28 6 7—54 yes yes yes this work

Beyond material-related issues, another challenge lies in
applying actuators to robots under conditions closely mimicking
real environments. Most previous studies employing LCE
actuators utilized a simplistic inchworm robot mode to facilitate
crawling; however, these actuators lack the necessary rigidity to
uphold the robot’s structure. Therefore, the robot is restricted to
x—y plane motion, giving the appearance of the actuator
dragging the robot. In real-world scenarios, robotic legs
resembling those of insects, such as spiders, are desirable,
ensuring light weight, adequate rigidity, and deformability.”>*”
Furthermore, heating the actuator can lead to the separation of
the LCE and the heating layer due to the absence of a robust
chemical bond or physical interaction between them. This issue
is particularly pronounced when the heating layer exhibits a high
stiffness.

In this paper, we present a novel approach to creating
untethered soft robots by integrating LCE bending actuators
with the associated electronics through 4D printing. 4D-printing
is a process by which an object printed in 3D transforms into a
different structure, based on external energy, such as temper-
ature or light or other stimuli in the environment. 4D printing
can be used to easily produce complex and multidirectional
actuations through customized printing trajectories.”"~** Small-
scale superlightweight LCE actuators*”** can thus be achieved.
In addition, 4D printing methods with multimaterial and
multiscale structures can be used to make robots that transform
from flat sheets with built-in electronic devices into multifunc-
tional machines in an autonomous manner (see Figure 1B).

In this study, we utilized a chain extender, hitherto unexplored
in prior research, to adjust the transition temperature (39—46
°C) and storage modulus (0.61—2.57 MPa) of the LCE.
Leveraging LCE materials with optimal transition temperatures,
we designed, manufactured, and characterized a novel bending
LCE actuator. The actuator has a three-layer composition, i.e., a
polyimide (PI) heating film, an LCE actuator layer, and a
silicone glue sealing layer. This configuration, with its light-
weight properties, ensured that the actuator can maintain
optimal mobility while providing the requisite rigidity to support
the robot’s structure. Moreover, the encapsulation of the LCE
and the heating film by the silicone glue prevents potential
separation issues. Such issues could arise from differential
deformation rates between the LCE and the PI heating films
during LCE deformation, and the encapsulation strategy
effectively mitigates this risk. We also developed an FEM
simulation model to verify the effectiveness of structural design
and motion control.

As a result, we designed and fabricated an untethered,
compact LCE robot that is the lightest (overall weight of 9.87 g,
~6 times lighter) and the quickest (0.28 body length per minute,
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~2.5 times faster) and has the lowest cost of transportation
(CoT) of 7 (400 times lower), among all untethered electric-
driven LCE robots (Figure 1C; see Table 1 for comparison).
The robot can also be used to act as a soft gripper (see Figure
1D) that can adaptively lift irregular masses (weight over 14.55
g, ~1.5 times its own weight). In addition, the multifunctional
untethered LCE robot demonstrated an obstacle crossing
capability on challenging terrains. This work offers a new LCE
actuator manufacturing approach and provides an integrated
flexible robot design and fabrication strategy toward multifunc-
tional untethered soft machines that may find useful applications
in unmanned inspections and detections in complex and
unstructured environments such as ruins and forests.

2. MATERIALS AND METHODS

2.1. Materials. The liquid crystal acrylate RM82 (LC monomer,
HCCH Company), RM257 (LC monomer, HCCH Company), thiol
chain extender 1,5-pentanedithiol (Sigma-Aldrich), cross-linker triallyl
isocyanurate (TAIC), antioxidant butylhydroxytoluene (BHT, Sigma-
Aldrich), photocuring agent (2-hydroxyethoxy)-2-methylpropiophe-
none (HHMP, Sigma-Aldrich), triethylamine (catalyst, Sigma-
Aldrich), silicone glue (PH8860, Pinheng Company), and the
polyimide electric heating films were all commercially purchased.

2.2. Preparation of the LC Oligomer. RM82 (2.038g), RM257
(0.594¢), thiol chain extender (0.7097 g,), TAIC (0.2543g),
antioxidant BHT (0.072g), and photoinitiator HHMP (0.054g) were
mixed in a 10 mL stainless steel cartridge and heated at 90 °C for 30
min, and the molten solution was formed. The catalysis TEA (0.036g)
was then added into the solution which was mixed 30 s and heated at 60
°C 2h to ensure that the thiol was fully reacted with the acrylate.
Eventually, printable polydomain LC oligomer ink was obtained after
the reaction ( for composition detail see Table S1).

2.3. Preparation of the LCE Artificial Muscles. The LC oligomer
ink was afterward loaded into a high temperature extruder printing head
which was an attached device of the direct-ink printer (3D Bioplotter,
EnvisionTEC). The LC oligomer ink was printed at 65 °C with 1 bar
pressure and was printed on the PI heating film in parallel condition
directly. Those oligomers were cross-linked posterior to the printing via
persistent irradiation from 365 nm LEDs at 0.8 mW cm ™ After that,
the LCE artificial muscles were postcured with 365 nm UV light for 20
min.

2.4. Preparation of the LCE Actuators. To fabricate LCE
actuators, the PI heating film was prestretched into a semicircle
structure. The PI heating film was then placed under the direct-ink
printer and laid flatly. Next, the LCE and PI heating films were
encapsulated by printing silicone glue on the LCE to form an actuator.
After the actuator was postprocessed, it was placed in the air for 2 h to
cure the structural adhesive, after which it was removed from the direct-
ink printer to obtain a curved LCE actuator.

2.5. Preparation of the Untethered Robot. To produce an
untethered robot, four PI heating films and a microcontroller were
placed on the direct-ink printer. The preparation process of PI heating
film can be seen in Figure S12. The LCE and structure glue were

https://doi.org/10.1021/acsami.5c06159
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directly printed on the PI heating film set, and the connection between
the leg and the microcontroller was determined according to the
program. When the material was fully cured, the actuator and
microcomputer could be combined to form a flexible robot with
multiple functions. We fixed 4 prepared LCE actuators to the PI plate
and regulated the actuators via single-chip microcontroller (3.7 V). A
3.7 V battery (uxcellDC, 100 mAh) was utilized as the power source
(for details of weight see Table S2).

2.6. Characterizations. A PerkinElmer Spectrum Two Fourier
transform infrared (FT-IR) spectrometry detector was afterward
utilized to explore the specimens via production of FT-IR spectra via
the attenuated total reflectance approach. The anisotropic alignment of
the sample was characterized by a 2D-WAXD experiment conducted on
a Xeuss 2.0 diffractometer with a Pilatus 300 K detector in Line Eraser
mode. DMA assays were completed in tension mode via a DMA Q800
instrument (TA apparatus). DSC measuring (DSC 1 STAR Device,
Mettler-Toledo) was completed in a N, environment. The samples
were first heated from 25 to 130 °C and afterward cooled to 25 °C at 10
°C/min. The thermostability of the LCE samples was tested via TGA
(TGA/DSC 1 STAR Device, Mettler-Toledo) with specimens heated
from 25 to 500 °C at 10 °C/min in a N, environment. The superficial
temperature of LCE actuators in actuation was identified via heat
imaging technology (JENOPTIK InfraTec). The transformation
behaviors of the LCE artificial muscles, LCE actuators, and multifunc-
tional untethered LCE soft robots were captured with a digital camera.

3. RESULTS AND DISCUSSIOS

3.1. LCE Artificial Muscle Design, Fabrication, and
Characterization. In order to design and fabricate LCE
artificial muscle materials with adjustable actuation temperature
and mechanical properties, we employed 4D printing (which
can be used to produce smaller, lighter LCE actuators) and a
two-step cross-linking method. Figure 2A presents the
schematic of printing LCE artificial muscles with tailored
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Figure 2. LCE artificial muscle chemical components, fabrication
process, and actuation performance. (A) RM257 and RM82 work as the
LC mesogen, 1,5-pentanedithiol works as the chain extender, and TAIC
works as the cross-linker (i). Polydomain LC oligomer could be
acquired via heating the above mixtures (ii). The monodomain LCE
has been obtained by printing the LC oligomer (iii) with UV irradiated
to produce the second cross-linking process (iv). (B) Ty; of LCE from
38.4 to 45.8 °C with different moiety ratios. The results were conducted
by DSC characterization. (C) 2D-XRD patterns of LCE under 25 and
120 °C. The LCE demonstrates nematic phase at 25 °C and isotropic
phase at 120 °C, resulting in reversible transformation.

thermal mechanical performances. Initial formulation of
nematic oligomer inks involved a blend of LC mesogens and
an isotropic dithiol 1,5-Pentanedithiol. This facilitated the
thiol—acrylate Michael addition reaction, creating a printable
ink. During printing, the ink involving non-cross-linked LC
oligomers was initially heated up to 65 °C to ensure the oligomer
has sufficient liquidity. Afterward, the LC oligomers were
extruded via the nozzle of a direct-ink printing machine (3D
Bioplotter, EnvisionTEC). Nematic inks with thiol terminations
can be printed directly. This printing procedure regionally
programmed the mesogen alignment orientation along the
printing path through the shear stress.”> Subsequently, the ink
was photo-cross-linked via the reaction between the thiol-
terminated LC oligomer and the trifunction vinyl cross-linker
triallyl isocyanurate (TAIC). Fourier transform infrared spec-
troscopy (FT-IR) was utilized to make sure that the thiol—
acrylate reaction was complete (Figure S1).

The experimental methodology revealed certain issues
associated with the use of (2,2’-(ethylenedioxy)diethanethiol
(EDDET) or 1,3-propanedithiol (PDT) as molecular chain
extenders. When EDDET was employed as the extender, the
high molecular weight resulted in a reduced transition
temperature for the material, and the LCE easily transforms
directly into isotropic state at room temperature, subsequently
impeding adequate deformations upon heating. Conversely,
using PDT as the extender resulted in an excessively high
transition temperature, creating difficulties for the actuator in
terms of printability and deformability.”> Consequently, we
opted for 1,5-pentanedithiol as the extender, a choice motivated
by its intermediary molecular weight between EDDET and
PDT. The use of 1,5-pentanedithiol as a chain extender has not
been previously reported in the literature for 4D printed LCEs.
This choice allowed us to fine-tune the nematic—isotropic
transition temperature (Ty;), thereby controlling the actuation
temperature of the cross-linked LCE.

The results of thermal characterization are presented in Figure
S2. By manipulating the ratio between RM82 and RM257
(specific material ratios can be seen in Supporting Infomation
Table S1), we can control the Ty; of LCE within 39—46 °C.
(Figure 2B and Figure S2A). The degradational temperature of
LCE was about 358 °C which was remarkably greater in contrast
to the Ty ensuring the steady heat actuation of LCE actuators
(Figure S2B). Dynamic mechanical analysis (DMA) test has
been adopted for examining the mechanical properties of LCEs
with different molar ratios (Figures S3 and S4). LCE with solely
RMS2 exhibited an optimal elastic modulus (2.57 MPa) and a
lower loss factor (0.30). Therefore, LCE® was used as the main
research material in subsequent experiments.

To guarantee the LCE’s reversible deformability, we
characterized the orientation of the mesogen unit on a
microscopic level. The Debye ring in 2D wide-angle X-ray
diffraction (2D-WAXD) can be used to determine the direction
of X-ray diffraction within a material, providing insight into the
microscopic orientation of the samples. Its shape and symmetry
can be used to assess this orientation with satisfactory accuracy.
Here, the monodomain LCE exhibited a uniaxial direction along
the direction of mechanic stretch by characterizing with 2D-
WAXD features, where the nematic ring varied to two transvers
arcs. These results proved that the LCE presented a uniaxial
direction along the direction of the mechanic stretch. Especially,
the reflection at 260 = 18.64° was obvious, which was in
correspondence to a d-spacing of approximately 4.75 A (Figures
SS and S6). When the temperature increased to 120 °C, the

https://doi.org/10.1021/acsami.5c06159
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Figure 3. LCE bending actuator fabrication, characterization, and simulation. (A) Fabrication process of the LCE actuator. A predeformed PI heating
film was placed on the printing bed according to design requirements. Three layers of LCE material were then printed on the PI heating film with
subsequent UV curing. The sealing layer consisting of silicone glues was printed afterward to combine the LCE and heating film together. Finally, after
taking off the LCE actuator, the PI heating film returned to its original curved shape (97.3°). (B) The morphing process of the LCE actuator. The left is
the original shape (105.94°), and the right is the morphed shape (162.00°). (C) The temperature distribution of the LCE actuator during
transformation. As temperature rises, the actuator contracts according to the molecular contraction (see right). The actuator reverts to the original
state (see left) during the cooling process because of the rearrangement of liquid crystal molecules. (D) FEA modeling result of the configurations
shows stress distributions within the LCE actuator as a function of different temperatures. (E) Comparison between simulation and experimental

results of LCE actuator bending under 3.7 V. Scale bar = 1 cm.

temperature was higher than the Ty of the sample, so that the
liquid crystal LC mesogen lost its orientation, and 2D-XRD
showed a regular nonoriented ring at this time (Figure 2C).
Last, we examined the reversible morphing behavior of pure
LCE materials under varied conditions. In order to quantify the
transformation behaviors of the LCE artificial muscles, the
actuation strain was defined as & = (I, — 1)/l,] X 100%. When
the initial and actuated states of the LCE artificial muscle are
presented, I, and [ are the lengths of the muscle, respectively.
This artificial muscle (460 mg) can lift a load of 490 N with an

actuation strain of 42.6% (Figure S7 and Movie S1) upon
heating with a heat gun with 120 °C. Thermodynamic cycling
experiments based on LCE artificial muscles were carried out to
test the recoverable deformation rate of LCE at high and low
temperatures. The results showed that the LCE artificial muscle
could produce reliable reversible deformation between 2S5 and
150 °C, validating its potential use as an actuator for electrically
driven untethered soft robots (Figure S8).

3.2. Electricity Controlled LCE Actuator Design,
Fabrication, and Characterization. To render the actuator

https://doi.org/10.1021/acsami.5c06159
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Figure 4. LCE actuator driven untethered soft robots. (A) Robot hardware. The left is the top view of the printed circuit board, and the right is the
bottom view. The battery and connections lines are omitted here. (B) Rendering schematic diagram of the LCE robot motion process. (C)
Displacements of the untethered robot using different cooling times on plastic. (D) Displacements of the untethered robot on different crawling
surfaces. (E) Displacements of the untethered robot under different loading weights on plastic. (F) Grasping different objects including (i) a bottle cap

of 2.23 g, (ii) a glass slice of 4.86 g, and (iii) a metal cap of 14.55 g. Scale bar = 2 cm.

that can be more functional in applications, it is desirable to
retain the deformability of the LCE actuator significantly while
ensuring sufficient rigidity to support the robot’s weight.
Previous reports on LCE actuator structures highlight a trade-
off between low weight and reduced stiffness. This deficiency
means that the actuator can only facilitate planar movement of
the robot, rather than sustaining the robot’s weight as an insect’s
legs would.*® This limitation restricts the mobility modes of the
LCE robot. Traditional printing schemes also face the challenge

of the LCE deforming upon heating; the weak interaction
between the LCE and the PI heating film often leads to
separation and, subsequently, structural failure.

To overcome these issues, we developed an electrically
triggered LCE actuator by introducing a supportive layer
(polyimide heating film) and a sealing layer (silicone glue)
utilizing 4D printing technology (Figure 3A). The actuating
LCE layer is initially printed on the polyimide heating film,
followed by the application of the silicone glue layer. Under its

https://doi.org/10.1021/acsami.5c06159
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own weight, the silicone glue wraps the LCE, flowing downward
to contact the PI heating film. After a 2 h solidification period,
the LCE is securely sealed within the actuator assembly. The
integration of the PI heating film and silicone glue ensures the
actuator maintains requisite rigidity to support the robot.
Concurrently, the silicone glue encapsulates and affixes the LCE
to the PI heating film, ensuring a tight connection during
deformation and preventing failure during heating.

Subsequently, we characterized the actuating performance of
the LCE actuator (see Figure 3B and Movie S2). We defined 0 as
the bending angle for the LCE actuator (formed by connecting
the two ends of the actuator and the middle point). We utilized
3.7 V as the main voltage to make general-purpose LCE
actuators. A maximum bending angle as € = 162.00° was
observed after 30 s electricity heating. The @ of the LCE actuator
can return to 105.94 ° after 2 min cooling. The actuator achieves
its maximum bending angle (162.00°) within 30 s of applying
3.7 V and returns to its original state (105.94°) within 2 min
upon voltage removal, as detailed in Figure 3C. The heat
imaging results, captured by JENOPTIK (InfraTec), displayed
the superficial temperature of LCE actuator membrane in the
course of heating under 3.7 V. The greatest superficial
temperature elevated from 25 to 130 °C in 30 s (Figure S9).
While turning off the voltage, the LCE actuator temperature
progressively reduced to the ambient temperature, and the LCE
actuator restored to the initial morphology in 4 min. This
phenomenon stemmed from the fact that the heated side of the
LCE tended to shrink and deform when it was heated and the
fact that the side closer to the heat source had a greater
deformation ability. A detailed comparison between the
stretching actuator and bending actuator has been presented
in Supplementary Text 1. Furthermore, this multilayer design
also isolates the LCE from its surroundings, allowing for
enhanced resistance to environmental pollution, extended
service life, and reduced energy consumption.

Figure 3D represents the quantitative finite element analysis
(FEA) modeling result for the LCE actuator during the cycle of
reversible shape-transforming (for the specific method applied
in the model, see Supplementary Text 2). We implemented a
constitutive model in Abaqus to simulate the mechanical
behavior of the LCECs. The model utilizes a piecewise linear
elastic modulus to differentiate between the nematic and
isotropic phases of the material. Specifically, distinct linear
elastic properties are defined for each phase:

EO,n - anT’ T S ’I;rans (1)
E =
EO,i - aiT’ T> T:(rans (2)

Here, the subscript n denotes the nematic phase, and i denotes
the isotropic phase. This formulation captures the unique
mechanical responses associated with molecular alignment in
the nematic phase and the disordered structure of the isotropic
phase. The parameters used are listed in Table S3. According to
the FEA simulation results, the color represents the stress
distribution within the actuator, especially between the LCE and
the heated film, to ensure that the structure does not fail due to
transformation. In addition, the actuator’s bending angle has
been optimized through controlling the thickness of the LCE
layer.

Figure 3E presents the relationship between actuating angle of
the LCE actuator and time using 3.7 V voltage for 30 s. For a
given voltage, the actuating strain of the LCE actuator elevated
initially and afterward attained a plateau due to the temperature

distribution in the actuator attained a stable status or due to the
fact that the actuation reached its maximum. When the voltage
was removed, the actuating recovery rate decreased to 0 in. 4
min. When the voltage was set from 3.7 V, the maximum
actuation bending angle was up to 145.06° with a maximum
temperature of 130 °C. It took approximately 0.5 min for the
LCE actuator to attain the maximal bending angle when 3.7 V
was utilized. Our experiments demonstrate that the actuator
maintains stable performance over 50 actuation cycles at 3.7 V,
with a bending angle variation of less than +2%. The actuator
also exhibits excellent stability, showing negligible degradation
after repeated cycling. In addition, no delamination between the
LCE tier and the heating film was identified during the cyclical
heating and cooling assays. Through fixing the LCE actuator
membrane length, we analyzed the actuation driving force of a
fixed length with a voltage at 3.7 V for 0.5 min. For a given
voltage, the actuation driving force elevated from 0 to the
maximal result in 0.5 min and decreased to 0 when the voltage
was removed. The maximum actuation driving force elevated
from 0 to 99 N when the voltage elevated from 0 to 3.7 V,
(Figure S10). An electric-driven LCE actuator, working as an
inch worm robot that can crawl down on a slope of 5° with a
crawling speed of 7 mm per minute, (see Movie S3), was
developed and showcased here.

3.3. Multifunctional Untethered LCE Soft Robot
Design, Fabrication, and Characterization. Building upon
the aforementioned LCE actuators, we developed a multifunc-
tional, untethered soft robot through the integration of a flexible,
Pl-substrate based microcontroller (refer to Figure 4A and
Figure S11), electronic components such as MOSFETs and
wires, a 3.7 V lithium polymer battery, and four LCE actuators.
All parts, including heating films (Figure S12), were arranged on
the printer platform, and LCE and encapsulating glues were
layered and printed directly onto the heating PI films and control
board by managing the printing path. Following the completion
of printing and curing, a multifunctional, untethered robot was
achieved. The heating and cooling of the robot’s four legs can be
independently controlled via remote control, thereby managing
the robot’s overall movement. The power consumption of a
single heating film is 3.7 W, with the power consumption of the
micro-control-unit being negligible. Consequently, the total
power consumption of the robot is estimated to be
approximately 7.4 W.

In Figure 4B, the untethered robot, equipped with multiple
LCE actuators, is shown to be capable of terrestrial locomotion.
The robot can walk with a diagonal gait by alternately activating
two pairs of actuators for 30 s each. This procedure allows for
one pair of actuators to cool as the other pair is activated,
enabling diagonal movement. The advantage of this approach is
that while one pair of actuators is operational, the other pair can
revert to their original shape via cooling, ensuring an
uninterrupted power supply and reducing the robot’s overall
walking time. After conducting tests on the deformation angle
and cooling time of a single leg, we set the cooling time for each
pair of legs to between 120 s and 150 s to evaluate the robot’s
speed under different cooling times (Figure 4C and Movie S$4).
The untethered robot was able to cover approximately 0.2 body
lengths (body length: 5.96 cm) per minute after 180 s of
movement. When the cooling time was reduced to 120 s, the
robot’s movement speed increased to 0.28 body lengths per
minute.

In subsequent experiments, the robot’s movement speed
across diverse terrains was assessed (Figure 4D and Movie S5),
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as well as its load-bearing capacity on plastic (Figure 4E). These
experiments demonstrate the robot’s applicability across a
variety of environments. The untethered LCE robot’s total cost
of transport (CoT) is valued at 7 (Supplementary Text 3),
significantly lower than previously reported LCE robots (Table
1), dielectric elastomer robots, and SMA robots.””*® This
reduced CoT can be attributed to the efficiency of the bending
actuator structure and the robot’s low mass. It is noteworthy that
we deliberated between integrating a stretching actuator or a
bending actuator into the robot. We ultimately selected the
bending actuator design, as it potentially enables a broader range
of motions for the same energy consumption.

Furthermore, the untethered robot can function as a soft
gripper by adjusting the initial position of the actuators. As
depicted in Figure 4F and Movie S6, we demonstrated the ability
to create an electronically flexible gripper using an untethered
robot to lift various objects. By selectively stimulating the heat
wires in each actuator, the gripper could grasp and lift a table
tennis ball without additional external control. The heaviest
object the soft gripper was able to lift was 14.55 g.

4. CONCLUSION

In this work, we present a comprehensive research methodology
for the design, fabrication, and characterization of 4D-printable,
LCE-based, and untethered soft robots. The robot used LCE
actuators with modifiable LCE materials (with TNI values
ranging from 39 to 46 °C) sandwiched between a PI heating film
and a silicon adhesive. The electrically responsive LCE actuator-
driven untethered soft robot possesses multiple functionalities
such as robotic crawling, payload transferring, and adaptive
grasping.

The transition temperature adjustable LCE material can be
used to circumvent the problem of material deformation
difficulty with high transition temperatures, leading to excessive
energy expenditure. Moreover, the robot’s LCE actuator
showcased directional bending from 105.94° to 162.00° at 3.7
V. In contrast to conventional drivers, the driver structure
ensured adequate rigidity to support the robot’s weight,
adequate deformation ability to propel the robot’s locomotion,
and an optimal packaging structure to prevent LCE and PI
separation during heating, thereby eliminating potential failures.

Due to the material improvement and novel structural design,
we developed the lightest, quickest untethered electric-driven
LCE robot that has the lowest cost of transportation. The weight
of the robot was only 9.87 g, crawling at a speed of 0.28 body
lengths per minute, and can traverse various terrains and carry
objects weighing up to 14.55 g. The cost of transport (CoT) was
significantly lower than previous designs (as shown in Table 1).

This untethered LCE robot represents a significant enhance-
ment over previous studies on electrically controlled soft
structures, including piezoelectric actuators and SMA driver-
based soft robots. While these preceding technologies offer
quicker response speeds or greater driving forces, the LCE-based
robot operates on low-voltage power, making it compatible with
a majority of low-cost, commercially available electronics and
batteries. It also features high energy conversion efficiency and
remarkably low CoT, critical factors in reducing energy
consumption and enhancing the robot’s mobility. Its low CoT
design allows for smoother and more efficient movement, thus
minimizing wear and tear and potentially extending its lifespan.

The advancement of untethered LCE robots may represent a
promising progression toward the creation of multifunctional,
lightweight, and low-voltage driven soft robots suitable for

36066

intricate and unstructured environments. Future endeavors
might involve optimizing the LCE actuator’s design to achieve
superior performance in terms of power consumption and
bending angle. Furthermore, research may be conducted to
develop LCE-based soft robots with additional functionalities
such as wall-climbing and swimming robots. Our LCE actuator-
driven, untethered, multifunctional soft robot exemplifies the
potential for future developments in soft robotics, where
lightweight, adaptable, and versatile robots may find utility
across numerous environments, including industrial and
domestic applications.
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