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SOFT ROBOTS

An autonomous untethered fast soft robotic insect
driven by low-voltage dielectric elastomer actuators

Xiaobin Ji', Xinchang Liu?, Vito Cacucciolo®, Matthias Imboden’, Yoan Civet?, Alae El Haitami®,
Sophie Cantin®, Yves Perriard?, Herbert Shea'*

Insects are a constant source of inspiration for roboticists. Their compliant bodies allow them to squeeze
through small openings and be highly resilient to impacts. However, making subgram autonomous soft robots
untethered and capable of responding intelligently to the environment is a long-standing challenge. One ob-
stacle is the low power density of soft actuators, leading to small robots unable to carry their sense and control
electronics and a power supply. Dielectric elastomer actuators (DEAs), a class of electrostatic electroactive poly-
mers, allow for kilohertz operation with high power density but require typically several kilovolts to reach full
strain. The mass of kilovolt supplies has limited DEA robot speed and performance. In this work, we report low-
voltage stacked DEAs (LVSDEAs) with an operating voltage below 450 volts and used them to propel an insect-
sized (40 millimeters long) soft untethered and autonomous legged robot. The DEAnsect body, with three
LVSDEAs to drive its three legs, weighs 190 milligrams and can carry a 950-milligram payload (five times its
body weight). The unloaded DEAnsect moves at 30 millimeters/second and is very robust by virtue of its com-
pliance. The sub-500-volt operation voltage enabled us to develop 780-milligram drive electronics, including
optical sensors, a microcontroller, and a battery, for two channels to output 450 volts with frequencies up to
1 kilohertz. By integrating this flexible printed circuit board with the DEAnsect, we developed a subgram robot
capable of autonomous navigation, independently following printed paths. This work paves the way for new
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generations of resilient soft and fast untethered robots.

INTRODUCTION

Soft animals have long fascinated humans. Recent progress in soft
robots (I, 2) have enabled a broad range of applications, many of
them bioinspired, including fish (3), octopus (4), insects (5), hands
(6), and grippers (7). Centimeter- to decimeter-scale soft robots today
have two major limitations: (i) The low force and power density of
most soft actuators means that few soft robots can carry their own
power supply and must therefore be tethered, and (ii) the lack of
an integrated sensory-action feedback loop prevents soft robots from
autonomously responding to the environment (8). Integration of ac-
tuators, sensors, computing units, and power supply while preserving
the robustness and compliance of soft robots is challenging yet essen-
tial for the development of soft robotics (9).

The few examples of fully untethered robots based on compliant ac-
tuators are characterized by scaling up the robot body or by exploiting
buoyancy in an aquatic environment to compensate for the additional
mass of the power supply. Tolley et al. (10) developed a 65-cm-long
pneumatic robot able to carry the weight of compressors, battery,
and microcontrollers but at the price of a low speed of 0.008 body
length/s (BL/s). Marchese et al. (11) demonstrated a 30-cm-long soft
robotic fish capable of fast swimming for short escape maneuvers. A
similar robot was equipped with acoustic-based remote control for
underwater exploration (3). Higher power density with fluidic actua-
tors can be obtained by using chemical reactions, although the inte-
gration with digital control becomes challenging. Two examples of
explosion-driven jumping robots have been reported (12, 13) where
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the fuel was mixed into a compliant reaction chamber and ignited with
a spark. An alternative approach consists of using controlled chemical
reactions, leading to electronics-free moving soft machines. An early
example (14) is a crawling hydrogel driven by a self-oscillating chem-
ical reaction, whereas a more recent one is an octopus robot (4) that
uses a soft microfluidic logics to control the oscillation of its arms. Re-
versible electrolysis of water has also been reported for pneumatic
actuation (I15). Thermal actuators have the advantage of requiring
simple electronics, yet their low time constant limits their power
density. A caterpillar-inspired robot driven by shape memory alloys
(SMAs) was demonstrated by Lin et al. (16). The authors developed
a radio-controlled untethered version of the robot, but the low in-
stantaneous power output of the batteries limited its performance.
Huang et al. (17) have reported fast SMA-based actuators by using
thermally conductive elastomers. The actuator speed is still limited
to 0.3 Hz. To date, all untethered soft robots capable of locomotion
move following predefined actuation patterns, with no autonomous
sensory-action response to the environment.

The main classes of compliant actuators with force and power den-
sities sufficient for mobile robotics (2), as presented above, include
pneumatic (18) and hydraulic elastomer actuators (3, 19), SMAs (20),
thermal twisted fibers (21), hydraulically amplified self-healing elec-
trostatic (HASEL) actuators (22, 23), and dielectric elastomer actua-
tors (DEAs) (24).

Compared with pneumatic and thermally driven devices, actuators
relying on electrostatic force (DEA and HASEL) are particularly well
suited to drive autonomous untethered soft robots, because they are
fast and allow for ready integration with many sensors and control
circuitry. DEAs are particularly promising for driving soft robots in
view of high speed (25), large actuation strain (26), high power density
(27), and simple materials. There have been impressive demonstra-
tions of compliant grippers (7) and crawling (5, 28) and swimming
(29, 30) robots. DEAs consist of an elastomer sandwiched between
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two compliant electrodes and generally require drive voltages of sev-
eral kilovolts, typically at milliwatt power levels for millimeter- to
centimeter-scale devices. Commercially available kilovolt power sup-
plies and switches are bulky, ranging from several kilograms for labo-
ratory power supplies down to tens of grams for miniaturized devices,
which is why all but a few published mobile DEA robots are tethered
(9). Untethered soft swimming fishes driven by DEAs (29, 30) have
been reported, taking advantage of buoyancy to support the mass
of the onboard 2- to 8-kV electronics. An untethered crawling robot
has been reported (31), consisting of a central DEA and two pads
with tunable friction generated by electrostatic adhesion. However,
due to the high voltage (5 kV) needed for the DEA and the high volt-
age (3 kV) to generate the electroadhesion, the robot was bulky
(~20 cm long) and its speed was limited (0.02 BL/s).

Decreasing the operating voltage of DEA is a key step to enable
high-performance untethered soft robots. Below 500 V, there exists
a vast selection of low-mass, miniature, commodity surface-mount
components, enabling complex kilohertz voltage sources weighing
only tens or hundreds of milligrams, as shown, for instance, for piezo-
electric flapping-wing robotic insects (32-34).

In this work, we present DEAnsect: an insect-size (40 mm long),
fast (30 mm/s tethered, 12 mm/s untethered), ultralight (1 g) auton-
omous legged soft robot (Fig. 1A). Integrated sensors, power units,
battery, and control electronics provide autonomous operation in
response to the environment. DEAnsect is driven by three LVSDEAs
(low-voltage stacked DEAs), each connected to one of its legs. The
LVSDEAs operate at 450 V and at more than 600 Hz. The 190-mg
ultralight body can carry the 780-mg flexible onboard electronics (in-
cluding sensors, logics, control, and battery), resulting in a 1-g robot

that can autonomously follow a figure “8” path, as shown in Fig. 1B
and Movie 1. Because of its flexible body and actuators, the bare
DEAnsect keeps working even after being flattened with a fly swatter.

RESULTS

Design concept and moving principle of DEAnsect

The DEAnsect consists of a flexible frame, 35 mm long, supporting
three legs that exploit directional friction for forward motion and
independent leg actuation for active steering (Fig. 1, C to E). The front
leg is on the central axis of symmetry (Fig. 1C) and can propel the
robot forward. The posterior right and left legs are offset by 6 mm
from the central axis (Fig. 1, C to E). When the three legs are active,
the DEAnsect moves forward. When the front and left legs are active,
the DEAnsect turns right. With the front and right legs active, the
DEAnsect turns left. The inactive leg serves as a pivot point. It would
be possible to achieve similar steering by changing the drive frequency
of each leg to operate near or far from resonance, because the reduced
leg motion amplitude when off-resonance leads to lower forward mo-
tion of that leg. The angle between the left and right legs is 90° each of
them has a 45° angle with the central axis of symmetry. The purpose of
this angle is to decrease the turning radius by reducing the distance
between the points of contact with the ground of these two legs. With
the inactive leg as a pivot point, the turning radius is thus the distance
between the points of contact with the ground for the left and right
legs. The body of the robot is flexible and can be easily deformed to
adjust its configuration. In Fig. 1E, the DEAnsect is held in deformed
state using tape to increase the overall structure stiffness, which in-
creases its load-carrying capacity.

Y~

~Leg contact

Fig. 1. Autonomous untethered soft robot. (A) Photo of an autonomous untethered robot driven by three LVSDEAs, carrying its control and power elements, with a
total mass of 970 mg. (B) Snapshots of the untethered DEAnsect autonomously navigating a figure 8 path and automatically stopping at the end of the path. Ruler
scale is in centimeters. Total elapsed time is 63 s (see Movie 1). (C to E) Soft robot using three LVSDEAs to operate three independent legs based on asymmetrical
friction drive. (C) Top view: Photo of flat (as fabricated) DEAnsect robot. (D) Side view photo of flat DEAnsect robot. (E) Side view of deformed DEAnsect with body
held in bent shape using tape. The load capacity of the deformed DEAnsect is increased by the enhanced stiffness. The DEAnsect is fully mobile in both flat and

deformed configurations.
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Each leg is driven in a back-and-forth motion by its associated
LVSDEAs (Fig. 2A). The LVSDEAs are 3 mm in diameter and have
a thickness of 18 pm. They expand in plane when powered, thus
moving their associated leg (Fig. 2A). The DEA in-plane expansion
strain can be approximated as (35)

eV?

=ve (1)

X

where S, is the diameter strain, ¢ is the dielectric permittivity of the di-
electric elastomer, Vis the applied voltage, Y is the Young’s modulus of
the dielectric elastomer, and t is the thickness of the dielectric elastomer.

Each leg contacts the ground with an angle of about 45° (Fig. 2A,
bottom right), the same angle used in a previously developed legged
robot (36), because it is suitable for generating directional friction on
a broad range of surfaces.

The DEAnsect motion principle is illustrated in Fig. 2. Movie 2
shows the motion recorded using a high-speed camera. Figure 2A dis-
plays the structure of one leg in top view and profile. Figure 2B illus-
trates simplified schematics of the motion principle. Because of the
angled legs driven close to their resonance frequency by the LVSDEAs,
the DEAnsect moves forward by vibration-driven asymmetrical fric-
tion forces. Forward locomotion is achieved by driving the three legs
with the same signal. A single DEA actuation cycle and the corre-
sponding DEAnsect leg motion consist of two steps (Fig. 2B). At the
first step, from states 1 to 2, the voltage is turned on, generating area
expansion of the LVSDEA (Fig. 2, A and B) and pulling the leg for-
ward. For the second step, from states 2 to 3, the voltage is turned off
and the LVSDEA contracts, pulling the leg back. Because of the
45° contact angle, the leg remains almost static due to the directional
friction, and the LVSDEA contraction pulls the body of the robot for-
ward. Each leg cycle is repeated at 450 Hz (resonance frequency of the
system, see the “Performance of bare DEAnsect” section). Figure 2C
displays the displacement versus time of
the DEAnsect body and leg contact
point after the robot achieves steady
motion, confirming the moving princi-
ples described above. The three states de-
scribed in Fig. 2B are reported in Fig. 2C.

SWCNT stretchable electrodes

for LVSDEAs

A key enabling element in the LVSDEAs
are the nanometer-thick stretchable
conductive SWCNT (single-walled car-
bon nanotube) electrodes. Different
approaches have been tried to decrease
the operating voltage of DEAs, princi-
pally either increasing the permittivity
of the dielectric material (37, 38) or
decreasing the thickness of the dielectric
membrane (39). When the thickness of

‘1‘1‘1&:‘1“3‘_1‘:4' ‘1’5’1.““1%"1\‘6,] i

19

=

Movie 1. Untethered DEAnsect autonomously navigating a figure 8. T

e onboard microcontroller and two
photodiodes enable autonomous path following, steering the DEAnsect to remain on the black path. The DEAnsect stops
when both photodiodes are on a white surface. The integrated battery allows for over 14 min of continuous operation.
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Fig. 2. DEAnsect motion principle. (A) Schematic cross section and working principle of an LVSDEA, 18 um thick, consisting of three layers of 6-um-thick PDMS
membranes alternating with four layers of ultrathin SWCNT electrodes assembled by Langmuir method. Applying a voltage leads to both out-of-plane compression and
in-plane expansion. With a 450-V AC driving signal, the LVSDEA actuates and drives the corresponding leg to move. Photos correspond to one robot leg from different
views (top right, top view, and bottom right, profile). (B) Simplified schematics of robot leg-body motion. When the LVSDEA expands, the leg is pushed forward. When
the LVSDEA contracts, the leg remain nearly static due to directional friction, and the robot body hence moves forward. (C) Measured plot of robot body and leg contact
displacement as a function of time, extracted from high-speed camera video (see Movie 2) after the robot achieved steady motion. The average forward step here is 40 um,

corresponding to a forward speed of 18 mm/s.
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DEAs (40, 41) need to be extremely thin (tens to hundreds of nano-
meters) and soft (Young’s modulus in megapascal range) to limit their
stiffening effect on the thin elastomer membrane and keep enough
conductivity for fast (>500 Hz) operation. The electrical cutoff fre-
quency f, can be estimated from the RC time constant

1 t

fe=RC  mReA

(2)

where f. is the electrical cutoff frequency, R is the total electrical re-
sistance of the electrodes, C is the capacitance of the DEA, ¢ is the
thickness of the dielectric membrane, ¢ is the dielectric permittivity
of the dielectric elastomer, and A is the DEA active area.

Thin and soft electrodes are generally poor conductors. In our
earlier work, we used a 1-pum-thick polydimethylsiloxane (PDMS)
layer and 30-nm-thick stretchable electrodes [multiwalled CNTs
fabricated with the Langmuir-Schaefer (LS) method] to develop
DEAs generating 4% strain at 100 V (corresponding to 400%/kV~)
(42). The low stiffness of the electrodes enabled good actuation strain
levels. However, because the total electrode surface resistance was

/
Movie 2. Video taken with a high-speed camera showing the DEAnsect
movement slowed down by 140x. The side view of the DEAnsect body and
leg shows the motion principle.
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about 860 megohms and the capacitance was about 140 pF, the
DEA speed was limited to 1 Hz by its RC time constant (Eq. 2).

To improve the DEA speed, here, we developed higher conductiv-
ity electrodes based on functionalized SWCNTs using a similar LS
method. Targeting a driving voltage below 500 V, we increased the
thickness of the dielectric membrane to 6 pm to increase the DEA
overall output force, compared with our previous work. For a circular
capacitor with a diameter of 3 mm and a 6-um-thick PDMS dielectric
layer, the capacitance was 30 pF. From Eq. 2, we could estimate that
the total electrode resistance should be less than 5 megohms to operate
at more than 1 kHz. We therefore investigated the SWCNT electrode
fabrication parameters to achieve this requirement for the electrode
resistance.

During the electrode fabrication using Langmuir method, the den-
sity of the SWCNTs at the air-water interface is controlled by the sur-
face pressure, which can be illustrated by the SWCNT Langmuir
compression isotherm (see text S1 and fig. S1). Therefore, the influ-
ence of the LS transfer surface pressure on the electrode surface
resistance was first studied. With 6 as the number of LS transfers
and LS transfer surface pressures of 3, 10, and 30 mN/m, the surface
resistances of these fabricated SWCNT electrodes presented similar
values, with an average value of 0.12 megohm/square (Fig. 3A). LS
transfer surface pressure showed little influence on the sheet resistance
in the studied range. We selected 3 mN/m as LS transfer surface pres-
sure for this work.

Figure 3B shows the influence on electrode resistance of the num-
ber of LS transfers. The surface resistance of the electrodes decreased
with increasing number of LS transfers. Transferred at a surface pres-
sure of 3 mN/m and with 3 as the number of LS transfers, the
electrode surface resistance was about 1 megohm/sq and decreased
to 0.2 megohm/sq when the number of LS transfers increased to 6.
Electrodes with 12 as the number of LS transfers presented an even
lower surface resistance of 0.04 megohm/sq. We selected 6 as the
number of LS transfers for this work, because the corresponding sur-
face resistance was low enough for the LVSDEA to operate at more
than 1 kHz.

The surface resistance versus strain for the ultrathin electrodes,
fabricated with 3 mN/m as the LS transfer surface pressure and 6 as
the number of LS transfers, is plotted in Fig. 3C. The electrode surface
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Fig. 3. Characterizations of the ultrathin electrodes fabricated using the Langmuir method developed for the LVSDEAs. (A) Surface resistance versus LS transfer
surface pressure for six LS transfers. The surface resistance remains almost the same for different LS transfer surface pressures in the studied range. The uncertainty
corresponds to the SD of measurements on six samples. (B) Surface resistance versus the number of LS transfers with an LS transfer surface pressure of 3 mN/m. The
surface resistance decreases when the number of LS transfers increases. The uncertainty corresponds to the SD of measurements on six samples. (C) Surface resistance
versus linear strain for electrodes fabricated with six LS transfers at 3 mN/m LS transfer surface pressure. The surface resistance remains below 1 megohm/sq at 125%
linear stretch.
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resistance was 0.3 megohm/sq at 0% strain, which is slightly higher
than the values in Fig. 3 (A and B). The difference is possibly caused
by the use of a suspended soft substrate for handling the electrode.
We observed that, even at 25% linear strain, the electrode surface
resistance was still less than 1 megohm/sq, meeting the previously
estimated requirements on the resistance of the stretchable electrodes.
These parameters enabled the development of the fast LVSDEA for
the DEAnsect. The atomic force microscopy (AFM) image of the
corresponding SWCNT electrodes is shown in fig. S2 (see text S2).
Each LVSDEA (schematic cross section shown in Fig. 2A) consists
of three silicone dielectric layers, each 6 um thick, sandwiched by
the SWCNT electrodes. The fabrication process is illustrated in fig. S3.

Influence of DEA parameters on DEAnsect leg displacement
In addition to the LVSDEA, we fabricated three other types of DEAs
with the same geometry to compare their performance in driving the
DEAnsect leg. We measured the leg in-plane displacements in a
suspended configuration (no contact with the ground). The four types
of DEAs differ by (i) electrode fabrication method, (ii) electrode
materials, (iii) number of PDMS dielectric layers (6 um thick for one
PDMS layer; see Fig. 2A), (iv) number of electrodes, and (v) use or
not of oxygen plasma (OP) treatment on the PDMS surface for better
electrode adhesion. The four types of DEAs and their corresponding
abbreviations are listed in Table 1.

Figure 4A shows the DEAnsect leg displacement driven by the
four types of DEAs applying different values of DC voltage. The use
of ultrathin SWCNT electrode (less than 60 nm thick) fabricated using
LS method led to larger displacement compared with the 2-um-thick
pad-printed electrodes (43), due to lower stiffening on the DEA struc-
ture. Comparing LS-No-OP and LS-OP, the latter showed less leg
displacement, which was due to the stiffening effect by OP treatment
on the PDMS dielectric layer (44). By comparing LS-OP and LS-
Stacked-OP, the stacked configuration showed larger displacement,
because the stiffening induced by the electrodes and their OP treat-
ment was reduced by having the internal electrodes shared by two ad-
jacent PDMS layers (in total less electrode per PDMS layer).

Figure 4B plots the leg displacement versus time for the differ-
ent DEAs. LS-No-OP required the longest time (~5 ms) to achieve
full strain. Such response was limited by the surface resistance of
the electrodes (RC time constant, see Eq. 2) and was not fast enough
to achieve AC actuation more than 100 Hz. We measured a surface
resistance 20 times higher for the SWCNT electrode without OP
treatment (3 megohm/sq) than the same electrodes with OP treatment
(150 kilohm/sq). The OP treatment modified the surface of PDMS
from hydrophobic to hydrophilic, improving the quality of the trans-
fer of the SWCNTs from the air-water interface onto the PDMS. The
improved LS transfer led to electrodes with lower resistance. For other
three types of DEAs, the time to reach full strain was about the same.

Table 1. The four types of DEAs used to compare their ability to drive the DEAnsect leg. They differ by (i) electrode fabrication method, (ii) electrode
materials, (i) number of PDMS dielectric layers (6 um thick for one PDMS layer), (iv) number of electrodes, and (v) use or not of OP treatment on PDMS for better

electrode adhesion.

DEA abbreviations Electrode fabrication Electrode materials Number of PDMS Number of OP treatment for
method dielectric layers electrodes PDMS dielectric layer
LS-No-OP LS SWCNT 1 2 No OP treatment
LS-OP LS SWCNT 1 2 With OP treatment
Pad-printed Pad-printing Carbon-black silicone composite 1 2 No OP treatment
LS-Stacked-OP (LVSDEA) LS SWCNT 3 4 With OP treatment
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Fig. 4. DEAnsect leg displacement. (A and B) Comparison of LVSDEAs (LS-Stacked-OP) with three other types of DEAs made with the conditions listed in Table 1.
Each DEA drives a DEAnsect leg in a suspended configuration (no contact with the ground). (A) Leg displacement versus applied DC voltage (after 5 s). The
uncertainty corresponds to the SD of five measurements taken on the same sample. (B) Leg displacement versus time for a 450-V step in the drive voltage. (C) In-plane
peak-to-peak displacement of a leg driven by an LVSDEA, a function of the driving frequency. The leg-DEA system operates at up to 1 kHz, with two resonance peaks (at
200 and 580 Hz). The 580-Hz peak shows the largest displacement. The uncertainty corresponds to the SD of five measurements per frequency.
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Fig. 5. Performance of the DEAnsect driven
by LVSDEAs. (A) DEAnsect speed versus drive
frequency at a fixed voltage of 450 V applied
to all three LVSDEAs. The DEAnsect presents
two speed peaks corresponding to resonance
at 137 and 457 Hz. At 450-Hz driving frequen-
cy (all three DEAs), the flat DEAnsect moves at
18 mm/s. (B) DEAnsect speed versus drive
voltage at resonance (450 Hz). The robot
speed can be controlled by tuning the driving
voltage (about 0.11 mm/s per volt with linear i .
fit). The uncertainty for both graphs corresponds

)
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In their cases, the response times may have been limited by the
mechanical properties (viscoelasticity) of the PDMS membranes.

From the results in Fig. 4 (A and B), we can conclude that OP treat-
ment lowered the surface resistance of SWCNT electrodes on PDMS.
Meanwhile, the OP treatment stiffened the PDMS, resulting in lower
displacement. Among the four types of compared DEAs, the LS-
Stacked-OP (LVSDEA) presents the best trade-off performance to
drive the DEAnsect legs in terms of displacement and response speed.

Figure 4C plots the leg in-plane displacement as a function of the
driving frequency of LVSDEA. We observed two leg displacement
peaks between 0 and 1000 Hz, corresponding to two resonance fre-
quencies of the system. The peak at 580 Hz presents the largest leg
in-plane displacement of about 115 um. We could observe the sig-
nificant amplification in leg displacement by working at resonance,
confirming the critical advantage of fast response actuators. On the
contrary, the DEA-leg system driven by LS-No-OP was unable to ex-
cite any of the resonance modes because its working frequency is
limited to 100 Hz. Above 700 Hz, the leg displacement consistently
decreases by increasing the driving frequency, due to viscous losses
in the PDMS membrane.

Performance of bare DEAnsect

We characterized the motion performance of the DEAnsect without
onboard electronics: (i) robot speed versus driving frequency, (ii) ro-
bot speed versus voltage amplitude, (iii) robot speed on different ter-
rains, and (iv) robot speed versus payload mass. Tests (i) to (iii) were
conducted with the “flat” DEAnsect (Fig. 1D), whereas test (iv) was
conducted with the “curved” DEAnsect (Fig. 1E).

Figure 5A plots the DEAnsect speed as a function of the driving
frequency (50 Hz to 1 kHz). The voltage was fixed at 450 V. We ob-
served two peaks at around 150 and 450 Hz. The peaks correspond to
resonance modes observed in the suspended DEA-leg system (Fig.
4C). The corresponding resonance frequencies shifted to lower values
because of the increased mass on the legs given by the DEAnsect body.
At 450 Hz, the robot traveled at a speed of 0.5 BL/s, corresponding to a
step size of 40 um. Figure 5B plots the DEAnsect speed as a function of
the driving voltage (250 to 450 V). The driving frequency was fixed at
450 Hz. The robot started moving at 300 V. With increasing voltage
amplitude, the robot speed increased almost linearly (0.11 mm/s per
volt). We show that the robot speed could be controlled by tuning the
applied driving voltage. The maximum speed of 18 mm/s (0.5 BL/s)
was obtained with a voltage amplitude of 450 V at 450 Hz for the flat
DEAnsect.
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Drive frequency (Hz)

T T
350 400

Voltage (V)

T T
600 800 300

Table S1 summarizes the effect of different terrains on the robot
speed. We tested four different materials with different surface rough-
nesses: smooth poly(methyl methacrylate) (PMMA) sheets, polyester
sheet, office paper, and sandpaper (grit P2500). On PMMA (arithmetic
average roughness Ra = 0.2 um), we observed the fastest speed. In gen-
eral, the robot moved fast on smooth surfaces: 19 mm/s on PMMA
(Ra =0.2 um) and 14 mm/s on polyester (Ra = 0.6 pm). In addition to
the surface roughness, the robot speed also varied, with surface materials
having different friction coefficients. For example, the sandpaper we
used (Ra = 2 um) showed similar Ra with office paper (Ra = 3 um); the
robot could move on office paper with a speed of 12 mm/s but could
not move on sandpaper due to the increased friction coefficient.

Table S2 contains the DEAnsect speed with different payload
masses. A polyester surface was used for this characterization. The ro-
bot with curved body (Fig. 1E) has higher payload-carrying capacity
compared with the flat body. This configuration increased the contact
angle of the two legs at the back, which increased the stiffness of the
whole robot structure, leading to increased load-carrying capacity. For
the flat DEAnsect configuration (Fig. 1D), the robot could carry up to
a 700-mg load. For the curved configuration (Fig. 1E), the robot could
carry 950 mg, five times its own weight (190 mg). When curved, the
speed of the robot with no load was doubled, from 14 mm/s (0.4 BL/s)
in the flat configuration to 30 mm/s (0.85 BL/s) in the curved one.
Increasing the added load decreased the DEAnsect resonance frequen-
cies as well as its step size, leading to lower speed.

The DEAnsect is extremely robust: After being completely flattened
by a fly swatter, the robot could be peeled from the moving surface and
continue moving forward (Fig. 6 and Movie 3). The robot kept work-
ing after eight flattening and peeling-off events. This resilience and
ability to sustain very high deformations is one of the core advantages
of soft robots.

Autonomous untethered DEAnsect

The 190-mg bare DEAnsect can carry a 950-mg payload at a speed of
6 mm/s (table S2). We developed miniaturized control electronics to
fit within a mass budget of 800 mg, including a rechargeable battery
(table S3). Miniaturized voltage conversion circuits for microrobotic
applications have been reported (33, 45). Commercially available
voltage converters with the required capabilities weigh several grams.
The smallest reported stand-alone voltage converter used for a piezo-
electric flapping-wing robotic insect is a sub-50-mg voltage converter
with high-voltage drivers (without control functionality) with step-
up ratios of up to 60 and a working frequency of 120 Hz (33).
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Fig. 6. DEAnsect continues moving after being flattened by a fly swatter (see Movie 3). (A) Moving forward.
(B) DEAnsect gets flattened by a fly swatter and sticks to the moving surface (inset, zoom of the deformed soft
LVSDEA). (C) DEAnsect is pulled up and detached from the surface. (D) DEAnsect continues moving forward.

Movie 3. Robust DEAnsect surviving being flattened. While in motion, the DEAnsect is completely flattened
by a fly swatter and adheres to the surface. After being peeled off from the surface, the DEAnsect continues

moving forward.

Energy efficiency is an important design constraint, because it influ-
ences strongly the robot’s operating time. Campolo et al. (46) proposed
a charge recovery scheme for piezoelectric actuators using additional
electronics components. Mottet et al. (47) studied resonating circuits
to transfer electrical charge between multiple DEAs, decreasing the
wasted energy at each cycle. However, the waveform conditioning stage
after the high-voltage output and the current feedback measurement
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increased the weight and power con-
sumption. As a result, we opted for an
open-loop flyback solution to drive our
LVSDEAs.

We designed ultralight (780-mg
weight) onboard control electronics
using commercial components to give
the robot untethered and autonomous
motion (text S3 and fig. S4). Figure 7
shows photos of the flexible printed
circuit board (PCB) driver. The sur-
face of the PCB is 391 mm”. On the top
side (Fig. 7A), there are four output pads
where the wires of the robot can be
soldered. The 3.7-V rechargeable battery
and the mechanical switch were also
soldered on the PCB at the narrow end.
The electronics has two independent
output channels, each with an indepen-
dent waveform, with amplitude up to
480V and frequency up to 1 kHz, dynam-
ically set by the microcontroller. Using
photodiodes as sensory input (Fig. 7B),
the microcontroller gives the robot basic
intelligence by implementing a finite state
machine structure for feedback control.
The electronics is 33.5% power efficient.
Using an ASIC (application-specific
integrated circuit) would allow for further
reduction in the mass of the electronics.

By integrating the 780-mg onboard
electronics with our bare DEAnsect ro-
bot, we obtained the untethered version
of DEAnsect (Fig. 1A), whose payload-
carrying ability decreased to 170 mg. The
untethered DEAnsect was programmed
to move forward when both the photo-
diodes sensed black color. When one of
the photodiodes sensed black and the
other one sensed white, the robot turned
to follow the black path. When both pho-
todiodes saw white, the DEAnsect stopped.
With this basic intelligence, the DEAnsect
autonomously navigated a figure 8 as
shown in Fig. 1B, automatically coming
to a stop at the end (see Movie 1).

Half of the weight of the onboard elec-
tronics is the Li polymer battery (400 mg),
which enabled 14 min of continuous ope-
ration. As for many electrically powered
systems, energy storage is a major bottle-
neck. Progress in printed lightweight and
flexible batteries can further improve the performance of the untethered
robot by decreasing the entire body weight.

DISCUSSION
We developed a small-scale (1-g and 4-cm-long) untethered autono-
mous robot, DEAnsect, driven by LVSDEAs. DEAnsect is capable of
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Fig. 7. Photo of DEAnsect driver circuit. (A) Top view. (B) Bottom view.

/ Micro controller

Table 2. Comparison between this work and the other untethered robots, capable of continuous locomotion on land and driven by soft actuators

presented in literature.

Speed/

Robot Speed Speed Total N Autonomous
Soft actuator technology . weight . Reference
length (mm) (mm/s) (BL/s) weight (g) sensory-action response
(BL/s per g)
DEA 40 12 0.3 0.97 0.3 Yes This work
DEA 200 4 0.02 2526 8x107° No (31
Pneumatic elastomer actuator 650 5 0.008 ~4000 (estimated) 2x107° No (10)
SMA 57 34 0.6 ~20 (estimated) 0.03 No (50)
lonic polymer metal composites 45 0.45 0.01 0.83 0.01 No 51)

autonomous navigation and illustrates the potential to make smart
untethered robots based on DEAs.

Achieving soft autonomous mobile robots at this scale is challeng-
ing because the soft actuators need high enough power density to carry
the whole system, including power supply, sensors, and computation.
From Fig. 4C, we can estimate the power density of our LVSDEA. The
elastic strain energy density for the elastomer is (24)

1
5 Y S.? (3)

Ue

where U, is the elastic strain energy density, Y'is the Young’s modulus
of the elastomer, and S, is the strain in thickness direction.
The power density of the LVSDEA can be estimated as

1 1 ?
2 Y<1 - <1+§>2) /
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where P, is the power density, S, is the diameter strain, d is the
initial diameter of the LVSDEA, x is the leg displacement, and f
is the operating frequency of the LVSDEA.

The LVSDEA power density is more than 10> W/m® at 300-Hz
resonance and more than 10° W/m® at 580-Hz resonance. These
values correspond to a specific power density of 100 to 1000 W/kg.
The total weight of the three active LVSDEAs is about 4 x 10* g. The
high power density allows the submilligram LVSDEAs to drive the
1-g DEAnsect. The sub-450-V driving voltage allows the whole aux-
iliary systems to be miniaturized down to 780 mg, which enables the
development of a fully untethered autonomous mobile robot. The
total cost of transport (CoT) value for the untethered DEAnsect is
1670 (text S4 and fig. S5), which is relatively high compared with
other legged robots (48). The high CoT value is mainly due to the
relatively low overall DEA efficiency (0.95%), which stems in part
from the energy dissipated through the high-resistance DEA electro-
des (49 of 63 mW, see text S4) and in part from energy to charge and
discharge the DEA capacitor at each cycle (13.4 of 14 mW, see text
S4). Methods to improve the DEA efficiency include (i) reducing the
resistance of the DEA electrodes; (ii) increasing the mechanical
strain S, = % (here, 3.8%), because the mechanical work produced
at each DEA cycle is (0.5 V2C((S, + 1)* = 1), which increases with
increasing strain (C; is the capacitance of the DEA at rest); and (ii)
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implementing electronic circuits to reuse parts of the charge stored
in the capacitor (49).

Table 2 compares the locomotion performance of DEAnsect with
the other untethered on-land robots capable of continuous locomo-
tion using soft actuators. Our untethered DEAnsect presents a fast
moving speed of 0.3 BL/s. With a total weight of less than 1 g, DEAnsect
has the highest relative speed/body weight ratio (0.3 BL/s per g), more
than one order of magnitude higher than other untethered soft robots in
the literature. DEAnsect is also the most agile, with a small turning radius
of 6 mm and turning speed of about 30°/s (Movie 1). DEAnsect is the
only untethered soft robot with sensory-action response to environmental
conditions able to navigate a path fully autonomously.

MATERIALS AND METHODS

Objectives of the study

The objective of this study is to demonstrate the development of sub-
gram centimeter-scale untethered autonomous soft robots driven by
DEAs and to characterize their performance. This achievement is
made possible by our developed LVSDEAs with driving voltage below
450 V and capable of operation at more than 600 Hz. The sub-500-V
operating voltage enabled onboard power and control electronics
weighing only 780 mg. The low driving voltage and high power den-
sity of LVSDEAs enabled their use as artificial muscles to drive an au-
tonomous untethered fast soft robotic insect, DEAnsect.

Materials

Octadecylamine-functionalized SWCNT's were purchased from Sigma-
Aldrich (652482-100MG). Chloroform (=99.8%) was purchased from
Sigma-Aldrich (319988). PDMS (LSR 4305, parts A and B) was
ordered from Bluestar (A-221-05). The PDMS solvent (OS-2) was
ordered from Dow Corning (Auburn, MI). Poly(acylic acid) solution
(PAA) (25%) was purchased from Chemie Brunschwig (00627-50).
The silicone transfer adhesive ARclear was ordered from Adhesive Re-
search (ARclear 8932). The polyester sheets were the backside cover of
the silicone adhesive ARclear. PMMA plates were ordered from Laumat
GmbH. Polyethylene terephthalate (PET) substrates 125 pm thick were
purchased from DuPont Teijin (Melinex ST-506).

Fabrication technologies and processes

Fabrication of SWCNT ultrathin stretchable electrodes

by LS method

Functionalized SWCNTs were dissolved in chloroform to a concentra-
tion of 0.5 g/liter. The solution was sonicated for 3 hours in an ice bath.
After the solution was warmed to room temperature, it was ready to be
used to form an SWCNT ultrathin electrode by the horizontal LS transfer
method. Ultrapure water (resistivity, >18.2 megohm-cm) was produced
by an ultrapure water purification system (Werner, EASYpure II). The
water was poured inside the Langmuir-Blodgett trough (KSV NIMA,
KN 2002). Eighty microliters of the prepared SWCNT solution was
deposited drop by drop on the air-water interface. The barriers of the
Langmuir trough compressed the SWCNTSs to achieve the desired sur-
face pressure. For the LS transfer, the corresponding substrate was hor-
izontally moved toward the SWCNT layer. Once the contact between
the substrate and the SWCNT layer was established, the substrate was
raised until the transfer was complete.

Surface resistance measurement of SWCNT electrodes

To study the electrode surface resistance as a function of the LS transfer
surface pressure and the number of LS transfers, we LS transferred the
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SWCNT layers onto PET substrates. For the electrode surface resistance
versus the LS transfer surface pressure, 6 was selected as the number of
LS transfers while varying the LS transfer surface pressure. For the
electrode surface resistance versus the number of LS transfer, the LS
transfer surface pressure was fixed at 3 mN/m while varying the number
of LS transfer. The surface resistance of the fabricated electrodes was
measured using a four-probe resistance measurement configuration
(Keithley 2000). The corresponding electrode surface resistance
variations are plotted in Fig. 3 (A and B).

SWCNT electrodes stretchability test: Surface resistance
versus strain

To measure electrical resistance versus strain, we used a 100-um-thick
PDMS membrane as the stretchable substrate onto which the SWCNT
electrode was transferred by LS method. The PDMS substrate was trea-
ted by OP (OP chamber manufactured by Diener, model ZEPTO).
Then, the SWCNT layers compressed at a surface pressure of 3 mN/m
were LS transferred in six sequential transfers onto the OP-treated
PDMS substrate. To measure the SWCNT electrode electrical
resistance, we deposited four gold contacts, 20 nm thick, on the
SWCNT electrode using a gold sputter coater (JEOL, JFC-1200). For
the resistance versus strain measurement, the SWCNT electrode on
PDMS substrate was mounted on a motorized linear stage (Standa,
8MT175-50) to stretch the electrode. The zone with the gold contacts
was fixed onto a PMMA rigid support using a silicone adhesive to avoid
deformation of the gold connections. The stretchable zone was a
suspended PDMS membrane coated with LS-transferred SWCNT elec-
trodes. The electrode was stretched at a speed of 20 pum/s, and the
electrode resistance was recorded. A LabVIEW (National Instruments)
code was used to control the instruments and record the data. The
electrode surface resistance as a function of applied linear stretch is
presented in Fig. 3C.

SWCNT electrodes surface topography

To study the surface topography of the ultrathin electrodes, we LS
transferred the SWCNT layers onto PET substrate with 6 as the
number of LS transfers and 3 mN/m as the LS transfer surface pres-
sure. The topography images were obtained by AFM (BRUKER,
Dimension Edge with ScanAsyst) using the tapping mode. The
electrode surface topography is presented in fig. S2.

Assembly LVSDEAs for DEAnsect

Parts A and B of the PDMS LSR 4305 were mixed with the silicone sol-
vent OS-2 (Dow Corning), as described in (43), in mass fractions of
25,25, and 50 weight % using a planetary mixer (Thinky, ARE-250).
A 23-um-thick PDMS membrane was fabricated by casting the un-
cured PDMS on a PET substrate coated with a PAA sacrificial layer,
using an automatic film applicator (Zehntner) set to a blade gap of
100 um. A suspended PDMS membrane was obtained by dissolving
the PAA sacrificial layer in hot water. The 23-pum-thick PDMS mem-
brane was then equibiaxially prestretched by the ratio about 1.8, re-
ducing the membrane thickness to 6.5 um (fig. S3A). It was fixed on a
custom-made PMMA holder. The prestretched PDMS membranes
were used as the dielectric layers of the stacked DEAs.

To LS transfer the patterned electrodes on the PDMS dielectric
layers, we used masks to define the electrode geometries. The OP treat-
ment needs to be performed only on the bare PDMS zone to ensure
good transfer quality. A second sacrificial mask with the same pattern
as the mask for the LS transfer was overlapped on the first one for the
OP treatment. The second mask protected the first one to avoid OP
treatment, because OP treatment on the first mask influenced the
SWCNT electrode LS transfer. After the OP treatment (Diener, ZEPTO)
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with 30-W power for 6 s, the second mask was peeled off (fig. S3B), and
the SWCNT layers could be LS transferred on the bare PDMS zones
with the first mask for the electrode shape patterning. By peeling off
the first mask, the suspended PDMS with patterned SWCNT electrodes
was obtained (fig. S3C). The masks were fabricated from 50-pum-thick
polyester sheets, and the mask geometries were cut out using a laser
engraving machine (Trotec, Speedy 300).

For more reliable electrical interconnects, a 20-nm-thick gold layer
was sputtered on the LS-transferred electrodes far from the DEA active
region, in a shape patterned using the corresponding masks (fig. S3D).
The masks for gold patterning were made from laser-cut paper. While
applying the mask for gold patterning, a 1-mm space gap between the
mask and the prestretched PDMS membrane was used to avoid direct
contact between the two. After the gold layer deposition, the first layer
electrode was finished for the first PDMS layer of the stacked DEA. The
first PDMS layer was then flipped over to apply the second electrode.
This turning over process was done as in (42), by using PDMS mem-
brane holders with different sizes.

The second layer electrode was applied as shown in fig. S3C, with a
different mask (fig. S3E). By coating a 20-nm gold layer using a mask on
the second LS-transferred electrodes, the first single layer DEA was
completed (fig. S3F). Then, by repeating the same process as before with
suitable masks, the third DEA electrode was applied onto the second
PDMS layer (fig. S3G), and the fourth DEA electrode was applied onto
the third PDMS layer (fig. S3H). Last, for the LVSDEA assembly, the
three PDMS layers with applied electrodes in fig. S3 (F to H) were
assembled together on to the robot frame (fig. S31).

During the assembly, silicone adhesive was used to ensure the ad-
hesion between the PDMS layers. Conductive silver epoxy drops were
applied on each patterned gold layer. After lamination of all layers,
fine copper wires were used to puncture through predefined holes
on the body frame and mechanically fixed and electrically connected
using silver epoxy (fig. S3I). The final assembled stacked layers were
vacuum-treated to remove any air bubbles from the lamination step.
After degassing, the stacked layers were placed in an oven at 80°C
for 2 hours to cure the conductive silver epoxy. The LVSDEAs were
then complete.

The legs of the DEAnsect robot were composed of laser-cut PET and
PMMA, attached by ARclear adhesive. The assembly was mounted to
the membrane in close proximity to the actuator electrodes (Fig. 1C).
Characterization of LVSDEAs and DEAnsect robots
The motion data were obtained by analyzing the images, photos, or
video frames. For the data in Fig. 4A, the photos were taken by optical
microscope (Dino-Lite). For the data in Fig. 4 (B and C), the photos
were taken by a high-speed camera (Phantom v210) with a frame rate
of 7000 frames per second. For the robot performance data in Fig. 5, the
data were obtained from the corresponding video frames. All the images
were analyzed using Vision Assistant (National Instruments) and the
Fiji distribution of Image].

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/4/37/eaaz6451/DC1
Text S1. SWCNT Langmuir compression isotherm

Text S2. AFM image of the SWCNT electrode

Text S3. Onboard electronic design concept and performance
Text S4. DEAnsect CoT calculation

Fig. S1. SWCNT Langmuir compression isotherm.

Fig. S2. AFM image of the SWCNT electrode.

Fig. S3. DEAnsect soft robot fabrication process.

Fig. S4. DEAnsect onboard electronics design and performance.
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Fig. S5. Power flow in the DEAnsect, with number for motion at 12 mm/s.
Table S1. Bare DEAnsect robot speed on different material surfaces.

Table S2. Bare DEAnsect speed versus payload.

Table S3. Components of the 780-mg onboard DEAnsect electronics.
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