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SOFT ROBOTS

Electrostatic footpads enable agile insect-scale soft

robots with trajectory control
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Agility and trajectory control are two desirable features for robotics, but they become very challenging for soft
robots without rigid structures to support rapid manipulations. Here, a curved piezoelectric thin film driven at its
structural resonant frequency is used as the main body of an insect-scale soft robot for its fast translational move-
ments, and two electrostatic footpads are used for its swift rotational motions. These two schemes are simultane-
ously executed during operations through a simple two-wire connection arrangement. A high relative centripetal
acceleration of 28 body length per square second compared with existing robots is realized on a 65-milligram
tethered prototype, which is better than those of common insects, including the cockroach. The trajectory manip-
ulation demonstration is accomplished by navigating the robot to pass through a 120-centimeter-long track in a
maze within 5.6 seconds. One potential application is presented by carrying a 180-milligram on-board sensor to
record a gas concentration route map and to identify the location of the leakage source. The radically simplified
analog motion adjustment technique enables the scale-up construction of a 240-milligram untethered robot.
Equipped with a payload of 1660 milligrams to include the control circuit, a battery, and photoresistors, the un-
tethered prototype can follow a designated, 27.9-centimeter-long “S”-shaped path in 36.9 seconds. These results
validate key performance attributes in achieving both high mobility and agility to emulate living agile insects for
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the advancements of soft robots.

INTRODUCTION

Both agility and trajectory manipulation are important features for
practical robots. Specifically, fast-running robots without the ability
to navigate around obstacles by coordinating both speedy transla-
tional and rotational motions would not be able to execute even
common tasks in complex environments. These two desirable char-
acteristics become even more challenging for soft robots due to
their unique structural constraints of high flexibility, deformability
(1, 2), and robustness (3, 4). For example, conventional rigid-body
robots can use differential gaits to realize turning motions similar to
those in insects (5-10). However, soft robots have difficulty using
this strategy due to their low structural stiffness, which reduces their
ability to manage good motion controls (3, 11-14). Previously, tra-
jectory manipulations of robots on the basis of pneumatic structures
with the body length scale of more than 10 cm have been demon-
strated with relatively poor agility due to their slow moving speeds
(14-17). An insect-scale soft robot has achieved high moving speeds
up to 20 body length/s (BL/s) by its unique structural design and
driving scheme, but it has exhibited low agility and poor trajectory
controllability (18). Some insect-scale soft robots on the basis of di-
electric elastomer actuators have been developed to show various
moving trajectory patterns by advanced digital control schemes
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(19-22). However, a key fundamental challenge in the field of insect-
scale soft robots is the ultrahigh agility and good trajectory control
that are comparable to those of real agile insects. One application
scenario for such a robot is to move quickly similar to a cockroach
by carrying sensors in ruins after disastrous events and to record
and transmit valuable information in search and rescue operations.
Bio-inspired soft robots having the advantages of flexibility, deforma-
bility, and robustness are desirable for these applications, but their
soft bodies often result in poor agility, which limits their functions.

The difficulty in achieving high agility of any robot is to have a
very fast linear moving speed while maintaining the capability of
making turns. Specifically, a fast-moving robot could lose its stabil-
ity while executing the turning motions due to the inertia effect. In
nature, insects having flexible bodies can dynamically tune the fric-
tion force with secretions between their feet and the ground to im-
prove locomotion (23-27). Similar schemes have been emulated in
small-scale robots to accomplish various exceptional functions,
such as climbing on a vertical wall using the electrostatic force for
attachments (7, 19). Inspired by this strategy, a tethered prototype
soft robot has been built by using a curved unimorph piezoelectric
film structure as the main body for fast moving speeds, and two
electrostatic footpads have been implemented for speedy turning
motions. The friction force between the electrostatic footpads and
the ground can be independently adjusted by varying the footpads
DC bias voltages to regulate the moving trajectory. Key advance-
ments of this work include (i) the highest relative centripetal accel-
eration among robots at 28 BL/s* for a 3 cm-by-1.5 cm, 65-mg
tethered prototype with highly robust operations; (ii) a trajectory
manipulation demonstration of a tethered robot to navigate through a
120-cm-long path in a maze in just 5.6 s and an application presen-
tation by carrying a 180-mg gas sensor to detect gas leakages; and
(iii) a 2.4 cm-by-2.2 cm, 240-mg untethered robot with light-
induced motion adjustment controls by carrying a 6.9 times heavier
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payload (1.66 g, including a battery, photoresistors, and control cir-
cuit) to finish a designated, 27.9-cm long “S”-shaped path in 36.9 s.
In this case, a simplified, two-wire motion adjustment technique
enables the easy setup of power electronics for the scale-up unteth-
ered robot. The design principles, motion manipulation methodol-
ogies, system characterizations, and application demonstrations all
aim to advance the field of soft robots with the goal to emulate agile
insects toward practical applications.

RESULTS

Design strategy and basic mechanism

An optical image of a tethered, insect-scale soft robot (3 cm by
1.5 cm, 65 mg) is shown in Fig. 1A together with a queen ant
(Camponotus turkestanus) for size comparison. The fabrication pro-
cesses are given in Materials and Methods on the basis of the previous
work (18) with added electrostatic footpads. The robot is composed
of a main body, a rear leg, and two front legs with electrostatic
footpads. The scanning electron microscopy (SEM) image in Fig. 1B
shows the cross-sectional view of the main body made of three polymer
layers: the curve-shaped piezoelectric polyvinylidene fluoride (PVDEF;
18-pm) thin film with top and bottom titanium (Ti)/gold (Au)
(10/100 nm) electrodes, the silicone adhesive layer (25 um), and the
polyethylene terephthalate (PET; 25-um) passive layer at the bottom.
Under the excitation of an AC driving voltage at the structural resonant
frequency (113 to 190 Hz for the prototypes with slightly different de-
sign and fabrication variations), the curved piezoelectric unimorph
structure can extend and shrink repeatedly to result in the rear leg
and the two front legs striking the ground for fast forward move-
ments (fig. S1). The electrostatic front footpad has the design shape
of a droplet and is made of a polyimide (PI; 5 um in thickness) film
at the bottom with a Ti/Au (10/100 nm) electrode on the top. The
total footpad area is 32 mm?, as shown in Fig. 1C. A PET frame is
attached on top of the footpad with the help of silicone adhesive as
the mechanical support. The electrodes of the right and left footpads
are connected to the bottom and top electrodes of the piezoelectric
unimorph robot body, respectively. The droplet-shaped design is
helpful to enlarge the contact area between the footpad and the
ground surface with little impact on the linear moving speed. The
front leg is 4 mm in height and is composed of PET/silicone/electrode/
PI. The rear leg is a piece of PET film attached to the tail of the robot’s
main body, with a height of 3.5 mm.

In nature, an ant can change the friction force with the ground
by secretion, as shown in Fig. 1D, to help its locomotion on smooth
or vertical surfaces (28). The agility of the soft robot can be marked-
ly improved by adding two electrostatic footpads to adjust its fric-
tion force (fshear)> as shown in Fig. 1E as

Sshear = MO(Fad +Fy) (1)
where 1, is the friction coefficient between the footpad and the sub-
strate; F, is the normal force, which is small due to the light weight
of the soft robot; and F,q is the electrostatic force generated by the
applied electrical field, E, on the footpad as

Fu = 2Agqe E? 2)
where A is the contact area between the footpad and ground, g is
the vacuum permittivity, and e, is the relative permittivity of the
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medium between the footpad electrode and ground (mainly the PI
film). The friction force between an electrostatic footpad and three
different substrates—paper (printer paper, 80 g/m’ no. 7378, Deli
Inc.), polymer (frosted polyvinyl chloride, Foojo Inc.), and metal
(InSnBi alloy, Dingguan Inc.)—under applied DC bias voltages
from -250 to 250 V have been characterized with the setup in fig.
S2A and summarized in Fig. 1F. The friction force increases sym-
metrically with respect to the positive and negative DC voltages and
proportionally to the square of the applied voltage as predicted in
Eq. 2. The friction force has its maximum value of £0.9 mN on the
metal substrate (slightly lower at £0.6 mN for the paper and poly-
mer substrates) under an applied footpad DC bias voltage of 250 V.
Furthermore, the high surface roughness of the polymer substrate
as compared with those of the other two substrates (fig. S2, C to E)
contributes to its relatively high friction force under the zero DC
bias voltage.

By adjusting the friction force between the right and left electro-
static footpads, the robot can produce movements with adjustable
trajectories, including straight, clockwise, and counterclockwise
motions. For example, the motion of a prototype robot was adjusted
to realize the “L” and “3” trajectory paths on a paper substrate in
1.2 and 1.6 s, respectively. By driving at its resonant frequency of
143 Hz for fast moving speeds with agile rotational turning capa-
bility in Fig. 1G, the tethered robot achieved a moving speed of
7.81 BL/s and a turning rate of 482°/s, respectively, in these two
separated tests.

In general, both small size and light weight could help increase
the agility of the robot. The effective friction coefficient gradient
Ap/y, under an applied voltage on the footpad can be derived as

A Af  Fu _ Agge E’

Wo ~ fy ~ mMgWo ~ 2mgug (3)

where Ay is the difference of friction coefficients before and after an
external voltage is applied on the footpad, g is the gravitational con-
stant, and m is the mass of the robot. A high gradient value, which
is proportional to the electrostatic adhesion force and inversely pro-
portional to the mass, implies that the robot can easily make a turn-
ing motion. As such, a large applied voltage together with a low
body mass can increase the agility.

Trajectory control strategy

Figure 2A shows the schematic diagram of the locomotion adjust-
ment scheme with three key elements: the signal generation module,
amplifier module, and robot. Two 180° phase-coupled AC square
waves sharing the same ground reference were applied to (i) the
bottom electrode of the main body and the right electrostatic footpad
and (ii) the top electrode of the main body and the left electrostatic
footpad, respectively. The AC voltage inputs match the resonant
frequency of the prototype robots to result in high moving speeds
(18). The rotational motion adjustment was achieved by tuning the DC
bias voltages to adjust the left and right friction forces, fg and f;;, on
the footpads as

fsl = MO(%A €0 er(Edrive(t) +Ebias(t) )2 + Fn) (4)
For = to(FA 208 (Earive(t) ~Epias(1)) + Fy ) 5)
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Friction force (mN)

Fig. 1. The design strategy and basic working mechanism. (A) An optical image depicting a tethered soft robot of
ultrahigh agility with good trajectory manipulation together with a queen ant (C. turkestanus). (B) Cross-sectional
SEM image of the main robot body. (C) Schematic diagram showing the structure of an electrostatic footpad. (D) lllus-
tration of an ant changing the friction force with a secretion between its foot and ground. (E) lllustration of the soft
robot changing the friction force with the ground by applying a DC bias voltage between the electrostatic footpad
and ground to generate the electrostatic force. (F) Measured friction force between the electrostatic footpad of the
robot on paper, polymer, and metal substrates under applied DC bias voltages from —250 to 250 V. Error bars represent
SD of the friction force calculated from five experiments. (G) Demonstration of a tethered soft robot to follow the
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where Eg4;ive(t) and Epiaq(t) are the electric fields between the electro-
static footpad and substrate from the applied AC driving voltage and
DC bias voltage, respectively. Analytically, the main body contracts
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and extends after the applied AC volt-
ages between the top and bottom elec-
trodes without being affected by the DC
bias voltage. On the other hand, the to-
tal voltage applied on the footpad is the
combination of the AC voltage applied
on the main body and the DC bias volt-
age to generate the asymmetric friction
effects on the left and right footpads to
regulate the turning motions. Although
it is possible to add more electrical wires
to independently connect and regulate
the body and footpads, this two-wire
scheme reduces the complexity of the
wiring setup and power electronics.
Figure 2 (B to D) shows the applied
AC voltage in one cycle and different
DC bias voltages of zero, positive, and
negative values for one cycle to produce
straight, right turn, and left turn mo-
tions, respectively. Under a zero DC bias
voltage, the robot moves straight for-
ward because the friction force on the
right and left footpads are equal during
the first-half period (body extension when
the bottom electrode is under a positive
voltage via the blue electrical line) and
the second-half period (body contrac-
tion when the top electrode is under a
positive voltage via the orange electrical
line). The electrostatic footpad design
will not slow down the moving speed
when compared with those of soft ro-
bots without footpads in the previous
work (18), which is important to achieve
the high agility. Specifically, for a 3-cm-
long robot in the previous work, the
moving speed was 1.33 BL/s (18), and
under the same 200-Vpp (peak-to-peak
voltage) driving voltage, this work achieves
1.65 BL/s (fig. S6A). Under a positive
DC bias voltage and in the first-half pe-
riod of the AC driving voltage, a higher
voltage (AC + DC bias) and friction
force will be acting on the right electro-
static footpad when compared with the
voltage (AC — DC bias) and resulting
friction force acting on the left electro-
static footpad. As such, the right foot-
pad becomes a pivot point due to a high
friction force, and the extension of the
robot body will induce a net clockwise
torque in this period. In the second-half
period, the robot is under contraction,
and a higher absolute voltage magnitude
of “AC — DC bias” and friction force will

be acting on the left electrostatic footpad as compared with the absolute
voltage magnitude of “AC + DC bias” and resulting friction force
acting on the right electrostatic footpad. The left footpad now becomes a
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Fig. 2. Trajectory adjustment strategy. (A) Schematic diagram of the locomotion adjustment scheme with three
key elements: the signal generation module, amplifier module, and robot. The top electrode of the unimorph robot
body is connected to the left electrostatic front footpad (orange color), and the bottom electrode of the unimorph
robot body is connected to the right electrostatic front footpad (blue color). The turning motion adjustments for
(B) straight, (C) clockwise (right turn), and (D) counterclockwise (left turn) motions, respectively, for one cycle of dif-
ferent voltage adjustment schemes (top images), with experimental results within a period of 100 ms (bottom images).
(E) A clockwise rotation in 0.4 s with a small turning radius of 0.82 cm and a counterclockwise rotation in 0.28 s with

a small turning radius of 1.07 cm. (F) A 180° “U”turn in 1.3 s.

pivot point with a high friction force, and the contraction of the
robot body will induce a net clockwise torque in this period. In oth-
er words, both periods will produce clockwise rotation. Conversely,
under a negative DC bias voltage, a counterclockwise motion will be
generated. An analytical model has been established in the Supple-
mentary Materials with numerical simulations to analyze these
turning motions (figs. S9 to S11) together with high-speed camera
images and videos by a setup in fig. S3. The details of straight (movie
S1), right turn (movie S2), and left turn (movie S3) motions of a

Liang et al., Sci. Robot. 6, eabe7906 (2021) 30 June 2021

100 ms

1.00s
0.80s

0.60s

0.20s
Path length = 24.44 cm

12N IRARNE IO INIAN8119. 1011 12 13 14 15 16 17 18 19 20 21

1.07 cm/2.26 cm, respectively, in Fig. 2E
(movies S7 and S8) and (ii) a 180°
U-turn in 1.3 s with a path length of
24.4 cm in Fig. 2F (movie S9).

Turning characterization

and design optimization

The DC bias voltage and friction coeffi-
cient between the footpad and substrate
(fig. S2B) can affect the turning perfor-
mances. Under three different peak-
to-peak AC driving voltages (Vpp = 200,
350, and 500 V), we have systematically
measured the turning radius (fig. S5)
and relative linear moving speed (fig.
S6) of a prototype robot versus footpad
DC bias voltages from —250 to 250 V as
well as the relative linear velocity versus
turning radius (fig. S7). The optical images
of a prototype robot on paper, polymer,
and metal substrates are shown in fig.
S8. As the magnitude of the DC bias
voltage increases, the turning agility of
the robot increases with reduced turn-
ing radius as expected. The metal sub-
strate induces the strongest electrostatic
force and the highest friction force to
have the smallest turning radius under
high absolute DC bias voltages. On the
other hand, high AC driving voltages
induce large deformations of the robot
body to result in fast linear moving
speeds, which also contributes to high agility. A figure-of-merit pa-
rameter, relative centripetal acceleration (a,), is adopted to evaluate
the turning agility quantitatively

180° U-turn

120s

130s

0.40s

L T

(6)

where V'is the absolute running speed, R is the turning radius, and BL
is the body length of the robot. The unit of the relative centripetal
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acceleration is BL/s?, and a larger value corresponds to better agili-
ty. For the three tested substrates, the relative centripetal accelera-
tions under positive and negative DC bias voltages are roughly
symmetric with small deviations due to manufacturing variations
(Fig. 3, A to C). In general, a high AC driving voltage and a high
absolute DC bias voltage are preferred to induce a high relative cen-
tripetal acceleration. The high AC voltage will result in a high linear

moving speed and high relative centripetal acceleration, as observed
in Eq. 6. The high absolute DC bias voltage will result in a large
friction force and a reduction in the turning radius to result in a
high relative centripetal acceleration. However, if the applied AC
driving voltage is low (such as Vpp = 200 or 350 V) and the DC bias
voltage is high (such as 250 V), then the relatively small robot body
deformations from the low AC driving voltages may not overcome
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Fig. 3. Turning performances on various substrates and footpad location studies. Relative centripetal acceler-
ation versus applied footpad DC bias voltage on (A) paper, (B) polymer, and (C) metal substrates, under AC driving
voltages, Vpp =200, 350, and 500 V at the resonant frequencies of the tethered prototype robots and applied DC bias
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experiments. (D) Simplified dorsal plane model of a robot. (E) Location parameters for the electrostatic footpads.
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the high electrostatic attraction force on
the footpads, and the turning motion is
severely reduced to result in low relative
centripetal acceleration as shown in the
testing results. In the present setup, the
highest relative centripetal acceleration
was achieved for a tethered prototype at
28 + 14 BL/s” under Vpp = 500 V and a
DC bias voltage = —250 V on the metal
substrate.

Structural designs also affect the rel-
ative centripetal acceleration of the ro-
bot, and the locations of the footpads
have been investigated as indicated as
points 1 and 4 in Fig. 3 (D and E), where
x and y represent the distance of the
footpads to the center of gravity of the
robot body in the x-y coordinate system,
respectively. The simulation and exper-
imental results for the relative centripetal
acceleration under various combina-
tions of x and y values are shown in
Fig. 3F (the detailed simulation setup is
explained in the Supplementary Mate-
rials). The combination of small x and
large y values leads to high relative cen-
tripetal acceleration. Qualitatively, the
contraction and extension motions of
the piezoelectric film can result in a
force mainly in the x direction due to
the curved piezoelectric film design. For
example, if the body is in the contrac-
tion mode and the robot is in the coun-
terclockwise motion in Fig. 3E (Fig. 2D
for the contraction mode), the footpad
at point 4 will have a higher DC bias
voltage and higher electrostatic force
compared with those at point 1. This
results in a higher friction force (f;) on
point 4 in the positive x direction as
compared with that on point 1 (fg) to
generate a net counterclockwise steer-
ing torque (Ts) as

Ty = (fa—fa) Xy 7)

This explains that a large y value will
generate a large net torque by keeping
the same values for all other parameters
in favor of a high relative centripetal ac-
celeration. On the other hand, there are
tangential forces due to the rotation
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movements of the robot at points 1 (f,1) and 4 (f;,) in Fig. 3E, which
generate a clockwise resistance torque (T;) as

T, = (frl"'ﬁ'r)x Q.X2+y2

Here, a small x value will reduce this negative (clockwise) torque
in favor of a high relative centripetal acceleration in the counter-
clockwise direction by keeping the same values for all other param-
eters. This analysis is based on a small-sized body assumption such
that it is not valid for very long robot legs (more than 4 mm) and
large values of x and y (more than half of the robot’s body length).
Experimentally, front footpads with four different locations have been
designed and tested. The prototype robot with x and y values of
4.0 and 9.7 mm has the best relative centripetal acceleration of
20.9 + 2.5 BL/s” on the paper substrate, and the experimental results
match well with the simulation predictions.

On the basis of the same model, the size of the electrostatic footpad
was also analyzed and simulated as shown in fig. S12. In general,
the electrostatic force is roughly linearly proportional to the area
of the footpad. For footpads with a small radius (such as 0.8 mm),
the electrostatic force is too small to induce rotational motions. For
footpads with a large radius (such as 4.8 mm), the electrostatic force
is too strong, which can reduce the linear running speed of the robot
severely. In both cases, the relative centripetal acceleration becomes
very small. As such, the footpad size in the prototype robot is chosen
to have a radius of 3.2 mm for high relative centripetal accelerations.

Animals with high agility tend to have an advantage in the wild
(29). A large relative centripetal acceleration means that a robot can
run fast and finish a tight turn in a short time. Figure 3G shows the
comparison of relative centripetal acceleration with respect to body
length for several mammals (blue) (29-32), hummingbirds (pink)
(33), terrestrial arthropods (solid green) (34-39), flying arthropods
(hollow green) (40, 41), rigid robots (orange) (5, 42-47), soft robots
(gray) (14-17, 19-21, 48-50), and this work (red stars). In general,
the relative centripetal acceleration reduces as the body size increas-
es due to the increase of inertia effects, which prevent large objects
from making quick turns with a small radius when running at high
speeds. Several rigid-body robots have demonstrated high agility in
the literature, but it is very challenging for soft robots (as shown in
this figure) due to the slow running speeds in most published works.
This work has increased the relative centripetal acceleration at least
one order of magnitude higher than those of state-of-art soft robots.
The difficulty in achieving high agility is to have both high linear
moving speed and rotational speed. Specifically, a subject with a
high linear moving speed may lose the controllability during the
simultaneous turning operations due to the inertia effect. It could
be even more challenging for soft robots to achieve high agility
without differential gaits (5) to realize turning motions due to their
low structural stiffness. This work demonstrates the highest relative
centripetal accelerations of 28 BL/s* among robots due to the com-
bination of several factors: (i) small size and light weight, (ii) strong
friction force generated by the electrostatic footpads, and (iii) high
linear moving speeds. We provide a short video clip (movie S10) for
the turning motions of a cheetah and our soft robot for the ultra-
high agility demonstration and comparison.

(8)

Performance and application demonstrations
To test the robustness of the robot, a box that is 200 times heavier
(12.9 g) than the weight of the prototype robot was designed to fall
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from 50 cm above the ground to hit the tethered robot in Fig. 4A
(movie S11). The robot was crushed and flattened by the box but
recovered quickly afterward in just 40 ms. Although the moving di-
rection of the robot in this case was changed, the relative speed after
the crash remained at 7.7 BL/s without degradation. Moreover, after
stepping on a prototype robot with a weight of 55.3 kg by a volun-
teer, the robot kept its turning and running capabilities with excel-
lent robustness, as shown in fig. S13 and movie S12. Another test
shows that the robot could pass small obstacles by climbing a
2.4-mm-high step, which is around half of the height of the robot, in
0.29 s, as shown in Fig. 4B (movie S13).

Electrical signals with specific sequences have been manually ap-
plied to adjust the moving trajectory of a tethered prototype robot
to pass through a 51.2 cm-by-51.2 cm maze, as shown in Fig. 4C
(movie S14). A total of 13 continuous motion changes within a total
running time of only 5.6 s and a total route length of 120 cm have
been achieved in this demonstration. The process was recorded
with different colors to illustrate the timing of different turning
commands on the right side of the figure. Here, the response time of
the electrostatic force, which was used to realize the turning mo-
tions of the robot, is ultrafast.

A commercial 180-mg gas sensor (TVOC MiCS-5524, SGX),
which is about 2.8 times heavier than the robot, was added to the
prototype robot to execute a gas leakage detecting mission, and
the detailed design and measurement schemes are given in fig. S14.
The tethered robot could move at a speed of 7.6 and 1.2 BL/s un-
der Vpp =500 V at the resonant frequency of 143 and 111 Hz with-
out and with the gas sensor, respectively. As indicated in Fig. 4D
and movie S15, there was a designated ethanol gas leakage spot in a
pipe made of LEGO bricks. The robot carrying the gas sensor could
complete a designed route with nine temporary stops (60 s at each
stop point) to record a gas concentration route map. The maximum
recorded concentration was 3869 parts per million at point 6, which
was in front of the ethanol leakage point. The slightly high concen-
trations at the starting point and before the ethanol leakage spot are
due to the airflow direction and leaks from the LEGO construc-
tions. These testing results illustrate key capabilities of the soft ro-
bots for potential practical applications, including, but not limited
to, attaching gas sensors for hazardous gas detections and attaching
other sensors and cameras for sensing and surveillance functions.

Untethered operations

An untethered version of the soft robot (2.4 cm by 2.2 cm, 240 mg)
together with a payload of 1.66 g—including a battery (3.7 V, 40 mAh;
HuiXinLi Inc.), two photo sensors (GL3549, JCGL Inc.), and a flex-
ible circuit board—was constructed to demonstrate the trajectory
manipulation and power autonomy, as illustrated in Fig. 5A. The
measured resonance frequency was 410 Hz with several slightly dif-
ferent design alternations compared with that of the tethered robot
for better operations, including (i) the PVDF poling direction
changed from top to bottom, (ii) a PI frame added to the front of the
robot to carry the two photoresistors and support the front loads,
and (iii) two PI supporting structures added to increase the loading
capacity, as shown in Fig. 5B. If the center of gravity of the robot
moves closer to the head position, then the linear moving velocity of
the robot increases (fig. S15A). On the other hand, the linear mov-
ing speed of the robot decreases as the payload increases as expected
(fig. S15B). Specifically, a prototype without carrying any payload
had a linear moving velocity of 3.4 BL/s. The speed decreased to
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1 )

V1 + (@RC)>

where o is the driving frequency, R is
the resistance of the photoresistor, and
C is the capacitance of the footpad. A
large resistance value of the photoresis-
tor will result in a low voltage on the
footpad. Under a laser beam, the pho-
toresistor’s resistance drops from 170 to

A(m)=

B Obstacle C Maze - . .
. Finish 5.6s 2 kilohms, which can be used to regu-
1 ¢ NN Pathilength about 120.em gy t @ St Jate the applied voltages on the footpads.

.l 2.4 mm step ~ Q@ Rightturn K R .
& L5} ‘ ~ Specifically, when a laser is pointing at
O Finish, 7™ B Leftum the left/right photoresistor, a 500-Vpp
S ‘ ; t B s voltage is applied to generate the elec-
«n e - —Rsi:?t'?g:n trostatic force on the right/left footpads
e t | sf : for the right/left turns, respectively.
| — reight .
o ~ B Right tumn Figure 5E and movie S16 show one ma-
— _— | | siaight  nipulation example of this scheme to
«wul . o | realize a designated S-shaped path on a
& Leftiun — paper substrate to include straight, left
: é s _R . turn (5.6°/s at a radius of 10.5 cm), and
g m . .
galims - Sl'Jlrak :t right turn (10.2°/s at a radius of 6.4 cm)
« 0l ; Total time =5.6 s -~ R,gmfum motions. The total time is 36.9 s for the
T t Straight robot to complete a 27.9-cm-long path.
In the endurance test (fig. S16B), the un-
20ms 51.2cm Sar OUs tethered robot could move for a distance
D Detection 60's of 31 m in 19 min, which corresponds to
«4, Piping fan average an average speed of 27.2 mm/s, an aver-
S e s concentration e power consumption of 397 mW, a
Y 1pom cost of transport (COT) of 887 with
Ethanol vapor leakage b 76 ppm a driving circuit efficiency of 11.8%,
® 567 ppm

Inner air flow

il and a relative centripetal acceleration of

3 A
() 3869ppm 0,09 BL/s>. In comparison, the running
- el - ¥ Finish @ 1850 ppm speed of a prev19usly reported insect-
: N 2 : = ® 1011 scale soft robot with a payload of 780 mg

~ - A R @ m . . .
; . o (including electronics and battery com-
% e e 1 PP ponents) was 12 mm/s with a COT of
7GasT;;rEor 1139 ppm 1670, a driving circuit efficiency of 7.5%,
56 cm . ( 1571 ppm

Fig. 4. Performance and application demonstrations for a tethered prototype robot. (A) Robustness demon-
stration. A 200 times heavier box falling on the robot from 50 cm above the ground shows that the robot has the
ability of quick recovery to make normal forward movements. (B) The robot climbed an obstacle with a step height
of 2.4 mm. (C) A tethered prototype robot rapidly passed through a maze in only 5.6 5. (D) A tethered prototype robot
carrying an ethanol gas sensor for a leakage detection mission recorded the concentration route map. Inset: The

and a relative centripetal acceleration at
0.04 BL/s® (20). Most insect-scale ro-
bots, such as legged robots and flying
robots (20, 54-56), have used digital
control schemes for manipulations and
operations. This work used the analog

cross-sectional view of the robot carrying a gas sensor.

1.2 BL/s under the payload of 1.66 g (movie S16) and further de-
creased to 0.4 BL/s with a payload of 2.5 g. Inspired by the antennae
navigation and photophobia behavior of insects (51, 52), two pho-
toresistors were used to realize the turning function of the robot
with an analog control scheme (53) as illustrated in Fig. 5C, with a
detailed circuit diagram in fig. S16A. Specifically, the circuit can
output a 500-Vpp driving voltage to the robot’s main body with the
left/right photoresistors connected to the top electrode of the main
body and the right/left footpads, respectively. A footpad can be
treated as a capacitor and is connected in series with a photoresis-
tor. The voltage amplitude-frequency response on the footpad can
be calculated as
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control scheme for simple operational

controls, and possible further weight
reductions by using lightweight components could lead to more
efficient operations.

CONCLUSION

By regulating the friction force of the two electrostatic footpads
with a simple scheme via two electrical wires with the combination
of AC and DC bias voltages, an insect-scale tethered soft robot with
excellent robustness achieved both high moving speeds and turning
capabilities for ultrahigh agility and trajectory manipulations. The
resulting relative centripetal acceleration of 28 BL/s" is the highest
among all small soft robots, which is comparable or better than
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A

B S Li-polymer battery D
=S ---- Flexible circuit -
=
8 ./i /d- —————— support ]
8 K <
o Au/PVDF/Au body g
g 2
3 -- - T PET body =
o S
Pl frame
Photoresistor— -
&/ """ Electrostatic pad
E
20.1s
Left turn
Straight

Output driving signal Photophobia feedback control

500 V =Y R; §: § R,
N
Q) -{=]
- A
oV ; // C, == _|_Cr
Voltage on left pad (C;) Laser spot on left —
Voltage on right pad (C,.) @
500 \ -
0 L g L - [ i L g
0 2 4 6 8 10
Voltage on left pad (C))
Voltage on right pad (C,)
500 Laser spot on right— =
ol ~ (S— | S (S ] L S
0 2 4 6 8 10
Time (ms)

Right turn

Path length about 27.9 cm

-~~~ Laser spot

29.7 cm

Fig. 5. Design and performances of an untethered soft robot. (A) An optical photo of an untethered soft robot with a battery, photoresistors, and a flexible circuit (a
total weight of 1.66 g). Inset: The flexible circuit. (B) Schematic diagram illustrating the design and assembly of the untethered robot. (C) The output driving signal from
the control circuit with photoresistors. (D) Measured voltage on the left and right footpads when a laser is irradiating at the left (top) and right (bottom) photoresistors,
respectively. (E) Trajectory manipulation demonstration of an untethered robot to complete a 27.9-cm-long, S-shaped path on a paper substrate in 36.9 s with the com-

bination of straight, left, and right turn motions adjusted by a laser.

many terrestrial arthropods, such as the cockroach. By carrying a
commercial gas sensor, an ethanol leakage detection mission was
successfully demonstrated by the tethered soft robot. The study on
the relative centripetal acceleration versus body length for the state-
of-the-art works from living insects, mammals, and robots has
shown that minijaturization is favorable for achieving high agility.
The simplified turning regulation scheme helps to reduce the com-
plexity of powering electronics for the construction of an unteth-
ered soft robot by integrating a battery, two photosensors, and a
flexible circuit. A laser pointer has been used to adjust the left/right
turns of the robot as an example toward practical applications. Some
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possible future directions and challenges include (i) miniaturiza-
tions to further increase the agility; (ii) new design, material, and
mechanism to improve the motion trajectory control and increase
the payload capacity; (iii) sensors and mechanisms for autonomous
feedback controls with speedy responses; (iv) wireless communica-
tion systems with low-latency wireless link for information ex-
changes; and (v) on-board energy storage or conversion devices for
sustainable long-term operations. These and other supporting ef-
forts could eventually lead to the performance improvements of
insect-scale soft robots to match agile insects for the execution of
practical and important tasks in various applications.

8of 11

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

MATERIALS AND METHODS Au films on both sides by the electron beam evaporation process.
Design and fabrication of the robot The Ti layer enhanced the bonding strength between the Au and
Main body structure fabrication (18) PVDEF. A 25-um-thick PET film (Gizmo Dorks) with a 25-pum-thick

A 18-um-thick and 3 cm-by-1.5 cm PVDF (PolyK Technologies LLC)  sticky silicone layer was prestretched by first removing the protec-
film was first deposited with 10-nm-thick Ti and 100-nm-thick tion layer. One side of the PET film was clamped, and the other side

A
o—— Ti/lAu
——— PVDF
_’- TilAu
Pre-stretch PET
® (ii)
B
‘ o—— Cutter
S PET
‘el
N
L
(i) T (ii) ] UV release tape (iii)
(UVRA)
TilAu—=
Pl * . Silver paste ~
~
o~
: :
o
v (vi)
UV Light

(vii)

Top view

Pre-stretch PET

Pre-stretch PET o A

Y Fold and release
(ii) (iii)

Fig. 6. The fabrication process for the soft robot. (A) The unimorph robot body, (B) the front legs, and (C) final assembly.
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was connected to a force gauge on a
Thorlabs translational stage. With the
applied force of 1 + 0.2 Newton, the
3 cm-by-1.5 cm PET film was carefully
stretched along the length direction, and
the PVDF film was attached and lami-
nated with the silicone adhesion layer, as
shown in Fig. 6A. A curved robot body
was fabricated with a measured curva-
ture of 2.13 + 0.16 m ™" for five samples.
Front legs and footpad fabrication
The front legs and footpads were com-
posed of 25-um-thick PET film with a
25-pum-thick sticky silicone layer and
a 5-um-thick PI film (DuPont) with
10-nm-thick Ti/100-nm-thick Au films
as the electrode. The front structures are
fabricated by a vinyl cutter (Cameo 3,
Silhouette) with the leg height of 4 mm
and a footpad area of 32 mm? as
shown in Fig. 6Bi. The structure of the
front footpad was defined by the vinyl
cutter to cut out the unused portion of
the PET film while keeping the bottom
25-um-thick ultraviolet (UV) release
tape (YL-150PO, Carfort), shown as
Fig. 6Bii. The unused portion of the
upper PET layer was cut and removed
to construct the supporting structure
(Fig. 6Biii). For the left-side region of
the leg and footpad, the PI/Ti/Au elec-
trode film was laminated on the sticky
silicone by exposing the PI film. For the
right-side region, the leg area was lami-
nated with the PI/Ti/Au electrode film
by exposing the Ti/Au film, whereas the
joint area was covered with silver paste
(DJ-002, MCN) to ensure good conduc-
tivity. The footpad area was laminated
with the PI/Ti/Au electrode film by ex-
posing the PI film (Fig. 6B, ivand v). The
physical outline of the front leg and
footpads was patterned and cut by the
vinyl cutter (Fig. 6B, vi and vii). The as-
fabricated structure was treated with
365-nm UV light for 20 min to reduce
the viscosity of the UV release tape
(Fig. 6Bviii). Last, the structure, including
the front legs and footpads, was peeled
off from the UV release tape (UVRA,
YL-150PO, Carfort). (Fig. 6Bix).

Rear leg fabrication

The PET layer was patterned and cut
with the vinyl cutter to define the rear
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leg structure with a folding crease. The height of the rear leg was
3.5 mm after the folding process.

Assembly

The front legs and footpads and the rear leg were laminated to the
main body structure by the sticky silicone layer on the PET film, as
shown in Fig. 6Ci. The upper electrode of the PVDF main body was
connected to the left front footpad, and the bottom electrode of
the PVDF main body was connected to the right front footpad. The
front footpads and rear leg were folded about 90° and 70°, respec-
tively (Fig. 6Cii). Two 18-um-diameter silver wires were connected
to the upper and bottom electrodes to provide electrical power. The
assembled robot is shown in the schematic diagram (Fig. 6Ciii).

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/55/eabe7906/DC1
Sections S1to S9

Figs.S1toS16
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