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Supplementary Note 1. Structural design

1D, 2D and 3D chiral lattices are designed (Supplementary Fig. 1a-c). The lattices are formed
by connecting 1D, 2D or 3D microstructures with the top and bottom plates. The
microstructures are straight, horseshoe, or spiral structures, respectively. To form a chiral
twisting effect, the top plate is rotated by an angle y counter-clockwise. The magnitudes of the
parameters in Supplementary Fig. 1 are L = 12.45 mm and w = 1.5 mm in Supplementary Fig.
la, L =13.95 mm, R = 1.975 mm in Supplementary Fig. Iband L =15 mm, w=1.5mm, R =2
mm, d =5 mm in Supplementary Fig. 1c. The FE simulated axial strain and the twisting angle
of the top plate « as a function of yunder a fixed compression force 0.003N are shown in d and
e. « increases with y indicating a chiral twisting effect. The 3D lattice foot shows a
significantly larger axial strain (larger than 100%), compared to 1D and 2D lattice feet. The
dependences of the axial displacement and the twisting angle on the applied force F' are shown
in fand g. yranges from 0 to 90°.

The dimensions of the soft robots are given below. The plain foot is a cuboid with length,
width and thickness of 20 mm, 20 mm and 1 mm, respectively. The design parameters of the
chiral lattice foot are shown in Supplementary Fig. 2. Both left- and right-handed chiral lattice
foot are used in this work. When demonstrating the turning motions, only left-handed chiral
lattice foot is used. For the lattice foot, the upper surface of the foot is a square with a side
length D = 15 mm. The height H = 2 mm. The lattice foot consists of 8 straight beams. The
length L = 12.45 mm and diameter w = 1.5 mm. All the beams are twisted with y = 90< A
triangular prism is located at the bottom of the lattice foot with o= 7°, b = 2.45 mm. The CAD
design of the acrylic frame is shown in Supplementary Fig. 3. The thickness of the acrylic sheet
is 0.3mm.

The dependence of the largest twisting angle « under different frequencies fis plotted in
Supplementary Fig. 4a by combining the experimental and theoretical methods. We first
calculate the maximum Az at the steady state under various f (Supplementary Fig. 4b).
Supplementary Fig. 4c compares the FEM simulated and experimental & and Az. A reasonable
agreement is achieved. The relationship between o and fis then obtained using Supplementary
Fig. 4b and c. We can observe that the largest twisting angle decreases slightly from ~7.6° to
~4.7° when f increases from 30 Hz to 70 Hz.

We measured the rotation curvature of the soft robot as a function of the frequency, as
shown in Supplementary Fig. 4d. We can observe that the radius decreases significantly when
the applied frequency decreases from 40 to 50 Hz. When the applied frequency reaches 50 Hz,
the rotation of the soft robot is almost in position. This phenomenon can be explained below.
The radius depends on both the twisting angle and forward speed. The forward speed decreases
significantly when the frequency increases due to the bandwidth and creep of the DE actuator.
Supplementary Movie 11 shows the turning motion of the soft robot under /= 54 Hz. We can
observe that the soft robot twists almost at its original position. The saddle shape DE actuator
keeps at an expanded state at high frequency, which cannot provide enough actuation force for
the forward motion.
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Supplementary Fig. 1. Design of 1D, 2D and 3D chiral lattices. 1D, 2D and 3D chiral lattices
are designed a-c. The FE simulated axial strain and the twisting angle of the top plate « as a
function of yunder a fixed compression force 0.003N are shown in d and e. The dependences

of the axial displacement and the twisting angle on the applied force F are shown in fand g. y
range from 0 to 90°.



Supplementary Fig. 2. The design parameters of the chiral lattice foot. a The geometric
parameters of a single rod. b The geometric parameters of the chiral lattice foot. ¢ A left-handed
chiral lattice foot with a rotation angle y.
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Supplementary Fig. 3. The CAD design of the acrylic frame. The unit is mm. The thickness
of the acrylic sheet is generally 0.3mm.
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Supplementary Fig. 4. Quantitative results of the chiral lattice foot. a The dependence of
the largest twisting angle «under different frequencies f. b The theoretically calculated
maximum Az at the steady state under various f. ¢ FEM simulated and experimental ' vs Az. d
The dependence of the experimentally measured radius of the circular path on f.

To measure the effective elastic constant of the lattice foot, we designed a bilayer lattice
foot with symmetric shape, as shown in Supplementary Fig. 5a. A compression displacement
is applied (Supplementary Fig. 5b, c¢). The strain rate is | mm/min. The experimentally and
FEM compressive stress and strain relationship of a single lattice foot is shown in
Supplementary Fig. 5d. The experimental linear fitted & is 35 N/m, 41 N/m and 72 N/m when
the strain is 0.05 mm, 0.1 mm and 0.25 mm, respectively. When calculating the critical
frequency of the bouncing behavior, the axial deformation of the lattice foot is small. We used
an effective elastic constant £ = 38 N/m, which is reasonable. Supplementary Fig. S5e shows the
uniaxial tensile stress-strain curve of dog-bone specimens with Vero material. The Young’s
modulus of material is 1.5GPa which is obtained by linearly fitting the curves with a 3% strain.
We choose 3% because the local strain of the material is generally less than 3% under
compression.
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Supplementary Fig. 5. The dependence of the compressive force F and axial displacement
z. a Structural design of a double layer chiral lattice foot. Experimental snapshots of the b
undeformed and ¢ deformed structures. d Comparisons of the finite element simulated and
experimental compressive force F'vs axial displacement Az of the lattice foot. e Uniaxial tensile

stress-strain curve of Vero material.

Supplementary Note 2. Locomotion Experiments

Supplementary Note 2.1. Displacement measurements

The experimental setup of the displacement measurement is shown in Supplementary Fig. 6a.

The displacement of the soft robot is measured using a laser displacement sensor. The sampling

frequency of the laser displacement is 1000Hz. The measured data under a 5kV,15Hz voltage

is shown in Supplementary Fig. 6b.
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Supplementary Fig. 6. Displacement measurements. a The displacement of the soft robot is
measured using a laser displacement sensor. The sampling frequency of the laser displacement
is 1000Hz. b The measured data under a 5kV,15Hz voltage.

Supplementary Note 2.2. Blocking forces measurements

One end of the actuator is fixed on a plate, and the other is connected to a force sensor
(Transform, K3D40) (Supplementary Fig. 7a). Initially, the soft robot is at the rest state, and
the blocking force equals zero. We then apply a sinusoidal voltage and record the force sensor
data using a high-voltage amplifier (TREK 10/10C-HS) and a dSPACE-DS1103 board. A 5kV
sinusoidal voltage is applied with a frequency of 20 Hz, as shown in Supplementary Fig. 7b.
The corresponding output force is shown in Supplementary Fig. 7c. Fourier transform of the
output force is shown in Supplementary Fig. 7d. It can be seen that the primary peak frequency
is 20 Hz, which is the same as the applied voltage. The output forces are also measured under
an applied voltage of 6 kV and 7 kV at different frequencies from 1 to 45 Hz. The average
maximum forces are calculated and shown in Supplementary Fig. 7e. The magnitude of the
output force increases with the applied voltage and is not sensitive to the frequency. The phase
differences between the output forces and applied voltages are measured (Supplementary Fig.
7f). The phase difference increases with the applied frequencies due to the viscoelastic

properties of the VHB dielectric material.
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Supplementary Fig. 7. Blocking forces measurements. a Experimental setup. b A 5kV
sinusoidal voltage is applied with a frequency of 20 Hz. ¢ The corresponding output force. d
Fourier transform of the output force. e The average maximum forces. f The phase differences

between the output forces and applied voltages.



Supplementary Note 2.3 Cyclic tests

The breakdown voltage is around 8 kV. When the voltage exceeds this value, the DEA may
break down by the high voltage and burn. The breakdown voltage depends on the deformed
thickness of the DEA membrane. The thickness of the DEA is 1 mm, and the deformed area is
3.5X3.5 times the original area.

We have conducted cyclic tests of the saddled-shaped DE soft actuator using self-built
equipment (Supplementary Fig. 8a). The left side of the soft actuator is attached to a platform
driven by a motor. A cyclic displacement of +-3 mm is applied on the platform. The applied
frequency is 30 Hz. The right side of the soft actuator is attached to a force sensor. Positive or
negative force shows that the soft actuator is in expanded or contracted states. The average
maximum and minimum forces during one minute are extracted for 6 hours with a 30 mins
interval (Supplementary Fig. 8b). Supplementary Fig. 8c shows the measured force curves
during one minute at the start, 2 hours later and 4 hours later. From the experimental results,
we can observe that the soft robot remains relatively stable for 6 hours. The Fabrication

procedures of the dielectric elastomer actuator is shown in Supplementary Fig. 9.
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Supplementary Fig. 8. Cyclic tests of the DE actuator. a Experimental setup. b The average

maximum and minimum forces during one minute for 6 hours with a 30 mins interval. ¢ The

measured forces in one minute at (i) start, (ii) 2 hours later and (iii) 4 hours later.
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Supplementary Fig. 9. Fabrication procedures of the dielectric elastomer actuator. The

dielectric elastomer actuator consists of a pre-stretched dielectric-elastomer membrane and a
flexible acrylic frame. a The dielectric-elastomer membrane is biaxially pre-stretched 3.5% 3.5
times. b The membrane is constraint by acrylic frame. ¢ The dielectric-elastomer membrane is
sandwiched by two compliant carbon grease electrodes. d After relaxing the prestretched
membrane, the dielectric-elastomer actuator buckled into a saddle-shaped structure.

Supplementary Note 2.4. Motion change mechanism

Supplementary Fig. 10 shows the high-speed camera snapshot of the jumping of the lattice
foot under a 35 Hz 6 kV voltage. The forward and backwards direction change is due to he
jumping of the lattice foot. The bouncing diagram of the lattice foot at #=0.03 is shown in
Supplementary Fig. 11.

The turning mechanism is illustrated. The turning is controlled by the deviation angle,
which is between the triangular prism and the vertical direction. One way to control the turning
direction is by manually twisting the chiral lattice foot (Supplementary Fig. 12a and b). When
the chiral lattice foot is twisted clockwise, the actuation force generated by the prism is
perpendicular to the triangular prism and along the bottom right direction, which drives the soft
robot to turn left (Supplementary Fig. 12a). Similarly, the soft robot turns right when the chiral
lattice foot is twisted counter-clockwise (Supplementary Fig. 12b). The mechanism of turning
right at high frequency is shown in Supplementary Fig. 12c. When the chiral lattice foot is

compressed, the bottom plate rotates counter-clockwise, which drives the soft robot to turn
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Supplementary Fig. 10. High-speed camera snapshot of the jumping of the lattice foot

under a 35 Hz 6 kV voltage.
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Supplementary Fig. 11. Bouncing diagram. a The bouncing diagram of the lattice foot at
S=0.03. The dimensionless flight time ¢ is shown as a function of Q. b Three spatio-temporal
diagrams showing the motions of the top (red) and bottom plates (black). The bottom plate
stays on the ground at i, while it bounces once per two oscillations of the top plate at II and III.
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Supplementary Fig. 12. The direction of the prism of the chiral lattice foot. The top and
front views are shown. a The soft robot turns left when the chiral lattice foot is twisted
clockwise. b The soft robot turns right when the chiral lattice foot is twisted counter-clockwise.
¢ When a left-handed chiral lattice foot is compressed, the bottom plate rotates counter-

clockwise, and the soft robot turns right.

Supplementary Note 2.5. Effect of substrates

Results show that the substrate plays a vital role in the moving speed (Supplementary Movie
14). Five substrates are tested, as shown in Supplementary Fig. 13. The applied voltage is 6 kV.
The moving speed is 7.7, 6.2, 3.4, 3.0, 0.4 mm/s when the substrate is rubber, paper, glass,
acrylic and sandpaper, respectively. The friction ratios of the five substrates are around 0.6, 0.5,
0.4, 0.35 and 0.8. When the friction ratio is too small (acrylic and glass), both feet are slippery,
and the moving speeds of the soft robots are small. When the friction ratio is too large
(sandpaper), the actuation force cannot overcome the friction force, and the soft robot doesn't

move. Substrates with suitable friction ratios are required for the soft robot.
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Supplementary Fig. 13. Effects of the substrates. a Five different substrates were used:
rubber, paper, glass, acrylic and sandpaper. b The moving speed of the soft robots on various
substrates.

Supplementary Note 2.6. Scalability

The soft robot is scalable (Supplementary Fig. 14, Movie 15 and 16). When the soft robot is
scaled, the design parameters need to change correspondingly. The critical parameter is the
thickness of the frame. When the frame is thick, the saddle shape is too flat to generate enough
actuation. When the frame is thin, a saddle shape with large curvatures is formed, which leads
to self-contact and causes the soft robot to burn. We have fabricated soft robots with 0.8 and
1.5 original sizes. The original acrylic frame is used for the 0.8-size soft robot, and we can
observe that the soft robot can only move forward. Backwards or turning motion cannot be
formed as the frame is thick. For the 1.5-size soft robot, we tried two different thicknesses, 0.4
mm and 0.5 mm. When the thin 0.4 mm framework is used, the DEA self-contact and burns
under actuation. The soft robot can also move forward when the thick 0.5 mm framework is
used. We measured the moving speed of the scaled soft robots. The forward speed of the 0.8-
size soft robot is 4.6 mm/s. The forward speed of the 1.5-size soft robot is 4.6 mm/s. Their
moving performances are not good, as the thickness of the acrylic frame is not optimal.

13



Supplementary Fig. 14. Scalability of the soft robots. Soft robots with a 0.8 and b 1.5 times
the original size.

Supplementary Note 2.7. Carrying load

We have conducted experiments on the soft robot carrying a load. The soft robot can move
forward, backwards or turn right when carrying a 2.2 g screw, which is around 46% of the soft
robot's weight (4.8 g) (Supplementary Fig. 15a and Movie 18). When the load increases to 4.1g,

the soft robot cannot move.

a Load2.0g b Load4.1g

(i) Move forward (i) Move backward No movement

Supplementary Fig. 15. The performances of the soft robots carrying loads. a A load with
2.2g and b a load with 4.1g. The soft robot can move forward and backwards when the load is
2.2g. The soft robot cannot move when the load is 4.1g.

Supplementary Note 3. Shape reconfiguration

Supplementary Note 3.1. Switch time

The switch from left to right-hand circular motion is around 2 mins. The temperature is around
90 °C. The switch time includes both the heating and cooling time. We have experimentally

measured the transition time upon heating under various temperatures (Supplementary Fig. 16).
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The material of the chiral lattice foot is a shape memory polymer with a glass transition
temperature of ~58 °C. The transition time change from ~22 s to ~1 s when 7'= 50°C to 95°C.
The cooling time is relatively longer. Embedding cooling devices effectively reduces the

cooling time, which we will explore as future work.

Supplementary Note 3.2. Multiple circles

After going one circle S, it is impossible to reheat again to return to the original circular as the
Vero material is a one-way shape memory polymer. The lattice foot can only transform from
the programmed state to the original state upon heating, but not the reverse. If a two-way shape
memory polymer is used, it is possible to realize multiple S shapes. We can also use structural
design to achieve two circles (Supplementary Movie 12). We design a bilayer lattice foot, as
shown in Supplementary Fig. 17a. Both layers are programmed first (Supplementary Fig. 17b).
Under an electric actuation with f= 45 Hz, the soft robot turns right (A to B in Supplementary
Fig. 17e). After it reaches point B, a thermal stimulus is applied to the bottom layer of the foot,
and it recovers to its original shape (Supplementary Fig. 17c). The triangular prism forms an
angle with the centerline of the soft robot due to the twist of the bottom layer, which drives the
soft robot to turn left from B to C. We then heat the top layer, and the prism changes to the left
direction. The soft robot turns right (C to D). We need to mention that the above design method
is unstable due to heat conduction. A stable way to realize a complex trajectory is by applying
different frequencies. We have controlled the soft robot to explore a maze by varying the

frequency to show its controllability, as shown in Supplementary Movie 13.
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Supplementary Fig. 16. The transition time t from the programmed state to the original
shape at various temperatures 7.
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a Initial shape

Supplementary Fig. 17. A soft robot with bilayer chiral lattice foot. a The initial shape, b
programmed state, ¢ recovered state I and d recovered state II of a bilayer lattice foot. e The
moving trajectory of the soft robot.

Supplementary Note 3.3. Integrated heating element

We used a ceramic heating plate as the heating element (Supplementary Fig. 18 and Movie 17).
The structure of the chiral foot is shown in Supplementary Fig. 18b. An external DC power
with 5V and 1A current is used to heat the feet. Supplementary Fig. 18a shows the moving
trajectory of the soft robot with an embedded heater. The soft robot turns right first under a
frequency of 45 Hz. We then use external heat to heat the feet. Upon heating, the foot rotates
and recovers to its original shape, which forms an angle with the central line of the soft robot.

The inclined angle drives the soft robot to turn left.
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Supplementary Fig. 18. Locomotion of a soft robot with embedded heater. a The moving
trajectory. b The structural design of the chiral foot.

Supplementary Note 4. Soft robots with other types of feet

In Supplementary Fig. 19a, the soft robot uses two symmetric feet. With the symmetric feet,
the soft robot exhibit contraction or extension with respect to its center under applied voltage.
Hence, the soft actuator remains in its original position. Using asymmetric feet, a net force is
generated that converts the stored elastic energy into locomotion. Three types of asymmetric
feet are used: rectangular, round and sawtooth asymmetric feet (Supplementary Fig. 19b-d).
The geometries of the asymmetric feet are shown beside. Two materials with different friction
ratios are used to fabricate the lattice feet: Agilus and VeroClear. The friction ratios of the two
materials are tested as 0.28 for VeroClear and 0.5 for Agilus on a cloth substrate!. The feet are
fabricated using a commercial Polyjet 3D printer J750. It can be seen that by using simple
rectangular or round asymmetric feet, the soft robot moves in the right direction. However, the
motion is stable. By using the sawtooth feet, the movement is much more stable.

Besides the asymmetry generated using materials with different friction ratios, asymmetry
shapes are also used to induce locomotion. As shown in Supplementary Fig. 19¢, two wedge-
shaped feet are used. The wedged shape is asymmetric around its center. Therefore, asymmetric
frictions are generated and lead to locomotion. In Supplementary Fig. 19f, the left wedge-
shaped foot is rotated by 30 degrees. Consequently, the soft robot jumps as it moves, and the

moving speed increases significantly from 13 mm/s to 20 mm/s.
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Supplementary Fig. 19. Experimental study of the locomotion of soft robots using six
different types of feet. The key to producing locomotion is to break the self-symmetry. Self-
symmetry generally leads to a contraction or extension to its center, while breaking the
symmetry can generate a net gain that converts the stored elastic energy into translational
motion. a a pair of symmetric rectangular feet. b Rectangular feet with asymmetric material
distribution. ¢ circular feet with asymmetric material distribution. d Sawtooth feet with
asymmetric material distribution. e Wedge-shaped feet. f Wedge-shaped feet with different
titled angles.
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Table S1. Soft crawling robots with direction change ability.

. . Direction Response to
Soft Robots Actuation Maximum speed . .
changeable external stimuli
Mihai Duduta, 20172 DE 1.03BL/s No No
) . 2.68 BL/s
Yichao Tang, 2020° Pneumatic No No
0.78BL/s(underwater)
Yichuan Wu, 20194 PVDF 20 BL/s No No
Guoying Gu, Jian
Ying g DE 1.04 BL/s Yes No
Zou, 20183
Jiawei Cao, 2018° DE 0.02 BL/s Yes No
Guorui Li, 20217 DE 0.34BL/s No No
Tiefeng Li, 20178 DE 0.69BL/s No No
Canh Toan Nguyen,
0 DE 0.2BL/s No No
2017
Haojian Lu, 2018%° Magnetic 0.029BL/s No No
Xiaobin Ji, 20191 DE 0.75BL/s Yes No
Dylan Drotman, .
Pneumatic 0.05BL/s Yes Yes
202112
Dohgyu Hwang, Water jet
gy g J 1.3BL/s No Yes
202213 propulsion
Dae-Young Lee,
Motor 1.1BL/s No Yes
20174
Dylan S, 2020'° Pneumatic 0.23BL/s Yes Yes
Chao Tang, 202216 DE 1.19BL/s Yes No
Huachen Cui, 20227 | Electric field 6.4BL/s Yes Yes
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