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Abstract— In the natural world, insects exhibit remarkable
locomotion capabilities through a combination of running and
jumping. However, replicating this versatile locomotion in a
soft robot poses technical and design complexities. Here, we
propose a dynamic soft robot named LeapRun that possesses
agile locomotion and the ability to perform continuous jumping.
To achieve this, a prototype soft robot (weight of 300 mg,
size of 30 mm × 15 mm × 5 mm), composed of piezoelectric
thin film, shape memory alloy, magnet-locking mechanism, and
corresponding support structures, is fabricated. Experimental
results demonstrate a maximum moving speed of 15 cm/s and
a maximum jumping height of 8.7 cm. Continuous jumping of
steps and crossing of complex rugged surfaces are realized. Be-
sides, integrated with the power source, wireless communication
module, and control module, the untethered operation is also
presented, showcasing the potential for multiple applications in
search and rescue, exploration, and monitoring.

I. INTRODUCTION

To escape from predators, broaden the range of activities,
and better adapt to complex three-dimensional terrains, nu-
merous insects have evolved rapid moving and continuous
leaping abilities [1]. For example, a cockroach can crawl
at velocities approaching 60 cm/s even in confined envi-
ronments [2]; a flea jumping height can exceed 18 cm [3].
The exploration of insect crawling and jumping behavior,
coupled with mechanical analysis, can significantly advance
our comprehension of the intricate locomotion mechanisms,
as well as provide biological inspiration for the engineering
design of robots [4], [5].

In recent years, inspired by natural intelligence, sig-
nificant progress has been achieved in the development
of flexible soft robots specializing in both crawling and
jumping [6]. Through mimicking the muscles of living
creatures, research into crawling soft robots is flourishing
with various techniques and materials, including dielectric
elastomer actuators (DEAs) [7]–[10], piezoelectric actuators
[11]–[13], shape memory alloys (SMAs) [14], [15], ionic
electromechanically active polymer (IEAP) [16], reversible
thermoresponsive hydrogels [17], magnetic materials [18],
ionic polymer–metal composite (IPMC) [19], self-healing
electrostatic (HASEL) actuators [20]–[22], and so forth. With
respect to jumping robots, based on energy accumulation
and rapid release, researchers have integrated specialized
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Fig. 1. Exploded view of the soft robot with rapid running and continuous
jumping capabilities.

actuation mechanisms, such as monolithic three-leaf panel
fold structure [23], furcula-like structure [24], bistable von
Mises truss [25], ultra-tunable bistable structures [26], torque
reversal catapult mechanism [27], two-bars catapult mecha-
nism [28], and more. To notice, certain robots exhibit con-
siderable excellent single-jump performance; however, they
encounter limitations in their ability to replicate these jumps
continuously [27]–[29]. Therefore, achieving repeatability
in dynamic jumping actions is still an existing challenge.
Furthermore, designing insect-scale soft robots with multi-
locomotion ability that balances both speed and jumping
height poses a significant consideration [6].

The movement mechanisms of our bio-inspired objects
are detailed here. Cockroaches feature a robust muscular
system that endows them with remarkable strength and
agility. Notably, their posterior legs boast exceptional devel-
opment, facilitating rapid propulsion through the coordinated
interplay of muscle contractions and relaxations [30]. The
fleas’ unparalleled leaping ability stems from their exten-
sively evolved jumping legs. When fleas assume a crouched
position, their legs and other body components connected
via resilient “protein elastin” hinges undergo compression, a
state meticulously controlled by muscles. When fleas prepare
to leap, their muscles relax, transferring the stored energy
from the elastin pads to their legs. This orchestrated leverage
action enables the fleas’ legs to forcefully strike the ground
in a vertical manner, propelling them into impressive jumps
[31].

In this work, as illustrated in Fig. 1, we present an insect-
scale soft robot (LeapRun) that synthesizes the locomo-
tion strategies observed in both cockroaches and fleas. By
harnessing the leverage effect, incorporating piezoelectric
material and SMA, the lightweight and compact robot is

2024 IEEE International Conference on Robotics and Automation (ICRA 2024)
May 13-17, 2024. Yokohama, Japan

979-8-3503-8457-4/24/$31.00 ©2024 IEEE 1470



empowered with the ability to crawl and jump. Compared
to other single driving principles, the rapid response of
piezoelectric materials and the considerable force output of
shape memory alloys enable the robot to perform multimodal
movements [32], allowing simultaneous running and jump-
ing. This method expands the adaptability of soft robots in
complex terrain environments as well as offers fresh insights
into the design of agile and multi-locomotion soft robots.

II. DESIGN AND OPTIMIZATION

A. Structure and Working Principle

As depicted in Fig. 1, the prototype robot is composed of
a polyvinylidene difluoride/polyimide (PVDF/PI) unimorph
actuator, four ring-like polyethylene terephthalate (PET)
curved legs, a bifurcation release structure (consisting of
SMA, magnets, and PET), and a planar tail. Due to the
inverse piezoelectric effect, under the excitation of an ex-
ternal periodic voltage, the main body contracts and extends
to drive legs to strike the ground (Fig. 2), generating an
undulating gait to mimic the movement of a cockroach [11],
[12], [33] (without additional energy-storing for jumping).
Our previous research informed the incorporation of a 45◦

tilting tail to assist in lifting the rear of the body during
stair climbing, while the ring-like construction maintains a
fixed attack angle of 75◦ to enhance obstacle negotiation
capabilities [34].

Fig. 2. Actuating principle of the piezoelectric soft robot. Curvature shape
under zero (A), positive (B), and negative (C) electric field.

Based on the existing robot structure, Fig. 3 (B) illustrates
a bifurcation structure to realize the jumping capability.
SMA serves as the driving mechanism, miniature magnets
as the lock/release structure, and PET film as the recovery
mechanism. The magnetic force F follows Equation (1), and
is inversely proportional to the fourth power of the distance
x

F(x) =
3µ0

2π
m1m2

1
x4 (1)

where µ0 is the magnetic permeability, and m1, m2 can be
calculated through Equation (2)

m = MV (2)

where M and V refers to the magnetization and volume of the
magnets. On the contrary, within a small range of movement,
the output force of SMA remains relatively constant. Fig. 4
depicts the correlation between the two torques.

Fig. 3. Insect-scale soft robot with bifurcation leap structure. (A) Model
diagram of the robot. (B) Bifurcation release structure.

The leaping process is detailed as follows. Initially, the
dominant torque is exerted by the magnetic force. However,
as the SMA driver heats up during the locking phase, its
output torque gradually increases. Once the SMA torque
surpasses the magnetic torque (F1×L1 > F2×L2), the mech-
anism is released. Consequently, the magnetic torque rapidly
decreases as the rotation angle increases, while the SMA
maintains a constant torque output during this stage. At this
point, the SMA output torque becomes the primary driving
force for the leg’s jumping motion.

Then the energy stored in the muscle (SMA actuator) is
released abruptly and instantaneously. From the perspective
of dynamics, since the force F exerted by the slapping
motion is much larger than the support force of the ground
and the robot’s gravity, according to the impulse-momentum
theorem, the initial speed of the robot v0 can be calculated
through the integration of force with respect to time

v0 =
1

mr

∫ t2

t1
Fdt (3)

where the symbol mr represents the mass of the robot, while
t1 and t2 signify the initial and final moments of the impulse,
respectively. To achieve a continuous jumping motion, a PET
film was affixed to both ends of a pre-stretched one-way
SMA spring. As the system was heated, the spring underwent
shrinkage, while the elastic potential energy stored in the
PET facilitated its restoration to the original state upon
cessation of heating. This mechanism enables the system to
sustain a seamless jumping motion.

B. Parameter Optimization and Characterization

The performance of the robot is significantly influenced
by geometric characteristics. In our previous work [11],
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Fig. 4. Magnetic torque and SMA torque variation during the jumping.

[12], [34], we have thoroughly discussed the structure of
the actuating part, which plays a crucial role in determining
the robot’s functionality and capabilities. This section mainly
discusses the impacts of magnets, SMA spring, and PET
polymer. In general, the stronger the magnetism of the
magnet, the greater the force required from the SMA for
release, resulting in a more forceful impact on the ground.
However, this can also lead to issues such as excessive
payload, longer heating and cooling times, and challenges in
the recovery process. Therefore, it fundamentally becomes a
tradeoff between these factors. We proposed a corresponding
metric called “continuous jumping index” k to evaluate the
efficiency and coherence of the robot in continuous jumping
missions. It can be defined as

k =
v0

tr
(4)

where v0 is the initial speed and tr refers to the recovery
interval or cooling time, because the heating time can be
adjusted by modifying the current, while heat dissipation is
solely achieved through convection with air.

The continuous jumping index could be optimized through
the following formulas in the heating and cooling process.
Due to the SMA wire diameter is relatively thin, the tem-
perature distribution could be assumed as homogeneous and
convective heat transfer coefficient h as constant [35]. The
source of heat in this case originated from the Joule heating
resulting from the electrical current I applied to the SMA.
Then for time variable t, we have

dEp

dt
+ cm

dT
dt

= I2R−hA(T −T∞) (5)

where Ep, c, m, T , R, A, and T∞ refer to the stored elastic
energy, specific heat capacity, mass, current temperature,
resistance, surface area, and surrounding temperature of
SMA. For the cooling process, the above equation can be
rewritten as

cm
dT
dt

=−hA(T −T∞) (6)

TABLE I
SPECIFICATIONS OF THE ROBOT

Feature Value

Robot size (L×W×H) 30 mm × 15 mm × 5 mm

Robot mass 300 mg

Magnet dimension (r×h) 0.5 mm × 1 mm

Spring initial length 10 mm

Spring pre-stretch length 15 mm

SMA wire diameter 0.1 mm

SMA coil diameter 1 mm

PET size (l×w×t) 15 mm × 4 mm × 0.15 mm

Four curved legs (l×w×t) 20 mm × 3.5 mm × 0.1 mm

The same robotic framework is utilized [34], and the
previously indicated equations are used in simulation to
optimize the SMA, PET, and magnet characteristics. Several
attempts and evaluations have been undertaken to experi-
mentally determine the corresponding material parameters.
Finally, the following parameters, shown in Table. I, were
employed in this work.

C. System Control Simulation

To comprehensively visualize the entire control pro-
cess, including heating and cooling, we employed MAT-
LAB/Simulink (R2023a, MathWorks Inc.) module for pre-
senting this process. Considering the intricate nature of
forces exerted by SMA at varying temperatures, we utilized
COMSOL Multiphysics (version 6.1, COMSOL Inc.) simu-
lation calculations to accurately determine these forces. The
forces between the magnets were also calculated, and both
sets of data were subsequently imported into MATLAB for
further analysis and processing. The resulting system block
diagram and corresponding outcomes are presented in Fig. 5.
Theoretical simulation results indicate a heating time of 0.9
s and a cooling time of 3.1 s, and the energy consumption
for a single jump is computed to be 0.83 J. Experimental
data is provided in Section III.

III. RESULTS AND DISCUSSION

A. Electrical Driving Scheme

The two layers of silver electrodes on the robot’s main
body are connected to an external electrical driving system
by 50-µm-diameter silver wires. These wires are securely
attached using 2 mm × 2 mm aluminum tape. The SMA
actuator is connected to a 3.7 V direct current (DC) power
source, with wires attached to its two terminals. The electri-
cal driving setup is depicted in Fig. 6. The entire system,
except for the DC power, comprises a signal generator
module, an amplifier module, and the robot itself. A voltage
between −2.5 V and +2.5 V from the signal generator is
amplified by a factor of 100 before applying on the robot’s
unimorph actuator.
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Fig. 5. Integrated visualization of the control process, composed of COMSOL simulation data, heating and cooling processes, and an interactive panel.

B. Continuous Jumping for Traversing Steps

The application of soft robots in continuous jumping,
particularly in traversing steps, holds significant potential
in various fields and scenarios, including environmental
detection in hazardous areas, disaster rescue, and other
fields. Compared with their rigid counterpart, soft robots
offer adaptability, compliance, impact reduction, enhanced
stability, versatile motion, and application diversity [36].

Two steps (individual height of 30 mm, six times of
the robot’s height) were established for this experiment.
The robot was able to achieve bouncing by striking the
ground through the SMA actuator. Fig. 7 illustrates that
the robot’s jumping speed is not entirely vertical. This is
due to the PET’s bending, which generates an upward slope
in the striking speed in the robot’s head direction. This
phenomenon is in line with the typical insect jumping pattern
[37]. In addition to smooth landing, from the experimental
results (The experiment of the same robot’s locomotion
characteristics was repeated ten times and averaged), the
heating time, recovery interval, maximum jumping height,
and half jumping distance are 1 s, 2.5 s, 8.7 cm, and 4.5 cm,
respectively.

During the jumping process, the voltage and current were
measured at 3.7 V and 0.3 A respectively, with a heating
time of 1 s and an energy consumption of 1.11 J per
single jump. Energy-wise, with the utilization of a 40 mAh
lithium polymer battery, boasting a voltage rating of 3.7 V
(manufactured by HuiXinLi, Inc.), the robot exhibits the
ability to execute an impressive 480 consecutive jumps.
These findings underscore the high practical potential of the

robot for real-world applications.

C. Multi-locomotion for Traversing Rugged Terrains

Given that insects often navigate through environments
with complex topography, it becomes crucial to enhance their
capability to traverse such terrains [38]. In this section, as
shown in Fig. 8, we constructed terrain with slopes (tilting
angle of 15◦) and plummet terrain (refers to the top of a series
of piles). Actuated by alternating voltage (square wave, ±250
V, resonant frequency of 210 Hz), the speed of movement
on the flat surface was 15 cm/s. The effect of the bouncing
structure on the velocity was not significant, demonstrating
the compatibility of crawling and jumping, consistent with
our prior research [11], [12]. It is worth noting that the robot
exerts less force while striking the ground over rough or
soft terrain, resulting in lower jump heights. Nonetheless,
this strategic approach holds significant potential in assisting
the robot to overcome current limitations related to ground
conditions and adjust its posture accordingly.

Fig. 6. The electrical driving system utilized for the robot. This comprehen-
sive system comprises three main components: the control signal generator,
amplifier, and the robot itself.
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Fig. 7. Continuous jumping for traversing steps with parabolic trajectory. The recovery time for the two jumps were 1.97 s and 1.98 s, respectively.

D. Untethered Operation
To mitigate the constraints imposed by cables on the

movement of the soft robot, the same board demonstrated
in [12], [39] was utilized on this robot for crawl actuation
as well. As shown in Fig. 9, the 1390 mg circuit board was
bonded to the robot body through the support beam. In this
case, the measured speed of the robot on the flat ground
is 1.98 cm/s. For cable-free jumps, an RF transmitter and
the corresponding receiver (Fengniao Inc.) were employed to
establish wireless serial communication with the robot. This
communication setup facilitated remote control of the robot’s
SMA actuator state, allowing for the precise control of when
the actuator is turned on or off by manipulating the AO3416
[14] (20V N-Channel MOSFET, maximum continuous drain
current of 6.5 A, Alpha & Omega Semiconductor Co., Ltd.).
Then the load was strategically placed at the center of gravity
of the robot to prevent from tilting forward or backward
during the jumping process. As anticipated, both the jumping
height and the distance covered by the robot during half a
jump were observed to have decreased to 1 cm and 1.5 cm.

We must declare that the operational speed and jumping
capability of the robot are significantly reduced due to the
individual battery’s mass of 850 mg, which is approximately
three times the weight of the robot itself. Additionally,
considering the robot’s limited load capacity, the next crucial
step in our research will involve the ingenious integration
of the boost driving circuit and RF control circuit. This will
require careful consideration and innovation to overcome the
challenges posed by the robot’s weight constraints, reduce
the battery mass, and enhance its overall performance.

IV. CONCLUSION AND FUTURE WORK

In this work, we have introduced LeapRun, a dynamic soft
robot capable of agile locomotion and continuous jumping.

Building upon the foundation of the original piezoelectric
robot, we have implemented SMA, PET, and magnets to
enable the robot to perform repetitive jumps by leverag-
ing lever balancing. Importantly, these enhancements do
not compromise the inherent locomotion capabilities of the
robot. By utilizing simulation, the control process was visual-
ized. Continuous step-jumping capability, traversing rugged
terrains, and operating wirelessly were achieved. Through
meticulous analysis and refinement, we have validated these
abilities, showcasing the potential of the robot in various
real-world scenarios.

Fig. 8. Multi-locomotion for traversing rugged terrains, including slopes
and plummet terrain.

However, we acknowledge that the current design of the
robot lacks control over the velocity direction during takeoff,
and the inclination angle is susceptible to external load. In
addition, the current system lacks a robust steering strategy
when navigating through intricate terrains. Moreover, the
robot encounters difficulties maintaining a straight-line tra-
jectory, primarily attributed to inherent asymmetry resulting
from artificial fabrication.
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Fig. 9. Untethered operation for the soft robot. (A-C) Movement speed of
the robot with a support beam structure loaded with 1390 mg circuit board.
(D-F) Jumping process of the robot when equipped with 950 mg load.

Future optimization efforts will be dedicated to achieving
precise control over the angle during the robot’s ascent,
as well as exploring methods to adjust its mid-air posture.
Moreover, our future endeavors will prioritize the reduction
of cooling time through adaptive methods, thus ensuring
the efficient operation of the robot. Furthermore, we will
consider incorporating steering structures to enable trajectory
control in complex terrains. By addressing these challenges,
we aim to enhance the overall performance and versatility
of LeapRun, opening possibilities for its application in di-
verse domains. The pursuit of these objectives contributes
to the advancement of soft robot research and facilitates its
practical implementation.

V. MATERIAL AND METHODS

A. Main Body Structure Fabrication

By utilizing the slot die coating method, a 28-µm-thick
PVDF film (PolyK Technologies, LLC), scaled to 30 mm ×
15 mm, was deposited with 6-µm-thick silver (Ag) film as
electrodes on both sides. The sandwiched structure (active
layer) was then adhered to PI tape (inactive layer, 120 µm
in thickness for polyimide and 25 µm in thickness for the
adhesive, Keyun tape Inc.) to generate PVDF/PI unimorph.
The exposed tail (15 mm × 5 mm, tilt angle of 45◦) was also
fabricated using PI tape. Four curved legs and the membrane
in the center that provides the restoring force are all made
of PET material (20 mm × 3.5 mm × 0.1 mm, 15 mm × 4
mm × 0.15 mm, Gizmo Dorks). All the materials were cut
using a vinyl cutter (CAMESO 3, Silhouette Inc.). It is worth
noting that compared to complex fabrication processes, such
as composite structures, the cut-and-fold method provides
new insights for future robot designs.

B. SMA Actuator Fabrication

The SMA spring actuator was constructed from an SMA
wire (diameter of 0.1 mm, martensitic transformation temper-
ature of 10 ◦C and an austenite transformation temperature
of 60 ◦C, Hengsheng Inc.). To create a compact spring,
the SMA wire was first twisted around a smooth, 1 mm-
diameter steel mandrel. Then it is annealed in a tube furnace
(OTF-1200X, KJMTI) for 30 minutes at 450 ◦C [40]. The
compact spring was trimmed to 10 mm and stretched to
a 15 mm incompact spring that could withstand a 40 %
actuation strain after cooling and removing the mandrel. The
terminals of the SMA spring are connected to the terminals
of the PET membrane, considering the fact that the austenite
transformation temperature of SMA is considerably lower
than the melting temperature of PET, which is 265 ◦C.
Consequently, the activation process of the SMA actuator
has negligible influence on the structural integrity of PET.

In addition, two commercially available strong rubidium
iron boron magnets, surface-plated with nickel and zinc, were
chosen as locking devices (maximum magnetic force of 150
mN, N35, Xingchuang Inc.). All components were carefully
and securely assembled using 502 adhesives (Loctite, Henkel
Corporation).

Fig. 10. Diagram of the robot manufacturating process. (A) Depositing
silver electrode on PVDF and assembling the robot body. (B) Cutting the
robot leg and controlling its curve. (C) Cutting and folding the tail of the
robot. (D) Assembling all the components.
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