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Introduction

Small creatures in nature have powerful crawling, jumping, or
flying mobility, which is affected by the reaction between pred-
ator and prey."”” Animal locomotion may provide biologically
relevant insight into robot motion,

A novel electric stimulus-responsive micro-
actuator for powerful biomimetic motionsf

Ruide Yun, 2 * Jingyu Che, Zhiwei Liu, Xiaojun Yan and Mingjing Qi*

Limited by the surface-to-volume ratio of structural materials, it is a great challenge to achieve high
output performance in a millimetre-sized actuator. Traditional rigid actuators can achieve higher vibration
frequencies above the centimetre size, but their working performance will be greatly reduced below the
millimetre size, and even cannot maintain the vibration. A micro-actuator is highly essential for the minia-
turisation of bionic robots. In this work, we present a novel driving principle by utilising the plasmonic
thermal energy generated by electric stimulation to drive the vibration of the micro-actuator. In the
design, the micro-actuator is composed of two chambers and elastic elements, which is similar to the
design of a micro-piston. By utilising the thermal energy of the plasma, the actuator can generate high-
frequency vibration (resonant frequency of 140 Hz), and the simple structural design can achieve a large
vibration amplitude on a millimetre scale. Based on this powerful actuator, several applications are pre-
sented, such as fast crawling and jumping. The good performance of the electric stimulus-responsive
micro-actuator suggests promising applications ranging from millimetre-scale robots in confined spaces
to detection, search and rescue.

crawling,”'® and jumping." In bio-inspired robotics, soft actua-
tors play an important role due to their ability to handle
deformable and fragile objects and adapt to irregular
shapes."” These soft micro-actuators are generally fabricated
using dielectric elastomers (DE),"*> shape memory alloys
(SMA),"®  hydrogels,"” and liquid crystal elastomers."
Dielectric elastomers (DE) can present a large response force,
rapid reaction, and high energy density under external electric
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stimulation,’®'® and a change in the shape of synthetic poly-
mers and gels can be induced by the application of tempera-
ture, electric fields, or chemicals.'”™*° In addition, some soft
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actuators can achieve promising stimulus-responsiveness
under changing environmental conditions.® Soft actuators
have better flexibility and adaptability and are gradually
becoming one of the most attractive areas,”®>* exhibiting
more promising research in the fields of biomimetic loco-
motion, grippers, healthcare, wearable devices, manufactur-
ing, and robotics. Currently, in robotics, soft actuators are
widely used for the biomimetic locomotion of robots.
However, they is difficult to use to achieve fast drive move-
ments for soft robots'®**?* due to the determination and
limitation of the material physical properties on the specificity
of the response."’

Compared to soft actuators, some rigid actuators exhibit
superior output performance in micro-robotics applications,
despite losing their physically flexible body structure. These
rigid actuators possess high resonant frequencies, large deflec-
tion, and significant reaction forces. Piezoelectric actuators,>®
magnetic actuators,”® and electrostatic actuators’ are some
typical examples of rigid actuators that have shown great
ability in the motions of crawling,”’*° jumping,®*'** and
flying.>*® However, these actuators are typically limited to
centimetre-sized robots, as achieving high energy efficiency
with favourable physical scaling becomes a significant chal-
lenge as the size of the actuators decreases.®”**

In order to overcome the lack of output power in milli-
metre-sized actuators, in this work we have proposed a novel
electric stimulus-responsive micro-actuator, which has a
chamber to expand under the action of plasmonic thermal
energy. As depicted in Fig. 1(A), upon being stimulated by an
electric field, the electrons in the lower levels of the molecule
gain energy and are converted into high-energy electrons.
Once the energy acquired by the electrons fits the energy level
of the leap, the electrons will leave their previous energy-level
orbits. The electrons in the excited state will, in turn, collide
with other molecules to excite even more high-energy particles,
leading to an electron avalanche. A large amount of energy is
released during this process. This form of plasmonic thermal
energy can be applied to drive the millimetre-sized actuator to
produce a potent output.
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In our previous studies,” we conducted experiments that
demonstrated the impressive driving capability of electrical
pulsed micro-actuators. In this work, we further study and
measure the operation characteristics of the micro-actuators,
such as the temperature field, vibration frequency, electric
power, and energy efficiency. The operating mechanism and
output performance of the actuator are analysed in detail from
the dynamic model and experiment. In addition, application
of the novel micro-actuator will be explored and discussed by
comparing it with existing micro-actuators or biological
animals.

Results and discussion
Working principles of the micro-actuator

During the generation of the plasma, we adopted a pulsed
signal as the electric stimulation, as shown in Fig. 1(B). The
temperature of the actuator during the vibration was recorded
using infrared thermometers (FLUKE TIS60+), as shown in
Fig. 1(C), where the maximum temperature of the actuator
chamber was recorded at 598.9 K for plasma-generating heat
and 283.9 K for ambient room temperature. Once the electric
pulse signal excites the plasma to generate an arc, the released
thermal energy increases the pressure in the chamber, allow-
ing the actuator chamber to expand and perform work.
Constrained by the elastic elements, the chamber then con-
tracts back to complete a cycle of vibration. As pictured in
Fig. 1(D), the vibration amplitude of the actuator is a sinusoi-
dal function within a half cycle and the vibration frequency is
related to the stimulation frequency of the pulse signal. The
captured real vibration process is shown in Fig. 1(E) and Movie
S1,T where the micro-actuator is powered by a 4 kV electric
signal with a pulse width of 1 ps (high-voltage pulse generator,
HVP-B10K/IRE). After being stimulated by a pulsed electric
signal, the micro-actuator exhibits an expansion movement fol-
lowed by a contraction movement, completing a vibration
cycle, where the frequencies of the electric pulse signal and
the actuator vibration are both 120 Hz. The detailed vibration
output characteristics are discussed in the following section.
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Effect of the electric signal on plasma temperature

In the system, the electric signal affects the thermal energy
carried by plasma in the micro-actuator chamber, where the
pulse voltage amplitude and width are two essential para-
meters that determine the energy introduced into the system.
In the test, the amplitude of the stimulation voltage was set to
vary from 3.5 kV to 5 kV with an interval of 0.5 kV, and the
pulse width was set to vary from 1 ps to 3 ps, as shown in
Fig. 2(A). Three identical micro-actuators were fabricated and
tested separately under the same conditions. Temperature
changes in the actuator chamber were recorded in the all-time
domain using an infrared thermometer. The changing temp-
erature of the micro-actuator after an electric stimulation is
shown in Fig. 2(B). As the stimulation voltage increases, the
temperature inside the actuator chamber rises.

In addition, we have investigated the interactive contri-
bution of pulse voltage amplitude and pulse width to the
temperature variation of the micro-actuator. As shown in Fig. 2
(C), the maximum temperature of 613.8 K occurs when a pulse
voltage of 5 kV with a width of 3 ps is applied. At the same 5
kv pulse voltage, the temperature of the micro-actuator
chamber decreases by less than 1% when the pulse width is
reduced to 2 ps. In the test, the actuator chamber generates a
stable high temperature under pulsed signal stimulation when
the voltage amplitude is higher than 3.5 kv and the pulse
width is longer than 2 ps. Otherwise, the unstable arc will
reduce the thermal effect of the plasma. In future applications,
the micro-actuator should be kept from being stimulated by
undesirable electric signals to achieve a reliable thermal
output.

The frequency of the electric pulse determines how much
energy is introduced into the actuator per unit of time, which
is also critical to the operating state of the actuator. In Fig. 2
(D), the effect of the stimulation frequency on the temperature
of the actuator chamber is illustrated at different voltages,
where the maximum temperature of 686.4 K appears at a pulse
frequency of 200 Hz and a voltage of 4.5 kV. As the voltage and
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frequency increase, the temperature of the actuator chamber
increases linearly.

Materials and preparation for the micro-actuator

To enable the good operation of a micro-actuator, fabrication
is the critical step, especially for millimetre-sized actuators,
where the manufacturing accuracy must be on the order of
micro or even nano. In addition, the materials of the actuator
need to satisfy the characteristics of high-temperature resis-
tance, good insulation, low thermal resistance and high
strength; in particular, the electrode material must be resistant
to high temperature and electric erosion. In the fabrication of
the micro-actuator, we have selected fibreglass plates (thick-
ness 0.1 mm) as the material for the actuator chamber, tung-
sten plates (0.05 mm) for the electrode and polyimide film
(0.05 mm) for the elastic element. To reduce processing errors,
all materials are cut using a laser (HANS LASER EP-15-THG-S,
cutting accuracy of 20 nm) for greater fabrication accuracy. As
shown in Fig. 3(A), the cut two-dimensional structures are
changed into a three-dimensional model using the origami
method,*® and the assembly is further completed using the
positioning holes and the mortise and tenon structure. A clear-
ance fit of 0.01 mm is used in mortise and tenon machining
to accommodate the positioning of the installation. The cumu-
lative assembly error of the actuator is controlled to be within
0.02 mm. All assembly processes are performed in the micro-
mechanical testing system (FT-MAT02, Femto Tools, Germany)
for higher assembly accuracy. In addition, to reduce the fric-
tion between the inner and outer chambers of the actuator, a
clearance allowance of 0.1 mm is set in the structural design.
Through numerous experimental observations, we set a factor
of 10% as a correction for the friction process (because friction
does not occur continuously). An approximate damping coeffi-
cient Cp = 0.001 can be obtained. The total size of the micro-
actuator is 2.2 mm in width, 2.2 mm in height and 3.4 mm in
length. The fibreglass plates can be chosen in different
colours, such as black or white, to enhance the visualisation of
the micro-actuator.

Vibration characteristics of the micro-actuator

When stimulated by the pulse signal, the temperature inside
the actuator chamber rises, causing its expansion to perform
work, as shown in Fig. 3(B). The micro-actuator works similarly
to a piston engine in that electric energy is converted into
thermal energy, which drives the expansion of the actuator
chamber to perform its work, followed by a drop in tempera-
ture and then contraction to complete a full cycle of vibration.
As shown in Fig. 3(C), the vibration of the micro-actuator can
be described by a simplified dynamic model based on a rigid
body joined to spring damping systems.

The dynamic model of the micro-actuator is given in eqn
(1), where the vibration process is divided into the expansion
phase (5 > 0) and the contraction phase (5 < 0). The associ-
ated parameters can be obtained from eqn (2), where Fy, is the
external force generated by the electric stimulation, K is the
equivalent stiffness of the elastic element, F, is the damping

Nanoscale, 2023, 15, 12933-12943 | 12935
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Fig. 1 The micro-actuator uses electric stimulation to generate thermal energy released from plasma to drive the vibrations. (A) Generation of high-
temperature plasma by high-voltage stimulation. (B) Pulsed stimulation signal at the kilovolt level. (C) Thermal infrared imaging of the actuator
during operation. (D) The working principle of the actuator and the vibration profile. (E) Screenshots of the actuator’s vibration process driven by an

electric pulse, where the length expansion ratio (5/BL) is 0.2.

force of the system, M is the equivalent mass of the micro-
actuator, and § is the vibration amplitude.

{é =pu—& —a?5, $>0 (1)
b=—w?5, 6<0
Fm K F,
”:ﬁ’ wzzA_/F E= "‘.2 (2)
Mo

Based on the conservation of energy, the relationship
between the system-inputted electric energy Q;, and thermal-
mechanical energy is expressed in eqn (3). The driving force
Fp, can be obtained as shown in eqn (4).

ZQin—K-(sZ:ZJp(T,V)A-d(S 3)
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The Elenbaas-Heller equation can be used to solve the
Joule-thermal model of the electric pulse micro-actuator in
this paper, which has almost the same arc column size as the
cavity diameter (Fig. 1E),

where ¢ and 4 are the electrical conductance and thermal con-
ductivity, which are functions of the temperature 7. r is the
radial coordinate of the arc and E is the electric field strength.
By applying voltage U, we can obtain the electric field E and

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The effect of electric signals on the temperature of plasma. (A) In the test, the voltage amplitudes and pulse widths are set as variable para-
meters. (B) Temperature change in the micro-actuator chamber, where three types of lines represent the measured data of different actuators. (C)
The effect of different widths of electric pulse on the maximum temperature of the actuator chamber. (D) The effect of electric pulse frequency on

the maximum temperature of the actuator chamber.

thus determine the temperature value T(r). Then, T(r) is calcu-
lated with eqn (3) and (4) to obtain the driving force F,.

In the calculation, let y =, and we can obtain the first-
order differential equation for the phase trajectory, as shown
in eqn (6). The vibration formula in eqn (7) can be obtained by
solving eqn (6), where the parameters a, and f, can be calcu-
lated by the initial conditions.

06— @? o
},2:, £ +2752+2§2625 c>0 (6)
P?=—-?+C, 6<0

X H :
mcos(a}t+ﬂo)+? o0>0
1 +Tt
" 7)

Lo, cos(wt+p,) 6>0

1+ t
3n

As depicted in Fig. 3(D), the driving force F,, exhibits an
approximately linear relationship with the voltage amplitude.
A maximum force of 5.1 mN appears when a 5 kV driving
voltage is applied. Based on the theoretical model (eqn (7)),
the vibration profiles of the micro-actuator can be obtained in

This journal is © The Royal Society of Chemistry 2023

Fig. 3(E), where all the amplitudes are above 1 mm and the
maximum vibration velocity reaches the level of metres per
second. The micro-actuator exhibits a powerful output per-
formance. Moreover, we have conducted the vibration ampli-
tude test under different driving frequencies. As the electric
pulse frequency increases, the vibration amplitude increases
linearly and reaches the maximum amplitude of 1.68 mm at
the resonant frequency, as shown in Fig. 3(F). The micro-actua-
tor operates well over a wide frequency range (from 50 Hz to
140 Hz) and exhibits powerful output characteristics at both
low- and high-frequency drives. The vibration performance of
the proposed millimetre-sized actuator is better than that of
existing actuators that can achieve a greater amplitude only in
the resonant frequency; however, the amplitude will signifi-
cantly degrade in the lower driving frequencies.

Effect on actuator vibration characteristics of thermal
accumulation under continuous electric stimulation

During the operation of the micro-actuator, the continuous
electric pulse signal keeps the temperature inside the actuator
chamber from cooling down completely, and the accumulated

Nanoscale, 2023,15,12933-12943 | 12937
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Fig. 3 The micro-actuator’s structural composition design and vibration characteristics. (A) The fabrication process of the millimetre-sized actuator.
(B) The vibration process and temperature field changes of the actuator during one cycle. (C) Modelling simplifies the actuator’'s thermodynamics
during oscillation. (D) The effect of the driving voltage on the actuator’s driving force F,,. (E) The vibrating amplitude and velocity of the actuator’s
chamber have been simulated under the power of different voltages. (F) The effect of the electric pulse frequencies on the vibration of the actuator.

thermal energy will have an impact on the vibration amplitude
of the actuator. As shown in Fig. 4(A), we have tested the
vibration amplitude and temperature field variation of the
actuator chamber under the initial electric signal drive and the
continuous drive, respectively. It is demonstrated that the
vibration amplitude decreases from 1.47 mm to 1.08 mm, a
decrease of 26.5%, and the temperature of the actuator at the
completion of one vibration cycle increases from 290.5 K to
378.4 K, an increase of 30.3%.

In addition, we have tested the effect of the temperature
accumulation of the micro-actuator under different electric
pulses. As shown in Fig. 4(B), the amplitude difference
between the initial amplitude §; and the stable amplitude &,
driven by the continuous electric signal is about 0.3 mm at
different electric pulses. This reduction is independent of the
voltage amplitude. Although the reduction has some effect on
the maximum amplitude of the actuator, it will have no

12938 | Nanoscale, 2023, 15,12933-12943

further effect on the stable vibration, and the actuator can
maintain a stable amplitude above the mm level.

Performance of the micro-actuator

In order to estimate the performance of the micro-actuator, we
measured the power consumed during the operation using
TEST&MEASUREMENT (YOKOGAMA, WT5000). The transient
high currents in circuit systems were measured using Hall
sensing, and the powering voltage remains consistent with the
high-voltage pulse generator. This shows the instantaneous
current values at a voltage of 4 kV and a pulse frequency of 100
Hz, as shown in Fig. 4(C), where the maximum current is up to
1.5 A with the stimulation time of ps level. The detailed tested
transient current value is listed in the ESL{ In the calculation,
we chose the transient current from a continuous ten cycles
and multiplied these data by the powering voltage of 4 kv and
the stimulation period of 1 ps. Then, the resultant value was

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Temperature accumulation of the micro-actuator under continuous electric stimulation. (A) The changing temperature during first-time
electric stimulation (on the top) and continuous stimulation (on the bottom). (B) The amplitude reduction between the first-time electric stimulation
and the continuous stimulation. (C) The measured pulse current of the micro-actuator, where the currents in the circuit are measured using Hall
sensing, and the powering voltage is consistent with the high-voltage pulse generator.

averaged to obtain the electric power. The electric power,
mechanical power, and energy efficiency of the micro-actuator
for a single vibration are listed in Table 1.

Although the instantaneous electric power reaches the kW
level, the average power acting on the micro-actuator is only
2.25 mW. The mechanical output power is up to 0.848 mW, so
the energy efficiency of the actuator can be estimated at 37.7%.
Furthermore, the actuator has an output power density of
54,71 W kg™" due to the quality of the milligram level. The pro-
posed actuator is more powerful than electrostatic actuators,®
and the energy efficiency matches or even exceeds those of the
PZT actuator, the DEA actuator and natural muscle.'**°

Table 1 Operation performance of the micro-actuator

Type Value
Actuator mass 15.5 (mg)
Electric power 2.25 (mW)
Mechanical power 0.848 (mW)
Power density 54.71 (W kg™)
Energy efficiency 37.7 (%)

All test results were measured at a voltage of 4 kV and a width of 1 ps.

This journal is © The Royal Society of Chemistry 2023

A millimetre-sized crawling robot driven by the micro-actuator

As illustrated in Fig. 5(A), we proposed a millimetre-sized crawl-
ing robot based on the micro-actuator. In the design of the
robot’s configuration, we have integrated the front and rear legs
on the base of the actuator chamber, as shown in Fig. 5(B). The
microrobot uses the frictional force f between the legs and the
ground to achieve a crawling motion, whose crawl process is
detailed in Movie S2.} In the test, the robot’s crawling speed was
measured under different electric signals. The crawling trajectory
is shown in Fig. 5(C), where the robot crawls at a stable speed
when the driving voltages are above 4 kV. At this moment,
increasing the voltage does not significantly increase the crawling
speed but will consume a large amount of electric power. In
addition, we tested and verified that the electric pulse frequency
has a greater influence on the crawling speed of the microrobot
than on the voltage amplitude. Fig. 5(D) depicts the normalized
crawling speed of the robot for different drive signals, with the
maximum crawling speed occurring around the resonant fre-
quency of the actuator. The fastest moving speed of the robot was
measured to be up to 251.8 mm s for an electric stimulation of
125 Hz. Micro-actuators exhibit considerable potential for milli-
metre-scale robotic driving applications.

Nanoscale, 2023,15,12933-12943 | 12939
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Fig. 5 Crawling and jumping application of the micro-actuator. (A) A picture of the millimetre-sized crawling robot. (B) The design of the robot’s
leg is based on the actuator’'s chamber bases. The frictional force between the legs and the ground drives the robot to move forward. (C) The crawl-
ing trajectory of the robot at different powering voltages. (D) The effect of the voltage amplitude and frequency on the crawling speed of the robot.
(E) The actuator has a significant jumping ability, and can easily jump up to 20 times the height of its body. (F) The jumping trajectory of the robot at
the different powering voltages (G) The effect of jumping angles on the motion trajectory.

Powerful jumping ability of the micro-actuator

Except for the application of the micro-actuator to crawling
robotics, the actuator also demonstrates great jumping capa-
bilities. Fig. 5(E) exhibits that the micro-actuator can easily
jump over 20 times its body length, and the detailed jumping
process is shown in Movie S3.T In our research, we have inves-
tigated the impact factor of the actuator jumping height, such
as driving voltages and jumping angles. In Fig. 5(F), as the
voltage increases, the micro-actuator jumping height increases
linearly, further confirming the linear relationship between
voltages and the driving force F,, (Fig. 3(D)).

In our previous study,’ the actuator could reach a
maximum jumping height of 295 mm (87 times its body
height), indicating that it can easily jump over obstacles ten
times its size. In addition, the jumping height and jumping
distance of the micro-actuator can be controlled by changing

12940 | Nanoscale, 2023, 15,12933-12943

the jumping angle, as shown in Fig. 5(G). Whether it is active
directional movement or passive casual movement in nature,
the powerful output of the micro-actuator is the fundamental
support for the fast movements of the microrobot. The
jumping trajectories of the micro-actuator shown in Fig. 5(F)
and (G) could be applied to achieve controlled motion in the
robot’s movement when exploring in a confined environment.

Comparison of the micro-actuator and related micro-robot
with existing research

In nature, including mammals and arthropods, the relative
crawling speed exhibits a strong negative scaling law with
respect to body mass, indicating that the relative speed
increases as the mass decreases. However, this scaling law
does not seem to be accurate for robots and actuators, where
lighter masses can also achieve fast relative crawling speeds.

This journal is © The Royal Society of Chemistry 2023
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As shown in Fig. 6(A), the prototype of the microrobot pro-
posed in this article can achieve the fastest measured crawling
speed of up to 251.8 mm s~ (74 body lengths per second).
With its excellent crawling speed, the robot has approached or
even surpassed the locomotion capabilities of many arthro-
pods in nature. The micro-robot is currently the fastest-moving
robot on milligram and millimetre scales, demonstrating the
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powerful performance of the novel actuator. All of the crawling
speed data shown in Fig. 6(A) are from ref. 41.

Mechanical performance, whether in animals or robots, is
limited by the universal, physical trade-off between force and
speed. However, in challenging environments and over a wide
range of size scales, many biological systems use force-amplify-
ing mechanisms to achieve unprecedented speeds. There are
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Fig. 7 A schematic of the future applications of the micro-actuator. The applications include single-drive micro-robot applications as well as multi-
drive micro-robots with controlled movements. Additionally, several application scenario hypotheses are included.
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few actuators that can perform jumping movements on their
own,*® and current research often relies on the additional use
of elastic mechanisms as energy storage mechanisms to
achieve jumping.">**"*> Above a certain size (centimetre), the
added elastic elements do improve the jumping ability;
however, at smaller sizes (millimetre), the kinematic perform-
ance will drop significantly. The research in this paper over-
comes this difficulty by relying solely on the propulsion of the
actuator to achieve the jump. As shown in Fig. 6(B), the
maximum jumping speed measured by the actuator reached
2.15 m s~ " and a steady jumping speed could be maintained at
1.133 m s™'. The excellent jumping ability of the micro-actua-
tor exceeds the locomotion ability of many arthropods.

The work performance of our prototype micro-actuator is
high as the simple structure has no redundant energy-consum-
ing components. Some soft robots powered by magnetic fields,
humidity, heat or light sources can have fast locomotion
speeds, but their motions are severely limited by slow
responses and a bulky structure to generate external power.
The light mass and millimetre size of the micro-actuator can
exceed the biologically demonstrated jumping ability without
external amplification, making the actuator promising for use
in the field of millimetre robot drives.

Future application and discussion

In the tests, the instantaneous voltage amplitude reaches the
kV level and the current reaches the 4 level. Although the dur-
ation is only at the ps level, the robot’s power consumption is
large enough, which proposes a significant challenge to
achieve untethered motion with the onboard circuit. Milligram
and millimetre scale chip-based boost circuits are difficult to
implement in a short time. Inspired by the existing
literature,*>** we will try to integrate the micro-actuator with a
micro drive circuit to achieve wireless energy transfer by utiliz-
ing the laser or radiofrequency power. As shown in Fig. 7, the
millimetre-sized and milligram-scale robots could cross
through the confined space and also could jump over the
obstacle using their powerful jumping abilities. In addition,
due to the low cost of the robots, we can use a large number of
robots to generate swarm behaviour for environmental search
and detection. Moreover, we will focus on the multi-drive
microrobot and achieve robot motion trajectory control using
the operating duty cycle of different actuators. The multi-
motor modes allow the robot to have both crawling and
jumping locomotion, as shown in Fig. 7, and it can be used to
enter a house in a dangerous scenario to guide the survivor
out of the situation.

Conclusions

In conclusion, we have proposed a novel electric micro-actua-
tor based on plasmonic thermal energy. The operating mecha-
nism is similar to that of a traditional piston engine. Once the
plasmonic thermal energy is released, the chamber will
expand to perform work and then contract under the restraint

12942 | Nanoscale, 2023, 15,12933-12943
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of elastic elements. The prepared micro-actuator responds to
the kv-level pulse voltages. It can vibrate well from lower to
higher frequencies and can also have significant amplitude
during vibrations. In addition, we have designed the legs to be
integrated with the micro-actuator to obtain a millimetre-sized
crawling robot. The biomimetic crawling locomotion of the
micro-actuator can achieve the fastest crawling speed of
251.8 mm s~' (74 body lengths per second), and it can also
easily jump over ten times its body length. Although our pro-
posed micro-actuator loses some application scenarios com-
pared to some soft actuators, it has the advantages of powerful
power output, high energy conversion efficiency, milligram
mass and millimetre size. We believe that this design of the
novel micro-actuator, driven by the stimulus response of elec-
tric energy, will inspire the design and application of milli-
metre-sized robots in future detection and reconnaissance
tasks.
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