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Lecture Overview

• Overall objectives

• Syllabus and grading

• Content and schedule

• How to read research articles?

• From macro to small scale robotics
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Instructor: Selman Sakar

• Associate Professor at EPFL
– Research: Microrobotics, mechanobiology, medical technology

– Website: https://www.epfl.ch/labs/microbs/

– Contact me for semester/master thesis projects
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Course Information

• Time 
– 9:15-noon on Mondays

• Office and Email
– MED3 2916 and selman.sakar@epfl.ch

– Email me to arrange office hours

• Course Webpage
– https://moodle.epfl.ch/course/view.php?id=15857

– Check for content regularly

– Research articles will be updated soon
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Course Material

• There is no textbook

• Lecture Notes

• Review Articles

• Research Articles
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Background

• ME426: Micro/Nanomechanical Devices

• Focus will be on advanced manufacturing techniques and 
actuation methods
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Overall Objectives

• Design, manufacturing, and powering paradigms for small 
scale robots

• (Potential) applications of small-scale robots

• Introduce concepts like
– Scaling laws
– Multiphysics and multi-material microfabrication
– Comparative analysis of available actuation/powering strategies
– Locomotion modes (terrestrial, aquatic, flight)

• Soft skills
– Critical reading of research articles
– Literature review
– Presentation and technical writing
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Grading

• Weekly assignments and class participation 30%

• Paper Presentation 30%

• Final Exam 40%
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Weekly Assignments

• Form groups of 5 people

• Sign up for article on Moodle

• Everyone else will send 2 questions on the articles by Friday 
midnight every week 

• I will upload selected questions on Moodle and forward them 
to the presenting group

• Each group will present their article and answer selected 
questions during an exercise session (15 min)
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Final Exam

• Take home exam

• Your questions will serve as the pool
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Contents
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• Power

• Actuation

• Manufacturing

• Locomotion
– Swimming, flight, crawling, stick-slip motion, jumping, legged 

locomotion, multimode locomotion, adaptive locomotion

• Perception (without electronics)

• Manipulation
– Precision positioners, handling (liquid and solid), cargo transport, 

material characterization, surgical robots, 



Applications
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• Microassembly and mechanical characterization
– Speed, accuracy, and gentleness in handling small parts

– Footprint, cost

– Analogy: Bulldozer to move sugar cubes within a hair’s width

• Surveillance and environmental monitoring

• Targeted drug delivery and microsurgery

• Review articles on Moodle



Targeted Therapy

• Localized delivery of chemical and biological 
substances

• Localized application of energy

• Drug delivery
– Currently, the whole body is subjected to the 

drug through the blood stream
• Increased chances of side effects

– A microrobot carrying a small amount of drug
• Decreases side effects,

• Subjects the tissue to high drug concentration

– Local heating
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Telemetry

• Micromachines can be used for transmitting information from a specific 
location which is difficult to obtain
– pH and temperature of digestive track

– Oxygen concentration in the eye

– Urea and glucose concentration in blood
– Detection of internal bleeding

• This information can be sent 

     back in various ways, using
– Radio waves

– Visible light

– Acoustic waves

– Chemical signals

– Imaging-based diagnosis
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Material Removal

• Micromachines can be used to remove material by mechanical means

• Lithotomy and Lithotripsy
– Kidney stone removal (lithotomy)

– Kidney stone destruction (lithotripsy)

• Excision
– Removal of tumor or blood clot

• Biopsy sampling
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Deployable Structures

• Microrobot transporting and delivering deployable structures

• Scaffolding
– The structure can act a support frame, for example in

• Nerve regeneration

• Development of artificial organs

• Blood vessel regrowth

– Microrobots can be used instead of catheter-based stents

• They would be the stent

• They would navigate in the correct location

• And then they would deploy
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Specifications

• To access remote locations, the size of the robot should be in the 
millimeter or micrometer range.

• Power and control signals (tiny tethers, antenna, wireless control)

• Flow can be a significant issue

• Most of the body parts are not visible (special methods for localization) 
and have complex shapes (navigation)

• Lumens and cavities are filled with viscoelastic fluids
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Intraocular Microrobots
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§ OD: 300μm

§ ID: 125μm

§ Len: 2.5mm

§ Coated with Au and Polypyrrole 

§ Fits in a 23G needle

No need for sutures  



Biopsy of the Bile Duct using Microgrippers
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Conventional Robotics
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Computer Vision and Sensors

Manipulators

Locomotion

Computation and Intelligence

Energy Source



Conventional Actuators
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• Electric motors (DC motors, AC motors, Stepper motor, 
Servo motor)

• Hydraulic and pneumatic actuators for heavy duty

• Autonomous vehicles as robots
– Heat engines (combustion, jet engine)



Scaling of Actuators: Electric motors
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• Magnetic and inertial forces scale poorly into the micro 
domain

• Miniaturization of many complicated components such as 
coils, magnets, and bearings

• Severe torque dissipation due to the scaling

• Dominant role of electrostatics, surface tension, viscous 
forces, chemical reactions, heat transfer, vibrations

• State of the art motors: centimeter sized

• Review article on Moodle



Scaling of Actuators: Pneumatic Actuators
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• Pneumatics actually scale fine (microfluidics and valves) but 
how do we control pressure without tethers?



Scaling of Actuators: Pneumatic Actuators
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• On-board generation of gas pressure?



Scaling of Actuators: Heat Engines
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• Combustion



Scaling of Mechanisms: Efficiency and Manufacturing
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• Pin joints à compliant mechanisms (surface effects)

• CNC à cleanroom (precision)

• Printers à direct laser writing (two-photon polymerization)

• 3D complexity: folding, self-assembly, capillary forces



Scaling Laws
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Magnitude Scaling factor

length (𝐿) 𝝀
area (𝐴) 𝝀𝟐

volume (𝑉), mass (𝑚) 𝝀𝟑

surface to volume ratio 𝝀#𝟏

stiffness (𝑘) 𝝀
resonance frequency (𝑓!) 𝝀#𝟏

mass responsivity (ℜ) 𝝀#𝟒

thermal time constant (𝜏) 𝝀

!

"!

!"#!

𝝀 =
𝑳"

𝑳



Scaling Laws

• Depending on the size-scale different physical effects become 
more or less important

• At small scale, inertial forces become less important  as mass 
scales ~L3 (keeping density constant)

• Resonant frequencies go very high

• Thermal equilibrium is achieved faster

• Electromagnetic forces dominate mechanics

• Laminar flow dominates fluidics
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At the interface
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• Vibration motors and battery

• Smallest battery: few millimeters



Wirelessly Powered and Controlled Microrobots
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ELECTROMAGNETIC SYSTEM POWER
SIGNAL

MICROROBOT

LOCALIZATION
&

SURVAILANCE

CONTROL
SIGNAL

VISION
TOO SMALL FOR ON-BOARD BATTERY



Power

31

• Electric power: cables, electrostatic charge, electric fields, 
batteries

• Magnetic fields: Uniform (rotation, oscillation, vibration), Field 
Gradients, RF

• Pressure waves: Substrate vibration, Surface acoustic 
waves, bulk acoustic waves, acoustofluidics

• Light: Photothermal effects, phase transitions, photovoltaics

• On-board power generation: Catalytic reactions, energy 
harvesting (i.e. osmosis), hydropower, biological actuators

• Power requirements for intended tasks? Power density?



Actuation
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• Solid-state actuators: Piezoelectric, magnetostrictive, shape 
memory

• Liquid crystal elastomers

• Electrostatic actuators and electroactive polymers

• Acoustic streaming

• Catalytic motors

• Thermal actuators

• Artificial swimmers (helices, elastica)

• Biological actuators

• Protein and DNA-based nanoactuators



Manufacturing and Materials
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• Popup MEMS (folding, buckling)

• Direct laser writing and stereolithography

• Laser micromachining

• Soft lithography and microfluidics

• Chemical synthesis

• Electrodeposition

• Polymers, metals, semiconductors, elastomers, hydrogels, 
nucleic acids, nanocomposites



Tentative Schedule
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• Solid-state actuators and Popup MEMS

• Electrostatic actuators and electroactive polymers

• Vibrations, resonant actuators, and micromanipulation

• Low Reynolds Number swimmers

• Programmable magnetic soft matter

• Light-matter interactions and optomechanical actuators

• Acoustofluidics

• Catalytic motors and jet propulsion

• DNA machines

• Biological actuators and machines
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Insect-scale jumping robots enabled by a dynamic buckling 
cascade
Yuzhe Wanga,1 , Qiong Wanga,1 , Mingchao Liub , Yimeng Qina, Liuyang Chenga, Ophelia Bolmina , Marianne Alleynec , Aimy Wissad,  
Ray H. Baughmane , Dominic Vellab , and Sameh Tawficka,2

Edited by Yihui Zhang, Tsinghua University, China; received June 22, 2022; accepted December 12, 2022 by Editorial Board Member Yonggang Huang

RESEARCH ARTICLE | ENGINEERING

Millions of years of evolution have allowed animals to develop unusual locomotion 
capabilities. A striking example is the legless-jumping of click beetles and trap-jaw ants, 
which jump more than 10 times their body length. !eir delicate musculoskeletal system 
amplifies their muscles’ power. It is challenging to engineer insect-scale jumpers that 
use onboard actuators for both elastic energy storage and power amplification. Typical 
jumpers require a combination of at least two actuator mechanisms for elastic energy 
storage and jump triggering, leading to complex designs having many parts. Here, we 
report the new concept of dynamic buckling cascading, in which a single unidirectional 
actuation stroke drives an elastic beam through a sequence of energy-storing buckling 
modes automatically followed by spontaneous impulsive snapping at a critical triggering 
threshold. Integrating this cascade in a robot enables jumping with unidirectional mus-
cles and power amplification (JUMPA). !ese JUMPA systems use a single lightweight 
mechanism for energy storage and release with a mass of 1.6 g and 2 cm length and 
jump up to 0.9 m, 40 times their body length. !ey jump repeatedly by reengaging the 
latch and using coiled artificial muscles to restore elastic energy. !e robots reach their 
performance limits guided by theoretical analysis of snap-through and momentum 
exchange during ground collision. !ese jumpers reach the energy densities typical of the 
best macroscale jumping robots, while also matching the rapid escape times of jumping 
insects, thus demonstrating the path toward future applications including proximity 
sensing, inspection, and search and rescue.

jumping robot | jumping insect | insect-scale robot | artificial muscles | snap-through

Jumping locomotion is common in animals, including insects, despite their vastly dif-
ferent kinematic and biological mechanisms (1–7). In squat jumping, most large ani-
mals rely on quickly generating a large momentum by pushing most of their mass with 
a high vertical velocity, constrained by the stroke (motion range) and power of their 
muscles. Due to this high rate of motion, high stresses are generated in the animals’ 
intricate body parts. Jumping hence presents an extremely challenging mechanical task 
and requires stringent material constraints. Despite their small size, insects are phenom-
enal jumpers in comparison to large squat jumpers: !ey routinely reach heights exceed-
ing 10 times their body length, and reaching in some cases 30 times their length, which 
is equivalent to a human jumping up to the 15th "oor of a building. !rough evolution, 
these jumping skills enabled insects to survive in diverse environments. As a primary 
form of locomotion, jumping helps them escape from predators, right themselves, catch 
prey, or adapt to unfamiliar terrain. Recent studies have revealed the jumping mecha-
nisms of various insects (8–12). Many insects, such as locusts and "eas, initiate jumping 
by the traditional means of jointed appendages (9, 11). In contrast, click beetles (a term 
describing approximately 10,000 species worldwide) (Coleoptera: Elateridae) can jump 
without using any appendages; instead, they quickly snap their bodies, producing an 
audible click as well as a jump. !e jump of click beetles is enabled by skeletal muscle, 
which slowly stores elastic energy in their body and thoracic hinge leaving the body in 
a bent position (the “latched” position, Fig. 1 A, ii). When triggered, the latch is released, 
and the body of the beetle unbends extremely quickly (Fig. 1 A, iii), accelerating the 
center of mass of the click beetle upward and resulting in a powerful jump (Fig. 1 A, iv) 
for hunting, escape, or other activities (2, 8, 13, 14). Fig. 1A and SI Appendix, Fig. S1 
show snapshots of the takeo# sequence of an Alaus oculatus (mass = 754 mg, and body 
length = 31 mm) click beetle. !e snapshots show the extremely fast unbending move-
ment which results in the center of mass acceleration and legless jump. Beetles amplify 
the power of muscle, storing energy slowly before releasing it rapidly. In this paper, we 
present a robot inspired by the click beetles’ energy storage and take-o# process, includ-
ing its ability to perform legless jumping by using muscles to store elastic energy that 
is released in a jump.

Significance

Fleets of insect-scale robots 
could perform unique functions 
enabled by their size to address 
needs in agriculture, inspection 
in restricted spaces, and search 
and rescue. Inspired by recent 
advances in understanding the 
mechanism of power 
amplification in jumping beetles 
and ants, we conceive and realize 
a jumping robot that matches or 
surpasses both natural creatures 
and robots. The jumping 
mechanism uses dynamic 
buckling cascading and allows for 
a single stroke from a coiled 
artificial muscle to actuate an 
automatic sequence of shape 
transformations in a buckling 
beam. This mechanism stores 
large elastic energy in miniature 
robots, which match the energy 
density of macroscale robots, 
while maintaining the small size, 
extreme acceleration, and fast 
escape response times of insects.

Author contributions: Y.W., Q.W., and S.T. designed 
research; Y.W., Q.W., Y.Q., L.C., and O.B. performed 
research; Y.W., Q.W., M.L., D.V., and S.T. analyzed data; 
M.L. and D.V. performed mathematical modeling; M.A., 
A.W., and R.H.B. reviewed and edited the manuscript; 
and S.T., Y.W., M.W., and D.V. wrote the article.

The authors declare no competing interest.

This article is a PNAS Direct Submission. Y.Z. is a guest 
editor invited by the Editorial Board.

Copyright © 2023 the Author(s). Published by PNAS.  
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1Y.W. and Q.W. contributed equally to this work.
2To whom correspondence may be addressed. Email: 
tawfick@illinois.edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2210651120/-/DCSupplemental.
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mals rely on quickly generating a large momentum by pushing most of their mass with 
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by the traditional means of jointed appendages (9, 11). In contrast, click beetles (a term 
describing approximately 10,000 species worldwide) (Coleoptera: Elateridae) can jump 
without using any appendages; instead, they quickly snap their bodies, producing an 
audible click as well as a jump. !e jump of click beetles is enabled by skeletal muscle, 
which slowly stores elastic energy in their body and thoracic hinge leaving the body in 
a bent position (the “latched” position, Fig. 1 A, ii). When triggered, the latch is released, 
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center of mass of the click beetle upward and resulting in a powerful jump (Fig. 1 A, iv) 
for hunting, escape, or other activities (2, 8, 13, 14). Fig. 1A and SI Appendix, Fig. S1 
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Acrobatics at the insect scale: A durable, precise, and 
agile micro–aerial robot
Suhan Kim1†, Yi- Hsuan Hsiao1†, Zhijian Ren1, Jiashu Huang1,2, Yufeng Chen1*

Aerial insects are exceptionally agile and precise owing to their small size and fast neuromotor control. They 
perform impressive acrobatic maneuvers when evading predators, recovering from wind gust, or landing on moving 
objects. Flapping- wing propulsion is advantageous for !ight agility because it can generate large changes in 
instantaneous forces and torques. During !apping- wing !ight, wings, hinges, and tendons of pterygote insects 
endure large deformation and high stress hundreds of times each second, highlighting the outstanding !exibility 
and fatigue resistance of biological structures and materials. In comparison, engineered materials and microscale 
structures in subgram micro–aerial vehicles (MAVs) exhibit substantially shorter lifespans. Consequently, most 
subgram MAVs are limited to hovering for less than 10 seconds or following simple trajectories at slow speeds. 
Here, we developed a 750- milligram !apping- wing MAV that demonstrated substantially improved lifespan, 
speed, accuracy, and agility. With transmission and hinge designs that reduced o"- axis torsional stress and defor-
mation, the robot achieved a 1000- second hovering !ight, two orders of magnitude longer than existing subgram 
MAVs. This robot also performed complex !ight trajectories with under 1- centimeter root mean square error and 
more than 30 centimeters per second average speed. With a lift- to- weight ratio of 2.2 and a maximum ascending 
speed of 100 centimeters per second, this robot demonstrated double body !ips at a rotational rate exceeding 
that of the fastest aerial insects and larger MAVs. These results highlight insect- like !ight endurance, precision, 
and agility in an at- scale MAV, opening opportunities for future research on sensing and power autonomy.

INTRODUCTION
Insect !ight is characterized by fast body dynamics, complex !apping- 
wing kinematics, and unsteady aerodynamics. Fast neural re!exes 
and motor control enable aerial insects to quickly evade predators 
(1) and recover attitude stability (2). When aerial insects execute 
banked turns (3), body saccades (4), or inverted landing (5), they ex-
perience large rotational speeds (>2000° s−1) far exceeding those of 
birds and micro–aerial vehicles (MAVs). Aerial insects are also pre-
cise !yers when they hover around a !ower’s anther amid a gentle 
breeze. "is exceptional agility and precision are enabled by !apping- 
wing propulsion that can generate large instantaneous forces and 
torques. During !ight, the insect wing hinge converts the power mus-
cle oscillation into a back- and- forth wing motion ranging from tens 
to hundreds of times per second. "is biomechanical structure is 
sophisticated and durable. It exerts precise control of wing kinematics 
through many steering muscles and endures large tensile and com-
pressive stress induced by aerodynamic loading and muscle actua-
tion. For instance, the Drosophila wing hinge connects to 12 steering 
muscles (6), and it can control the wing beat motion along all three 
rotational axes with a #ne resolution of less than 2°. When a !y en-
counters a large disturbance, evades predators, or su$ers wing dam-
age (7), the !apping frequency and amplitude are adjusted over large 
ranges of 50 Hz and 30°, respectively. Under these harsh mechanical 
conditions, the hinge can operate millions of wing beat cycles, criti-
cal to the survival and functioning of aerial insects.

Inspired by tiny natural !yers, researchers have developed nu-
merous biomimetic MAVs (8–12) with the goal of achieving insect- 
like !ight capabilities. Mesoscale (10 to 30 g) !apping- wing robots 

(8,%9,%13,%14) have demonstrated stable hovering !ight and biomim-
icking maneuvers such as saccade and body !ips. However, owing to 
their larger sizes and weights, these robots have slower body dynamics. 
"eir wing beat frequencies and maximum body angular velocities 
are substantially slower than those of aerial insects. To miniaturize 
robot size, electromagnetic motors must be replaced by low-friction 
and power- dense microscale actuators. Piezoelectric bimorph actu-
ators (15) exhibit high bandwidth and force density, and they lead to 
a class of subgram MAVs (10,%16–18). "ese robots have achieved 
hovering !ight (10), trajectory tracking (16), and biomimetic demon-
strations such as perching (19) and hybrid aerial- aquatic locomotion 
(20). Recently, power- dense dielectric elastomer actuators (DEAs) 
were developed and applied in subgram MAVs (21). "e so& actua-
tors exhibited muscle- like robustness and resilience, enabling dam-
age resilience (22) and collaborative payload transport (23). "ese 
advances highlight the unique !ight capabilities of subgram MAVs 
in comparison with mesoscale aerial robots.

However, the !ight performance of aerial insects remains far su-
perior to that of subgram MAVs. Aside from relying on o$- board 
power and control, subgram MAVs have limited !ight endurance, 
speed, accuracy, and agility. "is performance gap is largely attrib-
uted to the lack of fabrication methods and engineered materials for 
building similar biomechanical structures in insects. Although the 
smart composite manufacturing (SCM) (24) method can fabricate 
three- dimensional (3D) structures with micrometer- level resolu-
tion, it remains di'cult to incorporate compatible materials that 
exhibit high !exibility and durability. For example, the elastomeric 
protein resilin is a durable, elastic, and low- loss material found in 
the insect wing hinge ligament. It can be stretched up to three times 
its nominal length and shows a fatigue limit of 300 million cycles 
(25). In contrast, biomimetic !exures in MAVs are built with thin- 
#lm polyimide, which has an elongation ratio and fatigue limit of 
merely 0.72 and 300,000 cycles, respectively. Under a similar ge-
ometry, the transmission and hinge in subgram MAVs exhibit 

1Department of Electrical Engineering and Computer Science, Massachusetts Insti-
tute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA. 2De-
partment of Physics, Brown University, 69 Brown Street, Providence, RI 02912, USA.
*Corresponding author. Email: yufengc@ mit. edu
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Acrobatics at the insect scale: A durable, precise, and 
agile micro–aerial robot
Suhan Kim1†, Yi- Hsuan Hsiao1†, Zhijian Ren1, Jiashu Huang1,2, Yufeng Chen1*

Aerial insects are exceptionally agile and precise owing to their small size and fast neuromotor control. They 
perform impressive acrobatic maneuvers when evading predators, recovering from wind gust, or landing on moving 
objects. Flapping- wing propulsion is advantageous for !ight agility because it can generate large changes in 
instantaneous forces and torques. During !apping- wing !ight, wings, hinges, and tendons of pterygote insects 
endure large deformation and high stress hundreds of times each second, highlighting the outstanding !exibility 
and fatigue resistance of biological structures and materials. In comparison, engineered materials and microscale 
structures in subgram micro–aerial vehicles (MAVs) exhibit substantially shorter lifespans. Consequently, most 
subgram MAVs are limited to hovering for less than 10 seconds or following simple trajectories at slow speeds. 
Here, we developed a 750- milligram !apping- wing MAV that demonstrated substantially improved lifespan, 
speed, accuracy, and agility. With transmission and hinge designs that reduced o"- axis torsional stress and defor-
mation, the robot achieved a 1000- second hovering !ight, two orders of magnitude longer than existing subgram 
MAVs. This robot also performed complex !ight trajectories with under 1- centimeter root mean square error and 
more than 30 centimeters per second average speed. With a lift- to- weight ratio of 2.2 and a maximum ascending 
speed of 100 centimeters per second, this robot demonstrated double body !ips at a rotational rate exceeding 
that of the fastest aerial insects and larger MAVs. These results highlight insect- like !ight endurance, precision, 
and agility in an at- scale MAV, opening opportunities for future research on sensing and power autonomy.

INTRODUCTION
Insect !ight is characterized by fast body dynamics, complex !apping- 
wing kinematics, and unsteady aerodynamics. Fast neural re!exes 
and motor control enable aerial insects to quickly evade predators 
(1) and recover attitude stability (2). When aerial insects execute 
banked turns (3), body saccades (4), or inverted landing (5), they ex-
perience large rotational speeds (>2000° s−1) far exceeding those of 
birds and micro–aerial vehicles (MAVs). Aerial insects are also pre-
cise !yers when they hover around a !ower’s anther amid a gentle 
breeze. "is exceptional agility and precision are enabled by !apping- 
wing propulsion that can generate large instantaneous forces and 
torques. During !ight, the insect wing hinge converts the power mus-
cle oscillation into a back- and- forth wing motion ranging from tens 
to hundreds of times per second. "is biomechanical structure is 
sophisticated and durable. It exerts precise control of wing kinematics 
through many steering muscles and endures large tensile and com-
pressive stress induced by aerodynamic loading and muscle actua-
tion. For instance, the Drosophila wing hinge connects to 12 steering 
muscles (6), and it can control the wing beat motion along all three 
rotational axes with a #ne resolution of less than 2°. When a !y en-
counters a large disturbance, evades predators, or su$ers wing dam-
age (7), the !apping frequency and amplitude are adjusted over large 
ranges of 50 Hz and 30°, respectively. Under these harsh mechanical 
conditions, the hinge can operate millions of wing beat cycles, criti-
cal to the survival and functioning of aerial insects.

Inspired by tiny natural !yers, researchers have developed nu-
merous biomimetic MAVs (8–12) with the goal of achieving insect- 
like !ight capabilities. Mesoscale (10 to 30 g) !apping- wing robots 

(8,%9,%13,%14) have demonstrated stable hovering !ight and biomim-
icking maneuvers such as saccade and body !ips. However, owing to 
their larger sizes and weights, these robots have slower body dynamics. 
"eir wing beat frequencies and maximum body angular velocities 
are substantially slower than those of aerial insects. To miniaturize 
robot size, electromagnetic motors must be replaced by low-friction 
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ators (15) exhibit high bandwidth and force density, and they lead to 
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age resilience (22) and collaborative payload transport (23). "ese 
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perior to that of subgram MAVs. Aside from relying on o$- board 
power and control, subgram MAVs have limited !ight endurance, 
speed, accuracy, and agility. "is performance gap is largely attrib-
uted to the lack of fabrication methods and engineered materials for 
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smart composite manufacturing (SCM) (24) method can fabricate 
three- dimensional (3D) structures with micrometer- level resolu-
tion, it remains di'cult to incorporate compatible materials that 
exhibit high !exibility and durability. For example, the elastomeric 
protein resilin is a durable, elastic, and low- loss material found in 
the insect wing hinge ligament. It can be stretched up to three times 
its nominal length and shows a fatigue limit of 300 million cycles 
(25). In contrast, biomimetic !exures in MAVs are built with thin- 
#lm polyimide, which has an elongation ratio and fatigue limit of 
merely 0.72 and 300,000 cycles, respectively. Under a similar ge-
ometry, the transmission and hinge in subgram MAVs exhibit 
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Sunlight-powered sustained flight of an 
ultralight micro aerial vehicle

Wei Shen1,5, Jinzhe Peng1,5, Rui Ma1, Jiaqing Wu1, Jingyi Li1, Zhiwei Liu1,2,3,4, Jiaming Leng2, 
Xiaojun Yan1,2,3,4 ✉ & Mingjing Qi1,2,3,4 ✉

Limited !ight duration is a considerable obstacle to the widespread application of 
micro aerial vehicles (MAVs)1–3, especially for ultralightweight MAVs weighing less  
than 10 g, which, in general, have a !ight endurance of no more than 10 min (refs. 1,4). 
Sunlight power5–7 is a potential alternative to improve the endurance of ultralight 
MAVs, but owing to the restricted payload capacity of the vehicle and low lift-to-power 
e"ciency of traditional propulsion systems, previous studies have not achieved 
untethered sustained !ight of MAVs fully powered by natural sunlight8,9. Here, to 
address these challenges, we introduce the CoulombFly, an electrostatic !yer 
consisting of an electrostatic-driven propulsion system with a high lift-to-power 
e"ciency of 30.7 g W−1 and an ultralight kilovolt power system with a low power 
consumption of 0.568 W, to realize solar-powered sustained !ight of an MAV under 
natural sunlight conditions (920%W m−2). The vehicle’s total mass is only 4.21 g, within 
1/600 of the existing lightest sunlight-powered aerial vehicle6.

There are numerous potential demands for micro aerial vehicles 
(MAVs), such as communication10, environmental rescue11 and moni-
toring3,12. However, existing MAVs suffer from short endurance. This 
problem is exacerbated for ultralight MAVs as they decrease in size1–3, 
particularly those weighing less than 10 g, which often have a flight 
time of less than 10 min (refs. 1,4). For instance, a commercial cen-
timetre quadrotor weighing 7 g (SKEYE Pico; https://trndlabs.com/
pages/drone-academy__skeye-pico-drone) has a flight time of only 
7 min, and an electromagnetic flapping-wing%MAV weighing 3.1 g  
(DelFly Micro13) has a flight time of only 3 min (ref. 1). Traditional MAVs 
generally use electromagnetic motors as actuators. As the size of the 
vehicle decreases, the efficiency of electromagnetic motors decreases 
substantially owing to increased friction and resistive losses3,14, result-
ing in low lift-to-power efficiencies. To achieve untethered and sus-
tained flight for ultralight aerial vehicles, different types of actuator 
(such as piezoelectric ceramics8,15,16, dielectric elastomers17,18 and linear 
electromagnetic actuators19,20) have been used in previous studies to 
make lighter propulsion systems with higher efficiency, but large and 
bulky additional ground power systems (such as laser21, high-intensity 
light8 and wireless radio frequency22) are still needed to take off, which 
seriously hinders their practical applications.

Sunlight, as an ideal external energy source6,9, is sustainable and 
widely available. It allows vehicles to travel without limitations by 
the ground power systems and can remarkably increase their flight 
endurance and cruising range23. Unfortunately, until now, no sunlight- 
powered MAV has been capable of achieving untethered sustained 
flight. This is due to the sharp decrease in energy conversion effi-
ciency and lift-to-power efficiency of propulsion systems with existing  
driving approaches, such as electromagnetic motors, as the vehicle 
size decreases.

Here, to address the issues above, we introduce an electrostatic-driven 
propulsion system and an ultralight kilovolt onboard power system with 
low power consumption and high lift-to-power efficiency. Further-
more, we develop an ultralight, sunlight-powered MAV (CoulombFly), 
as shown in Fig.%1a, that achieves untethered sustained flight under 
natural sunlight. There are four notable advancements in this work. 
(1) Fully sunlight-powered sustained flight demonstration of MAVs 
(Fig.%1). (2) Design of an electrostatic motor for untethered flight (Fig.%2) 
and a high-voltage power converter (HVPC) generating 9-kV maxi-
mum output voltage within 1.13 g (Fig.%3). (3) Size reduction from the 
metre level (2 m) to the centimetre level (20 cm) and weight reduction 
from 2.60 kg to 4.21 g, for, to our knowledge, the world’s smallest and 
lightest sunlight-powered rotorcraft6 (Fig.%4a). (4) Development of a 
millimetre-sized (8 mm in diameter and 9 mg in mass) prototype for 
further miniaturization (Fig.%4b,c).

Vehicle design and sunlight-powered flight test
As shown in Fig.%1a, the 4.21-g sunlight-powered ultralight MAV mainly 
consists of an electrostatic-driven propulsion system (an electrostatic 
motor and a propeller) and an ultralight kilovolt power system (a 
HVPC and solar cells). The detailed parameters for the vehicle com-
ponents are listed in Extended Data Table%1. The solar cells generate 
low d.c. voltage in natural sunlight conditions. The HVPC converts 
the low d.c. voltage (4.50 V) to a high d.c. voltage (9 kV) through a 
transformer with a 1:50 ratio and a 12-stage voltage multiplier. The 
high d.c. voltage is applied to the electrode plate of the electrostatic 
motor, creating a high-voltage electric field and driving the rotor to 
rotate, thus generating torque to drive the propeller for lift genera-
tion. The solar cells were placed some distance below the electrostatic 
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Electronically configurable microscopic 
metasheet robots

Qingkun Liu    1,8,9, Wei Wang    1,2,9, Himani Sinhmar    2, Itay Griniasty    1, 
Jason Z. Kim    1, Jacob T. Pelster2, Paragkumar Chaudhari3, Michael F. Reynolds1, 
Michael C. Cao4, David A. Muller    4, Alyssa B. Apsel    3, Nicholas L. Abbott5, 
Hadas Kress-Gazit2, Paul L. McEuen    1,6,7 & Itai Cohen    1,6,7 

Shape morphing is vital to locomotion in microscopic organisms but has 
been challenging to achieve in sub-millimetre robots. By overcoming 
obstacles associated with miniaturization, we demonstrate microscopic 
electronically con!gurable morphing metasheet robots. These metabots 
expand locally using a kirigami structure spanning !ve decades in length, 
from 10 nm electrochemically actuated hinges to 100 µm splaying panels 
making up the ~1 mm robot. The panels are organized into unit cells that 
can expand and contract by 40% within 100 ms. These units are tiled to 
create metasheets with over 200 hinges and independent electronically 
actuating regions that enable the robot to switch between multiple target 
geometries with distinct curvature distributions. By electronically actuating 
independent regions with prescribed phase delays, we generate locomotory 
gaits. These results advance a metamaterial paradigm for microscopic, 
continuum, compliant, programmable robots and pave the way to a broad 
spectrum of applications, including recon!gurable micromachines, tunable 
optical metasurfaces and miniaturized biomedical devices.

Building microscopic robots with the remarkable shape-shifting 
and locomotory strategies found in the animal kingdom1–3 requires 
development of new platforms. A powerful strategy for replicating 
such behaviours is to enable shape change through manipulation of 
Gaussian curvatures via local expansion or contraction of surfaces4–8. 
Recently, there has been tremendous activity in developing responsive 
materials for such platforms9–14. For example, pioneering studies have 
shown how to develop soft materials that locally expand and contract, 
including hydrogels, responsive polymers and liquid crystal elasto-
mers that respond to stimuli including temperature, pH, light and 
magnetic fields8,15–17. While the shape-shifting capabilities of these 
materials are promising, it remains challenging to integrate them with 

electronics for local on-board control. Another promising technology 
is electrochemical actuators, which were used to build electronically 
integrated microscopic robots9,18, robotic ciliated metasurfaces19,20 and 
self-folding origamis21. Devices built from these actuators, however, 
typically have limited degrees of freedom, and can only adopt a small 
range of shape conformations. One possible solution for achieving 
greater shape flexibility is to use such actuators to construct active 
mechanical metamaterials. Mechanical metamaterials that consist 
of tessellated building blocks allow multiple degrees of freedom and 
extraordinary engineered properties22–24. Recent pioneering studies 
have even shown how to make metamaterials with electrical reconfig-
urability at the microscopic scale21,25. Though these structures remain 
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MICROROBOTICS

Magnetically programmed diffractive robotics
Conrad L. Smart1†, Tanner G. Pearson2†, Zexi Liang1,3, Melody X. Lim1,3, Mohamed I. Abdelrahman4,
Francesco Monticone4, Itai Cohen1,3, Paul L. McEuen1,3*

Microscopic robots with features comparable with the wavelength of light offer new ways of probing the
microscopic world and controlling light at the microscale. We introduce a new class of magnetically
controlled microscopic robots (microbots) that operate at the visible-light diffraction limit, which we term
diffractive robots. We combined nanometer-thick mechanical membranes, programmable nanomagnets,
and diffractive optical elements to create untethered microbots small enough to diffract visible light
and flexible enough to undergo complex reconfigurations in millitesla-scale magnetic fields. We
demonstrated their applications, including subdiffractive imaging by using a variant of structured
illumination microscopy, tunable diffractive optical elements for beam steering and focusing, and force
sensing with piconewton sensitivity.

T
he scattering of light off microscopic ro-
bots can introduce diffractive optical
effects, creating opportunities at the in-
tersection of robotics and diffractive op-
tics. For example, the structure, shape,

and orientation of the robot could be used to
manipulate and dynamically control local
light fields. Although the intersection of dif-
fraction and tunable mechanics has been
pioneered in the fields of micro-optical mi-
croelectromechanical systems (MEMS) (1–3),
miniaturization of these systems into a micro-
scopic robotics package remains challenging.
Once miniaturized, this combination of dif-
fractive optics and microscopic robotics, termed
diffractive robotics, could open a new landscape
of opportunities for previously unavailable
tasks, including high-resolution imaging (4);
tunable, mobile diffractive optics (5); and ultra-
small force sensing (6).
Miniaturization of actuatingmicrobots to the

scale of the wavelength of light is technically
challenging from a fabrication perspective.We
define a microbot as a micrometer-scale me-
chanicalmachinewith embedded information
that allows it to actuate and locomote in re-
sponse to internal or external control signals
(7–10). Although magnetic actuation of mag-
netically patterned robots is well developed
at the millimeter scale (11–22), achieving such
actuation at the micrometer scale has only
recently become possiblewith the creation of a
protocol for encoding magnetic information
into microscale robotics (23) and the use of
atomic layer deposition (ALD) to create hinges
for micromachines that are flexible, durable,
and compatible with semiconductor manu-
facturing processes (24). These works created

two of the key building blocks necessary to
make diffractive robotics possible.
In this work, we build on these technologies

and present a platform for magnetically con-
trolled diffractive robotics. In our robots, pro-
grammable nanomagnets encode multi-axis
magnetic information into diffractive panels,
while 5-nm-thick hinges act as ultraflexible
fascia connecting panels, forming magneti-
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robots are the programmable nanomagnets and
ALD hinges. The nanomagnet arrays (Fig. 1D)
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coercive fields and magnetic dipole direc-

tions of these nanomagnet arrays are control-
led through shape anisotropy (23, 26). The
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the disparate coercive fields, we sequentially
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directions to program the microbot magnetic
control mechanism [programming protocol
and characterization are provided in (25)]. The
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silicon dioxide panels and capped with chro-
mium. Last, 5-nm-thick ALD SiO2 membranes
connect the panels (Fig. 1E) to form a durable
flexible joint (24).
We used this fabrication protocol to create

a variety of diffractive robots. We first demon-
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just two panels (Fig. 2A) connected by ALD
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degree of freedom.We programmed the nano-
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released into fluid, we used an external out-of-
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(Fig. 2D and movies S1 and S2). The microbot
compression as a function of magnetic field is
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fields, which reflects the competing magnetic
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to the hinges. Using the known geometric and
magnetic properties of the hinges and mag-
nets, we inferred the spring constant of the
ALD hinges to be khinge = 100 mN/m, which is
more than five orders of magnitude softer
than typical AFM cantilevers. We measured
a bending stiffness of ~1 fJ and inferred the
Young’s modulus of the ALD material to be
90 ± 10 GPa.
Beyond brightfield imaging, the diffraction

image of themicrobot provides a powerful and
facile method to measure the internal configu-
ration of themicrobotwith nanoscale precision,
exceeding what can be readily accomplished
with real-space imaging. Accurate real-space
imaging is challenging for small objects be-
cause they undergo Brownian diffusive motion
owing to thermal fluctuations. The center-
of-mass diffusivemotion of this robot is shown
in Fig. 2F, with an inferred diffusion constant
of D = (100 nm)2/s, which is comparable with
that of a similarly sized spherical particle near
a surface (27). This Brownian motion will blur
an image, limiting the resolution toD e

ffiffiffiffiffiffiffiffi
4Dt

p
,

where t is the exposure time of the camera. At
video frame rates (~50 Hz), this corresponds
to a resolution of D ~ 30 nm. To demonstrate
how diffraction imaging overcomes this limita-
tion, we illuminated the robot with coherent
laser light (532 nm center wavelength) that
strikes the surface of the robot and diffracts
off edges and openings. The laser light inten-
sity was kept low enough to prevent optical
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Magnetic navigation systems are used to precisely manipulate magnetically
responsive materials enabling the realization of new minimally invasive
procedures using magnetic medical devices. Their widespread applicability
has been constrained by high infrastructure demands and costs. The study
reports on a portable electromagnetic navigation system, the Navion, which
is capable of generating a large magnetic field over a large workspace. The
system is easy to install in hospital operating rooms and transportable through
health care facilities, aiding in the widespread adoption of magnetically
responsive medical devices. First, the design and implementation
approach for the system are introduced and its performance is characterized.
Next, in vitro navigation of different microrobot structures is demonstrated
using magnetic field gradients and rotating magnetic fields. Spherical
permanent magnets, electroplated cylindrical microrobots, microparticle
swarms, and magnetic composite bacteria-inspired helical structures
are investigated. The navigation of magnetic catheters is also demonstrated in
two challenging endovascular tasks: 1) an angiography procedure and 2) deep
navigation within the circle of Willis. Catheter navigation is demonstrated in
a porcine model in vivo to perform an angiography under magnetic guidance.
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1. Introduction

Over the past two decades, significant
progress has been made in magnetic
micro- and nanomaterials for applications
in health care, ranging from nanoparti-
cles, nanowires, and composites, to more
sophisticated assemblies and architec-
tures, such as magnetic microrobots and
microcatheters.[1–3 ] These small-scale de-
vices hold significant potential in minimally
invasive medicine, especially for targeted
drug delivery and cell manipulation.[4–6 ]

The key principle involves leveraging
the ability of these materials to navigate
within biological fluids, tissues, and con-
fined areas within the human body using
externally generated magnetic fields.[%–9 ]

The advantage of magnetism over other
navigation approaches, such as light or
ultrasound, is that the body is essen-
tially transparent to magnetic fields. These
fields are biocompatible across various
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Wireless flow- powered miniature robot capable of 
traversing tubular structures
Chong Hong1,2†, Yingdan Wu1,2†, Che Wang1, Ziyu Ren2,3, Chunxiang Wang2,4, Zemin Liu2,4,  
Wenqi Hu5,6*, Metin Sitti2,4,7*
Wireless millimeter- scale robots capable of navigating through !uid- !owing tubular structures hold substantial 
potential for inspection, maintenance, or repair use in nuclear, industrial, and medical applications. However, 
prevalent reliance on external powering constrains these robots’ operational range and applicable environments. 
Alternatives with onboard powering must trade o" size, functionality, and operation duration. Here, we propose 
a wireless millimeter- scale wheeled robot capable of using environmental !ows to power and actuate its long- 
distance locomotion through complex pipelines. The !ow- powering module can convert !ow energy into me-
chanical energy, achieving an impeller speed of up to 9595 revolutions per minute, accompanied by an output 
power density of 11.7 watts per cubic meter and an e#ciency of 33.7%. A miniature gearbox module can further 
transmit the converted mechanical energy into the robot’s locomotion system, allowing the robot to move against 
water !ow at an average rate of up to 1.05 meters per second. The robot’s motion status (moving against/with !ow 
or pausing) can be switched using an external magnetic $eld or an onboard mechanical regulator, contingent on 
di"erent proposed control designs. In addition, we designed kirigami- based soft wheels for adaptive locomotion. 
The robot can move against !ows of various substances within pipes featuring complex geometries and diverse 
materials. Solely powered by !ow, the robot can transport cylindrical payloads with a diameter of up to 55% of the 
pipe’s diameter and carry devices such as an endoscopic camera for pipeline inspection, a wireless temperature 
sensor for environmental temperature monitoring, and a leak- stopper shell for infrastructure maintenance.

INTRODUCTION
Wireless miniature robots have been promising in navigating through 
con!ned tubular environments—especially those !lled with "ow-
ing "uids or gases, such as pipelines of cooling or oil- feeding systems 
in advanced instruments (1), human arteries with blood "ows (2, 
3), or bronchi with air"ows (4)—and perform various tasks, such as 
measuring (5), cleaning (6), and carrying payloads (7). #ese robots 
have the potential to improve the way we inspect and maintain 
critical infrastructure (1), conduct environmental monitoring (8, 
9), and perform medical procedures (10, 11) because of their compact 
size and ability to traverse tight spaces that are hard to access using 
tethered or continuum robots (1, 12–16). However, the existing o$-
board and onboard powering and actuation methods suitable for 
wireless miniature robots limit the types of tasks they can perform 
and the environments they can operate in.

O%oard powering and actuation is favorable in wireless minia-
ture robots because it frees up onboard space, allowing the develop-
ment of robots with body sizes down to 10 μm (17). Examples 
include wireless miniature robots actuated by magnetic !elds (2, 4, 
18, 19), light (16, 20), acoustic waves (17, 21), and temperature (22, 
23) to navigate inside tubular structures. #e externally powered 
and actuated robots show great "exibility in terms of programming 
and controlling, so that they can maneuver through the pipelines 

using a variety of methods, such as swimming (17, 19, 21), walking 
(19, 22, 23), rolling (16, 18, 19), crawling (2, 18, 19), and even 
climbing (4). However, this dependence on external devices for 
powering and actuating locomotion and function makes them only 
operational in areas where external energy can be transmitted, limiting 
their applicable environments. For example, the use of magnetic 
or radio frequency (RF) actuation may not be suitable for ferro-
magnetic pipelines, whereas light actuation may not be e$ective 
for opaque pipelines. Acoustic actuation may not be suitable for 
air"ows that are low–acoustic transmission substances for acoustic 
waves. In addition, externally powering and actuating a robot to 
traverse a lengthy and tortuous pipeline requires the use of either 
bulky accessories covering the entire pipeline or external accessories 
following the robot as it moves, which could be challenging or even 
not feasible.

With onboard powering and actuation units, wireless miniature 
robots with body sizes at the centimeter scale have been developed. 
Some of the earliest notable examples include wireless mobile robots 
powered by rigid batteries (24) or structural batteries (25–27), where 
the load- bearing components of the robot also serve as an electrical 
power source (28). #ese centimeter- scale robots can hardly be scaled 
down to millimeter scale because of the presence of onboard batteries. 
Microrobots carrying chemical fuels as power sources can navigate 
inside blood vessels and deliver cargo by using surface reactions to 
generate propulsion forces (29–31). #e locomotion or functional 
modules of such robots typically consume most of the available on-
board power source, which restricts the duration of operation. #is 
limitation is due to the capacity of the chemical fuels or batteries that 
power the robot. As a result, such robots can only perform short- term 
missions before requiring recharging or refueling.

#e powering and actuation mechanisms also remain major 
challenges in the !eld of in- pipe inspection robots (32). Despite 
various proposed powering and actuation methods for such robots, 
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Significance

 Small-scale untethered 
microrobots hold significant 
potential for targeted drug 
delivery and diagnostics. Our 
microrobotic design utilizes a 
single air-filled, multiorifice 
spherical shell to efficiently 
convert acoustic energy into 
strong thrust, overcoming drag 
forces in viscous media and 
achieving velocities of up to 300 
body lengths per second. The 
resonance of a single trapped 
bubble within arc-shaped orifices 
disrupts acoustic streaming 
symmetry, enabling multiple 
frequency-dependent boundary-
free three-dimensional (3D) 
locomotion modes. They 
enhance imaging visibility 
through optoacoustic and 
ultrasound modalities by 
providing simultaneous contrast 
for light and sound waves. The 
scalability of these microrobots, 
ranging from 10 µm to 100 µm, 
and our findings of free-form 
locomotion dynamics offer 
insight into the design of 
next-generation acoustic 
microrobots in various fluidic 
conditions.
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3D swimming
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!e emerging new generation of small- scaled acoustic microrobots is poised to expedite 
the adoption of microrobotics in biomedical research. Recent designs of these micro-
robots have enabled intricate bioinspired motions, paving the way for their real- world 
applications. We present a multiorifice design of air- filled spherical microrobots that 
convert acoustic wave energy to efficient propulsion through a resonant encapsulated 
microbubble. !ese microrobots can swim boundary- free in three- dimensional (3D) space 
while switching between various frequency- dependent locomotion modes. We explore 
the locomotion dynamics of microrobots with diameters ranging from 10 μm to 100 μm, 
focusing on their boundary- free 3D swimming and multimodal locomotion in response to 
acoustic stimuli below 1 MHz. Further, we elucidate the dynamics of these microrobots, 
featuring a single multiorifice cavity, which contributes to complex acoustic streaming 
and facilitates swift, unrestricted movements. Finally, we demonstrate that incorporating 
microrobots with additional nickel and gold layers significantly enhances their steering 
and visibility in optoacoustic and ultrasound imaging, enabling the development of the 
next generation of microrobots in healthcare applications.

microrobotics | acoustofluidic dynamics | acoustic actuation | medical imaging | drug delivery

 Asymmetric !ow patterns are prevalent in microscopic nature. Bacteria ( 1 ), spermatozoa ( 2 ), 
and other microorganisms ( 3   – 5 ) propel themselves in three-dimensional (3D) space by using 
the rhythmic rotation or undulation of their tails, generating asymmetric !ow and adjusting 
their speed and swimming behavior ( 6 ). "e governing physics at the micron scale, charac-
terized by local high !ow gradients, external !uid forces, and torques at low Reynolds num-
bers, intricately in!uences the motility of these biological systems. Commonly, microorganisms 
use soft !agella ( 7 ,  8 ) to generate hydrodynamic thrust, overcoming drag forces and modu-
lating their swimming behavior through variations in tail beating frequency. "ese biologically 
induced thrusts are achieved through continuous rotation of !agella motors, which move 
the !uid, exhibiting nonequilibrium e#ects and viscous dissipation ( 9 ,  10 ). Additionally, 
collective motion is observed in biological systems such as bacterial colonies ( 11 ), insects 
( 12 ), and cilia arrays ( 13 ), resulting in synchronization and increased swimming or feeding 
e$ciency through enhanced !uid transport. "e transition from individual to bundle con-
%guration introduces size-dependent behaviors in microsystems, representing larger biological 
units with di#erent locomotion behaviors ( 14 ). "ese di#erent biological approaches facilitate 
swimming at the micron scale by counterbalancing !uid drag and transporting !uid as an 
essential part of survival in highly dynamic environments ( 15 ).

 In addition to biologically generated metachronal waves transporting !uid ( 16 ,  17 ), 
robotic microswimmers have been engineered to replicate analogous streaming patterns 
to e$ciently manipulate surrounding !uid ( 18 ,  19 ) or perform locomotion ( 20 ,  21 ). "e 
necessity of adaptive locomotion in arti%cial microrobots arises from the need to navigate 
in similar dynamic and complex environments encountered by their biological counter-
parts. Versatile microrobots can display intricate movements in liquid/gel-like environ-
ments when activated by a range of stimuli ( 22 ), including chemical ( 23   – 25 ), electrical 
( 26 ,  27 ), magnetic ( 28     – 31 ), and light ( 32 ,  33 ). Yet, the limitations of existing approaches, 
such as poor biocompatibility, low swimming speed and thrust forces, inadequate navi-
gation capabilities, and limited tissue penetration depth, have been signi%cant barriers to 
fully realizing their potential, especially in medical applications inside the human body. 
However, microrobots driven by biocompatible acoustic %elds are gaining attraction due 
to their ability to generate substantial propulsive forces, penetrate deep into the tissue, 
and remain una#ected by external factors ( 34         – 39 ).

 To cater to the varying and signi%cant drag viscous forces, acoustically powered micro-
robots have incorporated multiple driving units inspired by drones ( 40 ,  41 ) that introduce 
frequency-dependent locomotion behavior or have adopted a bullet-shaped design ( 38 ,  42 ) 
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Significance

 Small-scale untethered 
microrobots hold significant 
potential for targeted drug 
delivery and diagnostics. Our 
microrobotic design utilizes a 
single air-filled, multiorifice 
spherical shell to efficiently 
convert acoustic energy into 
strong thrust, overcoming drag 
forces in viscous media and 
achieving velocities of up to 300 
body lengths per second. The 
resonance of a single trapped 
bubble within arc-shaped orifices 
disrupts acoustic streaming 
symmetry, enabling multiple 
frequency-dependent boundary-
free three-dimensional (3D) 
locomotion modes. They 
enhance imaging visibility 
through optoacoustic and 
ultrasound modalities by 
providing simultaneous contrast 
for light and sound waves. The 
scalability of these microrobots, 
ranging from 10 µm to 100 µm, 
and our findings of free-form 
locomotion dynamics offer 
insight into the design of 
next-generation acoustic 
microrobots in various fluidic 
conditions.
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!e emerging new generation of small- scaled acoustic microrobots is poised to expedite 
the adoption of microrobotics in biomedical research. Recent designs of these micro-
robots have enabled intricate bioinspired motions, paving the way for their real- world 
applications. We present a multiorifice design of air- filled spherical microrobots that 
convert acoustic wave energy to efficient propulsion through a resonant encapsulated 
microbubble. !ese microrobots can swim boundary- free in three- dimensional (3D) space 
while switching between various frequency- dependent locomotion modes. We explore 
the locomotion dynamics of microrobots with diameters ranging from 10 μm to 100 μm, 
focusing on their boundary- free 3D swimming and multimodal locomotion in response to 
acoustic stimuli below 1 MHz. Further, we elucidate the dynamics of these microrobots, 
featuring a single multiorifice cavity, which contributes to complex acoustic streaming 
and facilitates swift, unrestricted movements. Finally, we demonstrate that incorporating 
microrobots with additional nickel and gold layers significantly enhances their steering 
and visibility in optoacoustic and ultrasound imaging, enabling the development of the 
next generation of microrobots in healthcare applications.
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%guration introduces size-dependent behaviors in microsystems, representing larger biological 
units with di#erent locomotion behaviors ( 14 ). "ese di#erent biological approaches facilitate 
swimming at the micron scale by counterbalancing !uid drag and transporting !uid as an 
essential part of survival in highly dynamic environments ( 15 ).

 In addition to biologically generated metachronal waves transporting !uid ( 16 ,  17 ), 
robotic microswimmers have been engineered to replicate analogous streaming patterns 
to e$ciently manipulate surrounding !uid ( 18 ,  19 ) or perform locomotion ( 20 ,  21 ). "e 
necessity of adaptive locomotion in arti%cial microrobots arises from the need to navigate 
in similar dynamic and complex environments encountered by their biological counter-
parts. Versatile microrobots can display intricate movements in liquid/gel-like environ-
ments when activated by a range of stimuli ( 22 ), including chemical ( 23   – 25 ), electrical 
( 26 ,  27 ), magnetic ( 28     – 31 ), and light ( 32 ,  33 ). Yet, the limitations of existing approaches, 
such as poor biocompatibility, low swimming speed and thrust forces, inadequate navi-
gation capabilities, and limited tissue penetration depth, have been signi%cant barriers to 
fully realizing their potential, especially in medical applications inside the human body. 
However, microrobots driven by biocompatible acoustic %elds are gaining attraction due 
to their ability to generate substantial propulsive forces, penetrate deep into the tissue, 
and remain una#ected by external factors ( 34         – 39 ).

 To cater to the varying and signi%cant drag viscous forces, acoustically powered micro-
robots have incorporated multiple driving units inspired by drones ( 40 ,  41 ) that introduce 
frequency-dependent locomotion behavior or have adopted a bullet-shaped design ( 38 ,  42 ) 
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A B S T R A C T   

Here, we introduce a design, fabrication, and control methodology for large amplitude torsional microactuators 
powered by ultrasound. The microactuators are 3D printed from two polymers with drastically different elastic 
moduli as a monolithic compliant mechanism, and contain precisely engineered capsules with multiple orifices 
that serve as stators and rotors. Secondary acoustic radiation forces generated among the encapsulated air 
bubbles controllably rotate the rotor that is supported and stabilized by two torsion bars. The capsules are 
designed according to the simulations of an analytical model that captures the dynamics of the water-air 
interface vibrations, which we rigorously validate using a laser Doppler vibrometer and phase-contrast imag-
ing. An in-depth experimental sensitivity analysis is conducted to optimize the arrangement of the rotor and the 
stators. Integration of experimental results with finite element analysis of the twisting bars and analytical 
modelling of acoustic phenomena allows us to compute the secondary acoustic radiation forces and the angular 
displacement of the rotor for a given input pressure. The versatility of the design framework and the robust 
performance of the printed actuators enable the development of a new class of microscale machines and soft 
robotic devices that are actuated and controlled by sound waves.   

1. Introduction 

A new class of untethered soft microactuators emerged during the 
last decade that provide complex motion with large deflection and 
precise control for applications in microrobotics [1–6] and miniaturized 
medical devices [7–10]. The key idea is to incorporate metallic particles 
that respond to externally applied electromagnetic waves inside a 
polymer precursor, which can be cast according to the blueprint. As a 
prime example, local magnetic domains are generated inside flexible 
structures, such that forces and torques applied on the magnetic do-
mains under an external magnetic field will deform the structures in 
prescribed directions [11–15]. We have recently shown that an alter-
native wireless actuation scheme can be realized that does not require 
the use of metallic particles [16]. The microactuators consisted of 3D 
nanoprinted polymer capsules with circular orifice(s) that were con-
nected to each other with ultraflexible polymer beams. When submerged 
in water, polymer capsules entrap air bubbles inside their cavity and the 
oscillations of entrapped bubbles excited by travelling acoustic waves 
are constrained to regions defined by the orifices [17–20]. Individually, 
the air-filled capsules generated acoustic streaming forces at the 

interfaces that were strong enough to deform the connecting beams. 
When faced to each other, the capsules also generated secondary 
acoustic radiation force (often referred as secondary Bjerknes force) that 
could be harnessed to compress springs. 

In this work, we extend the capabilities of acoustic actuation to 
rotational micromechanical systems, and present an integrated design, 
fabrication, and control methodology for torsional microactuators 
powered by ultrasound. Torsional microactuators are ubiquitous in 
commercial microelectromechanical systems (MEMS) devices because 
the use of compliant mechanisms significantly reduces the complexity 
and cost of manufacturing, and improve durability and performance 
[21,22]. Our actuation scheme is inspired by a recent work that showed 
the feasibility of generating torque using confined microbubbles and 
secondary acoustic radiation forces on a free-floating centimeter scale 
plate [23]. The actuator consists of two capsules, each with two orifices, 
that are connected via an ultraflexible torsion bar (Fig. 1a,b). Secondary 
radiation forces generated between the air bubbles entrapped inside the 
cavities of the capsules apply a controllable torque that twists the bars. 
The capsule that serves as the rotor is connected to a second structure, 
which can be considered as a part of the stator, to stabilize its rotation 
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the air-filled capsules generated acoustic streaming forces at the 

interfaces that were strong enough to deform the connecting beams. 
When faced to each other, the capsules also generated secondary 
acoustic radiation force (often referred as secondary Bjerknes force) that 
could be harnessed to compress springs. 
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powered by ultrasound. Torsional microactuators are ubiquitous in 
commercial microelectromechanical systems (MEMS) devices because 
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The multifunctional use of an aqueous battery for a 
high capacity jellyfish robot
Xu Liu1†, Shuo Jin2†, Yiqi Shao2, So!a Kuperman3, Autumn Pratt1, Duhan Zhang1, Jacqueline Lo1, 
Yong Lak Joo2, Amir D. Gat3, Lynden A. Archer2*, Robert F. Shepherd1*

The batteries that power untethered underwater vehicles (UUVs) serve a single purpose: to provide energy to 
electronics and motors; the more energy required, the bigger the robot must be to accommodate space for more 
energy storage. By choosing batteries composed primarily of liquid media [e.g., redox !ow batteries (RFBs)], the 
increased weight can be better distributed for improved capacity with reduced inertial moment. Here, we formed 
an RFB into the shape of a jelly"sh, using two redox chemistries and architectures: (i) a secondary ZnBr2 battery 
and (ii) a hybrid primary/secondary ZnI2 battery. A UUV was able to be powered solely by RFBs with increased 
volumetric (Q ~ 11 ampere- hours per liter) and areal (108 milliampere- hours per square centimeter) energy den-
sity, resulting in a long operational lifetime (T  ~  1.5 hours) for UUVs composed of primarily electrochemically 
energy- dense liquid (~90% of the robot’s weight).

INTRODUCTION
!e need for more power and energy to prolong the operation time 
in untethered robots has always been an important goal (1–4). En-
larging the robot’s size to accommodate higher capacity and more 
powerful energy storage systems typically comes at a cost of reduced 
architectural design freedom and increased inertia, reducing e"-
ciency, agility, and increasing cost of transport (5–8).

Energy systems for present day robots are usually single purpose 
(9–13); to increase the operation time, the engineer must choose a 
higher energy density battery or add more battery volume to the ro-
bot (2). !e high energy density of lithium- ion batteries makes them 
the usual choice for robots (14, 15). By embodying the electrochemi-
cal energy stored in batteries into an integral part of the robot’s struc-
ture and machinery, the battery can become a larger portion of the 
mass and volume of the robot’s desired form, reducing inertial and 
drag e$ects while also increasing capacity (16–20). !is scheme of 
embodied energy is common in nature, where most components 
serve multiple functions (20, 21). For example, a jelly%sh also uses 
energy multifunctionally. It is largely composed of “mesoglea” that 
makes its body elastic, helps restore body shape a&er deformation, 
and serves as an internal skeleton to support the body. !is mesoglea 
is composed of %brillin- containing micro%brils that the jelly%sh uses 
to power its muscle and allow it to move and feed (22).

Previously, we demonstrated the concept of multifunctional use 
of liquid electrolyte from a redox 'ow battery (RFB) as both a hy-
draulic 'uid and electrical energy storage in a swimming untethered 
underwater vehicle (UUV), shaped like a lion%sh (17). In this UUV, 
the ion- selective membrane of the RFB separated the charged spe-
cies stored in the catholyte (oxidized medium) and anolyte (reduced 
medium). !e di$erent redox potential in the electrolytes drives ion 
exchange through the membrane and electron movement from ano-
lyte to catholyte through the electrodes, which powers the pumps 

that caused the %sh to swim using hydraulic actuators. In this sys-
tem, the capacity of the RFB’s scale with available charge stored in 
the electrolyte reservoir, while the electrochemical reaction rate at 
the electrode stack determines the current output (23). Little atten-
tion, however, was paid to maximizing the capacity of the robot, or 
reducing its inertia by minimizing its weight or tuning its shape.

!ere is, therefore, an opportunity to simultaneously increase the 
robot’s capacity with multifunctional use of RFB’s, while also enhanc-
ing agility with precise design of the battery’s shape. For example, if a 
cuboid battery design de%ned the shape of a robot, then its moment 
of inertia (I) would be unnecessarily large, limiting its ability to 
change direction swi&ly (Fig. 1A). For increasingly large robots, this 
boxy shape would increase the inertial moment proportionately; in 
contrast, a hemispherical robot would su$er a much smaller increase 
in I. While a hemispherical casing could be added to envelope the 
cube, it would increase the total skin friction of the robot due to the 
increased surface area. In our liquid battery paradigm, it is easy to 
build a hemispherical robot geometry that is %lled completely with 
electrolyte and, therefore, scales electrical capacity with size while 
easily shaping the robot for improved agility.

Here, we chose the jelly%sh’s shape as inspiration for increased 
energy storage in a simple and e"cient swimming robot. !e bell 
allows for a large proportion of liquid electrolyte storage relative to 
solid elements such as current collectors, and its hemispherical 
shape results in a relatively low moment of inertia compared to oth-
er potential geometries (Fig. 1, A and B).

We ultimately used four liters of electrolyte to %ll the elastomeric 
bell of our Jelly%sh, yielding an estimated 44- Wh capacity. To trans-
duce this energy capacity to enough power for motor- driven swim-
ming, we created electrolyte 'ow conditions and a current collector 
structure to yield power densities as high as P ~ 150 mW cm−2. !e 
motor, powered by the RFB, causes a network of tendons pulling on 
two bar linkages to drive the Jelly%sh’s bell up and down, to swim 
speeds of up to 2 cm s−1. !e motion of the bell causes the electro-
lyte to replenish ions in contact with the current collector, removing 
the need for dedicated pumps as is typical in RFB energy storage 
(Fig. 1C).

For the RFB electrolyte 'uids, we chose aqueous zinc- ion–based 
electrolytes due to their chemical simplicity, high theoretical energy 
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lyte to catholyte through the electrodes, which powers the pumps 

that caused the %sh to swim using hydraulic actuators. In this sys-
tem, the capacity of the RFB’s scale with available charge stored in 
the electrolyte reservoir, while the electrochemical reaction rate at 
the electrode stack determines the current output (23). Little atten-
tion, however, was paid to maximizing the capacity of the robot, or 
reducing its inertia by minimizing its weight or tuning its shape.

!ere is, therefore, an opportunity to simultaneously increase the 
robot’s capacity with multifunctional use of RFB’s, while also enhanc-
ing agility with precise design of the battery’s shape. For example, if a 
cuboid battery design de%ned the shape of a robot, then its moment 
of inertia (I) would be unnecessarily large, limiting its ability to 
change direction swi&ly (Fig. 1A). For increasingly large robots, this 
boxy shape would increase the inertial moment proportionately; in 
contrast, a hemispherical robot would su$er a much smaller increase 
in I. While a hemispherical casing could be added to envelope the 
cube, it would increase the total skin friction of the robot due to the 
increased surface area. In our liquid battery paradigm, it is easy to 
build a hemispherical robot geometry that is %lled completely with 
electrolyte and, therefore, scales electrical capacity with size while 
easily shaping the robot for improved agility.

Here, we chose the jelly%sh’s shape as inspiration for increased 
energy storage in a simple and e"cient swimming robot. !e bell 
allows for a large proportion of liquid electrolyte storage relative to 
solid elements such as current collectors, and its hemispherical 
shape results in a relatively low moment of inertia compared to oth-
er potential geometries (Fig. 1, A and B).

We ultimately used four liters of electrolyte to %ll the elastomeric 
bell of our Jelly%sh, yielding an estimated 44- Wh capacity. To trans-
duce this energy capacity to enough power for motor- driven swim-
ming, we created electrolyte 'ow conditions and a current collector 
structure to yield power densities as high as P ~ 150 mW cm−2. !e 
motor, powered by the RFB, causes a network of tendons pulling on 
two bar linkages to drive the Jelly%sh’s bell up and down, to swim 
speeds of up to 2 cm s−1. !e motion of the bell causes the electro-
lyte to replenish ions in contact with the current collector, removing 
the need for dedicated pumps as is typical in RFB energy storage 
(Fig. 1C).

For the RFB electrolyte 'uids, we chose aqueous zinc- ion–based 
electrolytes due to their chemical simplicity, high theoretical energy 

1Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, 
NY 14853, USA. 2Robert Frederick Smith School of Chemical and Biomolecular 
Engineering, Cornell University, Ithaca, NY 14853, USA. 3Faculty of Mechanical 
Engineering, Technion- Israel Institute of Technology, Haifa 3200003, Israel.
*Corresponding author. Email: laa25@ cornell. edu (L.A.A.); rfs247@ cornell. edu 
(R.F.S.)
†These authors contributed equally to this work.

Copyright © 2024 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY- NC). 

D
ow

nloaded from
 https://w

w
w

.science.org at EPF Lausanne on February 16, 2025



How to read and present the articles?

45

• Design and performance specifications: what is the intended 
use?

• Rationale behind design and material choices

• Fabrication protocol

• Operation principle

• Evaluation of performance (precision, speed, capabilities)

• Criticism: writing, presentation of results, potential
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• Make sure you go through supplementary movies

• Google technical keywords (group website)

• Email me if you cannot figure out a key step
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• Form groups by Friday

• Self organization on Moodle

• Read the review articles


