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Next-Generation Energy Harvesting and Storage
Technologies for Robots Across All Scales

Zexi Liang, Jiarui He, Chuangang Hu, Xiong Pu, Hadi Khani, Liming Dai,*

Donglei (Emma) Fan,* Arumugam Manthiram,* and Zhong-Lin Wang*

1. Introduction

Self-powered untethered robots that can meander unrestrictedly, squeeze into

small spaces, and operate in diverse harsh environments have received immense
attention in recent years. As there is not a universal solution that can be applied
to power robots with diverse forms, service functions, and a broad size range
from nanometers to meters, the design, fabrication, and implementation of
power systems with a suitable weight, desired power and operation duration, and at
adaptiveness to confined spaces and operation conditions represent one of the
greatest challenges in robotic research. Herein, an overview of recent progress
and challenges in developing the next-generation energy harvesting and storage
technologies is provided, including direct energy harvesting, energy storage and
conversion, and wireless energy transmission for robots across all scales.
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The interest and success in creating robotic
machines with diverse functions can be
dated back to the Iron Age.l"! Notable exam-
ples include the astronomical calculator
that displays celestial information made
least 2000years ago in ancient
Greece? and the 470-year-old machinery
monk that still walks and prays as exhibited
in the Smithsonian in Washington, D.C.
Nevertheless, only the past half-century
has witnessed advanced technologies for
underpinning the first commercial robot,
Unimate, that replaced the human work-
force in transporting and welding giant
metal casts in the automobile industry. Since then, diverse robots
with distinct appearances, sizes, and functions have been created
to perform either often-tedious, high-risk tasks within extreme,
human-exclusion environments or those requiring ultrahigh
accuracy, speed, and repeatability. Thus far, the impact and
potential of robots have been widely extended, ranging from
home appliances to manufacturing automation, deep-sea
navigation to outer-space exploration,” and in vivo-targeted drug
delivery to precise medical operation.!*

In spite of disparate forms, sizes, and functions, all robots
possess three essential units that include energy supply,
programmable/intelligent control, and mechanical actuation.
Suitable design, fabrication, and implementation of the energy
unit is pivotal and requires thoughtful consideration of the
distinct size, weight, working environment, and power needs
of different robots. This consideration is particularly imperative
when creating untethered robots, that is, autonomous mobile
robots (AMRs) that are self-powered.

Biomolecular machines have powered life for billions of years
by harvesting energy from their environments. For instance,
nanoscale flagellar motors rotate to propel the locomotion of
bacteria cells when seeking food utilizing energy from ionic
transportation across cytoplasmic membranes with an efficiency
near 100%."°) Mimicking this mechanism, scientists have devel-
oped solar cells to convert solar energy into electricity with an
efficiency of up to 30% by leveraging optoelectric properties of
semiconductors.® Recent innovations in triboelectric nanogen-
erators (TENGs) have even enabled the conversion of low-
frequency mechanical vibrations into electrical energy.”’
Electricity has also been generated from waste heat by harnessing
thermoelectric effects.® It is imperative to investigate and eval-
uate innovative schemes and devices that can harness renewable
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energy directly from an environment. Restricted by the temporal
and spatial availability of a natural resource, however, renewable
energy is generally intermittent and entails a synergized
operation with an energy storage system.

Batteries, supercapacitors, and fuel cells are employed ubiqui-
tously to store electric energy or to convert chemical energy into
electricity for later use in a gauged manner. These devices are
essential in powering diverse forms of robots and underpin
the development of superior alternatives to traditional energy
technologies. Notably, internal combustion engines that utilize
fossil fuels to power conventional vehicles with an energy con-
version efficiency of up to 40% are beginning to be replaced
by electric vehicles based on batteries, supercapacitors, and/or
fuel cells with zero greenhouse gas emission.!

Wireless energy transmission is another indispensable
scheme for robotic devices that are difficult to be powered
due to restricted locations or small sizes. In this regard, short-
distance energy transmission by electromagnetic waves has been
widely used to supply energy to implanted medical devices.!'”
Similarly, multitudes of micro-/nanoscale robots rely on harvest-
ing energy from external physical fields.!'"]

While it is difficult to define whether any of the above-
powering schemes are more advanced than others, the power
demand of a robot is highly sensitive to its specific applications.
Particularly, the rapid progress in sea exploration necessitates
underwater robots with stable, compact, and high-energy-density
storage devices that ensure operation under such extreme
conditions. In contrast, the widespread development of drones
and aviation vehicles calls for lightweight, high-energy-density,
and low-cost energy storage/conversion systems with the ability
to withstand robust temperature environments over extended-
use periods. Thus, the selection and incorporation of a power/
energy source in a robotic system should be considered at an
early stage in the primary design as it impacts the rest of the
robotic development, that is, working principle, circuit design,
weight, size, and packaging. Therefore, we review in this article
common measures used for different power systems, including,
but not limited to, the size, energy per volume/weight, output
power, efficiency, safety, environmental impact, lifetime, and
cost. Based on these measures, a suitable single or hybrid power
source(s) can be required for a specific robotic system.

Herein, we provide an overview of research and development
on the state-of-the-art energy harnessing, storage, and conversion
technologies, along with their associated materials, devices, and
platforms, required to meet the energy and power demands for
AMRs. Although a robot may take myriad forms with dimen-
sions spanning from nanometers to meters, the employed
energy scheme is supported generally by one of the three pillar
technologies or their combinations, that is, direct energy
harvesting and conversion, electrochemical energy storage and
conversion, and wireless energy transmission.!*?!

2. Energy Harvesting Technologies for
Self-Powered Robots

Energy harvesting technologies play a salient role in solving the
energy challenges of robots. The renewable energies (such as
solar, kinetic, and thermal energies) in the surrounding
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environments of a robot are free, ubiquitous, and sustainable
(Figure 1). Ideally, a robot equipped with one or several types
of energy harvesting devices could be self-powered with electric-
ity generated from the surrounding renewable energy sources.
Therefore, growing interest has been devoted to investigating
novel energy harvesting technologies for robots.

3. Solar Cells

Solar energy is readily available outdoors, and our planet Earth
receives an annual average solar power of 60~250 W m >
depending on the location on the Earth.[*! A variety of thin-film
photovoltaic devices (or solar cells) has been developed for har-
vesting the solar energy, aside from dye-sensitized solar cells
(DSSCs), where electrolytes are used for charge transport during
redox reactions. The solar-to-electrical energy conversion effi-
ciency of solar cells varies with their adopted structures and
selected materials. Intrinsically, there are three indispensable
components in a photovoltaic device, that is, a cathode, an anode,
and a photoactive layer. Generally, the electron-hole pairs are
generated by the photoactive layers via absorbing the photoen-
ergy, which are then separated and gathered by the photocathode
and anode, respectively. Electron/hole transport materials can be
designed to inhibit charge recombination and enhance charge
collection in most devices. Depending on the differences in
photoactive materials, solar cells can be categorized into many
different types. The majority of commercial solar cells utilize sil-
icon as the photoactive material. The efficiency of commercial
solar cell panels ranges from ~8% to ~30% while utilizing amor-
phous Si, crystalline Si, or compound semiconductors.
Bendable solar cell panels composed of thin-film amorphous
Si or copper indium gallium diselenide (CIGS) are already com-
mercially available and can be attached to the curved surfaces of a
robot to provide power. In addition, efforts have also been made
to develop flexible or even stretchable solar cells, especially for
organic solar cells (OSCs) utilizing a photoactive layer composed
of the donor material of usually conjugated polymers, conjugated
pigments or oligomers, and acceptor materials of usually

~ Energy
harvesting
for robotics

Figure 1. Harvesting renewable energies including kinetic energy, thermal
energy, and solar energy for self-powered robots.
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fullerene derivatives, perovskite solar cells (PSCs) utilizing
perovskite-type organometallic halide as the photoactive materi-
als, and DSSCs utilizing organic dyes to absorb photoenergy with
a coupled photoelectrochemical process.' A brief summary of
materials, performances, and features for various solar cells is
provided in Table 1.

The same commercially available, unbendable solar panels
that successfully integrate with inflexible robots present prob-
lems for soft robots, necessitating the development of a flexible
solar cell technology. Research on flexible solar cells and self-
powered devices has been mainly focused on three types of pho-
tovoltaic devices, that is, PSCs, OSCs, and DSSCs (Figure 2). All
three device types have a strong potential for high flexibility
(especially solid-state DSSCs), and each can be processed at
ambient temperature with solution-based procedures.
However, they all face the challenge of limited long-term stability
in ambient conditions or under high temperatures. PSCs possess
the greatest potential for high efficiency, with a reported effi-
ciency reaching 25.2%,') but flexible PSCs have only been
reported to achieve an efficiency of 18.4% and reach a curvature
radius of about 4 mm.['%

Flexible DSSCs have been attempted through strategies using
new, transparent conductive electrodes (e.g., metal wire
networks!"”) and CuS."®)) and by designing 1D fibers/wires or
2D woven fabrics with integrated DSSCs." A recent work
reports a solid—electrolyte-based woven fabric DSSC using a
photoelectrode and a counter electrode as weft and warp, respec-
tively.”” Finally, OSCs suffer from flexibility limitations
imposed by the crystalline nature of organic semiconductors,
so efforts have been made to improve flexibility by developing
all-polymer nonfullerene OSCs. A bending curvature of up to
2 mm has been demonstrated for flexible OSCs®!! and attempts
at flexible textile-based OSCs have also been reported.*?
Specifically, two studies report highly deformable OSCs on very
thin plastic films (2 um PET)!**! and elastomer substrates (acrylic
elastomer),*? respectively, where 7.9% efficiency was main-
tained with 52% stretchability. These highly flexible, deformable
solar cells could potentially work as the conformal “skin” or
“cloth” of soft robots and serve as power supplies.

Table 1. Comparison of several different types of solar cells.

www.advintellsyst.com

Efforts have also been made to integrate solar cells with energy
storage devices for self-powered electronics. Solar cells can be
connected with energy storage devices through external circuits
or using novel structures that have been developed by combining
the two devices through shared electrodes, that is, the so-called
photobattery or photosupercapacitor.®® For the former strategy,
all three types of solar cells have been attempted®® and all-fabric-
based integrated power systems have been reported wherein
fiber-/fabric-based solar cells were combined with energy storage
devices.**®?] For the latter strategy, dye-sensitized photoelectr-
odes have simultaneously served as electrochemical electrodes in
a battery or a supercapacitor.[wb'zsl

4. Triboelectric Nanogenerators

Mechanical motion is ubiquitous and robots themselves also con-
duct mechanical work. Several technologies exist to convert
kinetic energy from mechanical work into electricity, such as
the electromagnetic generators (EMGs), piezoelectric nanogener-
ators (PENGs), and triboelectric nanogenerators (TENGs). The
EMG is suitable for large-scale electricity generation from
mechanical motions at high frequency, while PENG and
TENG are effective for harvesting energy from mechanical
motions at low frequency and amplitude.”” Another advantage
of the two kinds of nanogenerators is the potential in realizing
flexible or wearable devices. The PENG was first introduced in
2006 using ZnO nanowires for harvesting tiny mechanical ener-
gies.?” The state-of-the-art progresses can be found in the recent
reviews.2Y Here, we will only focus on the TENG, as the PENG is
applied in very similar situations as the TENG but the TENG
shows higher output and better multifunctionalities. In particu-
lar, the TENG can be intrinsically flexible as it only requires
conductive and dielectric thin-film materials. Low modulus, high
stretchability, or self-healing capability can be readily achieved
using correspondingly elastomeric polymer materials.?? The
mechanical-to-electrical conversion of the TENG is based on
the coupled effect of contact electrification and electrostatic
induction, leading to its high-voltage output characteristic.
Therefore, it can serve as a high-voltage source to power

Type Typical active materials PCE [%] Advantages Disadvantages
DSSCs Ruthenium polypyridyl dye, 4.5-14,314950] Low cost Low efficiency
alcian blue, aniline blue, Efficient in weak light conditions Liquid electrolytes
bromophenol blue, methyl Flexibility
orange, beetroot, Henna
leaves, cocktail dye
PSCs MAPbI;, FAPbI;, MAPbBr;, 3.8-24.31462301 High efficiency Environmental sensitivity
MAPbCI3, CsPbls, CsPbBrs, Low cost Limited mechanical robustness
MAPbI,Br;_,, Cs,AgBiBre, High power/weight ratio Pb is toxic
Cs,AgInClg
0SCs PCeBM, P3HT, PTB1, PTB7- 2.9-18.747631 Roll-to-roll synthesis Relatively low efficiency
Th, PDBT-T1, PBDTTT-E-T, Light weight Relatively short lifetime
PBDTTT-C-T Good flexibility
Silicon solar cell Amorphous Si, crystalline Si 8-26.11474 High efficiency Limited flexibility

High reliability
Long lifetime

High density
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Figure 2. Left: Wearable solar cells for robots. Bendable commercial thin-film solar cells could be the “cloth” or “skin” of a robot. Bendable, stretchable, or
wearable PSCs, OSCs, and DSSCs are being further studied, such as i) a bendable PSC (Reproduced with permission.!® Copyright 2018, Wiley), ii) a fiber-
shaped OSC (Reproduced with permission.®>1 Copyright 2014, Elsevier), iii) a bendable PSC (Reproduced with permission.”! Copyright 2016, Wiley), Copyright
2016, Wiley), iv) a textile DSSC (Reproduced with permission.”% Copyright 2016, Wiley), and v and vi) stretchable polymer solar cells. (Reproduced with
permission.”! Copyright 2012, Springer Nature; (Reproduced with permission.”! Copyright 2017, Springer Nature). Right: Self-powered devices are also
being explored by integrating solar cells with energy storage devices, such as i) a self-charging textile with fiber DSSCs and supercapacitors (Reproduced with
permission.?*® Copyright 2016, American Chemical Society), ii) a self-charging photobattery (Reproduced with permission.”® Copyright 2012, American
Chemical Society), and iii) a fiber device with both solar cells and an energy storage unit (Reproduced with permission.'*® Copyright 2012, Wiley).

electrically responsive soft actuators or as a self-powered sensor
for robot-human interfaces.?*! These merits make the TENG a
highly promising power device for soft robots. TENG uses
Maxwell’s displacement current as a driving force for converting
mechanical energy/triggering into electric power/signal.** A
TENG can perform three types of functions in a soft robot, as
shown in Figure 3. First, it can be a power source to drive the
sensors or actuators of a robot. Two approaches have been
developed for this purpose. In the first approach, the electricity
generated by a TENG can be stored in energy storage devices
(either batteries or supercapacitors) with the aid of a conditioning
circuit to maximize the power utilization efficiency. The inte-
grated energy system is called the self-charging power system
(SCPS), and the stored energy can be supplied to robotic electron-
ics continuously or intermittently.’>! A variety of sensors or
wearable electronics have been demonstrated to be intermittently
powered by the SCPS with a simple rectifying circuit or be
continuously driven by the SCPS with an impedance-matching
management circuit. Wireless communications have also been
powered for data transfer or remote controls. Considering the
versatility of the TENG in structure designs and material selec-
tions, the technology has been designed to work in the form of
fibers, fabrics, thin films, balls, or 3D architectures and has
shown exceptional multifunctionalities, including stretchability,
transparency, biocompatibility, biodegradability, implanting abil-
ity, and self-healing capability.?***! In the second approach, the
TENG can serve directly as a high-voltage power source to drive
actuators or soft robots.**! For example, a TENG has been
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employed to drive electrically responsive dielectric elastomers;*”!
to power piezoelectric microactuators or micromotors;*® and to
serve as electrostatic actuators for manipulating the motion of
tiny objects, small water drops, and microfluidics.l*”!

TENG technology can also serve as a self-powered sensor for
soft robots. The mechanical-to-electrical conversion in a TENG
itself is a transducer that allow robots to perceive the surrounding
mechanical signals (e.g., stress, strain, and vibration)*” and to
function as a robot-human interface for remote control or virtual
reality (VR)/augmented reality (AR).*Y) The following examples
showcase the sensory capabilities of TENG technology: a self-
powered auditory sensor that has been developed based on a
TENG for use as an electronic auditory system for robotic
applications;!*? self-powered triboelectric angle sensors with
nanoradian resolution reported for use in robotic arms and
personal healthcare;!*?! a triboelectric soft robotic skin that can
actively sense proximity, contact, and pressure to external
stimuli;* TENG-based micromotion sensors that can sense
the motion of blinking eyes for applications in human-robot
interactions;**! textile-based triboelectric sensors for human-—
robot interaction or VR /AR applications;*'*¢! flexible TENG-based
tactile or contactless sensors for robotic electronic skins;!*”) and
soft robots using self-powered TENG configurational sensors.!**!

In prospect of the commercialization of TENG in robotic
systems, following challenges are still required for further inves-
tigations.*”) As a power source, the output power of the SCPS
system has to be further improved. This requires future studies
on the optimization of TENG generators and the design of an

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 3. The application of TENGs in robots. The SCPS, such as i) a TENG integrated with a battery,?>? i) a self-charging power textile,?*¥ and iii) fiber-
shaped TENG integrated with fiber supercapacitors.*>¥ The TENG as a high-voltage power source iv) to manipulate the motion of small objects,?*d v) to
power a micromotor,*®*! and vi) to excite microplasma.®*! The TENG as self-powered sensors for robots, such as vii) a triboelectric angle sensor for robots,**!
viii) a smart glove for AR/VR,*'! and viiii) a self-powered auditory sensor.* i) Reproduced with permission.**? Copyright 2013, American Chemical Society;

ii) Reproduced with permission.*** Copyright 2016, Wiley; iii) Reproduced with permission.**¥ Copyright 2013, Wiley; iv) Reproduced with permission.

[39¢

Copyright 2018, American Chemical Society; v) Reproduced with permission.*®!l Copyright 2019, Springer Nature; vi) Reproduced with permission.**l
Copyright 2018, Springer Nature; vii) Reproduced with permission.**! Copyright 2013, Wiley; viii) Reproduced with permission.*! Copyright 2013, AAAS.

appropriate power management circuit, as the high-performance
SCPS demands high-output TENG and the minimized
impedance mismatch between TENG and its energy storage unit.
Recent studies showed exciting progresses, but further
demonstration in robotic systems at different levels of power con-
sumption still requires systematic studies.’” As a self-powered
sensor or robotic interaction interface, the current progresses sug-
gest exciting potentials, but future studies may be needed to
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evaluate the advantages over competing technologies and to
stabilize the technical routes for better device reproducibility/
durability.

5. Thermoelectric Generator

Thermal energy is another well-known renewable, environmen-
tal energy source, particularly the low-grade thermal energy that
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originates from small temperature differences between nearby
objects. This has given rise to the development of thermal tech-
nologies like thermoelectric generators, that contain no moving
parts and can be miniaturized. A thermoelectric generator
typically contains both p-type and n-type semiconductors that
are electrically connected in series but thermally connected in
parallel. The zT value is the figure-of-merit parameter of a ther-
moelectric material. Currently, efforts have been extensively
made to develop flexible/wearable thermoelectric generators
using conventional inorganic thermoelectric materials
(e.g., Bi,Te; and Sb,Te;),P!) 2D materials,® and organic ther-
moelectric materials (e.g.,, PEDOT:PSS and PEDOT:Tos).>*!
These signs of progress have been summarized in several recent
review papers.>* Furthermore, several self-powered sensors or
electronic devices based on thermoelectric generators have also
been demonstrated.”®! For example, a wearable thermoelectric
generator with output power around 13-38 pW cm ™2 from body
heat can provide energy continuously for an electrocardiography
system;°> a flexible thin-film thermoelectric generator is also
reported to harvest body heat and provide power for a pressure
sensor;P% other than human body heat, a 272 mW thermoelec-
tric generator, harvesting heat energy from a 70 °C heat pipe, is
reported to power wireless monitoring of temperature, humidity,
CO,, and organic compound concentrations.®” As for robotic
applications, it is important to find appropriate conditions
where heat sources are available and heat gradient is high in
the future studies. By far, most of the reported self-powering
demonstrations are based on human body heat for wearable
applications, and the output power also requires further
significant improvement.

6. Energy Storage Technologies for Robots

6.1. Batteries

Currently, Dbatteries, which are classified into primary
(nonrechargeable) batteries or secondary (rechargeable) batter-
ies, are still the main power supplies for robotic systems.
Inexpensive primary batteries, such as alkaline batteries, are
suitable only for certain applications. Currently, commercially
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available secondary batteries, such as lead-acid, nickel-metal
hydride (NiMH), and lithium-ion batteries (LIBs), utilize several
different battery chemistries for their operation. Lead-acid
batteries show several appealing properties, such as low cost,
a wide range of operating temperatures, and simple charging
protocols. This makes them very attractive and places them as
the largest market share of secondary batteries in the world.
The poor performance, low gravimetric energy density, and lim-
ited lifespan of lead-acid batteries impose significant challenges
to their application in small portable electronics. Until recent
developments, NiMH batteries remained the potential for
AMRs. The reactions in NiMH batteries rely on hydrogen ion-
absorbing porous metal alloys and are distinct from those
involved in other competing battery chemistries. Owing to its
unique reaction, the NiMH systems show several advantages,
including low internal resistance, long cycle life, and fast recharg-
ing capabilities. However, when compared with LIBs, NIMH
batteries also present some disadvantages, such as a limited
operating temperature range, a moderate memory effect, higher
cost, and lower specific power. These drawbacks led to a gradual
displacement of NiMH batteries by LIBs in most applications.
LIBs, which utilize Li ions (Li*) to transport charge between
the cathode and the anode, have shown a great potential as a
rechargeable energy storage device owing to their high energy
density. As illustrated in Figure 4A, an LIB mainly includes three
parts: a Li-ion intercalation anode, a Li-ion intercalation cathode,
and a separator soaked with a Li-ion-conducting electrolyte.”>®!
The reaction mechanisms of LIBs rely on the intercalation
and deintercalation of Li ions, in which Li ions transfer between
the anode and the cathode during the charge and discharge
processes. In a typical LIB, the anode mainly consists of carbo-
naceous materials such as graphite that show a low Li intercala-
tion potential and low volume change. Although graphite has a
theoretical specific capacity of 372 mAh g™, which is only 9% of
lithium metal (3860 mA h g™), it exhibits good stability and pro-
longed lifespan.*” The most commonly used cathode materials
for commercial Li-ion batteries are layered lithium nickel
manganese cobalt oxides (NMC), olivine lithium iron phosphate,
and spinel lithium manganese oxide. The electrolytes for conven-
tional LIBs are mainly prepared by dissolving a lithium salt, such
as lithium hexafluoro-phosphate, in organic solvents, like diethyl

Current collector

O Li* 7N\ Graphite I LMo,

@\ Porous materials @ +ions @ -ions

Figure 4. A) Schematic description of a “(lithium-ion) rocking chair” cell that employs graphitic carbon as anode and a transition metal oxide as cathode.

B) A scheme of a symmetric supercapacitor.
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carbonate, ethylene carbonate, dimethyl carbonate, or mixture of
these solvents.

In recent years, the market of LIBs has increased substantially,
especially in portable electronics and electric vehicles. LIBs offer
high energy densities, approaching those of alkaline primary bat-
teries and higher than those of most commercial rechargeable
Dbatteries. More importantly, LIBs have excellent low-temperature
performance, high charge retention, high cell voltages, and long
lifespan. In particular, layered oxide cathodes with a high nickel
content demonstrate a high energy density and long cycle life.l*”!
These systems exhibit great potential in rechargeable batteries.
Currently, most battery technologies are focused on liquid
electrolytes owing to their high ionic conductivity and good
wettability of the active material. However, the safety problems
associated with the flammable organic liquid electrolytes usually
pose a challenge to their application. In particular, physical dam-
age to the device or overcharging of the cells can result in thermal
runaway, venting, fire, and even explosion. Furthermore, the
capacity of liquid electrolyte batteries is also permanently affected
by the limitations in the cutoff charge and discharge voltages. In
this regard, the monitoring of individual cells in the pack is
essential. Advanced battery systems based on solid-state
electrolytes are regarded as a promising strategy for realizing
future lithium-metal batteries and are being widely investigated.
These batteries can ensure a high level of reliability and safety by
electronically and physically separating the lithium-metal
anode from the cathode while avoiding self-discharge and
short-circuiting.

Beyond the current commercially available rechargeable bat-
teries, there has been an intense investigation of sodium-ion,
metal-sulfur (including lithium—sulfur, Li-S), and metal-oxygen
batteries, which provide greatly improved energy density at a low
cost.] The practical application of Li-S batteries has already
been demonstrated by a prototype of the High Altitude
Pseudo-Satellite aircraft of Airbus Defense and Space, which
was powered by solar energy during the day and by Li-S batteries
at night under realistic conditions during an 11-day flight.

Here, we note that although lithium-based batteries, owing to
their high energy density and lightweight, are considered as a
promising energy storage system for various applications for
now, mining lithium can cause resource problems and political
issues in the future, so alternatives such as sodium-ion or
sodium-—sulfur batteries are under consideration and investiga-
tion as we move forward.

Redox flow batteries have attracted intensive development as
alternative energy storage technologies and are well known for
their excellent scalability, flexible modular design, active thermal
management, and better security.®”! Previously, the low power
and energy density of flow batteries make them unsuitable for
small-scale applications, although they are still a good option
for large-scale energy storage. Until recently, miniaturized redox
flow batteries have enabled an electrolytic vascular system for an
untethered aquatic soft robot.[*® In addition to these develop-
ments in advanced battery technologies, the advent of superca-
pacitors, which showcase larger capacities than conventional
electrostatic capacitors and higher charge/discharge rate capabil-
ities than primary/secondary batteries, provides new opportuni-
ties for deployment of high-power energy storage devices; the
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drawback is their lower energy density compared with that of
Dbatteries.

Stretchable and soft batteries with high energy densities are
recently gaining much interest for wearable electronics,’” but
their applications in soft robotic devices have not been widely
recognized thus far. For example, Wirthl et al.l** fabricated a
stretchable battery in which a tough and stretchable
hydrogel electrolyte is sandwiched between the anode (Zn)
and the cathode (MnO,) pastes. The proposed hydrogel demon-
strates a self-healing characteristic (i.e., interfacial polymeriza-
tion of cyanoacrylate monomer) that enables instant tough
bonding between the hydrogel components of the anode,
separator, and cathode, which substantially reduces the internal
resistance and increases the specific capacity (=1.6 mAh cm™?).
Wang et al.®! developed biomimetic aramid nanofiber-based
composites with desired mechanical and ion transport properties
as ion-conducting membranes. Such membranes with cartilage-
like nanoscale morphology enable pliable zinc—air batteries with
conformal shape that can be integrated on the robot body.

6.2. Supercapacitors

Supercapacitors are based on electrostatic or Faradaic electro-
chemical processes. As shown in Figure 4B, a supercapacitor
consists of a pair of electrodes with highly porous surfaces, such
as activated amorphous carbons, metal oxides, or conductive
polymers.l®! Typically, the cathode and anode are separated by
an ion-permeable separator soaked with an electrolyte.

Generally, supercapacitors can be classified into two types:
electric-double-layer capacitors (EDLCs) and electrochemical
pseudocapacitors (EPCs). The general charge storage mecha-
nism of EDLCs is similar to that of conventional capacitors in
which the charge is mainly stored through rapid adsorp-
tion—desorption of electrolyte ions at the interface of electrodes
and electrolyte by the electrostatic interaction derived from the
polarization of the pair of electrodes. The capacitance of EPCs
is based on the fast and reversible Faradaic redox reactions
occurring near the surface of the electroactive materials. By
incorporating pseudocapacitive (i.e., redox active) materials with
fast Faradaic reactions and an ultrahigh surface area, supercapa-
citors can deliver much higher specific capacitance and energy
density compared with those of conventional capacitors.
Owing to their unique charge storage mechanism, supercapaci-
tors show fast charge and discharge rates within seconds or
minutes, which is much faster than that of batteries. In addition,
the high-power-density supercapacitors are environmentally
friendly, offer excellent safety, and can be operated over a wide
temperature range with an ultralong lifespan. More importantly,
because of the feasibility to endow stretchability via strategical
materials selection and structural design,”! which offers the
feasibility to work ideally under different environments and to
combine with other units to build an integrated wearable robotic
system, stretchable supercapacitors also show great potential as a
main power source.

Particularly, pseudocapacitors based on redox reactions of
active electrode materials (as well as metal-air/CO, Dbatteries
(vide infra)) overcome the challenges associated with low energy
and power density of EDLCs!®®! and LIBs,*” respectively;**>”*)
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Figure 5. Performance comparison of lead-acid, NiMH, LIBs, and flow
batteries along with supercapacitors; values were taken from other
studies!3*?),

they provide high energy/power densities and have attracted a
great deal of interest.*>”! According to the aforementioned
advantages, indeed, supercapacitors show great potential for
applications in communications, transportation, electronics,
aviation, to name a few. Examples include their use as uninter-
ruptible power supplies (backup supplies to protect against
power disruption) and load levelers (backup power for memories,
microcomputers, clocks, and system boards).”? The key charac-
teristics of these five main types of energy storage devices are
compared in Figure 5 and Table 2.7

6.3. Integrated Energy Systems for Robots

Renewable energy technologies provide attractive power sources
for autonomous robots with reduced size, reduced weight, and
long endurance as important mission parameters (Figure 6). The
successful integration of robots with renewable energy requires
integrated energy systems as a viable power source that can be
stored and generated. In this section, we present a focused review
of hydrogen fuel generation (via solar-powered water splitting)
and storage for fuel cell technology given that most other
renewable energy technologies have been discussed earlier.
Robots used as drones, autonomous vehicles, and submarines

www.advintellsyst.com

sizes are intrinsically energy intensive and require a stable,
high-energy-density power supply for long-term operation.'?
With a high energy density from highly efficient energy conver-
sion, polymer—electrolyte-membrane fuel cells (PEMFCs)
deliver higher gravimetric and volumetric energy densities
compared with batteries, which are required for powering the
robots with long-duration missions.”* Instead of burning fuel
to generate electricity and waste heat, fuel cells convert chemical
energy directly into electricity by oxidizing hydrogen at the anode
and reducing oxygen gas at the cathode with water as the only
byproduct.”! Because of its high energy conversion efficiency
(40-60%, or up to 85% efficiency if waste heat is captured for
use), minimal pollution, and great potential for large-scale appli-
cations, fuel cell technology currently receives intensive research
and development focus.”>”®) Compared with conventional bat-
teries, such as lead-acid and NiMH (Figure 6), one of the big
advantages of fuel cells is their ability to decouple energy storage
from power production, which provides power continuously for
long-duration missions so long as fuel (e.g., hydrogen fuel) is
supplied. This makes fuel cells attractive for mobile robots that
always demand higher energy storage (Figure 6). With no major
moving parts, low maintenance needs, and easy integration into
large stacks, hydrogen fuel cells can provide an extremely high
energy density to ensure long endurance of large robots in land,
water (deep sea), and space(https://www.toyota.com/mirai/
fev.html).">77) Fuel cells offer the additional advantage of quiet
operation (i.e., without noise and/or vibration), making them
attractive power sources for reliable operation in precision
robots”® (Figure 6). However, the slow oxygen reduction reac-
tion (ORR) at the cathode is a key step to limiting the energy
conversion efficiency of a fuel cell and requires a substantial
amount of platinum catalyst (representing at least one-quarter
of the fuel cell cost). This, together with the requirement for safe
hydrogen storage, has limited fuel cell technology for widespread
commercial adoption.

Hydrogen can be stored, transported, and consumed without
emission of any greenhouse gas byproduct”’® and offers multiple
advantages over traditional fossil fuels (Figure 6), such as a
higher energy content per unit weight compared with all fuels
(52000 Btulb™!, three times greater than that of gasoline)®®
and a high theoretical usable energy density for compressed
hydrogen [~120MJkg™ (6-9MJkg ' practical), around 86

(particularly underwater and deep-sea exploration) with large times of that of LIBs (1.40MJkg™' theoretical,
Table 2. Characteristics of five key types of energy storage devices.

Characteristics® Lead-acid batteries NiMH batteries LIBs Flow batteries Supercapacitors
Specific energy [Wh Kg™'] 30-50 60-120 170-300 10-50 0.07-85.6
Energy density [KWh m~?] 60-110 140-300 350-700 10-33 1-35
Specific power [W Kg ] 25-415 6-1100 8-2000 31.3-166 5.4-100 000
Power density [KW m™] 10-400 7.8-588 56.8-300 2.5-33.4 15-4500
Cycle life [cycles] 100-2,000 300-3,000 250-10 000 800-16 000 10 000-1 000 000
Cost [USAS KWh™'] 50-1,100 200-729 200-4000 100-2000 100-94 000
Toxicity High Low Low Moderate Low
Safety High Moderate Moderate Moderate High

@Values are taken from Ref. [73a,b].
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Figure 6. Simplified Ragone plot of the energy storage domains for various renewable energy technologies useful for specific robots.

0.36-0.47 MJ kg™ practical)].®" Electrocatalytic water splitting,
driven by renewable energy (such as solar, wind, hydropower,
and even tribogenerator), has been widely viewed as a promising
strategy to produce H, gas®®? for hydrogen fuel cells. Hence, inte-
gration of fuel cells and water splitting technologies holds great
promise for generating clean electricity from water and sunlight
(vide infra). However, efficient water splitting requires expensive
precious metal-based catalysts (e.g., Pt, RuO,, IrO,) with limited
resources to promote the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER).***#¥! In addition to the ORR in
fuel cells, Pt has also been demonstrated to be very efficient for
the HER in acidic electrolytes, while Ir- and Ru-based precious
metal oxides are highly active toward the OER in alkaline
electrolytes.”!) This electrolyte mismatch for the HER and
OER catalysts, together with the high cost of precious
metal-based catalysts, has prevented the overall water splitting
and its integration with fuel cell(s) from commercial
applications.*>*84

To date, considerable effort has been made to substitute
precious metal-based catalysts with nonprecious-metal catalysts
that have already been demonstrated to be viable in alkaline
hydrogen fuel cells.® Although the precious metal volume
can be reduced by this approach, nonprecious metal catalysts
are still too expensive for commercialization of renewable tech-
nologies and present efficiency issues. Along with intensive
research efforts to develop promising nonprecious metal cata-
lysts, a new class of carbon-based metal-free electrocatalysts
(C-MFECs) has been discovered to be effective for the ORR,
OER, and HER.®® Subsequent studies showed that C-MFECs
exhibited improved durability and catalytic performance
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compared with state-of-the-art nonprecious metal catalysts for
the ORR even in acidic PEMFCs 7 and that multifunctional
catalytic activities can be achieved for various electrocatalytic
reactions, such as the ORR and OER in Zn-air batteries;®*!
the OER and HER in water-splitting units;®” and the ORR,
OER, and HER in integrated energy systems consisting of an
electrocatalytic water-splitting unit powered by on-board PSCs
that produce O, and H, gases with which fuel cells can generate
clean electricity.® In fact, the combination of a hydrogen fuel
cell with a water-splitting electrolyzer driven by solar energy
(Figure 7) has been used to power mobile robots and new-age
cars. 8]

To ensure robots have a stable and long operating time, an
additional hydrogen storage tank is often needed to provide a
constant and continuous supply of H, gas to the fuel cell
(Figure 7). Being the lightest gas in the atmosphere, however,
hydrogen storage requires a large space. Therefore, an attractive
option to store hydrogen efficiently as a portable power source for
robots is to compress H, gas into a pressurized cylinder or
liquidize it at a low temperature (below —253°C). However,
whether it is stored under compression or in liquid form, hydro-
gen presents downsides, including unavoidable leakage and risk
of explosion during transportation and/or operation. To over-
come these limitations, metal alloys and certain solid-state metal
hydrides (e.g., LaNisH, PdH,) that safely absorb large amounts of
H, reversibly under desired temperatures and pressures have
been developed for efficient hydrogen storage; they can even
store twice the amount of hydrogen allowed by liquid hydrogen
in containers of the same volume or one thousand times its
original gas form.”" Although a group of Mg-based hydride

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

H,O — H. + O,

Robotics

www.advintellsyst.com

Figure 7. Robots can be powered by the integrated energy system consisting of an electrocatalytic water-splitting unit powered by on-site PSCs to produce
O, and H; gases for a fuel cell to generate clean electricity from sunlight and water.

materials showed a remarkably high gravimetric density of up to
7.6 wt% for H, storage at ambient conditions, reusability was
only up to two or three cycles.”” Thus, porous materials,
including zeolites, carbon nanomaterials (e.g., carbon
nanotubes, graphene), metal-organic frameworks (MOFs), and
covalent organic frameworks (COFs), have also been studied
for hydrogen storage.”’! None of these materials have satisfied
the norms set by the USA Department of Energy for hydrogen
storage at ambient temperature, though some promising results
at cryogenic temperature (e.g., 14.0wt% and 46.2gL™") have
been achieved with certain MOF materials,®¥ leading to poten-
tial applications. Indeed, a hydrogen fuel cell combined with
metal hydride tanks (Tropical S.A. Company, Athens) has been
used as the energy source in robotic tractors for precision agri-
culture, offering a power range from 0.5 to 5kW at a specific
hydrogen consumption of ~0.74 Nm®Kwh ') Therefore,
metal hydrides have great potential for safe and reliable hydrogen
storage.*! Hybridization of metal hydrides with porous MOFs or
nanocarbon materials could show synergistic effects to enhance
further their hydrogen storage performance.

To operate wirelessly in remote environments (e.g., in outer
space), robots must extract useful energy from their surround-
ings for highly energy dense storage and long-term operation
(e.g., long-range unmanned aerial vehicles, UAVs). Solar energy,
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derived directly from readily available sunlight, is a free and
renewable power source with zero pollutant emissions, but it
is intrinsically intermittent. This limitation can be overcome
by integrating solar cell(s) with an energy storage unit(s), such
as a battery or supercapacitor,””! to continuously supplying
electricity as a sustainable power source for mobile robots with
special missions, as exemplified by some long-range UAVs
(e.g., Zephyr Stratospheric UAV and solar-powered next technol-
ogy robots). On the other hand, certain C-MFECs have been
recently demonstrated to be active even toward the CO, reduc-
tion reaction (CO,RR) and N, reduction reaction (NRR) for
chemical energy conversion.”®! Based on the reversible redox
reaction with CO,RR, which forms lithium carbonate and carbon
via 4LiT +3CO, +4e” =C+2Li,CO; (Fg=2.8V vs Li/Lit,
1876 Wh kg™ ")® during the discharge process and decomposes
Li,CO; upon charging, Li—-CO, batteries have been developed to
capture CO, and deliver an energy density up to
1876 Whkg™.I"°! The CO,-powered batteries can not only
mitigate the emission of CO, from fossil fuel combustion but
also hold promise as a form of high-density energy to power
robots for space exploration missions on Mars where the
atmosphere (=96% CO,) provides an insitu CO, resource that
is nearly ideal in composition for the CO,-powered battery to
function.['*!
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6.4. Power Schemes for Ultrasmall Machines

The concept of miniaturizing surgical machines into ultrasmall
counterparts that can be swallowed for medical treatment was
envisioned by Richard Feynman in his seminal lecture in
1959. Until recent decades, we have witnessed the rapid
development of ultrasmall motors and machines in molecular-
to-micrometer scales. Progress has been made in all
aspects, including propulsion mechanisms, fabrication assembly
strategies, performance optimization, and applications.
However, these significant advances have not resulted in a
breakthrough that has allowed us to miniaturize directly complex
macroscopic machines. This task remains challenging owing to
the small size and sophisticated design of traditional machines.
Rather, myriad ultrasmall machines that mirror their macro-
scopic counterparts have been created by exploring the distinct
physics and chemistry at small scales, which dominate interac-
tion and locomotion of all small objects with surroundings. In
the following sections, we discuss an array of integrated power-
ing schemes utilized by various ultrasmall motors that exist in
nature ubiquitously or are made artificially. The same powering
schemes could be adopted to propel future micro-/nanorobots.

6.5. Motor Proteins

Nature has created extremely small machines that were highly
efficient before the emergence of human beings on Earth.
Motor proteins are molecular motors that convert chemical
energy into mechanical energy to accomplish essential biological
functions, including transporting cargos and generating
mechanical propulsion.'®? They are essential to life and can
be found in all organisms.”'*! Below, we examine the powering

A B
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mechanisms of two representative molecular motors, that is, the
kinesin-1 and the bacteria flagellar that can transport and rotate,
respectively (Figure 8A,B).

Kinesin-1 motors belong to a family of microtubular protein
motors. They are powered by adenosine triphosphate (ATP)
hydrolysis to support intracellular transport processes along
microtubule cytoskeletons in cells."***'%* A kinesin walks for-
ward along the microtubules in a hand-over-hand stepping with
a constant step size of 8 nm per ATP hydrolysis (Figure 8A).!1%!
The stall force is a6 pN, the maximum speed with an adequate
ATP supply is ~800nms~', and the efficiency of energy
conversion can reach 50%.103%1%6]

Bacteria flagellar motors are types of molecular machines that
can reversibly rotate helical filaments to propel the locomotion of
bacteria cells.” The motors operate by harnessing free energy
released from ions transported across cytoplasmic membranes
with a downbhill electrochemical gradient. They can rotate up
to a speed of ~300 and 1700 rps. when driven by a gradient
of hydrogen and sodium ions, respectively.'”! The energy con-
version efficiency is estimated to be near unity, that is, ~90%.®!

6.6. Artificial Molecular Motors

Over the last few decades, numerous organic molecular motors
have been synthetized, either by learning from nature or by mim-
icking simple macroscopic machines."* In 2016, the Nobel
Prize in Chemistry was awarded to Jean-Pierre Sauvage, Sir
J. Fraser Stoddart, and Bernard L. Feringa for their original con-
tributions to artificial molecular machines. Comprehensive
reviews have been given by the main contributors. Here, a
few representative works are selected for discussion. Stoddart
et al. reported a rotaxane molecular shuttle made of macrocycle
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Figure 8. Schematic of molecular motors. A) The walking mechanism of a kinesin molecule. Reproduced with permission.'®**! Copyright 1997, Cell
Press. B) The structural components of a bacterial flagellar motor. Reproduced with permission.'®’"! Copyright 2015, Wiley. C) The first synthesized
molecular shuttle that can transit between two binding sites. D) The structure and working mechanism of the light-driven rotary molecular motor. E) The
energy profile during the 360° unidirectional rotation. Reproduced with permission.'°®! Copyright 2015, American Chemical Society.
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molecules threaded in an axle molecular track that can operate
between two binding sites with equivalent distribution possibili-
ties, as shown in Figure 8C. It is the energy from thermal
fluctuation that drives the mechanical transition.''! Later, the
transition can select a preferred binding end with an external
stimulus, such as pH.'"'" The first rotary synthetic molecular
motor was reported by Feringa et al. in 1999; it could carry
out cyclic unidirectional rotation by energy from UV irradia-
tion.''? The motor is made of the overcrowded alkene with
two identical groups connected by a carbon—carbon double bond.
A 360° rotation can be accomplished by transforming the mole-
cule into four different isomers sequentially (Figure 8D). The
energy profile during the rotation is depicted in Figure 8E.
This light-fueled rotary motor has a quantum efficiency of
~22%, limited by the cis—trans—photoisomerization step.!'"’]

6.7. Biological and Bioinspired Micro-/Nanopropellers

In the range of micro-/nanometers, self-propelling motors/
machines also prevail in nature. Biological motors, such as
flagella and motile cilia, are essential in locomotion of microor-
ganisms to seek for food and light."'* The directional propulsion
of microorganisms arises from the interaction of the mechanical
motion of the biological propellers with their surrounding
medium. Two actuation modes are commonly observed, that
is, corkscrew rotation and flexible filament beating, as shown
in Figure 9A.

E. coli bacterial cells with a dimension of several micrometers
in length and 0.5 ym in diameter are widely found in natural
water. An E coli cell’s propeller is made of several helical flagel-
lum bundles (usually made of four) attached to flagellar motors
that rotate counterclockwise and drive the helical bundle into
corkscrew rotation (Figure 9A). The corkscrew rotation interacts
intimately with the surrounding suspension due to viscous drag,
resulting in the conversion of rotary motion into linear propul-
sion of the cells. Both experimental and theoretical studies
indicate that the efficiency, defined by the ratio between the
net energy used for propulsion and the total energy input from
the chemical conversion, is around 2%. This relatively low
efficiency can be attributed to the dissipation due to the viscous
force on both the rotating filament bundles and the cell.***! The
natural corkscrew structures and powering mechanism inspired
the creation of several exquisite artificial helical micro-/
nanopropellers with defined structures and compositions on a
large scale.® In a classical example, to mimic the swimming
manner of the bacterial flagella, a ferromagnetic segment is inte-
grated as a tiny handle that can rotate a helical structure around
its long axis using energy from a uniform rotating magnetic field
(Figure 9B). The speed is up to hundreds of rounds per second.
Catalytic reactions were also introduced to drive a helical
structure that can spin and transport.**”!

Planar beating of flagella is another useful propulsion strategy
adopted by spermatozoa and many other Eukaryotes
(Figure 9C)."'® The beating of the flexible flagellar generates
a nonreciprocal motion that propels the linked head forward.
The propulsion mechanism has been systematically studied™**!
and further has inspired the design of several innovative
artificial motors made of flexible bodies powered by harnessing
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Figure 9. Bioinspired propulsion at low Reynolds numbers. A) The loco-
motion of E. coli. In “Run” mode, the flagella are bundled due to counter-
clockwise rotation and propel the E. coli to swim forward. In “Tumble”
mode, flagella rotate clockwise and cause spinning of the cell.
Reproduced with permission.l'™? Copyright 2010, AIP Publishing.
B) Artificial magnetic helix micro-/nanoswimmers fabricated by two
different methods that mimic the propulsion of flagella. Reproduced with
permission.l"'® Copyright 2009, American Chemical Society; Reproduced
with permission.'"®® Copyright 2009, AIP Publishing. C) Schematic of
locomotion of a sperm that beats its flexible tail. D) Agile micromotors
driven by a magnetic field that mimics the propulsion of a sperm.
Reproduced with permission.'*? Copyright 2005, Springer Nature.

energy from external magnetic, optical, and acoustic fields
(Figure 9D). The propulsion efficiency resides at around 1%
or less.['?%

6.8. Powering Micro-/Nanoswimmers by Designing Broken
Symmetry

At the micro-/nanoscale, physical principles that govern a mov-
ing object differ from those in the macroscopic world. When an
ultrasmall object swims in water, the viscous drag overwhelms its
inertia, which can be shown by the Reynolds number (R). For a
bacteria cell and a similar-sized artificial propeller, the Reynolds
number is at around 10~* to 10~>, 8-9 orders of magnitude lower
than that of a human swimming in water. It has been shown that
in such an extremely-low-Reynolds-number region, no object can
make any net movement in a Newtonian medium if exerting a
time-symmetric propulsion (scallop theorem).'2Y A net propul-
sion at a low-Reynolds-number region requires broken symme-
try. With this understanding, a series of innovative artificial
micro-/nanoscale motors have been designed and sculptured
by breaking their symmetries in physical fields or chemical
reactions or exploiting asymmetrical properties of their suspen-
sion medium.??!
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Figure 10. Self-propelling micromotors with designed broken symmetry. A) A bimetallic nanorod motor that consumes H,0, fuel and generates loco-
motion by self-electrophoresis. Reproduced with permission.l'??!l Copyright 2013, Elsevier. B) A UV light-actuated PMMA/AgCl Janus motor generating
locomotion by self-diffusiophoresis. Reproduced with permission.l'?! Copyright 2018, American Chemical Society. C) A near-infrared laser-actuated
silica/Au Janus micromotor propelled by thermophoresis. Reproduced with permission.l'?®! Copyright 2016, American Chemical Society. D) A tubular
micromotor with catalytic coating inside the tube being propelled by bubble formation and detachment. Reproduced with permission.'?* Copyright

2016, American Chemical Society.

Elegant examples have been demonstrated by breaking the
symmetry of ionic distribution in the vicinity of a micro-/
nanomotor. A well-known work was reported on a Pt/Au micro-
motor, which can propel in a hydroperoxide (H,0,) solution by
the electric field generated from different ions produced on the
respective Pt and Au segments in the catalytic reaction
(Figure 10A). This working mechanism is the so-called self-
electrophoresis that has received immense interest owing to
its essential role in converting chemical energy into mechanical
propulsion in an artificial system.['>*! However, the efficiency is
usually low, on the order of 1078-10~°. The majority of the
chemical energy is dissipated by heat, side reactions, viscous
drag, and liquid flows induced in the reaction.***

Artificial micro-/nanomotors also propel by the so-called self-
diffusiophoresis due to the directional flows from asymmetric
distribution of chemical species, either ionic or neutron.!'*
The detailed mechanism can be ascribed to electrophoretic inter-
action, chemiphoresis pressure,'>>>'?¢l and steric effect (non-
electrolyte diffusiophoresis)**”) depending on the charges of
the chemical species. The efficiency is around 10~°. Here, to gen-
erate the asymmetric chemical reaction, light has been widely
used as the driving power to create a one-side reaction or distinct
reactions on Janus semiconductor micro-/nanomotors in
aqueous suspension (Figure 10B).l'**9
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Micro-/nanoscale motors also self-propel via generating non-
uniform local heat distribution, namely, self-thermophoresis. A
simple motor of this kind can be made of a silica microsphere
with half-coated gold, as shown in Figure 1C.["*®! Upon illumi-
nation by a 1064 nm laser, the gold coating effectively adsorbs the
light and generates a much greater amount of heat than that of
the Si hemisphere, which leads to a localized temperature gradi-
ent. The motor is thus propelled with speed proportional to the
temperature gradient (VT) and thermodiffusion coefficient (Dr),
given by v = —DVT. The energy efficiency of 10~'%is among
the lowest.

Direct bubble propulsion is another power source that
requires a rapid chemical reaction to generate gas-phase products
distributing asymmetrically near a motor.'* A representative
bubble motor is made of a conical tube (Figure 10D) that consists
of a catalytic layer of Pt at the inner surface that decomposes
H,0, fuel into oxygen molecules. When the oxygen molecules
enrich into a bubble of a threshold size, it departs from the motor
with a strong and instant thrust that propels the motor."*® The
energy efficiency is estimated to be around 10~°. In addition,
several notable mechanisms have been demonstrated to intro-
duce asymmetry to a micro-/nanomotor, including propelling
near a solid wall,*" generating asymmetric body deformation
with dynamic light patterning,*? and actuation in non-
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Newtonian liquid."** The energy sources include optical and
magnetic fields.

6.9. Powering by Energy from an External Tweezing Field

Unlike the self-propelled motors that generate local thrusts for
actuation, another class of motors is propelled via directly inter-
acting and transferring propulsion momentum from an external
physical field. These manipulations are more commonly termed
as tweezing techniques, including optical,"** electric,"**) mag-
netic,*% and acoustic tweezers.[*”)

Optical tweezers are powerful tools in manipulating objects
around or below several micrometers. They utilize a highly
focused laser beam to generate an optical trap (or barrier) for
manipulating micro-/nanoparticles near the focal plane by
optical gradient forces (Figure 11A)."**! Holographic beams
allow not only trapping, but also the individual or simultaneous
movement of multiple particles via independent manipulation of
optical traps.*® The electric manipulations are able to exert a net
force and an alignment torque upon a particle by applying a
combined AC and DC electric field (Figure 11B). The force is
generated by electrophoresis/electroosmosis for a charged
particle; the torque is created by the interaction between the
AC field and the polarized particle. Optoelectric tweezers utilize
dielectrophoretic (DEP) forces from a localized field gradient
patterned by light on an electrically powered light-sensitive
substrate (Figure 11C).***! Furthermore, rotational torques
can be generated from an electric field, that is, electrorotation
and electroorientation in a high-frequency AC electric field.!"*"!

induced by either standing waves or traveling waves to manipu-
late particles.'*”) Standing-wave acoustic tweezers generate
ordered arrays of pressure nodes in the field where many par-
ticles can be trapped into ordered arrays.'*!! Traveling-wave
acoustic tweezers, that is, acoustic hologram, can create pressure
nodes with arbitrary 3D patterns by modulating the phase of the
wave actively or passively (Figure 11D)."*?) Magnetic tweezers
exert forces to magnetic micro-/nanoobjects in the direction of
the local magnetic field gradient and apply alignment torques
in the direction of the local magnetic field. (Figure 11E).['¢!

To accommodate manipulations with high versatility and/or
in complex suspension medium, hybrid powers have recently
been exploited, including light-modulated multimode reconfig-
urable micromotors in electric fields,™**! sperm-powered
biohybrid motors steered by magnetic fields,™** and dual
chemical/light-powered motors and chemical/electric field-
powered motors with tunable speeds.’*! Research in
hybrid-powering mechanisms has enabled the control of differ-
ent components within a nanorobot for sophisticated operations
and the manipulation of individual nanorobots in a swarm for
collaborative action.

Myriad demonstrations have shown the great potential of
ultrasmall motors in cargo transport, single-cell drug delivery,
biochemical sensing, cellular and tissue surgery, and environ-
mental remediation.!'"**¢! For the readers’ interest, we highlight
here several groundbreaking applications of ultrasmall artificial
robotic motors, including molecular cargo transport by kinesin-
driven shuttles,"*”) cytokine delivery to single living cells,"*®
remote capture of a living tissue sample by magnetic manipula-

i i i i Fati i . . (149 . .
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Figure 11. Micro/nanomanipulation/tweezing techniques with externally applied physical fields. A) The optical tweezers trap a microparticle with a laser
beam. B) Electric manipulation of longitudinal particles by the combination of AC and DC electrical fields that control orientation and propulsion direc-
tions independently. Reproduced with permission.['**! Copyright 2008, AIP Publishing. C) Optoelectronic tweezers trap cells with AC electric fields pat-
terned by light on a photoconductive substrate. Reproduced with permission.l'*® Copyright 2005, Springer Nature. D) Holographic acoustic tweezers
create arbitrary pressure profiles that can pattern and manipulate particles into prescribed patterns. Reproduced with permission."*?! Copyright 2016,
Springer Nature. E) Magnetic tweezers for the manipulation of magnetic particles. Reproduced with permission.**! Copyright 2012, Annual Reviews.
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nanopropellers in eyes,>” magnetic microrobot-assisted stem
cell transplantation"®! and fertilization"*?, and cargo delivery
with microrollers against blood flow.[*>*

6.10. Prospective

Great progress has been made in energy harvesting and energy
storage technologies for self-powered untethered robotics in the
past decades. For robots that require relatively low power input,
integrating renewable energy harvesting devices could readily
offer sufficient power for operation. Different energy harvesting
devices have their advantages and limitations. For example,
OSCs generally have a relatively high efficiency and high energy
density, but their flexibility is limited, and the solar energy varies
significantly with time and location; the TENG can be readily flex-
ible or stretchable, but efforts are still required to improve its
energy density and energy utilization efficiency. Therefore, it
is important to select proper energy technologies as power
sources for robots according to their specific applications.
Hybrid energy devices/systems are often required to achieve
self-powered robots. Thus, future research on power manage-
ment circuits for robots is also required to deal with hybrid
systems and maximize the energy utilization efficiency.

For a high-power robot, a precharged or fueled energy storage
device is one of the most viable options. With continued advan-
ces in robotics, the demands for power systems have become
more rigorous, particularly in pursuing higher power and energy
density with safer operation and longer cycle life. The constraints
for powering untethered robotics are far more challenging since
their operation environments, structures and shapes, and perfor-
mance metrics are usually different and more complex compared
with the existing portable electronic devices and electric vehicles.

For micro-/nanoscale artificial robots, we note that a powering
mechanism with an extremely low efficiency still allows for
various tasks to be accomplished owing to the much-reduced
energy demand at a low dimension. Therefore, self-powered
microrobots have less concerns in terms of energy consumption
or efficiency, but they are more restricted by their distinct
working principles, structural designs, material selections, and
application limitations. This is in stark contrast to natural exist-
ing biological motors that exhibit an energy efficiency up to
almost a unity. In living beings without such a high energy
efficiency, however, the required energy intake can be extraordi-
nary for various molecular motors to enable large-scale locomo-
tion. Therefore, it is highly desirable to significantly improve the
energy conversion efficiency for the counterpart artificial
microrobots to make a prominent impact at a macroscopic scale.
This improvement requires further advancements in renewable
energy technologies and associated materials that are scalable to
small scale.™ In the past several decades, the field of
electrochemical energy storage has seen challenges in innovating
a single battery chemistry or supercapacitor device that can
deliver desired multifunctional performances, including high
power, high energy density, safe operation, and a long cycle life.
The constraints posed by various AMRs add other difficulties. To
alleviate these issues, one may consider implementing an inte-
grated energy system consisting of several technologies based on
batteries, supercapacitors, fuel cells, solar panels, and actuators
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with control and thermal management units, although this strat-
egy may increase the complexity and weight with additional cost.
In parallel, innovative fusion of state-of-the-art energy storage
materials with desired functional structures and properties
(e.g., capability to withstand elastic and plastic deformations to
accommodate for biomorphic shapes) can substantially benefit
the future advancement in AMRs. Advanced fabrication techni-
ques, such as multimaterial-embedded 3D printing, micromold-
ing, and lithography, could become key enablers in rapid
prototyping and manufacturing of specialized energy storage
components (e.g., miniaturized solid oxide fuel cells: micro-
SOFCs) to meet the demands for an array of AMRs on different
scales. With so many advanced materials, fabrication tools, and
renewable energy technologies already reported and more to be
developed, there will be vast opportunities for developing numer-
ous innovative single or hybrid power sources for various robots
with sophisticated demands for diverse applications. Continued
research and development efforts in this exciting field will surely
revolutionize the way in which future robots are powered.
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