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Abstract

The development rotary nanomotors is an essential step towards intelligent nanomachines and
nanorobots. In this article, we review the concept, design, working mechanisms, and applications
of the state-of-the-art rotary nanomotors made from synthetic nanoentities. The rotary nanomotors
are categorized according to the energy sources employed to drive the rotary motion, including
biochemical, optical, magnetic, and electric fields. The unique advantages and limitations for each
type of rotary nanomachines are discussed. The advances of rotary nanomotors is pivotal for
realizing dream nanomachines for myriad applications including microfluidics, biodiagnosis,
nano-surgery, and biosubstance delivery.

1. Introduction

Miniaturized machines and robots that can perform complicated tasks on an ultra-small
scale, such as nanosurgery, have profound implications for human health.1:2 For the last few
decades, with the vigorous progress in microelectronics and nanofabrication, rapid
development has been made in miniaturized machines, including a variety of micro/
nanoscale sensors and actuators for applications in cargo transport,*=¢ drug delivery,’-°
biochemical sensing,10-12 and cell trapping and biopsy.13 Rotary nanomotors are a type of
nanoscale devices that can convert different energy sources, such as acoustic,1* electric,1®
optical, 16 magnetic,1” and chemicall8 energies into mechanical rotations. Although their
versatility and great potential have attracted intense interest, the development of
miniaturized rotary motors has been greatly hindered due to significant technical challenges.
For instance, micro/nanomotors made by traditional lithographical techniques suffer from
complicated and arduous fabrication processes, 1920 low yield,?! short lifetime,22 and low
energy conversion efficiencies.”-23

It is highly desirable to explore new working mechanisms, designs, and approaches to
resolve the encountered issues in the traditional rotary micro/nanomotors. The new concept
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of using nanoscale particles as building blocks for rotary nanomachines received
considerable attention. Billions of nanoparticles can be synthesized with high efficiency and
at low cost.2425 The tailorable dimensions of synthesized nanoentities readily allow the size
of traditional NEMS motors to reduce from hundreds of micrometers to nanometers, 1526
The tunable chemical, mechanical, and electromagnetic properties equip nanomachines with
unique functions. With these great advantages, a number of device concepts, working
mechanisms, and applications of rotary nanomotors made from synthesized nanoentities
have been investigated.

In this article, we review the recent exciting research progresses of rotary nanomotors made
of synthetic nanoparticles. The nanomotors will be categorized according to the employed
energy sources including biochemical fuels, optical, magnetic, and electric fields. The
advantages and drawbacks of each type of nanomotors will be discussed along with the
perspectives and challenges of this rapidly developing field.

2. Biochemical Powered Nanomotors

2.1. Bio-Inorganic Hybrid Nanomotors

In biological systems, molecular machines are commonly used to perform coordinated
actuations, which can efficiently convert biochemical energy existing in the surrounding
medium into mechanical motions and work. Such molecules include kinesin,2” myosin,28
ribonucleic acid (RNA) polymerase,2% and adenosine triphosphate (ATP) synthase.21:30-32

The use of the molecular machines for powering inorganic nanoentities promises the next
generation NEMS/nanorobotic devices. The first demonstration was accomplished by Soong
et. al. by using F1-ATPase enzyme molecules as the driving component of nanomotors and
lithographically patterned Ni nanorods (150 nm in diameter and 750 — 1400 nm in length) as
rotors [Figure 1(A)].2! Hydrolyzing ATP, the molecular motors successfully drove the
rotational motion of the Ni propellers at a speed of 0.74 to 8.3 rps (revolutions per second).
However, due to the complexity of the conjugation of inorganic nanorods to the molecular
motors, only a few Ni propellers out of hundreds can be successfully assembled and rotated.
In addition, limited by the nature of biomolecular motors and the low controllability of the
assembling process, neither the rotation orientation nor speed can be well controlled. The
lifetime of the devices was seconds to minutes.

Mano and Heller demonstrated the propulsion of carbon fibers-bioelectrocatalyst hybrid
structures.33 Glucose oxidase (GOx) and bilirubin oxidase (BOD) connected with a
conductive carbon fiber (4 — 8 mm in length) was floating and moving at the interface
between the glucose-containing liquid and the 1 atm O, atmosphere due to the oxidation of
glucose at the GOx end and the reduction of O, at the BOD end. This redox reaction
induced a pH gradient and consequent water flow, which compelled the hybrid structures to
move [Figure 1(B)]. These hybrid structures not only transported but also rotated around the
GOx when the ratio of GOx/BOD >>1.

Micromotors based on motile microorganisms are also of great interest. With the
strategically designed asymmetrical ratchet gears, Leonardo et al. used E£. coli cells to power
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the rotation of microgears.3* The random motions of the £. colicells in a solution are
rectified on the asymmetric ratchet teeth, which exert a net torque effectively. As a result, the
gears can be rotated [Figure 1(C)].

2.2. Catalytic Nanomotors

Since the first demonstration of self-propulsion of nanoentities in a hydrogen peroxide
solution was reported,35:36 catalytic nanomotors has attracted intensive attention. Catalytic
nanomotors gain momentum from the decomposition of the surrounding fuel solutions. In
order to acquire net force, they are designed to have asymmetric compositions and
geometries such as multisegment Pt/Au nanorods#3%37 and Pt/SiO, Janus particles.38:39
Hydrogen peroxide has been most widely used as a fuel solution. It decomposes into water
and oxygen (2H,0, (A— 2H,0 (H+ Oy(g)) on surfaces of the Pt catalysts, which results in
the conversion of chemical energy into mechanical motion. Recently, water,4041 acid,42
hydrazine,*3 bromine and iodine** solutions were explored as alternative fuels for improved
performance or high biocompatibility. Although it is obvious that the decomposition of the
fuel solutions results in mechanical propulsion, significant efforts are required to understand
the mechanisms. Two different mechanisms have been proposed: self-electrophoresis and
bubble propulsion.#® It is found that catalytic motors comprised of a catalytic and a non-
catalytic metal (e.g., Pt/Au) transport with the catalyst segment as the front end.
Investigations attribute the propulsion to the electric field generated from the distinct
chemical potentials of the two materials, which is self-electrophoresis. On the other hand, it
is found that nanomotors composed of a catalyst and an insulator (e.g., Pt/SiO») transport
towards the end of the insulator. The propulsion force is attributed to the generation of
bubbles on the surface of the catalyst segment. Most catalytic motors transport linearly in a
fuel solution for cargos delivery. Recently, with in-depth understanding and sophisticated
designs, some catalytic motors can be compelled to rotate. In the following, we will discuss
the structure, fabrication, and motion characteristics of rotary catalytic nanomotors.

Catchmark et al. demonstrated the rotation of Au microgears with Pt coated on the teeth in
fuel solutions [Figure 2(A)].#6 The rotation orientation was determined by the location of Pt
as the Pt-coated side of the teeth moved forward due to self-electrophoresis. The diameter of
the microgears was 150 pm and they were rotating in a mixture of peroxymonosulfuric acid/
hydrogen peroxide/ sulfuric acid/DI water (approximately 0.1:1:2:100) at a speed of 1 rps.

The rotation of the electrodeposited Au/Ni nanorod (2 and 0.5 um in length, respectively)
was observed in a hydrogen peroxide solution.36 The nanorods showed two different
behaviors: rotation and revolution. The rotational motion resembles the movement of clock
arms. While their Au ends attached to the substrate due to either impurities or defects on the
substrate, the other Ni ends rotated freely [Figure 2(B)]. The nanowire also revolved around
certain circular trajectories possibly due to their asymmetric shapes that prevented them
from moving along a straight trajectory. Qin et a/. patterned Cr/Au thin films on Au-Pt-Au
nanorods to expose only small areas of Pt on one side of the nanorods. Specifically, Au-Pt-
Au nanorods were dispersed on a substrate and Cr/Au thin films were deposited via
evaporation on their surfaces [Figure 2(C)].18 On such structures, bubbles only generate on
the areas of the exposed Pt and propel the nanorods with net torque. The rotation speed and
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torque were controlled by the composition of Au/Pt as well as the location of the Pt
segments in each nanorod. In another experiment, Wang et a/. fabricated asymmetric
nanorods with additional layers of Pt-Au-Cr/SiO,/Cr deposited on one side of Au/Ru
nanorods [Figure 2(D)].#” The metal coating enables an extra force in the transverse
direction along with the propulsion force in the long direction of the nanowires. In a 15%
H,0, solution, they rotate at an average speed of 180 rpm. One of the nanomotors reached a
speed as high as ~400 rpm.

Vicario et al. demonstrated rotation of tethered microspheres coated with catalysts [Figure
2(E)].*8 The catalysis of hydrogen peroxide generated bubbles, which thrust the
micromotors into rotation due to the composition asymmetry.

Rotary catalytic nanomotors with more complex 3D structures were obtained via dynamic
shadow growth (DSG). He et al. fabricated linear and L-shaped Si nanorods with catalytic Pt
or Ag coated on the tips [Figure 2(F)].4° The catalysts were deposited with controlled
incident angles so that they were asymmetrically located on one side of the nanorods. With
the DSG technique, even Si/Ag nanosprings can be created. They rolled like screw
propellers in a fuel solution.

Using the DSG technique, Gibbs and Zhao grew Pt/TiO, arms on silica microspheres, which
worked as catalytic rotors [Figure 2(G)].%9 The rotation speed increased with the hydrogen
peroxide concentration and decreased with the addition of sodium dodeclysulphate (SDS)
that changed surface tension. In the following study, interlocked tadpole-like nanomotors
[Figure 2(H), i] or helicopter nanomotors with V-shaped Pt/TiO,/Ni nanorods and Ni-coated
SiO, microbeads [Figure 2(H), ii] were assembled based on either van der Waals or
magnetic interaction and demonstrated different rotation behaviors from those made of
single structures with modified trajectories and postures.>!

More recently, Gibbs and Fischer fabricated catalytic microdrills.52 A turn of SiO, helix
(400 £ 200 nm in diameter) was deposited on a 1-um-diameter SiO, microbead through
glancing angle deposition (GLAD) and the helix was asymmetrically coated with Pt. This
process was repeated several times to produce helical catalytic microdrills (4 £ 1 pm in
length) [Figure 2(1)]. In a H,O5 solution, the catalytic helices showed various types of
motion, including transport, rotation around the helical axis, and combined translation and
rotatory motions. Among 134 helices, a significant percentage (~25%) rotated around their
moving direction like microdrills. The drilling motion can be attributed to two factors: the
torque due to the asymmetrically deposited Pt layers on the helices and the interaction
between the rotation and the linear propulsion of the helical structures in the low Reynolds
number regime of the suspension.

Solovev et al. reported another type of catalytic nanodrill based on the bubble propulsion
mechanism.53 Rolled-up InGaAs/GaAs/Cr/Pt nanotubes with Pt at the inner walls of the
tubes produced bubbles in a H,O, solution. The nanotubes obtained momentum by releasing
bubbles from their inside, or self-propulsion. Moreover, torques can be generated on
asymmetrically rolled-up nanotubes, which compel the nanotubes along a spiral trajectory
like a drill [Figure 2(J)]. Here, an iron thin film deposited on the nanotubes assists direction
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control with magnetic fields. These nanodrills were transported, drilled, and stuck into HeLa
cells successfully.

As aforediscussed, hydrogen peroxide is one of the most widely used fuel solutions for
catalytic nanomotors. However, the potential applications are greatly compromised by its
corrosive nature to biological substances. To resolve this issue, it is essential to explore
alternative biocompatible fuels to power the catalytic motors. Liu et a/. reported collective
motions of (Pbg 25Bag 155r0.6) TiO3 (PBST) nanotubes in DI water [Figure 2(K)].>* The
nanotubes were synthesized by electrodeposition into hanoporous templates and one end of
the nanotube arrays was sealed with nail oils. The alumina templates were dissolved in
potassium hydroxide (KOH) solutions, where KOH filled into the nanotubes through the
open ends. When the nanotube arrays were placed in DI water, the K* ions were released
from one-end of the nanotubes, which effectively propelled the nanotubes to rotate owing to
chemical gradient of K* ions. The rotation continued for ~15 s and stopped due to the
reduction of concentration gradient of the K* ions. The speed was as high as 30 rps.

Liu et al. introduced Cu-based nanomotors working in Br, and I, solutions.** This type of
nanomotors consumes Cu in the reaction that propels the motion. First, Cu nanowires were
deposited into nanoporous templates. Instead of chemically etching the seed layer sputtered
at the bottom of the templates, the authors mechanically polished it and deformed one end of
the nanowires [Figure 2(L)]. Due to the asymmetric structure, the chemical reaction rate on
each end of the nanowires became different, which resulted in ionic gradient that induced
torques and rotated the nanotubes in Bry or I, solutions. In comparison, symmetric
nanowires of the same composition have no observable continuous rotary motions.

Harnessing chemical energy in surrounding medium, rotary catalytic nanomotors are unique
and attractive in that their autonomous motions, requiring no external power sources.23
However, most rotations powered by catalytic reactions still have a relatively large degree of
randomness, /.€., a large portion of nanomotors do not rotate or move in a defined fashion. A
high precision control in the composition and structures of the nanomotors is necessary to
mitigate this problem. It is also essential to control the rotation orientation and to tune the
speed precisely. More investigations on new biocompatible fuels or powering catalytic
mechanisms are critical for biomedical applications.

3. Physical-Field-Driven Rotary Nanomotors

Recently, significant advances have been achieved in physical-field-driven rotary
nanomotors. Compared to biological hybrid nanomotors or catalytic nanomotors, they are
advantageous in the high controllability in rotation angle, speed, and orientation. Some types
of rotary nanomotors can operate in ordered arrays at designated positions. The speed is as
high as 18,000 rpm.1® The lifetime can reach 80 hours with over 1.1 million cycles.>®
Physical-field-driven rotary nanomotors are also advantageous in the overall
biocompatibility and facileness in device integration. In the following discussion, we will
categorize rotary nanomotors according to the employed external fields including the
magnetic, optical, and electric fields.
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3.1. Magnetic Tweezers

Magnetic field driven micro/nanomanipulation have been widely used in biomedical

research since Crick and Hughes employed magnetic particles to study physical properties of
cytoplasm in 1950.%6 Magnetic fields are usually created in two manners. With permanent
magnets, one can facilely generate strong external magnetic fields. However, it is difficult to
adjust the field intensity or change the orientation. Because of this, solenoid electromagnets
are more widely used in recent studies. Orthogonal sets of Helmholtz coils are arranged in
X, Y, and Z directions, which can produce uniform and tunable magnetic fields
independently in each dimension. By applying sinusoidal currents with sequential phase
shifts to each Helmholtz coil set, a rotating magnetic field can be readily created to rotate
nanoentities.

With magnetic fields, nanoparticles with embedded magnetic materials can be driven to
align, chain, transport and rotate in a non-contact fashion. The actuation is effective in
essentially any suspension mediums, such as water, blood, and saline solutions. It does not
require additional chemicals as fuels. Even more, strong magnetic fields, such as several
Tesla, can be readily applied on live beings with little side effects. Owing to the
aforementioned merits, magnetic field directed manipulation has found wide applications in
cutting-edge biomedical research, e.g., microfluidic mixing,>’->8 winding DNA/RNA strands
and probing their torsional stiffness.59-65

By strategically applying external magnetic fields, magnetically functionalized micro/
nanoparticles and bioentities can be readily transported and rotated. The nanoparticles are
aligned in the same direction of the magnetic field, while transported along the field
gradients. Due to difficulties in generating strong magnetic field gradients over a large
distance, the applied magnetic fields are often used for aligning and trapping rather than
moving nanoparticles.56:67 When rotating the magnetic field (B), owing to the dipole
interactions, it can efficiently exert alignment torques (7,,) to rotate nanoparticles, given by
Tmag = /% B, where m is the magnetic moment of the nanoparticle. Here, most of the
magnetic nanoentities studied in this topic are ferromagnetic with integrated components
such as Ni and Co, or superparamagnetic, such as Fe,O3 and Fe304.

3.1.1. Magnetically Driven Screw Propellers—Although there is no net force to
transport particles in a uniform magnetic field, researchers have explored new mechanisms
to convert magnetic rotation into linear propulsion. Miniaturized screw propellers are one of
those examples. Ishiyama and colleagues fabricated a millimeter scale cylindrical NdFeB
magnets with a screw-shaped brass tip [Figure 3(A)].88 The devices were magnetized in the
transverse direction and thus rotated along the long axis in a rotating magnetic field.
Although rotated in highly viscous mediums, e.g., silicone oil or agar, they can move
forward or backward up to more than 14 mm/s, proportional to the rotation frequency of the
magnetic field until reaching a so-called threshold step-out frequency. Above the step-out
frequency, the rotation speed decreases. Remarkably, linear propulsion of the magnetic
nanomotors can be executed even inside a bovine tissue at a speed of ~1 mm/s in a 150
0Oe/10 kHz magnetic field. In the following study, the group demonstrated the individual
control of speeds of multiple devices of distinct dimensions by exploiting their different
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step-out frequencies.89 Furthermore, the nanomotors could be heated or mechanically
deformed with additional AC or DC magnetic fields.

Mimicking the motions of natural flagella, Nelson’s group reported artificial bacteria
flagella (ABF) consisting a magnetic head (Cr/Ni/Au) and a spiral tail (either InGaAs/GaAs
or InGaAs/GaAs/Cr ribbons) [Figure 3(B)].”% The ABF can move forward and backward
along the long axis depending on its rotating orientation in a 2.0 mT magnetic field. The
diagonal of the square magnetic head aligned along the magnetic field, which guided the
moving direction of the device. The velocity increased with the rotation speed. The ABF
pushed a 6-um-diameter PS microsphere to a speed of 3 pm/s in DI water. In depth study
showed that the ABFs rotated synchronously with the applied magnetic field until reaching
the step-out frequency.”! The rotation speed and translational velocity increased with the
intensity of the magnetic field (up to 18 um/s with 2.0 mT) as well as the size of the
magnetic head. While rotated, the ABFs unwantedly rolled over the substrate due to uneven
viscous drag near the solid substrate. They also slightly drifted perpendicular to the moving
direction. However, the overall moving direction and velocity can be well controlled in a
large 3-D space by the three orthogonal sets of electromagnetic coils. Multiple ABFs can
transport synchronously like a swarm. The ABFs not only directly push micro/nanoparticles
but also generate liquid flows which could find useful applications in fluid pumping, mixing,
and particle sorting.”?

More recently, the same research group introduced magnetic spiral micromachines with
SU-8 or IP-L polymer coils coated with Ni/Ti thin films.”3 The polymer coils were
fabricated by 3-D direct laser writing (DLW)74 with various sizes and geometries (4 — 64 um
in length, 1 — 8 um in diameter, and 35 — 75° helix angles). At frequencies below 15 Hz, the
helices just wobbled with their rotation axis misaligned with the helical axis. However, at
frequencies above 15 — 40 Hz, depending on the geometry of the helices and the magnetic
field strength, they overcame the wobbling and thrusted along the helical axis [Figure 3(C)].
These micromachines can work in biological mediums, such as fetal bovine serum (FBS).
With integrated microholders at the tips, the helices can efficiently pick up and convey PS
particles to locations at different heights. On the other hand, due to magnetic interactions,
the micromachines swimming close by can assemble with each other in various forms (side-
by-side, cross, and long-chain) and their moving speed and direction changed upon the
assembly.”® This is an often-observed phenomenon in magnetically manipulated particles.

In parallel, Ghosh et al. reported smaller screw propellers comprised of silica spherical
heads (200 — 300 nm in diameter) and twisted tails (2 — 3 um long) [Figure 3(D)].}7 Such
helical nanoswimmers were fabricated via GLAD?® of SiO, followed by thermal
evaporation of a ferromagnetic Co thin film. The helices were magnetized along the radial
direction so that they can be rotated along the long axis in a rotating magnetic field and
produced thrusts. A magnetic field of 50 — 60 G was applied at frequencies up to 170 Hz.
The helices reached a translational speed of ~40 um/s. They could be guided through
programmed paths, 7.e., spelling alphabets, which demonstrated the high controllability of
the manipulation. These helical nanoswimmers showed different rotation modes depending
on the frequency of the magnetic field.”” They rotated around the short axis at a low
frequency, while gradually switched to long-axis rotation with increased frequencies before

Nanoscale. Author manuscript; available in PMC 2017 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 8

it reached the step-out frequencies. Such helical nanomachines can readily work in complex
non-Newtonian biological medium such as blood, 8 glycerol-water mixture, and Hyaluronan
solutions.”® Their sizes can be further reduced to submicrometers. Although these tiny
nanomachines were under severe perturbation and can hardly transport in DI water due to
Brownian motions, they worked reliably in highly viscous mediums. Furthermore, it is found
from experiments and numerical computations that the optimal length of the nanoswimmers
is only slightly longer than one helical turn, much shorter than most of the reported
nanoswimmers.89 This is due to the balance between the net chirality of the propulsion and
the viscous drag, both increase with the length of the helices. Based on this finding, the
nanoswimmers can be further miniaturized without performance compromised. The
fabrication time and cost can also be reduced.

Although various techniques, including 3D DLW and GLAD, have been developed, the
fabrication of 3D helical micro/nanostructures is still a daunting task. Different research
groups are exploring high throughput and low cost fabrication methods. Inspired by the
electrodeposition of Pd nanosrping,8! Li et a/. fabricated helical magnetic nanoswimmers
[Figure 3(E)].82 Pd/Cu alloys electrodeposited in nanoporous templates formed into spiral
crystal nanostructures. The templates and Cu were sequentially dissolved and Ni was
evaporated. As a result, Ni-coated Pd nanosprings can be obtained. The diameter and pitch
length were precisely controlled by the pore size of the templates and the composition of the
Pd2*/Cu2* in the electrolytes. The Ni-coated Pd nanosprings worked as screw propellers in a
rotating magnetic field with a speed of ~15 um/s in a 150 Hz magnetic field.

In another approach, Gao et a/. innovatively made helical magnetic micropropellers by using
vascular plants as templates.83 They extracted coiled vessels from leaves of plants, modified
the diameters and pitches by stretching the coils, and deposited thin films of magnetic Ti/Ni
[Figure 3(F)]. Finally, the magnetically functionalized coiled vessels were trimmed into
small pieces of 30 — 60 pm in length. These coils can be compelled as micro-swimmers in
10 G rotating magnetic fields at 10 — 80 Hz with a maximum speed of 250 um/s (~5 body
length/s).

3.1.2. Magnetic Nanoswimmers with Flexible Joints—Distinct from the
aforediscussed magnetic helical propellers, Wang et. al. reported another type of flagella-like
nanoswimmers manipulated by rotating magnetic fields.84 This type of nanomachines
consisted of rigid Ni and Au segments connected by a flexible Ag segment. Owing to the
flexible Ag joint, the Ni and Au segments at each end both rotated, however, at different
amplitudes. This asymmetric behavior resulted in unidirectional propulsion. Depending on
the length of the Ni and Au segments, the devices moved forward (with the Ni segment
pushing the device) or backward [Figure 3(G)]. Their motions including the translational
velocity can be controlled by the frequency of the rotating magnetic field in the range of 0 —
15 Hz. The devices have successfully worked in biological mediums, such as urine.
Following this study, the group demonstrated targeted drug delivery with the flexible Ni/Ag
nanoswimmers.? The nanoswimmers picked up and transported drug-loaded magnetic
microparticles to cancer cells in a microfluidic channel filled with a cell culture medium.
Although large cargoes over 2 um in diameter could change the rotational and translational
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motion of the nanoswimmers substantially, the microparticles used for drug delivery (1.25
um in diameter) did not slow the nanoswimmers significantly.

3.1.3. Nanomachines Walking along Solid Boundaries—Rotating magnetic
nanomachines can also tumble and walk near liquid-solid boundaries. When placed near
solid boundaries, e.g., walls or substrates, rotating elongated micro/nanoparticles can
transport in plane. It is due to the asymmetric viscous drag received on each end of the
nanostructures, where the drag force is higher near the solid surface than that in the bulk
solution. Due to this asymmetry, the tangential speed of the rotating object near the solid
boundary is slower than the other end, which results in the transport of objects near the
boundaries like wheels rolling on the road.

Tierno et al. demonstrated translation of paramagnetic doublets linked with DNA pairs
owing to magnetic rotations near the glass substrates [Figure 4(A)].8> Their precession angle
was adjusted with an additional static magnetic field Hq along with the rotating field H4 and
the Ho/Hqratio. It is found that the frequency of Hq determined the translational velocity.
Assemblies of paramagnetic particles with various sizes, numbers of particles, and link
shapes were readily transported and guided through grooves patterned on the glass
substrate.86 Furthermore, the behaviors of the colloidal particles were studied analytically.
More efficient propulsions can be achieved from elliptic magnetic fields than that from
circular magnetic fields.8”

Sing et al. reported self-assembled superparamagnetic particles working as micro-rotors.88
The particles formed into chains, which rotated as single objects in a rotating magnetic field.
They transported due to interactions with solid boundaries, /.., the substrates [Figure 4(B)].
The translational velocity increased with the frequency of the rotating magnetic field and the
number of particles in a chain at a low frequency. However, the particle chains broke into
multiple segments at high frequencies, which slowed the translational motion significantly.
The rotation of the particle chains also created liquid flows in the surroundings, which can
convey a large vesicle in a microfluidic device.

Zhang et al. directly employed Ni nanowires as rotors.8? They prepared the nanowires by
electrodeposition into nanoporous templates. The nanowires were rotated laterally near the
vertical wall in a rotating magnetic field and moved along the wall due to the asymmetric
boundary conditions at each end [Figure 4(C)]. The maximum translational velocity of ~37
um/s was achieved from a 12-ym-long nanowire in a magnetic field of 2 mT at 35 Hz. The
nanowire rotors can also transport near substrates without a vertical wall to pick up,
transport, and release 6-pum-diameter PS spheres. This magnetic manipulation mechanism
was also applicable to biological systems. For instance, rotating Ni nanowires were
employed to drive synthetic polymer particles, microorganisms and human blood cells to
desired locations, which could be useful in bio-particle assembling and targeted delivery.%

3.1.4. Microdrills with Rolled-Up Microtubes—Wang et a/. demonstrated
magnetically driven microdrills using rolled-up microtubes with sharp tips.® The trapezia
patterns of Ti/Cr/Fe thin film stacks were rolled up into tubes. The diameters of the tubes (5
— 10 um) were controlled with surface stress determined by the thickness of the thin films.
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The trapezoidal pattern and asymmetric roll-up resulted in the sharp tips [Figure 4(D), i].
The tubes were rotated in a 20 mT magnetic field. They switched their rotation direction
depending on the frequency of the rotating magnetic field, either horizontally (at low
frequency) or vertically (at high frequency) for navigation or drilling of holes, respectively
[Figure 4(D), ii]. These microdrills can be applied to make holes in a pig liver ex vivo.
Although the microtubes cannot move on compliant or rough samples and their rotation
speed decreased significantly after a few minutes of drilling, they can successfully drill holes
as deep as 25 um as shown by SEM characterizations.

3.1.5. Micofluidic Pump with Magnetic Microbeads—Kohler and his colleagues
developed microfluidic pumping device comprised of a magnetically actuated microrotor
[Figure 4(E)].%8 Three polystyrene microspheres were assembled as a rotor via manipulation
with optical tweezers and strategical conjugation with Streptavidin-Biotin reactions. The
polystyrene sphere in the center was functionalized with Streptavidin and the other two
spheres were coated with magnetite and Biotin. The rotor was integrated in a microfluidic
channel and driven by a rotating magnetic field. Due to the asymmetrical geometry around
the rotor, the fluidic flow field around the rotor was not uniform, which generated net flows
depending on the rotating direction of the rotor. At its maximum speed 120 rpm, the
microrotor was able to pump the flow at a speed of 0.4 — 0.5 zm/s on average.

3.2. Optical/Plasmonic Nanomotors

Micro/nanoentities can be also rotated by optically induced torques. These optical/plasmonic
nanotweezers are not only versatile in micro/nanomanipulation, including trapping,
transport, and rotation, but also compatible with biological systems at suitable optical
wavelengths.

3.2.1. Manipulation by Light Rotation—The optical tweezers have been widely used to
trap and transport micro/nanoparticles since Arthur Ashkin observed trapped microscopic
particles by a focused laser beam in 1986.92 In 1991, Sato er a/. demonstrated rotation of red
blood cells by a high-order mode laser beam with a rotating non-uniform intensity profile,
which was one of the first rotary manipulations by optical fields.?3 In the experiments, cells
were aligned along the long axis of an elliptical laser beam and rotated synchronously with
the beam around the optical axis. The speed was ~ 6 rpm. In the following studies, rotatable
lenses and apertures were used, which provided controls over both the rotation speed and
orientation.?4-%6 Based on a similar strategy, Inoue et a/. proposed a viscous micropump,
which consisted of a U-shaped microchannel and a microrotor rotated by a circularly
scanning three-point optical trap.%” The average flow velocity was around 1 pm/s in this
microfluidic device when the speed of the microrotor reached 30 rpm.

3.2.2. Micro/Nanomotors Driven by Angular Momentum of Light—L.ight carries
momentums, which has both linear and angular contributions. The angular momentum has a
spin component related to polarization and an orbital component related to spatial
distribution. Beth made the first observation of the spin angular momentum of circularly
polarized light passing through a rotating birefringent plate.98 The change of the polarization
of light when passing through a birefringent particle resulted in a rotary torque back to the
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particle itself. Leveraging this mechanism, Friese et a/. rotated calcite samples at a speed of
a few thousand rpm.%° However, this mechanism is only applicable to birefringent materials.
A way to rotate non-birefringent particles is to place a spinning birefringent particle next to
an optically trapped non-birefringent particle, such as a SiO, microgear, to compel the
rotation with over 50% torque transfer efficiency [Figure 5(A)].100

Another optical manipulation scheme is based on the use of orbital angular momentums of
light with a helical wavefront that propagates with its Poynting vector forming a corkscrew-
like path [Figure 5(B)].192-105 When such an optical beam illuminates microparticles, the
orbital angular momentum of photons can be transferred, which results in net torques and
rotation of the microparticles. This rotation strategy is not limited to transparent micro/
nanoparticles, owing to the lately developed dark focus technique, which creates localized
intensity null at the focus of optical beam. One can trap and rotate micro/nanoparticles with
strong reflection and absorption of light. Note that such particles can be repelled away or

damaged if manipulated by conventional optical fields with high light intensity at the
focus, 106,107

Moreover, micro/nanomaotors can be manipulated by both the spin and orbital angular
momentums [Figure 5(C)].1%8 They are promising for pumping or mixing in microfluidics
[Figure 5(D)].107:109-112 For instance, by projecting arrays of optical vortices,110.112
cooperative flows can be reconfigured dynamically on length scales as small as tens of
nanometers.

3.2.3. Radiation Pressure Micromotors Driven by the Linear Momentum of
Light—Besides angular momentum, linear momentum can rotate micro/nanoentities. As
shown in Figure 5(E), an optical torque is produced in asymmetric micro-objects by a net
radiation pressure.113.114 The forces of radiation pressure are generated due to the change of
the linear momentum of photons in refracted/reflected optical beams. The first radiation
pressure driven rotatory micromotor was designed by Higurashi in 1994.113 The rotation
speed was precisely controlled, proportional to the incident laser power. However, the
micromotors only rotated in one direction, determined by the geometry of the motors. Later,
more sophisticated microstructures were designed for improved performances.114-117 For
instance, with an additional central linear axis to the rotors in the design, the micromotors
can rotate more stably at a fixed position in the optical trap.11® They also developed a
micromotor with dual rotation orientations by shifting its central position upward or
downward off the focal position of the incident laser beam.116 Given the aforementioned
advantages including the remote controllability, stable trapping during rotation, and precise
regulation of ultra-low flow rates, various radiation pressure micromotors have been applied
in microfluidics systems to generate and control microflows.117:118 For instance, the twin
spiral microrotor that rotated up to 560 rpm at a laser power of 500 mW was incorporated as
a micropump in the microfluidic channel [Figure 5(F)]. This tandem micropump assembled
with a pair of optical nanomotors induced directional flow along the microchannel and
demonstrated long-distance transport of micropaticles.

3.2.4. Plasmonic Nanomotors—The dimensions of motors driven by conventional
optical tweezers are usually micrometers to millimeters. It is arduous to further decrease the
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dimensions of motors due to the weakened light—-matter interactions with size reduction. To
effectively enhance the light-matter interactions, plasmonic optical tweezers were developed
based on plasmonic resonances in metallic nanostructures. 119-121 Since then, much smaller
and efficient metallic nanomotors have been achieved. In 2009, Jones et a/. demonstrated
that Au nanorod aggregates (10 nm x 45 nm) can be rotated by anisotropic light scattering
generated from the asymmetric structures. The nanorod aggregates exhibited strong
plasmonic resonances in the near infrared regime with high saturation intensities, which
facilitate efficient and feasible rotation [Figure 6(A)].122 Similarly, dielectric nanospheres
with strategically deposited Au patterns on the surface were compelled to rotate, owing to
the asymmetrical optical scattering.123

In 2010, an even smaller plasmonic nanomotor was demonstrated.18 With its strong
interaction with light, the motor, only 30 nm thick and 200 nm in diameter, generated a
torque sufficient to rotate a micron-size silica disk [Figure 6(B)]. This plasmonic nanomotor
had an asymmetric gammadion gold structure, which induced different phase retardations in
the reemitted light at different parts of the nanomotor and effectively generated torque to
rotate the entire microstructure. The rotation speed and orientation were facilely tuned by
the laser power and wavelength. The plasmonic effect can greatly enhance mechanical
torques, which is an important advance in optically enabled nanomotor systems. Note that
more works on the rotation of metallic nanowire/nanorod were demonstrated recently, based
on the transfer of orbital angular momentum of light [Figure 6(C)].121.124-126

Overall, the plasmonic optical tweezers enable the development of much smaller and more
efficient nanomotors driven by light compared to the previous works. However, the forces
involve in opto-plasmonic manipulation are complex, including gradient-intensity trapping
forces, radiation pressure forces, induced-electric-dipole interactions, and plasmonically-
induced Lorentz forces, all of which can have significant impact on the manipulation.127
Numerical simulations are necessary to analyze or predict how these forces attribute to the
fundamental manipulation mechanisms,16:123.126

3.3. Electrically Driven Micro/Nanomotors

Nanoentities suspended in a liquid medium can be manipulated precisely and efficiently by
external electric fields. Recently, assisted with electric fields, significant progresses have
been made in rotary nanomotors. In this section, we will discuss various types of electric
micro/nanomotors including the design, working mechanisms, fabrication procedures,
performances, and applications.128-130

3.3.1. Arrays of Rotary Nanomotors Operating at Designated Positions by AC
Electric Fields

3.3.1.1. Design: Most aforediscussed nanomotors rotate freely in suspension. However, for
practical applications, it is arduous to use freely rotating nanoparticles to deliver torques or
forces effectively. Random liquid agitations can easily disturb the mechanical motions and
move away hanomotors from desired positions. In order to produce and convey controlled
mechanical forces and torques, it is critical to assemble micro/nanomotors at designated
locations and couple them with other micro/nano objects for functional work. Most
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previously reported micro/nanomotors that rotated at fixed positions were made by top-down
lithographic processes.16:21.26 Recently, a new type of rotary nanomotors, bottom-up
assembled from nanoscale building blocks, was reported.

The nanomotors rotated stably with controlled angle, speed, and orientation at fixed
locations and their speed reached at least 18,000 rpm. They were demonstrated for tunable
biochemical release by controlled mechanical rotation, which was the first of its kind.15:131
The design of such nanomotors consisted of three components: a multi-segment nanowire,
patterned magnet, and quadrupole microelectrodes working as a rotor blade, bearing, and
stators, respectively [Figure 7(A)]. The nanowire rotor was magnetically anchored on a
patterned nanodisk due to magnetic attractions and compelled to rotate by external electric
fields. The nanowire and nanodisk were carefully designed so that the magnetic attraction
force was strong enough to anchor the nanowire on the nanodisk bearings while still
allowing the rotation. Multi-segment nanowires with embedded magnetic segments, e.g.,
AU/Ni/Au nanowires, were prepared by template-assisted electrodeposition in a three-
electrode cell setup.132:133 The dimensions defined by the pore size of the templates were
150 — 400 nm in diameter and 800 nm — 10 pm in the total length. Either single or multiple
Ni segments were fabricated in a single nanowire with lengths of 100 nm — 1 pm. The
nanodisks, with uniform diameters ranging from 200 nm — 2 um, served as bearings. They
consist of a thin film stack made of Au (or Ti)/Ni/Cr, where the magnetic Ni layer provides
magnetic attraction forces to anchor the nanowire rotors onto the nanodisks, and the Au (or
Ti) layer tunes the magnetic forces precisely by adjusting the distance between the magnetic
layers in both the nanowires and the nanodisks.

3.3.1.2. Electric Tweezers Based on Combined AC and DC Fieldsfor Transport and
Assembling: The nanomotors were assembled by the electric tweezers, a powerful
nanomanipulation technique based on the combined uniform AC and DC electric fields,
which can transport nanoentities in suspension with a precision of 150 nm (or 300 nm
depending on the estimation method) at a speed of at least ~80 pm/s.129.131.134 The yniform
DC and AC electric fields transport and align nanoparticles by the electrophoretic (EP) and
dielectrophoretic (DEP) forces, respectively. The velocity of a nanoparticle is proportional to
the DC electric field, given by:

vm— T8

,',I DC

where g, €4 ¢, and n are the permittivity of the liquid medium and free space, zeta potential,
and viscosity of the medium, respectively.134135 Although there is no field gradient (VE=
0) and consequently no net DEP force (Fpgp oc V £2) in a uniform AC electric field, the
particle still receives an electric torque and gets aligned in the direction of the AC field. By
applying combined AC and DC electric fields in both the X and Y directions on two sets of
perpendicularly configured electrode pairs, nanoentities can be transported along arbitrary
trajectories and positioned at any locations at a speed as fast as 80 um/s.131 Not only
metallic nanowires can be manipulated, essentially any materials, including metallic,
semiconducting, or insulators can be manipulated by the electric tweezers. With this
technique, various arrays of nanomotors can be assembled by manipulating and positioning
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the nanowire rotors on the magnetic bearings one by one. Due to the high manipulation
efficient, it just took ~ 10 sec to assemble one device.

3.3.1.3. Actuation of the Rotary Nanomotors: As discussed above, an AC electric field
can align a prolate micro/nano-object. If placed in a rotating electric field, can the micro/
nano-objects be rotated? The rotating electric field can be created by applying four AC
voltages with sequential 90° phase shift to quadruple microelectrodes. Micro-objects, such
as cells have been rotated with such rotating AC fields. The driving electric torque ( 7,) is
proportional to the square of the applied electric field (£9), i.e., 7, < £2.135 The first
continuous rotation of metallic nanowires and carbon nanotubes in a rotating electric field
were achieved by Fan ef a/128 The work demonstrated desirable characteristics of
longitudinal nano-objects as rotary nanomotors. The rotation of hanowires/nanotubes
promptly started and stopped without noticeable acceleration and deceleration. The rotation
speed, advantageously proportional to the square of the applied electric field (£2), were
readily tuned by the AC voltage and frequency [Figure 7(A)].128 Not only metallic
nanowires or carbon nanotubes but also semiconductor and even insulating nanowires, such
as Si, ZnO and SiO,, have been rotated.136 The rotation characteristics are determined by
electric conductivity and permeability of the manipulated nanoparticle and suspension
medium, dimension of the nanoparticle, and AC frequency. Based on simple models, the
electric conductivity of nanoparticles can be estimated from their mechanical rotation.13” By
pinning the center point of a bended metallic nanowire on a substrate, a nanomotor with two
blades was assembled, which can drive a dust particle into continuous rotation.128.129

3.3.1.4. Analytic Modeling and Performance Char acterization of Nanomotorsin Speed,
Size, and Lifetime: Now, by using the same actuation approach based on AC electric field,
nanomotors consisting of nanowire rotors and magnetic bearing have been successfully
rotated both clockwise and counterclockwise.

There are five torques that govern the rotation dynamics of nanomotors, given by1®

T€+T€/+Tn+7'm+7'f:0 )

where z,and 7.-are the electric torques due to the external AC field and due to the
interaction of the polarized nanowire and nanobearing in the AC field, respectively, 7,, 7,
and zrare the viscous torque in a liquid medium, magnetic torque between the magnetic
segment of the nanowire and the Ni layer in the nanodisk, and friction torque between the
nanowire and the nanodisk. Since z,and z,-are proportional to square of the applied voltage
V2 and 7, linearly increases with the rotation speed (w):

w= (a_—|—b> V2y <Tm+Tf> )
—c —c

where a, b, and care the coefficient of 7, 7,4 and 7, These coefficients depend on the
geometry, dimension, and electric properties of the nanowire and the suspension medium.
While it is obvious that the rotation speed is a quadratic function of the applied voltage, how
the magnetic interaction between nanoentities affects the rotation is complicated and
depends on the magnetic interaction between the components. With a simple magnetic
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dipole-dipole interaction modeling, magnetic torque 7, and force £, generated by the
magnetic interaction between m4 and m» in Figure 7(A) can be calculated as 7, =
(LpmsmA4mx3) sin @and F,= (3upmmA4nx*) cosO@ + c, respectively, where zpis the
magnetic permittivity of vacuum and xand @ are the distance and angle between m4 and
mo. The frictional torque (zp is proportional to the magnetic force (£, perpendicular to the
interface. Therefore, the rotation speed can be further calculated as:

e (a_—i—b) V2 (dsm ©+-ecos @) @

—C —C

with the coefficient dand efor 7, and zrrespectively. This analysis agrees with experiments
excellently that the magnetically induced torques results in sinusoidal fluctuating speed of
nanomotors every 360° in Figure 7(B).

With the aforementioned electric-tweezer manipulation technique, multiple nanomotors have
been efficiently assembled into various designed patterns, such as 1x3 and 2x2 arrays, and
rotated simultaneously [Figure 7(C)].1°> The rotation is fully controllable in both speed and
direction.

To test the possible highest speed of the nanomotors, Fan et al. increased the electric field by
five times via the reduction of the electrode separation from 500 to 100 pm. The applied AC
frequency is also optimized (30 kHz) for a 10-um-long Au/Ni/Au nanowire in DI water.
Furthermore, by leveraging the advantageous dependence of speed on £Z, the nanomotors
can reach a speed of 1.8x10% rpm at 17 V and 30 kHz, reaching that of a jet engine.1®

To test how small such nanomotors can be, Fan et a/. further reduced the length of the
nanorotors to 800- 900 nm (~165 nm in diameter) and the diameter of the Cr/Ni/Au
nanodisks to 200 nm (106 nm in thickness). Such nanomotors have all dimensions less than
1 um, and are among the smallest nanomotors that have been created [Figure 7(D)].1° The
length of the nanorotors was chosen to be just below 1 um to be observable by optical
microscopes. The feature size of the nanomotors can be much smaller than 1 um, which is
determined by the relative levels of the applied electric forces and the Brownian motion
effect and need more investigation.

It is extremely difficult to operate micro/nanoscale actuators with long lifetime. Only a few
of nanomotors have been able to continuously operate for a few hours.19.138 Recently, it was
demonstrated that nanomotors built from magnetic bearings with Au as the top layers can
continuously rotate for 15 — 43 hours or over 240,000 — 500, 000 cycles in total.1°:2> With
understanding of the interfacial wear problem at the contact point of the rotors and bearings,
Ti was used as the top layer of the bearings replacing Au, which substantially enhanced the
lifetime of the nanomotors to 80 hours over 1.1 million cycles [Figure 7(E)].%° The
improvement can be attributed to the higher resistance of Ti to abrasion and deformation
compared to that of Au.

As shown in the torque analysis in Eq. (4), a simply designed nanomotor with the so-called
chopstick magnetic configuration in Figure 7(A) and [Figure 7(F), i] rotated with oscillating
rotation speed due to the magnetic torque between the magnetic segment in the nanowire
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rotor and the magnetic Ni layer in the bearing. It is highly coveted to achieve nanomotors
that can rotate with uniform speed and stop at arbitrary angular positions, like step motors.
To address this need, nanoentities with different magnetic moments, orientations, and
dimensions are assembled into nanomotors with designed magnetic configurations, such as
the perpendicular configuration [Fig. 7(F), ii], where both the magnetic moments in the
nanowire and bearings are perpendicular to the plane of rotation, and (ii) the T-shape
configuration [Figure 7(F), iii], where the aforementioned magnetic moments are
perpendicular to each other.139 While the nanomotors with the chopstick configuration
[Figure 7(F), i] have finite magnetic torque and force, given by 7,, = (£pm;mA47x3) sin ©
and £, = (3upm;mdanx*) cose, respectively, which directly result in the periodic rotation
speed, those for the perpendicular and T-shape configured nanomotors have zero or non-
angle dependent magnetic torques of 7,,= 0 or 7, o LM M43, respectively. Indeed, in
experiments, uniform rotation speeds have been achieved from the perpendicular and T-
shape configured nanomotors. The nanomotors can be positioned at arbitrary angles by the
AC electric field, like step motors [Figure 7(F), iv].

3.3.1.5. Silicon Nanomators: Silicon is one of the most widely used materials in
microelectronics, energy devices, and MEMS due to its abundance on earth, compatibility
with IC fabrication processes, 24 and rich physical properties.141 Xu et a/. demonstrated
nanomotors made of Si nanowire rotors and revealed its unique actuation behaviors in
electric fields.137 The Si nanowire rotors were 200 nm in diameter and 7.3 — 14.4 ym in
length, prepared via Ag assisted hydrofluoride etching through nanosphere masks. To
assemble them into nanomotors, a 250-nm-thick Ni layer was deposited at the tips of the
nanowires [Figure 8(A)]. By using the same manipulation and assembling techniques, /.e.,
the electric tweezers and magnetic attraction, the first Si-based nanoscale rotary motors have
been realized with fully controlled speed and orientation.

3.3.1.6. Tunable Biochemical Release: The electric nanomotors have been applied in
tuning biochemical release rate by their mechanical rotation.15142 To detect the real-time
release rate of molecules, plasmonic-active nanomotors were designed and fabricated,
consisting of silica-coated Au/Ni/Au nanowires with Ag nanoparticles uniformly distributed
on the surfaces [Figure 8(B)]. Various molecules, such as nile blue and R6-G were adsorbed
in the silica layers on the surfaces. On such a structure, under illumination of laser, the
intensity of Raman spectra of molecules in the hotspots at the junctions of the Ag
nanoparticles can be substantially enhanced with £7 dependence for real-time detection of
molecules. This is the so-called Surface-Enhanced Raman Scattering (SERS). The
enhancement factors are 10° — 1010, among the highest reported in literature.143 It is
observed that the release rate (k) of molecules monotonically increases with square root of

rotation speed ( \/5). This quantitative dependence has been unveiled for the first time and
can be understood by the fluidic boundary layer theory.142 The new mechanism of
controlled molecule release with mechanical rotations can be applied to all types of
biomolecules, such as drugs, cytokine, DNA, antigens, and antibodies.

3.3.2. Synchronous Electrorotation—Different from the direct use of rotating electric
field to drive nanoparticles, Edwards ef al. employed electric fields comprised of two AC
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signals with distinct frequencies to realize controlled rotation of nanowires. One AC signal
was dedicated to the polarization of the nanowires (the high frequency AC signal) and the
other AC signal compelled the rotation of nanoparticles (the low frequency modulation AC
signal).130 With such a configuration, nanowires were rotated at the same frequency with
that of the low-frequency AC electric signal. The authors first explored the frequencies of
the carrier signal required to effectively polarize nanowires. Nanowires were dispersed
between a set of parallel electrodes. The alignment in a uniform AC electric field was
observed when sweeping the frequency. It was found that nanowires (6 um in length and 150
nm in diameter on average) were aligned at frequency above ~500 Hz. In the experiments,
the carrier signal was set at 1 kHz, which was able to polarize even shorter nanowires in the
suspension. To achieve continuous rotation of nanowires, along with thel kHz carrier signal
applied to quadruple microelectrodes with sequential 90° phase shifts, a modulation signal
was applied with much lower frequencies (0 — 2 Hz). All the nanowires were rotating at a
speed same as the modulation frequency regardless of the nanowire geometry, electric field
intensity, liquid properties, or carrier signal frequency [Figure 8(C)]. Therefore, the rotation
speed increased with the modulation frequency. At higher frequencies, however, the
nanowires lost the synchrony and their rotation speed was reduced. This effect determined
the maximum rotation speed, which was ~0.9 Hz for nanowires with an average length of 6
pum and diameter of 300 nm. While the highest speed is limited by the low-frequency AC
signal, the synchronous rotation is advantageous in applications that require alignment of
multiple nanowires of different geometry during rotation.

3.3.3. Chemically Driven Rotation of Conducting Objects Induced by Electric
Fields—Besides catalytic motors, there is another type of chemical motors powered by
electric field, called bipolar electrochemistry. Due to external electric fields, the polarization
voltage induced along a conducting object can activate redox reactions. The induced
polarization voltage A Vis proportional to the electric field £and the dimension of object /
(along the electric field direction), as given by equation (5):

AV=EL (5)

When A Vis high enough, redox reaction takes place. The area where accumulated electrons
reduce protons serves as the cathode, while the opposite area of the object where oxidation
reaction takes place is the anode. The spatial separation of the reduction and oxidation
reaction in bipolar electrochemistry has attracted much attention in different areas,
especially in materials synthesis.244-147 Now by exploiting this feature, locomotion of the
conducting object can be achieved.

Loget and Kuhn’s work has shown that both linear and rotatory motors can be designed by
using bipolar electrochemistry.148 For propulsion, water-splitting reaction induced at the
anode and the cathode generates hydrogen and oxygen bubbles, respectively. Due to
conservation of charges, the amount of hydrogen generated is twice as much as that of
oxygen, which leads to an unbalanced propulsion force and thus drives the object to move
with the anode area as the front.
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Based on this concept, they also achieved rotary motion. The rotor was a carbon-doped
polycarbonate cross supported by a thin glass needle axis. The rotation plane was either
parallel or perpendicular to the bottom of the cell [Figure 9(A)]. Most of the cross surface
was shielded by the insulating polymer [blue area in Figure 9(A)] except the extremities [red
area in Figure 9(A)]. By imposing an electric field of 0.5 kV m- 1, corresponding to a AV of
8.5V, water-splitting reaction was induced at the extremities of the object. Bubbles
generated on both anode and cathode produced torque to rotate the cross counterclockwise.
Once the conducting part pass through the virtual plane, it reversed the polarization
direction, thus the anode and cathode also commuted and kept the rotation continuous. An
average rotational speed of 1.9° s~1 has been achieved on a horizontal motor. As for the
rotation in vertical plane, the buoyant force of the gas bubbles also contributed to the
rotational torque. To further enhance the rotational speed, the generation of O, was
suppressed by adding hydroquinone and the rotor was designed in a way that Hp bubbles
were always generated below the rotor blade and attached to the surface. An average rotation
speed of 4.2° s71 was obtained from a vertical motor, which was more than twice higher than
that of the horizontal motor.

This type of motors is advantageous in the versatility of materials selection compared to the
aforediscussed catalytic motors. Presently, the demonstrated devices are in a centimeter to
millimeter range. To achieve manipulations of smaller devices, electric field could be
increased according to Eq. (6).

3.3.4. Magnetic-Domain-Wall Mediated Rotation of Nanospheres Controlled by
Electric Fields—Sohn er al. experimentally demonstrated rotation of magnetic particles
via manipulating magnetic domain walls controlled by electric fields [Figure 9(B)].24° First,
ferromagnetic Ni rings (outer diameters of 1 — 4 pm, width of 150 — 800 nm, and thickness
of 15 — 45 nm) were fabricated on piezoelectric substrates [Pb(Mg1/3Nb2/3)O03]0 66—
[PbTiO3]0.34 (PMN-PT) and magnetized with a 3 kOe external magnetic field. Depending
on the dimensions, magnetic rings formed different magnetic domain wall structures.190.151
“Onion” state, which has two magnetic domains parallel to each other on each side of a Ni
ring [Figure 9(B)], were created from 30-nm-thick Ni rings with a width/outer diameter ratio
< 0.3 and all 15-nm-thick Ni rings. When an electric field was applied, the PMN-PT
substrates induced compressive strain in the [100] direction and tensile strain in the [01 1]
direction, which drove the domain walls to rotate 45° to the [100] direction due to the
magnetostriction effect of Ni. By tuning on and off the electric field, the domain walls can
be rotated reciprocally. As a result, superparamagnetic microbeads (SPMs: 1 um in
diameter) attached to the domain walls can rotate synchronously.

3.4. Acoustic Micro/Nanomotors

Acoustic propulsion of micro/nanoentities has recently come into the spotlight as a
promising candidate for micro/nanomanipulation with many applications in biological
systems. This type of micro/nanomachine converts acoustic energy transmitted in a form of
ultrasonic waves into mechanical motion. Ultrasound has been widely used for medical
applications such as noninvasive imaging and physical therapy and proven harmless to
human body and biocompatible.152.153 |t does not require toxic chemicals or harmful
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materials and can effectively drive micro/nanoparticles with large thrust output in a wide
range of working conditions including high-viscosity or high-ionic strength media.154-156
Moreover, in conjunction with other techniques such as magnetic tweezers, it is possible to
remotely control the motion of acoustic nanomachines, which is essential for biomedical
applications.17 Although, up to date, most ultrasonic micro/nanomachines are based on
translational motion for conveying,154.155.158.159 arranging,160-162 and sorting163.164
particles, microorganisms, and biomolecules, some of them can effectively drive micro/
nanoentities to rotate.

Shilton et al. used surface acoustic waves (SAWSs) to drive millimeter-scale disc rotors
[Figure 10(A)].165 SAWSs were generated with a set of interdigital transducers (IDTS)
patterned on a piezoelectric substrate and transmitted to a water droplet from each side in
opposite directions. Silicone dampers were asymmetrically placed on the pathways of the
SAWSs and let each SAW reach only one half of the droplet or the other, respectively. This
asymmetry resulted in a rotating flow of the droplet, and a 5-mm-diameter mylar disc
floating on the droplet can be rotated. Its rotation speed was controlled with the electrical
input power up to 2250 rpm with maximum torque of 60 nN-m.

In the work on self-acoustophoretic propulsion of nanoentities, Wang ef a/. reported different
types of motion from the nanoentities including translation, pattern formation, orbital
revolution, and axial rotation [Figure 10(B)].1>* When an acoustic field was applied from
the bottom at a certain frequency, a standing wave was formed between a stainless steel plate
cell bottom and a cover slip. Metal nanorods suspended in a liquid medium were levitated to
a nodal plane which has the minimum acoustic pressure. The acoustic wave was scattered at
the surface of the nanorods and created acoustic pressure gradients around them. Depending
on the acoustic field gradient, nanorods showed different behavior. Among those, a helical
acoustic wave drove nanorods rotate either around the long axis or along an orbital path on
the nodal plane. In the following work, self-acoustophoretic nanomotors were demonstrated
with living cells. HeLa cells with Au nanomotors attached on the surface can be chained and
rotated in acoustic fields [Figure 10(C)].2%° In another work, Balk et a/. visualized the axial
rotation of metal nanorods in an acoustic field with polystyrene nanoparticles serving as
optical tracers and revealed that the nanorods rotated around their long axis at ~150 000
rpm.14

Huang’s group recently developed polymer micromotors driven by oscillating bubbles in an
acoustic field.126 They fabricated hydrophobic polymer blocks with cavities using photo-
curable polyethylene glycol (PEG) mixture. When the blocks were suspended in a liquid
medium, tiny bubbles formed inside the cavities. They were oscillated with an acoustic wave
and generated a steady flow field around the polymer microblocks, which provided thrust.
The polymer microblocks moved in different modes depending on the size, location, and
number of bubbles trapped in the cavities. Those with asymmetric bubbles, e.g., an off-
centered single bubble or multiple bubbles with different sizes, can rotate in an acoustic field
[Figure 10(D)].
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4. Discussion/perspectives/conclusion

With intensive research efforts, significant progresses have been achieved in developing
rotary nanomators. In this work, we reviewed the concepts, working mechanisms, design,
fabrication, and applications of various synthetic rotary nanomotors. The performance of
nanomotors has been improved significantly in terms of control, speed, and lifetime. While
early research focused on conceptual demonstration of each type of nanomotor, more
research has been carried out recently on their practical applications such as tuning of
biochemical release!® and cargo delivery.*-5

Despite remarkable progresses, rotary nanomotors still have many unmet challenges to
overcome before they can practically benefit in our daily lives. First of all, to be used as
nanomachines for biomedical applications, such as nanoscale surgery,166 drug delivery,167
and cell study,168 nanomotors should be biocompatible in both the employed constitute
materials and energy sources. Most of the aforementioned nanomotors consist of synthetic
materials, some of which are toxic metals to live cells. Certain energy sources are corrosive,
toxic, unavailable in natural biological systems, or cannot be easily delivered to live beings.
In this context, it is essential to investigate new materials, actuation mechanisms, and energy
delivery device of hanomotors. Along with the biocompatibility issue, how to deliver
nanomachines into living organisms across various barriers, to provide them with sufficient
power, to remotely control their motion, and to receive their transmitted signals should be
investigated. Second, a large number rotary nanomachines that have been reported are
simply free rotating nanoparticles in suspension that cannot deliver forces or torques
effectively. It is extremely important to explore innovative designs and the associated
assembling techniques to realize sophisticated nanomachines that can operate cooperatively
at fixed positions for meaningful and useful functions, such as sorting and probing biological
cells. Third, most reported rotary nanomotors are made of simple materials and structures,
such as Au nanowires. To be functional, 7.e., for sensing and actuation, it is critical to design
nanomotors with more sophisticated materials, morphologies, and structures.15142 |n this
context, the designing and fabrication of structural and functional micro/nanoswimmers,
such as chiral micro/nanoswimmers and SERS-active nanomotors, can represent an
important future direction of micro/nanomachines. One important goal in nanomotor
research is to equip nanomachines with intelligence so that they can simultaneously sense
surroundings and make actuations based on the sensing results. Fourth, it is of great interest
to manipulate individual rotary nanomotors amidst many as well as to drive a swarm of
nanomotors. Each type of manipulation has its own importance and perspective applications.
Overall, continuous development and progress of nanomotors are exciting and critical for the
future intelligent nanorobots and nanofactories, which have been dreamed of and will have
huge impact on our lives.
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Figure 1. Bio-inorganic hybrid nanomachines
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(A) A rotary nanomotor comprised of a molecular motor, a Ni propeller, and a Ni post. From
Ref. 21, Reprinted with permission from AAAS. (B) lllustration of a bioelectrochemical
motor with bilirubin oxidase (BOD) and glucose oxidase (GOXx) at each end of a conducting
carbon fiber. Reprinted with permission from Ref. 33, Copyright 2005 American Chemical
Society. (C) Ratchet microgears driven by microorganisms: (i) an illustration of the collision
and sliding of the microorganisms on gears and (ii) sequential micrographs showing the

rotation of a microgear. Reproduced with permission from Ref. 34,
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Figure 2. Catalytic motors
(A) Au microgear with Pt deposited on the steep side of the teeth. Reproduced with

permission from Ref. 46. Copyright 2005, Wiley-VCH. (B) Overlaid sequential micrographs
of a rotating Au/Ni nanorod. Reproduced from Ref. 36 with permission from The Royal
Society of Chemistry. (C) Structure and motion of rotating catalytic nanomotors composed
of a Au/Pt/Au nanorod partially coated with Cr/Au. Reprinted with permission from Ref. 18,
Copyright 2007 American Chemical Society. (D) SEM image and a schematic diagram of
aPt/Au/Cr/SiO4/Cr-coated Au/Ru catalytic nanomotor rotating around its center. Reprinted
with permission from Ref. 47. Copyright 2009 American Chemical Society. (E) Catalytic
motors with a silica bead tethered to a synthetic manganese catalase. Reproduced from

Ref. 48 with permission from The Royal Society of Chemistry. (F) Dynamic shadowing
growth (DSG) of the L-shaped Si/Pt catalytic motors. Reprinted with permission from

Ref. 49, Copyright 2007 American Chemical Society. (G) Nanomotors with SiO, heads and
Pt-coated TiO, arms. Reproduced with permission from Ref. 50. Copyright 2009, Wiley-
VCH. (H) Self-assembled catalytic nanomotors with (i) two tadpoles consisting of SiO,
heads and Pt-coated TiO, arms; (ii) V-shaped TiO, rotors and SiO, spheres. Reproduced
with permission from Ref. 5. Copyright 2010, Wiley-VCH. (1) Schematic diagram showing
the glancing angle deposition (GLAD) of a single-turn SiO,/Pt helix and the SEM image of
catalytic helical microdrills obtained through the multi-step GLAD processes. Reproduced
from Ref. 52 with permission from The Royal Society of Chemistry. (J) (top) SEM images of
(a) symmetric and (b and c) asymmetric rolled-up nanotubes; (middle) illustration of their
motion; and (bottom) a micrograph showing the spiral trajectory of an asymmetrically
rolled-up nanotube. Reprinted with permission from Ref. 33. Copyright 2012 American
Chemical Society. (K) Diffusiophoresis nanomotors propelled by the release of K* ions from
the (Pbg 25Bag,155r0.6) TiO3 (PBST) nanotubes. Reprinted with permission from Ref. %4,
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Copyright 2010, AIP Publishing LLC. (L) Schematic diagram of a ratchet-shaped Cu
nanorod rotating in Br, solution. Reprinted with permission from Ref. 4. Copyright 2011
American Chemical Society.
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Figure 3. Magnetically driven helical micro/nanoswimmers
(A) NdFeB magnetic micromachine with a screw tip. Reprinted from Ref. 68 Copyright

2001, with permission from Elsevier. (B) SEM image of an artificial bacterial flagellum
(ABF) with a Cr/Ni/Au magnetic head and a InGaAs/GaAs/Cr helix and the schematic
diagrams showing its different motion modes. Reprinted with permission from Ref. 7°.
Copyright 2009, AIP Publishing LLC. (C) SEM image of a microswimmer fabricated
through 3-D direct laser writing (DLW) and the illustrations of its wobbling and cockscrew
motion. Reproduced with permission from Ref. 3. Copyright 2012, Wiley-VCH. (D) SEM
image of a magnetic nanoswimmer fabricated through the GLAD of SiO, helix followed by
Co deposition. Reprinted with permission from Ref. 17. Copyright 2009 American Chemical
Society. (E) Schematic diagrams and SEM images of a Pd/Cu nanorod, a Pd nanospring, and
Ni-coated Pd nanospring obtained from template-assisted fabrication of magnetic helical

Nanoscale. Author manuscript; available in PMC 2017 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 31

nanosprings. Reproduced from Ref. 82 with permission from The Royal Society of
Chemistry. (F) Microswimmers based on the helical plant vessels. Reprinted with
permission from Ref. 83, Copyright 2014 American Chemical Society. (G) Illustration of the
forward and backward motions of magnetic nanoswimmers comprised of Ni, flexible Ag,
and Au segments. Reprinted with permission from Ref. 84. Copyright 2010 American
Chemical Society.
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Figure 4. Magnetic nanomotor s working near solid-liquid boundaries
(A) Rotating paramagnetic doublet moving along grooves patterned on the substrate.

Reprinted with permission from Ref. 86, Copyright 2008 American Chemical Society. (B)
Experimental (exp.) and simulation (sim.) results of a self-assembled colloidal walker
tumbling on the substrate. Reproduced from Ref. 88, (C) Rotating Ni nanowire moving along
a vertical wall due to the asymmetric boundary conditions at each end. Reprinted with
permission from Ref. 89, Copyright 2010 American Chemical Society. (D) (i) SEM image of
a roll-up magnetic microdrill and (ii) the rotation mode of the microdrill, 7.¢e., the horizontal
or vertical rotations, at different viscosity and angular frequency. Ref. 91 - Published by The
Royal Society of Chemistry. (E) Microsphere assembly magnetically rotating
counterclockwise in a microfluidic channel. The trajectory of a particle marked in blue
shows the directional flow induced by the rotation. Reproduced with permission from

Ref. 58, Copyright 2014 10P Publishing.
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Figure 5. Optical nanomotors
(A) The spinning calcite crystal rotated by circularly polarized laser beam compelled the

rotation of SiO, machines. Reprinted with permission from Ref. 190, Copyright 2001, AIP
Publishing LLC. (B) Phase fronts and intensity patterns of a helical mode laser beam of
azimuthal index /= 3 obtained from its interference with a plane wave. From Ref. 104,
Reprinted with permission from AAAS. (C) A turbine-like micromotor and the resulted
streamlines showing fluid circulation. Reprinted with permission from Ref. 108, Copyright
2012, AIP Publishing LLC. (D) Two birefringent beads simultaneously trapped and rotated
in opposite directions to drive flows in a 15-pm-wide PDMS channel. Reproduced from
Ref. 109 with permission from The Royal Society of Chemistry. (E) Schematic showing the
origin of the optical torque of radiation pressure micromotors. Reprinted with permission
from Ref. 114, Copyright 1997, AIP Publishing LLC. (F) Viscous micropumps based on twin
spiral micromotors driven by radiation pressure. Reprinted with permission from Ref. 117,
Copyright 2009 Optical Society of America.
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Figure 6. Plasmonic nanomotor s
(A) Schematic diagram showing the rotation of a T-shaped Au nanorod assemblies.

Reprinted with permission from Ref. 122, Copyright 2009 American Chemical Society. (B)
Illustration and SEM image of a nanoscale plasmonic motor. Reprint by permission from
Macmillan Publishers Ltd: Nature Nanotechnology Ref. 16, copyright 2010. (C) Illustration
of an optical vortex induced rotation of a single Ag nanowire on a glass surface. Reprinted
with permission from Ref. 125 Copyright 2013 American Chemical Society.
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Figure 7. Electric field driven nanomotors
(A) Schematic diagrams of an ordered array of the nanomotors assembled from nanowires,

patterned magnets and quadruple microelectrodes working as rotors, bearings, and stators.
(B) Rotation speed of a nanomotor as a function of angle. (C) Illustration and sequential
micrographs of a 2x2 array of nanomotors rotating simultaneously. (D) SEM images of a
nanowire rotor and a patterned nanomagnet used for an ultrasmall nanomotor and its
accumulative angle showing its controllability. Reproduced with permission from Ref. 1°.
(E) Evolution of the rotation speed and the magnetic torque 7, 0f a nanomotor during its 80-
hour rotation. Reproduced from Ref. °® with permission from The Royal Society of
Chemistry. (F) Hllustrations of the nanomotors with the (i) chopsticks; (ii) perpendicular; and
(iii) T-shaped magnetic configurations depending on the relative magnetic orientations of the
nanowires and the patterned magnets. (iv) Step-motor like angle control of the nanomotors
with the T-shaped magnetic configuration. Reprinted with permission from Ref. 139,
Copyright 2015 American Chemical Society.

Nanoscale. Author manuscript; available in PMC 2017 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kim et al.

Page 36

Figure8.
(A) Clockwise and counterclockwise rotation of Si nanomotors assembled from Si/Ni

nanowire rotors on Cr/Ni/Au magnets. Reproduced with permission from Ref. 137,
Copyright 2014, Wiley-VCH. (B) (i) Illustration of a nanomotor sensing and releasing
biochemical molecules. (ii) Release rates (k) of Rhodamine-6G (R6G) and Nile Blue (NB)
molecules increase with the rotation speed of the nanomotor @ (power law dependence of
0.53 and 0.52, respectively). Reproduced with permission from Ref. 142, Copyright 2015,
Wiley-VCH. (C) Sequential optical images of Au nanowires rotating synchronously. Images
on the left: electric field simulations showing equipotential lines around the electrodes;
Images on the right: the yellow solid and the white dashed lines indicate orientations of the
nanowires and electric field, respectively. Reprinted with permission from Ref. 130,
Copyright 2006 American Chemical Society.
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(a) Schematic diagram of a bipolar electrochemistry powered rotor and rotation of a

conducting polycarbonate sheet in 50 mM HCl and in an electric field of 0.5kV m™1. The
red areas are conducting and the blue areas are covered with an insulating polymer.
Reprinted by permission from Macmillan Publishers Ltd: Nature Communications Ref. 148,
copyright 2011. (B) Electric field controlled strain for rotation of the magnetic domain walls
in Ni microrings, where the superparamagnetic microbeads (SPMs) attached on the
microring rotate with the magnetic domain walls. Reprinted with permission from Ref. 149,
Copyright 2015 American Chemical Society.
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Figure 10. Acoustic nanomotor s
(A) Schematic diagram of a SAW-driven micromotor. Reprinted with permission from

Ref. 165 Copyright 2011, AIP Publishing LLC. (B) Illustration of different types of linear
and angular motion of AuRu nanorods on a levitation plain formed between the cover slip
and the substrate in the presence of an acoustic field. Reprinted with permission from

Ref. 154, Copyright 2012 American Chemical Society. (C) Dark field image of a chain
assembly of HeLa cells rotated by ultrasonic excitation with Au nanorods attached to their
surface. Reproduced with permission from Ref. 159, Copyright 2014, Wiley-VCH. (D)
Overlaid image of sequential micrographs of acoustic-powered microswimmers rotating due
to the oscillation of the asymmetrically trapped bubble. Reprinted with permission from
Ref.156,
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