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In this study, we propose a highly efficient robot platform for pollutant adsorption. This
robot system consists of a flapping-wing micro aircraft (FWMA) for long-distance
transportation and delivery and cost-effective multifunctional Janus microrobots for
pollutant purification. The flapping-wing micro air vehicle can hover for 11.3 km with a
flapping frequency of approximately 15Hz, fly forward up to 31.6km/h, and drop
microrobots to a targeted destination. The Janus microrobot, which is composed of a
silica microsphere, nickel layer, and hydrophobic layer, is used to absorb the oil and
process organic pollutants. These Janus microrobots can be propelled fast up to 9.6 body
lengths per second, and on-demand speed regulation and remote navigation are
manageable. These Janus microrobots can continuously carry oil droplets in aqueous
environments under the control of a uniform rotating magnetic field. Because of the fluid
dynamics induced by the Janus microrobots, a highly efficient removal of Rhodamine B is
accomplished. This smart robot system may open a door for pollutant purification.

Keywords: Janus microrobot, magnetic propulsion, flapping-wing micro air vehicle, oil adsorption, pollutant
purification

INTRODUCTION

The concept of micro air vehicles was proposed by the American Defense Advanced Research
Projects Agency in 1992. These vehicles were used to perform different types of tasks in complex
environments. With the emergence of miniaturized aerial vehicles, some scholars subdivide
micro air vehicles into the following branches: miniature unmanned air vehicle (miniature
UAV), micro air vehicle (MAV), nano air vehicle (NAV), and pico air vehicle (PAV)
(Hassanalian & Abdelkefi, 2017). MAV flight wings include fixed wing, rotary wing, rotor
wing composite, or flapping wing. Compared with other types of wings, a flapping-wing micro
air vehicle (FWMAYV) imitates the flapping-wing flight modes of insects, birds, or bats. The
FWMAV can take off and land vertically, hover in the air, and fly sideways and upside down.
Some can also glide, fly at high speed, and cruise over long distances with low noise, high
concealment, high flexibility, and little damage during contact with people (Hassanalian et al,,
2015). The FWMAV provides a promising pathway for transporting large amounts of
microrobots to the destination in the future.

Micro- and nanorobots have shown characteristic behaviors, such as geotaxis (Boiteau &
MacKinley, 2014), chemotaxis (Mei et al, 2011; Jurado-Sanchez et al, 2015; Xu et al, 2015;
Xing et al., 2019; Mou et al.,, 2021), phonotaxis (Ding et al., 2012; Wang et al., 2014; Melde et al.,
2016), magnetotaxis (Peyer, Zhang, & Nelson, 2013; Li J. et al., 2016; Jurado-Sanchez et al., 2017; Jin
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et al,, 2019; Xu et al,, 2020), galvanotaxis (Klapper et al., 2010;
Prusa & Cifra, 2019), phototaxis (Eelkema et al., 2006; Wu et al.,
2014; Dai et al., 2016; Dai et al., 2016; Dong et al., 2016; Li T. et al.,
2016; Mou et al., 2016; Zhou et al., 2018; Mou et al., 2019), and
thermotaxis (Cai et al., 2017; Zhu et al., 2020). They have been
widely used in targeted drug delivery, cell manipulation and
separation, and environmental remediation (Jang et al.,, 2014;
Dong et al,, 2015; Ma et al., 2016; Wang et al., 2016; Chang et al.,
2019a; Chang et al., 2019b; Ramos-Docampo et al., 2019; Wu
et al.,, 2019; Yin et al.,, 2019; Xie et al.,, 2020). Because of their
autonomous propulsion and versatile functions, magnetically
propelled micromotors present great potential in aqueous
environments (Li J. et al., 2016; Lin et al,, 2018; Wang et al,
2018; Yu et al, 2019; Ji et al,, 2021). Helical microswimmers
(Wang et al., 2018; Jeon et al., 2019; Liu et al., 2021; Dong et al.,
2022) and surface microrobots have achieved precise navigation
in micropores and microchannels under the remote propelling
and steering triggered by external magnetic fields (Li et al., 2017;
Xie et al, 2019). In particular, magnetically propelled surface
microrobots are capable of autonomously circumventing 3D
barriers and overcoming complex cracks, opening new
possibilities for a wide range of applications at the nanoscale
(Lietal., 2018; Yuetal, 2019; Feng et al., 2021; Yu et al., 2021; Yu
et al., 2022). These studies indicate that magnetically controlled
Janus micro- and nanorobots are suitable for specific work in
aqueous media.

In addition to controllable motion performance, the ability to
adsorb oil droplets and organic pollutants can be achieved by
surface modification, which is essential for pollutant purification
(Zhao et al., 2011; Guix et al., 2012; Zhao & Pumera, 2014).
Microrobots modified via surface functionalization adsorb the
target substance through the bond link. For example, Gao et al.
(2013) reported that a Janus motor consists of hydrophobic
octadecyl-trichlorosilane-modified silica microspheres with a
catalytic Pt hemisphere patch, which has diverse applications
in aqueous environments. In addition, Soler et al. (2013)reported
catalytically self-propelled microjets for degrading organic
pollutants in water via Fenton oxidation. In follow-up studies,
the positively and negatively charged and the neutral surfactant-
infused polymer capsules all showed the capability of gathering
oil droplets (Moo & Pumera, 2015). However, previous research
is focused on structure optimization (e.g., metal-organic
framework (Ying et al., 2019)) and functional modification of
the surface (e.g., superhydrophobic) to enhance the adsorption
capacity of oil and other pollutants. Moreover, some microrobots
possess a shortened lifespan due to self-consumption during
motion (Mou et al., 2015; Parmar et al., 2018; Ying & Pumera,
2019). Therefore, it is also of great importance to design a cost-
effective robot system with the ability of long-distance
transportation to improve the efficiency and accuracy of
pollutant purification in water.

The objective of this work is to investigate a cost-effective
robot system with the ability for long-distance transportation and
delivery, and to create a highly efficient platform for pollutant
adsorption. The motion ability of an FWMAYV is investigated.
Magnetically propelled multilayered polymetric microrobots are
fabricated and characterized. The efficiency of self-propulsion
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and water decontamination is evaluated. This new
multifunctional Janus microrobot is thus expected to improve
the efficiency of pollutant purification in aqueous media.

MATERIALS AND METHODS

Components of a Flapping-Wing Micro Air

Vehicle

An FWMAY uses a small brushless motor (Lanxin 2807, China),
a two-stage gear drive system, and two spatial 4-bar mechanisms
to realize synchronous flapping of wings. One steering engine
(Skye 14 mg, China) was used to change the wings’ angle of
attack, and two steering engines were used to realize the pitching
and rolling of the tail. The mass of an FWMAYV is 430 g (without
battery). The wingspan and wing chord are 1.1 and 0.2m,
respectively. The length of an FWMAYV with the tail is 0.65 m.
The length and width of the tail are 0.2 m.

Fabrication of (PSS/PAH)s-Coated Janus

Microrobots

The 5-, 8-, 10-, 12-, and 15-pum SiO, microspheres were first
washed with piranha solution. The microspheres were then
placed on a glass slide and deposited in a 100-nm nickel layer
using ion-sputtering equipment (K575XD, Emitech, England)
at a 90° incident angle. After a brief sonication in ultrapure
water, the Janus microspheres were released from the slide
and dispersed in ultrapure water. The Janus microspheres
were immersed in a 2-mg/ml PAH solution containing 0.5 M
NaCl for 15 min with continuous shaking. The PAH-adsorbed
Janus microspheres were centrifuged and washed three times
using 0.1 M NaCl solution. The PAH-adsorbed Janus
microspheres were then immersed in a 2-mg/ml PSS
solution containing 0.5M NaCl for 15 min with continuous
shaking, followed by three-time repeated centrifugation/
washing steps. The (PSS/PAH);-coated Janus microspheres
were obtained by repeating the aforementioned deposition
procedure.

Hydrophobic Surface Modification on Janus

Microrobots

The (PSS/PAH)s-coated Janus microspheres were modified
with the silane coupling agent, noctyltriethoxysilane. A
combination of 1 ml coupling agent, 1 ml deionized (DI)
water, 1 ml ammonium hydroxide (25wt%), and 10 ml
ethanol were mixed in a three-necked round-bottom flask
by electrical stirring. The mixture was placed in a 50°C
environment for 30 min to complete hydrolysis reaction.
Afterward, the dehydrated microspheres were added to the
mixture and stirred vigorously for 3 h. Finally, the modified
microspheres were washed with ethanol three times and dried
in a vacuum oven at 40°C for 12 h. Such functionalization
involves the formation of a hydrophobic layer by self-assembly
of long alkanethiol chains on the rough surfaces of
microspheres.
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FIGURE 1 | Design and preparation of the smart robot platform. (A) Schematic of the smart robot platform composed of an FWMAV and Janus microrobots. (B)
Structure of an FWMAV. The depot for microrobots was fixed in the barycenter of the FWMAV. (C) Fabrication of Janus microrobots. (D) Optical microscopy image, (E)
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Characterization of Janus Microrobots

Scanning electron microscopy (SEM) analysis was performed
with a Hitachi S-4300 instrument at an operating voltage of
10 keV. Mapping analysis was conducted by using an Oxford
energy-dispersive X-ray spectroscope (EDX) attached to an SEM
instrument and operated by Inca software. Videos of Janus
microrobots were captured at 25 frame s™' by using an
inverted optical microscope (IX73, Olympus, Japan) coupled
with a x20 objective and a Point Grey CCD camera. The

video data were analyzed using Image] and MATLAB to
obtain the trajectories and velocities of the microrobots.

Setup for Generating a Rotating Magnetic
Field

The setup for generating an external rotating uniform magnetic
field consists of Helmholtz coils with three degrees of freedom, a
multifunction data acquisition, and a three single-channel output
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power amplifier. Based on controlling the current and voltage of
the Helmholtz coils, an external rotating uniform magnetic field
can be generated in any plane of the 3D space to actuate the
microrobots in different motion modes. The external magnetic
field setup was placed on the observation platform of the
microscope to achieve real-time observation of the Janus
microrobots.

RESULTS AND DISCUSSION

Design and Preparation of the Smart Robot

Platform

To create a highly efficient platform for pollutant adsorption,
magnetically propelled Janus microrobots combined with an
FWMAV were used to remove the residual oil and organic
pollutants from aqueous media. As shown in Figure 1A, the
FWMAV transports microrobots to the polluted environment,
and then spray the microrobots by changing the angle of attack.
The microrobots were composed of silica microspheres, a nickel
layer polystyrene sulfonate (PSS)/polyallylamine hydrochloride
(PAH) multilayer, and hydrophobic layer. The multilayered
polymer was a cost-effective microscale or nanoscale adsorbent
for the removal of organic pollutants in water. The hydrophobic
layer was used to adsorb and carry the residual oil. Hence, the
surface-modified magnetically propelled microrobots and
FWMAV systems are essential to achieve this goal. The
FWMAV has a length of 0.65m and a width of 1.1 m, as
shown in Figure 1B. The depot, which was used to store 80 g
microrobots, was fixed in the barycenter of the FWMAYV. The
fabrication of Janus microstructures with five bilayers of PSS/
PAH and modification of oil-sorption hydrophobic layers are
presented in Figure 1C. These Janus microspheres were
fabricated by half-coating silica microspheres with a thick
nickel layer using electron beam evaporation. Five bilayers of
PSS/PAH were deposited on the surfaces of Janus SiO,
microspheres  via  layer-by-layer  self-assembly.  Such
functionalization involves the formation of a hydrophobic
layer by self-assembly of long alkanethiol chains on the rough
surfaces of microspheres. The surface morphology of these Janus
microrobots with a diameter of 5 um was characterized by optical
microscopy, scanning electron microscopy, and energy-
dispersive X-ray spectroscopy map analysis to examine the
nickel composition of oil-sorption Janus microrobots
(Figures 1D, E).

Flying Performance of the Flapping-Wing

Micro Air Vehicle

To investigate the mechanism of the FWMAYV, a simple model
was used to simulate the wind tunnel experiment simulation by
XFlow. XFlow adopts the particle tracking method based on the
three-dimensional Boltzmann model of particles, and the
evolution equation is

f,'(x+€i6,‘,t+ (S,) —f,‘ (X,t) = (f, (x,t) - fq (x,t)), (1)

1
T
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where f; is the particle velocity distribution function, f;7 is the
local equilibrium function, T is the relaxation time of dimension
one, ¢; is the discrete velocity, and §; is the time step.

The equilibrium distribution function is
(ei- u)z u’

-—1
2¢:

e -u

2 4
c: 2c;

fil(x,t) = pw;| 1+ )
where w; is the weight coefficient and c; is a parameter related to
the speed of sound; the fluid macroscopic density p and velocity u
can be shown as follows:

p=2 fi (3)
pu = Zciffq. (4)

i

The size of the wind tunnel is 5 m*2 m*2 m, and the incoming
velocity is 5 m/s. The flapping frequency is 10 Hz. The angle of
attack, the upward flapping amplitude, and the downward
flapping amplitude are 25°, 45°, and 15°, respectively. The
motion function is

0, = 30° cos (27ft) + 15°. (5)

The vorticity and velocity near the wings are shown in Figures
2A, B. Flapping wings can produce a series of Karman vortex
streets on the trailing edge, thereby affecting the thrust of flight.
Figure 2C presents the simulated lift force of the FWMAYV over
1s. During the upward flapping of the wings, the lift force
produces a trough, which is a negative lift. During the
downward flapping of the wings, the lift force produces a
wave crest, which is a positive lift. The flapping time
difference improves the lift force. Because of the flapping
motion of the wings, the FWMAV could achieve unique
aerodynamic advantages over the traditional fixed wing or
rotary flight when the feature size is on a small scale.

Figure 3A, along with the corresponding Supplementary
Video S1, displays the continuous locomotion of the FWMAV
in air. The FWMAV controls flight speed by changing the
flapping frequency of the wings. The tail is used to control the
pitch of the FWMAYV by changing the angle of attack. If the
FWMAV needs to yaw, it will roll the tail and lean the wings to
one side at the same time. The maximum and minimum speeds of
the FWMAV are 31.6 and 7.3 km/h, respectively. As shown in
Figure 3B, as the FWMAV transports microrobots to the
polluted environment, microrobots can be sprayed by
changing the angle of attack. The effect of battery capacity on
the locomotion distance of the FWMAV has also been
investigated experimentally. As shown in Figure 3C, the
locomotion distances of the FWMAYV were 3.3, 6.0, 8.8, and
11.3km with the battery capacities of 400, 800, 1,200, and
1,600 mAh, respectively. Because of its attractive performance,
the FWMA can be used for long-distance transportation and
delivery of microrobots.

The abilities of remote and precise actuation are highly
attractive features for microrobots in the application of
environmental remediation. Here, we demonstrated the remote
navigation strategy of Janus microrobots. Figure 4A shows a
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FIGURE 2 | Characterization of the dynamic motion of the FWMAV. (A) Velocity contours of the FWMAV. (B) Vorticity contours of the FWMAV. (C) Simulated lift
force of the FWMAV over 1 s.
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FIGURE 3 | Flying performance of the FWMAV. (A) Schematic and time-lapse images depicting the efficient locomotion of the FWMAV. (B) Schematic and time-
lapse images depicting the delivery of microrobots from the FWMAV. (C) Locomotion distances of the FWMAV with different battery capacities.
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form the “star” trajectory.

FIGURE 4 | Propelling and steering of Janus microrobots. (A) Schematic of the uniform rotating magnetic field generation system. (B) Speed of Janus microrobots
with different diameters of 5, 8, 10, 12, and 15 um upon varying the magnetic frequency from 0 to 40 Hz. (C) Janus microrobots are steered along specific paths that

three-dimensional rotating magnetic field generator composed of
three-degrees-of-freedom Helmholtz coils. The schematic of the
controllable movement of a single Janus microrobot is presented
in the inset. First, a circularly polarized rotating magnetic field is
applied in the x-z plane and the microrobot is rolled along the x
axis. The magnetic field is governed by

H (t) = Hy[cos(wt)e, + sin (wt)e,], (6)

where Hy is the magnitude of H(¢), w is the angular frequency of
the magnetic field, ¢ is time, and e, and e, are the unit vectors
along the x and z axes, respectively (hereafter, e, is that along the y
axis).

When the rotating magnetic field was changed and applied in
the y-z plane, the direction of the microrobot motion changed to
the y axis.

H(t) = HO[ - cos (wt)e, + sin(wt)ez]. (7)

The propulsion direction of the microrobot can be altered by
changing the direction of the rotating magnetic field, which can
be achieved by controlling the input current manually. It was
essential to investigate the velocity of Janus microrobots since the
efficiency of oil-sorption is affected by the motion of microrobots.
When a microrobot was exposed to a rotating magnetic field, the

torque induced by the rotating magnetic field and the viscous
drag due to the surface caused it to roll forward along the surface.
The dependence of the velocity of Janus microrobots with
different sizes on the driving frequency was characterized, as
shown in Figure 4B. The velocity of the 5-um Janus motor
increased from 9.0 to 48.1um/s (~9.6 body length/s) upon
increasing the driving frequency from 2.5 to 40.0 Hz with a
magnetic strength of 20 mT. The 8-, 10-, and 12-pum Janus
microspheres presented similar speed trends, and their speeds
were high up to 71.8 um/s (~9.0 body length/s), 92.0 um/s (~9.2
body length/s), and 108.7 um/s (~9.1 body length/s), respectively.
A linear relation is presented between the velocity of the Janus
microsphere and driving frequency. The speeds of larger Janus
microspheres are higher than those of smaller ones at the same
driving frequency, while their relative speed is only frequency
dependent. Notably, for 15-um Janus microspheres, the speed
increased linearly with the driving frequency and reached a
maximum velocity of 109.0 um/s (~7.3 body length/s) at the
frequency of 30 Hz and magnetic strength of 20 mT. Further
increasing the frequency reduced the velocity. This maximum
synchronization frequency is called the step-out frequency. We
speculated that the reason for the decrease in speed is the
occurrence of an out-of-step phenomenon and the increase in
resistance caused by the increase in speed. The efficiency of
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FIGURE 5 | Picking up floating oil droplets using a Janus microrobot. (A) Schematic of a Janus microrobot continuously capturing oil droplets. (B) Time-lapse
images of a Janus microrobot capturing several oil droplets randomly distributed in different positions.

pollutant purification is directly affected by the speed of the
microrobot. Based on the results shown in Figure 4B, the 5-um
Janus microspheres were used as the preferred microrobots in the
subsequent experiments. Controllable movement was the basis of
the microrobot working in the micropores. Based on the
aforementioned sensitive magnetic orientation, a microrobot
walked along a predefined star-shaped trajectory as shown in
Figure 4C (taken from Supplementary Video S2). The corners of
the “star” track line were achieved by adjusting the angle of the
magnetic field.

HIGHLY EFFICIENT POLLUTANT
0.8+ PURIFICATION BY MICROROBOTS

B -_—1a

—b Figure 5A demonstrates the oil-absorbing process of the
0.6 e microrobot in water. The microrobot sequentially approaches
—d and captures multiple oil droplets, and finally transports the oil
2044 droplets in water. In our experiments, a 5-um Janus
= microsphere served as the microrobot. A total of 20 pL crude
— oil was mixed with 1ml deionized water. After ultrasonic
’ treatment, the oil droplets were decomposed into small oil
droplets with a diameter of about 1pm, which were

0.0

randomly distributed in the water. Figure 5B shows the
process of a Janus microrobot adsorbing oil droplets via an
external magnetic field with a frequency of 5 Hz over a period of
26 s (taken from Supplementary Video S3). Under the control

450 500 550 600

Wave length, L, nm

FIGURE 6 | Removal of organic pollutants from agqueous solutions using

Janus microrobots. (A) Photographs of a solution with 10 mg/L Rhodamine B of the uniform rotating magnetic field, the microrobot adsorbed
after 5 min of treatment with equivalent amounts of pure water SiO, (a), SiO» three oil droplets in a sequence along the pre-programmed
microspheres (b), Janus microrobots without a magnetic field, and (c) trajectory, and then carried and transported the oil droplets. Tt
Janus microrobots with a magnetic fied (d). (B) Absorbance spectra of could be observed that the adsorbed oil droplets had little effect
Rhodamine B (Cp = 10 mg/L) after 5 min of treatment associated with X . K

Figure 6A. on the speed and trajectory of the microrobot, which was of

great significance for actual oil removal.
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Functionalization of (PSS/PAH); polymeric multilayers makes
the microrobots physically absorb organic pollutants. To
demonstrate the decontamination capability of the Janus
microrobots, Rhodamine B was used as the target organic
pollutant. The concentration of microrobots is about 500 per
microliter. Experiments were performed in the following four
combinations: in equivalent amounts of pure water (a) and SiO,
microspheres (b), the multilayered Janus microrobots without a
magnetic field (c), and the multilayered Janus microrobots with a
magnetic field (d). Figure 6A shows that the Janus microrobots
were capable of absorbing Rhodamine B under propulsion in a
magnetic field. As can be seen in Figure 6B, the peak absorption
of Rhodamine B was approximately located at a wavelength of
554 nm. The absorption of Rhodamine B decreased significantly
because of the treatment of Janus microrobots, that is, highly
efficient removal of Rhodamine B was obtained because of the
motion of the microrobots. The removal efficiency of Rhodamine
B was about 90%. Because of the surface areas and selectively
ionic interaction, the PSS/PAH multilayer showed a high
absorbent capability of organic pollutants. In addition, the
motion of the microrobots induced by the magnetic field
enhanced the fluid dynamics and thus led to a high water
purification efficiency.

CONCLUSION

We have demonstrated a new highly efficient platform for
pollutant adsorption that is composed of an FWMAV for
long-distance transportation and delivery, and cost-effective
multifunctional Janus microrobots for pollutant purification.
The FWMAV can carry microrobots and fly to the designated
location for 11.3 km with an approximate speed of 31.6 km/h.
The Janus microrobots can be used for adsorbing the oil droplets
and organic pollutants under the remote control of a uniform
rotating magnetic field. The speed and the direction of a Janus
microrobot with a diameter of 5 um can be remotely modulated
by controlling the magnetic field with a maximum speed of
48.1 pm/s, corresponding to a relative speed of ~9.6 body
lengths per second. The Janus microrobot can be propelled
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