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ABSTRACT: Inspired by the reverse thrust generated by fuel injection, [FBifectiaser writinghh
micromachines that are self-propelled by bubble ejection are developed, such ™=
as microrods, microtubes, and microspheres. However, controlling bubble
ejection sites to build micromachines with programmable actuation and further
enabling mechanical transmission remain challenging. Here, bubble-propelled
mechanical microsystems are constructed by proposing a multimaterial
femtosecond laser processing method, consisting of direct laser writing and
selective laser metal reduction. The polymer frame of the microsystems is first
printed, followed by the deposition of catalytic platinum into the desired local
site of the microsystems by laser reduction. With this method, a variety of
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designable microrotors with selective bubble ejection sites are realized, which
enable excellent mechanical transmission systems composed of single and multiple mechanical components, including a coupler, a
crank slider, and a crank rocker system. We believe the presented bubble-propelled mechanical microsystems could be extended to

applications in microrobotics, microfluidics, and microsensors.
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Recently, micromachines that can convert energy into
mechanical motion have attracted a great deal of
interest."” In a typical micromachine system, the microrotor
is a crucial component acting as a power source, continuously
rotating to provide torque to other microdevices.’” At the
microscale, propulsion of the microrotor is usually achieved by
applying external magnetic,” electrical,”” optical,*"'’ or
ultrasonic fields'' ™" throughout the workspace, which leads
to low selectivity or high complexity in the design and
fabrication of the micromechanical systems.'*'* In addition,
the continued presence of the external fields also requires
substantial energy input.'®'” Thus, a simple driving mode to
complete the individual control of microrotors and further
move the power to the entire microsystems is urgently needed.

As an independent and self-propelled mode, microtubes and
microspheres powered by the bubble ejection mode have
attracted a great deal of attention because of their large
propulsion power and robustness in performing a variety of
tasks.' "> Bubble ejections are usually produced by the
catalyst-assisted chemical reaction between solution and active
or noble metals,”’ such as silver (Ag), magnesium (Mg), zinc
(Zn), and platinum (Pt). To endow the micromotor with
strong thrust and controllable locomotion, the location of the
catalyst used to control the bubble ejection sites is of the
essence. Current catalyst deposition methods usually rely on
surface deposition techniques™> or template electrodeposition
technology.” For example, the Mg layer is usually covered on
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the exposed surface of microparticles by physical deposition to
form Janus microspheres.””** Similarly, the Pt layer is
deposited to the inner surface of a tube by electrodeposition
to build bubble-propelled microtubes.”® However, the catalytic
materials are indiscriminately deposited on the whole exposed
surface by the methods mentioned above, making it difficult to
cover heterotypic structures or more complex structures with
curved inner cavities.”” Although there have been some reports
of selective deposition of Pt, such as using mask layer exposure
methods™® or using laser scanning of treated surfaces,” these
methods are unable to achieve deposition in the inner surface
of the microstructure or require complex chemical processes
that only work on treated material surfaces. In addition,
bubble-propelled multicomponent mechanical systems and
their transmission functions remain unrealized. The primary
reasons are twofold. First, current processing strategies,
including chemical synthesis and template deposition, have
weak three-dimensional structure fabrication capabilities and
low processing accuracy, making it difficult to construct
micromechanical systems that require the precise assembly of
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Figure 1. Fabrication of self-propelled microrotors with a selective bubble ejection site. (a) Schematic illustration of DLW combined with the
SLMR method to fabricate a microrotor. (i) Skeleton of microrotors prepared by femtosecond laser direct writing in photoresist $22080. The inset
denotes the blade with a cavity is fabricated by DLW. (ii) Site-selective photoreduction of catalytic platinum. The inset depicts Pt nanoparticles
(NPs) generated after the process of SLMR in the hollow cavity of the microrotor skeleton. (iii) After a two-step fabrication process, the sample is
rinsed and H,0, is dropped for the next actuation. (iv) As-prepared microrotor rotation in the hydrogen peroxide solution. (b) Optical microscopy
images of the skeleton and fabrication process of the microrotor. The hollow cavity of the microrotor on the left image can be seen distinctly, which
is favors the subsequent photoreduction process. The second image is the optical microscopy image of an as-prepared microrotor selectively
deposited catalytic Pt nanoparticle cluster in each blade. Optical microscopy of the third and fourth images illustrates the ejection of bubbles from
each static blade until rotating in a short time. (c) SEM image of the prepared microrotor skeleton (in a side 45° view) (left). The second to fourth
images are corresponding EDS spectroscopy images illustrating the platinum nanoparticles are loaded into the cavity of the blades.

multiple components. Furthermore, due to the lack of precise
positioning of catalytic materials into three-dimensional (3D)
space by current methods, the sites and quantity of bubble
propulsion sources are difficult to precisely control in
micromechanical systems.

Herein, we propose a simple strategy for fabricating
micromechanical systems with complex geometry and control-
lable bubble ejection sites, consisting of direct laser writing
(DLW) and selective laser metal reduction (SLMR). In the
first step, a microrotor with a cavity in each side wall is
fabricated by DLW. In the second step, the selected cavities of
the microrotor are specifically deposited with catalytic metal
nanoparticles by SLMR. Via the selective control of the catalyst
deposition site, the rotation speed of the microrotors could be
flexibly controlled. Compared with other existing rotors, self-
propelled microrotors demonstrate an independent rotation
direction and high robustness in opaque media and dark
environments. Furthermore, as a self-propelled power source,
the microrotors are integrated into various multicomponent
mechanical transmission systems, such as microcoupling, a

crank slider, and a crank rocker. We believe these mechanical
transmission systems have potential applications in micro-
robotics,” microparticle manipulation,”’ and microfluidics.
Fabrication of Self-Propelled Microrotors with Selec-
tive Bubble Ejection Sites. Designable 3D structures and
selectable bubble ejection sites are two key factors in achieving
programmable rotation of self-propelled microrotors. Specifi-
cally, femtosecond laser processing enables both DLW of true
3D microrotor skeletons and SLMR of catalytic metal
nanoparticles in localized regions of the skeleton.”*™>* Here,
we combine femtosecond laser photopolymerization and
photoreduction to enable microrotors with selective bubble
ejection sites. The first step is to print the microrotor skeleton
by femtosecond laser two-photon polymerization [Figure
1a(i)]. The morphology of the skeleton microrotor is further
characterized by the optical profilometer (Figure S1, Note S1,
and Experimental Section). Subsequently, the second step
called SLMR is applied to deposit Pt into the desired site
[Figure la(ii), Movie S1, and Experimental Section]. When
the femtosecond laser beam is focused into the reserved cavity
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Figure 2. Kinematic simulation of a microrotor. (a) Schematic of the rotation of a microrotor based on bubble ejection. (b) Frame of the rotation
under the high-speed camera showing the process of bubble ejection. (c) Force analysis diagram of the rotating microrotor denoting the microrotor
is subject to three main forces during rotation. (d) Growth of the bubbles observed by a high-speed camera. The diameter and the growth speed of
the bubbles can be estimated via frame-by-frame analysis. (e) 2D plots of the numerical simulation of the velocity of the flow around the microrotor
in the X—Y plane. The velocities are represented by a colored heat map from 0 ym/s (white) to 270 um/s (deep blue), and the red arrows are
velocity vectors. The flow field around the microrotor reaches the equilibrium state when the time reaches 2.8 s. (f) Simulation result showing that

the rotation speed fits the experimental results.

of the microrotor [inset of Figure 1a(ii)], the Pt ions in the
precursor are reduced to platinum nanoparticle clusters in situ
in the laser spot (Note S2). After the two-step fabrication
process, the sample is rinsed and H,0O, is dropped for
actuation [Figure laf(iii)]. Finally, the as-prepared microrotor
enables steady rotation in a fuel liquid by bubble ejection force
[Figure la(iv)].

To show the delicate and precise control of the SLMR, a
“USTC” logo is patterned in the two-dimensional (2D) planar
substrate (Figure S2). To obtain a sufficient amount of
reduction of Pt and to minimize the thermal effect, we chose a
laser power of 6 mW as a trade-off to realize SLMR and to
match the power of DLW (Figure S3). The surface roughness
of the Pt nanowire is ~140 nm measured by an atomic force
microscope (Figure S4). It is worth mentioning that SLMR
shows good performance for the deposition of metal
nanoparticles on glass, polymer surfaces, and other material
surfaces (Figure SS). After DLW, the black area in Figure 1b
indicates the selectively deposited catalytic Pt nanoparticles,
where oxygen bubbles are ejected after the addition of the
fuels. Eventually, the developed microrotor could rotate
steadily at high speed (Figure 1b and Movie S2). The SEM
and EDS images (Figure 1c) demonstrate the successful
deposition of the Pt nanoparticle clusters into each cavity of
the microrotor blades. Notably, Pt is deposited inside the
cavity of the blades, rather than in the upper or lower surface of
the blades, which can generate effective thrust power (Figure
S6). In this way, the precise deposition control of ejection

direction could be realized by SLMR. Finally, combining
SLMR with DLW further enables both customization and array
preparation of microrotors (Figure S7).

Mechanism and Simulation of Microrotor Rotation.
As shown in Figure 2a, the microrotor generates reverse thrust,
which drives the blades of the microrotor to move in a
directional rotation. Figure 2b shows the frame in which a
micromotor ejects bubbles captured by a high-speed camera.
To better understand the process and mechanism of the
rotation behavior of the microrotor, we analyze the force
applied to the microrotor. The results in Figure 2c show that
the main forces affecting the rotation are bubble growth force
Fupble and viscous force Fy,, They form a pair of driven
moment My, and viscous resistance moment M that synergisti-
cally affect the rotation speed of the microrotor. Among them,
driven moment M, can be expressed as

M, = 3Capr’#*l, cos 0 (1)

where C; is the growth coefficient of the bubble, p is the
density of the solution, r is the radius of the bubble,  is the
speed of bubble growth, I, is the distance from the centroid to
the point of force action, and 6 is the angle between the driving
force and the direction of rotation.

The expression of viscous resistance moment M, is given
below:

0.30877p,a’w’
¢ Re*® ()
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Figure 3. Controllable rotation speed of microrotors by shape design. (a) SEM image of a microrotor with different numbers of blades, where N
represents the number of blades (from one to five). N values of one, three, and five blades are selected as representatives. (b) Time evolution of the
cumulative rotation angle for the microrotors with different blades shown in Figure 3a. The smooth line indicates the steady rotation status of each
rotor. (c) SEM image of blades with different cavity positions, where r represents the radius. The distance from the position of the center cavity to
the geometric center of the microrotor ranges from 11 to 17 ym with an interval of 3 ym. (d) Diagram showing that the rotation speed increases
with r. (¢) SEM image of the three-blade microrotor with different radii, where R represents the radius of the microrotor. It denotes the distance
from the geometric center of the microrotor to the edge of the blades. R values of 14, 26, and 29 um are selected as representatives. (f) Trends of
the revolution rate of the microrotors with the R of the blades. The error bar represents a unique standard deviation for that specific microrotor. (g)
SEM image of the three-blade microrotor with different € values. € is the angle formed by the blade profile of the microrotor with the center of the
microrotor. 6 values of 20°, 30°, and 45° are selected as representatives. (h) Trends of the revolution rate of the rotors with the € of the blades. The

error bar represents a unique standard deviation for that specific microrotor.

where 7 is a shape correction coeflicient, pj is the density of the
medium liquid, a is the radius of the rotor, @ is the angular
velocity of the rotor, and Re is the Reynolds number. The
detailed theoretical analysis process can be found in Note S3.

In eq 1, the driven moment is related to the diameter and
growth rate of the bubble. Under the 1000 frames per second
high-speed camera, we captured the process of bubbles from
nucleation in the holes of the blade to gradually expanding and
ejecting; thus, the diameter and growth speed of the bubbles
can be estimated on the basis of frame-by-frame analysis
(Figure 2d and Figure S8).

To better evaluate the performance of the microrotor, we
used the fluid—solid coupling simulation module™ to further
analyze the resistance and driving force of the system, and the
fluid velocity in the vicinity of the microrotor is obtained

(Figure 2e). Therefore, the simulation speed of the rotor is
calculated by the correlation formula mentioned in Note S3.
For a typical three-blade microrotor, the rotation speeds we
measured are quite consistent with the simulation results
(Figure 2f and Note $4).

Controllable Rotation Speed of Microrotors by Shape
and Bubble Ejection Site Design. To adapt to a wider
range of application scenarios, it is crucial to control the
rotation speed of the microrotor. Thus, we investigated the
relationship between the microrotor’s shape and rotation speed
by leveraging the flexibility of femtosecond laser processing
(see Note Sl for a more detailed discussion of shape
parameters). First, we design and prepare microrotors with
different numbers of blades (N), from one to five (Figure 3a
and Figure S9). While these prepared microrotors are
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Figure 4. Microrotor for complex mechanical transmission. (a) Dual microrotor rotation with various modes realized by selective laser metal
reduction, including dual microrotor rotation with the same clockwise (CW) directions, dual microrotor rotation with toward mode in CW and
counterclockwise (CCW) directions independently, and dual microrotor rotation with the reverse mode in CCW and CW directions
independently. (b) Schematic of a microcoupler system, in which the gear (blue) and the rotor (yellow) are linked by the three small short pillars
(denoted in the inset) printed by DLW. The SEM image on the right shows the well-printed structure of the microcoupler. (c) Snapshots illustrate
the microrotor rotation in the CW direction, which drives the gears rotary at the same pace. (d) Schematic of the crank slider system propelled by a
microrotor. In the middle is the SEM image of the crank slider system (top view). On the right is a magnified partial SEM image of the interlock
structures of the sliding block. The tilted sliding block indicates the dragging direction of the rotation rotor. (e) Snapshots show the trajectory of
the crank slider system. It converts the rotational motion into the back-and-forth straight motion. (f) Rotation angle of point A of the microrotor as
a function of the displacement of point B of the slider shown as a quasi-sine wave, indicating the relatively stable microsystem transmission process.

Disp. stands for displacement.

immersed in an aqueous peroxide solution, they eject bubbles
in a few seconds and gradually rotate to a steady state (Movie
S3 and Figure S10). The time evolution of the cumulative
rotation angle of the microrotor is shown in Figure 3b. The
smooth and linear curves reveal the stable self-propulsion force
generated by the microrotor. To better evaluate the perform-
ance of the microrotor under fuel supplementation, we
measured the optimal speed of one to five microrotors in
different concentrations of H,0,, the revolution speed of all
kinds of microrotors is proportional to H,O, concentration,
while three- and four-blade microrotors are more sensitive at
high fuel concentrations (Figure S11).

Next, we investigate the dependence of different cavity
positions on rotation speed (Figure 3c). The cavity position
radius (r) from the position of the center cavity on the side of
the blades to the geometric center of the microrotor ranges
from 11 to 17 pm, with the highest speed achieved by the 17
um configuration (Figure 3d, Figure S12, and Movie $4). In
addition, the torque of microrotors depends on their radius
(R). Therefore, we investigate the influence of R on microrotor
motion performance. With an increase in the side length of the
blades from 6 to 21 um with a length interval of 3 ym, while

keeping the inner ring radius equal to 8 ym, R increases from
14 to 29 um (Figure 3e and Figure S13). The microrotor
rotation speed increases with R ranging from 14 to 20 ym and
gradually decreases with R ranging from 20 to 29 um (Figure
3f and Movie S5). In addition, similar behavior is observed by
tuning the contour angle (6) of the blades from 20° to 45°
with a degree interval of 5°. As shown in Figure 3g and Figure
S14, the increased value makes the rotor rotate faster in the
range from 20° to 30° and the rotor reaches the highest
rotation speed of 162 rpm at a value of 30°. Then the rotation
speed of the microrotor decreased linearly with a further
increase in @ (Figure 3h and Movie S6).

Microrotor for Complex Mechanical Transmission. In
recent years, micromotors with simple shapes like a micro-
sphere or microtube have been widely reported*®*” and found
applications in medical treatment, environmental remediation,
and biosensing. While the simple architectures of these
micromotors exhibit reliable driving performance, the lack of
designable 3D shapes largely increases the difficulty of system
integration and functionality enhancement. To introduce
additional functionalities for a microsystem, one feasible way
is the integration of structural units or components. By taking
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Figure 5. Crank rocker transmission system. (a) Schematic of a crank rocker system. (b) On the left is the SEM image showing the well-defined
structure of the crank rocker system (45° top view). On the right is the magnified SEM image of the interlock structures of the crank rocker. (c)
The SEM image shows the plan view of the crank rocker system. (d) On the left is the SEM image showing that after the microrotor in Figure Sc
rotates through a certain angle, it drives the rocker to a new position. On the right is the magnified SEM image of the junction points of the crank
rocker system. (e) Snapshots i—iv illustrate the microrotor rotation in the CW direction, which drives the rocking bar to sway at a regular pace, and
it converts the rotational motion into sway motion. (f) Trajectory of the extension bar of the crank rocker system (point B), indicating a reliable

transformation from rotation movement to sway movement.

advantage of the proposed processing strategy, we have
demonstrated micromechanical systems based on a local-to-
whole strategy that involves microrotors as power output
components and complex multiple components.

Before performing micromechanical systems, we first
demonstrate the ability to control the direction of microrotors.
In Figure 4a, for a pair of microrotors, three rotation states are
demonstrated to show the capability to individually control the
rotation direction, including rotation in the identical direction,
rotation toward each other, and rotation in the reverse
direction (Movie S7 and Figure S15). Next, a series of
experiments of the as-prepared microrotor, including the
duration time, rotating cycle, rotation in colored liquids
(Movie S8), and liquids containing magnetic particles, are
conducted, demonstrating the robustness of the microrotor
(Figures S16—S19).

In the following step, we demonstrate the fabrication of the
structures expanded from a single rotor to a microsystem called
a microcoupler. The schematic of a typical microcoupler
system is demonstrated in Figure 4b, and it mainly comprises
two parts, the passive gear (blue) and the driving rotor

(yellow). The SEM images show the composition of the
microgear, consisting of a three-blade microrotor and a 10-
tooth microgear connected to the microrotor by three short
pillars. The microrotor can drive other integrated components
at the same pace due to strong thrust and load capacity (Movie
S9, clip 1, and Figure 4c). On the basis of this concept, another
microdevice like a dual-gear transmission can also be achieved
(Movie S9, clip 2, and Figure S20).

Furthermore, more complex mechanical transmission
systems are achieved. The crank slider system is a particular
four-bar linkage configuration that could convert rotary motion
into reciprocating motion and has wide application in
industrial production. However, it is hard to conduct tasks
on the microscale due to inherent size limitations. In our study,
the micro-rocker system that can perform a rotary motion into
back-and-forth linear motion is completed (Figure 4d). The
morphology of the as-prepared micro-crank slider system is
characterized by SEM in Figure 4d. The total length of the
whole structure is ~120 pm, and the total width of the
structures is <30 pm. The enlarged SEM image of the slider
illustrates the details of the interlock connection of the
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movable rod and the sliding block (Figure S21). This
interlocking junction is reliable, ensuring the stable and
efficient operation of the system. The detailed operation
process of the crank slider is shown in snapshots i—iii of Figure
4e from Movie S10. The movement of the slider from the
upper to the lower limit is defined as the forward direction. As
the crank rotates in the clockwise direction for the first 180°, it
forces the connecting rod to drive slides forward; when the
crank rotates the next 180°, the connecting rod pulls the slide
back again to the upper limit. This process is repeated as the
rotor spins without stopping (Figure S22). The quasi-sine
wave line in Figure 4f illustrates the relationship between the
rotation angle of the crank with the displacement of the slider.

Microrotor for a Crank Rocker Transmission System.
In addition to the crank slider system, another four-bar linkage
called the crank rocker system is designed (Figure Sa) and
fabricated (Figure Sb). It is one of the most useful systems that
can convert the rotary motion of the crank into a curved sway
motion (Figure $23). The plan view of the crank rocker system
is shown in Figure Sc. The interlocking structures with a
clearance of 1.5 pm realized by DLW facilitate reliable power
transmission (Figure Sd). In Figure Se, snapshots i—iv from
Movie S11 illustrate the operation of the crank rocker for one
whole circle. When it is exposed to air, the crank remains static
[Figure Se(i)]. While a fuel solution is added, the rotor starts
to rotate in the clockwise direction; in the first 180° of
rotation, the force is transferred from the crank to rocker 1,
which pulls rocker 2 toward the rotor [Figure Se(ii)]. When
rocker 2 reaches the upper limit [Figure Se(iii)], it stops
moving. Meanwhile, the rotor continues the next 180°
rotation, which pushes the bar away from the rotor until a
lower limit is reached [Figure Se(iv)]. Total deviated angle 8 is
measured to be 40°. Figure 5f shows the trajectory of the
rocker junction, indicating the reliable and smooth trans-
mission of the prepared miniature crank rocker system. As a
demonstration of a new concept, these regular rocking motions
enable the opening and closing of microvalves, allowing
potential applications, including flow control, transporting, and
sorting of particles and cells.

Many useful types of mechanical systems have been reported
over the years,”* ™" but the mechanical transmission systems in
this work (illustrated in Figures 4 and 5) are active and self-
propelled 3D mechanical architectures that are seldom
realized. Our proposed approach reduces the number of
tedious process steps and increases the spatial and geometric
flexibility of the 3D free-standing micromechanical system. To
the best of our knowledge, we built up the smallest crank slider
and crank rocker system based on this approach. Although our
current design has some limitations, e.g., both the position and
the trajectory of the micromachines will be fixed once the
fabrication is completed. In addition, the gaps and frictions
between each component may cause delay or instability in
transmission, but these drawbacks can be improved by the
introduction of stimulus-responsive materials or rational
predesign.”' ™" In addition, the current Pt catalyst can be
replaced by other optional materials, including Au, Ag, Fe, and
Ni for multifunction.*** In particular, the addition of
magnetic materials such as Fe, ferric oxide, and Ni facilitates
a magnetic driving mechanism for biological applications.***’
Upon introduction of an external field or biocompatibility
actuation, the rotation behavior of the microrotor and
associated microsystems can be better controlled to achieve
functions such as cell transport, mixing, and sorting.

In conclusion, a general strategy is proposed for constructing
micromechanical systems with selective bubble ejection sites
by incorporating laser-induced metallic selective reduction
with femtosecond laser direct writing. Beyond the example of
microrotors introduced here, the site-selected flexibility of Fs-
DLW and SLMR can be applied to precisely modify other
micromachines with sophisticated geometry, ranging from a
single driving component to intricate 3D multicomponent
architectures. We also experimentally and theoretically verify
the effects of shape and bubble ejection sites on the
performance of the microrotor, thereby optimizing the rotor
speed to ~160 rpm. Furthermore, the microrotor can be used
as a stable power source for the transmission of various
micromechanical systems. As a proof of concept, we design and
demonstrate multicomponent mechanical systems, including
microcoupling, a crank slider, and a crank rocker system.
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