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Abstract— This paper presents the design, fabrication, and
operation of compound micromachines powered by acoustic
streaming. The machine components were directly incorporated
around pillars serving as shafts without further assembly steps
using a single-step in situ polymerization process controlled
by a programmable projector. Two strategies were presented
for harvesting acoustic energy using sharp-edged structures.
The first method is based on on-board pumping of fluids
and the second method involves engineering of rotors. The
implementation of these strategies resulted in the construction
of microscale turbines and engines that can be coupled to
gear trains for adaptable transmission of mechanical power.
We provide a number of further improvements that may
together lead to development of compact yet powerful robotic
manipulation systems inside microfluidic devices.

I. INTRODUCTION

Microfluidic laboratory-on-a-chip technology promises to
enable automated execution of macroscale, bench-top ex-
perimental protocols in low-cost, miniaturized devices [1],
[2]. Precise manipulation of small volumes of fluids and
biological samples along with the ability to perform quan-
titative analysis has already started to revolutionize clinical
diagnostics and pharmaceutical research [3]. While sensing
and visualization techniques have been rapidly advancing
[4], actuated structures are largely limited to the use of
conventional pneumatic valves [5]. Previous works demon-
strated the feasibility of operating remotely controlled robotic
microtools inside microfluidic chips for micromanipulation
[6]–[15]. These untethered simple machines provide spatial
control over mass transport, yet the design and fabrica-
tion methodology is not appropriate for the construction
of modular and highly customizable, complex integrated
microsystems.

A simple and cost-effective method to overcome viscous
forces and drive microscopic machinery inside microfluidic
channels is the use of sound waves generated by piezo-
electric transducers [16]–[19]. Microbubbles whose surfaces
oscillate when forced with acoustic waves generate power-
ful flows that can be harnessed for microscale propulsion
[20], [21]. While bubble cavitation is the oldest and most
extensively studied method for utilizing acoustic power in
biomanipulation [22], there are a number of limitations for
precision engineering applications. Encapsulation of bubbles
exclusively inside engraved cavities on driver components
is a challenging procedure. Furthermore, there is no reliable
method for retaining the size and shape of the bubbles during
long-term continuous excitation inside biological fluids at
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Fig. 1. Schematic depiction of working principles for machines powered
by acoustic streaming. Upon application of acoustic waves, sharp-edged
structures oscillate and generate counter rotating vortices. These vortices
can be utilized to drive machinery by generating (a) fluid flow inside a
watermill system and (b) rotation of engines around a shaft (not to the
scale).

physiological temperatures. Solid bodies vibrating in fluids
also generate steady streaming if they have sharp features
[23]–[25], providing a more robust and scalable solution
for acoustofluidic actuation. Building devices decorated with
sharp-edged structures to drive multi-body robotic microsys-
tems is the focus of this work.

We present two distinct strategies for powering compound
micromachines (Figure 1). In the first mechanism, the the
walls of the microchannel are decorated with actuated struc-
tures to generate pressure difference and drive a turbine
located downstream of the pumping area (Figure 1a). The
second mechanism is driven by a rotor generating acoustic
streaming with sharp features attached to its body (Figure
1b). Microscale posts fabricated inside the channels serve
as shafts for rotating active and passive elements. Maskless
optofluidic photopolymerization process enables the manu-
facturing of custom shaped functional microparts, which we
use to create compound micromachines without requiring
further assembly. The blueprint for the chassis and machine
components are highly re-configurable, which allows rapid
design and prototyping of a variety of different systems.
We provide guidelines for constructing more sophisticated
systems with additional mechanisms such as a clutch.
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Fig. 2. Fabrication of hydrogel micromachines using digital maskless
photolithography inside microchannels. (a) Schematic illustration of the
fabrication process. UV light is patterned and focused by a programmable
microscope system according to the CAD drawings. Oxygen inhibition layer
permits mobilization of structures. (b) The light pattern projected on the
screen and (c) the microstructure polymerized at the end of the exposure
process. Scale bar, 250 µm.

II. EXPERIMENTAL METHODS

A. Development of the Micromachinery

The systematic assembly of microfabricated parts and
integration of assembled mechanisms with microfluidic de-
vices are extremely complex tasks. In situ polymerization
of photocurable polymers directly inside closed chambers
is a promising alternative for rapid prototyping [26]. Hy-
drogels are particularly interesting materials for building
machinery due to their tunable mechanical properties and
stimuli-responsive behavior [27]. Figure 2a illustrates the
fabrication of hydrogel components around existing poly-
dimethylsiloxane (PDMS) pillars inside microfluidic chan-
nels. Microfluidic devices were fabricated using replica
molding. In this work, channel height was set to be 100 µm.
Sharp features required for the development of the pumping
regions demand for high-resolution photolithography. We
wrote the molds on chrome masks using a laser writer
(VPG 200, Heidelberg) with 600 nm resolution to address
this requirement. After development, the molds were coated
with Trichloro(1H,1H,2H,2H-perfluorooctyl) to facilitate the
removal of the PDMS devices.

PDMS is a gas permeable material and an oxygen layer
(on the order of 1 µm) forms on the surface of the devices
[28] during plasma treatment. This layer inhibits polymer-
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Fig. 3. Image of the integrated device consisting of the microfluidic
channels and the piezoelectric transducer, all bonded to a glass slide. The
acoustic waves are transmitted to the microfabricated machinery through
the glass substrate. Scale bar, 10 mm.

ization close to walls, which is instrumental for constructing
free-floating machinery that are not attached or physically
interacting with the boundaries. The glass slide, on which
the microfluidic device and the piezoelectric transducer were
attached, was coated with a thin layer of PDMS to utilize
this lubrication strategy. As a further precaution, components
were fabricated with bores slightly larger than the pillars.
This approach ensures the free rotation of microcomponents
around the shaft at all times. We used a low pressure
syringe pump (neMESYS 290N, CETONI) to introduce the
photocurable prepolymer solution (50% (v/v) polyethylene
glycol diacrylate (PEGDA) 700, 30% (v/v) PEGDA 250,
20% (v/v) photoinitiator 2-Hydroxy-2-methylpropiophenone
(Darocur 1173). All reagents were bought from Sigma
Aldrich and used according to the manufacturer’s instruc-
tions. Polymerization pattern during flow lithography was
controlled by a programmable digital micromirror device
(MM-8201-801, Andor). The projected UV light was focused
onto the bottom layer of microchannels through a 10x
objective lens (Plan Flour 10X/0.3 DIC L/N1, infinity/0.17
WD 16.0, Nikon). The intensity of UV light on the sample
(80 mW/cm2) was measured using an optical power meter
(PM400, Thorlabs).

B. Acoustic Control System

The sinusoidal control signals were generated by a pro-
grammable function generator (AF-2225, GW Instek), which
were amplified by a power amplifier (TOE 7610, TEOLL-
NER) before reaching the piezoelectric transducer (81-7BB-
27-4LO, Murata Electronics). The transducer was bonded
onto the glass slide using 5-minute epoxy (G14250, Devcon).
The transducer was located in the center of the glass slide
to enhance vibrations during operations on the microscope
stage. The frequency and amplitude of input voltage were
monitored using an oscilloscope (TBS 1032B, Textronix)
during experiments. Experiments were performed with an in-
verted fluorescence microscope (Ti2, Nikon) and videos were
recorded using a high-speed camera (VEO640L, Phantom).

III. RESULTS

Sharp edges generate oscillations at their tips, resulting
in a pair of counter rotating vortices. There are pushing
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Fig. 4. The design and operation of acoustically powered microturbines. (a) A representative image of the system designed to pump fluids along the
closed hydraulic network and rotate the turbine. Scale bar, 2 mm. (b) The fluid flow generated in the pumping area, visualized by particle tracking. Scale
bar, 300 µm. (c) The sequence of images from a rotating turbine. The white bars indicate specific teeth locations. Arrows show direction of rotation and
flow. Scale bar, 200 µm. (d) A representative plot of flow rate and turbine revolution rate as a function of the input voltage.

and pulling forces generated at each oscillation cycle. The
displacement of fluid during pushing is higher than the
pulling phase due to viscous attenuation, resulting in pressure
fluctuations and formation of a localized jet. We utilized
this phenomena in two different ways to power microscale
autonomous devices.

A. Microturbines driven by acoustic pumping

Figure 4a shows an image of the device, revealing the
overall architecture of the waterwheel mechanism. The fluid
flow generated by the sharp-edged structures on the walls of
the microchannel is channeled through a closed hydraulics
network. The structures were placed bilaterally throughout
the pumping area (Figure 4b) with a spacing and angle
optimized for pumping efficiency [25]. The structures were
expected to provide maximum acoustic streaming at the reso-
nant frequency of the transducer (4.6±0.6 kHz). However, at
this frequency, geometrical deviations from a straight profile
such as curved channels or structural impurities generate
non-linear effects that interfere with the flow. We performed
a frequency sweep test between 1 and 100 kHz and measured
the corresponding flow rate. The best performance was
recorded at 30.9±1 kHz and, thus, this frequency was chosen
as the driving frequency. We injected polystyrene micropar-
ticles with a diameter of 1 micron into the microchannel
to visualize the fluid flow. Vortices are expected to form

symmetrically when the tip of the sharp edge is normal to
the side wall. By tilting the structures by 30◦, we modulated
the distribution of vortices and, as a result, created net flow
that was observable through the streamlines (Figure 4b).

The turbine was formed around the pillar that was engi-
neered inside a circular confinement downstream the pump-
ing area (Figure 4c). The primary consideration here is
that at low Reynolds number viscous fluids obey the no-
slip condition. The thickness of the blades of the turbine
was optimized for effective transmission of hydrodynamic
forces. Low thickness led to bending of the blades while high
thickness generated large viscous drag. The angular speed
of the turbine was controlled by tuning the peak-to-peak
voltage (VPP) that was applied to the piezoelectric transducer.
As a rule of thumb, the higher the input voltage the larger
the flow rate due to increase in vibration amplitude. The
hydrodynamic forces started to exceed the drag forces and
reached enough power to rotate the turbine at 20 VPP (Figure
4d). The angular speed increased with applied voltage for all
tested values. The rotation completely halted within ≈ 2 ms
after turning off the input source due to the characteristics
of low Reynolds number flow.

B. Computational analysis of acoustic streaming

We performed numerical simulations of the pump mecha-
nism using COMSOL Multiphysics software. We first identi-



0 1 2 3 4 5
Tip displacement amplitude [ m]

0

0.5

1

1.5

2

O
ut

le
t m

ea
n 

ve
lo

ci
ty

 [m
m

/s
]

1st mode

3rd mode

a cb

Fig. 5. Simulation results. (a) The dominant vibration modes of the structures at 27 kHz. Color represents relative amplitude. (b) The streamlines generated
inside the pumping area during excitation at 27 kHz. The mean velocity is computed on the fluid domain over 10 oscillation cycles. Scale bar, 300 µm.
(c) The mean velocity along the long axis of the channel at the outlet that is calculated at different displacement amplitudes.

fied the eigenfrequencies of the structures by running coupled
acoustic-structure finite element simulations. The oscillating
structures are defined as linear elastic materials due to the
mechanical properties of the elastomer. After investigating
the vibration modes corresponding to different resonant fre-
quencies, we concluded that the best pumping performance
is expected at 6.5 kHz and 27 kHz. The eigenmodes that
are driving the vibrations at 27 kHz are shown in Figure 5a.
The slight increase in the resonance frequency compared to
empirical results can be due to the damping in the system
and the losses at the interfaces, which were neglected in the
computational model. We also assumed that the propagation
of the acoustic wave in the fluid does not influence the
excitation of the structures because the wavelength of sound
in fluid is significantly larger than the characteristic length
of the oscillating structures.

In the second part, we developed a computational fluid dy-
namics model to study the flow generated inside the channel
using a one-way fluid-structure coupling scheme. That is to
say, the actuated structures influence the surrounding fluid
but the fluid does not effect the motion of the structure. We
applied periodic displacements to the sharp-edged structures
according to the excited eigenmodes. Figure 5b shows the
streamlines generated by the oscillating structures at 27 kHz
where we computed the mean velocity over 10 oscillation
cycles. We assumed that all structures were actuated with the
same acoustic field, which led to a symmetrical flow field
inside the channel. We observed asymmetry in the experi-
mentally recorded flow field (Figure 4b) due to the damping
of pressure waves during power transmission. We modified
the amplitude of the oscillations to derive a relationship
between the flow rate in the channel and the input power.
The net flow rate increases with the increasing amplitude
after exceeding a certain threshold and the trend seems to be
linear (Figure 5c). The mean velocity was measured as 0.8
mm/s which corresponds to a numerical oscillation amplitude
of 3 µm and we verified that the tip movement during
experiments corroborates with this prediction. Interestingly,
simulations also showed that the streamlines do not depend
on the amplitude of the oscillations for a given frequency.

The computational framework can be used as a design tool
to investigate the influence of device parameters such as the
distribution and geometry of structures, channel dimensions,
and material properties.

C. Microengines powered by acoustic rotors

An alternative paradigm for driving microsystems is hav-
ing an on-board mechanism to directly harvest acoustofluidic
power (Figure 6). The pointy extensions fabricated on the
rotor arms generated coordinated acoustic streaming, which
induced torque on the rotor. Rotors with multiple arms, all
equipped with sharp edges, were expected to generate higher
angular speed. On one side, we would like to move the
sharp edges as far from the tip of the arm as possible to
protect the rest of the machinery from the generated fluid
flow. On the other side, confinement of sharp edges between
the arms significantly impedes the steady flow. Therefore, we
engineered long and short arms, to address both limitations.
Together with the gear, the rotor formed an acoustically
controlled engine. While long arms were interacting with the
gear to transmit power, there was ample space left around
the sharp edges for maximizing torque. The width of the
arms also played an important role in the performance. We
designed 500 µm x 100 µm arms because these dimensions
resulted in maximum speed.

The speed of rotors increased quadratically with input volt-
age. This relation could be explained by the power relation of
the transducer. Two different regimes were observed during
amplitude modulation. At low voltage, the power transmitted
by the rotor was not sufficient to rotate the gear. The gear
started to rotate at 60 VPP and its speed monotonically
increased with input voltage. The gears were designed for
optimal coupling with the rotor. The ratio between the angu-
lar speed of the rotor and the gear was given by 1:2, which
is close to the ratio of the number of arms (3:7). The small
discrepancy can be explained by imperfect coupling between
the arms during rotation and structural defects on the parts.
The existence of a chamber around the gear serves the same
purpose as the chamber around the turbine, minimization
of secondary flows. Although these structures did not have
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Fig. 6. The design and operation of acoustically powered microengines. (a) An image series of a rotating rotor and gear pair. While the rotor continuously
moves, the gear display intermittent rotation due to the mismatch between teeth number. The white bars indicate specific teeth locations and the arrows
show the direction of motion. Scale bar, 400 µm. Representative plot of the revolution rate for the rotor and the gear (b) at low and (c) high input voltages.

sharp features, they could still generate vortices around
the tip of the arms. The walls surrounding the structures
prevented completion of the formation of streamlines.

D. Construction of transmission

The speed ratio and the mechanical advantage of the
systems can be systematically controlled by the incorporation
of multiple gears (Figure 7). We tested whether we could add
another gear without significantly reducing the power output
of the watermill system (Figure 7a). The engaged turbine-
gear pair had consistently lower angular speed than the single
turbine as expected. Likewise, incorporating another gear to
form a gear train into the microengine resulted in reduction
in output torque (Figure 7b). The gears were rotating syn-
chronously and leak flows did not have a significant effect
on angular speed. We also engineered gears with different
number of teeth. The measured value of the speed ratio for
the pair of meshing gears were the same as the ratio of the
number of teeth on each gear for all input voltage values, as
expected.

IV. DISCUSSION

The parts for building a transmission is not limited to
the use of gears. The power output of the systems can be
modulated by disengaging the turbine or the rotor from
the transmission using a clutch. The presented fabrication
methodology is compatible with stimuli responsive materials
such as poly(N-isopropylacrylamide) pNIPAM. The swelling
degree of pNIPAM depends on the temperature, which can
be remotely modulated by light with the incorporation of
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a

Fig. 7. The design and operation of gear trains. An image series
demonstrating torque transmission in the (a) watermill system and (b)
microengine. The white bars indicate specific teeth locations and arrows
denote the direction of rotation. Scale bars, 400 µm and 300 µm.

magnetic or gold nanoparticles [29], [30]. The reduction
in size can be utilized to reversibly disconnect the driving
part from the rest of the mechanism. Another upgrade
would be to engineer a rack and pinion type mechanism to
convert rotational motion into linear motion. The rack can be
photopolymerized directly inside a microchannel next to the
rotary engine in order to constrict the translational motion to
a line.

We do not currently have control over the direction of
rotation of neither the turbines nor the engines because



sharp-edged structures generate unidirectional flow. Optical
modulation of the shape of the structures may address this
issue through the modulation of the alignment of sharp
edges. By re-aligning the direction the tips, the streamlines
may be dynamically moved. Alternatively, multiple sharp
features with varying shapes or mechanical properties can be
engineered on the same body to selectively excite acoustic
streaming at different locations with the aid of frequency
modulation. A similar approach has been recently employed
to selectively actuate microbubbles that have unique di-
mensions [20]. This strategy may also lead to coordinated
operation of multiple rotors on the same device.

In addition to providing control over power transmission,
gear trains can also serve for another important purpose. The
sharp edges generate secondary flows that are strong enough
to dominate the motion of the machinery. However, there are
primary flows generated by the propagating acoustic waves in
the medium and, especially at high voltages, these flows may
interfere with the intended operation inside the microfluidic
device. The transmission may allow complete decoupling of
the end-effector from the driving mechanism and provide a
flow free arena for the manipulation tasks. Furthermore, with
the incorporation of clutch mechanisms, multiple different
tasks may be completed by the same driving mechanism.
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