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A B S T R A C T   

Bubble-powered acoustic microsystems span a plethora of applications that range from lab-on-chip diagnostic 
platforms to targeted interventions as microrobots. Numerous studies strategize this bubble-powered mechanism 
to generate autonomous self-propulsion of microrobots in response to high frequency sound waves. Herein, we 
present two micro-propeller designs which contain an axis-symmetric distribution of entrapped bubbles that 
vibrate to induce fast rotational motion. Our micro-propellers are synthesized using 3D Direct Laser Writing and 
chemically-functionalized to selectively trap air bubbles at their micro-cavities which function as propulsion 
units. These rotational acoustic micro-propellers offer a dual advantage of being used as mobile microfluidic 
mixers, and as autonomous microrobots for targeted manipulation. With regards to targeted manipulation, we 
demonstrate magneto-acoustic actuation of our first propeller design that can be steered to a desired location to 
perform rotational motion. Furthermore, our second propeller design comprises of a helical arrangement of 
bubble-filled cavities which makes it suitable for spatial micro-mixing. Our acoustic propellers can reach speeds 
of up to 400 RPM (rotations per minute) without requiring any direct contact with a vibrating substrate in 
contrast to the state-of-the-art rotary acoustic microsystems.   

1. Introduction 

A myriad of biomedical technologies have evolved from contactless 
micromanipulation methods powered by external sources such as 
magnetism [1], optics [2], acoustics [3] and chemical reactions [4]. 
These methods encompass both microrobotic applications such as tar
geted therapy [5], and microfluidics diagnostic platforms [6]. Among 
these methods, magnetic and acoustic means of remote actuation rose to 
prominence due to their complimentary nature to existing medical im
aging technologies like magnetic resonance (MR) [7] and ultrasound 
(US) systems [8]. Despite the popularity of magnetically-actuated 
microsystems, it is challenging to fabricate such systems with suffi
cient magnetic content at micro-nano scale which limits the propulsive 

forces offered by their sub-components [9]. Additionally, some of these 
magnetic components either require bulky permanent magnets or elec
tromagnets for actuation, or move with low speeds owing to 
bandwidth-limited electromagnetic systems i.e., <150 Hz [10,11]. 
These limitations have precipitated a shift towards acoustically-actuated 
microsystems as alternatives to other remote actuation techniques. 

Owing to the biocompatibility of sound waves in in-vivo applications, 
and their wide available range of operating frequencies (100 Hz–1 GHz), 
various techniques of acoustic actuation have been explored [12–17]. 
These techniques encompass biological applications from tissue orga
nization induced by standing waves [14,15] to targeted drug delivery 
[16,17]. High frequency acoustic fields have been capitalized in form of 
vibrating air bubbles [18,19] and sharp protrusions [20–22] to facilitate 
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movable components in microsystems such as propellers, gears and 
mixers. Particularly, microsystems with entrapped air bubbles have 
proven to be the most ubiquitous toolbox for acousto-fluidic platforms 
due to their ability to produce localized fluid currents under acoustic 
excitation [23]. Another example of acoustically-actuated tools are the 
bubble-powered micro-propellers. Such propellers hold the potential to 
remotely perform targeted operations under inaccessible in-vivo condi
tions beyond the reach of tethered surgical instruments. These pro
pellers typically comprise of a one-sided entrapped bubble that vibrates 
to impart them a directional self-propulsion for such targeted applica
tions [3,18,24–26]. However, these bubble-powered propellers consist 
of a single entrapped bubble where longevity of this bubble limits the 
lifetime of the propeller. Furthermore, many of these propellers depend 
on additional mechanisms for steering, such as acoustic radiation forces 
[24] or application of magnetic torques [18,27,25,26]. Besides these 
propellers, only a few designs exist that can rotate or steer themselves 
solely based on bubble-powered actuation [28,24,29]. Such limitations 
call for alternate approaches for design and operation of 
bubble-powered micro-propellers. 

In recent years, the design and actuation strategy of many steerable 
acoustic micro-propellers have been inspired from the rotational motion 
of gears and mixers. These propellers often consist of an axis-symmetric 
distribution of acoustically-actuated components. Specifically, a series 
of multi-cavity propellers have evolved to contain equal and opposite 
pairs of bubble-entrapped cavities that facilitate multiple degrees of 
motion [29,28,30]. However, these propellers are milli-scale and can be 
acoustically-steered with slower rotational speeds i.e., <200 RPM [29, 
31]. Numerous microfluidics platforms also utilize gears with 
axis-symmetric protrusions or bubble-filled cavities that vibrate to 
achieve fast rotational speeds up to 1000 RPM [22,21,32–34]. A disad
vantage with such gears is that their functionalities are confined to the 
microfluidic channels as the vibrational units are tethered to the 
respective channel substrates. This limitation affects the production 
costs and resuability of such microsystems. In addition, the synthesis of 
such specialized microfluidic gears requires sophisticated multi-step 
fabrication procedures. Such procedures often require more special
ized equipment as compared to standard microchannel synthesis. 
Importantly, a majority of these microfluidic gears are tethered to their 
actuated substrates for their functionality [31,34,22,21,32,33]. This 
limitation presents an opportunity to redesign the bubble-powered 
propellers to reproduce the same rotational motion in an untethered 
fashion. 

Herein, we introduce two micro-propellers which comprise of an 
axis-symmetric distribution of bubble-entrapped cavities that vibrate to 
produce rotational motion akin to a gear. Unlike the tethered gears, 
these propellers do not require any direct contact with a vibrating 
substrate for their actuation. We first present a simplistic gear-like 
propeller (Type I) with a 2-D axis-symmetric distribution of cavities 
(Fig. 1(a)). Here, the cavities produce propulsive forces at their open 
ends to produce a net force moment for rotation. Furthermore, we 
functionalize the Type I propellers with a magnetic layer to demonstrate 
their directional control under uniform magnetic fields. Contrary to 
other bubble-powered propellers, we devise a hybrid actuation strategy 
whereby Type I propellers rotate under acoustic fields and translate 
under combined magneto-acoustic fields. Thereon, we extend this 
design approach to present a Type II propeller (Fig. 1(b)) that comprises 
of a 3-D distribution of cavities arranged in a helical fashion around a 
propeller shaft. The Type II propellers offer a solution for spatial mixing 
as opposed to conventional 2-D design of micro-mixers and can reach 
comparably fast rotational speeds of up to 400 RPM. Thus, our bubble- 
powered micro-propellers provide an inexpensive solution to previ
ously cited tethered microsystems as mobile micro-mixers that can be 
introduced and retrieved post-operation. 

2. Material and methods 

2.1. Experimental setup and fabrication details 

Our micropropellers are composed of arrays of a cylindrical cavity 
enclosed with a spherical cap of the same diameter and thickness. These 
cavities form the building block of both Type I and Type II propellers 
which consist of a circular and helical distribution of four and thirteen 
cavities, respectively (Fig. 1(d) and 1 (e)). Both the Type I and II pro
pellers are monolithic and are batch fabricated using Direct Laser 
Writing (DLW, Nanoscribe GmBH) with IP-Dip as the photoresist. Full 
description of the process parameters used for DLW printing and 
development is described in SI, Appendix A. Additionally, a batch of 
metallic Type I propeller is synthesized for magnetic steering experi
ments, where they are sputtered with a 240 nm layer of NiFe followed by 
a 50 nm layer of Au. For both these batches, the surface of the substrate 
containing the propellers is then activated in an oxygen plasma (50 W) 
for 40 s (Cute, Femto Science) prior to further processing. Thereon, the 
substrate is treated with 10 μL of trichlorosilane (PFOCTS, Merck) vapor 
at 55◦C for 120 min in a closed chamber in order to make them 

Fig. 1. Micrographs of (a) Type I propeller and (b) Type II propeller. (c) Acoustic actuation test-bed comprising of a ring-type piezoelctric transducer (Pz27, Meggitt) 
bonded to a glass substrate with a polydimethylsiloxane (PDMS) workspace on the opposite side. The test-bed shows Type I propellers immersed in phosphate- 
buffered saline (1x-PBS) solution mixed with polystyrene tracer particles (6μm diameter, Polysciences) where inset describes the streaming pattern around the 
bubbles upon acoustic excitation. (d–e) Schematic of Type I and II propellers with their respective dimensions, showing the cavity length (L), bubble length (Lb), and 
angular tilt of the cavity to Type II propeller shaft (θ).All the constituent cavities in both the propellers share the same dimension. 
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hydrophobic. This treatment ensures that the propellers readily trap 
bubbles once introduced in water. Following this step, the substrate is 
heated to 70◦C for 15 min to get rid of the excessive layers of tri
chlorosilane. The heating step prevents the bubbles to slip out of the 
cavities. Lastly, the propellers are immersed in the acoustic actuation 
test-bed described in Fig. 1(c), where all the constituent cavities 
instantaneously trap bubbles. Acoustic actuation in our test-bed is 
enabled using a programmable signal generator (33510B, Keysight) 
connected to an amplifier. Additional details for image acquisition and 
electromagnetic setup for steering experiments are described in our 
prior work [9]. 

2.2. Working principle 

2.2.1. Forces around the vibrating entrapped bubbles 
A gaseous bubble immersed in water under an acoustic field expe

riences two kinds of forces. It experiences radiation forces due to the 
incoming sound waves, and the forces generated by oscillating fluid in 
the vicinity of vibrating bubble interface [12]. The latter is caused by 
counter-rotating fluid fluxes near the vibrating interface, known as 
acoustic streaming (Fig. 1(c) inset). Owing to the deformability of the 
bubbles, the radiation forces acting on them can be classified as primary 
and secondary Bjerknes forces. The primary Bjerknes forces act on the 
bubbles due to incoming sound waves from the source of excitation, and 
are typically an order of magnitude smaller than the streaming-induced 
forces and secondary Bjerknes forces (SBF) [3,18,24]. In case of our 
propeller cavities, vibration of bubbles generate a streaming-induced 
flow away from the cavities caused by the asymmetry of the entrap
ped bubbles. This net fluid flow that originates from the vibrating 
air-fluid interface in the entrapped bubbles manifests into a 
streaming-induced propulsive force (SPF) acting on each cavity. Further, 
owing to the symmetric distribution of cavities in both the propellers, 
they presume a position with all the cavities parallel to the substrate 
when acoustically-actuated (Movie S1). On the other hand, while SBF 
typically attracts bubbles to nearby surfaces, the presence of multiple 
entrapped bubbles in our propeller makes them buoyant when actuated. 
Moreover, since the SBF acts equally on all the constituent cavities when 
they are parallel to the substrate, there is no net unbalanced force or 
moment that imbalances the propellers from this position (Fig. 1(c)). 

2.2.2. Computation of streaming patterns around bubble-powered propeller 
We evaluate the streaming behavior around our propeller cavities 

using a computational model of a 2-D design of a Type I propeller. We 
adopted our simulation environment (COMSOL Multiphysics) based on 
the separation of time scales approach with a vibrating air-water 
interface [26]. First, we validate our model with the simulation of a 
double-lobed streaming pattern around a single isolated propeller cav
ity, as shown in Fig. 2(a-I). Next, we evaluate the streaming patterns 
around the Type I propeller as described in Fig. 2(a-II) and 2 (a-III). It is 
noteworthy that the direction of fluid flow around Type I propeller 
(counter-clockwise) is opposite to that of the distribution of propeller 
cavities (clockwise). Here, these arrows signify the reaction force exerted 
by a static propeller to the surrounding fluid suggestive of an equal and 
opposite direction of action force acting on the the propeller. We later 
find that this observation reciprocates in form of the propeller rotation 
as seen experimentally (Movie S1). 

2.2.3. Resonant frequency of bubble-powered propeller 
In order to identify the operating frequencies of our propeller, we 

investigate the acoustic resonance modes of its constituent bubbles. 
Traditionally, bubble-entrapped cavities have been modeled as a dam
ped harmonic oscillator [19]. The resonant frequency (fres) for such a 
bubble-entrapped cavity can be expressed as: 

fres =
1

2π

(
κPatm

ρLb(L − Lb)

)1/2

(1)  

where Patm, κ and ρ represent the ambient pressure in the bubble, adia
batic index of air (<1.4) and density of the fluid (water), respectively. 
Given the length (L) of our constituent cavity as 100 μm, we calculated 
the resonant frequencies for a distribution of bubble lengths (Lb) (Fig. 2 
(b-III)). As Eq. (1) in quadratic in Lb, the resonant frequency of the 
bubble is symmetric about Lb = 50 μm. Thus, we explore a frequency 
range corresponding to Lb = 50–90 μm, based on the expected perfor
mance in terms of bubbles entrapment i.e., Lb >50μm. Theoretically, 
this distribution of Lb = 50–90μm corresponds to resonant frequencies in 
the range of 38–63 kHz. This range narrows down our investigation to 
the operating frequencies where both the transducer can deliver, and 
our propeller respond to acoustic power, respectively. 

Fig. 2. (a) (I-III) Numerical computation of acoustic streaming around propeller geometry at an acoustic frequency of 50kHz. The red arrows represent particle 
velocity, black lines represent the streamlines and the color legend represents acoustic pressure in the respective graphs. (I) Double-loped streaming pattern around 
an isolated Type I/II propeller cavity. (II) Near field view: Streaming pattern around the constituent cavities of the Type I propeller interfere with each other owing to 
the close proximity of the neighboring cavities. (III) Far field view: Resultant net flow generated around Type I propeller shows a net flow in counter-clockwise 
direction. Additional details on the frequency-dependency of the streaming profile of Type I propellers is provided in SI, Appendix B. (b) (I-III) Frequency charac
terization of propellers and transducer. (I) Impedance characteristics of piezoelectric transducer (Pz27) (II) Frequency response of Type I and II propellers performed 
at a constant input voltage of 100Vpk− pk. Here the rotational response of propellers is reported in rotations per minute (RPM). (III) Theoretical frequency for the 
propeller cavity as a function of bubble length (Lb). 
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3. Results and discussions 

3.1. Frequency characterization of transducer and micro-propeller 

We measure the resonant frequencies of the transducer in its 
impedance spectrum over previously mentioned concerned range using 
the approach described in our prior work (Fig. 2(b-I)) [20]. Here, we 
identify the resonant peaks of our transducer at which it can deliver high 
acoustic power and compare it with that of the propeller response at 
these frequencies. Next, we experimentally characterize the rotational 
motion of both Type I and II propellers in the same range of acoustic 
frequencies (Fig. 2(b-II)). We observe that both the propellers show fast 
rotational motion at the resonant frequency (fres) of 41 kHz. Although a 
few instances of the propellers also rotate at 55 kHz, their motion could 
be attributed to higher resonant harmonics as reported with other 
bubble-powered propellers [26]. We also observe a much wider spectral 
spread at 41 kHz that theoretically corresponds to a wide distribution of 
Lb=60–75μm. Further, the precise value of Lb is subjective to the 
different degrees of hydrophobicity in each cavity. These minor differ
ences in Lb may introduce anisotropy in the streaming behavior of the 
propeller’s constituent cavities. As Lb cannot be controlled within <1μm 
range, it maybe possible that some bubbles are closer to the resonant 
frequency than the others. Despite these possible deviations in our fres, 
we consistently observe higher rotational speeds of the propellers at 
41 kHz in its neighboring frequency range of 38–42 kHz in our subse
quent experiments. Hence, we evaluate the performance of both Type I 
and II propellers at fres=41 kHz for a range of power modulation. 

3.2. Rotational performance for power modulation 

We analyze the rotational speeds (RPM) for both the Type I and II 
propellers for a power modulation up to 200Vpp (peak-to-peak voltage). 
The Type I propellers show rotational motion around their geometric 
center in the same directional sense as the alignment of their cavities, as 
shown in Fig. 3(a) (Movie S2). On the other hand, the Type II propellers 
first align themselves with their long axis upright with respect to the 
substrate (Movie S1), and then rotate around a fixed pivotal point in 
space. In this upright position, the Type II propellers rotate in the di
rection of helicity of their constituent cavities (Fig. 2(c) inset). Addi
tionally, it can be seen that the shaft of the Type II propeller itself 
inscribes a circular motion, as shown in Fig. 3(b) (Movie S3). 

The rotational speeds of both Type I and II propeller monotonically 
increases with acoustic power as summarized in Fig. 3(c). Beyond 
120Vpp, the speeds of Type II propeller increases at a much slower rate. 

In general, an increase in acoustic power beyond 180Vpp occasionally 
drifts the propellers away from their point of rotation (Movies S2 and 
S3). This observation can be attributed to significant bulk streaming in 
the microchannel due to its volumetric resonance and microstreaming 
caused by cavitation induced bubbles. Nonetheless, the highest speed 
achieved by Type I and II propeller is 250 RPM and 400 RPM, respec
tively, which is comparable to that of tethered microfluidic gears. 
Furthermore, Type II propellers can reach much higher speeds owing to 
proportionally higher number of cavities per turn as compared that of 
Type I. 

3.2.1. Effect of varying propeller cavity size and alignment 
Although Type II propellers can reach higher RPMs, the propeller 

axis itself inscribes a circular motion which changes with power and 
may vary across samples. This observation can be attributed to cavity 
size (L) being comparable to that of the propeller shaft (400 μm), which 
may cause undesirable tilting of the shaft. As a result, some instances of 
Type II propellers drift away from their point of rotation during the 
course of experiments with power modulation (Movie S3). With regards 
to potential design improvements, we designed and tested two variants 
of the Type II propeller each with cavity of size L = 50μm with an 
angular tilt (θ) of 90◦ (i.e., our original design) and 30◦ to the propeller 
axis. Here, we observe that the radius (R) of the circle the propeller shaft 
inscribes decreases (Fig. 4(a–c), Movie S3) as: 

RL=100μm,θ=90o > RL=50μm,θ=90o > RL=50μm,θ=30o (2)  

A comparison between the rotational speeds of all the Type II propellers 
is summarized in Fig. 4(d). Although the resonant frequency for Type 
IIL=50μm is higher than that of Type IIL=100μm , we analyzed their speeds at 
41 kHz for ease of comparison. Hence, we observe lower RPMs for Type 
IIL=50μm in contrast. Overall, we observe that Type IIL=50μm,θ=30o inscribe cir
cular motion around its geometrical center akin to a screw. 

3.2.2. Magneto-acoustic actuation 
In addition to acoustically-induced rotation, we devise a hybrid 

actuation strategy where we combine magnetic steering and acoustic 
propulsion to achieve more targeted manipulation of these propellers. 
Here, we subject metallic Type I propellers, described earlier in Section 
2.1, to magneto-acoustic actuation. We observe that the Type I propeller 
spontaneously aligns along one of the cavity axes when a constant and 
uniform magnetic field is applied. This axis can be either of the two 
opposite pairs of cavities that require a minimum restoring torque to 
align with the applied field direction (Movie S4). When magnetic field is 

Fig. 3. Time-lapse image of a (a) Type I and (b) Type II propeller showing rotational motion. Each time-stamp comprises of super-imposed images of three successive 
positions of the propellers in the direction along the arrows, respectively. (c) Characterization of Type I and Type II propellers with a power modulation at resonance 
frequencies of 41kHz. 
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applied, a Type I propeller in rotation under acoustic field instanta
neously locks in the direction of magnetic field and ceases to perform 
rotational motion. In this locked state, the dominant of the four cavities 
pushes the entire Type II propeller forwards along its direction. Theo
retically, the propulsive forces due to the two opposite cavities should 
cancel out each other. However, we observe slight differences in the 
propulsive forces at the cavities owing to experimental factors such as 
unequal bubble lengths or magnitude of streaming (SPF). This hetero
geneity in SPF due to the cavities is capitalized here to steer the pro
pellers towards a desired target as they propel unidirectionally. Finally, 
when the magnetic field is switched off, the propeller resumes its rota
tional motion as depicted in Fig. 5(a). Since the unidirectional propul
sion arises from the heterogeneous response of different cavities, this net 
directional force can be further pronounced at high acoustic powers. 
Hence, we test magneto-acoustic actuation at higher powers (>100Vpp) 
to ascertain effective unidirectional propulsion. Lastly, we demonstrate 
several cycles of acoustic rotation and magneto-acoustic steering in 
succession for increasing acoustic power, as shown in Fig. 5(b–d) (Movie 
S4). 

4. Discussion 

4.1. Conclusions 

We present monolithic bubble-powered micro-propellers inspired 
from the design and functionality of gears. Our propellers address the 
present challenges of cost-effectiveness and resuability of conventional 
micromixers as they provide comparable rotational speeds while being 
untethered from any vibrating substrate. We explore two propeller de
signs which consist of an axis-symmetric distribution of bubble- 
entrapped cavities that are powered under acoustic actuation to pro
vide streaming-induced rotational motion. Our Type-I propeller rotates 

akin to tethered microfluidic gears under acoustic actuation at speeds of 
up to 250 RPM. In addition, we present a hybrid actuation strategy to 
steer Type I propellers using magnetic fields. Hence, these propellers can 
be transported to different parts of the workspace to perform operations 
such as mixing solvents or targeted payload delivery. Next, we describe 
the Type II propellers which consist of a 3-D helical distribution of 
bubble-entrapped cavities that reach faster rotational speeds up to 
400 RPM. The Type II propellers present an innovative concept to 
recreate existing 2-D mixers to attribute 3-D mixing ability throughout 
the volume of a fluid. Besides micro-mixing, the resultant bulk flow 
produced around these propeller can be exploited to provide local me
chanical stimulation to cells seeded in microfluidic workspaces [35,36] 

4.2. Future work 

Both the Type I and II propellers can be redesigned with different 
cavity lengths tunable to different acoustic frequencies. Specifically, a 
distribution of two such cavity geometries in an oppositely arranged 
manner around the Type I propeller can facilitate their bidirectional 
rotation. Likewise, alternate Type II propellers with shorter cavities 
presented here could be investigated for screw-like motion. This screw- 
like motion of Type II propellers have the potential to exploit our 
magneto-acoustic actuation strategy to mimick the most popular 
magnetically-actuated helical microrobots [37]. Furthermore, im
provements in magnetic deposition techniques can enable a more 
distinct alignment of our propellers in a desired orientation for a more 
controllable steering [18]. Moreover, SBF can be capitalized to explore 
interaction between multiple propellers whereby they can join forces 
with each other to enhance their efficacy such as higher mixing speeds. 
Further investigations with regards to the aforementioned design, 
fabrication improvements and cooperative behavior of these propellers 
can pave way for their biological and lab-on-a-chip applications. 

Fig. 4. (a–c) Time-lapse images of three different design variants (L,θ) of Type II propeller. The colored circles correspond to the respective color scheme depicted in 
the (d) legend. Each time-stamp comprises of super-imposed images of three successive positions of the propellers in the direction along the arrows, respectively. 
Scale bar represents 200μm. (d) Power modulation of the three Type II propeller variants at a frequency of 41kHz. 
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