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A B S T R A C T   

Here, we introduce a design, fabrication, and control methodology for large amplitude torsional microactuators 
powered by ultrasound. The microactuators are 3D printed from two polymers with drastically different elastic 
moduli as a monolithic compliant mechanism, and contain precisely engineered capsules with multiple orifices 
that serve as stators and rotors. Secondary acoustic radiation forces generated among the encapsulated air 
bubbles controllably rotate the rotor that is supported and stabilized by two torsion bars. The capsules are 
designed according to the simulations of an analytical model that captures the dynamics of the water-air 
interface vibrations, which we rigorously validate using a laser Doppler vibrometer and phase-contrast imag-
ing. An in-depth experimental sensitivity analysis is conducted to optimize the arrangement of the rotor and the 
stators. Integration of experimental results with finite element analysis of the twisting bars and analytical 
modelling of acoustic phenomena allows us to compute the secondary acoustic radiation forces and the angular 
displacement of the rotor for a given input pressure. The versatility of the design framework and the robust 
performance of the printed actuators enable the development of a new class of microscale machines and soft 
robotic devices that are actuated and controlled by sound waves.   

1. Introduction 

A new class of untethered soft microactuators emerged during the 
last decade that provide complex motion with large deflection and 
precise control for applications in microrobotics [1–6] and miniaturized 
medical devices [7–10]. The key idea is to incorporate metallic particles 
that respond to externally applied electromagnetic waves inside a 
polymer precursor, which can be cast according to the blueprint. As a 
prime example, local magnetic domains are generated inside flexible 
structures, such that forces and torques applied on the magnetic do-
mains under an external magnetic field will deform the structures in 
prescribed directions [11–15]. We have recently shown that an alter-
native wireless actuation scheme can be realized that does not require 
the use of metallic particles [16]. The microactuators consisted of 3D 
nanoprinted polymer capsules with circular orifice(s) that were con-
nected to each other with ultraflexible polymer beams. When submerged 
in water, polymer capsules entrap air bubbles inside their cavity and the 
oscillations of entrapped bubbles excited by travelling acoustic waves 
are constrained to regions defined by the orifices [17–20]. Individually, 
the air-filled capsules generated acoustic streaming forces at the 

interfaces that were strong enough to deform the connecting beams. 
When faced to each other, the capsules also generated secondary 
acoustic radiation force (often referred as secondary Bjerknes force) that 
could be harnessed to compress springs. 

In this work, we extend the capabilities of acoustic actuation to 
rotational micromechanical systems, and present an integrated design, 
fabrication, and control methodology for torsional microactuators 
powered by ultrasound. Torsional microactuators are ubiquitous in 
commercial microelectromechanical systems (MEMS) devices because 
the use of compliant mechanisms significantly reduces the complexity 
and cost of manufacturing, and improve durability and performance 
[21,22]. Our actuation scheme is inspired by a recent work that showed 
the feasibility of generating torque using confined microbubbles and 
secondary acoustic radiation forces on a free-floating centimeter scale 
plate [23]. The actuator consists of two capsules, each with two orifices, 
that are connected via an ultraflexible torsion bar (Fig. 1a,b). Secondary 
radiation forces generated between the air bubbles entrapped inside the 
cavities of the capsules apply a controllable torque that twists the bars. 
The capsule that serves as the rotor is connected to a second structure, 
which can be considered as a part of the stator, to stabilize its rotation 
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axis. The actuator is 3D printed as a whole using two-photon polymer-
ization (Supporting Note 1). The capsules must be as rigid as possible to 
resist deformation under ultrasound while the bars must be as flexible as 
possible to allow torsion. We resolved this trade-off by fabricating the 
actuator from two biocompatible polymers of significantly different 
Young’s moduli (12.7 MPa vs 3 GPa) that can be chemically bonded to 
each other during the printing process [16,24]. We show, through 
design optimization, that the rotor can bidirectionally rotate up to 150○ 

(an order of magnitude higher than state-of-the-art MEMS devices [25]), 
where the overall footprint is less than 300 μm. 

2. Material and methods 

2.1. Torsional microactuator 

The machine components were designed using a computer aided 
design (CAD) software (SolidWorks) and 3D nanoprinted using two- 
photon polymerization (Nanoscribe Photonic Professional GT+) from 
two polymers, trimethylolpropane ethoxylate triacrylate (TPETA, 
Sigma) and pentaerythritol tetraacrylate (PETA, Sigma). Details of the 
fabrication process are provided in Supporting Note 1. 

2.2. Experimental platform 

Following the literature [26–29], we built an integrated experi-
mental platform where we could characterize the motion of the rotor 

and measure the deflection of bubbles entrapped inside the cavities as a 
function of the acoustic signal (Fig. 1c). We created an environment 
where the bubbles are only excited by the impinging acoustic waves [16, 
18,30] and not, for example, surface acoustic waves [31,32]. To do so, 
the 3D printed water tank was designed to minimize standing waves that 
lead to primary acoustic radiation forces [33–35]. In addition, the tank 
walls were lined with a 9 mm thick elastomer, polydimethylsiloxane 
(PDMS), to absorb acoustic waves. The acoustic field was generated by 
two water immersion ultrasonic transducers, Ultran (GS200-D19-P50) 
and Olympus (V318-SU). The tank was filled with a saline solution that 
consists of purified water (Milli-Q) and salt (NaCl, 25% w/w). The tank 
was mounted on the stage of an inverted microscope (Nikon T-2). Im-
ages were acquired with high-speed cameras (Phantom VEO 640 L and 
Phantom v12) using two objectives (Nikon CFI Plan Fluor DL 4X and 
Nikon DCFI Plan Fluor DL 10XF). The actuators were 3D printed on a 
glass slide and placed in the water tank where the transducers were 
submerged (Fig. S1). The actuators were excited with sine sweep signals 
that were synchronized with the video recordings. In the post-processing 
stage, we correlated the instantaneous frequency to each frame. The 
twist angle was estimated using image processing based on the CAD 
design using MATLAB. Further details are provided in Supporting Note 
2. 

2.2.1. Water-air interface characterization 
To directly image the bubble deflection at the water-air interface, 

individual capsules were printed in a configuration where the orifices 

Fig. 1. The design of the microactuator and the experimental platform. (a) A schematic illustration of the torsional microactuator, showing the stator and rotor 
(green) that are connected via torsion bars (yellow). (b) Electron microscopy image of an actuator from two different angles. The physical markers that were used to 
align the laser beam during the printing of the torsion bars are marked. Scale bars, 50 μm. (c) A schematic illustration of the experimental platform showing the 
arrangement of the tank and the ultrasound transducers. A laser vibrometer measures the deformation of the air bubbles at the water-air interface. 
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faced upwards (Fig. 1c). Phase-contrast images were acquired to quali-
tatively analyze the deflection (Nikon CFI Plan Fluor DLL 20x with PH1 
phase contrast ring). By recording videos at a frame rate higher than the 
Nyquist limit (i.e., twice the excitation frequency), we were able to 
observe the interface deflection. These deflections cannot be correlated 
to physical units. For a quantitative analysis of the interface deflection, 
we used a laser Doppler vibrometer (LDV, Polytec CLV-2534) that was 
coupled to the microscope through a high-resolution water immersion 
objective (Nikon CFI Apo NIR 40X W) by a custom-built optical set-up 
(Fig. 1c). With this configuration, the laser passed through the water, 
glass, air, and reflected from the bubble surface to the sensor head. We 
recovered the velocity amplitude and phase by measuring different lo-
cations. The harmonic excitation signal was generated using a signal 
generator (Picoscope 5443D Pico Technologies) and amplified using a 
voltage amplifier (A-303 A.A. LAB SYSTEMS LTD.). Acoustic pressure 

measurements were performed by placing an amplified hydrophone 
(type I, RP. ACOUSTICS) close to the bubbles using a 3 degrees of 
freedom micromanipulator (SmarAct). The bandwidth of the hydro-
phone is from 1 kHz to 3 MHz. Pressure measurements were recorded at 
higher input voltage levels to ensure an interpretable signal. Hence, a 
wideband power amplifier was used (7602 M KROHN-HITE CORPO-
RATION). Measurements were repeated after the bubbles were dissolved 
to obtain an accurate representation of the primary acoustic source (i.e., 
the immersion transducers). Further details are provided in Supporting 
Note 3. 

3. Theory 

The secondary acoustic radiation forces acting between the confined 
bubbles are frequency-dependent, and the frequency response is deter-
mined by the geometry of the capsules [16,23,36,37]. The secondary 
acoustic field is essentially generated by the deflection of the air bubbles 
at the water-air interface (i.e., the orifice). Large deflection amplitudes 
are obtained at resonance, however, since acoustic phenomena are 
related to velocity, we postulated that the bubbles should be excited at 
their natural frequencies [38]. The dynamics of partially confined 

micro-gas bubbles in fluids is complex due to the solid-gas-fluid in-
teractions. Nevertheless, we have recently developed an analytical 
model to calculate the natural frequencies and vibration modes of 
bubbles entrapped inside capsules with single and multiple circular or-
ifices [38]. To derive the governing equations, we assumed that each 
water-air interface was pinned at its edges, resembling a circular 
membrane. The coupling between the different interfaces was assumed 
to be only through the gas compressibility, and not the fluid, which was 
modeled using potential flow. In the absence of external loads, the 
equations can be rearranged and put into a modal form. Their solution 
yields the natural frequencies and matching vibration modes. 

3.1. Secondary acoustic radiation forces 

Secondary acoustic radiation forces arise between compressible 
particles that can resonate, which is the case for confined microbubbles 
[33,36,37,39]. Theoretical models of the forces acting between two 
unconfined spherical bubbles exist with various levels of complexity, 
where different models capture different phenomena. Nevertheless, all 
models predict that the forces depend on the excitation frequency and 
amplitude, the bubbles’ natural frequencies, radii, relative distance, and 
medium properties. For confined bubbles, no closed-form expression 
exists due to the complex and unique geometry that cannot be gener-
alized. Assuming that the fundamental relations remain, the attractive 
force acting between two interfaces of identical adjacent confined 
bubbles is given by: 

FR = βρω2a4p2

d2
ij

d̂ij (1)  

where a is the orifice radius, p is the incident pressure amplitude, ω is the 
angular frequency of the acoustic wave, ρ is the medium density, dij is 
the distance between the interacting orifices’ centers, d̂ijis a unit vector 
between the orifices’ centers, and β is a coefficient that we include to 
capture the special geometry of the confined bubbles. For the geometry 
shown in Fig. 2, the orifices’ centers in space, Pi, and the vectorsd̂ijare:  

where h is the orifice center distance from the axis of rotation, L is the 
distance between the interacting orifices along the rotation axis, θ is the 
twisting angle, and θ0 is the relative angle in the undisturbed state. The 
torque generated by one of the orifices on the rotor interacting with both 
orifices of the stator is 

T = βρω2a4p2[d− 2
31 (P1 × d̂31)+ d− 2

41 (P1 × d̂41)
]
. (3) 

The component leading to the rotation about the y-axis is   

Considering the static equilibrium position, the twist angle is gov-
erned in the general case by 

2Ty = kθ
(
θ,Fy

)
θ, (5)  

where kθ can be interpreted as a generalized stiffness that is angular and 
axial loading dependent [40]. In the simple case of linear torsional bars, 
kθ = GJ/L, where G is the shear modulus, J is the second polar moment of 
area of the cross-section, and L is the length of the bar [41]. Here, we 
consider large deformation in addition to axial loading; therefore, we 
estimate the stiffness of the torsional bars via finite element (FE) analysis 
as discussed in Section 4.3. We found that kθ could be approximated as: 

kθ = k1 + k3θ2. (6) 

P1 = h cos(θ0 + θ)x̂ − h sin(θ0 + θ)ẑ, P3 = Lŷ + hẑ, P4 = Lŷ − hẑ, d̂ij =
Pi − Pj

dij
, dij =

⃦
⃦Pi − Pj

⃦
⃦ . (2)   

Ty = βρω2a4h2p2 cos(θ+ θ0)
({

L2 + 2h2[1 − sin(θ + θ0)]
}− 3/2

−
{

L2 + 2h2[1 + sin(θ + θ0)]
}− 3/2

)
. (4)   
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An analytical expression for the secondary acoustic radiation force is 
derived from Eqs. (1) to (6) as follows:   

We can calculate FR using Eq. (7) for a given prototype from the 
measured values of θ by estimating the stiffness of the torsional bars 
numerically using the FE model. We can obtain a generic model that 
does not require FE analysis to calculate the acoustic forces, using Eq. 
(1), and torques, using Eq. (4), by fitting the parameter β to the exper-
imental data. A relation between β and θ is obtained by combining Eqs. 
(4) to (6):   

4. Results 

The entrapped bubbles generate attractive or repulsive forces 
depending on their relative oscillation phase [16,36,37]. Both the cap-
sules of the stator and the rotor have two identical orifices to ensure that 
the entrapped bubbles would oscillate with the same amplitude and 

phase (Fig. 1a). The interactions among the four orifices result in a force 
couple and an attractive force (Fy) that can potentially lead to the 

buckling of the torsion bar. To avoid buckling, we added a second tor-
sion bar that connects the rotor to a second stator that does not contain a 
bubble. This torsion bar is under tension during operation, thus reducing 
the compression load acting on the other bar. We aimed to design the 
smallest torsional microactuator that we could manufacture and power 
with the ultrasound transducers that we have in our laboratory. As an 
additional requirement, the orifices must be as small as possible to stably 
entrap air bubbles inside the cavities. We could reliably and efficiently 
fabricate and excite air bubbles entrapped inside 25 μm radius spherical 

cavities with circular opening radii ranging from 5 μm to 15 μm. We 
designed the torsion bars to have a minimal cross-section (300 nm by 4 
μm) that can be 3D nanoprinted to maximize their flexibility. 

4.1. Water-air interface dynamics 

Bubbles with multiple orifices exhibit different vibration modes 
[38], where the efficient ones in the case of two orifices are the first two 
(Supporting Note 3). In order to excite these modes, the spatial distri-
bution of the pressure waves must have a certain form where their 
projection on the mode is not zero. This becomes challenging for our 
microscale structures because the natural frequencies are in the range of 

Table 1 
Bubble parameters and the first two natural frequencies.  

V (μm3) a (μm) f1 (kHz) f2 (kHz)   

2×8  162.07  165.21  
145915 2×10  115.971  121.348   

2×12  88.22  96.4291  

Fig. 3. Scaled modal participation factors as a function of the excitation fre-
quency. The data is measured using the LDV and phase contrast microscopy 
(averaged relative pixel intensity – ARPI) techniques from bubbles with two 
openings of radii (a) a = 8 μm, (b) a = 10 μm, and (c) a = 12 μm. 

Fig. 2. The coordinate system that was used for the development of the 
analytical model. 

FR =

(
k1 + k3θ2)θ

{
L2 + 2h2[1 − sin(θ + θ0)]

}3/2{L2 + 2h2[1 + sin(θ + θ0)]
}3/2

2h2 cos(θ + θ0)
({

L2 + 2h2[1 + sin(θ + θ0)]
}3/2

−
{

L2 + 2h2[1 − sin(θ + θ0)]
}3/2

)
d̂ij

d2
ij
. (7)   

2ρω2a4h2p2 cos(θ+ θ0)
({

L2 + 2h2[1 − sin(θ + θ0)]
}− 3/2

−
{

L2 + 2h2[1 + sin(θ + θ0)]
}− 3/2

)
β = k1θ+ k3θ3 (8)   
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50 kHz to 500 kHz, resulting in wavelengths (3 mm to 30 mm) that are 
at least one order of magnitude larger than the actuator size. As a result, 
the pressure distribution on all the interfaces can be approximated as 
uniform. Under this condition, and considering a bubble with two 
identical openings, we hypothesized that only the second mode could be 
excited (Fig. S2). 

To test this hypothesis, we measured the responses of three capsules, 
each with two identical orifices (Table 1). Measuring the interfaces using 
LDV at multiple locations is challenging due to the relatively large laser 
spot size; therefore, we analyzed them quantitatively using one mea-
surement point at the center and qualitatively using phase contrast 
microscopy. For the LDV measurements, we performed three frequency 
sweeps (20–80 kHz, 62–248 kHz, and 100–400 kHz) because there is a 
limit on the ratio between the maximum and minimum excitation fre-
quency when implementing the Hilbert Vibration Decomposition algo-
rithm [42]. For the phase-contrast imaging analysis, we performed a 
single frequency sweep from 20 to 150 kHz. The instantaneous pressure 
level is reported as the transducer gain measured by the hydrophone 
(Fig. S3). We computed the averaged intensity of each interface relative 
to the undisturbed state. This data was used to estimate the participation 
factor of the first two modes as detailed in Supporting Note 3. The 
second mode dominated for all the capsules in the measured frequency 
bands while the first mode response was negligible (Fig. 3). These results 
validate our hypothesis regarding the pressure projection and the ability 
to excite different modes. 

4.2. Experimental characterization of the torsional microactuators 

The natural frequencies of the entrapped bubbles depend on the 
geometry of the capsules and the properties of the medium and gas, and 
not on the design of the torsional microactuator. Therefore, the mea-
surements performed on single capsules in Section 4.1 are directly 
relevant for choosing the driving frequency for the microactuator. The 
experimental realization has slight deviations from the CAD drawings 
due to the fabrication tolerances (Supporting Note 4). We began our 

investigation with an experimental sensitivity analysis. We printed nine 
actuators with different geometries as shown in Fig. 4. The cavity vol-
umes of all the capsules were kept the same, and we modulated the 
orifice size and bar length. We performed several frequency sweeps from 
40 kHz to 500 kHz at three input voltage levels (65, 103, and 130 V). 
These experiments led to three observations. First, actuators with larger 
orifices were active at lower frequencies (Video 1). Second, actuators 
with shorter bars twisted more. Third, the rotation direction was arbi-
trary. These observations are aligned with the theory. Bubbles with 
larger openings are expected to have lower natural frequencies and 
apply higher forces [38]. When the bubbles are closer to each other (i.e., 
shorter bars), the torque is expected to be higher as the secondary 
acoustic radiation forces are inversely proportional to the distance 
squared (Eq. (1)). On the other hand, the torsional stiffness of the bar 
increases linearly with length. The rotor is initially positioned sym-
metrically with respect to the stator, thus there is no preference for 
either twist direction. The direction of rotation is determined by 
manufacturing errors, some actuators rotated clockwise (CW) while 
others rotated counterclockwise (CCW). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.eml.2024.102148. 

According to the observations, we selected the actuator designs with 
the shortest bars of 20 μm, and opening radii of 10 and 12 μm. We did 
not reduce the bar length further because when the rotor and stator were 
printed closer to each other air bubbles formed within the small space in- 
between. To prescribe a deterministic rotation direction, we printed 
actuators with an initial tilt angle of either θ0 = − 15○ (Fig. 5a) or θ0 =

+15○ (Fig. 5b). The tilted actuators rotated in the prescribed direction at 
all frequencies, validating the hypothesis (Video 2). The actuators with 
larger orifices responded at lower frequencies, as expected. We excited 
the system at 450 kHz, and recorded the instantaneous angle of the 
actuators during first increasing and later decreasing the pressure level. 
We observed hysteresis in the deflection of the rotors (Fig. 5c), which is 
probably due to the friction between the rotor and the substrate. We 
measured the same maximum rotation after 1000 ON-OFF actuation 

Fig. 4. Snap shots from videos of nine actuators that are all excited at f = 335.79 kHz and p = 19.6 kPa. The length of the torsion bars, L, and the radius of the 
orifices, a, are marked on the images. Scale bar, 50 μm. 
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cycles with pulses of 10.3 kPa at 450 kHz, without showing any sign of 
fatigue due to cyclic loading (Fig. S4). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.eml.2024.102148. 

We used linear least squares to fit β to the empirical data according to 
Eq.(8). The orifice size and initial tilt angle are different for the four 

devices analyzed in Fig. 5d and Fig. 5e. Nevertheless, the β values are 
similar, showing that our updated analytical model can capture the 
dynamics of the problem.    

Fig. 5. Schematic illustrations and bright field images of actuators (a = 12 μm, L = 20 μm) with an initial tilt angle of (a) θ0 = +15◦ and (b) θ0 = − 15◦. The left panel 
shows the initial state and the right panel shows the actuated state when the devices were excited at f = 450 kHz, and p ≈ 18.4 kPa. Scale bar, 50 μm. (c) The twist 
angle of an initially tilted (θ0 = +15◦) actuator (a = 10 μm, L = 20 μm) excited at f = 450 kHz. The angular displacement is plotted against input pressure while the 
pressure is gradually increased (Up) or decreased (Down). The angular displacement and estimated forces of actuators (L = 20 μm) with an initial tilt angle of (d) (θ0 
= +15◦) and (e) (θ0 = − 15◦) for different input pressure. 

Fig. 6. (a) A snap shot from the FE analysis of the actuator. The arrows indicate the instantaneous force vectors acting between the interfaces. (b) The computed 
torque versus the twist angle for different boundary conditions and axial load. (c) Polynomial curve fitting (kθ = k1 + k3θ2) on the FE simulation results and the 
associated error. 
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The unit of β is m6/N2rad2. Once the β values were estimated, we 
used Eq.(1) to calculate the secondary acoustic radiation forces (Fig. 5d, 
e), which are on the same order of magnitude with reported values [16]. 

4.3. Finite element analysis of structural deformation 

We used FE analysis (Solid Mechanics module, COMSOL Multi-
physics 6.1) to estimate the stiffness of the torsion bars and acoustically 
generated torque. A CAD model of an actuator was imported to COM-
SOL, where the rotor was modeled as rigid, and the bars as linear elastic 
material (Poisson’s ratio, νTPETA~0.45). We numerically computed the 
response of the actuator at different loading conditions. The forces were 
applied at locations that correspond to the center of the orifices, and 
their direction was updated according to the instantaneous orientation 
of the rotor. This strategy reproduced the experimentally observed de-
formations (Video 3). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.eml.2024.102148. 

Fig. 6 shows the rotor rotation as the forces increase when one or 
both ends of the bars are fixed. We analyzed six different cases to 
quantify the influence of the boundary conditions and the axial load, Fy, 
on the torsional stiffness (Fig. 6b). In the first three cases, both ends were 
fixed. In the second three cases, only one end was fixed. We considered 
the conditions where the axial load was zero, the axial load was applied 

Fig. 7. Bidirectional torsional microactuator. (a) A schematic illustration of the bidirectional actuator showing the rotors and stators (green) and the torsion bars 
(yellow). (b) An electron microscopy image of the bidirectional actuator. Magnification, 305X. Scale bar, 50 μm. (c) Bright field images of the bidirectional actuator 
at rest, and when excited at different frequencies and pressure levels. Scale bar, 50 μm. (d) The average pixel intensity versus time, as measured in the region of 
interest (red rectangles) shown in the insets. The bidirectional actuator is excited at 222 kHz, and 14.6 kPa. The periods defined by the gray and blue shaded regions 
indicates the actuated and non-actuated response time, respectively. 

Table 2 
The transient rotary actuation response.  

f (kHz) p (kPa) T1 (s) T2 (s) Δθ (◦) ω1 (rpm) ω2 (rpm) a (μm)  

82  9.1  1.435  0.351  17  1.97  8.06  12  
82  11.5  0.283  0.305  38  22.31  20.73  12  
222  14.6  0.426  0.241  41  16.03  35.46  10  
222  18.5  0.235  0.286  50  28.30  29.10  10  

β10
+15◦ = 1.8 × 10− 21, β10

− 15◦ = 9.0 × 10− 22, β12
+15◦ = 6.5 × 10− 22, β12

− 15◦ = 5.4 × 10− 22 . (9)   
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according to the analytical model described in Section 3.1, and the axial 
load was doubled. The results showed that having one or two bars 
significantly affects the overall stiffness; however, the influence of the 
magnitude of the axial load is negligible. Therefore, we used the simu-
lation data for the scenario that best matched the experimental condi-
tions, where both ends were fixed and the axial load was applied 
according to the model. The fitted spring coefficients are, 

k1 = 3.13 × 10− 14Nm
/

rad, k3 = 2.15 × 10− 14Nm/rad3 . (10) 

The polynomial fit using k1 and k3 according to Eq. (6) is sufficient to 
capture FE results (Fig. 6c). 

4.4. Development of a bidirectional torsional microactuator 

The presented actuator design with two capsules allows us to create 
rotation in one direction while the restoring forces applied by the torsion 
bars rotate the rotor back to the original configuration. To controllably 
generate rotation in both directions, we modified the design by adding 
two more capsules on the opposite sides (Fig. 7a). The entrapped bub-
bles are geometrically different to designate different natural fre-
quencies for each rotation direction. Each subunit was tilted by 15◦ in 
the opposite directions, thus favoring CW or CCW rotation (Fig. 7b). The 
actuator repeatedly and reversibly turned in CCW direction at around 
85 kHz, and CW direction at around 222 kHz (Fig. 7c and Video 4). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.eml.2024.102148. 

We characterized the response time of the devices upon actuation at 
different frequencies and pressure levels using pixel intensity (PI) as the 
proxy for rotation (Fig. 7c and Supporting Note 5). The results are 
summarized in Table 2. We considered that a steady state is reached 
when the PI is 97% of the maximum level. The duration between the 
instances shaded in gray was considered as the actuated response time 
(T1). Similarly, the time duration shaded in blue was considered as the 
non-actuated response time (T2). The response time is almost always 
lower than 500 ms, and the angular velocity, ωrot, increased up to 
35 rpm. We did not observe any overshoot, indicating that the system is 
overdamped due to viscous forces. The Reynolds number, Re, can be 
estimated as Re = ρωrotR2/μ = 0.011≪1 where R is the rotor’s radius 
and μ is the dynamic viscosity. 

5. Discussion and conclusions 

To generate pure torque and minimize forces that lead to the bending 
of the torsion bars, we designed the stator and rotor to have a single 
bubble with two interacting interfaces. The latter was chosen to ensure 
that the interfaces oscillate in phase with the same amplitude as they 
would be coupled through the gas. Efficient actuation in our system can 
be achieved close to the bubbles’ natural frequencies. The most efficient, 
and easiest to excite vibration mode of a confined bubble with a single 
circular opening is the first one, which resembles a membrane. For a 
bubble with two identical openings, the second mode is preferred, where 
both openings oscillate in phase, resembling the first mode of a bubble 
with one opening. Estimation of these frequencies can be done using 
existing analytical models; however, due to the complexity of our me-
chanical microsystem, where fluid, gas, and solids are interacting and 
small manufacturing tolerances lead to large changes in natural fre-
quencies, experimental validation is critical. We demonstrated that 
phase contrast microscopy could identify at what frequencies the in-
terfaces oscillate with large amplitudes without requiring sophisticated 
equipment. We also provide a single equation to calculate the secondary 
acoustic radiation forces generated by our actuators. This calculation 
requires the fitting of a parameter, β, which captures the effects of 
encapsulating the air bubble inside a capsule with an interface. If an 

analytical description of the β parameter could be derived then it would 
become feasible to directly calculate the forces and torques from the 
CAD design of the actuator. Moreover, with the incorporation of an 
analytical description for the stiffness of the torsion bars at large 
deformation, FE analysis could be avoided. 

To enable controlled rotation in both directions, we combine two 
rotor/stator pairs with varying tilt angles. To miniaturize the actuator 
further, the two cavities of the rotor could be merged, which results in a 
single bubble with four openings, two on each side. In this configuration, 
the natural frequencies of bubbles entrapped inside the rotor and the 
stator will be different, which will make the actuator less efficient. A 
new analytical model must be developed to calculate the torque 
generated by this prototype. The rotation of the rotors in our micro-
system depended on whether the pressure was gradually increased or 
decreased. Moreover, the averaged angular velocities during active 
rotation and passive recoil due to spring forces were different. We as-
sume that this hysteretic behavior is related to friction and interactions 
of the rotors with the glass substrate. To overcome this problem, the 
rotors could be printed on a dissolvable substrate [43]. 

Our microactuation system, driven by secondary acoustic radiation 
forces, offers versatile capabilities for various applications. Torsional 
microactuators are particularly suited for the tilting of micro-mirrors 
that are designed for precise control of light reflection in the context 
of optical switches, data storage and imaging. Micromirrors can be 3D 
printed directly on the microactuators using two-photon polymerization 
[44]. These actuated optical elements could be operated inside micro-
fluidic systems or integrated to the tip of an optical fiber [45] for po-
tential medical applications. As a final remark, the stator of the actuator 
could be printed as a single unit and detached from the substrate. This 
way, untethered acoustically actuated torsional actuators could be 
developed for robotic micromanipulation. 
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