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3D Acoustofluidics via Sub-Wavelength Micro-Resonators

William Sean Harley, Kirill Kolesnik, Mingxin Xu, Daniel Edward Heath, 
and David John Collins*

Precise acoustic micromanipulation is emerging as an important tool in 
biomedical research, where acoustic forces have the advantage of being 
contact-free, label-free, and biocompatible. Conventional acoustofluidic 
approaches, however, produce device-scale effects that limit the ability to 
locally target acoustic energies at the microscale. In this study, we demonstrate 
an approach to generate designed and highly local acoustic fields using 3D 
resonant mass-spring microstructures, achieving local acoustic field gradients 
on the order of microns, orders of magnitude smaller than the fluid wave-
length. In doing so, rapid and spatially defined controllable micromanipulation, 
including particle capture, transport, and patterning using arbitrarily arranged 
micro-resonator arrays is demonstrated. This sub-wavelength, 3D acoustoflu-
idic approach results in highly localized and defined micromanipulation, with 
potential applications across sample preparation, cell analysis, and diagnostics.
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intensity.[9,10] Electric fields similarly 
enable micro-manipulation by exposing 
cells to strong electric fields that drive 
particle and cell motion, although are 
similarly susceptible to cell damage at 
higher powers.[11,12] Magnetic fields have 
also found utility, although they are typi-
cally more limited in terms of their spatial 
selectivity, with fields permeating the bulk 
of the device, and where magnetophoresis 
often requires conjugated labels to per-
form manipulation.[13,14]

Acoustic fields, however, can utilize 
wavelengths that can approach the scale 
of individual cells[15,16] and are generally 
biocompatible, with the migration of par-
ticles and cells toward minimum acoustic 
energy positions,[17–19] making acoustoflu-

idic devices a powerful tool for micromanipulation.[20–26] Owing 
to the tunable nature of acoustic waves and the wide range 
of operating frequencies used (kilohertz to gigahertz), acou-
stophoretic technologies can perform particle manipulation 
across length scales from sub-micron to millimeters.[27–29] Spa-
tial selectivity has further been achieved via wavefield design 
approaches including acoustic holography,[30] focused trans-
ducers,[31,32] and pulsed actuation strategies,[33,34] although the 
scale of this selectivity is generally limited by the acoustic wave-
lengths utilized.

Acoustic-structure interactions, where acoustic fields dif-
fract around or couple through patterned interfaces adjoining 
the transducers,[35–40] are also emerging as an area of interest, 
with the potential to generate yet more refined and localized 
actuation. Sub-wavelength features in particular are capable of 
generating evanescent acoustic effects whose gradients can be 
substantially smaller than the acoustic wavelength.[41–44] Acoustic 
streaming induced by vibrating sharp-edge microstructures, 
for instance, has been used for mixing,[45,46] propelling micro-
robots,[47,48] and nanoparticle concentration.[49,50] For instance, 
Lu et al. illustrated microstreaming-based traps for the parallel 
label-free cancer cell isolation in biological samples.[51] More 
recently, Rasouli et al. demonstrated the rapid formation of mul-
ticellular spheroids in a continuous flow using such acoustic 
streaming effects.[52] Utilizing a patterned cavity layer, Tayebi 
et al. further demonstrated the formation of microscale acoustic 
forces that captured individual 300 nm particles in 500 nm cavi-
ties. Together, this demonstrates the ability to effect microscale 
manipulation beyond the formation of periodic, wavelength-
scale nodes and streaming vortices that are typical of standing 
wave acoustic devices.[53–56] While a variety of microstructures 
have been thus used to generate microstreaming and acoustic 
radiation effects, these have been constrained in terms of their 
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1. Introduction

Microscale manipulation of particles, cells, and cellular aggre-
gates is an essential technique in biomedical research with 
applications across single-cell analysis,[1,2] drug discovery,[3,4] 
and tissue engineering.[5,6] Micromanipulation methods such 
as optical tweezing, magnetophoresis, dielectrophoresis, and 
acoustophoresis.[7,8] Optical tweezers, for example, are unique 
in that they offer a very high degree of spatial resolution, with 
the ability to trap and transport individual cells and molecules. 
This technique, however, requires complex optics including 
lasers, high numerical aperture objectives, and can cause cell 
damage, with attraction toward regions of the highest optical 

© 2022 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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versatility (with limited ability to determine arbitrary arrange-
ments and define complex acoustic fields in 3D) and their per-
formance (where structural oscillations are constrained by unop-
timized, simple geometries which limit their actuation distance 
in height). For instance, while acoustic fields are intrinsically 3D, 
planar acoustic devices typically produce periodic effects with 
systemic, rather than local and defined effects. While evanes-
cent fields from periodic cavity structures have shown the ability 
for sub-wavelength cavities to generate evanescent fields on 
similar scales,[50] the location, arrangement, and vertical scale of 
these fields are limited. These limitations ultimately arise from 
the dimensionality of the structures and fabrication methods 
employed, being typically planar and layer-by-layer, respectively.

In this work, we demonstrate 3D acoustofluidic micro-res-
onators for targeted micromanipulation, in which microfabri-
cated and optimized spring-mass systems generate large dis-
placements and thus rapid microfluidic actuation. An example 
of an acoustically resonant structure in the natural world is the 
basilar membrane in the ear, enabling the frequency-selective 
magnification of acoustic displacements. In this work a micro-
resonator structure similarly enhances and magnifies acoustic 
oscillations, enabling on-demand micromanipulation via ultra-
sonic streaming and acoustic radiation forces, here utilizing 
actuation of microprinted 3D microstructures via a 7  MHz, 
bulk acoustic wave (BAW) transducer. The structures are fabri-
cated via 3D microprinting, yielding complex geometries whose 
dimensions can be tailored for optimal acoustic excitation. The 
oscillation of these sub-wavelength, ≈10  µm scale structures 
produce highly localized evanescent acoustofluidic fields that 
can be used to focus and manipulate microscale objects.

To generate maximum displacements in these micro-resona-
tors, numerical modeling is used to optimize their dimensions 
for a given actuation frequency. This modeling is validated 
experimentally, showing enhanced actuation for a range of 
microstructure geometries, with resulting particle interactions 
yielding local rotational and aggregation activities. Further, as 
these elements can be arbitrarily patterned across a microfluidic 

domain, the concerted action of these structures can be coordi-
nated to produce designed micropatterning across large areas, 
essentially converting planar acoustic excitation into designed 
configurations, yielding unique arrangements that would not 
be feasible using conventional acoustofluidic actuation. Finally, 
we demonstrate a range of micro-resonator device geometries, 
exhibiting the flexibility of this approach in determining the 
orientation and morphology of the local acoustic field, and thus 
the preferred location(s) at which microparticles interact. The 
ability to generate high-magnitude, sub-wavelength acoustic 
fields via 3D acoustofluidic micro-resonators is thus an ena-
bling approach that significantly expands the versatility and 
performance of acoustofluidic micromanipulation.

2. Concept and Operating Principles

Figure 1 depicts the micro-resonator device concept, where 3D 
structures are embedded inside a microfluidic polydimethylsi-
loxane (PDMS) chamber on fused silica. Acoustic energies are 
coupled to the silica substrate via a thin layer of water from 
piezoelectric LiNbO3 crystal coated with uniform conductive 
chromium/aluminum electrode layers. When the piezoelectric 
transducer is actuated with an alternating current electrical 
input, it generates a bulk-mode resonance along the transducer 
thickness (z-axis), where mechanical displacements are coupled 
through to the silica layer to induce vibration in 3D micro-res-
onators. Such a superstrate-based approach, where the micro-
fluidic component is not directly bonded to the transducer, 
makes the microfluidic component interchangeable and simpli-
fies microchannel bonding. The induced particle manipulation 
effected by these micro-resonators is influenced by the com-
bined influences of acoustic radiation forces and acoustically 
induced flow, the latter termed acoustic streaming.[57] The latter, 
acoustic streaming, results from the attenuation and transfer of 
acoustic energy into bulk fluid motion and influences particle 
motion by generating fluid flow.[58]

Figure 1.  3D acoustofluidic micro-resonator concept. a) Microfluidic device schematic incorporating 3D acoustofluidic micro-resonators, where these 
are contained inside a microfluidic chamber bounded by polydimethylsiloxane (PDMS) and fused silica. Piezoelectric actuation is coupled from the 
transducer to the microfluidic device via a thin fluid coupling layer. b) Side view illustrating particle trapping behavior around spring-mass resonators, 
with a concentration in the vicinity of sharp edges. c) Helium ion microscopy (HIM) image of a representative 3D micro-resonator structure. Scale bar 
is 5 µm (the acoustic wavelength in water at 7 MHz is 213 µm).

Adv. Funct. Mater. 2023, 33, 2211422
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Whereas both acoustic radiation forces and acoustic 
streaming are both periodic and wavelength-scale in conven-
tional acoustofluidic systems, including those driven by BAW[59] 
and surface acoustic wave[60] actuation, the use of resonant 
3D sub-wavelength microstructures here enables the genera-
tion of highly localized, sub-wavelength acoustofluidic effects. 
This principle is shown in Figure  1b, where suspended parti-
cles translate along acoustic force potential gradients, from 
regions of high acoustic potential to lower ones. The acoustic 
force potential is calculated using a combination of the first-
order pressure and velocity fields; as higher velocities result in 
lower potentials, and the highest first-order velocities are gener-
ated in the vicinity of sharp boundaries, particles are generally 
attracted toward micro-resonator edges. An example microfab-
ricated ‘mushroom cap’ resonator image is shown in Figure 1c.

3. Results and Discussion

3.1. Numerical Modeling

To map the acoustic potential distribution around microstruc-
tures, as well as to understand the impact of resonator dimen-
sions on performance, an isolated micro-resonator structure 

is simulated in an axisymmetric (radially symmetric) study 
(Figure S1a, Supporting Information) within a simulated micro-
fluidic environment. The bottom boundary has a prescribed 
uniform velocity actuation of 1 m s−1 which produces a pressure 
wave propagating upward and partly reflecting from the PDMS 
boundary atop the 100 µm high microfluidic chamber. Figure 2a 
plots the resulting pressure amplitude in the fluid domain from 
a structure whose mass component has a diameter of 10  µm 
and is 10  µm high, with a displacement from the transducer 
surface of 12  µm; this figure focuses on the acoustic field in 
the immediate vicinity of the micro-resonator. As the actuated 
micropillar experiences mechanical resonance, this yields a 
4.5 times higher displacement (at the structure's top surface) 
compared to the actuation amplitude. This figure shows that 
the oscillating structure generates an evanescent field with a 
pressure minima on top, and with a pressure maxima along the 
bottom surface. Figure 2b further plots the velocity magnitude, 
with peak values near both the top and bottom surfaces.

Rather than being a function of either the velocity or pres-
sure field alone, however, acoustophoretic focusing is governed 
by the acoustic potential field, which is a function of both 
pressure and velocity, and where particles are directed toward 
acoustic potential minima. The potential Urad is the sum of 
the monopole mp

radU  and dipole dp
radU  terms,which depend on 

Figure 2.  Numerical modeling results for the axisymmetric structure with w = h = 10 µm actuated at 7 MHz. a) Pressure amplitude, with local pres-
sure maxima on the bottom cap surface. b) High fluid velocity amplitude near the top and bottom edges of the oscillating structure. c–e) The Gor'kov 
potential for polystyrene particles where (c) shows the monopole (pressure dependent) component, (d) the dipole (velocity dependent) component, 
and (e) resulting combined potential field with minima near the top and bottom of both cap surfaces. f) Plot highlighting the differences between 
pressure-dependent monopole and velocity-dependent dipole components against the resulting potential field at the top (dotted) and bottom (solid 
line) of the microstructure shown in (e).

Adv. Funct. Mater. 2023, 33, 2211422
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the local time-averaged complex-valued pressure 〈p2〉 and 
velocity 〈v2〉 fields, respectively, and which is examined in Equa-
tion (17) (Experimental Section). Whereas the pressure and 
velocity distribution are intrinsic to the fluidic domain in the 
vicinity of a structure, the potential distribution is a function 
of a particle's interaction with these fields, where the results 
in Figure  2c–f are plotted for a representative 3  µm polysty-
rene particle. The monopole term distribution (Figure  2c) is 
determined by the pressure amplitude and thus reaches its 
local minima near the pillar and top and bottom boundaries 
of the domain. The dipole term (Figure  2d), in turn, reaches 
its minimum near the top and bottom interfaces where the 
acoustic velocity has its highest value. As the dipole component 
is of substantially greater magnitude than that of the mono-
pole one, the resulting Gor'kov potential Urad (Figure  2e,f) 
has a minimum near both top and bottom surfaces, where 
Figure  2f plots Urad along the cross sections along the top 
(dashed line) and bottom (solid line). As the minima appear 
along these interfaces, these are the locations that particles 
are expected to preferentially aggregate. Movie S1 (Supporting 
Information) visualizes the time-dependent fluid velocity field 
near the pillar and the continuum displacements (amplitudes 
5x upscaled for visualization purposes) over one oscillation  
period.

3.2. Parametric Analysis

To understand the relationship between microstructure con-
figuration and resulting acoustic field, a parametric study was 
conducted examining microstructure dimensions. In the para-
metric sweep, the mass (‘cap’) width w and height h were varied 
between 5 to 15  µm, using a constant actuation frequency of 
7 MHz (this being the native bulk-mode resonant frequency of 
the 0.5  mm thick LiNbO3 transducer).[61] The acoustic poten-
tial contrast for this parameter space is plotted in Figure  3a, 
where this contrast value is determined via Equation (18) (see 
Experimental Section) and is a measure of the acoustic poten-
tial field gradient in the vicinity of a given microstructure. The 
configurations with high contrast values are predicted to dem-
onstrate efficient particle focusing near the cap due to larger 
acoustophoretic forces. This figure delineates ideal combina-
tions of cap width and height, where a higher w corresponds to 
lower h to achieve a high-contrast acoustic field. This behavior 
can be understood as that of a mass attached to a spring; For a 
given spring constant and actuation frequency, structures will 
resonate for a given mass value, explaining the viability of mul-
tiple optimal configurations to generate resonance conditions, 
as the mass of the cap component is conserved across this 
range. Taller configurations (small w) appear to show somewhat 

Figure 3.  Parametric micro-resonator examination. a) Numerical parametric study where the Gor'kov potential contrast (Equation (18)) is calculated 
in the vicinity of caps with different w and h. High contrast configurations correspond to mechanical resonance. Colorbar has units of femtojoules. 
PIV analysis using 1 µm fluorescently labeled particles in a microstructure array whose cap dimensions correspond to the axes given. Scale bars are 
100 µm. The image in b) displays a vector plot with inset highlighting rotation around a single microstructure, and c) shows the velocity magnitude 
map. These are obtained using a d) array design with 50 µm interval spacings. The image in e) highlights a selected w = 10, h = 10 µm microstructure 
configuration showing particle focusing. Results in f) show a contour map of the drag force for a 1 µm particle superimposed with arrows indicating 
the magnitude and direction of fluid flow. Scale bars are 10 µm.

Adv. Funct. Mater. 2023, 33, 2211422
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higher contrast, due to reduced viscous damping with a smaller 
cross section, albeit at the expense of frequency selectivity, 
higher aspect ratios, and a greater distance between the top and 
bottom patterning areas of the cap.

While such numerical modeling is useful for exploring such 
parameter spaces in fine detail, this has limitations, however, in 
terms of representing non-axisymmetric oscillation modes that 
arise in an actual device. First, we consider the primary reso-
nance mode to be longitudinal due to the predominately vertical 
displacement of the piezoelectric substrate, which is actuated 
as a bulk-mode resonator; other modes (e.g., bending) would 
be more likely in the case of transducer displacements with an 
out of plane component. Further, in this work we assess the 
acoustic field as a function of device geometry, where specific 
combinations of structure dimensions are required to produce 
longitudinal mode resonance for a given frequency; given the 
sensitivity of resonance to structure dimensions, the excitation 
of other resonance modes would be maximally affected at other 
frequencies than the 7 MHz one used here. These other oscil-
lation modes may be generated by secondary flexural waves 
in the substrate due to clamping and device positioning, a 
non-even coupling layer, whole channel/chip resonances, and 
impact of the neighboring microstructures. Moreover, volu-
metric flows can impact particle positioning, and in addition, 
as a point scattering model was used (where  this allows fine-
grained examination of the evanescent field), the numerical 
model doesn't consider interparticle interactions. To validate 
our numerical modeling and evaluate resonance behavior in 
an experimental setting, an equivalent parameter space was 
explored in an array of microstructures, with Figure 3b–f exam-
ining the results from these. In this array, the same width and 
height ranges are explored, with 11 discrete values of each (i.e., 
h = 5 µm, 6 µm, 15 µm, w = 5 µm, 6 µm, 15 µm) and the com-
bination of each, for a total of 121 micro-resonator structures. 
To evaluate their behavior, particle image velocimetry (PIV) was 
conducted with 1 µm particles, showing the particle motion in 
the structure's vicinity; here the acoustic streaming magnitude 
is used as a proxy for the acoustic force potential field, with 
stronger streaming corresponding to larger displacements,[62] 
with the caveat that off-target resonance modes (i.e., rotational 
ones) may preferentially yield streaming at different frequen-
cies/dimensions compared to the primary (vertical) one.

Nevertheless, we observe similar trends for geometries pro-
ducing particle actuation between the simulation and experi-
mental results. Figure 3b displays the particle trajectory vector 
plot for this array, with the inset showing rotation behavior 
around a single microstructure. Figure 3c plots the total velocity 
magnitude (in µm/s) as well, demonstrating rapid actuation on 
the order of 100's of microns per second. Both plots demon-
strate a range of combinations for w and h that yield enhanced 
particle manipulation velocities, analogous to the numerical 
modeling results, albeit somewhat offset for taller/thinner 
structures. These PIV studies were conducted using the design 
layout shown in Figure 3d, where a range of structures with cap 
widths w and heights h are spaced 50 µm apart, yielding a wide 
range of structures that can be viewed in a single image frame 
while simultaneously being able to visualize individual 1  µm 
particle trajectories. Figure 3e,f highlights a magnified image of 
a representative structure demonstrating particle focusing and 

the corresponding drag force map, whereas Figure 3f shows a 
contour map of the drag force for a 1 µm particle superimposed 
with arrows indicating the magnitude and direction of fluid 
flow. Although the vectors here do not necessarily point in a 
perfectly circular orbit around the structure, we note that the 
image is captured in 2D, whereas fluid motion around this 3D 
structure, and therefore also the particles being tracked, occurs 
in three-dimensions. This structure corresponds to a 10  µm 
high, 10 µm wide cap, examined here as it is within both the left 
and right edges of the numerical and experimental domains, 
respectively, and exhibits effective particle manipulation.

3.3. Single Structure Microstreaming

The ultrasonic microstreaming fields around individual struc-
tures are analyzed by arranging 100 uniform 3D micro-resona-
tors into a 100 µm evenly spaced array, with a total area covering 
1 mm2

. Arranging each of these 10 µm diameter structures with 
this spacing allows us to observe singular particle microman-
ipulation while avoiding avoid interference from neighboring 
structures. The same frequency used in the numerical mode-
ling was also the one applied to the transducers in the micro-
fluidic device. This 7  MHz frequency is further observed to 
elicit the strongest acoustophoretic response in this fabricated 
array, in accordance with the simulation results. As predicted 
by numerical modeling, the experimental analysis also dem-
onstrates that suspended particles migrate toward the acoustic 
potential minima at the cap interfaces, further exhibiting 
ring-shaped particle rotation due with axial symmetry of the 
mushroom cap structures. As shown in Figure 4a, the acoustic 
streaming flow field is observed at the cap interface where both 
10 µm particles (top) and 3 µm particles (bottom) are subject to 
particle focusing and rotation around the structure's edges. As 
the 3  µm particles are substantially smaller than the distance 
between the substrate and the lower cap surface, aggregation 
occurs on both the top and underneath, compared to larger par-
ticles which are sterically inhibited from being fully captured 
on the underside.

Particle tracking is realized by implementing a velocimetry 
tool,[63] where Figure  4b plots the trajectory for a 10  µm par-
ticle overlaid over a contour plot of the theta velocity magni-
tude. Attraction is observed to commence approximately 
≈30  µm from the cap's center (with velocities on the order of 
≈1–10 µm s−1). At or around 20 µm from the center of the pillar 
structure, however, velocity magnitudes increase rapidly from 
10–30  µm  s−1 to up to 150  µm  s−1 as the particle reaches the 
resonator edges. The inset in Figure  4b illustrates a superim-
posed image sequence of this attraction process. This data is 
captured and analyzed across 200 frames. Plots displayed in 
Figure 4c,d examine the total velocity magnitude and the radial 
velocity magnitude in more detail, each with respect to the dis-
tance between the center point of the resonator and particle, 
demonstrating the rapid and highly local actuation that occurs 
in the vicinity of each microstructure. Figure 4d further shows 
agreement between the trend of the numerical simulation 
result (red line) and experimental measurements (black dots), 
where attraction speed is proportional to the applied acoustic  
force.

Adv. Funct. Mater. 2023, 33, 2211422
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3.4. Multiplexed Patterning and Complex Arrangements

In addition to manipulation around individual microstructures, 
complex transport and the generation of coordinated assem-
blies in non-uniform patterns is also desirable.[64] To demon-
strate this capability, and in line with the concept diagram in 
Figure 1a, we show in Figure 5a the aggregation of 3 µm fluo-
rescently labeled green particles that occurs when micro-res-
onators are arrayed in the shape of the letter ‘A’, where these 
particles are drawn from the surrounding suspension toward 
these microstructures. Figure 5b–e further demonstrates exam-
ples of non-uniform patterns and alternative arbitrary arrange-
ments, illustrating the versatility of this approach. Figure  5b 
shows an arrangement in the shape of our lab logo, Figure 5d 
shows a uniform grid, and Figure 5c,e shows circular resonator 
configurations. Each of the images in Figure  5 is captured 
from a single frame at the timepoint shortly after the applica-
tion of the acoustic field, with Movie S2 (Supporting Informa-
tion) (corresponding to Figure 5e) showing an example of this 
aggregation behavior. The top right of Fig.  5e highlights an 
example of the initial particle distribution for a given section 
of this array. Figure 5e in particular explores the effects of cir-
cular structure arrangements with different angular spacings, 
indeed where these structures are immediately neighboring 

one another along the left of this image. As the resonance 
behavior ad particle attraction is driven by their vertical oscil-
lation, the acoustic force potential gradients drawing particles 
toward them are not impacted by the horizontal co-localization 
of additional microstructures, even when they are immediately 
next to one another. In this case, particles can be seen to be 
drawn from inside these circular arrangements to the micro-
structure locations along the circumference, clearing their 
interiors (white arrows in Figure  5e). Movie S3 (Supporting 
Information) further evidences particle capture in the array 
from Figure  5b, here with a flow applied until the array is  
filled.

3.5. Alternative Resonator Geometries

Whereas these ‘mushroom’ shaped structures demonstrated 
in previous sections are a straightforward implementation of a 
spring-mass resonator geometry, the ability to arbitrarily define 
the 3D geometry of such structures permits the acoustic field 
to be further locally designed and tailored as well. Evidencing 
this, we further numerically model and test alternative geo
metries in Figure 6, in which the number and shape of acoustic 
force potential minima (and thus particle aggregation locations)  

Figure 4.  Rotational motion and aggregation around a single micro-resonator. a) Optical brightfield microscopy images capturing time-dependent 
rotation of (top) 10 µm (bottom) 3 µm particles around a single. Scale bars are 10 and 5 µm, respectively. b) Particle tracking of a single 10 µm particle, 
with the theta velocity magnitude, is expressed as a radial contour plot overlayed with the 10 µm particle trajectory expressed as x, y coordinates.  
c) Absolute velocity magnitude, where radius represents the distance between centers of the microstructure and particle. d) Radial velocity magnitude 
overlaid with the acoustic force calculated from the simulations, with F = ∇Urad.
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is varied by changing the location of edge features and/or 
symmetry of the resonator. Examples of alternative resonators 
are all geometrically optimized for resonance at 7  MHz, the 
native-bulk mode actuation resonance of the LiNbO3 trans-
ducer. These structures include a biconical structure with a 
single ring-shaped sharp edge (first row) with cap dimen-
sions of h = 22 µm and w = 11 µm, an asymmetric mass with a  
h  = 22  µm and a cap w  = 6  µm intended to exhibit a lateral 
(rather than vertical) resonance mode (second row) and a modi-
fication of the microstructure shown in Figures 2–5 with a cap 
h = 8 µm and w = 21 µm in which the sharpness of the edges 
on the top and bottom are highly accentuated (third row). The 
potential fields for each are shown in Figure 6a–c, Figure 6d–f 
shows HIM images, and Figure  6g–i displays experimental 
results with 3 µm microparticles. For the case of the structures 
in the second and third row, their geometry permits them to 
be extruded to arbitrary lengths, with the experimental images 
evidencing examples of linear resonant structures (viewed from 
the top). Annotations highlighted on these images indicate the 
observed manipulation direction, including rotation around a 
single structure, aligned transport along an elongated struc-
ture, and particle aggregation in a streaming-enhanced cluster. 
For the structures in the first and second row, the aggregation 
location(s) accords with the acoustic potential minima given 
in Figure  6a,b, with particles being attracted to the edges of 
the conical structure in Figure 6g and on the top two corners 
around the cylindrical extension in Figure 6h. Particle motion 
in Figure  6i, however, appears to be increasingly dominated 
by acoustic streaming, where sharper edge structures pref-
erentially generate more rapid flows compared to less angled 
features.[65,66]

4. Conclusion

In this work, we generate highly localized evanescent acoustic 
fields via micro-resonator structures. Despite the utilization of 

an acoustic field whose fluidic wavelength of 100's of microns, 
this yields acoustic field gradients orders of magnitude smaller, 
permitting sub-wavelength actuation and trapping. This is ena-
bled by unique 3D microfabricated resonator geometries in 
which microfabricated spring-mass systems generate ampli-
fied displacements, producing rapid and local actuation. Their 
design further generates displacements that are a multiple of 
the transducer amplitude, magnifying and localizing acoustic 
energies. Compared to acoustic approaches that rely on the 
acoustic field permeating an entire device, and in which the 
patterning effects are periodic, this resonator approach permits 
highly defined and localized actuation.

We have accordingly demonstrated on-demand rotation and 
microparticle patterning into complex arbitrary arrangements, 
where simulations show the acoustic field morphologies in the 
vicinity of microstructures. This method also highlights the ver-
satility of microprinted 3D geometries to produce defined 3D 
acoustic fields. Whereas the bulk of acoustic work is predicated 
on planar transducers and interfaces produced via 2D fabrica-
tion methods, generating acoustic fields that are defined in a 
given plane, this work yields complex acoustic fields from 3D 
geometries whose dimensions can be tailored for optimized 
acoustic excitation. This is both in terms of the acoustic field 
surrounding each structure as well as device-scale micro-reso-
nator arrangements. This work thus represents an important 
step in generating highly localized acoustic micromanipulation, 
where cell-scale manipulation has applications in capturing 
single cells for mechanical analysis,[67] precise handling of drop-
lets for drug discovery,[68] and the coordinated patterning of 
cells for tissue engineering.[69]

5. Experimental Section
Waveguide Fabrication: 3D micro-resonators were designed using 

CAD software (Solid Edge 2021, Siemens) and prepared using DeScribe 
software (Nanoscribe, GmbH). The Photonic Professional GT2, a  

Figure 5.  Microparticle patterning in arbitrary arrangements via patterned micro-resonators. Here with a) denoting the letter ‘A’, b) Collins BioMi-
crosystems Laboratory (CBML) logo, c) circular patterns, d) a rectilinear array, and e) variations of concentric circles with different angular spacings. 
Scale bars are 100 µm.

Adv. Funct. Mater. 2023, 33, 2211422
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two-photon polymerization nanoscale 3D printing system by 
(Nanoscribe, GmbH), was employed to print the designed polymeric 
microstructures. A femtosecond pulsed laser with 100 fs pulse duration, 
80  MHz repetition rate, and 780  nm wavelength was focused into the 
liquid negative photoresist IP-Dip2 by an immersion objective lens (63x, 
NA = 0.8, WD = 200  µm), where the structures were fabricated on a 
0.5 mm thick fused silica substrate. Two-photon polymerization occurs 
at the focal point of the beam, where this beam position is scanned 
rapidly by galvanometric mirrors in the XY plane, while its Z position 
was determined by a piezoelectric translation stage to achieve resist 
cross-linking in three dimensions. For the exposures, the laser power 
was 40  mW, beam scan speed 100  mm  s−1, vertical slicing distance 
0.2  µm, and in-plane hatching distance of 0.2  µm. After laser writing, 
samples were developed in polyethylene glycol methyl ether acetate 
(50  mL) for 5  min to remove unexposed photoresist, followed by 
immersion in isopropyl alcohol (50  mL) for 5  min. Finally, the printed 

microstructures were subject to gentle N2 blow drying and left to dry at 
room temperature.

Experimental Setup: The microfluidic device consisted of a 
microfluidic channel bonded to a piece of fused silica, which was 
coupled by a thin layer of water to a piezoelectric transducer. The 
microfluidic cavity enclosing these microstructures was fabricated using 
a standard PDMS soft-lithography process (prepolymer to curing agent 
weight ratio at 10:1, Sylgard 184 Silicone Elastomer Kit, Dow corning 
Corp), in which the master mold for PDMS casting was fabricated with 
SU-8 (SU-8 3050, MicroChem, Newton, MA, USA) on a silicon wafer. 
The microfluidic cavity was a square 6  mm2 with a height of 100  µm 
with a single inlet and outlet. The prefabricated waveguides on the 
fused silica substrate, together with the PDMS microchannel layer, were 
treated under air plasma (Plasma Etch, PE-50, NV, USA) to generate 
hydroxyl functional groups on the surfaces. The treated surfaces were 
brought into contact and aligned to form a closed microfluidic channel. 

Figure 6.  Examples of different resonator geometries. a–c) Numerical modeling results for structures actuated at 7 MHz and the resulting potential 
field, with minima denoting locations to which particles aggregate. d–f) Representative HIM images of the fabricated devices and their cross sections. 
Scale bars are 5 µm. g–i) Experimental brightfield images illustrating particle manipulation behavior. Red arrows show the region(s) where the force 
potential gradient is maximized in both the simulation and experimental images, and black arrows indicate directional particle motion. Scale bars are 
10 µm.
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The piezoelectric transducer was actuated using sinusoidal signals from 
a function generator (Tektronix AFG3102C, Beaverton, USA) through 
an amplifier (Mini-Circuits TVA-R5-13A+, USA). Particle suspensions 
were injected into the microfluidic device via a syringe pump (Harvard 
apparatus, MA, USA) at a flow rate of 30  µL  min−1, with flow stopped 
immediately prior to actuation, with the outlet being temporarily 
sealed to isolate the observation of particle motion in the absence of 
background flow. The observation was conducted using a fluorescence 
microscope (Olympus BX51, Japan) with a CCD camera (AmScope, CA,  
USA).

Microparticles that were used to demonstrate coordinated 
manipulation were 1, 3, and 10  µm, green, red, and blue, fluorescent 
polystyrene microspheres (Magsphere Inc., Pasadena, CA, USA). These 
particles were suspended in deionized water, containing 1% (w/v) 
Pluronic F127 (Sigma–Aldrich, USA) in concentrations ranging from 
20–60  µL  mL−1 to avoid particle agglomeration and adhesion onto the 
microfluidic channel walls. The particle suspension is then placed in 
an ultrasonic cleaner (Elmasonic P60 series, Elma, Germany) for 4 min 
at 37  kHz to facilitate bubble dissipation prior to infusing into the 
microfluidic device.

Numerical Simulation: See Supporting Information Note S1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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