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Abstract

Acoustofluidic micromanipulation is an important tool for biomedical research, where acoustic
forces offer the ability to manipulate fluids, cells, and particles in a rapid, biocompatible, and
contact-free manner. Of particular interest is the investigation of acoustically driven sharp
edges, where high tip velocity magnitudes and strong acoustic potential gradients drive rapid
motion. Whereas prior devices utilizing 2D sharp edges have demonstrated promise for
micromanipulation activities, taking advantage of 3D structures has the potential to increase
their performance and the range of manipulation activities. In this work, we investigate high-
magnitude acoustic streaming fields in the vicinity of sharp-edged, sub-wavelength 3D
microstructures. We numerically model and experimentally demonstrate this in fabricating
parametrically configured 3D microstructures whose tip-angle and geometry influence acoustic
streaming velocities and the complexity of streaming vortices, finding that the simulated and
realized velocities and streaming patterns are both tunable and a function of microstructure
shape. These sharp-edge interfaces hold promise for biomedical studies benefiting from precise
and targeted micromanipulation.

Keywords: Acoustic micromanipulation, Sharp-edge microstructures, Acoustic streaming,
Two-photon lithography

1. Introduction

Microfluidic systems have been utilized in a range of applications, including for drug discovery,
diagnostics, and bioreactions[1-3], where small sample volumes, high sensitivity, rapid
reaction Kinetics, and integrative capabilities make microfluidics an ideal tool for controlling
microscale environments[4-6]. An important characteristic of these systems is the ability to
effectively manipulate fluids and micro-objects. Various physical effects have been utilized for
micromanipulation beyond hydrodynamic forces, including optical tweezers[7, 8],
magnetophoresis[9, 10], dielectrophoresis[11, 12], and acoustophoresis[13, 14]. Optical,
magnetic, and electric approaches, however, often require high power intensities, have poor
spatial selectivity, or have negative effects on biocompatibility[15-17]. Acoustic approaches,



conversely, can perform contactless and label-free manipulation while maintaining long-term
cell viability[18-20]. Acoustic fields have accordingly demonstrated good biocompatibility at
the applied powers necessary for rapid manipulation effects across a wide range of operating
frequencies (kilohertz to gigahertz)[21, 22]. Whereas much of acoustofluidic work has
exploited simple periodic patterns using standing waves[23, 24], recent efforts have
demonstrated that the interaction between acoustic field and complex structures has the
potential to further enhance the spatial selectivity and complexity of acoustic manipulation [25-
27].

Acoustofluidic effects around oscillating sharp edges, for example, have been used to induce
fluid mixing, pumping, and particle manipulation[28-30]. Sharp-edge microstructures are
typically fabricated as a component of a microfluidic channel wall, protruding into the fluid
domain and presenting a single line-shaped edge at the apex. Alternatively, robotic actuated
vibrating needles have been explored as well[31]. When channel-bonded 2D structures
oscillate in response to acoustic excitation, the sharp-edge generates a pair of counter-rotating
vortices (double-ring recirculating flows) around the apex[32-34]. Sharp-edged structures can
produce streaming velocities that are several orders of magnitude higher than those of Rayleigh
streaming at similar vibrational amplitudes[35, 36]. These acoustic streaming effects
accordingly facilitate on-demand mass transport of fluids and particles[37-40]. Huang et al.,
for instance, demonstrated the potential of acoustically driven sharp-edge structures for rapid
and homogenous mixing in microfluidic devices [41]. Pavlic et al. also utilized oscillating
channel boundary sharp-edges for the creation of a programmable acoustofluidic pump[42].
Wang et al. further highlighted how high shear forces in such devices can be used to perform
cell lysis[43].

Together, these acoustic-structure approaches demonstrate the ability to effect
micromanipulation beyond the formation of periodic, wavelength-scale streaming vortices that
are typical of standing wave acoustic devices[44-46]. A common outcome of this work is that
sharper edge tips result in higher streaming velocities and an increased spatial extent of the
induced streaming, producing amplified acoustic force gradients by decreasing the angle of a
sharp edge’s apex[47-49]. Whilst a variety of microstructures have been used to generate
amplified microstreaming effects via sharp-edge geometries, they have been constrained in
terms of their versatility, primarily being limited to boundary-driven arrangements on channel
sidewalls, generating vortical flow across a channel cross-section. The complexity of these
structures is also limited, where sharp-edge interfaces generally utilize oscillating 2-
dimensional straight edges in etched/molded channels that generate streaming vortices that are
orthogonal to the sharp edge. These limitations ultimately arise from the dimensionality of the
structures and fabrication methods utilized, being typically planar and layer-by-layer,
respectively.

Whereas the formation of acoustic streaming around 2D sharp edges has been widely studied,
acoustofluidic interactions around more complex 3D geometries have not been explored in a
microfluidic environment. In this work, we examine the application of 3D sharp-edge
microstructures to understand the effects of structure geometry on the direction and magnitude
of 3D acoustic streaming fields. Here we fabricate and model structures with varying tip
morphologies and characterize their influence on particle manipulation via ultrasonic streaming
fields and acoustic radiation forces. We position these complex 3D microstructures in a
substrate-based microchannel and acoustically actuate them via a coupled 7 MHz, bulk
acoustic wave (BAW) transducer. These microstructures are fabricated utilizing two-photon
polymerization, allowing for the creation of complex geometries with arbitrary configurations,



contoured surfaces, and precise tip angles, with the oscillation of these ~70 um-high sub-
wavelength microstructures producing 3D streaming vortices. To further examine the
morphology of the 3D acoustic streaming produced, we employ numerical modeling to predict
microstructure performance as a function of tip angle and experimentally validate these
behaviors through particle image velocimetry. We demonstrate that unique streaming patterns
result, including those that would not be feasible with conventional microfabrication strategies,
where the size and orientation of fluid vortexes are determined by the 3D microstructure
dimensions. In sum, the ability to generate high-magnitude, complex acoustic fields via 3D
microstructures expands the range of platforms and applications for which sharp-edged effects
can be utilized, flexibly allowing the number, scale, and magnitude of acoustic streaming
vortices to be designed.
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Fig. 1: Acoustic streaming of sharp-edge sub-wavelength 3D microstructures concept. (a)
Acoustofluidic device schematic incorporating examples of 3D microstructures, where these
are contained inside a microfluidic chamber bounded by a polydimethylsiloxane (PDMS)
channel on glass. Piezoelectric actuation is coupled from the transducer to the microfluidic
device via a thin water coupling layer. (b) Top view illustrating acoustic streaming caused by
the oscillation of a microstructure sharp edge (e.g., the star in (a)). (c) Side-view illustrating
acoustic streaming around a circular-shaped sharp edge formed by a pillar with a concave top
surface.

2. Materials and methods
2.1 Concept and operating principles

Fig. 1 depicts the sharp-edge 3D microstructure device concept, where 3D structures are
embedded inside a microfluidic PDMS chamber on fused silica. The fused silica chip is placed
on a planar piezoelectric actuator (LiNbOs). The top and bottom sides of the piezoelectric
crystal are coated with conductive chromium/aluminum electrode layers. When the transducer
is actuated with an alternating current (AC) electrical input, it generates a bulk-mode actuation
along its thickness (z-axis), which couples to the silica substrate via a thin layer of water. The
mechanical displacement of the silica layer induces coupled vibration in sharp-edge
microstructures. Such a superstrate-based approach, where the microfluidic component is not
directly bonded to the transducer, makes the microfluidic component interchangeable and



simplifies microchannel bonding. Particle manipulation effects in this acoustofluidic device
are governed by the combined influences of acoustic radiation forces and acoustically induced
steady flow, the latter termed acoustic streaming[50]. Acoustic streaming arises from the
attenuation and transfer of acoustic energy into the bulk fluid flow, impacting particle motion
through Stokes drag[51, 52].

Whereas both acoustic radiation forces and acoustic streaming are periodic and wavelength-
scale in typical acoustofluidic systems, including those driven by bulk acoustic wave
(BAW)[24] and surface acoustic wave (SAW)[52, 53] actuation, the use of sharp-edged
microstructures here enables the generation of high streaming velocities and complex
streaming vortices whose locations are determined by the local presence of these structures,
rather than acoustic anti/nodal positions. Here acoustic streaming drives vortical motion around
sharp tips, and the Gor’kov acoustic potential results in further particle motion in response to
spatial variation in time-averaged acoustic fields, where this 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 generated in the vicinity of sharp boundaries, the
acoustic potential field gradient results in traction forces on polystyrene particles towards a
microstructure's sharp-edges. The combination of acoustic streaming and acoustic radiation
forces, with the former directing particles along fluid streamlines and the latter along acoustic
force potential gradients[54], determine whether particles aggregate or are contained in vortices,
with the interplay between these effects depending on particle size, driving frequency, and
particle material properties[55].

2.2 Acoustic streaming at a sharp edge

The theory of acoustic streaming provides scaling laws for the streaming velocity around a
wedge as a function of its sharp edge height a, and tip angle a[56]:
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where § = /2u/wpo,, = 0.2 um is the viscous boundary layer thickness, u is the fluid
viscosity, w is the angular frequency w = 2nf, f = 7 (MHz), py,, is the fluid density, and
where sharper tip angles result in higher streaming velocities at a given frequency. The
estimation of the sharp interface height a is described in the Supplementary Note 1. This
Equation is valid when the tip curvature radius (r = 0.1 um in this study) is smaller than the
viscous boundary layer thickness (§ = 0.2 um). Further, the utilized height (a) in this study
ranges from 7 to 15 um, which is substantially larger than the boundary layer thickness.

2.3 Computational analysis

In the numerical simulation we model a set of microstructures with tip angles ranging between
13°-146° in an axisymmetric study shown in Fig. S1. The microstructure dimensions are h =
70 um and w = 30 um, where micropillar edges were smoothed with a r = 0.1 um fillet to
represent the contouring that occurs during fabrication. The simulations were implemented
with COMSOL Multiphysics 5.5 (COMSOL, Stockholm, Sweden) using the material
parameters listed in Table S1 (see Supplementary Note 2).



2.4 Microstructure fabrication

Microstructures are designed using CAD software (Solid Edge 2021, Siemens) and prepared
using DeScribe software (Nanoscribe, GmbH). The Photonic Professional GT2 (Nanoscribe,
GmbH), a nanoscale 3D printing system utilizing two-photon polymerization, is employed for
the fabrication of the polymeric microstructures. Here a femtosecond-pulsed laser with 100 fs
pulse duration, 80 MHz repetition rate, and 780 nm wavelength is focused in an IP-Dip2
photoresist by an immersion objective lens (63x, NA = 0.8, WD =200 um) on a 0.5 mm thick
fused silica substrate. Two-photon polymerization occurs at the focal point of the beam, which
is scanned in three dimensions to build up a three-dimensional structure. The laser power is 25
mW, the beam scan speed is 100 mm s, the vertical slicing distance is 0.1 pm, and the in-
plane hatching distance is 0.1 um. After laser writing, samples are 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 microstructures are gently blow-
dried with N2. Two shape types are explored in the examination of 3D acoustofluidic sharp-
edged structures, with a sharp edge that is parametrically varied being either horizontal or
vertical with respect to the transducer plane. This corresponds to the circle and star shape,
respectively, in Fig. 1a, with cross sections of the respective sharp edges shown in Fig. 1b,c.

2.5 Experimental setup

The microfluidic device consists of a microfluidic channel bonded to a piece of fused silica,
which is coupled by a thin layer of water to a piezoelectric transducer (see Fig. S2). The
microfluidic cavity enclosing these microstructures is 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 is a square 6 mm? with a height of 100 um with a single inlet and outlet. The
prefabricated microstructures on the fused silica substrate, together with the PDMS
microchannel layer, are treated under air plasma (Plasma Etch, PE-50, NV, USA) to generate
hydroxyl functional groups on the surfaces. The treated surfaces are then brought into contact
and aligned to form a closed microfluidic channel. The piezoelectric transducer is actuated in
thickness mode using sinusoidal signals from a function generator (Tektronix AFG3102C,
Beaverton, USA) through an amplifier (Mini-Circuits TVA-R5-13A+, USA). Particle
suspensions are injected into the microfluidic device via a syringe pump (Harvard Apparatus,
MA, USA) at a flow rate of 25 ul/min, 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). We utilize green
fluorescent polystyrene microspheres (Magsphere Inc., Pasadena, CA, USA) measuring 1 pm
in diameter to visualize acoustic streaming vortices and particle manipulation. These particles
are suspended in deionized water, containing 1% (w/v) Pluronic F127 (Sigma-Aldrich, USA)
to prevent particle agglomeration and adhesion onto the microfluidic channel walls.

3. Results and discussion

3.1 Numerical modeling



Computational modeling can be used to explore the micromanipulation capabilities of
acoustofluidic devices, potentially leading to performance optimization. In this work, we map
the acoustic potential distribution and the steady streaming around sharp-edge microstructures
to understand the impact of the tip angle dimensions on particle actuation. Sharp-edge
microstructures are simulated in an axisymmetric (radially symmetric) study as shown in Fig.
S3 within a simulated microfluidic environment. The bottom boundary has a prescribed
uniform velocity actuation of 0.1 m/s which produces a pressure wave propagating upwards.
Vertically actuated structures such as those shown here nevertheless exhibit complex
oscillations, with vibrational motion in multiple orientations. Fig. S4 displays the sharp edge
structure actuation mode, including displacement with a component orthogonal to the boundary
vibration axis. The sharp tip experiences 3.8 times higher displacement magnitude than the
bottom boundary of the structure, demonstrating an amplification effect. In Fig. 2a, the pressure
amplitude within the fluid domain is plotted for a microstructure with a diameter of 30 um and
a height of 70 um. This figure specifically highlights the acoustic field in the immediate vicinity
of the microstructure. As the actuated microstructure is mechanically displaced, this produces
a local pressure maxima on top of and inside the microstructure cavity. Fig. 2c displays the
first-order fluid velocity magnitude, showing that peak values are located at the oscillating
sharp-edge boundary.

Modelling of particle motion in the vicinity of sharp-tips takes into account the acoustic
radiation forces and acoustic streaming. The acoustophoretic force is primarily governed by
the Gor'kov potential U4, which is a function of both pressure and velocity fields. Particles
in the fluid domain are directed toward regions of minimum acoustic potential. The potential
U™ is the sum of the monopole U,rn‘;,d and dipole Uggd terms, which depend on the local time-

averaged complex-valued pressure (p2) and velocity (v?) fields, respectively, as detailed in Eq.
(S22). 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 Fig. 2b,d are plotted for a representative 1 um polystyrene
particle. The monopole term distribution in Fig. 2b is determined by the pressure amplitude
and thus reaches its local maxima inside the microstructure cavity, with local minima at the top
and bottom boundaries of the domain. The dipole term in Fig. 2d, in turn, reaches its minimum
near the sharp edges at the top of the microstructure, coinciding with the locations of the highest
acoustic velocity. As the dipole component is of substantially greater magnitude than that of
the monopole one, the resulting Gor’kov potential U™ in Fig. 2f has a minimum near the
sharp-edge boundary of microstructures and dissipates rapidly outside of this region, where
Fig. 2f plots U™*? across the axisymmetric cross sections of microstructures with tip angles
ranging from 13°-146°.

Additionally, the steady streaming flow v,, arising from viscous dissipation, exerts fluid drag
forces on suspended particles as described by Eq. (S23). Fig. 2g shows the acoustic streaming
velocity magnitudes around microstructures overlayed with their corresponding flow
streamlines. In the case of a conventional 2D oscillating wedge, fluid outflow occurs along the
centerline of a sharp edge, accompanied by inflow from the sides, producing two symmetric
vortices[56]. Uniquely for our case, our structure induces a double toroidal vortex in the
vicinity of a sharp tip (&« = 13°), and a single toroidal vortex in the tip vicinity at larger angles.
Fig. 2e plots the maximum acoustic streaming velocity as a function of the edge angle and
illustrates that sharper-angled microstructures produce higher streaming velocities. This
observed dependence generally aligns with the analytical relation, Eg. (1), which denotes the
streaming velocity around a side-moving wedge (see Fig. 2e), though non-zero streaming



velocities at higher tip angles in the simulation case may arise due to contributions from
acoustofluidic-structure interactions besides those at the tip region.
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Fig. 2. Numerica
70 um actuated at 7 MHz. (a) Pressure amplitude, with local pressure maxima inside the
microstructure cavity. (b) The normalized Gor’kov potential monopole (pressure dependent)
component. (c) High first-order fluid velocity amplitude near the sharp edges of the oscillating
structure. (d) The dipole (velocity-dependent) component of the potential. (¢) Maximum
streaming velocity as a function of the sharp-edge angle (computational) and analytical
streaming velocity scaling law (Eq. 1). (f) The combined Gor’kov potential with minima near
the sharp edges of microstructures with sharper angles. (g) Acoustic streaming velocity
magnitude of microstructures overlayed with flow streamlines.



3.2 Parallel microstructure streaming

There are two orientations for sharp edges that are experimentally examined in this work,
namely where the sharp edge that is varied is in the plane of the transducer (parallel) and where
it is orthogonal to it. In the first case, we examine a circular pillar in line with that depicted in
Fig. 2 in which the edge angle of the top surface is varied, transitioning from a concave to a
convex shape at its top with increasing tip angle. The ultrasonic microstreaming fields around
individual 3D microstructures are first analyzed by arranging three sets of each of the 6
corresponding angled sharp-edged structures. A total of 18 structures for each analysis are thus
positioned into an evenly spaced array with 500 pm between neighboring structures to allow
sufficient space to observe particle streaming trajectories. A frequency of 7 MHz is applied to
the transducer used in this microfluidic setup, similar to that used in previous work examining
oscillating microstructures[60]. This same frequency is further observed to provide the
strongest acoustic response for microstructures of this size and thickness of superstrate and is
in good agreement with the simulation results, as well as with other work utilizing this
thickness and crystallographic cut of LiNbO3[61]. While higher frequencies may be desirable
from the perspective of maximizing energy deposition in fluids, their application may result in
excessive wave dissipation leading to undesirable vortices throughout the fluid that are not
localized around sharp tips, with the acoustic attenuation (and therefore acoustic body forces
in the fluid) scaling with the square of the applied frequency. As forecasted by our numerical
modeling results, experiments demonstrate that suspended microparticles migrate towards
areas of acoustic potential minima located at the sharp-edge apex. The 1 um microparticles are
further trapped inside the acoustic streaming vortices and exhibit particle trajectories that
correspond to the simulation results. Fig. 3a shows to-scale cross-sections of the corresponding
CAD model, whereby the volume of each structure is matched by altering the height to ensure
the acoustophoretic response is primarily dictated by the microstructure angle and not the mass
difference between pillars. Fig. 3b displays helium ion microscopy images of each structure to
illustrate the smooth curvature at the top of each pillar and the accuracy of the fabrication
procedure, with ~100 nm resolution dimensions at the sharp-edge interface.

Fig. 3c shows the acoustic streaming flow fields observed for each sharp-edge structure, where
the red arrows delineate the particle streaming direction. Notably, structures with smaller edge
angles exhibit the highest acoustic streaming velocities, with the spatial extent of their 3D
vortices extending beyond a radius of ~300 um from the center of the structure (for the 13°
case) representing streaming fields that extend ~20x the microstructure diameter. Micropillars
with 13°, 34°, and 90° tip angles exhibit particle attraction occurring along the edge boundary
where their dynamics are governed by the interplay of acoustophoretic and streaming-induced
forces. In the 90° case, for example, microparticles are initially attracted to the acoustic
potential minima at the sharp edge interface and remain trapped while rotating around the
circular edge. As it is intrinsically difficult to capture 3D acoustic streaming fields in single 2D
images, Supplementary Movie 1 further displays these behaviors. Particle tracking and velocity
mapping are realized by implementing particle image velocimetry, where Fig. 3d plots the
average velocity magnitude in (um/s) as a function of the structure’s apex angle. This result
further evidences an agreement in the trend of the numerical simulation result shown in Fig. 2e
and Fig. 3d, where the velocity magnitude decreases as the tip angle increases. To visualize the
acoustic streaming fields and regions of high velocities surrounding microstructures, Fig. 3e
shows an absolute velocity magnitude map in (um/s).
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Fig. 3. Acoustic streaming analysis of 3D microstructures. (a) Cross-section of microstructure
models with varying sharp-edge angles. (b) Helium ion microscopy (HIM) images of 3D
microstructures. Scale bars are 10 um (c) Optical brightfield images capturing movement and
aggregation behaviors of 1 um particles, red arrows indicate particle trajectory direction, blue
area indicates regions of particle aggregation. Scale bars are 30 um. (d) Average particle
velocity magnitude with varying sharp-edge angle microstructures, where error bars are +one
standard deviation. () Absolute velocity magnitude map around the 13° microstructure. Scale
bar is 30 um.

3.3 Orthogonal microstructure streaming

Alternatively, the sharp edges of microstructures can be orthogonal to the transducer plane. To
assess the ultrasonic streaming fields of such sharp-edged microstructures, a 5-point star
geometry was chosen, as it allows structures to have a wide range of tip angles in which
streaming fields and particle manipulation can be observed. These are placed in the same
arrangement as previously to allow sufficient space to observe particle streaming trajectories
without interference from neighboring structures, and similarly actuated at a 7 MHz frequency.
Fig. 4a shows a top-view of the corresponding CAD model to illustrate how the sharp-edge
tips are designed, whereby the volume (and thus mass) of each structure is matched to ensure



the acoustophoretic response is primarily dictated by the microstructures angle. To account for
this, microstructures with tip morphologies ranging from 15° to 108° were fabricated with off-
resonance heights from 75 um to 45 um, respectively. Fig. 4b displays helium ion microscopy
images of each structure. Fig. 4c shows the acoustic streaming flow fields for each angle and
red arrows delineate the particle streaming direction. Microstructures with 15°-51° tip angles
exhibit large vortices focused on the sharp edges of each star tip, with particle aggregation
within these vortices. Angles at or below 51° exhibit the greatest observable acoustic streaming
velocities, with more clearly defined vortexes coincident with sharp tips. Microstructures with
tip angles ranging from 87°-108° demonstrate a further change in the streaming field locations
and a reduction in the spatial extent of the resulting vortices compared to sharper tip angles,
and can be further visualized in Supplementary Movie 2. Particle tracking is realized by
implementing particle image velocimetry, where Fig. 4d plots the average velocity magnitude
in (um/s) as a function of the structure’s apex angle and highlights that as the tip angle increases,
the velocity magnitude significantly decreases. Fig. 4e displays a representative velocity
magnitude map of the 36° structure which highlights the appearance of high streaming
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Fig. 4. Acoustic streaming analysis of planar microstructures. (a) Top-view of CAD

microstructure models with varying sharp-edge angles. (b) Helium ion microscopy (HIM)

images of planar microstructures. Scale bars are 10 um (c) Optical brightfield images capturing

movement and aggregation behaviors of 1 um particles, red arrows indicate particle trajectory



direction. Scale bars are 30 um. (d) Average velocity magnitude of microparticles with varying
sharp-edge angles, error bars are standard deviation. () Absolute velocity magnitude map of
the 36° microstructure. Scale bar is 30 um.

4. Discussion and conclusions

Whereas prior work with oscillating bubbles and structures primarily evidenced dipole or
quadrupole streaming[62, 63], in line with the resonance behavior of these elements, defining
3D microstructures with arbitrary geometries readily permits the formation of streaming with
even odd numbers of vortices in different orientations. Here, for instance, utilizing a single
continuous sharp edge at the top of a micropillar, a single streaming vortex with a rotational
axis parallel to the transducer plane is formed. On the other hand, when employing
orthogonally oriented shapes, such as the star-shaped microstructures in this study, we observe
the formation of strong vortexes with streaming magnitudes dependent on the tip angles. The
number of vortices, the strength and the extent of each vortex may not be uniform, however,
due to the presence of additional vibrational modes and slight variations in cross-sectional
amplitude. These factors can lead to preferential directional particle migration, as observed
elsewhere [54]. Further, while off target vibrational modes in micropillars may result from
small variations in vibration amplitude and non-symmetric geometries in fabricated
microstructures, the simulation modeling performed using a unidirectional vibration amplitude
boundary condition nevertheless replicates the primary streaming features observed
experimentally, with, for instance, a toroidal vortex coincident with the sharp tip ring in Fig. 2
and Fig. 3.

Together these results demonstrate the additional flexibility afforded by utilizing sharp edges
on 3D microstructures compared to those arising from planar fabrication approaches, where
the orientation and direction of streaming vortexes can be determined using appropriate
structural elements. Further, these acoustic fields, arising from evanescent effects in sub-
wavelength features where the submicron tip dimensions are orders of magnitude smaller than
the acoustic wavelength, are nevertheless capable of generating acoustic streaming vortexes
have extents even larger than the acoustic wavelength. The location of these vortexes is further
determined by the location of sharp edge elements, rather than the position of nodal/antinodal
positions in a standing wave field. This compares to previous work examining standing wave
streaming in which streaming vortexes are periodic and extend half-fluid wavelengths on either
side of nodal positions[64]. This work therefore demonstrates the potential for microstructure
geometries to produce tailored streaming fields, where this may extend beyond the symmetric
geometries shown here to those including anti-symmetric designs, and with variations in the
orientation and angle of sharp tips. Future work may focus on 3D simulations and testing such
devices in which the direction, magnitude and extent of streaming is an important factor.

A further finding of this work is the critical importance of tip angle in 3D microstructures. This
is enabled by the examination of acoustic streaming fields in parametrically altered tip
morphologies on sharp-edge microstructures, with higher streaming velocities resulting from
sharper angles. While this is corroborated by previous results examining sharp-edges[28, 32,
47], there utilizing 2-dimensional single edges produced via silicon etching, our present work
represents the first such examination of this effect around 3D microfabricated elements. The
fabrication of these 3D microstructures is enabled by the first implementation of two-photon
lithography for this purpose, generating precise submicron tip length scales and smooth
surfaces. Compared to acoustic approaches that rely on the planar architectures, we



demonstrate the potential of arbitrarily designed 3D microstructures to alter the direction and
behavior of 3D streaming vortices as a function of the geometry shape and the orientation of
oscillating sharp edges, with both in-plane and out-of-plane vortex orientations. We have
numerically modeled and experimental demonstrated this by altering the tip angle and
geometric configuration of the microstructures, with edges that have various orientations and
shapes.

Having demonstrated the acoustic streaming-based manipulation of microparticles, this work
exhibits the potential for complex manipulation of particles of varying sizes and characteristics,
where the number, shape and orientation of acoustic streaming vortices can be controlled,
facilitating applications in bioparticle, cell, and microorganism studies. Precise control within
microfluidic environments containing 3D microstructures can be effectively harnessed for a
multitude of lab-on-chip applications, encompassing tasks such as cell lysis, phenotyping, and
volumetric imaging[65, 66]. While the application of acoustic streaming via 3D
microstructures is accordingly undeveloped, where we demonstrate examine this approach here
for the first time, this approach offers the potential to amplify and arbitrarily orient fluid
vortices and shear forces to improve a range of applications where these are utilized, including
on-demand cell lysis, rapid mixing and bioparticle manipulation applications. In the latter case,
3D structural elements provide increased surface areas for sample interactions and enables the
design of trapping locations through tailorable streaming fields. Complex 3D architectures also
hold potential for advances in multiplexed capture of different bioparticles simultaneously,
enabling parallel processing and high-throughput screening in applications like drug discovery
and molecular diagnostics. Rotational manipulation for 3D image reconstruction has the
potential to be improved as well, where the ability to orient rotation in different axes can
improve imaging fidelity [67]. In sum, this approach highlights the versatility of microprinted
3D geometries to produce defined acoustic and streaming fields, expanding the range of
micromanipulation applications for which sharp-edge geometries can be utilized.
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