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ABSTRACT

Rapid microscopic examination of suspended microorganisms, cells, and micrometer-scale particles is often limited by the time required
for samples to reach a stable and observable distribution. Conventional counting chambers rely mainly on passive sedimentation, which
can require tens of minutes before reliable imaging and counting, whereas automated imaging or flow-based systems improve throughput
at the cost of increased equipment complexity. Here, we introduce acoustic planar concentration (APC), a compact pulsed bulk-acoustic
strategy for improving the single-plane observability of suspended micro-objects. APC is implemented in a conventional platelet-counting
chamber with a 100 #um-high observation cavity, without redesigning the chamber into a microfluidic resonator. An approximately 4 MHz
pulsed acoustic field is coupled into the standard slide-based chamber, where acoustically induced particle redistribution improves single-
plane observation. Pulsed excitation was used to avoid prolonged uninterrupted acoustic driving, while an external acoustic waveguide
defines the actuation region. Using 5 and 2 um polystyrene fluorescent particles as model objects, we demonstrate improved single-plane
observability within seconds under the tested conditions. For 2 um particles, the fraction of detected particle images classified as in focus
increased from 76.1+6.5% to 90.6 +2.5% within approximately 5s. APC was further demonstrated using Chlorella sorokiniana cells
of comparable size, for which the detected cell count within the selected observation plane increased by approximately 2.6-fold after actua-
tion. This approach provides a compact, contact-free route compatible with conventional counting chambers and an inverted fluorescence
microscopy setup.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0351769

I. INTRODUCTION distribution.™ Conventional chamber-based methods usually rely

Microscopic examination and enumeration of suspended on passive sedimentation to bring suspended objects close to the
microorganisms, cells, and micrometer-scale particles are widely observ ation plane, introducing waiting periods that can range from
used in environmental monitoring, biological laboratories, tens of minutes to hours iependmg on the counting chamber,
and practical teaching.l’l However, the limiting step in many sample type, and protocol.”” More rigorous sedimentation-based
microscopy-based workflows is not optical magnification itself, ~ methods further extend this delay, making them poorly suited for
but the conversion of a three-dimensionally suspended sample time-sensitive inspection.” Automated microscopy,’ image-based
into a stable, microscope-observable, and countable planar  counters,’ and flow cytometry’'®"" can improve throughput and

Biomicrofluidics 20, 054109 (2026); doi: 10.1063/5.0351769 20, 054109-1
Published under an exclusive license by AIP Publishing

Ly 2L 9202 1890100 80


https://doi.org/10.1063/5.0351769
https://doi.org/10.1063/5.0351769
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0351769
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0351769&domain=pdf&date_stamp=2026-10-08
https://orcid.org/0000-0001-8238-7170
https://orcid.org/0000-0001-6204-1922
mailto:wuyan@wchscu.cn
mailto:liuchao.jin@link.cuhk.edu.hk
https://doi.org/10.1063/5.0351769
https://pubs.aip.org/aip/bmf

Biomicrofluidics

reproducibility; however, these approaches often rely on motorized
scanning, autofocus modules, dedicated optical or fluidic systems,
staining or fluorescence procedures, trained operation, and relatively
instrument-intensive platforms.'” Existing approaches, therefore,
involve a trade-off between procedural simplicity and analytical
speed. This trade-off is particularly restrictive for routine microscopy
workflows in laboratory and teaching settings, where recent
reports'”'* have emphasized that emerging technologies must be not
only effective, but also easy to operate, workflow-compatible, and
practical for real-world implementation.

Several active strategies have been developed to shorten the
preparation time of suspended samples before microscopy.
Mechanical approaches, such as slide centrifugation or cytocentri-
fugation, can rapidly concentrate and deposit cells onto glass sub-
strates,”” but they often require dedicated centrifugal devices,
holders, cassettes, or filter assemblies and may perturb cell attach-
ment, spatial distribution, or morphology depending on the
sample type and operating conditions.'™'” Filtration, magnetic
enrichment, and electric-field-based manipulation can also accel-
erate sample concentration, yet they often involve membranes,
labels, electrodes, or specific microstructured devices, which
increase procedural complexity and reduce compatibility with
routine slide-based microscopy. ™’

Acoustic manipulation provides an attractive alternative
because acoustic radiation forces can act remotely on suspended
micro-objects in a contact-free and label-free manner.”' " Rode
et al. demonstrated acoustic tethering of freely swimming microor-
ganisms, enabling individual organisms to be maintained near the
focal plane for behavioral observation with a standard micro-
scope.”” Hammarstrom et al used acoustic focusing for
sedimentation-free flow-through imaging of microalgae, improv-
ing image quality and throughput for automated identification.*®
Zmijan et al. further developed a high-throughput imaging cytom-
eter using acoustic focusing to position suspended objects for
optical analysis.”” These studies demonstrate the capability of
acoustic fields to improve microscopic observation by regulating
the axial position of suspended objects. However, they mainly rely
on purpose-built resonant chambers,”*" continuous flow opera-
tion,”"~”” bonded chip structures’’” or synchronized imaging
systems, and are, therefore, not directly compatible with simple
static counting chambers used in routine microscopy. For conven-
tional counting chambers and simple slide-based microscopy, this
creates a practical need for an acoustic strategy that can regulate
particles axially within a standard shallow observation chamber,
without requiring a purpose-built acoustic resonator or microflui-
dic device. Moreover, while many acoustofluidic studies have dem-
onstrated lateral focusing, node-based aggregation, or localized
trapping,”>”° less attention has been paid to rapidly concentrating
particles into a broad planar layer that can be directly brought into
focus for microscopic observation and counting.

In this paper, we introduce acoustic planar concentration
(APC), a compact pulsed bulk-acoustic strategy for improving the
single-plane observability of suspended micro-objects. APC is
implemented in a conventional platelet-counting chamber with a
100 um-high observation cavity, rather than in a chip-defined
microfluidic resonator. A miniaturized actuation module couples a
4.745 MHz pulsed bulk acoustic field into the standard slide-based

ARTICLE pubs.aip.org/aip/bmf

chamber, where acoustic excitation induces particle redistribution
toward a reproducible observation layer that can be brought into
focus for observation and analysis. Pulsed excitation was used to
avoid prolonged uninterrupted acoustic streaming or interference,
while retaining sufficient particle redistribution under the tested
conditions. An external acoustic waveguide formed from ultra-
sound coupling gel, without altering the counting cavity itself,
defines the actuation region and may improve the spatial selectiv-
ity of particle regulation. Using 5 and 2 um particles as model sus-
pended micro-objects, we demonstrate an increase in the number
of detected particle images within a selected focal plane. The 2 um
particles were evaluated as a smaller-particle test case. APC was
further demonstrated using Chlorella sorokiniana cells of compara-
ble size, for which the detected cell count within the selected
observation plane increased by approximately 2.6-fold after actua-
tion. By actively redistributing suspended objects within seconds
while retaining the conventional counting-chamber format, APC
is intended to reduce the waiting time associated with passive sedi-
mentation without introducing the instrumentation complexity of
automated or flow-based analysis.

Il. MATERIALS AND METHODS
A. Working principle of acoustic planar concentration

Acoustic planar concentration was developed to rapidly
transform suspended micro-objects from a three-dimensionally
dispersed state into a microscope-observable planar layer. As sche-
matically illustrated in Fig. 1(a), the APC platform consists of a
bulk acoustic wave (BAW) actuator, an ultrasound coupling-gel
acoustic waveguide, a glass slide or counting chamber, a liquid
sample layer, and a coverslip. The liquid sample is confined within
the shallow chamber between the lower glass substrate and the
upper coverslip. Acoustic energy generated by the BAW actuator is
coupled into the sample region through the ultrasound coupling-
gel waveguide, enabling acoustic actuation within the observation
area without redesigning the chamber into a microfluidic resona-
tor.”” The waveguide is positioned beneath the liquid chamber and
is laterally confined such that its in-plane boundaries are smaller
than and fully contained within those of the chamber, thereby
avoiding acoustic diffraction from gas-liquid or solid-liquid inter-
faces at the chamber periphery.

The working principle of APC is shown in Fig. 1(b). In the
absence of acoustic excitation, suspended particles are distributed
at different heights within the liquid layer. As the depth of field of
the microscope is limited, only a fraction of the suspended parti-
cles can be clearly observed within a single focused imaging plane,
while out-of-plane particles appear blurred or are excluded from
reliable image-based analysis. When acoustic excitation is applied,
the acoustic field generates axial acoustic radiation forces that reg-
ulate the vertical distribution of suspended particles. The observed
enrichment is consistent with acoustically induced axial particle
redistribution toward a reproducible observation layer, which can
then be brought into focus for microscopic observation and
quantitative analysis.

By improving particle observability within a selected focal
plane, APC can facilitate subsequent particle counting and
morphology-based analysis [Fig. 1(c)]. Importantly, the acoustic
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FIG. 1. Schematic illustration of acoustic planar concentration (APC). (a) APC platform consisting of a bulk acoustic wave (BAW) actuator, an ultrasound coupling-gel
acoustic waveguide, a slide-based observation chamber, a liquid sample layer, and a coverslip. (b) Before acoustic actuation, suspended particles are distributed over
different axial positions and only partially overlap with the focused imaging plane. After actuation, acoustically induced axial particle redistribution produces a reproduc-
ible observation focal plane. (c) APC increases the number of particle images detectable within a selected focal plane, enabling more efficient microscopic observation

and counting in conventional slide-based chambers.

actuation is introduced externally through the BAW actuator and
the ultrasound coupling-gel waveguide, while the counting
chamber itself remains structurally simple. This design preserves
compatibility with conventional counting chambers and an
inverted fluorescence microscopy setup, making the method suit-
able for laboratory and teaching demonstrations.

B. First-order interpretation of acoustic radiation force

The axial particle redistribution observed in APC was inter-
preted using the primary acoustic radiation force acting on small
spherical particles in an ultrasound field. According to the acoustic
radiation force theory, the time-averaged radiation force is related
to the gradient of the acoustic radiation potential; therefore, the
axial component in the shallow chamber can be expressed as
Fraa, = —OUya/0z For a first-order qualitative interpretation, a
simplified one-dimensional standing-wave approximation along
the chamber height was considered. Under this approximation,
the axial radiation force is given by

Frad; = 4mpka’E, sin(2kz), (1)
where a is the particle radius, k = 2z/1 is the acoustic wavenum-

ber, z is the axial position, ¢ is the acoustic contrast factor, and E,.
is the acoustic energy density. The acoustic contrast factor and

acoustic energy density are defined as

1/50—2
p=>(L—=—%), @)

3\2p+1

r
ac — > 3
4poc5 ®

where p = p,,/p, k = Kp/K0, p}, and py are the densities of the parti-
cle and suspending medium, respectively, x, and x; are their com-
pressibilities, p, is the acoustic pressure amplitude, and ¢, is the
sound speed in the medium. This relation indicates that the axial
acoustic radiation force depends on acoustic energy density, parti-
cle size, acoustic contrast, and particle position within the
standing-wave field. For polystyrene particles suspended in water,
the acoustic contrast factor is positive, so a one-dimensional
model predicts migration toward stable axial equilibrium posi-
tions. Accordingly, the one-dimensional standing-wave model was
used as a first-order framework to interpret the qualitative depen-
dence of acoustic radiation force on particle size and axial posi-
tion. As the experimental platform comprises multiple acoustic
layers, including the PZT actuator, coupling gel, glass substrate,
shallow liquid cavity, and coverslip, the model is not intended to
reconstruct the exact three-dimensional field or determine the
absolute equilibrium height of the particle layer. The observed
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enrichment is consistent with acoustically induced axial particle
redistribution toward a reproducible observation layer.

The primary acoustic radiation-force model provides a first-
order interpretation of the observed axial redistribution but does
not exclude contributions from acoustic streaming or secondary
acoustic radiation forces. In the Rayleigh regime, the primary acous-
tic radiation force scales approximately with particle volume
F..q  a°, whereas the viscous drag associated with acoustic stream-
ing scales approximately with particle radius Fy,  a. Therefore, the
relative contribution of streaming is expected to increase as the par-
ticle size decreases, and may be more significant for the 2 um parti-
cles than for the 5um particles. In the present study, pulsed
acoustic excitation was employed to avoid prolonged continuous
actuation and may reduce the buildup of streaming compared with
continuous excitation, while still enabling effective particle redistri-
bution.”” Nevertheless, acoustic streaming cannot be excluded and
was not independently quantified. Secondary acoustic radiation
forces may also promote particle-particle attraction when particles
approach one another,””*" although no pronounced or persistent
clustering that hindered individual-particle identification was
observed under the present conditions. These additional effects may
become more important for smaller particles, higher particle con-
centrations, or prolonged acoustic actuation.

C. Acoustic-field confinement and chamber-height
design

To analyze the acoustic field responsible for APC, we examined
the wave propagation and field distribution in the shallow observa-
tion chamber. As illustrated in Fig. 2(a), the BAW generated by the
actuator propagates upward through the acoustic waveguide and
enters the liquid sample layer. After reaching the upper glass boun-
dary, part of the acoustic wave is reflected by the coverslip. The
interaction between the incident and reflected waves forms a time-

ARTICLE pubs.aip.org/aip/bmf

averaged acoustic-field distribution within the chamber, giving rise
to the axial acoustic radiation force that drives particle migration.
The lateral range of acoustic actuation is defined by the ultra-
sound coupling-gel waveguide. As shown in Fig. 2(b), the acoustic
pressure amplitude is mainly concentrated within the waveguide-
covered region and decreases rapidly outside this region. This
localized pressure distribution is consistent with an actuation
region that is primarily defined by the waveguide footprint. Under
the simulated conditions, the waveguide may contribute to spa-
tially selective APC without modifying the counting chamber
itself. The position of the waveguide-defined actuation region
should also be carefully selected. In particular, the effective actua-
tion area was kept away from the liquid boundary and meniscus
region, where ultrasound-induced interface oscillations may gener-
ate parasitic capillary-wave modes, including harmonic and
higher-order responses.””"> Such boundary-related disturbances
can perturb the local acoustic field and lead to unstable particle
motion. Therefore, avoiding actuation near the liquid boundary
helps maintain a more stable and spatially confined APC effect.
Regarding biological compatibility, acoustic manipulation has
been widely demonstrated to be compatible with living cells under
appropriately controlled operating conditions, while acoustothermal
heating remains an important consideration for maintaining cell
viability during acoustic actuation."**> We, therefore, additionally
evaluated the thermal exposure associated with APC. A pulsed exci-
tation scheme was used to avoid prolonged uninterrupted acoustic
driving while retaining sufficient particle redistribution under the
tested conditions. As shown in Fig. 2(c), the actuator was driven by
a sinusoidal burst signal consisting of a 30-cycle acoustic burst fol-
lowed by a 70-cycle off interval, corresponding to a duty cycle of
30%. Acoustic streaming was not independently quantified, and
particle-redistribution performance under pulsed and continuous-
wave excitation was not directly compared. Temperature measure-
ments were performed at a room temperature of approximately
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FIG. 2. Acoustic-field confinement and chamber-height design for APC. (a) BAW propagation and reflection in the shallow observation chamber, forming an acoustic
field associated with particle migration. (b) Simulated acoustic pressure distribution showing a localized pressure field beneath the ultrasound coupling-gel waveguide.
(c) Pulsed excitation waveform consisting of a 30-cycle sinusoidal burst followed by a 70-cycle off interval, corresponding to a 30% duty cycle. (d) Simulated acoustic
pressure distributions for chamber heights of 100-400 «m. The axial pressure profiles along the waveguide centerline suggest that the 100 zm chamber used in the
standard counting chamber can support an observation layer near the lower portion of the chamber under the modelled conditions.
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25°C. This duty cycle was selected to limit cumulative acoustother-
mal effects, as verified by the temperature measurements shown in
Fig. S2 in the supplementary material. Under the 30% duty-cycle
condition, the mean temperature increase did not exceed approxi-
mately 1.6 °C during the first 30 s, substantially longer than the 2-
10 s actuation required for APC.

As chamber height can influence the axial distribution of the
simulated acoustic field, we used COMSOL finite-element analysis
to evaluate chambers with heights ranging from 100 to 400 um
under near-operating-frequency excitation. The acoustic response
was analyzed in the time domain using the same pulsed excitation
condition. As shown in Fig. 2(d), the pressure—amplitude profiles
along the vertical centerline of the waveguide reveal distinct
height-dependent field distributions. For the 100um-high
chamber corresponding to the standard counting chamber used in
this study, the simulated field is consistent with the formation of
an observation plane near the lower portion of the chamber.
These results further suggest that, to maintain a relatively simple
axial field distribution suitable for APC, the chamber height
should preferably be kept below approximately one acoustic wave-
length in water. At 4.745 MHz, the acoustic wavelength in water is
approximately 310 um. Therefore, both the nominal chamber
depth of 100um and the experimentally measured assembled
height of approximately 110-120 #m remain well below one wave-
length. The modest difference between the nominal and assembled
chamber heights is, therefore, not expected to change the qualita-
tive axial-field regime identified in the present simulations. This
simulation was used as a qualitative design assessment and does
not establish the exact equilibrium height of the particle layer.

D. Materials and experimental setup

A PZT-5 piezoelectric ceramic plate with a resonance fre-
quency of 4.745 MHz and a size of 1.5 cm x 1.5 cm was used as the
BAW actuator. The actuator was operated at 4.745 MHz, selected
from the measured electromechanical resonance in the S;; spec-
trum of the PZT actuator (Fig. S1 in the supplementary material).
The operating frequency was, therefore, determined from the actu-
ator response rather than from an idealized resonance condition
of the nominal chamber depth. The excitation signal was gener-
ated by a function generator (AFG3022C, Tektronix) and ampli-
fied using a radio frequency power amplifier (ZHL-1-2W+,
Mini-Circuits) before being applied to the PZT actuator. The func-
tion generator was set to 1V, into 50 Q, corresponding to an RF
input power of approximately 2.5 mW (+4.0 dBm) at the amplifier
input. Fluorescence images and videos of PS particles, together with
bright-field images and videos of C. sorokiniana, were acquired
using an inverted fluorescence microscope (CKX53, Olympus)
equipped with an industrial camera (INFINITY3, Lumenera).

The acoustic waveguide was formed from medical ultrasound
coupling gel (HYNAUT, China), which coupled acoustic energy
from the BAW actuator to the sample region. During assembly,
the axial thickness of the gel layer was mechanically constrained
by the surrounding edge structure of the actuator and was, there-
fore, maintained approximately constant, although its lateral
contour could vary slightly between preparations. A commercially
available improved Neubauer hemocytometer and its matched
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cover glass were used to form the observation chamber. The
nominal chamber depth specified for the hemocytometer is
0.1 mm (100 um). As the actual liquid-layer height can vary with
cover-glass seating and capillary loading, the assembled chamber
height was measured after filling at four corner regions. Under the
standardized loading procedure used in this study, the measured
heights were approximately 110-120um, with observable
corner-to-corner variation. To improve chamber reproducibility
and minimize cover-glass inclination, approximately equal amounts
of wetting liquid were applied to the two cover-glass support rails
using a micropipette before positioning the matched cover glass.
Excess liquid, asymmetric wetting, visible air bubbles, and incom-
plete filling were avoided, as asymmetric chamber assembly could
introduce a lateral height gradient and was experimentally associ-
ated with noticeable lateral particle motion during acoustic actua-
tion. The grid area used for counting was 0.0025 mm®.
Fluorescently labeled monodisperse polystyrene (PS) particle
suspensions (Tianjin BaseLine, China) with a mass fraction of 1%
were used. Two particle diameters, 2 and 5um, were evaluated as
well-defined model suspended objects. The density and compress-
ibility of PS were taken as approximately 1050kgm™ and
249 x 107 Pa™", respectively, based on values commonly used in
acoustofluidic studies."”"” Before experiments, the 2 and 5 um parti-
cle suspensions were diluted separately with de-ionized water at
volume ratios of 1:20 and 1:4, respectively. C. sorokiniana was addi-
tionally used as a biological test sample. The commercially obtained
live culture (Fengbiao Algae Industry, China) contained approxi-
mately spherical cells with diameters of 2-5 um, comparable to the
PS particles used in this study. The culture was gently mixed and
used directly without further dilution for the APC experiments.

E. Image acquisition and quantitative focus analysis

To quantify single-plane particle observability, PS-particle
fluorescence images were analyzed using a unified image-
processing workflow. For each experiment, images were acquired
before acoustic actuation at different focal positions and after
acoustic actuation at the selected observation layer. The green fluo-
rescence channel was extracted, corrected for uneven background,
and used for particle detection.

For each detected particle, a local focus index was calculated
from two image features: edge sharpness and spot compactness.
Sharply focused particles show stronger local intensity gradients
and more compact fluorescent spots, whereas out-of-focus parti-
cles appear blurred and spatially spread. A single global threshold
was then applied to classify detected particle images as either in
focus or out of focus. The in-focus particle fraction was calculated
as the number of detected particle images classified as in focus
divided by the total number of detected particle images in each
image. The focus analysis was used as an image-based metric of
single-plane observability rather than as a direct measurement of
the absolute axial position of individual particles. Accordingly, the
reported in-focus fraction does not provide a quantitative mea-
surement of the complete particle z-distribution or the physical
thickness of the acoustically redistributed particle layer. A detected
particle image was classified as in focus only when its predefined
focus index exceeded the selected threshold. Therefore, the
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reported in-focus fraction represents the fraction of detected parti-
cle images satisfying the image-quality criterion. In-focus particles
are marked in cyan and out-of-focus particles are marked in red.

C. sorokiniana cells were analyzed separately using bright-
field images. Red, green, and blue (RGB) images were converted to
grayscale, and local dark-cell contrast was calculated as the
Gaussian-smoothed background minus the grayscale image.
Candidate cells were identified by intensity thresholding and fil-
tered by area and circularity. Detections near image boundaries
were excluded. Merged candidates containing multiple spatially
separated dark peaks were split where individual cells could be
resolved. Detected cells were marked with green circles and
counted within each image.

I1l. RESULTS AND DISCUSSION

A. Rapid acoustic planar concentration of micrometer
particles

The APC experiments in Secs. III A and III B were performed
at 4.745 MHz with a function-generator setting of 1 V,,, into 50 Q
(approximately 2.5 mW at the amplifier input) and a 30% duty
cycle (30 cycles ON and 70 cycles OFF). We first evaluated the

Before APC'1
Focal-plane height z = 90 um
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ability of APC to improve single-plane particle observability in a
vertically dispersed suspension using 5um fluorescent polystyrene
particles. As illustrated in Fig. 3(a), three focal conditions were
compared: the upper region of the chamber before acoustic actua-
tion, the lower region of the chamber before acoustic actuation,
and the selected observation layer after actuation. This comparison
was designed to assess the difference between pre-actuation axial
dispersion and post-actuation single-plane observability. Before
actuation, particles were distributed over different heights in the
100 um chamber; therefore, focusing near either the upper or
lower region brought only part of the particle population into
clear focus. After acoustic actuation, particle images were more
readily detected within a selected observation layer that could be
brought into focus for observation. Under these conditions, with
the microscope focal position kept unchanged, most initially defo-
cused 5um particle images became sharply observable within
approximately 2 s of acoustic actuation, consistent with axial redis-
tribution toward the selected observation plane, as shown in Fig. 3
(Multimedia available online).

Representative fluorescence images confirmed a change in
single-plane particle observability. Before actuation, the upper
focal plane showed 403 detected particle images, of which 45.9%
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FIG. 3. Acoustic planar concentration of 5 um fluorescent particles. (a) Schematic showing the three focal conditions used for image comparison: the upper region of
the chamber before acoustic actuation, the lower region before acoustic actuation, and the selected observation layer after actuation. (b) Representative fluorescence
image acquired at the upper focal plane before acoustic actuation. Detected particle images are classified by image-based focus analysis, with in-focus particle images
marked in cyan and out-of-focus particle images marked in red. (c) Representative fluorescence image acquired at the lower focal plane before acoustic actuation. (d)
Representative fluorescence image after acoustic actuation, acquired at the selected observation layer. (e) Distribution of log-transformed focus-index values for the
three imaging conditions. The focus index combines local edge sharpness and fluorescent-spot compactness; higher values indicate sharper and more compact particle
images. The dashed line indicates the global threshold used to classify particle images as in focus or out of focus. (f) Quantitative comparison of detected-particle
count and in-focus fraction before and after acoustic actuation. APC increased the number of detected particle images in the selected focal plane and the fraction classi-
fied as in focus. Scale bars: 100 um (Multimedia available online).
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were classified as in focus [Fig. 3(b)]. The lower focal plane
showed a similar detected-particle count of 409, but only 37.4%
were classified as in focus [Fig. 3(c)]. These two focal planes indi-
cate that, without APC, no single focal plane contained most parti-
cle images in a clearly observable state. After acoustic actuation,
the selected observation layer contained 742 detected particle
images, most of which were classified as in focus [Fig. 3(d)]. This
result shows that APC increased the number of detected particle
images within the selected focal plane and the proportion classi-
fied as in focus. To classify particle images objectively, we used a
focus index based on local image sharpness and spot compactness.
The focus index increases when a particle image exhibits sharper
edges and a more compact fluorescent spot, whereas blurred parti-
cle images have lower focus-index values. The distributions of log-
transformed focus-index values before and after acoustic actuation
are shown in Fig. 3(e), together with the global threshold used to
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separate in-focus and out-of-focus particle images. This analysis
provides an objective image-based definition of whether a detected
particle image satisfied the predefined in-focus criterion. The com-
plete focal scanning and refocusing process for 5um particles is
provided in Fig. 3 (Multimedia available online) and shows the
initial axial dispersion of particles, the APC actuation process, and
the final refocusing to the selected observation plane.

The quantitative comparison is summarized in Fig. 3(f). In
the representative experiment, the in-focus fraction increased from
459% and 37.4% before actuation to 94.2% after actuation.
Meanwhile, the total detected particle number increased from 403
and 409 before actuation to 742 after actuation. Taking the average
of the two pre-actuation focal planes as the baseline, the total
detected particle number increased by approximately 1.8-fold.
More importantly, the number of in-focus particles increased from
approximately 165 before actuation to approximately 693 after
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FIG. 4. Acoustic planar concentration of 2 um fluorescent particles. (a) Representative fluorescence image acquired at the upper focal plane before acoustic actuation.
Detected particle images were classified using the same image-based focus analysis as in Fig. 3, with in-focus particle images marked in cyan and out-of-focus particle
images marked in red. (b) Representative fluorescence image acquired at the lower focal plane before acoustic actuation. (c) Representative fluorescence image
acquired at the selected observation layer after acoustic actuation. (d) Quantitative comparison of detected-particle count and in-focus fraction before and after acoustic
actuation. APC increased the number of detected particle images in the selected focal plane and the fraction classified as in focus. Scale bars: 100 xm (Multimedia

available online).
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actuation, corresponding to an approximately 4.2-fold increase.
Repeated experiments further confirmed the rapid and robust
enrichment effect, with the in-focus fraction increasing from
40.9 £ 3.2% before APC to 93.7 £2.3% after APC within approxi-
mately 2 s. These results show that APC can enhance single-plane
particle observability on a seconds timescale through acoustically
induced axial redistribution.

We further evaluated the APC effect using 2 um fluorescent
polystyrene particles as a smaller-particle test case. For 2 um parti-
cles, the evaluation considered both the in-focus fraction and the
number of detected particle images within a single field of view.
Representative images acquired before acoustic actuation showed
that particles were distributed across different axial positions in
the chamber. At the upper focal plane, 542 particles were detected,
with 76.4% classified as in focus [Fig. 4(a)]. At the lower focal
plane, 476 particles were detected, with 78.1% classified as in focus
[Fig. 4(b)]. Although a substantial fraction of detected particle
images was classified as in focus before actuation, each focal plane
still captured only part of the suspended particle population. This
indicates that the particles remained axially dispersed before APC.

After acoustic actuation, a larger number of particle images
was detected within the selected observation layer. The detected-
particle count increased to 2108, and 91.0% of the detected particle
images were classified as in focus according to the predefined
image-based criterion [Fig. 4(c)]. Compared with the average of the
two pre-actuation focal planes, the number of detected particle
images in the selected focal plane increased by approximately
4.1-fold, while the in-focus fraction increased from 77.3% to 91.0%
[Fig. 4(d)]. The estimated number of detected particle images classi-
fied as in focus increased from approximately 393 before actuation
to approximately 1918 after actuation, corresponding to an approxi-
mately 4.9-fold increase within the selected focal plane. This result
indicates improved single-plane observability for 2um particles
under the tested conditions. Repeated experiments showed that the
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in-focus fraction increased from 76.1+6.5% before APC to
90.6 £ 2.5% after APC, and the enrichment process was completed
within approximately 5s. In contrast, 2um PS particles typically
require about 20 min to sediment naturally in a 100um height
chamber. The dynamic focal scanning and refocusing process for
the 2 um particle experiment is shown in Fig. 4 (Multimedia avail-
able online). The result shows that APC can improve single-plane
observability for a second particle size under the tested conditions.
As the acoustic radiation force decreases rapidly with particle size,
as shown in Eq. (1), manipulation of smaller particles may require a
more tightly confined acoustic field. One practical route is to
increase the acoustic frequency, thereby reducing the acoustic wave-
length and strengthening the axial field gradient. In this case, the
chamber height should also be reduced proportionally to the acous-
tic wavelength to maintain an appropriate simulated axial field dis-
tribution for planar concentration.

B. Waveguide-associated localized APC effect

After demonstrating improved single-plane observability for
both 5 and 2 um particles, we assessed whether the APC response
was spatially associated with the ultrasound coupling-gel waveguide.
This analysis was performed because APC is intended to regulate
particles within a prescribed observation region rather than induce
uncontrolled particle redistribution across the entire field of view.

As shown in Fig. 5(a), the analyzed field of view was divided
into two equal-area regions. The upper region corresponded to the
waveguide-defined actuation area, whereas the lower region was
outside the effective waveguide region. Particles classified as
within the focused planar layer were marked with green circles,
while particles classified as out of focus were marked with red
circles. A clear difference was observed between the two regions:
2 um particles inside the waveguide-defined region were more fre-
quently classified as in focus, whereas a larger fraction of particles
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FIG. 5. Waveguide-associated localized APC response. (a) Representative image-based focus analysis comparing regions inside and outside the waveguide-defined
actuation area. The upper half of the analyzed field corresponds to the waveguide-defined region, whereas the lower half is an adjacent comparison region. Detected
particle images classified as in focus are marked with green circles, and those classified as out of focus are marked with red circles. (b) The representative within-field
comparison shows a higher in-focus fraction in the waveguide-defined region than in the adjacent comparison region, consistent with a localized enhancement beneath

the waveguide-defined region. Scale bars: 100 zm.
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FIG. 6. Acoustic planar concentration of C. sorokiniana. (a) and (b) Representative images acquired before acoustic actuation at focal-plane heights of approximately
z=90um and z =10 um, respectively. Detected cells are indicated by green circles. (c) Representative image acquired after APC at the selected observation plane. (d)
Quantitative comparison of the detected cell count before and after APC. Scale bars: 100 um (Multimedia available online).

outside the effective actuation area remained out of focus. The
quantitative comparison is shown in Fig. 5(b). Within the
waveguide-defined actuation region, the in-focus fraction reached
84.5%, whereas the region outside the effective actuation area
showed an in-focus fraction of 54.8%. The in-focus fraction was
29.7 percentage points higher inside the waveguide-defined region,
corresponding to 1.54 times the value outside the region.
Conversely, the out-of-focus fraction increased from 15.5% inside
the actuation region to 45.2% outside it. These results are consis-
tent with a localized enhancement of single-plane particle observ-
ability beneath the waveguide-defined region, rather than a
uniform effect throughout the observation field." Accordingly,
the waveguide may support spatially selective APC while preserv-
ing the simple structure of the standard counting chamber.

C. APC of a biological sample

To evaluate the applicability of APC to biological samples, we
further performed experiments using C. sorokiniana. Before acoustic

actuation, the cells were distributed over different axial positions
within the counting chamber. Representative images acquired at
focal-plane heights of approximately z=90um and z=10 um con-
tained 46 and 37 detected cells, respectively [Figs. 6(a) and 6(b)].

After acoustic actuation, substantially more cells became
observable within a single selected observation plane. A total of
109 cells were detected in the corresponding field of view after
APC [Figs. 6(c) and 6(d)]. The dynamic redistribution process was
completed within approximately 10s and is shown in Fig. 6
(Multimedia available online). These results extend the APC dem-
onstration from well-defined PS model particles to a biological
sample and show that acoustic actuation can increase the number
of cells observable within a single focal plane.

Under the 30% duty-cycle condition used in these experi-
ments, the measured mean temperature increase did not exceed
approximately 1.6°C during the first 30s (Fig. S2 in the
supplementary material), which is substantially longer than the
approximately 10s actuation required for the biological sample.
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This thermal measurement indicates limited acoustothermal expo-
sure during the APC process, although a dedicated viability assay
was not performed in the present study.

IV. CONCLUSIONS

In this work, we introduced acoustic planar concentration
(APC) as a compact strategy for improving the single-plane
observability of suspended micro-objects in a conventional count-
ing chamber with a nominal depth of 100 um. Using 5 and 2 um
fluorescent polystyrene particles, APC enabled seconds-scale redis-
tribution and markedly increased the number of detectable parti-
cles within a selected focal plane. For 2 um particles, the in-focus
fraction increased from 76.1 £ 6.5% to 90.6 + 2.5% within approxi-
mately 5s. APC was further demonstrated using C. sorokiniana,
for which the detected cell count increased from 46+9 and
37+ 12 at two pre-actuation focal planes to 109 + 18 after APC.
Together with the limited temperature rise observed under the 30%
duty-cycle condition, these results support the applicability of APC
to rapid microscopy of suspended particles and biological cells. This
second-scale redistribution highlights the practical advantage of
APC over passive chamber-based observation. The hemocytometer
retains its conventional counting function, while APC actively accel-
erates the preparation of a microscope-observable particle distribu-
tion. Future work should further investigate three-dimensional
particle redistribution, acoustic streaming, and biological viability.

SUPPLEMENTARY MATERIAL

The supplementary material provides experimental character-
ization supporting the operating conditions used for acoustic
planar concentration. Figure S1 presents the measured reflection
coefficient (S11) spectrum of the PZT actuator over 4-6 MHz and
identifies the pronounced resonance near 4.745 MHz that was
selected as the operating frequency. Figure S2 presents the temper-
ature evolution during 120 s of acoustic excitation at duty cycles of
30%, 50%, and 100%, while maintaining the operating frequency
and excitation amplitude at 4.745 MHz and 1V, respectively.
These data support the selection of the actuation frequency and
the 30% duty-cycle condition used in the experiments.
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