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Welcome Letter

WELCOME BY THE CONFERENCE CHAIRS

It is with great pleasure that we welcome you to the annual Acoustofluidics conference 2024. It has been
more than 10 years since the conference was organized in Sweden and we are very excited to welcome
you back. We are pleased to be able to organize the meeting as a fully in-person event although we have
maintained the option of live streaming for those members of the international acoustofluidics community
that have not been able to make it to Uppsala.

Abstract submissions were again of a high standard, enabling assembly of a conference program of talks
spanning advancements in device physics, new phenomena, and applications. The broad coverage of the
contributed talks is also reflected in the series of excellent keynote and invited speakers, which point to
connections of acoustic force fields with optical fields to developing the technology and combining
acoustofluidic devices with additional methodologies.

As introduced last year in St. Louis, we have again a special arrangement in the program prepared by the
Young Acoustofluidics Scientist Network (YASN) to strengthen the networking between PhD students and
postdocs in the community and equip our future faculty with additional skills needed for a successful
career. We are very excited about this panel discussion that we welcome you all, young or old, to attend.

This year, we also see the return of the Acoustofluidic Olympics kindly coordinated by Jeremy Hawkes.
We will have four live demonstrations of acoustofluidic devices set up in a lecture room adjacent to the
main conference venue. The demos will be running in parallel with the poster session and we hope you
will find time to visit both events.

In this welcome note we would also like to address a special thanks to this year’s sponsors for their kind
contributions to our conference — THANK YOU! Their set-ups will be on display throughout the meeting,
and we encourage you all to interact with them.

We will highlight the winner of the previous year’s W. Terence Coakley Award, Advaith Narayan, with an
invited talk on the first day of the conference. This award distinguishes a promising student or postdoctoral
researcher in acoustofluidics and is selected from the poster presentations. Additionally, the Royal Society
of Chemistry will sponsor an award for Best Research Image in Acoustofluidics. The image will be featured
on the cover of an upcoming issue of the Royal Society’s prestigious journal Lab on a Chip. And this year,
we have a new prize introduced, the CBMS Award that will be awarded to the best oral presentation by a
young researcher where the prize is a waived registration fee to the 2025 uTAS conference!

Finally, we would like to acknowledge the support and feedback provided by members of the
Acoustofluidics Society and community, which allow us to maintain the Acoustofluidics conference as an
essential venue for dissemination of important results in the field. We greatly appreciate the work of the
Scientific Committee to evaluate submitted abstracts that ensures a top-level quality of the conference
program. This conference would also not have been possible without the invaluable contribution of PMMI
Global with the administrative arrangements of the meeting and the fantastic local organizing committee.

Maria Tenje Martin Wiklund Per Augustsson
Uppsala University, SWEDEN Royal Institute of Technology Lund University, SWEDEN
Conference Chair 2024 (KTH), SWEDEN Program Chair 2024

Conference Co-Chair 2024



General Information

Meeting Space
All events will be held at the Angstromlaboratoriet, House 10 (Hus 10) unless otherwise
indicated.

« Main Conference Room - Sonja Lyttkens (101121) Room, Floor 1

o Poster Session - Floor 0 (100602)

o Olympiad - Evelyn Sokolowski (101136) Room, Floor 1

Wireless Internet Service
Wireless Internet will be available in the meeting space. As a visitor and guest, you can use
the wireless network called UU-Guest, that gives you 24 hrs free access at the time.

The Eduroam network is also available throughout the University campus (as well as at
Arlanda Airport).

Cellular Phones and Alarms
As a courtesy to our speakers and other attendees, please turn off any cellular phones and
alarms during sessions.

Video Recording
Video recordings are strictly prohibited in the sessions and poster presentations.

Welcome Reception

Wednesday, 14 August

18:00 - 19:00

University Main Building, Biskopsgatan 3, 753 10 Uppsala

The Dean of the Faculty of Science
and Engineering will welcome us to
Uppsala with some drinks and snacks
in the University Main Building. The
University guide will also be available
to give us a brief overview of the
history of this beautiful building and
the proud history of Uppsala University
from its establishment in 1477. NB!
Doors are only open 18:00 — 18:10,
please make sure you arrive on time!

Banquet

Thursday, 15 August
18:30 — Late
Norrland’s Nation, Vastra Agatan 14, 753 09 Uppsala

No conference is complete without a banquet. Join us on Thursday evening at Norrland’s
Nation for a delicious meal and a chance to network with colleagues. Norrland’s Nation is
centrally located by the riverbanks of Fyrisan, a 30-minute walk or a 15-minute bus ride from
the Angstréom Laboratory.


https://use.mazemap.com/#v=1&campusid=49&zlevel=2&center=17.646883,59.839586&zoom=18.9
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BruCe DIINKWALET ....ceieviiiiieie ettt e et e e e et e e e eab e e s saaeeaees University of Bristol, UK
XUEXIN DUAN ...t e et e e e e e e e e Tianjin University, CHINA
Thomas Franke ... University of Glasgow, SCOTLAND
JameES FriEeNd .......couviiiieeiieee e University of California, San Diego, USA
RICNAIT FU ..ot Northumbria University, UK
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Scientific Committee

PEer AUQUSTSSON ....oeiiiiiiiiiiiiiie et Lund University, SWEDEN
Thierry BaasCh ... Lund University, SWEDEN
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Philippe Brunet ..o Université Paris Diderot, FRANCE
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Xiasheng GUO ....ccoiiiiiiii Nanjing University, CHINA
RUCKT GUPTA ..o University of Birmingham, UK
Martin Hill .......oveeeeeeeee e University of Southampton, UK
Andreas Lenshof ... Lund University, SWEDEN
Kian-Meng Lim ......ccccooiiiiiieeeeee, National University of Singapore, SINGAPORE
B 1] (0 L = T U o LSRR Zhejiang University, CHINA
Zhichao Ma ... Shanghai Jiao Tong University, CHINA
Philippe Marmottant ............cccoociiiiiiiiiieeee e, Université Grenoble Alps, FRANCE
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Acoustofluidics Society

The Acoustofluidics Society is an international body that represents and facilitates the
interests of researchers and industries in the fields of acoustic particle manipulation, acoustic
fluid control, and associated technologies, with particular applications in the Life sciences.

A Acoustofluidics Society

The Acoustofluidics Society is an international body that represents and facilitates the interests of
researchers and industries in the fields of acoustic particle manipulation, acoustic fluid control, and
associated technologies, with particular applications in the Life sciences.

_Executive Committee

Per Augustsson (President) ... Lund University, SWEDEN
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The society developed from USWnet, a network formed in 2003 in the UK led by Clare Selden,
UCL. Other founding members included Terry Coakley 1940-2006 (obituary).
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Keynote Speakers

OPTICAL AND ACOUSTIC MANIPULATION FOR TOMOGRAPHIC
IMAGING

Monika Ritsch-Marte

Medical University of Innsbruck, AUSTRIA

ADVANCING THE FRONTIERS OF ACOUSTIC MICRO-ACTUATORS
Michael Baudoin
Université de Lille, FRANCE

THE PARTICLE SIZE-EFFECT IN OPTICAL AND ACOUSTIC TRAPS
Karen P. Volke Sepulveda
National Autonomous University of Mexico (UNAM), MEXICO

THE EMERGING CONFLUENCE OF ACOUSTIC
MICROMANIPULATION, ACOUSTIC HOLOGRAPHY AND 3D
PRINTING

David Collins

University of Melbourne, AUSTRALIA
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Invited Speakers

ACOUSTIC STREAMING
James Friend
University of California, San Diego, USA

ELUCIDATING CELL-CELL AND CELL-FIELD INTERACTIONS FOR ACOUSTICALLY
CONFINED MICROSWIMMERS

Advaith Narayan

Washington University in St. Louis, USA
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Volumetric temperature measurement in a
micro channel subjected by a standing
surface acoustic wave

% . . . i \“ \“ =l

Jorg Konig™ and Christian Cierpka 1416 August 2024
Uppsala University, SWEDEN

Institute of Thermodynamics and Fluid Mechanics, Technische

Universitét [Imenau, [lmenau, Germany

“E-mail: Joerg.Koenig@tu-ilmenau.de

Introduction

The acoustic manipulation of biological samples has gained tremendous interest in biology and medical
research, since it provides a precise, contactless and label-free manipulation of particles and cells in a
biocompatible manner [1]. However, while systems based on bulk acoustic waves (BAW) with a high quality
factor produce very little heat, excessive heating can be induced in acoustofluidic devices with high frequencies
and acoustically lossy materials like polymers [1,2]. The latter applies particularly to systems based on surface
acoustic waves (SAW), using frequencies above 10 MHz and Polydimethylsiloxane (PDMS) as channel
material usually. In this case, the PDMS absorbs most of the acoustic energy [3,4] causing a significant temper-
ature rise of the side walls [5]. Nevertheless, also the temperature of the fluid rises depending on the acoustic
power applied [2,4], channel size and material used [2,6]. Temperatures up to 55°C evolving in a stagnant fluid
of small volume within a few seconds have been reported in acoustic tweezers using standing surface acoustic
waves (sSAW) [2,4]. This may compromise the biocompatibility of those devices. However, regarding the
acoustic separation of particles flow through systems are considered mostly [7]. In that case, the constant fluid
flow removes the heat and the cells are subjected to the acoustic field only for a short moment. In order to gain
experimental insights into the acoustothermal heating in an acoustic tweezer device intended for particle
separation, the three-dimensional temperature distribution of the fluid induced by a one-dimensional sSSAW
was measured. Again, a significant temperature rise to 55°C was observed. In contrast to a stagnant fluid where
maximum temperature was found close to the top of the chamber [4,6], the maximum temperature was
measured close to the substrate surface indicating that the piezoelectric substrate is an important source of heat.

Experimental methods

Investigations were performed in an acoustic tweezer based on a one-dimensional sSSAW excited by two
opposing interdigital transducers (IDTs) deposited on a 128° rotated Y-cut lithium niobate substrate (LiNbO3),
see figure 1(a). The SAW-wavelength was about 20 um and the aperture AP of the IDTs was 2 mm. In between
both IDTs, a straight micro channel made of PDMS with a cross-section of 500 um X 500 um was positioned.
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Figure 1: (a) Schematic of the acoustofluidic device used and (b) measured temperature at the beginning of the sSSAW
(x =0) and at the end of the SSAW (x = 2 mm). The latter position coincide with the ROI depicted in (a).

A water-glycerol solution with a density of 1170 kg/m* was pumped through the micro channel with a constant
flow rate of 10 pl/min. To measure the three-dimensional temperature distribution of the fluid inside the micro
channel, a combination of astigmatism particle tracking velocimetry (APTV) and luminescence lifetime
imaging was utilized [4,8]. This requires the determination of the shape of elliptically distorted particle images
according to the principle of APTV, while estimating the decay time of the luminescent light emission from
the particles at the same time. As temperature sensors, particles made of polymethylmethacrylate (PMMA)
with a diameter of 10 um were used that contained the temperature sensitive phosphorescent dye europium
(IIT) thenoyltrifluoroacetonate (Eutta, 360/615 nm, Surflay Nanotec GmbH). Details regarding the optical
setup of the measurement system can be found in Weser et al. and Deng et al. [4,8]. Since the particle size
coincided with the distance between the pressure nodes of the sSSAW and density of the fluid was adapted to
the density of the temperature sensors (p,, = 1118 kg/m?) to avoid strong sedimentation of the PMMA particles,
temperature measurements were possibfe across the entire cross-section of the micro channel. However, the
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height of the measurement volume amounted to approx. 110 um only. Therefore, the measurement volume
was traversed through the micro channel with a step size in between of about Az = 55 um, yielding a volumetric
ROI of about 700 X 500 X 500 um? located at the end of the IDT at x =2 mm. At each height position, 750
double frame images were taken with a frame rate of 10 Hz. During the measurements, the electrical power
applied as well as the flow rate were kept constant. In addition, excitation of the sSSAW started five minutes
before the measurements. Measurements were done for different electric power level applied ranging from
Po; =10 mW to 130 mW at maximum. In addition to the measurement at the ROI, measurements were done
also at the beginning of the sSSAW, i.e. at x = 0. In this way, the local temperature increase within the aperture
of the IDTs dependent on the power applied could be assessed.

Results and Discussion

In figure 1(b), the measured temperature at the beginning of the SSAW at x = 0 and at the end of the SSAW at
x =2 mm is depicted. As expected, temperature increases linearly with the acoustic power P applied. While
a temperature slightly above room temperature was measured at an electric power of 10 mW, up to 55°C was
obtained for an electric power of 130 mW. Therefore, even in a flow through system and at moderate electric
power, a temperature level exists that may cause irreversible damage of biological samples. In addition, a
significant temperature difference occurred within the short distance of 2 mm given by the aperture of the IDT,
which confirms the rapid temperature rise obtained in SAW-based systems [4]. Interestingly, the closer to the
substrate surface the higher the temperature, indicating that the piezoelectric substrate may one source of heat
due to electromechanical losses. According to the temperature field at x = 1550 um depicted in figure 2(a),
maximum temperature occurs close to the center of the micro channel where maximum surface displacement
of the sSSAW is expected. In addition, warm fluid raise from the bottom to the top of the micro channel, which
is in accordance with a strong vortex evolving close to the end of the sSSAW at x =2 mm [9]. Beyond the
sSAW the fluid temperature drops rapidly.
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Figure 2: Temperature distribution measured within the ROI close to the end of the sSSAW. (a) Temperature field in the
cross-section of the micro channel at x = 1550 um and (b) along the micro channel at central position y = 0. The white
dashed line marks the end of the IDT and, therefore, indicates the end of the SSAW.

Conclusion

The three-dimensional temperature distribution of the fluid in an acoustofluidic device consisting of a straight
micro channel and a one-dimensional SSAW was measured. A significant temperature rise was observed, while
the temperature distribution inside the channel obviously correlates to the amplitude of the sSSAW. During the
conference, further results regarding the influence of the SAW-wavelength and the correlation with the fluid
flow induced by the acoustic streaming effect will be discussed in detail.
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Introduction

The precise control of objects with acoustic fields or forces has been exploited in various works in the past
decades due to its great potential for micro-manipulation in in-vivo and in-vitro applications. Among the
different techniques, acoustic tweezers generating acoustic vortices are a particularly promising tool as they
allow selective control of individual objects such as particles [1], cells [2] and even kidney-stones [3]. In the
past, acoustic fields (not limited to tweezers) have also been used to manipulate immiscible drops [4] and,
furthermore, even miscible fluids could be manipulated experimentally in a standing acoustic wave, with the
higher-impedance liquid migrating towards the acoustic pressure node [5]. More recently, Karlsen and
Bruus [6] have numerically explored the potential of using the radiation force generated by acoustic tweezers
to manipulate such miscible fluids. In the present work, we experimentally demonstrate the application of
ultrasonic acoustic tweezers to pattern, trap, and displace a higher-impedance liquid (Ficoll) in a lower-
impedance liquid (water). Furthermore, we extend the numerical model presented in [5] to take into account
the precise physical properties of our experimental system. This allows us to quantify characteristic times of
the trapping and patterning process, both experimentally and numerically, and to evaluate the impact of
diffusion on the trapping efficiency.

Experimental setup and procedure

The experimental setup, Fig. 1(A), consists of a PDMS microchannel (height 40 um, width 1500 pm, bonded
to a 130 um thin glass slide) in which we create a band of Ficoll solution (15% Ficoll-PM400 of which 0.75%
fluorescent Ficoll in water) between two bands of water by the means of co-flow. We stop the flow just before
starting the experiments so that the initial conditions are three parallel liquid bands at rest (as visible in Fig.
2(Bl)). The microchannel is placed on an acoustic vortex tweezer of topological charge [ = 1, which is made
of two spiraling electrodes sputtered on a 0.5 mm lithium niobate piezoelectric wafer and covered by a 6.5 mm
thick borosilicate glass wafer. For the experiments, the tweezer is excited at its design frequency of 18 MHz,
which yields a circular acoustic field in the microchannel, see Fig. 1(B). Once the tweezer is turned on, the
higher impedance Ficoll solution is trapped at the pressure minima, in particular at the center of the vortex,
thus forming a pattern of concentric rings, see Fig. 2(B). The ensemble of tweezer and microchannel is
mounted on an optical microscope (Nikon Ti2E) and the pattering is recorded using a camera (Prime-BSI) at
a frame rate of 12.5 fps. During the post-processing the initial gray-scale images are translated into
concentration values and the concentration difference between the center of the pattern and the first ring is
evaluated, see Fig. 2(A).

A (B) Figure 1: (A) Schematics of the
PDMS channel Acoustic field in channel center experimenta| approach: a PDMS
\ 500 1.0 . channel is bonded to a glass slide

and then placed on a tweezer
(consisting of a Lithium Niobate
wafer with sputtered electrodes to
which is glued a glass wafer). The
i acoustic waves are designed to
—500 0.0 focus inside the PDMS channel, (B)
|:’ =% O = 9% shows the resulting acoustic field.
Lithium Niobate @ [pm] See Fig. 2 for the liquid distribution

with sputtered electrodes inside the channel.

Glass slide\ - y J
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Numerical model and procedure

A numerical model is formulated based on the theory by Karlsen and Bruus [6,7], in which an acoustic field
acting on a short time scale gives rise to acoustic body forces acting on a slow time scale. The computational
domain consists of a half-circle around the center of the tweezer, thus exploiting axial symmetry and the fact
that a 2D model (previously validated by comparison to 3D simulations) can be formulated in terms of average
height. Simulations are conducted using a weak-form finite-element scheme in COMSOL Multiphysics 6.1.
The initial conditions implemented in the simulations are those of the experiments in terms of initial
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concentration profile and physical properties of the two liquid phases. For the purpose of simplicity, the
experimental acoustic (vibrational) field is approximated by a Bessel function in the numerical simulations.

Results and discussion

In the present study, we demonstrate the experimental feasibility of trapping the higher-impedance Ficoll
solution within the lower-impedance water phase. Selected snapshots of the temporal evolution of the
patterning process are shown in Fig. 2(B). Acoustic forces gradually shape the pattern, however, after some
time the effect of diffusion becomes obvious. The corresponding simulations, Fig. 2(C), show a nearly perfect
agreement with the experiments. To better understand the patterning process, we evaluate the Ficoll
concentration in the center and the first ring of the pattern as a function of time. The difference between these
two values is plotted in Fig. 2(A) and shows a characteristic maximum at 1.4 s. Repeated experiments and
simulations at different vibrational amplitudes show that this characteristic time is inversely proportional to
the vibrational amplitude. Furthermore, a more detailed study of the concentration over time curves (and its
discrepancy between experiments and simulations), allows us to understand the role of diffusion and some 3D
effects on the patterning process, highlighting the limits of trapping miscible liquids. Nevertheless, the acoustic
forces are strong enough to efficiently pattern the two liquids and even, once trapped in the center of the
tweezer, move the Ficoll solution inside the water phase.

experiment

—
1

~ === simulation

normalized concentration difference

(C) Simulation
Figure 2: (A) Evolution of the normalized concentration difference between the center of the tweezer and the first ring.
the two phases, water (black) and Ficoll solution (white), when turning on the tweezer. (C) The same for the numerical

(A) (B) Experiment
0 1 2 3 4 5 6 7 T)at0.0s I) at 0.3 s IIT) at 1.4 IV) at 6.0s
The inlet shows the evolution of the absolute concentration values in % over the same time. The discrepancies between
simulations. The snapshots are also referenced in panel (A), the time t = 1.4s (Ill) corresponds to the moment of

Ficoll
time H
experiments and simulations will be discussed in detail at the Acoustofluidics conference. (B) Experimental evolution of
maximum concentration difference.

Conclusion

In the present work, we experimentally demonstrate the feasibility of trapping, patterning and moving a high-
impedance liquid inside a lower-impedance one. Detailed comparison to numerical simulations allows to
confirm a linear dependence between the characteristic patterning time and the vibration amplitude. It
furthermore helps to understand the effects of e.g. diffusion on the trapping and patterning processes.
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Introduction

Concerning bulk-wave acoustofluidic devices, the potential for improving performance by optimizing
the mechanical interface between the piezoelectric elements and microfluidic chips has not been fully
investigated yet. Previous research explored the use of wedges to control the angle between the
piezoelectric element and the microfluidic chip [1], and the optimal placement of the piezoelectric
element when directly glued onto the microfluidic chip [2]. In this experimental work, we investigate
the potential applications of our line double-parabolic-reflectors wave-guided high-power ultrasonic
transducer (L-DPLUS) that we first presented in Acoustofluidics 2023 [3]. Thanks to the high acoustic
energy density this device provides, we demonstrate the focusing of 5-pnm polystyrene particles at a high
flow rate (8 ml/min) and that of nanoparticles (500 nm in diameter), employing streaming suppression
by inhomogeneous media [4].

2) I b) buffer in side outlet
— particles in central outlet

Figure 1: Experimental set-up. a) L-DPLUS system rendering, with a double -inlet, double-outlet chip on top,
and two piezoelectric elements (light gray) at the bottom. b) L-DPLUS top view, as mounted on the microscope.
The particles enter the system from the side inlet for all experiments, while we inject high-acoustic-impedance
medium from the central inlet only in the nanoparticles focusing experiment. The sample is then collected for
both the side and central outlets. The imaging region is highlighted by the red dashed rectangle.

Materials and methods

To push the limits of bulk-wave acoustofluidics, we further developed our metallic interface between
piezoelectric elements and chip. We used a 30-mm long L-DPLUS fabricated in aluminum via CNC
milling (Figure 1). On top of the transducer, we glued a double-inlet, double-outlet glass-silicon-glass
chip, with a microchannel (375 pm wide, 150 pm high, and 60 mm long) etched through the silicon
layer. Two kerfed piezoelectric elements (10 x 30 x 1 mm?®) were glued at the L-DPLUS bottom,
each of them with a temperature detector to monitor their temperature. The piezoelectric elements
were driven by the same sinusoidal signal, with averaged voltage of 25 V,, over the two elements.
This system differs from the one we previously presented [3] mainly for the device length (20- vs
30-mm) and the kerfing of the piezoelectric elements. The flow experiments with 5-pm polystyrene
(PS) particles flowing at 8 ml/min showcase the capacity of high flow rate. For nanoparticle focusing,
a 500-nm PS particles solution flowed in at 20 pl/min as the side stream and a 20% Percoll solution
was laminated as the center stream at a flow rate of 30 pl/min. A frequency sweep (1.895 MHz as
centre frequency, 50 kHz span, 10 ms duration) was applied as driving signal to avoid center medium
deformation under strong sound fields. In both experiments, we acquired images close to the outlet
trifurcation, as shown by the red dashed rectangle in Figure 1(b). Moreover, the temperature of the
system was stabilized before acquiring the images (£0.2 °C), thus ensuring no further performance
degradation. The measured temperatures were between 26.4 °C and 32.3 °C for all experiments.

Results and discussion

To characterize the system performance, we measured the focusing of 5-pm PS particles flowing at
8 ml/min (average residence time of 12.7 ms in the actuation zone) at different frequencies, with
constant averaged voltage of 25 V,, applied to the piezoelectric elements. Examples of good and
moderate focusing are shown in Fig.2(a), for 1.890 MHz and for 1.905 MHz actuation, respectively.
The corresponding intensity profiles are shown in Fig.2(b), with a green line representing good focus-
ing and a red line representing moderate focusing. The full width at half-maximum is then computed
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Figure 2: L-DPLUS performance characterization at a high flow rate (8 ml/min). a) Examples of good (1.890
MHz) and moderate (1.905 MHz) focusing. b) Corresponding intensity profiles for the good and moderate
focusing in a). The black dashed line shows the level of full width at half-maximum (FWHM) for the normalized
intensity. ¢) Measured normalised FWHM (blue circles) for different frequencies between 1.86 MHz and 1.92
MHz. The orange crosses show the total applied electrical power to both piezoelectric elements. The dashed
black line shows 5% of the channel width.

for each frequency and the results are plotted in Fig.2(c) (blue dots), together with the measured total
electric power applied to both piezoelectric elements (orange crosses). Compared with our previous
work [3], this system has two major advantages. First of all, we applied much lower voltage, decreasing
from 50 Vp, to 25 Vy,,, anyway leading to comparable electrical power. Despite this, we can reach
even higher flow rates in the current system, clearly showing an increased overall efficiency. Secondly,
here we encountered less severe performance degradation due to heat generation, making it possible
to stably run the sample through the channel continuously once the temperature plateau is reached.

We then investigated acoustic focusing of 500-nm PS
particles. To minimize the disturbance of acous- a)
tic streaming on particle focusing, we used a denser
medium flowing in the channel centre, while the parti-
cle solution was laminated on each side. With a weak
sound field, the central medium is stabilized in the z
centre and the majority of the particles stay at the
sides due to the weak acoustic radiation force, Fig-
ure 3(a). They will thus exit the channel via the side X
outlets. When a strong sound field is excited by the
xp imental CO.ndlthIlS descrlbed ab(?ve (% 25 Vpp outlet trifurcation. a) With a weak sound field, the
applied to the piezoelectric elements with a frequgncy denser medium is stabilized in the channel center
Sweep. from 1.87 to 1.92 MHz), the 50Q—nm particles and the particles mainly stay at the sides. b) With
focus in the channel centre, and the majority of them , strong sound field, the particles are able to enter
can be collected through the central outlet, as shown the denser medium and are focused to the channel
in Figure 3(b). centre

Figure 3: Nanoparticle focusing imaged at the

Conclusion

In this work, we showed a more efficient L-DPLUS, able to continuously focus 5-pm PS particles
at 8 ml/min without heating the microfluide channel to temperatures harmful to biological samples.
Furthermore, we showed focusing of 500-nm PS particles employing streaming suppression by inhomo-
geneous media. Our further work will include the characterization of the recovery rate of different-sized
nanoparticles. Potential applications of this technology encompass focusing of biological nanoparticles,
such as bacteria, or high-throughput cell washing or separation.
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Introduction

Acoustophoresis has been proven to be a promising tool in manipulating various biological samples, which
may play an important role in contemporary biotechnology. However, the primary drawback of this technique
is the relatively low throughput, which limits its clinical applications. To achieve high throughput, a strong
sound field is required in the channel to induce large acoustic radiation force on the particles to be handled.
Strong sound field in such devices are typically excited by applying large electric power to PZT elements,
inevitably resulting in considerable heat generation. In recent studies, efficient driving of the devices has been
proposed by optimizing the actuation scheme of the PZT elements [1, 2]. In contrast to driving the device using
a single PZT element, in this work, we propose an elliptical reflector focusing transducer which introduces
most of the wave energy from the PZT to the chip. Numerical simulations validate the proposed mechanism
and demonstrate a high-power output possibility compared to devices driven by the conventional one.

Principle
(E ppietnchatnalvere Figure 1: Scheme of the proposed device: (2
- - > Reflected longitudinal wave Principle of the proposed elliptical transducer
Elliptical which focuses the transverse waves (red dashed
JC- -'f— / reflector Mode lines) converted from the plane longitudinal

waves (black solid lines). (b) 3D sketch of the
acoustophoresis device driven by the elliptical
transducer. (c) Illustration of the optical access
to the channel where a half-wavelength standing-
wave field is excited.

conversion
~ lyz N\
Chip

The cross section of the proposed transducer
structure is depicted in Figure 1(a), which is
symmetric with respect to y-axis. The PZT
T element is operated under its thickness mode,
ﬁ 1 Light path which excites longitudinal planewaves. The
J : incident longitudinal waves undergo mode
fc - (c2 - c? iMicroscope conversion at the outer surface of the
transducer and are partially converted to the
transverse waves. To focus the transverse waves to a point, the reflector shape is mathematically calculated to
be an ellipse. This transducer design enables the excitation of a strong vertical vibration at the focal point
located at (0, VC - c;), which can be utilized to drive the chip from the side, as shown in Figure 1(b). A half-
wavelength standing-wave field can be excited in the channel along y-direction at the right frequencies, as
shown in Figure 1(c). It is noted that only part of the ellipse (y = d) is exploited in the shape design [Figure
1(a)], which reduces the propagation loss by shortening the acoustic path of the incident waves while allowing
the optical access to the channel [Figure 1(c)].

Simulation model

Numerical simulations for the acoustophoretic devices are performed in 2D using COMSOL Multiphysics 6.0.
The chip used in this study has a glass-silicon-glass sandwiched structure [Figure 2(a)]. To verify the focusing
mechanism of the proposed transducer, we first simulate the vibration of the transducer without the chip and
compute the y-component of the displacement amplitude d, averaged along the region where the chip is
mounted via its sidewall. The comparison of d, is conducted for the device driven by a single PZT element
[Figure 2 (b)] and the device driven by the designed transducer [Figure 2 (¢)] under the same input power. The
input power to the elliptical transducer is the total power applied to two PZT elements. Then the model
consisting of both the elliptical transducer and the chip was built [Figure 2 (f)], and the device performance
was compared to that driven by a single PZT from the bottom (bap) [Figure 2 (d)] and from the side (sap)
[Figure 2 (e)]. Here, a dimensionless efficiency parameter, n = wE,.V;/Pi,, is used to quantitatively evaluate
the device performance where w, E,., Vi, and P, are the angular frequency, the acoustic energy density, the
channel unit volume, and the input power [2]. The efficiency parameter reflects the energy conversion ratio of
the electric energy applied to PZT to the acoustic energy induced in the channel. A voltage of 2 V, is applied
to the PZT in all models, and the frequency response is investigated over a range from 1.9 MHz to 2.1 MHz.
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In contrast to two clear peaks in the case of a single PZT, multiple peaks in y-component displacement d, can
be found from the frequency response of the elliptical transducer, as shown in Figure 3(a) and (b), which
indicates that various resonance modes can be excited within a certain frequency range. The ratio of d, to the
input power Pj, was calculated at their respective resonance frequencies, and the elliptical transducer produces
a d, 5.5 times higher than that produced by a single PZT under the same Pi,. The maximum d, is obtained at
the focal point at a frequency of 2.06 MHz, as illustrated in Figure 3(c), further validating the design concept.
Vibration modes of the devices driven by different approaches are shown in Figure 4(a)-(c) at their
corresponding resonance frequencies. The device driven by the elliptical transducer (sae) reveals a clear
superiority to the device driven by a single PZT (bap and sap) in terms of efficiency, as depicted in Figure
4(d). The efficiency at resonance frequency indicated by the arrows is increased by a factor of 2 compared to
the bottom actuation and by a factor of 1.6 compared to the side actuation. Additionally, it is found that in all
three cases, the frequencies where the efficiency is the highest denoted by the circles do not match the
resonance frequencies. Such frequency can be selected as the working frequency, instead of choosing the
resonance frequency, to achieve high-efficiency driving. This concept is essential for limiting the heat
generation in high-throughput applications by reducing power loss.

Conclusion

In this study, we propose a high-power acoustophoresis device utilizing an elliptical reflector focusing
transducer based on mode conversion from longitudinal waves to transverse waves. Numerical simulations
confirmed the focusing mechanism, and the induced y-component displacement is 5.5 times larger than that of
a single PZT element under the same input power. We further validate that the device driven by the proposed
transducer exhibits an efficiency enhancement of 1.6 to 2 times, compared to the conventional devices driven
by a single PZT from the bottom and from the side. Experimental validation of our prototype will be carried
out and the results will be reported in the conference.
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Characterization of PMUTSs

PMUTSs located on an unpackaged chip showed a complex frequency response in air, exhibiting several sharp
peaks, and a maximum displacement of 178 nm/V (Figure 1e). Once mounted on a PCB and bearing an
acoustofluidic chamber, the PMUTSs showed only one remaining peak at 1.08 MHz with a reduced amplitude
of 48 nm/V. This peak was confirmed to be the fundamental vibration mode by scanning the surface using
LDV (Figure 1d). We hypothesized that the adjacent peaks present on the spectrum of the unpackaged chip
were induced by the movement of the whole chip, which disappeared once the chip was physically constrained.
The diminution of the maximum amplitude showed that packaging can significantly dampen the vibration of
the PMUTSs and should be carefully optimized. Finally, the fundamental resonance frequency in water was
shifted from 1.08 MHz to 770 kHz. The vibration amplitudes were greatly reduced to 3 nm/V and the peaks
exhibits a low-quality factor due to the damping nature of water. An input voltage of around 50 V is needed to
generate sufficient acoustic forces and manipulate particles in water.

Particles Manipulation

Particles with positive and negative acoustic contrast factors are expected to go to regions of low and high
Gor’kov potential, respectively. The HepG2 spheroids and PS particles have a positive acoustic contrast factor,
while PDMS particles have a negative acoustic contrast factor. HepG2 spheroids and PS beads were patterned
on the side of the PMUTs, while PDMS beads formed a circle at the center of the PMUTSs (Figure 2a-c). FEM
simulations confirmed that the positions of the particles corresponded to regions of low and high Gor'kov
potential (Figure 2e). Different transducer configurations repeatedly showed the expected results for in plane
patterning. Notably, PDMS particles were levitated above the surface demonstrating the formation of vertical
acoustic standing waves (Figure 2d). Levitation was promoted by the high acoustic contrast factor of PDMS
enhancing the acoustic force.
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Figure 2: Patterning of (a) PS beads, (b) HepG2 spheroids, and (c) PDMS beads on top of the PMUTSs. (d) PDMS
beads are levitated on a plane above the surface. (¢) FEM simulation of the Gor’kov potential of the xy plane 20 um
above the surface coincides with the particle behavior

Conclusion and Outlook

Experimental and numerical investigations validated the capability of a PMUT-based acoustofluidic platform
to manipulate both particles and spheroids, making the first-time demonstration of spheroid manipulation using
this technology. In plane manipulation of particles with opposite acoustic contrast factors resulted in patterning
in distinctive regions of the chamber. Additionally, the creation of standing waves leading to the levitation of
PDMS particles was demonstrated. These results highlight the potential of PMUTs-based platform to
manipulate large biological objects for life science applications such as organoid-on-chip engineering for
disease modeling and drug testing.

The characterization of the PMUTSs highlighted their sensitivity to the device assembly. Therefore, a follow-
up study has started with the aim to optimize the packaging strategy to minimize energy losses caused by
interfaces, excitation of unwanted resonances or acoustic damping in materials.
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