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Abstract — Pulsed focused ultrasound (p-FUS) are gaining interest across a range of applications, such
as regenerative medicine, neurostimulation and targeted drug delivery, offering a non-invasive therapeutic
approach. In order to gain insight into the hydrodynamic effects potentially induced by p-FUS in biological
tissues, the present acoustofluidic study investigates the ability of focused ultrasound to generate acoustic
streaming in a viscous fluid confined in a microchannel. Through micro-particle image velocimetry (uPIV)
measurements, it analyses the flow patterns induced by p-FUS in a rectangular cross-section microchannel,
corresponding to half of the ultrasonic wavelength. The analysis confirmed good repeatability across repli-
cates, despite minor variations introduced by manual assembly. It is shown that the flow patterns reach the
equilibrium within seconds and that the average streaming velocity varies quadratically with the duty cycle
characterizing p-FUS. Moreover, the results indicate that the streaming velocity magnitude depends on
the amount of acoustic energy delivered to the channel. Interestingly, the induced flow exhibits a strongly
three-dimensional structure, revealing spatial dynamics that, to our knowledge, have not been previously
observed in microscale acoustic streaming studies. These results lay the foundation for understanding the
interaction of p-FUS with a confined fluid at the microscale, opening new avenues for investigating more
complex networks and porous media representing biological tissues.
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1 Introduction goal is to investigate the interaction between p-FUS and
fluid-filled microchannels.

Acoustofluidics, a field that integrates ultrasound
waves with microfluidic systems, has emerged as a trans-
formative technology in manipulating particles and fluids
[7]. In this context, two primary main mechanisms gov-
ern particle and fluid motion: acoustic radiation forces
[8] and acoustic streaming [9]. The acoustic radiation
force arises from interactions between microparticles in
a fluid and ultrasound waves, as it results from momen-
tum transfer due to pressure gradients in the wave field,
acting directly on particles depending on their size and
their acoustic contrast with the surrounding fluid [10].
Acoustic streaming refers to the steady fluid motion that
results from the absorption of acoustic energy by the fluid
[11]. In microfluidic channels, considering MHz-frequency,
acoustic streaming occurs due to thermoviscous effects
[12, 13]. Understanding how p-FUS interact with a fluid
in microchannels is essential for optimizing p-FUS thera-
pies. The purpose of this study is to highlight the ability
of p-FUS to induce acoustic streaming in a fluid confined
*Corresponding author: elisa.ghiringhelli@univ-amu.fr in microchannels as this phenomenon is likely to be at the

Pulsed focused ultrasound (p-FUS) therapies have
emerged as a promising non-invasive modality for various
medical applications, including enhancing tissue regen-
eration and healing [1], facilitating neurostimulation [2],
and improving drug delivery [3]. p-FUS are particularly
effective due to its ability to propagate through biolog-
ical media and concentrate acoustic energy at a focal
point, enabling precise interaction with micrometric chan-
nel networks found in tissues such as the microvasculature
[4], bone lacuno-canalicular network [5], and lymphatic
system [6]. Despite their growing use and encourag-
ing outcomes, the fundamental mechanisms underlying
their therapeutic effects remain poorly understood. We
hypothesize that acoustic streaming potentially generated
by p-FUS within a confined fluidic cellular microenviron-
ment plays a key role in mediating these effects. How-
ever, to our knowledge, p-FUS have yet to be studied on
controlled benchmark models. To address this gap, our
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Figure 1. Scheme of the experimental set-up. (Left) view of
the split components of the assembly; (right) cross- section of
the assembly. Dimensions of the channel are not scaled for
visualization purposes.

%T—‘N

0.2mm

origin of cells response observed in biological tissues [14].
To this end, an experimental study is carried out, where
p-FUS are emitted within a fluid microchannel, aiming
to identify and characterize the acoustic streaming. In
particular, the pPIV, technique [15, 16] is employed to
measure the streaming velocity field (v) in a rectangular
cross-sectional microchannel.

2 Experimental method

To characterize the fluid flow induced by p-FUS in a
microchannel, a custom acousto-microfluidic system was
designed and developed to integrate a FUS transducer
and a microchip (microfluidic ChipShop, Germany) on
an inverted episcopic microscope (Fig. 1), already inte-
grated into a uPIV platform. The transducer was held in
place by an eccentric tube, allowing adjustments on both
the axial z-direction and lateral y-direction of the US
focal point with respect to the channel with an accuracy
of £10 um. In particular, the alignment of the ultra-
sound focal point with the channel’s center was deter-
mined by observing the acoustic streaming flow pattern
generated within the channel. The pattern is known to
be symmetric with respect to both the z and y axes,
allowing precise identification of the channel center for
alignment.

The eccentric tube holder (Fig. 1), which was sealed at
the bottom with a thin plastic membrane, was filled with
deionized water to ensure the propagation of ultrasonic
waves from the transducer. The chip and the tube are held
in place by a holder to facilitate the alignment between
the focal point and the channel.

Experiments were carried out with Poly methyl
methacrylate (PMMA) microfluidic chips (microfluidic
ChipShop, Germany). The channels were engraved on
a 1.5mm thick PMMA plate sealed with a 175 um
thick cover lid. A rectangular cross-section microchannel
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(Fluidic 138), 1000 um x 200 pm, respectively in the y, z
directions, referred Ciggo 200, Was used. All experiments
were carried out in a closed channel, filled with a solution
of water and particles.

In order to characterize the flow patterns, micropar-
ticle image velocimetry (uPIV) measurements were per-
formed. To do so, distilled water (DI water) was seeded
with 1pm diameter carboxylate-modified fluorescent
polystyrene microspheres (535/575, FluoSpheres F8819,
Invitrogen, France). The particles were excited by a
double-pulsed 532nm laser light (NdYag Gemini PIV,
New Wave Research, USA) and imaged with a 12 bit
5.5 Mpixel digital sSCMOS camera (Andor Zyla sCMOS,
Andor, France) controlled by a synchronizer. The opti-
cal plane was placed at mid-height (z-direction) of the
microchannel and the thickness of the plane was deter-
mined from the calculation of the depth of correlation
[17], which gave d, = 27.58 um for the experiments real-
ized with an UPLFLN 10X microscope lens. At such a
magnification, the field of view was 1.7 x 1.44mm? for
the full maximum image resolution of 2560 x 2160 pixel?.
It is noteworthy that all the following uPIV treatment
results are microparticle velocities averaged over d,. Open
source software DPIV-Soft 2010 was used for the uPIV
image processing [18].

A spherically focused single element transducer with
a center frequency (—6dB) of 5 MHz +10% (Imasonic,
Voray-sur-1’Ognon, France) was used for all experiments.
The radius of curvature was 15 mm. The focal spot size at
—3dB was 4 mm (focus depth z-direction) x 0.8 mm (spot
diameter xy-plane). The transducer was driven using
a waveform generator (TU-TGF4242, Thurlby Thandar
Instruments Limited, UK) coupled with a power ampli-
fier (KMP Electronic, model 44702, 150 W, 0.5-15 MHz,
Bulgaria). The frequency (f) of the temporal source
waveform was chosen to be 3.75 MHz, corresponding to
the resonance frequency of 200 pm width-channels full of
water. This configuration generates a standing wave in
the microchannel. The driving signal is defined by a duty
cycle DC, and its pulse repetition period Tpg in us. Each
pulse consists of a sequence of sound waves, described
by a “on” period T,,, followed by a pause Tog, before
the next pulse is emitted. By defining the pulse repeti-
tion period as Tpr = Ton + Tofr, the duty cycle is DC =
Ton/Ter. In these experiments, Tpr = 100 us. To further
characterize the ultrasound stimulation, Spatial Aver-
age Time Average Intensity Isara is defined as a linear
function of DC:

2
IsaTa = % x DC (1)

where (.} is the time average operator, p is the acoustic
pressure and Z the acoustic impedance.

The acoustic pressure is driven by the peak-to-
peak voltage V,, = 113mV for the continuous signal
(DC =1). It can be modified to maintain IsaTa constant,
while changing DC.
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3 Results and discussion

This article explores the effect of p-FUS applied to
a microchannel filled with water. First we prove the
repeatability of the experiments by introducing a sim-
ilarity index. Then, several outcomes are reported, on
the DC’s influence on the flow velocity along with the
impact of the channel’s size. In the mid-height of the
channel, a four quadrant, steady acoustic streaming pat-
tern symmetric to the center of the channel was formed,
Figures 2a and 2b. Here, the streaming velocity is mea-
sured via the pPIV treatment. Indeed, the particles’
diameter is sufficiently small to ensure that the effect
of the radiation force is negligible. Furthermore, exper-
iments are stopped after 6s, as longer periods saw an
accumulation of particles at the vortexes’ centers. This
phenomenon was previously proven, revealing that even
with small particles, a weak component of radiation force
still acts on them, forming depletion regions at late
times [19].

3.1 Repeatability

To demonstrate the repeatability of the experiments,
the cosine similarity is introduced. It is a measure of
similarity between two non-zero vectors defined in an
inner product space. Considering two 2-dimensional vec-
tors, a(z,y) and b(z,y), the cosine similarity Sc(x,y)
is defined as the cosine of the angle 6 between
them:

Se(z,y) = = cosf (2)

ab

|a||b|
therefore S¢ € [—1,1].

This index is computed for each couple of vectors in
the same position (x,y) of two velocity fields.

As shown in Figures 2a and 2b, at the same time step
(t = 58), the four-rolls patterns look similar for two differ-
ent experiments carried out with the same parameter sets
even though the streaming velocity magnitude is differ-
ently distributed. However, the cosine similarity map in
Figure 2c, reveals that the direction of the velocity vectors
has an overall agreement of 80%. The most important dif-
ference is the alignment of the vortexes centers, where the
vectors are associated to low velocities and an error can
be introduced from the uPIV processing of the images. In
fact, the upper vortexes of Figure 2a are slightly shifted
upward, y = 650 um, while in Figure 2b, they are centered
at y = 700 um, the same shift is observed for those in the
bottom region. This difference in position is clearly visible
in Figure 2c, where the velocity fields of both experiments
are superimposed. Overall, as the system is set up man-
ually, a slight offset in transducer positioning cannot be
ruled out, and it may result in a considerable difference
in streaming velocity distribution and a slight alteration
in field directionality.
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Figure 2. (a) and (b) Velocity fields, obtained from PIV
treatment, of two experiments in a continuous configuration
for Cio00/200 at the same time step ¢ = 5s where the color
map represents the velocity amplitude. (¢) The relative S.
distribution with the velocity field.

3.2 Tuning of DC and wave amplitude

This section shows how the tuning of the duty cycle
and of the wave amplitude affect the streaming veloc-
ity. By keeping the signal amplitude constant to V,, =
113mV, the Igara changes as a function of the duty
cycle. This value of V},, was chosen first to accommodate
the limitations of the imaging system with a maximum
acquisition frequency of 15 Hz, since, as signal amplitude
increases, so does the particles’ velocity [20]. Secondly, it
prevents thermal effects that could damage the PMMA
cover lid [21].

Figure 3a shows the average streaming velocities in
time for different values of DC. From the PIV results, the
average velocity was obtained by spatially averaging all
velocity vectors within the field of view. The study reveals
two key findings, first, the velocity reaches a plateau
value that increases with DC, and second, the transient
period to reach the equilibrium is longer as DC increases.
This phenomenon can be explained by temperature gra-
dients in the medium, which increase with the acoustic
energy over time and cannot be neglected in the con-
text of low-intensity p-FUS in a microchannel. As DC
decreases, the temperature gradients become less intense,
resulting in shorter transition times (Fig. 3a), which
means that the thermoacoustic streaming approaches
Rayleigh streaming where there are no temperature
gradients [13]. This interpretation should be consid-
ered preliminary until confirmed by future experimental
validation.

The dependence of the average velocity on DC is inves-
tigated for a given value of IgaTa. This value is chosen
to correspond to the intensity of the continuous config-
uration (DC = 1) obtained for V,, = 113mV. Refer-
ring to equation (1), IsaTa is quadratically dependent on
the acoustic peak pressure, which is proportional to the
amplitude of the signal, Apc. Consequently, to maintain
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Figure 3. Evolution of the average velocities in time for dif-
ferent duty cycles: (a) the voltage V},, = 113 mV remains con-

stant, while Isara changes with DC. (b) Isara is maintained
constant by adjusting V,, for every duty cycle.

the same Isata, Apc should be adapted as:
Apc = A1/vDC (3)

where A; = V,, = 113mV. Figure 3b shows the evo-
lution of the average velocities. As expected, stimulat-
ing the fluid with the same acoustic intensity, results
in a fluid flow alike whatever DC. The mean equilib-
rium velocity reached by the flow is measured to be
67 um/s +7 um/s. Notice that the experiments related to
Figures 3a and 3b, were not conducted during the same
run, otherwise the equilibrium values for DC = 1 would
have been approximately equal.

3.3 Dependence on the channel size

The average velocities, obtained from three differ-
ent experiments with the same amplitude in Ciggg/200
at a fixed time step t = 5s, are plotted as a function
of DC in Figure 4. To complement the study, experi-
ments are carried out in a smaller channel with squared
section 200 gm x 200 um (Capg /200 )1 see Figure 4. At this
moment, the steady state is reached for every DC. The
average velocity value for DC = 0, is imposed to be
zero. It can be observed that when the flow is in equilib-
rium, the average velocity becomes proportional to DC?,
therefore v o Igara?, from equation (1). Notice that, in
Figure 4, there is a difference of about 25 um/s from one
experiment to the other for the continuous case (DC = 1),
in Cygp0/200- The reason is likely to be transducer posi-
tioning in relation to the channel, since it is done manu-
ally. Even if the velocities in Cagg/900 reach a maximum
of 10 um/s, the parabolic trend is equal to Cyo99/200-

In Cippo/200, particles reach an average velocity of
~100 um/s (Fig. 4), while in Cygp/200, the maximum
velocity is reduced by an order of magnitude. This
decrease in velocity magnitude could be attributed on
the one hand, to more significant boundary effects in
Ca00/200, and, on the other hand, possibly to the size of
the focal zone of the acoustic field relative to the chan-
nel’s dimensions. Indeed, for Cyggo/200, the integrality of
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Figure 4. Average velocities for a defined time step t = 55,
the lines represent the quadratic fitting of the data. Each
group of three lines in the red and blue curves corresponds
to independent repetitions of the same experimental con-
dition. This approach highlights the reproducibility of the
measurements and the reliability of the observed trends.

the 800 um diameter focal spot is contained inside the
microchannel. This means that all the acoustic power
Wigoos200 is delivered to the fluid through a surface
A1000/200 =16- ].047(',[,Lm2. However, in 0200/2007 the focal
spot overflows the microchannel and the sonicated area
is reduced to Asgg200 = 16 - 10* um?. As the acoustic
power is proportional to this surface (for a given V,,,) [22],
it means that W200/200 = W1000/200/7T. Finally, assum-
ing that the acoustic field amplitude is small enough to
consider the streaming velocity v proportional to (W?)
(23], then vigo0/200 = 22007200 ~ 100300/200 Which
corresponds to the ratio estimated from Figure 4.

3.4 Three-dimensional flow

In the literature, when ultrasound are applied to
a microchannel filled with water, different flow struc-
tures are generated depending on the dimensions of the
microchannel, the frequency and so on. These structures
are found to be two-dimensional in the cross-section of
the channel [24];

To compare these results with our experiments, the
patterns and the velocity magnitude of the flow are
plotted for three positions of the optical focal plane in
Cio00/200 at t = 2s (Fig. 5). This provides evidence of
the complexity and the three-dimensionality of the flow
induced by p-FUS in terms of changes in flow direction
and velocity magnitude distribution.

Close to the bottom of the channel (33 ym) or to
the top (166 pum), the flow patters and magnitudes dif-
fer significantly from the four vortexes formed at 100 pm.
This mismatch on different planes suggests the presence
of recirculations in the z direction. However, the current
experimental set up is technically unable to measure the
three-dimensional flow, reason why the previous analyses
were carried out in the z-middle plane only, correspond-
ing to the location of the pressure node created in the
microchannel.

These experimental observations, although obtained
under simplified laboratory conditions, provide insight
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Figure 5. Velocity field obtained from pPIV image treatment
at a given time ¢t = 2s, for different optical focal planes (a)
z = 33pm, (b) z = 100pum and (¢) z = 166 um from the
bottom of the channel.

into mechanisms that may occur in biological microenvi-
ronments exposed to pulsed focused ultrasound. In par-
ticular, the formation of steady and three-dimensional
acoustic streaming patterns in confined geometries sup-
ports the hypothesis that similar hydrodynamic effects
could act as mechanical stimuli within tissue-scale
microvascular or lacuno-canalicular networks. In biolog-
ical systems, however, the geometries are far more com-
plex and irregular, which would significantly affect both
the streaming patterns and the optimal excitation fre-
quency. Identifying the effective acoustic parameters in
such heterogeneous environments would require combined
experimental and numerical approaches, built on the
understanding established by this simplified model.

4 Conclusion

This article lays the groundwork to investigate the
effects of p-FUS in microchannels. A uPIV image process-
ing has been applied to study the patterns and magnitude
of the streaming velocities in a 2D zy plane. We demon-
strated the repeatability of the experiments by introduc-
ing cosine similarity analysis, which confirmed that the
overall trends are consistent across replicates, while allow-
ing minor variations resulting from manually assembled
systems. We showed that maintaining a constant V}, for
every duty cycle, results in a lower equilibrium velocity
and a shorter transient period as DC decreases. These
results reflect a transition from thermoacoustic streaming

to boundary-driven one. Although the influence of tem-
perature was not explored, it is intended to be examined
in future work along with appropriate numerical simu-
lations. Further, we compared the streaming in channels
of different sizes, finding that variations in the velocity
depend on how much of the focal spot is confined within
the channel. Finally, by changing the optical plane, it
emerged that the fluid flow exhibits a pronounced three-
dimensional complexity, in clear contrast to the predom-
inantly two-dimensional character reported in the exist-
ing literature. This finding reveals the need for a deeper
investigation of the flow’s full spatial structure. To this
end, future work will focus on modifying the platform to
enable wider analysis of these three-dimensional flow fea-
tures. Although experimental in nature, this study serves
as a preliminary exploration for a better understanding
of the interaction of pulsed focused ultrasound with fluids
and particles confined in a micro-geometry.
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