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ABSTRACT
Surface acoustic waves (SAWs) allow for tailored fluid and particle manipulation based on the acoustic streaming
and the acoustic radiation force. A common application of SAWs is its utilization in microfluidics since highfrequency ultrasonic waves (up to 5 GHz) provide a very efficient means to induce fluid motion and a significant
force on tiny particles within these scales. However, detailed knowledge about the influence of those high-frequency
waves is still missing from the literature, regarding not only the acoustic streaming and scattering effects, but also
the temperature effects induced in the fluid. For the first time, volumetric velocimetry and temperature
measurements of the fluid flow induced by surface acoustic waves are presented, using a novel combination of a
V3V-Flex system from TSI Inc. and planar laser induced fluorescence (PLIF). Using tomographic aperture encoded
particle tracking velocimetry (TAPTV), the V3V-Flex system allows for measuring the 3D particle position with very
low uncertainty (4.3 µm in xy-plane, 36 µm in depth) in a comparably large measurement volume of about (70 x 56
x 22) mm³. In this way, the acoustically-induced particle velocity was measured with high spatial resolution
(0.06 mm³) in a simplified experimental setup consisting of a large glass cuvette filled with de-ionized water and a
SAW-device at a frequency of 42.9 MHz. It is shown that the acoustic radiation force can be neglected for particles
up to 21 µm in diameter, for this experimental configuration. The three-dimensional fluid flow induced via acoustic
streaming is characterized by two velocity jets that penetrate deeply into the water with a velocity in the range of a
few mm/s. Even though a very low electrical power level (Pel ≈ 7 mW) is applied, a local temperature increase of the
water, up to 0.85 K, within the measurement volume was determined. Our measurements have shown that the
temperature increase locally coincides with the velocity jets, which experimentally confirms that acoustic energy
absorption and acoustic streaming occur at the same time.

1. Introduction
In recent years, acoustic pressure waves induced by surface acoustic waves (SAWs) have
attracted researchers’ attention in order to separate micro particles or to mix small amounts of
liquids, either by exploiting the acoustic radiation force or the acoustic streaming [3]. The main
use of SAWs in fluid mechanics, biomedical or chemical analysis is usually considered to be in
microfluidics, since SAW-devices with high frequencies (up to 5 GHz) can be easily integrated
into lab-on-a-chip systems and provide a very efficient means to induce fluid motion or a
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significant force acting on particles or living cells within these small scales [3]. Moreover, the
SAW technology promises a complete microfluidic solution including sample preparation and
analyte detection, offering remarkable prospects to biomedical applications [14,15].
Surface acoustic waves are mechanical waves with amplitudes of typically only a few
nanometers, which propagate along on the surface of a piezoelectric substrate, e.g. lithium
niobate (LiNbO3). They are generated via the inverse piezoelectric effect by applying an electric
field with high frequency to thin-film interdigitated transducers (IDT) deposited onto the
surface. Once in contact with a liquid, the energy of the SAW radiates into the liquid, causing a
bulk acoustic wave (BAW) that, in turn, drives a laminar fluid flow or deflects suspended
particles in direction of the acoustic beam propagation due to the acoustic streaming [5] or the
influence of the acoustic radiation force [2,8,9], respectively. The influence of both types of
forces, depending on the physical properties of the particles and the fluids, has been usually
studied at the microscale, e.g. see [2,3,8,9]. However, the size of the microfluidic devices is small
compared to the attenuation length of the BAW and the SAW, which can cause acoustic
reflections at the channel walls that strongly influence the resulting particle motion [4]. Hence,
side effects are expected due to the acoustic reflections, making it difficult to apply any findings
to another setup or to assess the acoustic streaming and the acoustic radiation force in detail.
Besides the influence of the physical properties of the particles and the fluid, another very
important experimental condition remains to be dealt with in acousto-fluidics using ultrasonic
waves; the temperature. Since most of the acoustic energy is absorbed into heat, either by the
fluid or due to electromechanical losses in the piezoelectric substrate, a strongly localized
temperature increase can occur that locally influence the physical properties of the fluid and, in
turn, affects the propagation of the BAW through the fluid and the resultant velocity jet. With
biomedical application in mind, a strongly localized temperature increase inside a microfluidic
device might also harm biological samples, making the use of SAWs unsuitable for micro total
analysis systems.
For the first time, particle velocity measurements and temperature measurements will be
presented on a simplified experimental setup, in order to experimentally reveal thermo-fluidic
effects, the resultant acoustic streaming and the actual influence of the acoustic radiation force
originating from SAWs. For that reason, we took a novel approach that utilized a V3V-Flex
system based on tomographic aperture encoded particle tracking velocimetry (TAPTV) for the 3component volumetric measurement of the particle velocities, while the temperature distribution
inside the fluid is mapped by using planar laser induced fluorescence (PLIF).
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2. Experimental setup
In figure 1, a photo of the SAW-device used for the experiments is depicted. It is made of
128° YX lithium niobate (LiNbO3) fixed on a printed circuit board (PCB) for electrical connection.
On its surface thin-film (300 nm thickness) interdigitated electrodes of aluminum are deposited,
the so-called interdigital transducer (IDT). The width of the electrodes as well as their distance to
each other amount to a quarter of the wavelength λsaw of the SAW, which is determined by the
geometrical periodicity of the IDT. For the present experiments the wavelength of the SAW is
λsaw = 90 µm. By applying an electric field with high frequency, f = csaw/λsaw, corresponding to
the velocity csaw and the wavelength λsaw of the SAW, the inverse piezoelectric effect generates
elastic deformations of the substrate’s surface, so that SAWs are excited and propagate along the
crystallographic X-axis of the chip to both sides of the IDT.
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Fig. 1 Photo of the SAW-device.
The simplified experimental setup is schematically depicted in figure 2. It consists of a large
cuvette with inner dimensions (H x W x D) = (97 x 143 x 50) mm³. The piezoelectric substrate is
immersed in the fluid at the right hand-side of the glass cuvette. The propagation of the SAWs to
both sides of the IDT leads to two BAWs inside the fluid. The propagation angle of the BAWs is
determined by the Rayleigh angle ΘR that is given by the phase velocity csaw of the SAW and the
speed of sound cfluid of the fluid. With the expected radiation characteristic of relatively small
divergence of the BAWs, the two velocity jets induced by the BAWs propagate mainly along the
xy-plane of the setup. The penetration depth of the BAWs and the velocity jets depends on the
attenuation of the BAWs. Taking the shear and the bulk viscosity of water at 20°C into account,
the attenuation length α of the BAWs amounts to approximately 21 mm at a frequency of
42.9 MHz. Therefore, the acoustically-induced velocity jets can be supposed to be unaffected by
the limited size of the glass cuvette.
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Fig. 2. (left) setup used for volumetric particle velocimetry and (right) sketch of the expected
BAW and acoustically-induced velocity jets inside the glass cuvette when LiNbO3 with the IDT is
immersed in the fluid
In order to measure temperature and 3D velocity distributions inside the glass cuvette, planar
laser induced fluorescence (PLIF) and a V3V-Flex system based on the tomographic aperture
encoded particle tracking velocimetry (TAPTV) approach was combined. The V3V-Flex system is
fundamentally based on the digital defocus particle image velocimetry (DDPIV) [6,12]. However,
in contrast to the DDPIV using a pinhole mask [12] or the previous V3V-system with three
cameras fixed in a triangular mount [11,13], no previous information about the imaging optics
(distances, angle between the apertures) is required to reliably identify the particle position in
the 3D. Hence, the TAPTV approach makes volumetric 3-component particle tracking available
for varying measurement volume sizes and measurement resolution. As sketched in figure 2, an
Nd:YAG dual cavity laser (Evergreen 200mJ, Quantel) was used to illuminate the fluid from the
side, using a volume illumination and a thin laser light sheet for velocity and temperature
measurements, respectively. To detect both, the light scattered from the suspended particles and
the fluorescence light of the Rhodamine B dissolved in the fluid (concentration: 30 µg/L), either
one or three cameras (8MP, pixel size 5.5 µm, TSI 630092) were used. For the PLIFmeasurements, the camera lens (Nikon, 85mm f2.0) was equipped with an optical filter (550 nm
long pass filter, TSI 610072) to suppress the excitation laser light. Camera lenses with a focal
length of 85 mm and a small f-number of f/16 (Nikon f1.4) were used to get sharp images of all
particles inside the entire glass cuvette during velocity measurement.
3. Calibration, measurement and evaluation procedure
V3V-Flex volumetric velocity measurements
In order to calibrate the V3V-Flex system, a calibration target with artificial particles (dot spacing
2 mm) was placed inside the glass cuvette at well-known depth positions with a distance of
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∆z = 1 mm in between. At each calibration plane a calibration mapping function M(X,Y,z) is
obtained. Here, capital letters indicate pixel-coordinates, whereas lower-case letters indicate
physical coordinates. Figure 3 illustrates the result of the calibration and the calibration signature
graph. The signature graph shows the aperture specific origin for each camera, which is given by
the center of the calibration target. On the left, the nominal magnification of each camera and the
mean dewarping error are depicted. The latter represents the least squares error fit for the
mapping function.

Fig. 3: Calibration result of the V3V-Flex system with 3 cameras.
During the flow measurements, up to 250x2 recordings were acquired at a maximum repetition
rate of 15 Hz. The time interval ∆t between the double pulses of the laser was adjusted prior to
the measurements in order to obtain particle images suitable for particle tracking at each
individual parameter set, e.g. electrical power Pel applied to the IDT. Either hollow glass spheres
(mean diameter 10 µm, mean density 1.1 g/cm³) or silver-coated polystyrene particles (density
2.4 g/cm³) of different size were used as tracer particles. At each time of image capture (t0,
t0 + ∆t) the particle positions (X,Y) were identified in each image (6 images in total for each
record) using a two-dimensional Gaussian interpolation for sub-pixel centroid accuracy. To
determine the 3D particle positions, each particle image from the left aperture is mapped via the
calibration (x,y) = M(X,Y,z) into physical coordinates at three consecutive calibration planes. In a
next step, a searching area in each other aperture is calculated based on the physical coordinates
of the particle image from the left aperture back-projected to the other apertures using M-1(x,y,Z).
Any particle images within this searching area, and from each aperture, are then mapped into
physical space at the three corresponding calibration planes. Those particle images whom
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intersect within a certain tolerance are considered as a particle match. If no particle match was
found the particle image is evaluated by applying the same procedure to the next three
consecutive calibration planes.
To determine the uncertainty of the 3D particle reconstruction positions, we performed an
uncertainty analysis by propagating potential error sources via root sum squares. Uncertainty is
due to a several experimental and algorithmic parameters including the number of cameras, the
angle between cameras, the accuracy of the subpixel 2D Gaussian fit, magnification, particle size,
pixel size, and least squares error of the calibration. Our uncertainty analysis yielded an
uncertainty of 4.3 µm in the in-plane (x,y) directions, and 36 µm in the out-of-plane (z) direction.
After determining all particle positions in physical coordinates, the particles are tracked in 3D
from the first image capture, at time t0, to the second, at time t0 + ∆t, using a robust point
matching [10]. For further evaluation, the randomly distributed particle velocity vectors were
ensemble-averaged and interpolated onto a rectangular grid using Gaussian-weighted
interpolation based on vector distance from the grid nodes. The minimum voxel size for the
interpolation amounted to 2mm × 1mm × 1mm. By using an overlap between neighboring
voxels of about 70% a minimum grid spacing of 0.3 mm was obtained. Hence, the acousticallyinduced particle velocity could be analyzed with high spatial resolution of approximately
0.06 mm3 inside the measurement volume, containing up to almost 1.6 million velocity vectors.
PLIF- temperature measurements
Calibration of the PLIF was conducted by heating up the fluids. Within a temperature range of
approximately 20°C to 50°C at maximum, fluorescence intensity images were captured at five
distinct temperatures. The expected linear relation between fluorescent light intensity and
temperature could be found. For all measurements, the dye concentration (Rhodamine B) of
about 30 µg/L was kept constant. During the temperature measurements, only one laser cavity
was used at relatively low power to avoid any local temperature rise by laser light absorption.
One hundred images were captured for each parameter set (electrical power level Pel) and
averaged to reduce side effects of a temporal laser light intensity variation. The Insight 4G
software from TSI Inc. was used to evaluate the PLIF images. Neither an absorption nor a laser
pulse energy correction was applied. In order to reduce the influence of laser light absorption or
a non-uniform laser light illumination, the local temperature increase was finally determined by
subtracting the fluorescence intensity images captured when no SAW was excited, from the
fluorescence intensity images captured during a certain electrical power level was applied to the
IDT (∆T = TOFF– TON).
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4. Measurement results
Flow and temperature behavior
We first describe the 3D flow structure and temperature distribution. For this, a 3D velocity
measurement result obtained in the large cuvette is depicted in figure 4(a). Hollow glass spheres
suspended in de-ionized water were used as tracer particles and an electrical power level of
Pel ≈ 7 mW was applied to the IDT. Starting from the IDT position, two velocity jets propagate
through the fluid, as already sketched in figure 2. The semi-angle between both jets amounts to
approximately 22°, corresponding to the expected Rayleigh-angle. The green iso-surfaces
represent areas with a velocity magnitude of 2.5 mm/s. Hence, the two velocity jets propagate
deeply into the water with a relatively high velocity considering the very low electrical power
level applied to the IDT. Moreover, a local temperature increase can be recognized at the central
z-position as depicted in the temperature field illustrated in figure 4(b).

The temperature

increase locally coincides with the two velocity jets, which proves true that acoustic energy
absorption and acoustic streaming occur at the same time. The origins of the temperature jets are
obviously located at both ends of the IDT, at which the number of superimposed partial SAWs is
at maximum, causing high acoustic energy at these local positions. Finally, even though a very
low electrical power level of about Pel ≈ 7 mW is applied, the local temperature increase amounts
to 0.85 K inside the free propagating velocity jets.

20

1

0.8

IDT position

0.6

∆ T [K]

y−position [mm]

10

0

0.4
−10
0.2
−20
0

10

20

30

40

0

x−position [mm]

(a)

(b)

Fig. 4 (a) measured volumetric velocity field and (b) temperature field at the center z position
induced by a SAW when an electrical power level of about 7 mW is applied.; ∆T = TOFF– TON
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Acoustic radiation vs. acoustic streaming
As mentioned above, SAWs are used not only to induce fluid flow via the acoustic streaming,
but also to deflect particles suspended in the fluid by exploiting the acoustic radiation force. The
influence of both forces depends on several experimental conditions, e.g. density and
compressibility of the fluid and the particles. Another very important parameter is the ratio
between size of the particles and wavelength of the bulk acoustic wave. In [9] the dimensionless
number κ = k · dP/2, depending on the wavenumber k of the BAW and particle diameter dP, is
used to illustrate the influence of the acoustic radiation force acting on polystyrene particles
suspended in deionized water [9]. Based on the measurement results, a critical value κcrit = 1.2
was found at which particles start to be deflected inside a microchannel due to the influence of
acoustic radiation force. Below this critical value acoustic streaming dominates. Destgeer et al.
confirmed that result and found κ = 1.4 at which particles experienced maximum acoustic
radiation force [2]. Again, the influence of the acoustic radiation force vanishes for particle sizes
yielding κ < 1 [2]. Considering the frequency of the acoustic wave used in the present
experiments, a particle suspended in water should have a diameter of less than 10.7 µm (κ = 1).
However, very small particles may produce particle images of poor quality, since very small
numerical apertures (here: f/16) are necessary to get a sufficiently large measurement volume in
depth for DDPIV. Therefore, measurements utilizing various particle sizes were conducted, not
only to determine the influence of the acoustic radiation force, but also to find the largest
diameter of the particles that still faithfully follow the fluid flow induced by the acoustic
streaming.
According to [1], the acoustic radiation force for a travelling acoustic wave acts on particles,
proportional to ∝ dP2, if density of the fluid and the particles do not match. It applies: the higher
the mismatch of the densities the higher the acoustic radiation force. For that reason, silvercoated polystyrene particles were applied in our experiments, whose density, 2.4 g/cm3,
significantly differ from that of water and produce particle images of sufficient quality even at
small size. To distinguish between κ < 1, κ ≈ 1 and κ > 1, three different particles of 3.5 µm,
11 µm and 21 µm in diameter were used for velocity measurements under same experimental
conditions (fluid: de-ionized water, Pel ≈ 70 mW). Thus, the resultant particle velocity might alter
depending on κ. However, while higher velocities with increasing particle diameter might be
expected, the axial jet velocity profiles, depicted in figure 5, show no obvious dependence on the
particle diameter. Regardless of the particle diameter used for the velocity measurements, not
only the maximum jet velocity remains nearly constant, but also the jet velocity profile.
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Fig. 5 Axial jet velocity profile of the lower jet for three different sizes of silver-coated
polystyrene particles
5. Summary
In this contribution, the application of a novel approach utilizing a V3V-Flex system and planar
laser induced fluorescence (PLIF) for investigating the fluid flow and temperature distribution
induced by SAWs in a large glass cuvette is reported. Though, only three of four cameras were
used for the velocity measurements, the 3D position of individual particles is determined with
very low uncertainty. The uncertainty of the particle position amounts to approximately 3.6 µm
in the in-plane directions and 36 µm in the out-of-plane direction. Hence, the volumetric particle
velocity induced by SAWs could be analyzed with a high spatial resolution down to 0.06 mm³,
despite a comparably large measurement volume of about (70 x 56 x 22) mm³. The expected fluid
flow, consisting of two narrow jets that propagate through the fluid, were determined. Both jets
deeply penetrate into the water with velocities in the range of a few mm/s, even at a very low
electrical power level of about 7 mW.
Based on PLIF measurements, a temperature increase was found that locally coincides with the
velocity jets, showing that acoustic energy absorption and acoustic streaming occur at the same
time. For an electrical power level of Pel ≈ 7 mW, the local temperature increases up to 0.85 K
within the measurement volume. In addition, to estimate the influence of the acoustic radiation
force, velocity measurements were conducted using tracer particles of significantly different size.
It was found that the axial velocity jet profile remains nearly constant even though the particle
size exceeds a critical value. Obviously, the acoustic radiation force induced by a travelling bulk
acoustic wave of 42.9 MHz frequency has minor influence on the resultant velocity of silvercoated particles suspended in de-ionized water up to 21 µm of particle diameter.
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