
 1 

Temperature control and resonance mode analysis of an 
acoustic trap for µTAS 

 
Linda Johansson1, Mikael Evander2, Tobias Lilliehorn1, Monica Almqvist2, Johan Nilsson2,       

Thomas Laurell2, Stefan Johansson1 
1 Department of Engineering Sciences, Uppsala University, Box 534, S-751 21 Uppsala, SWEDEN 

2Department of Electrical Measurements, Lund University, Box 118, S-221 00 Lund, SWEDEN 
 
 
 
 

ABSTRACT 
An acoustic trap for applications in non-contact trapping of 
cells or particles in a microfluidic channel was characterized 
by measurements of temperature increase and trapping 
strength. The fluid temperature was measured by the 
fluorescent response of Rhodamine B in the microchannel. 
The trapping strength was measured by the area of a trapped 
particle cluster counter-balanced by the hydrodynamic force. 
One of the main objectives was to obtain quantitative values 
of the temperature in the fluidic channel to ensure safe 
handling of cells and proteins. Another objective was to 
evaluate the trapping-to-temperature efficiency for the trap 
as a function of drive frequency. Criteria to predict 
frequencies of importance in the multilayer structure are 
presented. The optimal drive frequency when temperature 
and trapping was considered, for the current design, was 
found at the calculated resonance frequency of the fluid-
reflector layer which coincided with the electrical parallel 
resonance frequency of the system. The results emphasize 
the importance of selecting the proper drive frequency for 
long term handling of cells, as opposed to the more 
pragmatic way of selecting the frequency of the highest 
acoustic output. The temperature increase was found to be 
moderate, 7 °C for a high trapping strength, at a fluid flow of 
0.5 mm s-1 for the optimal driving frequency. A fast 
temperature response with a fall time of 8 s and a rise time of 
11 s was observed. 
 
 
INTRODUCTION 
Trapping in microfluidic systems is an operation desired in 
order to study a biological sample in response to some 
stimuli or to perform bio-assays. Acoustic trapping during 
continuous perfusion enables studies of cells during constant 
supply of nutrients and oxygen alongside the removal of 
metabolic products. Non-contact handling ensures simple, 
fast and repeated trapping without risk of clogging. The non-
contact trapping may also be an advantage when mimicking 
in vivo conditions for non-adherent cells.  

   The use of acoustic radiation forces in a standing wave 
in the microscale regime is favorable since the radiation 
forces scale linearly with the drive frequency which 
increases with reduced channel dimensions of the standing 
wave cavity.   Several systems utilize acoustic forces to trap, 
sort, or otherwise manipulate particles or cells in continuous 

flow in systems of sizes at or approaching microscale [1-
7]. Trapping is most often performed in the direction 
parallel to the transducer surface [3, 8, 9]. Some systems 
excites transverse modes from the edges into a glass plate 
[8] or similarly into a piezoelectric [6]. Other systems 
differ from our set-up by the use of a lower driving 
frequency (1-3 MHz) and a matching layer between the 
fluid and the transducer [3, 9]. The technique of oblique 
coupling and transferring of the acoustic wave propagation 
direction at an impedance interface has been used [7] to 
create vertical pressure variations, but not yet used for the 
application of trapping.  
   The system evaluated here utilizes miniaturized 
transducers, Figure 1, which enables integration of the 
actuator in the flow channel and thus a localization of the 
acoustic field to the small fluid volume above the 
transducers. The risk of exciting other modes supported by 
the channel geometry is thereby minimized. 
Miniaturization of the transducer imposes uncertainties in 
the prediction of performance; for instance are coupling 
modes of the transducer known to be more prominent [10]. 
Another effect of miniaturization of the transducer is 
increased cooling since the surface to volume ratio scales 
favorably. The acoustic field is also affected by the size of 
the transducers, since the transmitting aperture and the 
drive frequency are the parameters that strongly influence 
the acoustic near field. Compared to earlier publications 
[11-13] on the platform, Figure 2 a, single layer 
transducers are now used and the actuator length (0.9 mm) 
was increased by a factor 1.7 in order to increase the 
trapping site. In this paper the acoustic trap is evaluated in 
terms of the quantitative temperature increase and the 
trapping strength within a frequency interval of around ± 
15 % of the intended driving frequency. The trapping-to-
temperature efficiency of the trap is considered an 
important performance parameter. An analysis of the 
performance is presented based on impedance spectra and 
on an analytical expression for predicting resonances for 
the fluid-reflector structure [14]. Temperature 
requirements may be below an upper value to ensure safe 
handling of cells and proteins or to target a special 
temperature range to regulate the trap environment  [15]. 
The duration of cell handling may be of considerable 
length, which accentuates the temperature increase as an 
important performance parameter.  
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Fig.1. The radiation force in the transverse (or lateral) direction, Flat, and 
in the axial (or primary) direction, FPRF. The thicknesses indicated in the 
figure, of the glass reflector, the fluid channel and the transducer enable 
energy confinement and formation of a standing wave in the axial 
direction. (Reprinted with permission from Evander et al. [13]. Copyright 
(2008) American Chemical Society. ) 
 
 
 

 
 
Fig. 2. In (a) an illustration of the PCB with integrated actuators 
(900*900*200 µm3) and electrical connections (i), the channel and 
reflector structure (ii) and the brass holders with through holes for fluidic 
interconnects. In (b) a photo of the set-up for the fluorescence calibration 
measurements with the thermocouple and the polymer foam container to 
ensure a stable thermal environment. 

 

 
EXPERIMENTAL 
Device fabrication 
A schematic view of the platform is shown in Figure 2a. 
Miniature single layer PZT-ultrasound transducers, 
900×900×200 µm, were integrated in the bottom channel 
wall. The micro transducers were diced in a commercial 
piezoelectric plate (Ferroperm Pz26, 200 µm thickness, Ag 
electrodes) and mounted by conducting silver paint (SCP 
003, Fabr Electrolube) on a printed circuit board (1.5 mm 
glass fiber with 35 µm Cu) structured by CNC milling. 
Epoxy (Epo-Tek 301-2) was cast around the transducers and 
the device was cured upside down on a polymer film (80 °C 
for 24 hrs). The surface was polished with silicon carbide 
paper (1200 grit, Struers) and by DP-spray (6 µm diamond 
particles, Struers). Fluidic through holes were drilled in the 
PCB and the top electrode was evaporated (Ti 15 nm, Au 
150 nm). The fluid-reflector structure (1855.2 µm reflector 
thickness and 62.8 µm channel height) was wet etched 
(HF:HNO3:H2O 100:28:72) masked with 100 nm Cr and 2 
µm 1813 resist (Shipley, Coventry, UK) in a borosilicate 
glass plate (Borofloat Schott). The relatively thick glass 
layer enables an even pressurization when the platform was 
sealed by pressing the upper and lower brass plates tightly 

together. Fluidic connections on the PCB back side were 
provided by gluing (Dow Corning silicon rubber 3140) 
silicon rubber tubings (Ranlab inner diameter 1mm) which 
were connected to standard 1/16 Teflon tubings. A sheath 
flow design was used at the inlet [13].  
 
Instrumentation and experimental conditions 
A fluorescent microscope (Inverted Nikon TE2000 
epifluorescence microscope, Hg-lamp, SE6 Monochrome 
CCD camera, 100x magnification and 8 bit images, 
1600*1200) was used for the temperature measurements. 
Spot Advanced software (4.0.9, Diagnostic Instruments 
Inc.) was used for image capturing. The analysis of the 
fluorescent images was performed in Matlab software (7.1, 
The MathWorks Inc.). The trapping images were acquired 
using a SMZ800 microscope. The transducer was excited 
by an Agilent 3320A waveform generator and an in-house-
manufactured amplifier. An Agilent 4395A Network 
Analyzer was used for impedance measurements (0.2 V at 
50 Ω). A Univentor 864 syringe pump was used with a 
flow rate of 0.5 µl min-1 (0.1 mm s-1) for the fluorescent 
temperature measurements (Rhodamine B, 0.1 mM) and 
with a flow rate of 2 µl min-1 (0.5 mm s-1) for the trapping 
measurements. The trapping measurements were 
performed for a blood phantom with 5 µm polyamide 
particles (EU-DFS-BMF-ver.1, Danish Phantom Service, 
Denmark). Two particle cluster sizes were evaluated, with 
concentrations of suspension:deionised water of 1:1 and of 
1:4 respectively. The voltage over the transducer was kept 
constant, 10 Vpp, if not otherwise stated, for all frequencies 
by adjusting the amplifier output signal.  
 
Fluorescent temperature measurement method 
The temperature increase in the fluid was measured by the 
temperature sensitive fluorescent response of Rhodamine 
B in the microchannel above the transducer. The method 
enables accurate temperature sensing without affecting the 
ultrasonic field or disturbing the fluid flow in the channels 
and has previously been used in microfluidic systems [16]. 
Rhodamine B was selected as fluorescent dye due to the 
ease of handling and high temperature sensitivity in the 
interval 0-120 °C [17]. A fluorescence calibration curve 
was generated by measuring the fluorescence intensity in 
the channel while heating the entire platform. The 
temperature was measured with a thermocouple type K 
(Pentronic G/G-36-K, thermometer display Line Seiki 
thermometer TC-1200) attached to the channel (between 
the brass plates) with silicone paste (Wacker silicone heat 
sink paste P12). The device was heated using a peltier 
element (Supercool, PF-031-10-13) positioned on the 
lower brass plate while the entire platform was thermally 
isolated with polymer foam, Figure 2b. After observing a 
stable temperature during at least 2 minutes, the 
microscope aperture was manually opened and an image 
was recorded. To minimize the effect of fluorescent 
bleaching, the excitation intensity level was reduced by 
use of two filters (ND4, ND8) and the aperture stop and 
field stop. The exposure time was 5 seconds. With focus 
set to the middle of the channel, the measured fluorescence 
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intensity corresponds to an average value of the temperature 
in the channel; even though the depth of field was around 1 
µm the acceptance length was larger than 2.3 mm 
(acceptance angle of 69.8 °). For each image the mean 
intensity was calculated.  
   The measurements were preceded by a stabilization step, 
as also performed elsewhere [18], of up to tree hours of 
constant fluid flow.   Adsorption of Rhodamine B has been 
reported by several authors onto glass and other surfaces [16, 
19, 20]. D. Ross [16] suggested that the sensitivity to 
adsorption of Rhodamine is due to different temperature 
sensitivity of the fluorophore when sticking to the surface 
compared to when present in the bulk. After the stabilization 
time, no variation with flow rate was observed for flow rates 
larger than 0.5 µl min-1. At this flow it takes almost 8 
seconds to pass the transducer. At zero flow, a decrease in 
intensity similar to bleaching was observed. The ambient 
temperature variations during one measurement session 
displayed little variation, ± 0.2 °C and was not corrected for. 
The variation of reference intensity between different 
sessions was maximum 1.7 % and corrected for in the 100 % 
start image.  
   For the fluorescent temperature increase measurements, the 
microscope aperture was opened and an image was acquired 
after running the transducer for 2 minutes, at which point the 
intensity had reached a stable value. A 100 %-reference 
picture without acoustic field defined the max intensity at the 
beginning of every set of measurements. The reference 
picture accounts for the natural reduction in the lamp-
intensity over time (2 % hrs-1) and the fact that sticking on 
the surfaces might vary slightly for different samples. The 
background intensity was insignificant.  
 
Acoustic trapping measurements method 
   The trapping strength was measured as the projected area 
of a trapped cluster of particles, counter-balanced by the 
hydrodynamic force, as also performed in prior work from 
our group [12]. A particle plug was defined manually on-
chip, particles were trapped upon activating the transducer 
and when turning on the sheath flow a cluster of the particles 
still trapped against the hydrodynamic drag force was 
recorded. The area of the trapped cluster displayed a much 
lower surface reflectance compared to the metallic 
transducer background surface which was used in the 
conversion to B/W images in the image analysis software 
(Adobe Photoshop CS, Adobe Systems Incorporated). The 
singled out area corresponded well to the visual appearance 
of the regions in the color image, Figure 8a and 8b. The 
mean intensity of the images, proportional to the size of the 
cluster, was interpreted as the trapping strength. The data 
was based on three repetitions at all frequencies except for 
those frequencies of very low trapping strength where only 
two repeated measurements were performed.  
 
Far field measurements of the acoustic intensity from a 
transducer 
   The linearity of the small transducers was investigated by 
measuring the acoustic output in the far field of an 
equivalent transducer at the frequency of maximum 

impedance. The acoustic power at a distance of 35 
wavelengths from the transducer surface was measured in 
a water bath with a needle hydrophone (3.2 mm diameter). 
An excitation pulse of five cycles was used. 
 
 
THEORETICAL MODEL 
The trapping strength in the vertical direction 
   The system utilizes trapping forces in the transverse 
direction relative the propagation direction of the acoustic 
wave, Figure 1. Transverse amplitude gradients in the 
acoustic field are required for the trapping. The acoustic 
near field generates gradients in the pressure amplitude 
[11] and is believed to strongly influence the trapping. The 
near field appears in the region closest to the transducer, at 
distances z << (aperture radius)2/λ, where the wave 
interference gives rise to a stationary field with maxima 
and minima in pressure amplitude. A periodicity that was 
observed in the trapping pattern was also observed in the 
pressure field measured by optical diffraction tomography 
[11] and in the simulations for one reflection by Angular 
Spectrum Analysis [11]. For an arbitrary field, the time-
averaged acoustic radiation potential (generally labeled 
‘primary’ or ‘direct’), U, arising due to the non-linearity in 
the propagation of acoustic waves in fluids, was derived by 
Gorkov [22] and may be expressed [23] as 
 




 −= potkin EfEf
r

U
2

3

3

4
21

3
π

, (1) 

 
where the material dependent contrast factors f1 and f2 are 
 

( )
0

0
22

2
00

1 2

2
,1

ρρ
ρρ

ρ
ρ

+

−
=−= f

c

c
f ,  (2) 

 
and the time-averaged potential and kinetic densities are 
 

2
,

2

2
0

2
00

2 v
E

c

p
E potkin

ρ
ρ

== ,  (3) 

 
for the pressure amplitude due to the sound, p, and the 
velocity amplitude due to the sound, v, the density in the 
absence of sound, ρ, and the sound velocity of the 
medium, c. The index 0 refers to the medium while no 
index is used for the particle. Compressible spherical 
particles are assumed and the expression is valid under the 
requirement that particles are small in relation to the 
wavelength [23]. Provided that the pressure and velocity 
amplitudes are known, the radiation force is obtained as 
the spatial gradient of the acoustic potential at that point, 
i.e. the radiation force in the x-direction, Fx, may be 
expressed 
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where a positive value is directed towards the potential 
minimum. However, the strength of the trapping at a certain 
position is not properly described by the acoustic force at 
this position.  (Think of the bottom of the acoustic potential 
well where the force is zero but the trapping strength is 
high.) To better describe the trapping strength on a (single) 
particle positioned anywhere in the acoustic potential 
landscape we suggest using an expression in terms of the 
work needed for the particle to escape the trap, Wescape, 
 

( ) ( )
( ) refiii

x

x

iii

x

x

iiiescape

UzyxU

dxzyxU
x

FdxzyxW
refref

−=

=
∂
∂−== ∫∫

,,

,,,,
00   

 (5) 
 
where the index i refers to a selected position in the trap and 
the reference potential, Uref , is the potential level at which 
the particle is free. Uref may be a zero level outside the 
transducer or a positive potential barrier present in the 
particle’s path to escape the trap. Hence, it is rather the depth 
of the acoustic potential well that describes the trapping 
strength. For a cluster of particles, equation (5) may be 
integrated for all positions of the particles, ignoring any 
interparticular forces as a first approximation. The inter-
particular forces due to the acoustic field are called 
secondary acoustic forces and occur due to the scattering of 
the incident wave on the other particles present in the trap. 
The secondary acoustic forces are short range and will act to 
attract particles in the nodal plane [24]. Other interparticular 
forces exist on the nanometer scale, such as the attractive 
van deer Waals forces which arises due to dipole interaction 
[25]. 
   A potential in the vertical direction may be obtained by the 
axial standing wave field alone [23], but the near field may 
also contribute. The level of contribution by the near field to 
the acoustic potential depends on the frequency in relation to 
aperture size as well as channel height. The axial radiation 
force is favorable since it counteracts the buoyancy forces 
[26] on the particles in the trap, allowing a relatively slow 
fluid flow and heavier particles.  
   By making an assumption of the shape of the potential well 
in the lateral directions, here an elliptic paraboloid, the cross 
section of the well, Ax, at a certain depth is proportional to 
the depth of the potential well, d, here as (1-1/d). Hence, the 
trapping area may be expressed in terms of the above 
defined work needed for a particle to escape the trap. 
 
The resonator cavity design and 1D resonance prediction  
   For a fluid-reflector structure it is known that a reflector 
thickness of an odd number of λ/4 generates a rigid 
boundary at the fluid-reflector interface thereby enabling 
high containment of energy in a fluid layer of thickness 
n*λ/2 (n is an integer). For optional selections of fluid and 
reflector thicknesses resonances will occur in the composite 
fluid-reflector structure. These resonance, hereafter labeled 
“system resonances”, may be described by an analytical 

expression [14].  In the analytical expression, the system 
resonance is defined at equal reactance on either side of 
the fluid-reflector interface based on the reflection 
coefficient at the interfaces. The expression is a function of 
the characteristic impedances (as observed by the wave 
approaching the interface) and the outer boundaries are 
defined by very high characteristic impedance for the 
transducer and very low characteristic impedance outside 
the reflector. The structure is excited by a sinusoidal signal 
of constant amplitude. For our case (the speed of sound in 
the borosilicate glass of 5540 ms-1 and in the fluid 1500 
ms-1) the analytical expression yields the diagram in Figure 
3, for the range of layer thicknesses of interest. An 
intersection of two curves corresponds to a system 
resonance, which was found at 8.87 MHz, 10.30 MHz, 
11.35 MHz and 12.17 MHz. Moving along the straight line 
corresponds to increasing the frequency for the selected 
design, i.e. with constant values of tf/λf and tr/λr. The 
resonances in this model indicate energy maxima in the 
system and also high energy in the fluid layer. A system 
resonance found at a plateau in Figure 3 corresponds to a 
rigid boundary at the fluid-reflector interface and is 
expected to give high energy density in the channel due 
high reflectance at the fluid-reflector boundary. The 
evaluation performed here will indicate if the analytical 
expression can be employed to a system where near field is 
strongly influencing the acoustic field and where the 
transducer dimensions has a low diameter-to-thickness 
ratio (see discussion regarding coupling modes in the 
Acoustic impedance measurements section). 
   In addition to the system resonances, additional 
frequencies may be of interest due to the near field 
characteristics. A high reflectance at the fluid-
reflectorinterface without the fluid layer corresponding to 
λ/2 distance may be of interest since the acoustic near field 
is an interference pattern which is stationary. At a rigid 
boundary (the derivative of the pressure is zero) or a 
pressure-release boundary (the pressure is zero), a large 
part of the incoming wave is reflected, since the reflection 
coefficient is not reduced by a phase-term at the boundary 
[27].  Despite  not  supporting a λ/2-frequency in the fluid, 
the superposition of waves at a rigid boundary may still 
yield high radiation forces, since the acoustic near field is 
stationary. The rigid boundary is found at the reflector 
thickness of (2n+1) λ/4, hereafter labeled “reflector-
supported frequency”. The reflector-supported frequencies 
of our set-up were found at 8.20 MHz, 9.69 MHz, 11.18 
MHz and 12.67 MHz. The λ/2-frequency in the fluid layer 
was found at 11.51 MHz. A pressure-release boundary, on 
the other hand, is expected at the reflector resonances. 
While the amplitude after reflection yields zero amplitude 
due to the 180 degree phase shift, an increase in the 
energy-density may occur due to that the reflector at 
resonance re-emits energy into the fluid or that the 
amplitudes do not cancel completely due to the spatial 
oscillations of the amplitude in the near field. The reflector 
resonances were found at 8.94 MHz, 10.43 MHz and 11.90 
MHz. To summarize, it can be argued that several 
frequencies may be of importance for the resonance  
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Fig. 3. The diagram predicts system resonances where the two curves 
intersect for various selections of reflector and fluid layer thicknesses 
expressed in wavelengths [14]. System resonances (♦) are found at 8.87 
MHz, 10.30 MHz, 11.35 MHz, 12.17 MHz and 13.50 MHz respectively. 
Reflector supported resonances (o) are found at 8.20 MHz, 9.69 MHz, 
11.18 MHz and 12.67 MHz. λ/2 in fluid (x) is found at 11.51 MHz. 
Reflector resonances (∆) are found at 8.94 MHz, 10.43 MHz and 11.90 
MHz.  
 
 
 
behavior. These additional frequencies would not be 
identified by a quantitative 1D model [28] that has been 
successfully employed to several acoustic resonators. Hence, 
the complementary conditions used here may yield better 
predictions of a system where many reflections occur in the 
acoustic near field. 
 
Input power, radiated power and loss power  
High trapping efficiency requires, in addition to high 
containment of energy in the fluid, also good coupling of 
energy from the waveform generator. From impedance data, 
the active power, Pactive, quantifies the power delivered from 
the function generator to the load can be calculated 
according to 
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where Usystem is the voltage (root mean square) amplitude 
across the transducer and Isystem is the current delivered to the 
load. The active power is dissipated in different parts of the 
circuit as dielectric losses in the transducer, Pd, mechanical 
losses in the transducer, Pm, and as radiated acoustic power, 
Pr, 
 

rmdactive PPPP ++= . (7) 

 
For an uncoupled transducer it is generally considered that 
the mechanical losses dominate over the dielectric losses at 
resonance while the dielectric losses dominate at off-
resonant drive. All listed loss factors display a quadratic 
dependence on electric field since P = U2/Z.   The 
temperature increase due to the conductively transmitted 
mechanical and dielectrical losses can be described by 

Fourier’s law, P=kA*dT/dx, where P is the power 
delivered to the system and k is the thermal conductivity, A 
is the cross-section area and x is the distance in direction 
of the temperature gradient. A part of the heat is 
transported in the copper conductors (conductivity of 400 
Wm-1 K-1). The larger part of the remaining heat is 
transported into the fluid rather than into the air backing, 
since the conductivity of water is higher (0.6 Wm-1 K-1) 
than of air (0.03 Wm-1 K-1).  
   The radiated acoustic power may eventually be absorbed 
in the bulk of one of the layers, Pabs_bulk, or at the side wall 
interfaces, Pabs_surfaces, or may be lost from the trap zone by 
the divergence of the beam or by scattering due to for 
instance gas bubbles. The power absorbed in the trapping 
zone, in the bulk or at the sidewalls, may contribute to 
temperature increase. The significance of acoustic losses at 
boundaries has been described in terms of thermal and 
shear wave modes that are generated because the 
propagational mode cannot by itself fit all the boundary 
conditions [29]. Considering the absorption bulk losses, it 
can be assumed that the main part occurs in the fluid, since 
the absorption coefficient is ten times larger in water than 
in the reflector and the intensity transmission from the 
fluid to the reflector is small. The Pabs_bulk depends on the 
viscosity of the fluid and is described by the absorption 
coefficient, αwater. For the system presented here, the 
absorbed intensity, I, I = I0 exp(-2αwaterx) [30],  only 
reaches a value of a few percent if estimating the 
propagation distance in water, x, as Q times the channel 
height, with Q equal to 30. Hence, neglecting the viscosity 
in the fluid is justified, as also concluded by Gröschl [31]. 
The fluid temperature increase, ∆Tfluid, can therefore be 
described as the sum of the conductively transported heat 
from the transducer generated as dielectric or mechanical 
losses and of the loss by absorption of the radiated acoustic 
energy in the side walls, 
 
 

surfacesabsmdfluid PPPT _++∝∆ . (8) 

 
 
 
 
RESULTS AND DISCUSSION 
Acoustic impedance measurements 
For the uncoupled transducer, the series resonance peak 
was identified at 10.73 MHz and the parallel resonance at 
11.08 MHz as the main peaks in the Re(A) spectrum and 
Re(Z) spectrum respectively for the frequency range where 
the thickness resonance peak was expected, Figure 4. For 
the assembled system (with water filled channel), the main 
series resonance frequency appears at 11.15 MHz and a 
parallel resonance at 11.36 MHz. The transducer series 
resonance at 10.70 MHz was visual also for the assembled 
system. It was observed that the parallel resonance 
frequency coincided with the calculated system resonance 
at 11.35 MHz in Figure 3, but the significance of such a 
coincidence is not fully understood.  
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Fig. 4. The real part of the impedance (grey) and the real part of  the 
admittance (black) for the uncoupled transducer (- -) and the assembled 
system (-) for 8-13 MHz. Marked in the figure are the system resonances 
(◊) at 8.87 MHz, 10.30 MHz, 11.36 MHz 9.69 MHz and 12.17 MHz, the 
reflector supported frequencies (o) at 8.20 MHz, 9.69 MHz, 11.18 MHz 
and 12.67 MHz, the reflector resonances (∆) at 8.94 MHz, 10.43 MHz and 
11.90 MHz and the frequency corresponding to the λ/2-resonance in the 
fluid layer (x) at 11.51 MHz.  
 
 
   The Q-value calculated from the graph is approximately 28 
for the uncoupled transducer and 33 for the assembled 
system. This Q-value is much lower than the value of 100-
1000 often found for other resonator cavities. It has been 
shown for circular transducers [32] that lower diameter-to-
thickness ratio yield a lower Q-value and larger degree of 
resonance mode coupling. The coupling modes can be 
viewed as a superposition of excited eigenmodes. A perfect 
thickness resonance is not expected for any transducer with a 
finite diameter and according to the IEEE standard of 
piezoelectricity even at diameter-to-thickness ratio of 10 the 
coupling to other modes ‘is frequently a serious problem’ 
[33]. However, also for low diameter-to-thickness ratio the 
thickness mode has been shown [33] to dominate the 
displacement pattern and is observed as a peak in the 
conductance spectra. For the presented system, several weak 
resonances were observed in the series resonance spectra to 
the left of the main resonances, spaced 0.7 MHz apart (8.14 
MHz, 8.77 MHz, 9.47 MHz, 10.24 MHz), and coupling-
modes between the thickness mode and lateral modes in the 
transducer is considered a likely origin. For circular disks it 
has been shown that, in contact with water, the damping of 
the radial modes was much larger than the damping of the 
thickness mode [32]. Also, the frequency range where the 
thickness mode influenced the displacement pattern was 
large and resulted in a vibration pattern for the coupling 
modes that, in water, was similar to the one obtained at the 
thickness mode.  
 
Fluorescent temperature measurement 
In steady state, after the initial stabilization step to saturate 
the surfaces with fluorophores, the fluorescent intensity 
varied maximum of 0.5 % during 30 minutes. This value is 
the smallest detectable change in intensity for an 8 bit image 
of 255 intensity levels, corresponding to 0.2 ºC for a 
sensitivity of fluorophores of 2 % (ºC)-1. An additional error 

of 0.05 ºC is for the calibration measurements obtained 
due to the thermocouple display. 
   The calibration measurements are presented in Figure 5, 
with a 3rd degree polynomial curve fit in the temperature 
range of 25-55 °C and the calibration curve obtained in 
Ross et al. [16]. The calibration curves are in agreement 
with each other and also with  the slope presented by Snare 
et al. [20] of 2.3 % (ºC) -1  at 20°C as compared to 2.2 % 
(ºC) -1 here obtained for the first 10 ºC. Some deviation 
was observed above 45 ºC, which is above the temperature 
interval of most life science applications. Our results 
indicate a lower intensity for this temperature range, and 
one source of deviation may be that the calibration curve 
here was measured for the actual cavity which may be an 
advantage since it allows observation of factors related to 
the surface and volume of the cavity. The random error in 
the measurements in the region of 25-50 ºC, expressed as 
the standard deviation of residuals, was 0.62 ºC. The 
accuracy reported for temperature measurements with 
Rhodamine B varies depending on the set-up, the 
measurement parameters and the level of temporal and 
spatial averaging. For instance, regarding measurements 
[16] with a Hg-lamp excitation and 0.1 mM Rhodamine B 
the precision was found to be as low as 0.03 °C if spatial 
averaging at room temperature was performed, while the 
noise for time averaging in five consecutive video frames 
was found to be 1.4 °C and the noise with no spatial or 
temporal averaging was 3.5 °C. Similar errors were found 
in other works [18, 20].  
   The step response when turning on and off the transducer 
was fast, as shown Figure 6. The fall time was 8 s and the 
rise time was 11 s between intensity levels of 90 % and 10 
%. This time frame corresponds well with a simulation 
result of the heat conduction in the fluid from one wall 
maintained at an elevated temperature performed in 
Comsol Multiphysics. The response is faster than reported 
for other systems were the transducer is localized outside 
the channel [9]. For a temperature compensated system, a  
 
 

 
 

Fig. 5. Calibration measurements with a 3rd degree polynomial curve fit 
(�) in addition to the calibration curve presented by D. Ross et al (--) 
[16], for the fluorescent intensity response as a function of temperature 
increase. 
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Fig. 6. The normalised intensity response for transducer activation and 
deactivation, at 10.7 Vpp and a fluid flow of 0.1 mm s-1. The fall time was 
8 s and the rise time was 11 s between intensity levels of 90 % and 10 %. 
 
 

 
 
Fig. 7. The temperature increase (-▲-) in the channel and the active power 
(-x-). A close to linear relation between the active power and the heat 
generated is observed. The frequencies marked are the reflector supported 
frequencies (o), the system resonances (◊), the λ/2 resonance in the 
channel (x), the reflector resonances (*) and the transducer series 
resonance (▲). The ambient temperature was 24.8 ± 0.2 °C. 
fast response is an advantage since a stabilization of 
temperature is not expected to be performed faster than the 
time frame of the disturbance. 
 
 
   In Figure 7, the temperature increase, originating from the 
factors described in eq. 9, and the active power, calculated 
according to eq. 6, is shown for a range of frequencies. A 
first observation is that the temperature increase in the 
channel correlates quite well with the active power in the 
entire frequency range. The measured temperature increase 
ranges from 2.7 °C to 21.6 °C, for the ambient temperature 
of 24.8 °C. The maximum temperature increase was found at 
11.1 MHz. The correlation between the temperature increase 
and the active power might increase if the spacing between 
the measurement points would be less than 0.1 MHz. An 
exception from the linearity between the temperature 
increase and the active power was found in the region 
between 10.3 ± 0.3 MHz, with a peak value around 10.4 
MHz, where the heating was higher than would be expected 
from the proportionality with the active power. The 
calculated resonances in this region are a system resonance 
(at 10.30 MHz) and a reflector resonance (at 10.43 MHz). 

The random error in the fluorescent temperature 
measurements was evaluated as the deviation from a 
quadratic relation with the driving voltage. The standard 
deviation of residuals was found to be 0.23 °C, where the 
resolution of the analogue display of the oscilloscope (± 
0.2 V) constitutes a large part.  
 
Acoustic trapping measurements 
Upon transducer activation, the particles in the fluid were 
immediately displaced. The axial position was in a small 
region approximately in the middle of the channel and for 
most frequencies a column-shaped pattern was formed in 
the two lateral directions with certain periodicity. For the 
concentrated plug and the selected fluid flow, at 11.2 
MHz, the area with trapped particles covers almost the 
complete transducer surface, as shown in the colour image 
in Figure 8a and the corresponding B/W image in Figure 
8b. For the smaller cluster size the trapping is shown in 
Figure 8c. In Figure 8d, at 10.6 MHz, the trapping strength 
was lower and the pattern of the trapped particles was 
reduced to columns in the flow direction only. The shape 
of the trapped cluster before activating the flow was very 
similar throughout the evaluated frequency interval, but 
the strength of the force was observed to vary between the 
different frequencies. 
   The trapping strength is plotted with the active power, 
Figure 9a, for the two particle concentrations. Trapping 
was observed at every frequency, with a few exceptions, in 
the interval 9-11.5 MHz. The main trapping peak has a full 
width half maximum value (FWHM) of 0.5 MHz hence 
the system is insensitive to variations in the driving 
frequency. For the higher concentration, the trapping 
strength was observed to be more complicated in the 
region 10.3-10.9 MHz, possibly because the interparticular 
forces have a large influence when exactly balanced with 
the hydrodynamic force. At no occasion was it observed 
that particles were in contact with the top or bottom 
channel walls. The main peak in the trapping strength 
curve displays a double peak shape. The leftmost peak 
(11.2 MHz) coincides with the peak in active power (11.15 
MHz), i.e. where most energy may be coupled to the 
system from the function generator. Peaks in trapping 
strength may also be related to increased containment of 
energy; the calculated reflector-supported frequency was 
found at 11.18 MHz, i.e. a rigid boundary at the reflector-
fluid interface, and the rightmost peak (11.4 MHz) 
coincides with the calculated system resonance (11.35 
MHz). For a similar system operated at 3 MHz [34] the 
optimum driving frequency was also found close to a 
parallel resonance frequency rather than a series resonance 
frequency. A peak was also found around 10.4-10.6 MHz, 
similar to the 10.4 MHz region for the temperature 
measurements. If a reflector resonance, such as the one at 
10.43 MHz, yields an increase in the energy contained in 
the fluid an increase both in the temperature increase and 
the trapping strength is expected. The obtained result 
where not only a system resonance gives rise to a peak in 
trapping strength but also other resonance conditions such 
as the reflector supporting a rigid boundary or a   pressure- 
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Fig. 8. The projected area of trapped particles (diffuse/white) against the 
transducer surface (high reflectance/black) at 2 µl min-1 fluid flow. For the 
concentrated plug at 11.2 MHz (a) colour image with transducer area 
marked and (b) the converted B/W image and for a diluted plug at (c) 11.2 
MHz and (d) 10.6 MHz. A scratch in the reflector top surface going 
diagonal across the image is visible. 
 
 
 

 
Fig. 9. In a) the active power (-x-) and the trapping strength for the 
concentrated plug (-●-) and for the diluted plug (-○-) of particles at fluid 
flow of 2 µl min-1. In b) the standard deviation for the trapping 
measurements. The frequencies marked are the reflector supported 
frequencies (o), the system resonances (◊), the λ/2 resonance in the 
channel (x), the reflector resonances (*) and the transducer series 
resonance (▲). 
 
 
 
release boundary is not commonly reported for standing 
wave cavities. The fact that a near field is stationary without 
a reflected wave in phase probably is significant for trapping 
at several frequencies. 
   A relative standard deviation of less than 17 % was 
observed for trapping strength higher than 31 au, Figure 9b. 
A larger relative deviation was observed for low trapping 
strength and at 11.0 MHz which is along the slope of the 
main peak. A rearrangement of the particles occurred at 
some frequencies before the equilibrium was reached and 

during which a few particles was observed to leave the trap 
in small aggregates. The rearrangement varied slightly 
between repeated measurements. Considering that the 
measurement method is a force-balance method and that 
interparticular forces are not insignificant, the standard 
deviation is expected to be quite large. In comparison, 
single particle measurements also displays a large standard 
deviation (30 %) [13], with the dependency of the 
particle’s starting position as an additional factor. As 
opposed to a single particle measurement, information is 
obtained of the entire trapping zone and the results include 
the effect of secondary acoustic forces and shape-
dependent drag-flow. 
   At least two parameters that are believed to have an 
impact on the trapping strength were not quantified in this 
measurement. One of these parameters is the acoustic near 
field. The appearance of the trapping pattern was observed 
to differ only slightly in the interval 9-11.5 MHz indicating 
that these variations do not influence the trapping to a 
large degree in this interval. The other parameter is the 
extension of the trapped cluster in vertical direction, which 
was not well displayed in the images. The intensity in the 
B/W images was observed to be larger for a few layers as 
compared to only one layer, but the method is not believed 
to discriminate well between the numbers of layers.  
 
Far field measurements and voltage dependence  
   The work needed for the particle to escape the trap or the 
depth of the potential well is, according to equation (1-5), 
proportional to the energy density which in turn is 
proportional to the square of the drive voltage. For a 
potential well in the shape of an elliptic paraboloid, Figure 
10A, a relation between trapping area and potential depth 
may be obtained, Figure 10B. A cut-off level above which 
no particles may be trapped for a selected fluid flow is 
included. In Figure 10 C, the expression from B, 1/√(1-t 
rapping area), is used to evaluate the linearity in the 
measurements versus the driving voltage for a drive 
frequency of 11.2 MHz.  The results are in approximate 
agreement with a linear trend (the sum of squares of the 
residuals of 0.84). A deviation from a linear trend includes 
several factors; the validity of the assumption of the 
potential well being shaped as an elliptic paraboloid, how 
precise the area of the trapped cluster discriminate between 
different levels in the acoustic potential as well as the 
degree of influence of factors such as shape-dependent 
drag forces and interparticular forces. The linearity of the 
transducer acoustic output is evaluated on the secondary 
axis in Figure 10C. For a linear transducer the acoustic 
output power is expected to be proportional to the input 
power.  Hence, the square root of the acoustic pulse-
pressure squared integral, Pi, as measured in the acoustic 
far field is plotted versus the driving voltage in Figure 10, 
and a linear curve is observed. Despite their low diameter-
to-thickness ratio the transducers display very high 
linearity (the sum of squares of the residuals of 0.99).  
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Fig. 10. A) The acoustic potential for a well shaped as an elliptic paraboloid as a function of the lateral distance for several drive voltage levels. An 
estimated cut-off level is shown above which no particles are trapped. B) The calculated trapping area, equivalent to the trapping strength 
measurements, is related to the depth of the potential well. C) The 1/(1- trapping strength)1/2  (●) for the described device at 11.2 MHz and the 
square root of the acoustic pulse-pressure squared integral, Pi, (◊), per cycle in the acoustic far field for a typical uncoupled transducer at the 
frequency of impedance minimum as a function of the driving voltage. The acoustic pressure was measured with a needle hydrophone at 25 
wavelengths distance from transducer surface at a constant voltage across the transducer.  
 
 
Trapping-to-temperature efficiency 
The measurements display a trade-off in the optimal drive 
frequency for the trapping strength relative the temperature 
increase. The trapping-to-temperature efficiency of the trap 
can be used to select the most advantageous frequency when 
both temperature and trapping is taken into account, Figure 
11. Moving along a straight line from the origin corresponds 
to applying an increased voltage, due to the linear relation 
with applied voltage both for the temperature increase and 
for the trapping strength. A high slope indicates a more 
efficient driving frequency. The most favorable frequency 
was 11.4 MHz which coincides with the calculated system 
resonance and a parallel resonance in the impedance scan. 
Driving an actuator at parallel resonance is in general 
associated with low energy consumption, but the observed 
advantage in trapping-to-temperature efficiency is mainly 
attributed to better confinement of energy in the fluid. For a 
trapping strength of 60 au, which corresponds to a high 
coverage of the trapping area, the temperature was 32 °C, i.e. 
a temperature increase of 7 °C. For the same trapping 
strength at series resonance the temperature increase was 15 
°C. 
   Values of temperature increase have been reported for 
other ultrasonic trapping systems where an additional 
matching layer separates the fluid from the transducer. For a 
drive voltage level relative the measurements presented here, 
of (i) 70 % the temperature increase  at 3 MHz was found to 
be 4 °C as measured by IR thermometer [3] and of (ii) 50 % 
the temperature increase at 2 MHz was found to be 25 °C in 
the channel as measured by a thermocouple in a crossing 
channel [15].  

 
 
Fig. 11. The trapping strength versus the fluid temperature in the 
interval 10.4-11.8 MHz, indicates that the parallel resonance frequency 
(11.4 MHz) is more favourable than the series resonance frequency 
(between 11.1 and 11.2 MHz), when taking both the temperature and 
the trapping into account. Moving along a straight line from origo 
corresponds to increasing the driving voltage. 
 
 
 
CONCLUSIONS 
The temperature and the trapping strength has been 
characterized for an acoustic trap with miniaturized 
transducers, with a transducer:fluid:reflector layer 
thicknesses of approximately λ/2:λ/2:λ/4. A fast 
temperature response with a fall time of 8 s and a rise time 
of 11 s was observed, which is an advantage for efficient 
temperature regulation. The temperature increase was 
found to be moderate, 7 °C for a high trapping strength of 
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60 au at a fluid flow of 0.5 mm s-1, for the optimal driving 
frequency at a driving voltage of 10 Vpp. The results 
emphasize the importance of selecting the proper drive 
frequency for long term handling of cells, as oppose to the 
more pragmatic way of selecting the frequency of the highest 
acoustic output. The maximum acoustic trapping strength 
occurred at the series resonance frequency, while the highest 
trapping-to-temperature efficiency occurs at the calculated 
system resonance in the fluid-reflector structure. The 
temperature increase was found to be proportional to the 
active power, with a peak value of 15 °C at the series 
resonance. The main resonance obtained from the 1D 
analytical expression in addition to the main reflector-
supported frequency correlate with the frequencies of 
significant peaks observed in the impedance measurements, 
the temperature measurements and the trapping strength 
measurements. This suggests that a 1D model may be a good 
first approximation of the system despite the 2D 
characteristics of the trapping pattern and the low diameter-
to-thickness ratio of the transducers.  
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