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Acoustic streaming in micromachined exural plate
wave devices: numerical simulation and

experimental veri�cation
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Abstract| This paper presents the numerical simulation

and experimental validation of acoustic streaming in mi-

cromachined exural plate wave (FPW) devices. Two-

dimensional and Three-dimensional models of two device

types were considered: the classical device with parallel in-

terdigitated electrodes and the focused device with curved

electrodes. Inuences of di�erent parameters on the time-

average velocity were investigated. Thermal transport ef-

fects of the acoustic streaming were also considered. We

observed the amplifying e�ect of the streaming in the sec-

ond type numerically and experimentally. In order to verify

simulation results, the method of the Particle Image Ve-

locimetry (PIV) was applied in the experimental investiga-

tion.

Keywords| exural plate waves, microuidics, acoustic

streaming, computational uid mechanics, and particle im-

age velocimetry

I. Introduction

I
N the last years, a new research �eld called microudics

has been established. This �eld focused on the applica-

tion of micromachined devices for handling small amount

of uids like pumping, mixing, and sensing uids as well

as components carried by those uids. Such devices have

di�erent applications in microbiology and microchemical

analysis, where di�erent uids on nanoliter to microliter

ranges can be controlled and delivered [1], [2], [3].

The acoustic streaming is a well-known e�ect, in which

an acoustic �eld causes a net uid ow. Ref. [4] gives a

comprehensive analytical investigation of this e�ect. Many

recent publications have shown interest in the use of the

acoustic streaming in the exural plate wave (FPW) de-

vices for uid pumping [5], [6]. For designing micropumps

with this principle, it is important to understand the rela-

tion between the pumping behaviour and the design param-

eters. A complex numerical simulation will be necessary.

When a exural wave propagates in a thin membrane,

an acoustic �eld appears in the uid near the surface. This

acoustic �eld causes uid ows in the wave direction. The

micromachined device consists of a rectangular ow chan-

nel that has a thin membrane on the bottom. The mem-

brane is made of low-stress silicon nitride, piezoelectric zinc
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oxide, and aluminum. The typical thickness of the mem-

brane is from 1 to 3 microns. The exural plate waves have

a typical frequency of 3 MHz and a wavelength of 100 mi-

crons. Interdigitated transducers (IDTs), arrays of �nger

pairs placed at wavelength intervals, generate the exural

waves. The focused device uses curved electrodes in order

to concentrate the acoustic energy, and consequently am-

plify the wave amplitude as well as the ow velocity. Fig. 1

illustrates the two FPW-device types that are investigated

in this paper.

Silicon
IDT

Curved IDT

a)

b)

Silicon nitrideZinc oxide

Aluminum

d=1…3�m

Fig. 1. Micromachined exural plate wave devices. (a) Classical
device with parallel IDTs, (b) Focused device with curved IDTs.

All published works with the FPW-devices are limited

in analytical models and velocity measurement through

manual optical observation [5], [7]. However, models of

the focused devices and of the coupling between acoustic

streaming and thermal transport are to complicated for an

analytical solution. This paper presents the numerical sim-

ulation of complex thermal-coupled models of both device

types. The measurement of velocity utilizes the particle im-

age velocimetry method (PIV-method), which traces and

evaluates the ow with small particles. A CCD-camera and

a VCR record and provide particle images to a PC. The

velocity �eld can be then calculated by using displacement
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information of particles in the captured images. Results of

the numerical simulation and the experimental investiga-

tion are discussed at the end of the paper.

II. Model description

The numerical simulation uses a commercial computa-

tional uid dynamics software package (CFD Research Cor-

poration). The CFD code solves the continuity equation,

the momentum equation, and the energy equation. The

software permits the user to modify the uid density us-

ing the ideal gas law or a second-order function of pressure.

Therefore, it is possible to simulate the incompressible ow.

Further more, temperature dependency of uid properties

can be considered, results presented here will neglect the

temperature dependency.

Fig. 2. Models of the FPW-device. (a) membrane surface of the
classical type. (b) membrane surface of the focused type. c)
Two-dimensional model for the xz-plane

Fig. 2 describes the three-dimensional model of the

membrane of the classical FPW-pump (a) and the focused

FPW-pump (b). The two-dimensional model shown in Fig.

2c describes the boundary conditions in xz-plane. A user

library routine written in Fortran modi�es the grid po-

sitions in each calculated time step. We assume that the

grid displacements �x(z),�y(z), and �z(z) decrease lin-

early from the maximum value at the driven membrane to

zero at the opposite rigid wall:

�x(z) =
�x0 � z
�h

;

�y(z) =
�y0 � z
�h

; (1)

�z(z) =
�z0 � z
�h

;

where h is the channel height, �x0, �y0, and �z0 are the

grid displacements at the driven exural membrane which

can be calculated by following models.

Fig. 2c shows how points on the device surface move

elliptically in a counterclockwise direction as the exural

wave travels from left to right. The ratio of the minor to

the major axis of the ellipse is given with the membrane

thickness d and the wave length � by �d=� [8]. For our

case, with the wavelength of � = 100�m and the mem-

brane thickness of d = 3�m, the ratio of the minor to major

axis of the elliptical motion will be 0:093. At the exural

membrane, the vertical displacement �z0 , the horizontal

displacement �x0 (classical type), and the radial displace-

ment �r0 (focused type)are given

� for the classical type:

�z0 = A(t) sin(!t� kx); (2)

�x0 = A(t)
�d

�
cos(!t� kx); (3)

� and for the focused type:

�z0 = A(r; t) sin(!t� kr); (4)

�r0 = A(r; t)
�d

�
cos(!t� kr); (5)

where A is the wave amplitude, ! = 2�f is the angular

frequency of the wave, k = 2�=� is the wave number. The

axes x, r and z are de�ned in Fig. 2. The models neglect

the displacement in y-axis �y = 0of the classical device

and the peripheral displacement �' = 0 of the focused

device. The wave amplitude is given by:

A =
1

!

s
2Pavg

M�wvp
: (6)

where Pavg is the time-averaged acoustic power owing in

the wave,M� is the mass density of the plate, wis the width

of the acoustic beam, vp is the phase velocity of the FPW,

and vs is the speed of sound in the uid [5]. For the classical

device with a constant plate width, the wave amplitude is

assumed to be constant along the x-axis. Since acoustic

beam width of the focused device is proportional to the

radius:

w = 2� � r; (7)

where � is the convergence angle, the wave amplitude can

be described as function of the radius as following:

A(r) = A0

r
r0

r
; (8)
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with the starting wave amplitude A0 at the starting radius

r0. Fig. 3 compares the model of Eq. (8) with the results

of the laser di�raction measurement [9]. In order to make

a realistic initial condition, the wave amplitude can also be

described as a function of the time t for the classical type:

A(t) = A0(1� exp
�t
�
); (9)

and as a function of the time t and the radius r for the

focused type:

A(r; t) = A0

r
r0

r
(1� exp

�t
�
): (10)
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Fig. 3. Flexural wave amplitude along the normalized radius. The
solid line is theoretical model from Eq. (8), the circles are results
of laser di�raction measurement

The results presented in this paper use a time constant

for water of one wave period � = T = 1=f . The stable

solution establishes after 15 periods. The time-averaged

velocity �eld can then be calculated using the results of

the �rst-order velocity over one period.

III. Simulation results

A. Classical device

In order to investigate the classical device, the depen-

dence of velocity pro�le and ow rate on the wave ampli-

tude, on the channel height, and on the backpressure gra-

dient are considered. Since the displacement in y-axis can

be neglected with parallel IDTs, the analysis only needs

the two-dimensional model shown in Fig. 2c. The chan-

nel model has a length of three wavelengths (300�m). The

model contains a moving wall as the exural surface, a rigid

wall as the opposite surface, inlet, and outlet boundaries.

If we assume that the channel is in�nitely long compared

to the wave length, the model can utilize the cyclic bound-

ary condition which forces all variables (e. g., velocity,

pressure) at the inlet and outlet to be equal. In the cases

of applying a backpressure and of modeling the thermal

transport, constant pressure boundaries are used for the

inlet and the outlet.

With the known time-averaged velocity pro�le, the vol-

ume ow rate through the channel _Q can be then calculated

with an integral of velocity u(z) over the channel height

axis z:

_Q = w �
Z

h

0

u(z)dz (11)

where w is the channel width and h is the channel height.

Because of the two-dimensional model, the channel width

of the model is assumed to be w = 1m.

A.1 Inuence of wave amplitude
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Fig. 4. Velocity pro�le over the channel height of 50 microns driven
by di�erent wave amplitudes (for water).

Fig.4 depicts the velocity pro�le as function of channel

height and wave amplitude. It can be seen that the ampli-

tude of the evanescent disturbance in the uid adjacent to

the membrane agrees with the analytical assumption:

v = vmax exp
�z
�a

; (12)

where

�a =
�

2�
p
1� (vp=vs)2

�
�

2�
; (13)

vp is the phase velocity [5]. The evanescent viscous decay

length �v is smaller and is as shown in Fig. 4 about 5

microns.

The curve at the bottom represents the parabolic charac-

teristic of the maximum velocity. Increasing the wave am-

plitude enlarges the time-averaged velocity over the whole

channel. This leads to the same parabolic characteristics

of the volume ow rate (Fig. 5). These non-linear char-

acteristics were observed experimentally by Moroney et al.

[5]. The results here give an unequivocal behavior of the

acoustic streaming: the ow rate varies as square of driv-

ing voltage, which is proportional to the wave amplitude.

Therefore, the wave amplitude and consequently the driv-

ing voltage are the most important parameters for control-

ling the ow rate of the acoustic streaming.
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Fig. 5. Volume ow rates versus wave amplitude (3mm x 50 microns
channel). The circles are simulated results, and the solid line is
the second-order polynomial �tting function.

Channel height (m)
Velocity (m/s)

0

0.005

0.01

0.015

0.02
1

2
3

4
5

x 10
-5

0

1

2

3

4

5

x 10
-5

D
is

ta
n
c
e

a
b
o
v
e

th
e

m
e
m

b
ra

n
e

(m
)

Fig. 6. Velocity pro�le with di�erent channel heights driven by an
wave amplitude of 0:1nm(for water).

A.2 Inuence of channel height

The velocity pro�les in a channel with di�erent heights

and the wave amplitude of 0:1nm are shown in Fig. 6.

The curve at the bottom represents the maximum velocity

of each pro�le. This curve shows clearly that the maximum

velocity stays constant with a channel height that is greater

than the evanescent decay length of the acoustic wave in

the uid. The particle velocities in the channel beyond

the evanescent decay distance are small. The maximum

velocity is constant (Fig. 6). Therefore, the volume ow

rates of a channel with heights greater than twice of decay

length are invariable at constant driving wave amplitude.

That can be proved in Fig. 7, which shows the volume ow

rate versus the channel height.

The results show that optimizing the channel height only
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Fig. 7. Volume ow rates versus channel heights (3mm channel
width, 10nm wave amplitude). The circles are simulated results,
and the solid curve is non-linear �tting function.

makes sense with values less then the evanescent decay

length of the acoustic wave (about 20 microns). In this

small channel, the time-averaged velocity has a typical

parabolic pro�le and high values (Fig. 6). However, de-

creasing the channel height does not change the ow rate so

fast as the maximum velocity because the ow rate is pro-

portional to the maximum velocity and the channel height

respectively. A �ve micron high channel has about ten

times the maximum velocity (Fig. 6) but only about two

times volume ow rate compared to one whose height is 50

microns (Fig. 7).

A.3 Inuence of the backpressure

The performance of acoustic streaming can be inves-

tigated by applying a backpressure against the ow di-

rection (wave propagation direction). If a backpressure

pushes against the acoustically induced ow, the ow in the

channel is a combination of viscous and acoustic stream-

ing (Fig.8). The backward ow (viscous) increases during

forward ow (acoustic) decreases proportionally to the ap-

plied backpressure. This ow phenomenon was observed

experimentally by Luginbuhl et al. [6].

A.4 Thermal transfer caused by acoustic streaming

If the acoustic streaming induces a net mass transfer as

described above, it also causes a thermal transfer. In the

model, a limited section of the wall (100 microns) is heated

with a constant heating power. Heat conduction in the ni-

tride membrane is neglected. Since the time response of

the thermal system in the FPW-device lies in a range of

few milliseconds, the thermal response (less than 1 KHz) is

much slower than the change of the time-dependent veloc-

ity (3 MHz). The huge di�erence between the time period

of the acoustic wave and the thermal response time also

causes a technical problem for the simulation. The calcu-

lation time after Eq. 9 or Eq. 10 is to fast compared to the
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Fig. 8. Velocity pro�le of 50-micron channel with di�erent back-
pressures (o: 0Pa; +: 0:5 � 105Pa=m; *: 1:74 � 105Pa=m, for
water)

thermal response of the model. Therefore, a static thermal

analysis for the model without acoustic streaming should

be done �rst. Than the resulting temperature �eld (see

Fig. 10a) can be used as initial condition for the actual

thermal-coupled simulation.

The acoustic streaming causes a very weak thermal

transfer e�ect because of the small time-averaged uid

ow rate. Signi�cant cooling e�ects can only be observed

with the large wave amplitude of 100nm. Because of the

heat transfer to the opposite wall, the forced convection of

acoustic streaming is more e�ective than that produced by

Poiseulle-ow for the same net ow rate. Fig. 9 compares

the convective heat loss:

Pconv:( _Q) = P ( _Q)� P (0) (14)

for these two ow types. The heat loss of acoustic stream-

ing in the low ow rate range is about 100 times larger than

that of Poiseulle-ow because the heat transfer to the oppo-

site wall dominates the forced convection in the streaming

direction.

Fig. 10b shows the �nal result of the thermal-coupled

simulation in a three-dimensional model for a closed classi-

cal FPW-device. The result shows clearly the displacement

in wave propagation direction of the temperature pro�le

near the membrane surface. Since the etched well is closed,

the ow turns around on the top of the channel and also

causes a thermal displacement in the opposite direction.

Bradley et al. also observed the turn-around ow experi-

mentally with particle tracing method [7].

B. Focused device

Since formulating the focused FPW-device (Fig. 2b)

needs a polar coordinate system, the simulation only works

with a three-dimensional model. The grid displacement at

the membrane in x-axis and y-axis can be calculated by
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Fig. 9. Heat loss caused by forced convection of acoustic streaming
(x) and Poiseulle-ow (o) (channel with 3mm width, 5�m height,
100�m heater length, the conductive loss without streaming is
P (0) = 0:9W , for water).

the position coordinates (x; y) and the radial displacement

�r0 given in Eq. (5):

�x0 =
�r0x

r
=

�r0xp
x2 + y2

�y0 =
�r0y

r
=

�r0yp
x2 + y2

: (15)

After the model of Eq. (8), the wave amplitude would

go to in�nity A ! 1 if the radius goes to zero r ! 0.

Therefore, the r-axis (see Fig. 2) is chosen in the range

100�m � r � r0. The resulting velocity pro�les in z-

axis are similar to those of the classical devices (see Fig.

4 and Fig. 6). Fig. 11 illustrates the �eld of maximum

velocities in x-y-plane which shows clearly the amplifying

e�ect caused by focusing the ow and by increasing the

wave amplitude (see Eq. 8 and Fig. 3).

IV. Experimental verification

For comparision with the measurement, results of Mo-

roney et al. [5] are taken. The velocities along the mem-

brane surface are measured with a closed FPW-device. A

cover slip acts as a cap on the well to reduce vaporization.

Polystyrene particles with 2:3�m-diameter and a speci�c

gravity of 1.05 were used for tracing the ow. The pre-

sented results are ow velocities evaluated at 2�m above

the membrane. Because of the high velocity gradient near

the surface and the complicated interaction between ow-

ing uid and solid particles, the velocity of the particles

should be smaller than the velocity at 2�m above the mem-

brane. The simulated results here are corrected by a factor

K in order to �t the experimental results:

vcorected = K � vsimulated: (16)
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Thus results presented in Fig. 12 should be seen as a

qualitative comparison.

The particle image velocimetry (PIV) analysis is based

on the particle displacement analysis of two snapshots of

ow images traced with small particles. The principle can

be simply explained by the following equation:

v = �
s

�t
; (17)

where s (in pixels) is the particle displacement, �t(in sec-

onds) is the time di�erence between the two frames, �

(m/pixel) is the space ratio that convert pixels to the real

geometry and v (in m/s) is the velocity of the particle.

Since the beginning of the nineties the correlation algo-

rithm plays an important role for the evaluation of PIV-

images. Two images of the particle-laden ow are captured,

either in one image or in two. After recording the images,
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Fig. 11. Maximum velocity �eld of the focused FPW-device in x-y-
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x) and corrected simulation results (solid line)for 15 micron and
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the image plane is divided into a grid of rectangular inter-

rogation windows. For each interrogation window ofM�N
pixels, the velocity of the middle point of the window can

be calculated using the cross-correlation of the interroga-

tion regions [10].

With the gray value function g1(i; j) and g2(i; j) of the

two pictures, the cross-correlation �(m;n) can be describes

as:

�(m;n) =

MX
i=1

NX
j=1

g1(i; j)g2(i+m; j + n): (18)

Using the two-dimensional Fast-Fourier-Transformation

(FFT), this algorithm can be carried out fast and simply
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as following:
� calculation of FFT functions ĝ1 and ĝ2 of each inter-

rogation window,

� calculation of the conjugated FFT function ĝ
�

2 of the

second window,

� calculation of the complex product � = ĝ1 � ĝ�2 , and
� calculation of the invert two-dimensional FFT.

The maximum value of � (peak) indicates where the

two images are most similar, which represents the mean

displacement of the particles in each interrogation win-

dow between the two snapshots. If the particle snapshots

are recorded on a single image, each interrogation window

should be auto-correlated. The algorithm of the auto-

correlation is similar as that of the cross-correlation de-

scribed above.

To improve the resolution and accuracy the PIV-analysis

requires an algorithm capable of tracking displacements to

sub-pixel accuracy. Assuming the cross-correlation �(�) is

a Gaussian distribution function with the standard devia-

tion �:

�(�) =
1

�
p
2�

exp [�
(� � �0)

2

2�2
]; (19)

the sub-pixel estimator is:

�0 =
(�22 � �

2
1)ln(�2=�3)� (�32 � �

2
2)ln(�1=�2)

2[(�2 � �1)ln(�2=�3)� (�3 � �2)ln(�1=�2)]
; (20)

where �0 denotes the estimated displacement, �1; �2; �3
are the locations of the left of peak, peak, and right of

peak intensity. �1;�2;�3 are the cross-correlation value

at �1; �2; �3 [11].

Noise in the particle image and stochastic inuence of

Brownian motion can be eliminated by averaging the re-

sults of more image pairs [12]. The measurement of the ve-

locity �eld is carried out with a microscope, a CCD-camera,

and a video recorder. Frame images are than captured and

transferred to the PC and analyzed there. The relative

error due to Brownian motion is given by [12]:

" =
1

v

s
2�BT

3��dp�t
(21)

where v is the characteristic velocity, �B = 1:28e �
23(J=K) is the Boltzman's constant, T is the absolute tem-

perature, � is the dynamic viscosity of the uid, dp is the

particle diameter, and �t is the time between two snap-

shots. With a characteristic velocity of 100�m=s, a par-

ticle diameter of 2:3�m, a time between two snapshots of

30ms, and the uid temperature of 300K, the error due to

Brownian motion in our experiment will be 4%. Fig. 14

illustrates the velocity �eld in the measured area of the fo-

cused FPW-device shown in Fig. 13. The images are made

with 2:3�m uoresced polystyrene particles in water. The

analysis uses a commercial PIV-program (VidPIV, Optical

Flow System, UK) or routines written in Matlab which

utilize the algorithm described above. Fig. 15 shows clearly

the amplifying e�ect, which agrees well with simulation re-

sults.

Fig. 13. Original image of the focused FPW-device for PIV-analysis

Fig. 14. Result of PIV-analysis: velocity �eld in the focused FPW-
device shown in Fig. 14 (Grid space: 16pixels; interrogation
size: 32� 32pixels2).

V. Conclusions

This paper presents new results of the numerical simula-

tion and the experimental investigation of acoustic stream-

ing in micromachined FPW-devices. Three-dimensional

and two-dimensional models are simulated using commer-

cial CFD software. The resulting velocity �elds of the

acoustic streaming agree qualitatively with the measure-

ment. The particle image velocimetry has shown its capa-

bility for investigating acoustically induced ow.

Simulation results of the classical device con�rm the pos-

sibility of using the FPW-device as a micropump. This

pumping principle is gentle and suitable for biomedical and

biochemical analysis. The results on the dependencies of

volume ow rates on di�erent parameters make the design

of those micromachined FPW-pump easier. The most im-

portant design parameters are the channel height and the
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Fig. 15. Qualitative comparison between numerical simulation and
PIV-measurement of the velocity pro�le along the radius r. Solid
line is the normalized simulation results, circles are normalized
measurement points

wave amplitude.

Coupled thermal analysis show the possibility of active

cooling using acoustic streaming. Since the acoustically

induced ow modulates the temperature pro�le can be by ,

it is possible to integrate a thermal ow sensor into a FPW-

device. Thus a complete microuidic system with pump

and ow sensor in a single chip can be simply designed and

fabricated.

Results of PIV-analysis has shown that this method is

suitable for investigating microuidic systems in general

and for characterization of acoustic streaming in micro-

machined FPW-devices in particular. However in order

to improve the analysis quality, work should be done on

optimization of particle size, on particle density in mea-

sured uid, and on interaction between acoustic streaming

and tracing particle. The measured velocities presented in

this paper are smaller than the simulated values, �nding

a correction factor as function of di�erent parameters like

particle size, particle density would be an interesting future

work.
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