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Abstract—This article concerns the design of a new elec-
trostatic transducer whose backplate consists of a seriesfo
drilled pipes. A new one-dimensional model is derived which

considers the interaction of the membrane with the air load,

the air cavities, and the drilled pipes in the backplate. Dymamic g

equations for the impedance in each component of the deviceea §—| ’
calculated analytically and connected using interface catitions g

of continuity of pressure and radiation conditions into the air g

load. The model is able to produce solutions to the mechanita r
impedance of the device and the displacement of the membrane
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as a function of the device’s design parameters. Model ressl
for the output pressure compare well with previous experimatal
data. The inverse problem of retrieving the design parametes
for a desired output is discussed.

Fig. 1. Schematic diagram of the CMUT device being investidavhere
I. INTRODUCTION the dashed box indicates the specific part of the device rieadiel section II.
Electrostatic ultrasonic transducers, or capacitive onta-
chined ultrasonic transducers (CMUTS), are used for thecdet o ] ]
tion and generation of ultrasonic waves [1]. These traneduc dimensionality to unity by assuming that the membrane acts
consist of a thin membrane stretched across a conductirig bdf @ piston like manner. We therefore propose the following
plate, which is often rough or grooved. This article conssdemodel for the displacement of the membrane
a one-dimensional model of an electrostatic transduceiserho )
backplate consists of a series of drilled pipes, proposed by g | d¢§ R Zem | Zm
. . i mPs 5 T v+ +
Campbellet al. [2]. These pipes act much like tubular sections dt dt

S S

in musical instruments which amplify the sound produced. pac®S V3o

Figure 1 provides a schematic of the transducer design to 5( Vo a3 ) =f®), @

be modelled. The figure describes a dielectric membrane

stretched over a backplate which consists of many cavitigdere d,,, is the membrane thickness, is the membrane

with each cavity being connected to an air conduit. To redugegass densityt = £() is the displacement of the membrane,

the complexity of the model we will consider only oner, is a viscous damping term associated with energy loss in

cavity, yet retain the possibility of one or more pipes pethe membraneZ.,, is the impedance of the air load at the

cavity. The output of the model is then compared with theavity’ side of the membrane$ is the cross-sectional area

experimental results [2] in terms of the pressure transmitt of the membraneZ,, is the impedance of the air load at the

by the membrane into an air load. Output pressure profiles aspen’ side of the membrane, is the equilibrium density

provided for changes in the design parameters of the modlair, ¢ is the speed of sound in aif is the volume of

which indicate the possibility of automating the choice ahe cavity, ¢ is the permittivity of free spacelpc is the

design parameters given a desired output. bias voltage applied to the membrank,= L + d,,, /e, is

the electrode spacind, is the length of the cavity,. is the

relative permittivity of the membrane anf(t) is the voltage
We start by adapting the three-dimensional CMUT modelriving force applied to the membrane. Using the standard

proposed by Carontt al. [3] to include the effects of the air results for pipe-driver systems [4, p.272], the impedafigg

load on both sides of the membrane. We reduce the spatiah be calculated in terms of the design parameters of the

Il. MODEL



. . Design Parameter Symbol Magnitude Dimensions
device, that is, Density of Membrane Ps 1392 kg/m?®
¢S (Z.1, + jpacStan(kL Speed of Sound in Air c 343 m/s
Zom = pacS (Ze .]pa ( )), (2) Length of Pipe(s) s 22 x 1073 m
pacS + jZer tan(kL) Number of Pipes per Cavity N 1 -
. . . i -3
wherek is the wavenumber (complex to include the viscoys _ Length of Cavity L 10 m
. . . . . . Thickness of Membrane dm 5x107° m
!oss in glr) anqch is the impedance at the cavity/pipg Damping Coefficient R, 102 kg/ms
intersection. This is given by Permittivity of Free Space €0 8.85 x 1012 F/m
. DC \oltage Vbe 450 \%
7. = pacY (Zps + jpacy tan(kd)) 3) Density or Air Pa 1.2 kg/m?
L = , . :
N ey + i 7. s tan(kd Membrane Dielectric Constant e, 3.2 -
) (Pa _7 J4ps ( )) _ ) Magnitude of AC Voltage \% 1 \%
where v is the cross-sectional area of the pipe®),is the Constant a 2x1074 s
. . . . -5
number of pipes per cavity; is the length of the pipe(s) and Constant b 5x 10 s
Z,s is the impedance at the pipe/air interface. We assu Aspect Ratio of Cavity e o )
Zpé 1S ! p . pip . ! : Aspect Ratio of Pipe ap 5x 1072 -
in the following that all pipes are identical but the generat TABLE |

model can cope with a distribution of pipe dimensions. The
impedanceZ,s is given by [4, p.186]

DESIGN PARAMETER VALUES FOR THECMUT MODEL.

1 pacy?k? n .8 pacwgk

Zps = = 4
po 2 ™ 3 71'% ( )
Similarly, the impedance’,,, is given by s S B —
1.04 [ -
1 pacS2k? 8 pacS%k Model
I = 5 T +J g 71'% : (5) 05 ‘ = Experimental Data
Here it is assumed that we operate in the low frequency limit,
that iskS < 1 andky < 1. Pressure” | ]
In order to compare the model with the experimental dataoutput
provided by Campbelkt al. [2], we seek the velocity (and 047 i

hence the pressure output) of the membrane which can be
found via Fourier transforms. Additionally, the forcingnfcr
tion used in the experiment§(¢) is a single-cycle sinusoid

0.2

centred at7.7kHz [2]. That is 07 T
eoVpcV . _=a? 00 5ok 10d0° 1510t 20¢10°
f(t) = d2 e S (6) frequency

whereV is the excitation voltagey is the wavenumber and

andb are constants which determine the position and numigg- 2. Plot showing experimental data from [2] (squares) #re CMUT
. . . model described above (solid line). Here, the pressure ubutias been

of Cyoles in the time domain. normalised for comparison purposes. We find a good agreeofieesults even

The pressure in the cavit¥. is given by though the effects of the microphone and electrical loacehzen neglected

) ) in the model.
P.= aceJ(WH-k(L_m)) + bcej(“’t—k(l/—ﬂﬂ))7 (7)

wherea,. andb. are arbitrary constants which are calculated

by imposing continuity of pressure at each interface arff!tPUt Pressuré®, is then given byPo,;, = jw=(w)Zn/S.

the radiation conditions (4) and (5). A similar form for the'/e introduce two aspect ratios,. and o;, which describe

pressure in the cavity?, can be found the relationship between the length of the cavity to itsuadi
P ' and length of the pipe to its radius, respectively. That is,

Ill. RESULTS S = m(a.L)? andvy = w(a,d)2. In figure 2 the model output
Using Fourier transforms [5, p.28], the frequency domait§ compared with experimental data presented in [2]. The
impulse response of equation (1)4s/(jwZ(w)) where agreement is very good especially when we consider that the
7 7 effects of the microphone and the electrical load are négglc
Z(w) = —jdmpsw + Ry + g’” 4 ?’” in the model. Here, and in every plot herein, the parameter

) 9 ) values stated in table | are used, unless instructed otkerwi

+ e <pac S_ 60‘%’0) ) (8) In order to investigate which design parameters signifigant
w Yo d affect the device performance, three-dimensional ploes ar

By convolving the impulse response with the forcing funetioconstructed which plot the pressure as a function of several

and using the convolution theorem, the frequency domain mesign parameters: the length of the pifethe length of

sponse of the device is given Bfw) = —F(w)/Z(w), where the cavity L, the thickness of the membramnlg,, the aspect

F(w) is the Fourier transform of the forcing functigfft). The ratio of the cavitya, and the aspect ratio of the pipe,.
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Fig. 4. Normalised output pressure plotted against frequeand cavity
length.
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Fig. 5. Normalised output pressure plotted against frequemd membrane
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Fig. 6. Normalised output pressure plotted against frequemd aspect ratio
of cavity.

These plots are found in figures 3, 4, 5, 6 and 7, respectively. o 1
Here, all design parameters are as stated in table | unlésg be o ;
varied. It can be seen that each of these design parameters ca o |
significantly affect the output pressure. 0 " i)

Figure 3 shows the dependence of the device on the 0C-  pessue o5
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currence and length of pipes. It is quite clearly seen that 04
. . . . . . g . ,’5’,’,’,’,’/[}[:’;‘/’,,,,,.””’ g |
incorporating pipes into the device significantly increatiee 03 5;%7,:7!,,,“,,1,,, A

) ) g %‘ e 9
pressure output. Also, optimal pipe lengths can be seen, 017 7’!/4/"';17"7'75’"’7 y il
providing evidence of being able to optimise the devise for LU oz
a maXimUm pressure Output. 4.0x10° frequency

. . o 2.
Figure 4 shows the dependence of the device on the length sspectyato a0

of the cavity. Similarly to the results shown for the pipe
length, we can see that the occurrence of cavities ianEhSeSFig._?. Normalised output pressure plotted against frequamd aspect ratio
pressure output and an optimal cavity length can be foundof pipe.

The dependence of the device on the membrane thickness

can be seen in figure5. Again, optimal membrane thickness

can be calculated from the results presented.

IV. CONCLUSION

It can be seen from figures 6 and 7 that the ratio of the radiusThis article has presented an analytical theory to model the
to the length of the cavity (and the pipe) does not signifiyantresonant behaviour of a capacitive michromachined ultrado
affect the pressure output. The change in output pressere stansducer (CMUT) incorporating fluidic amplification. The
in figure 6 can be attributed to the rising surface area of thesults of the model compared well with the experimentahdat

membrane.

and the model also allows us to investigate the dependence
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