International Journal of Applied Science and Engineering
2006. 4, 1: 1-19
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Abstract: We report the development, fabrication, and testing of spherically focused capacitive
air-coupled ultrasonic transducers, that need no mirror, zone plate, or similar externa device.
To achieve native focusing, we have employed a flexible copper/polyimide backplate that per-
mits a conformal fit to a spherical fixture whose radius determines the focal length. A spheri-
caly deformed aluminized Mylar foil, conforms to the spherical backplate, completing the
transducer. Two devices have been fabricated and tested, one having a 1-cm diameter and
2.54-cm focus, and another with a 5-cm diameter and 5.1-cm focus. Both devices have frequency
spectra centered at 840 kHz with -6 dB points at 310 and 1200 kHz. Using a quasi-point re-
ceiver, the beam diameter is found to be 2.7 mm (1-cm device) and 1.32 mm (5-cm device) in
the focal plane, when excited with a broadband signal. The monochromatic diffraction behavior
of the 1-cm device agrees with model calculations based on a focused piston radiator to within
the measurement resolution of about 2%. Features as small as a 250-micron wire have been
successfully imaged using the 5-cm devices in a confocal geometry, demonstrating resolution at
the diffraction limit for this device. Further examples of defect imaging in honeycomb com-
posites and in wood are also presented.

Keywor ds:. air-coupling; ultrasonics, NDE; capacitive film; transducer; diffraction-limited
resolution.

mismatch between the air and essentially any
solid test medium.  Liquid coupling is much

1. Introduction

Ultrasound inspection techniques have
been extended in recent years to non-contact
and particularly air-coupled sound generation
and detection, owing to the significant advan-
tages they promise and to improvements in
instrumentation and materials.  Attempting
to perform ultrasonic measurements in air,
however, suffers from poor coupling of ultra-
sound energy because of the large impedance

more efficient because the acoustic imped-
ance of water is much higher than air; in
many applications, however, it may not be
possible or practical to use a liquid coupling
medium to mediate sound transmission to the
article under test. Examples of these materi-
als are woods, paper products, porous materi-
as, hot solid materias, or materials whose
properties would be compromised by water
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contact or immersion. Non-contact inspec-
tion methods use only gas or air as a coupling
medium, so that there are no risks of con-
tamination of the test article. Recently, bet-
ter technology and understanding of
air-coupled methods have encouraged more
applications [1-7], despite the large Sig-
nal-to-noise penalty typically associated with
this form of ultrasonic inspection.

Most air-coupled (A/C) ultrasonic methods
employ conventiona piezoelectric (PZT)
transducers, composite piezoelectric elements
(with careful impedance matching) or capaci-
tive foil transducers. When a PZT trans
ducer is used in A/C inspection applications,
it encounters very large acoustic impedance
mismatch at the boundary between the piezo-
electric element and the surrounding air or gas
boundary, despite heroic attempts at imped-
ance matching. In fact, the acoustic imped-
ance of piezoelectric materials (~30 x 10°
kg/m?s) used in the conventional ultrasonic
transducers is several orders of magnitude
larger than that of air (400 kg/m®s).  Kelly
et al. [4] have employed multilayered silicon
rubbers as a half wavelength matching layer
on a piezoelectric transducer in air.  Kraub et
al. [5] have used a SiO,-aerogel as an imped-
ance matching layer. Reily and Hayward [6]
have improved the impedance matching by
using a 1-3 connectivity piezocomposite ac-
tive element of different piezoceramic frac-
tion, shape and distribution. However, these
remedies are optimized for narrow bandwidth
operations and required extensive trial-and-
errors to be workable for a particular case.

Capacitive ultrasonic transducers consist of
a thin metalized polymer membrane and con-
ducting backplate. Compared to the piezo-
electric transducers, the capacitive ultrasonic
transducers have much smaller acoustic im-
pedance mismatch between the membrane
and air, owing to the very small mechanical
impedance of a thin membrane. This ar-
rangement makes a capacitive ultrasonic
transducer ideal for coupling into air. The
surface of the backplate is patterned in a se-
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ries of holes by roughening [7] or micro-
machining [8-14] processes. And a metal-
ized polymer membrane is then placed or fab-
ricated on the patterned backplate for both a
receiver and transmitter. Applying a tran-
sient voltage between the backplate and the
grounded metalized surface of the membrane,
in the presence of a constant bias voltage, in-
duces vibration of the membrane. The vibra-
tion of the membrane generates ultrasound in
air. Similarly, receiving the vibrating sound
signals is achieved using the same transducer
asareciproca device.

More recently, the advent of advanced mi-
crofabrication techniques has led to smplified
backplate fabrication, low manufacturing
costs, and better reproducibility. Consequently,
many researchers have studied a variety of
backplate fabrication techniques and the ef-
fect of backplate design parameters, including
backplate surface conditions, membrane
properties, and bias voltages. Schindel et al.
[8] have fabricated a backplate on a (100)
silicon wafer using a wet-etching microfabri-
cation technique. They have shown that
higher bias voltage generates higher signd
amplitude and resonant frequency. And a
thicker membrane reduces the performance
with lower resonant frequency and narrower
bandwidth. Haller et al. [9] have fabricated
a backplate on (100) silicon wafer using sur-
face micromachining techniques. They re-
place the metalized polymer film with an
aluminum coated SisN4 layer directly depos-
ited on a silicon backplate. Ladabaum et al.
[10] and Jin et al. [11] have developed surface
micromachined capacitive ultrasonic trans-
ducers for air-coupled and water-immersion
applications. These transducers show a good
response into the few MHz ranges with ex-
cellent sensitivities. Carr et al. [12] and Su-
zuki et al. [13] have found the high depend-
ence of the resonant frequency and bias volt-
ages on the membrane thickness using
V-grooved silicon backplates. Hietanen et al.
[14] have shown, using a brass backplate, that
there is no influence of the hole size on the



resonant frequency.

Capacitive A/C transducers have received
increased interest because of their higher sen-
sitivity and wide bandwidth.  With them, the
field has continued to develop and expand
applications in various areas, including mate-
rials ingpection [15-16], characterization
[17-20], and ultrasonic imaging [21]. Un-
derstandably, research investigations have
been performed to provide for A/C ultrasonics
the additional extensions that are routine for
liquid-coupled inspection. Chief among
these is transducer focusing. Commonly, a
focused transducer can provide much higher
sensitivity than a planar device. And a ca
pacitive A/C transducer provides wideband
frequency response and better resolution than
a piezoelectric transducer in air. For exam-
ple, 1 MHz ultrasonic signals have a wave-
length of ~ 340 um in air, where the speed of
sound is 340 m/s. With focusing, 1 MHz
spot size will be in the order of a wavelength
with very high signa intensity in the focal
zone, leading to better detection of defects.

However, pursuit of a spherically focused
transducer has been hampered by serious
technical challenges. A silicon backplate
cannot be deformed because brittle silicon
wafers would easily fracture. Instead of de-
forming the backplate, many researchers have
tried aternative ways [22-28]. Schindel et
al. [22] have used a planar transducer and an
external focusing element, such as a Fresnel
zone plate.  Another approach has been tried
by Holland et al. [19], Gan et al. [23] and
Hosten and Castaings [24]. They have used
an off-axis parabolic mirror as the focusing
element. However, this arrangement dill
leaves one dimension unfocused and provides
only limited bandwidth. In addition, the as-
sembled transducer is quite bulky.

Other efforts have been made to manufac-
ture a curved backplate to compensate for the
problems induced by using a secondary de-
vice such as a zone plate or a mirror. Wang
et al. [25] have utilized a curved plastic stand
as a backplate and a 36-um thick polyvi-
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nylidene diflouride (PVDF) film coated with
a 26-um thick polyester film as a thin mem-
brane. They report resonant frequencies of
59 and 31 kHz for the extensional and flex-
ural bending modes, respectively. Robertson
et al. [26] have fabricated a cylindrically fo-
cused transducer using polished brass as a
backplate. And a3.5-um thick Mylar filmis
placed on the brass backplate as a membrane.
Although this device shows good line focus-
ing, the performance of the transducer relies
on the surface conditions of the polished brass
backplate. Hutchins et al. [27] have used a
conical A/C capacitive transducer for surface
imaging. The transducer consists of a pol-
ished brass backplate and a 3.5-um thick My-
lar film. The backplate is fabricated using
the same techniques demonstrated by
Robertson [26]. So the performance is fully
dependent on the surface conditions of the
polished brass. In addition, it suffers from
wrinkles on the Mylar film when these re-
searchers place the Mylar film on the coni-
cally shaped brass backplate. Neither trans-
ducer has micromachined patterns on the
backplate, so that the advantages of a capaci-
tive micromachined transducer are not avail-
able in this design. Wong et al. [28] utilize
the merits of micromachining but employ a
very thin silicon backplate, etched to 150 um
using wet etching techniques. Then, it is
carefully deformed into a cylindrical shape.
However, the thinned silicon wafer is difficult
to handle owing to the fragility and brittleness
of the silicon. As fabricated, their device
leaves one dimension unfocused and still has
bandwidth limitations.

Although many research efforts have en-
deavored to fabricate a genuine focused ca
pacitive air-coupled ultrasonic transducer,
there has been no evidence of a successful
attempt yet. Instead, many of the research-
erstry alternative routes to simulate a natively
focused ultrasonic transducer. The examples
of such research have been described. In our
research, a spherically focused capacitive air
coupled transducer has been designed, fabri-
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cated, and tested, using a new flexible back-
plate material instead of brittle silicon wafer.
Because the new materia is so flexible, it is
easily deformed into a spherical shape in the
proposed transducer. To investigate the role
of the backplate on the transducer perform-
ance, we perform extensive studies on the
surface conditions of the backplate by varying
design parameters such as the diameter and
depth of the patterns, the center-to-center
spacing between the patterns, membrane
thickness, and bias voltage. Then, one of the
design parameters is applied to the proposed
transducer. Its performance is fully studied
under various experimental conditions.

2. Transducer design

As shown in Figure 1, a capacitive
air-coupled ultrasonic transducer consists of
seven replaceable components; a backplate,
backplate fixture, metalized polymer film,
bottom case, outer case, insulator, and top
cover. In a backplate, there are fabricated
well-defined, micro-machined pits or depres-
sions on the surface, which play a very im-
portant role in determining the performance
characteristics of the capacitive air - coupled
transducer. The pit design we have used is a
square grid pattern with a specific cen-
ter-to-center  spacing. One innovation
achieved in this research is that we have de-
veloped and employed a flexible cop-
per(Cu)/polyimide(Pl) backplate in our ca
pacitive air-coupled transducers, instead of
using the conventional rigid Si substrate.
Utilizing the Cu/PI’s flexibility, we can fab-
ricate backplates in any shape, including pla-
nar, cylindrical, or spherical.

As shown in Figure 1 (@), the backplate (5)
is conformed and attached to the backplate
fixture (4). Depending on the nature of a ca-
pacitive air-coupled transducer, the backplate
fixture can be machined in a planar, cylindri-
cal, or spherical shape. For a spherically
focused capacitive air-coupled transducer
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(b)

Figure 1. (a) Schematic diagram of a capacitive
planar air-coupled transducer. (b) A
photograph of a fully constructed
10-mm diameter capacitive planar
air-coupled transducer. The transducer
consists of seven replaceable compo-
nents: (1) bottom case, (2) outer case,
(3) insulator, (4) backplate fixture, (5)
backplate, (6) metalized polymer film,
and (7) top cover. All the components
are aluminum, except the Delrin insu-
lator.

proposed in this research, we use a spherically
shaped fixture so that the transducer functions
like an ideal spherically focused piston radia-
tor.  Because the primary function of the
backplate fixture is to provide the backplate
with a proper contour for optima focusing,



the requirements of machining precision, spe-
cificaly surface roughness and dimensiona
tolerance, are modest.

The backplate fixture is electricaly con-
nected to the center pin of a SMA connector
mounted on the bottom case, and the shield
contact of the SMA connector is connected to
the bottom case (1). To isolate the electrical
connection between the backplate and the
ground, we have added a Delrin insulator (3)
between the backplate fixture and the outer
case (2). Except the insulator, al the com-
ponents are fabricated from aluminum.

The last step in the construction process is
the installation of a one-sided metalized
polymer film (6) placed between the back-
plate and top cover, with the metalized side
facing the top cover. According to several
studies [29-31], a metal layer on the metal-
ized polymer film should have a low area
density to lower the film mass and yield
higher transducer sensitivity and larger band-
width. Among many available commercial
metalized polymer films we have employed a
6 um thick PET (Mylar®) film (p = 2.56-2.64

AC biasvoltage, V «(t)
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g/mm®) with a 200 nm deposited aluminum
coating.

2.1. Principlesof operation

The process of generating and receiving ul-
trasound is very similar to the working prin-
ciples of a condenser microphone. As
shown in Figure 2, a DC bias Vy((t) is super-
imposed upon atransient voltage signal Vac(t)
from a signal source. Electrostatic force at-
tracts the film toward the pits, causing the
metalized polymer film to vibrate. The device
is reciprocal, receiving the sound waves in air
with the same physical principles. In the re-
celver mode, the recelved sound waves are
transducted into minute capacitance changes,
owing to the displacements of the film. The
capacitance is converted into electrical signals
by the transducer. The dc bias voltage aso
plays a very important role in determining the
performance of a capacitive air-coupled
transducer. A complete schematic diagram
of the experimental apparatus is shown in
Figure 3.

[0 Polyimide (130 pm)

@ B Cu(17 um)
) [ Meta (top) on apolymer layer (bottom)
DC bias voltage, V () =
- = =

Figure 2. Schematic diagram of a capacitive air-coupled transducer for ultrasound generation in air. The
Vie(t) and V(t) represent DC bias and AC bias voltages, respectively.

Flexible Cu/Pl (RO3003°, Rogers Co.)
backplate is made from commonly used
printed circuit board (PCB) materia. It hasa
17-um thick copper layer deposited on a
130-um thick polyimide layer. And its sur-
face roughness is measured at approximately
+1.2 um peak-to-peak using a profilometer.
The etched pits show a cupped shape with a
9-um depth, as shown in Figure 4.

2.2. Signal coding

During the experiments, we strive to obtain
measurements with large signal amplitude and
high signal-to-noise ratio (SNR). However,
air-coupled measurements typicaly have
small signal amplitude and low SNR, which
makes it difficult to extract useful information
[31]. To enhance the SNR, a pulse com-
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pression method has been used. The pulse
compression excitation works as follows:
suppose a broadband excitation signal is s(t),
and the impulse response of a system h(t) is
assumed to be linear and time invariant (LTI).
Then, the measured signal r(t) is given by

r(t) = s(t) = h(t) (1)

where ‘ * > represents the convolution operator.

To find the impulse response h(t) we perform
cross-correlation of the excitation signal s(t)
with the measured signal r(t). And this is
equivalent to convolving (t) with s(-t).
Therefore, we can rearrange Equation (1) as

() * s(—t) = (s(1) *h(t)) * s(—1). @)
Commuting and associating the right-hand
side of Equation (2), we obtain

rt) * s(-=1) = (s@)* s(—1) *h(t). ©)
The result of s(t) * s(—¢) is a zero phase sig-
nal, which is equivalent to f) * Sf) in the
frequency domain, where the superscript ( )’
denotes complex conjugation. Note that a
broadband signal with zero phase is equiva
lent to a filtered impulse of the same band-
width. Therefore, s(t) * s(—¢) can be mod-
eled as a band-limited impulse in the time
domain, denoted as 6(t). Therefore, the re-
sult of the correlation between measured sig-
nal and applied excitation signal is

r(t) * s(—t) = (t) * h(t) (4)

= h(t).

That is, we obtain the impulse response of the
test medium, limited by the bandwidth tailor-
ing in the choice of the original excitation and
the system electronics [19-20].

As mentioned in the Introduction, many
unsuccessful attempts have been made to de-
velop focused capacitive film transducers. No
one has attempted to fabricate spherical back-
plates because the silicon typically used as a
backplate materia is far too brittle. The fab-
rication of a conforma metalized polymer
film is another major obstacle to be overcome
in the development of a focused capacitive
air-coupled transducer. So, researchers have
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substituted external devices [22-28]. All these
attempts suffer from inherent problems, such
as narrowband frequency response and lower
sensitivity.

In this research we have designed and
tested two sizes of a spherically focused ca-
pacitive air-coupled transducer: one has a
10-mm diameter and 25.4-mm geometric fo-
ca length; the other has a 50-mm diameter
and 50.8-mm geometric focal length. Both
transducers employ a flexible cop-
per/polyimide backplate having the same sur-
face geometry, i.e. a 40-um pit diameter,
80-um center-to-center spacing, and 9-um pit
depth.

3. Transducer fabrication

Our  spherically focused capacitive
air-coupled transducer devices consist of
seven components, shown in Figure 1. In
order to ssimplify references to the 10 mm and
50 mm diameter transducers, we will denote
the 10 mm and 50 mm diameter transducers
as Type | and Type Il transducers, respec-
tively. The sphericaly curved backplate
fixtures for a Type | transducer are machined
to have 5+0.1 mm radius of curvature and an
active angular sensitivity of £15° with respect
to the normal axis. It is designed to provide
approximately 25.4-mm (or 1-inch) geometric
focal length, and should be applicable to al-
most all phase-match angles for common en-
gineering materials, including metals, plastics,
and carbon or glass fiber composites. For
example, an incident angular beam spread of
+14° will excite all phase-match angles (be-
low the shear critica angle) in a Plexiglas
plate. Any higher incident angle produces to-
tal reflection back into the generation medium
(air). On the other hand, a Type Il transducer
has 50+0.1 mm radius of curvature and active
angular sensitivity of £33° with respect to the
norma axis. This arrangement provides ap-
proximately 50.8 mm (or about 2 inches) of
geometric foca length. It is useful for either



materials inspection or imaging applications
in a wider range of materials because of the
higher numerical aperture. Because high pre-
cison in the shape of the curved backplate
fixture is not required, we have machined
them using a conventional CNC machine.
Thereafter, a 2-um diameter aluminum oxide
polish is used to bring the surface to a high
finish.

Research towards a focused capacitive film
transducer has been complicated by the in-
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stallation of the metalized polymer film on a
curved backplate, which produces many
wrinkles in an unprepared film.  Such wrin-
kles would compromise the performance
characteristics of the device. This effect is
far more severe for alarge spherically focused
capacitive air-coupled transducer. Previous
authors have had to content themselves with
backplate geometries that demand no defor-
mation of the Mylar film [26, 27].

Computer

Function generator

GPIB card

Data acquisition card

> (HP 33120)

(DASIZON2) M igger/gate || RITEC RAM 10000
T generator A gated amplifier
— i \4
Parker 4
Broadband receiver DC bias _,@ sca;nirystoe?g
(RITEC BR640) generator i controller
A n Z axis
- ]
DC bias generator _ [
Transmitter ! 1.9 y

T

Charge amplifier

Figure 3. Simplified schematic diagram of the experimental setup for capacitive
air-coupled ultrasound measurements.
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Figure 4. (a) SEM image of a copper(Cu)/polyimide(PI) backplate (b) Cross-sectional SEM image of a
Cu/PI backplate. The patterns are 40-um in diameter and 80-um center-to-center spacing be-

tween adjacent pits.

The primary cause of the wrinkles is the
in-plane tensile rigidity of a polymer film.
Even though a very thin polymer film is used
with avery small flexural modulus, its tensile
modulus is large enough that we cannot avoid
wrinkles unless we treat the polymer film
mechanically or chemically. The fabrication
of a conformal polymer film was a maor ob-
stacle to be overcome when we sought to
construct a focused capacitive air-coupled
transducer, together with the fabrication of a
curved backplate.

In order to solve this problem, we have de-
veloped a simple and easily applied process
that completely suppresses al wrinkles in a
Mylar film placed on a spherically curved
backplate. To accomplish this objective, we
have used a polished stainless steel ball bear-
ing to gently stretch the metalized Mylar film.
The radius of the steel ball bearing is ap-
proximately the same as the geometric focal
length of a spherically focused capacitive
transducer. For the Type | transducers we
have used a 1-inch radius stainless steel ball
bearing, and a 2-inch for the Type I device.

After stretching the film for about 20 to 30
seconds, the resulting film becomes semi-
spherical, like a counterpart of the spherical
backplate, where the polymer side is facing to
the backplate. When attaching the Mylar film
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on the spherically curved backplate, we apply
about 20 or 30 Vdc bias to the transducer.
This ssmple and easy process works with high
reliability, regardless of the film thickness, up
to 12.5 um. For instance, we have success-
fully stretched a 12.5-pum thick Kapton filmin
a perfectly spherical conforming shape. In
addition, this method is far better and more
efficient than other methods we have tried to
sphericaly deform Mylar films. Figure 5
shows photographs of Mylar films applied to
Type | and Il transducers. There is no signifi-
cant wrinkle on either film. The
cross-sectional views and fully constructed
images for a 10-mm and 50-mm diameter
spherically focused transducers are shown in
Figure 6.

4. Resultsand discussion

A series of experiments has been conducted
to characterize the spherically focused capaci-
tive transducers we have designed and built.
We have measured and predicted radiated
beam patterns from beam diameter, foca
length, frequency, and sound speed in air. In
order to demonstrate its focusing capability,
we have performed severa trial scans on
composite honeycomb, wood, and very thin
wire.
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(@

Figure 5. Photographs of spherically conformed Mylar films deployed on focused capacitive air-coupled
transducers, showing almost total absence of film wrinkling; (a) Type I and (b) Type II.

insul ator

insulator

(c) (d)

Figure 6. Cross-sectional diagrams and images of fully constructed Type | (a,b) and Type Il transducers
(c,d). A Type | has 10-mm diameter and 25.4-mm geometric focal length. A Type Il has a
50.8-mm diameter and 50.8-mm geometric focal length. The transducers are made of aluminum,
except the insulator. The insulator is fabricated from Delrin.
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Using a quasi-point receiver (collimated
planar air-coupled transducer) and focused
transmitter, either a Type | or |l transducer,
the two are coaxialy aligned and placed so
that they face each other. The re
ceiver-transmitter distance is carefully set at
the point where the received signal amplitude
shows the maximum. Depending on the focal
length of a spherically focused capacitive
transducer, it is observed that the distance can
vary from the geometric focal length.

Figure 7(a) shows typical response of a
Type Il transducer when specific experimen-
tal conditions are used, such as 6-um metal-
ized Mylar film with a 100-nm thick alumi-
num layer coated on one side, 200 Vdc is ap-
plied to a quasi point receiver, and 250 V
peak-to-peak transient signals are applied to a
transmitter. It is shown that the time of arrival
of the reflected waveform is approximately
149.3 usec, which corresponds to a distance
of 50.76 mm in air, assuming a sound velocity
is 340 m/s in air. It is very close to the geo-
metric focal length of a Type Il transducer,
which is50.8 mm (= 2 inch). A more detailed
study will be presented in the following sec-
tions. Figure 7(b) shows a corresponding fre-
guency spectrum centered at 805 kHz with a
bandwidth of approximately 800 kHz, which
ismeasured at alower and upper frequency of
400 and 1200 kHz, respectively. The wiggles
are caused by the diffractions in the
guasi-point receiver. We have observed avery
similar frequency spectrum for the Type | de-
vice. As discussed later, the frequency char-
acteristics are affected by various experimen-
tal conditions.

Note that, in addition to the transducer op-
erating conditions, the propagation distance of
an ultrasound in air can be accompanied by
significant attenuation in the received signals.
This attenuation can be predicted by [37]

o, ~15.80 x 10 (T[T
i (P/Po)

where T is the measured temperature, Ty isthe
room temperature in K, P is the measured

f2, dB/m (9

10 Int. J. Appl. Si. Eng., 2006. 4, 1

pressure, Py is the atmosphere pressure, and f
is the frequency of the signal. For example,
the attenuation signal at the frequency 800
kHz through 5 cm of air under the standard
conditions, i.e. T=T and P=P,, can be calcu-
lated by Equation (5), and the resulting at-
tenuation is 5.17 dB, which is not even a fac-
tor of two.
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Figure 7. Typical amplitude response and corre-
sponding frequency spectrum in a con-
focal configuration for a Type Il trans-
ducer: (a) normalized signal amplitude,
and (b) corresponding frequency spec-
trum. The quasi-point receiver is applied
at 200 dc V, and the transmitter is
driven by a broadband excitation (chirp)
at 250 V peak-to-peak.



4.1. Transducer characterization

The sound fields radiated from Type | and
Il transducers are measured and compared to
the theoretical predictions. Before the ex-
periments start, the quasi-point receiver and
transmitter, either a Type | or 1l transducer,
are carefully aligned in paralel and placed in
aconfocal configuration. To perform logical
and consistent transducer characterization, we
have defined a simple Cartesian coordinate
system as shown in Figure 8. The origin of the
coordinate system is located at the center of
the concave face of the spherical backplate in
a Type | or Il transducer. The theoretical
sound field of an ideal spherically focused
transducer is obtained using the O’Neil model,
which is a modified Rayleigh-Somerfeld
model. At the focal zone, this model shows
that radiating sound pressure, p, in a fluid
from a circular piston transducer of radius, a,
having uniform piston velocity vp can be
written as a Bessel function,

> exp(ikRy) J(kay/R,) (6)
R, kay /R,

where Ry is the focal length, R =+/R?+y?,
kis the wave number, p is the density, vy is
the radia distance, and J; is the first order
Bessel function.

P(R,, Y, ) =—ipov,a

1

Figure 8. Coordinate system used in the trans-

ducer characterization.
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4.2. 10-mm transducer

Figures 9 through 11 show the measured
sound fields and theoretical predictions in the
x-z plane at y=0, radiated from a 10-mm di-
ameter  spherically focused  capacitive
air-coupled transducer whose geometric focal
length is 25.4 mm. The sound field is
scanned in the x-z plane over an area of 8 mm
X 40 mm and with spatial resolutions of 0.1
mm and 0.2 mm in the x- and z-axis, respec-
tively. The precise position control is
achieved by the computer controlled
Parker-Daedel system. In order to obtain bet-
ter insight into the field radiated from the
transducer, measurements are made using
three excitation signals: 500 kHz and 800 kHz
tone burst, and broadband excitation (100 to
1500 kHz). The figures show peak-to-peak
sound field amplitudes at each point where a
darker red region represents much stronger
sound field amplitude than a dark blue region.

Figure 9 shows the scanning results as the
transducer is driven by a 500 kHz tone burst
excitation.  The maximum amplitude is
measured at z=18.4 mm, compared to the
theoretical prediction of 18.25 mm. The focal
zone (or 6-dB drop-off points) is observed
between 12.5 mm and 33.4 mm. It is very
close to the theoretical predictions of 12.3 and
37.82 mm. Similarly, when it is driven by 800
kHz tone burst, shown in Figure 10, the
maximum amplitude is measured at z=21.6
mm, while the theoretical prediction is 21.5
mm. Its focal zone is measured between 17.4
mm and 32.1 mm, compared to the theoretical
prediction of 15.6 and 36.8 mm. For broad-
band excitation, the maximum amplitude and
focal zone are measured at 24.9 mm and 17.1
and 34.1 mm, respectively. The calculated
focal lengths of the Type | transducer are 18.4
mm, 21.6 mm and 24.9 mm for 500 kHz tone
burst, 800 kHz tone burst, and broadband ex-
citation. The theoretical predictions are suf-
ficiently close to the experimental measure-
ments for us to conclude that our device is
operating like an idea spherically focused

Int. J. Appl. Sci. Eng., 2006. 4, 1 11
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(b)
Measured sound pressure field (a) and
theoretical prediction (b) in the x-z
plane radiated from a 10-mm diameter,
25.4-mm focal length spherically fo-
cused air-coupled transducer driven by
500 kHz tone burst. The focal zone at
-6 dB is approximately 12.5-33.4 mm.
The maximum amplitude is measured
at 18.4 mm, compared to the theoreti-
cal prediction of 18.3 mm. Darker red

Figure 9.

regions represent much stronger
sound pressure fields than dark blue
regions.

Figure 10(b) shows the cross sections of the
focal region of the measured and theoretical
sound pressure fields radiated from the 10
mm diameter transducer.  The theoretical
sound pressure field is calculated by Equation
(6). The measurements are obtained at the
focal zone for each excitation signal, which
we have found in the x-z plane scan. For the
500 kHz tone burst excitation shown in Figure
9, the full width at half maximum (FWHM)
value, or 6-dB drop-off point, is approxi-
mately 2.61 mm, compared to the theoretical
prediction of 258 mm. There is small am-
plitude difference in the side lobes between
measurements and theoretical predictions.
This difference resulted from the misalign-
ments in the receiver and transmitter since we

12 Int. J. Appl. Si. Eng., 2006. 4, 1

manually control their leveling. This can be
improved by aligning both the receiver and
transmitter more accurately. For the 800 kHz
tone burst excitation, the FWHM value is
measured to be 1.38 mm, and its theoretical
prediction is 1.37 mm as shown in Figure 10.
Owing to better alignments between the
guasi-point receiver and transmitter, the
measurements are shown to have good
agreement with theoretical predictions in the
side lobes, as shown in Figures 11 and 12.
When the transducer is driven by a broadband
excitation signa (100 to 1500 kHz), the
measured FWHM value is approximately 2.7
mm at the focal point, z=24.9 mm. So the fo-
cal zone beam diameters of the Type | trans-
ducer are 2.61 mm, 1.38 mm, and 2.7 mm for
500 kHz tone burst, 800 kHz tone burst and
broadband excitation. There is no significant
difference from an ideal spherically focused
piston transducer’s beam diameter.

4
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Figure 10. Measured sound pressure field (a) and
theoretical prediction (b) in the x-z
plane radiated from a 10-mm device
driven by an 800 kHz tone burst. The
focal zone at -6 dB is approximately
17.4 to 32.1 mm. The maximum ampli-
tude is measured at 21.6 mm, com-
pared to the theoretical estimate of 21.5
mm.

4.3. 50-mm transducer

Similar to the Type I, 10-mm transducer,
we have performed the same experiments to
determine the true focal length of a 50 mm



diameter spherically focused capacitive
air-coupled transducer whose geometric focal
length is 50.8 mm (about 2 inches). Figures
13 and 14 show the measured sound fields
and theoretical predictions in the x-z plane at
y = 0. The theoretical sound pressure is calcu-
lated by the O’Neil model [37]. The sound
field is scanned in the x-z plane over an area
of 4 mm x 60 mm and with spatial resolutions
of 0.05 mm and 0.2 mm in the x- and z-axis,
respectively. Measurements are also made
using two excitation signas, 500 kHz and a
broadband excitation (100 to 1500 kHz). The
figures show peak-to-peak sound field ampli-
tude at each point where a darker red region
represents much stronger sound field ampli-
tude than a dark blue region. Figure 13 shows
the scanning results for a 500 kHz tone burst
excitation. We find the maximum amplitude at
z=50.55 mm, compared to the theoretical pre-
diction of 50.6 mm. The focal zone (6-dB
drop-off points) is observed between 47.7 mm
and 54.3 mm, very close to the theoretica
predictions of 47.6 to 54.15 mm. For the
broadband excitation, the maximum ampli-
tude and focal zone are found at 50.7 mm and
46 to 57 mm, respectively. The foca lengths
of the Type Il transducer computed according
to physical acoustics are 50.55 mm for 500
kHz tone burst and 50.7 mm for the broad-
band excitation, which are acceptably close to
the calculation. Therefore, we conclude that
the transducer is operating as an idea spheri-
cally focused piston radiator.

Figure 15 shows the measured and theo-
retical sound pressure field cross sections in
the focal region from a 25.4 mm radius, 50.8
mm focal length spherically focused
air-coupled transducer excited by a 800-kHz
tone burst. The theoretical sound pressure is
calculated by Equation (6). For a 500 kHz
tone burst, the full width at half maximum
(FWHM) value, or 6-dB drop-off points, is
approximately 0.94 mm, compared to the
theoretical prediction of 0.938 mm. Simi-
larly, for the 800 kHz tone burst excitation,
the FWHM value is measured approximately

Design, Fabrication and Characterization of a Spherically
Focused Capacitive Air-Coupled Ultrasonic Transducer
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Figure 11. Measured sag|tta| (a) and cross-section
(b) sound pressure fields radiated by
the 10-mm focused radiator driven by a
broadband transient signal. The focal
zone at -6 dB is approximately 17.1 to
34.1 mm. The maximum amplitude is
measured at 24.9 mm. Darker red re-
gions represent much stronger sound
pressure fields than dark blue regions.
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Figure 12. Cross section of the focal plane (z=21.5
mm) for the measured and theoretical
sound pressure fields radiated from a
10-mm diameter, 25.4 mm focal length
spherically focused air-coupled trans-
ducer when driven by 800 kHz tone
burst excitations. The width of the
measured sound fields at a half maxi-
mum (or 6-dB drop-off points) is ap-
proximately 1.38 mm, compared to the
theoretical estimate of 1.37 mm.
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Figure 13. Measured sound pressure field (a) and
theoretical prediction (b) in the x-z
plane radiated from a 25.4-mm radius,
50.8-mm focal length driven by 500
kHz tone-burst. The focal zone (or 6-dB
drop-off points) is approximately
47.7-54.3 mm. The maximum ampli-
tude is measured at 50.55 mm (about 2
inches). Darker red regions represent
much stronger sound pressure fields
than dark blue regions.

0.71 mm and its theoretica prediction is
0.708 mm. When the transducer is driven by
broadband excitation signal (100 to 1500
kHz), the measured FWHM vaue is ap-
proximately 1.32 mm a the focal point,
z=50.7 mm. The calculated beam diameter
(at -6 dB) of the Type Il transducer is 1.32
mm for broadband excitation. The observed
asymmetry in some plots is caused, we be-
lieve, by imperfect misalignment between the
receiver and transmitter, which can be attrib-
uted to the limitations of our transducer posi-
tioning. Because wavelengths are short in
air, transducer alignment is critica to the
measurement of accurate results.

4.4. Applicationsto ultrasonic NDE

To demonstrate the spatial resolution and
C-scan imaging performance of our new
transducers, identical pairs of either 10-mm or
50-mm devices have been used to scan or
image various samples in a confocal,

14 Int. J. Appl. Si. Eng., 2006. 4, 1

through-transmission configuration.  Both
sets of transducers employ 6 um thick alu-
minized Mylar films. On the receiver side a
300 Vdc bias is applied. The transmitter is
driven by a 1 MHz tone burst at a dc bias of
250 Vpp. Figure 16(a) shows a 2-dimension
C-scan image produced by scanning a thin
wire (diameter = 340.0 + 2.0 um) over an area
of 1 x 5 mm and with a spatia resolution of
0.01 mm. The black region represents the
image of the wire. Figures 16(b) and (c)
show the normalized peak-to-peak signal am-
plitude measured across the wire and its cor-
responding frequency response. The meas
urements show that the diameter of the wireis
254 um, as judged by taking the difference of
the lateral positions at 6-dB higher than the
minimum. Based on these experimenta re-
sults, we hypothesize that the Type Il (50-mm)
transducer is capable of an image resolution
of about 130-um in broadband excitation.

1

Mormalized amplitude (arb.)

0 Ell 40 A0 &0 70 a0
Transmitter-Recewer distance (mm)

(b)

Measured sound pressure fields radi-
ated from a 25.4-mm (1 inch) radius,
50.8-mm (2 inches) focal length
driven by broadband transient sig-
nals. The focal zone (or 6-dB drop-off
points) is approximately 46-57 mm.
The maximum amplitude is meas-
ured at 50.7 mm (~ 2 inches). Darker
red regions represent much stronger
sound pressure fields than dark blue
regions.

Figure 14.
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Figure 15. Cross sections of measured and theo-
retical sound pressure field amplitudes
in the focal region (z=50.8 mm) of a
25.4-mm radius, 50.8-mm focal length
spherically focused air-coupled trans-
ducer when driven by an 800 kHz tone
burst excitation. The vertical scale
units are arbitrary and the experimental
curve is normalized to the peak of the
calculation. The width of the meas-
ured sound fields at a half maximum
(or 6-dB drop-off points) is approxi-
mately 0.71 mm, compared to a theo-
retical estimate of 0.708 mm.

Figure 17(a) shows the result of scanning
with a pair of the 10-mm transducers in
broadband excitation on a sample of honey-
comb-core structural material with composite
facesheets. Embedded into the compos
ite/lhoneycomb are composite inserts, as illus-
trated in Figure 17(b). The C-scan, per-
formed with the Type | devices in a confocal
through-transmission geometry, clearly im-
ages al significant structure in the sample,
including the texture of the woven graph-
ite-epoxy composite facesheets. The inserts
and their bonding to the facesheets are also
well imaged in thisfigure.

Figures 18(a) and (b) show a photograph
and air-coupled C-scan image of a natural
material, balsa wood core, using the 10-mm
transducers in broadband excitation. This

Design, Fabrication and Characterization of a Spherically
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Figure 16. (a) A 2-dimension scan image of a
copper wire. The dark black line repre-
sents the wire. (b) Normalized
peak-to-peak signal amplitude meas-
ured across a copper wire, and (c)
Corresponding frequency response.
The diameter of the wire is approxi-
mately 250+2.0 um.

materia is fabricated as the 25-mm thick core
of a marine composite to be finished with
glass-epoxy facesheets. In the C-scan image
we can see both the natural ring growth
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structure, as well as severa interna naturaly
occurring defects. The bondline between
sections of the vertical-grain balsa wood is
clearly visible at the right edge of the image.

SK-MTOO20910-1-102; OTE Tesl Panal, 1.5° Composite Spoal insers

composite spool

foam adhesive

(b)

Figure 17. (a) Air-coupled confocal C-scan with
10-mm transducers of composite
facesheet/honeycomb samples with
inserts, showing texture in composite
facesheet and details of bonding of
spool inserts to facesheets; (b) ge-
ometry of composite spool inserts.

5. Conclusions

We have designed, fabricated, and charac-
terized two different types of sphericaly fo-
cused capacitive air-coupled transducers for
the first time. One has a 10-mm diameter
and 25.4-mm geometric focal length, and the
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Figure 18.

(a) photograph of balsa wood core of
a marine composite, where blue rec-
tangle shows area scanned in C-scan
image; (b) air-coupled C-scan of
balsa wood performed using 10-mm
transducers in broadband excitation.

other has a 50-mm diameter and 50.8 mm
geometric focal length. The key element
that permits the simple fabrication of our
transducers is a flexible copper/polyimide
circuit board material, which we have em-
ployed as a backplate in place of the conven-
tional silicon substrate. Utilizing its de-
formability and ease of microfabrication, we
have demonstrated that spherically focused
air-coupled ultrasonic probes can be made to
function without the need of an externa fo-
cusing device, such as a zone plate or an
acoustic mirror.  In addition, our focused
capacitive transducer can be constructed with
any backplate shape, permitting any type of
spherical, bi-radial, or cylindrical focused or
defocused beam. The flexible backplate
further assures us of low fabrication cost and
time. We have dso invented a ssimple and
easily applied method to conform the metal-
ized polymer film onto a spherically curved
backplate, while suppressing wrinkling on the
film. Both spherically focused capacitive
transducers have frequency spectra centered
at 805 kHz with —6-dB points at 400 kHz and
1200 kHz. The measured behavior is com-
pared to the theoretical predictions based on
physical acoustics calculations. Good agree-



ment has been shown between measurement
and theory, suggesting that our probes behave

as ideal spherically focused piston transducers.

We have demonstrated the imaging and NDE
capabilities of these new devices through two
C-scan images and by imaging a 250 pm di-
ameter copper wire.
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