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An air-coupled micromachined silicon electrostatic transducer has been used to detect
ultrasound generated by a pulsed laser in metals and polymers. Bulk longitudinal and shear
wave modes have been observed, as have Rayleigh waves in thick samples and Lamb waves in
thinner plates. The results are in good agreement with surface displacement waveforms obtained
using a contact capacitance device as a reference. The result is a flexible noncontact ultrasonic
system with potential uses in materials characterization.

PACS numbers: 43.58.Vb, 43.38.Bs, 43.35.Yb

INTRODUCTION

Many situations occur in ultrasonic nondestructive
testing where contact between transducer and sample is
either undesirable or impossible, for example when the
item to be tested is moving, hot or both. Several noncon-
tact transduction techniques have been described in the
literature, including optical methods,? electromagnetic
acoustic transducers (EMATS) ,3 capacitance transducers,4
and others involving transmission and reception of the ul-
trasonic signal using air as the coupling medium.’

EMATSs are able to generate and detect eddy currents,
and are very simple devices consisting of a magnet and an
rf coil. They are relatively insensitive, however, and are
limited to electrically conductive materials such as metals
at small stand-off distances (typically a few millimeters or
less). These latter limitations are also shared by capaci-
tance transducers which detect surface motion directly.

To enable noncontact transduction at a variety of solid
surfaces, recent work has investigated optical methods for
both generation and detection of ultrasonic transients. One
attraction of such an approach is that an optical beam can
be scanned easily and rapidly over the surface of an object.
A pulsed laser is usually used for ultrasonic generation,®’
with detection based on some form of interferometry or
laser beam deflection.® Many combinations are possible,’
with recent applications including the inspection of large
areas of a fiber reinforced polymer composite,'® and the
testing of hot metals.!! A pulsed laser generates ultrasound
using one of several possible mechanisms. In thermoelastic
generation, the absorption of optical energy causes rapid
thermal expansion, and hence ultrasonic generation occurs
with a characteristic displacement waveform at the normal
to the generation surface which contains a large shear com-
ponent. Alternatively, the laser can be focused to produce
an increased optical power density at the generation sur-
face. Under such conditions, material ablation leads to a
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source with a displacement waveform dominated by a large
monopolar longitudinal signal, and a smaller shear tran-
sient. A similar result is obtained by the evaporation of a
fluid coating from the surface of the sample. Surface (Ray-
leigh) waves in thick samples, and guided modes (Lamb
waves) in thin plates, can also be produced using these
mechanisms.

There are some situations where the use of optical
techniques for ultrasonic detection is not ideal (e.g., at
very rough and nonreflective surfaces). In these situations
it may be more practical to use more conventional trans-
ducers that use air as a coupling medium. Several types of
air-coupled transducer exist. Composite piezoelectric
transducers consist of piezoceramics such as PZT (lead-
zirconate—titanate) which have been impedance matched
to air to improve their efficiency. This can be achieved by
machining grooves in the ceramic and filling them with
epoxy,'>!® leading to structures such as 1-3 connectivity
composites. These can be tailored to have optimal electri-
cal and mechanical properties for operation in air as either
sources or receivers. An alternative design uses
piezoceramic/polymer laminates.'* In either case, imped-
ance matching layers'® tend to be used, to enhance trans-
mission across the air/transducer boundary. Examples in-
clude thin layers of Lucite for composite devices'> and
compacted air-filled miniature spheres (“solid air”’) for
conventional piezoelectric ceramics.'® These types of trans-
ducer tend to have a narrow bandwidth and are usually
resonant, although damping may be introduced via a suit-
able backing layer to increase bandwidth at the expense of
sensitivity.

An alternative design involves the use of piezopolymer
foil transducers,!” which are manufactured using polyvi-
nylidene fluoride (PVDF) polymer film or copolymers of,
for example, vinylidene fluoride (VDF) and trifluoroeth-
ylene (TRFE)."® Piezopolymers are better matched to air
than ceramics and their relatively low mass gives them a
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FIG. 1. (a) Through transmission in air using two air-coupled devices.
(b) Improved transmission in air using a pulsed laser.

wide bandwidth. Their mechanical flexibility also allows
curved and array transducers to be manufactured with rel-
ative ease.'”

Recent research has also involved the investigation of
electrostatic or capacitance transducers.?® These consist of
a metallized polymer membrane, stretched over a rough-
ened backplate electrode to which a bias voltage is usually
applied. When used as a detector, motion of the membrane
causes variations in the electric field between the electrodes
and thus also in the effective charge on the electrodes,
which may then be detected using a charge sensitive am-
plifier. In generation, a driving voltage applied to the rigid
backplate causes motion of the membrane. The quantity
and dimensions of the air pockets formed between the
roughened backplate and membrane appear to dictate the
beam profile, frequency response, and sensitivity of the
device.?! The majority of the backplate electrodes reported
in the literature are metallic, and are roughened by me-
chanical means, producing nonuniform surfaces and de-
vices which are difficult to construct with reproducible
characteristics. Despite these drawbacks, these devices give
a good response in air at frequencies of up to 1 MHz, and
have received recent interest for use in air-coupled trans-
ducer arrays for imaging and range-finding applications.??
Recent work has attempted to improve reproducibility,
sensitivity, and bandwidth by investigating the use of back-
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FIG. 2. Schematic diagram of the apparatus using the electrostatic air
transducer.

plates fabricated from silicon.*"2” Due to the uniformity of

this silicon electrode and the accuracy and repeatability of
integrated circuit manufacturing techniques, this form of
device can be easily standardized. Such a design is used in
this paper, and further details are given below.

The impedance mismatch between solid materials and
air is probably the main reason why air-coupled ultrasonic
applications appear to be restricted to areas such as range
finding, surface profiling, and object identification, where
reflection from an air/solid interface is used. If, however, it
is required to couple ultrasound into a material (e.g., for
material characterization), then the situation becomes
more problematic. The intensity transmission coefficient at
normal incidence across a boundary between two materials
with different acoustic properties is given by the well-
known equation?®

a,=42,Z,/(Z\+Z,), (1)

where a, is the dimensionless transmission coefficient and
Z,,Z, are the specific acoustic impedances of the two ma-
terials, given by

Z,,=p,,C,,, (2)

where p, and c, are the density and acoustic velocity of the
material.

The value of @, at an air/solid boundary is of the order
of 0.0001 for most materials, and with such low transmis-
sion coefficients, measurement of material properties using
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FIG. 3. Schematic diagram of the electrostatic air coupled transducer.
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FIG. 4. Schematic diagram of the contact capacitance transducer.

air-coupled ultrasound is therefore difficult. Consider the
scenario shown in Fig. 1(a), in which ultrasound is gen-
erated in air, passes through a solid material (e.g., alumi-
num), and is then detected in air on the opposite side. Only
a small fraction of the original acoustic energy is transmit-
ted through both air/solid interfaces to reach the receiver
(the values shown are percentages). Now consider the sec-
ond scenario shown in Fig. 1(b), in which the ultrasound
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FIG. 5. (a) Longitudinal arrival in 44.0-mm aluminum using the contact
capacitance device. (b) Frequency spectrum of (a).
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is generated directly in the solid material using a pulsed
laser. One of the interfaces with air has effectively been
removed, so that now far more of the original acoustic
energy reaches the receiver, making material characteriza-
tion in air more feasible. In addition, a laser source is able
to generate a multitude of different waves in a material.
The work described here uses this arrangement to detect
various laser generated acoustic waves in a number of ma-
terials using a silicon-based electrostatic device as a detec-
tor.

Il. APPARATUS AND EXPERIMENT

Initial experiments were performed to detect laser-
generated waveforms in a variety of solid materials, using
both a micromachined silicon electrostatic transducer op-
erating in air, and a standard broadband contact capaci-
tance device. For the detection of longitudinal and shear
waves, the equipment shown schematicaily in Fig. 2 was
used, with the transducer face parallel to the surface of the
sample (i.e., 6=0"), and the laser source directly in line
with the detector. The laser used for these characterization
experiments was a Lumonics “Mini-Q” Q-switched
Nd:YAG operating at an optical wavelength of 1064 nm,
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FIG. 6. (a) Longitudinal arrival in 44.0-mm aluminum using the air-
coupled transducer. (b) Frequency spectrum of (a).
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FIG. 7. (a) Signal in 12.83-mm aluminum using the contact capacitance transducer. (b) Signal in 12.83-mm aluminum using the electrostatic air
transducer. (¢) Modified frequency spectrum. (d) Waveform obtained from an inverse FFT of (c).

with a pulse duration of 4 ns and a maximum pulse energy
of 120 mJ. This was directed onto an aluminum target to
give an ablative source, the spot size being approximately 2
mm in diameter. Signals were then detected by the air-
coupled electrostatic device, to which a dc bias of 100 V
was applied via a Cooknell CA6/C charge amplifier with
SU2/C power supply. The resultant time waveforms were
captured using a Tektronix TDS 540 digital oscilloscope
and transferred to an IBM PS/2 model 30 PC via an
IEEE/488 interface for storage and analysis. In these ex-
periments, a 5-mm air gap between the sample surface and
the transducer was used, although much larger separations
are possible.

The construction of the air-coupled device is shown
schematically in Fig. 3. It used a silicon wafer into which
small pits 40 pm in diameter, 80 ym apart, and approxi-
mately 30 um deep had been anisotropically etched. A thin
gold electrode was then evaporated onto the silicon, over
which the metallized polymer film (7.5-um “Kapton”
polyimide) was placed. The applied bias voltage draws the
film tightly over the etched pits causing them to behave in
a similar way to miniature drum skins. The device used
here had dimensions of 10X 7 mm, and could act as both a
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transmitter and receiver of ultrasonic transients, but in
these experiments it was acting as a receiver only.

To characterize the waveforms detected by the silicon
transducer in air, waveforms were also detected for similar
generation conditions using a contacting capacitance trans-
ducer, using the aluminum sample as one electrode
(earthed), and a steel sphere in an insulated brass case as
the second electrode, as shown in Fig. 4. This form of
capacitance device has been well documented, and is
known to be a broadband displacement sensor.* A house-
hold polymer film of 5 um thickness was used as the di-
electric between the two electrodes. Experiments were per-
formed by simply replacing the micromachined silicon
electrostatic air device with the contacting capacitance
transducer, using the same bias voltage/charge amplifier
unit and digital waveform recording facilities.

In addition to bulk modes transmitted through a sam-
ple and into air on the opposite side, Rayleigh waves®
generated on a thick solid sample were studied. These ex-
periments used the apparatus shown previously in Fig. 2,
but with the laser source and air-coupled detector on the
same surface, and the detector inclined at some angle 0
toward the source. This was to detect the energy radiated
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FIG. 8. (a) Varying optical power density waveforms for the contact
capacitance device. (The waveforms have been inverted for presentation
purpases.) (b) Varying optical power density waveforms for the electro-
static air transducer. (The waveforms have been inverted for presentation
purposes. )
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FIG. 9. Surface waves in aluminum using the contact capacitance trans-
ducer.
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FIG. 10. (a) Surface waves in aluminum at 8=0° in air. (b) Surface
waves in aluminum at 8=3" in air. (¢) Surface waves in aluminum at
6=6" in air.

into air by the “leaky” Rayleigh wave, which is emitted at
an angle given by Snell’s law:

sin o, ¢

(3)

sina, ¢’
where « is the angle the wave makes with the boundary, ¢
is the velocity in material 1 (the solid) and 2 (air). For
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FIG. 11. Lamb waves in 0.69-mm aluminum using the contact capaci-
tance device.

surface waves, a; =90 and so the angle 6 at which a sur-
face wave radiates into air is simply

O=sin"[c,/q,]. 4)

The air-coupled device was only able to look at one angle
(i.e., one value of 8) at a time, and hence there was ex-
pected to be an optimum angle for detection of a given
feature having a certain velocity. As before, comparisons
could be made to the normal displacement waveform, de-
tected by the contacting capacitance transducer of Fig. 4.

Plate waves (Lamb waves)?® may also be generated by
a laser source in thin plates. These waves are dispersive and
hence waves of different frequencies travel at different ve-
Jocities in the same material. This also means that the dif-
ferent frequencies radiate or “leak” into air at different
angles. Lamb waves exist in two sets of modes, symmetric
and asymmetric. There are various orders within each set
of modes, but if the plate thickness ¢ is small enough, then
only two modes exist, the zero-order symmetric (sy) and
asymmetric (a,) modes. At low frequencies, the phase ve-
locity of the symmetric modes will tend toward a single
value known as the sheet velocity, which is slightly less
than the longitudinal wave velocity for the material. The a,
mode becomes highly dispersive, however, with low fre-
quencies traveling at lower phase velocities. To detect such
modes, the air-coupled electrostatic device can be placed at
some angle to the sample (a thin plate) as shown in Fig. 2,
but because of dispersion effects the recorded signal is ex-
pected to be a strong function of the angle 6.

ii. RESULTS AND DISCUSSION
A. Longitudinal and shear signals

The first experiments compared the signals detected by
the silicon electrostatic transducer, using the configuration
shown earlier in Fig. 2, with those of normal displacement
of an aluminum surface for bulk mode propagation, de-
tected by the contacting capacitance device of Fig. 4. The
surface motion recorded in a 44-mm-thick aluminium plate
for an ablative source (longitudinal arrival only) from the
capacitance transducer is shown in Fig. 5(a). To illustrate
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the bandwidth present in this signal, a fast Fourier trans-
form (FFT) of this signal was calculated, the result being
presented in Fig. 5(b). This indicates that the contacting
capacitance device was a broadband displacement sensor
up to at least 10 MHz, which was also the upper frequency
limit of the charge amplifier. The corresponding waveform
for the electrostatic air transducer is shown in Fig. 6(a),
with the FFT of the longitudinal arrival shown in Fig.
6(b). This indicates that the air transducer has a narrower
bandwidth, with a reduced response at both low and high
frequencies, when compared to the contact capacitance de-
vice. This may be attributed in part to the attenuation of
high frequencies in air, as well as the different characteris-
tics of the transducer, such as its larger active area. In
addition, the applied bias voltage was limited by the charge
amplifier to 100 V, and so the increased bandwidth which
may be obtained by applying bias voltages of up to 400 V
could not be used.”

A more typical waveform showing multiple echoes
within a thinner (12.83 mm) sample of aluminum 1s shown
in Fig. 7(a) using the contact capacitance transducer.
Here, L1, etc. are the longitudinal wave arrivals, S1 is the
first shear wave arrival, and M1, etc. are the mode con-
verted shear waves formed from the reflection of a longi-
tudinal wave from a metal/air interface. The feature R1 is
a reflection from the edge of the sample. Figure 7(b) shows
the corresponding signal from the electrostatic air trans-
ducer, and there is excellent correlation between the two,
with all the main features (L1,51,M1, etc.) seen in the
contact transducer waveform clearly visible in the air cou-
pled waveform. It is difficult, however, to deduce from
these results whether the electrostatic device is a displace-
ment or a velocity sensor. The signal in Fig. 6(a) is the
response of the air transducer to what is essentially a delta
function from the laser, and hence the spectrum shown in
Fig. 6(b) may be thought of as the overall frequency re-
sponse of the device. If the FFT of the contact capacitance
device waveform containing multiple echoes shown in Fig.
7(a) is muitiplied by the FFT shown in Fig. 6(b) of the air
transducer response, the frequency spectrum shown in Fig.
7(c) is produced. The waveform corresponding to this
spectrum can be obtained using an inverse FFT, with the
result shown in Fig. 7(d). This is, in effect, the surface
displacement waveform Fig. 7(a) filtered over the re-
stricted range of frequencies detected by the air transducer.
Comparison of Fig. 7(d) to the air transducer waveform
containing multiple echoes, Fig. 7(b), demonstrates a high
degree of similarity, and so it would be reasonable to as-
sume that the electrostatic device may be approximated to
a displacement sensor with a reduced bandwidth, rather
than a velocity sensor.

Another experiment was carried out in which the op-
tical power density at the aluminum surface produced by
the laser source was gradually increased, so that the gen-
eration mechanism changed from thermoelastic expansion
to ablation. A selection of waveforms is presented in Fig.
8(a) for the contact capacitance device and Fig. 8(b) for
the air-coupled electrostatic transducer. Again there is
good correlation between the two devices. The steplike
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shear arrival S1 is present in most of the waveforms, and
the monopolar longitudinal arrival L] and it’s echo L2
increasingly dominate the signal as the source becomes
more ablative.

Similar results were also obtained in samples of brass
and steel, with variations due to differences in microstruc-
ture, thermal characteristics, and elastic properties. Wave-
forms were also obtained in polymethylmethacrylate
(“Plexiglass” or *“‘perspex”) samples by replacing the
Nd:YAG laser with a Lumonics “Lasermark’ series model
630 CO, TEA laser, which had a pulse duration of 100 ns
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FIG. 12. (a) Lamb waves in 0.69-mm aluminum at #=2" in air. (b)
Lamb waves in 0.69-mm aluminum at =5 in air. (¢) Lamb waves in
0.69-mm aluminum at #= 10" in air. (d) Lamb waves in 0.69-mm alumi-
num at =15" in air. (¢) Lamb waves in 0.69-mm aluminum at §=20°
in air.

and a maximum energy of 8 J. This operated at an optical
wavelength of 10.6 pum, in the far infrared, where absorp-
tion in this polymer, which transmits visible and near in-
frared light, is high. The waveforms displayed the same
characteristics, but with a more prominent shear step due
to improved thermoelastic generation.

B. Rayleigh and Lamb wave signals

As previously stated, surface waves (Rayleigh waves)
are generated by a laser source at a solid surface simulta-
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neously with bulk modes. The apparatus used was shown
schematically earlier in Fig. 2, using the Nd:YAG laser
and both the air-coupled device and the contacting capac-
itance transducer in turn on the same side of an aluminum
sample 180 mm diam and 86.0 mm thick. A typical normal
displacement waveform as detected by the contacting ca-
pacitance transducer is shown in Fig. 9. Feature E is the
electrical feedthrough from the laser, and is in effect a noise
signal, § is a surface skimming longitudinal wave, R is the
Rayleigh wave traveling at slightly less than the bulk shear
wave velocity, and L is the first longitudinal wave echo
within the block thickness. The experiment was then re-
peated using the air coupled transducer, with results for
various values of 8 (the angle the transducer makes with
the surface normal), being shown in Fig. 10. The different
wave types radiate into the air at different angles depending
on their velocity, as dictated by Snell's law in Eq. (4), and
hence detection of the annotated features by the air trans-
ducer could be optimized by varying 8, as shown for (a)
the longitudinal wave L (0=0"), (b) the surface skimming
wave S (8=3"), and (c) the Rayleigh wave R (8=6°).

Lamb waves were detected using the arrangement
shown earlier in Fig. 2, initially with the contact capaci-
tance transducer displaced 50 mm laterally from the
Nd:YAG laser source. A 300X 300 mm plate of 0.69-mm-
thick aluminum was used, and a typical normal displace-
ment waveform obtained is shown in Fig. 11. The zero-
order symmetric (s;) and asymmetric (@¢;) modes are
clearly visible. Both modes show some dispersion, due to
the thickness of the plate and the range of frequencies
present, but this is more prominent in the a, mode, as
would be expected for the dispersion relations for these
modes in thin plates.

By replacing the contact device with the electrostatic
air transducer, the various Lamb modes could be detected
in air. A selection of waveforms at different angles of the
detector (0 in Fig. 2) is shown in Fig. 12(a) to (e). At
8=2°, the symmetric mode s is clearly visible, but reduces
in amplitude at 0=5°, and is not present at 10°. This is to
be expected, as the s, mode in thin plates has a velocity
approaching the sheet (i.e., longitudinal) velocity, and
hence will radiate into air at small angles, The higher fre-
quency asymmetric vibrations become more prominent at
0=5"-10", and at higher angles the frequency content of
this asymmetric mode clearly decreases. Lamb waves were
also generated and detected in a 1.5-mm-thick plate of
polymethylmethacrylate (“Plexiglass™ or “perspex™) us-
ing the CO, laser described previously as the ultrasonic
source. These also displayed the same features, namely the
initial s, mode signal, followed by the highly dispersive a,
mode.

lll. CONCLUSIONS

Experiments have been performed in which laser-
generated ultrasonic waves have been detected using a mi-
cromachined electrostatic air transducer. Longitudinal and
shear arrivals have been observed in aluminum, brass, and
steel, surface waves in aluminum, and Lamb waves in thin
plates of aluminum and polymethylmethacrylate (“Plexi-
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glass” or “perspex”). The response of this transducer has
been compared with that of a contact capacitance device
which is a known broadband surface displacement sensor,
and it appears that the electrostatic device is also a dis-
placement sensor with a reduced bandwidth. The flexibility
of this hybrid system has been demonstrated, and it should
find use in many applications where contact with a mate-
rial needs to be avoided.
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