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Abstract

This work presents the experimental investigation of vibration maps of a linear array transducer
with 192 piezoelements by means of a laser Doppler vibrometer at various manufacturing finishing
steps in air and in water. Over the years, many researchers have investigated cross-coupling in
fabricated prototypes but not in arrays at various manufacturing stages. Only the central element
of the array was driven at its working frequency of 5 MHz. The experimental results showed that
the contributions of cross-coupling depend on the elements of the acoustic stack: Lead Zirconate
Titanate (PZT), kerf, filler, matching layer, and lens. The oscillation amplitudes spanned from
(6 £ 38%) nm to (110 £ 40%) nm when the energized element was tested in air and from
(6 £ 57%) nm to (80 £ 67%) nm when measurements were obtained under water. The best inter-
element isolation of —22 dB was measured in air after cutting the kerfs, whereas the poorest
isolation was —2 dB under water with an acoustic lens (complete acoustic stack). The vibration
pattern in water showed a higher standard deviation on the displacement measurements than the
one obtained in air, due to the influence of acousto-optic interactions. The amount increased to
30% in water, as estimated by a comparison with the measurements in air. This work describes a
valuable method for manufacturers to investigate the correspondence between the manufacturing
process and the quantitative evaluations of the resulting effects.
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Introduction

Ultrasound medical imaging has become increasingly more demanding with transducer perfor-
mance evaluation and optimization. The characterization of ultrasound arrays for medical
imaging, in-house process development, and investment in state-of-the-art fabrication equipment
are key issues for teams of scientists, engineers, and technicians.
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Real-time imaging performance deteriorates with inter-element cross-coupling, which
decreases the sensitivity and angular directivity, and increases the acoustic noise level. Many
researchers have investigated this phenomenon with various prototypes'-® over the years.

Inter-element coupling has been identified to be the major problem in manufacturing elec-
tronic multi-element array transducers. Evaluation of the performance of array transducers is
usually carried out by measuring impulse responses, radiation patterns, and cross-coupling
between neighboring elements. The inter-element isolation quantifies the unwanted excitation of
elements adjacent to a single, electrically driven, element. Ideally, when an electrical impulse is
applied to a piezoelement, the adjacent ones should not be activated. This condition is hardly ever
achievable. In fact, all the various components of an acoustic stack are mechanically coupled via
filling materials, matching layers, the acoustic lens, the backing, and the probe housing.

Another cause of mechanical coupling is due to the excitation of spurious vibration modes®
within the array. All these simultaneous factors can hinder suitable mechanical isolation.

To analyze the complex mechanical behavior of an array transducer, it is mandatory to mea-
sure the displacements of the array elements. Once the vibration map of the array surface has
been obtained, the manufacturer can modify the manufacturing processes and optimize the elec-
tromechanical conversion efficiency to improve the image quality.

According to the authors’ knowledge, different techniques have been adopted to measure the
level of inter-element isolation. One of the most accepted is the analysis of the electrical imped-
ance of adjacent elements.

In particular, the influence of the filling material is analyzed with respect to the piezoelement
and the matching layer via the electrical impedance.!%!! The latter references gives evidence for
how hard it is to achieve the inter-eclement isolation because of the complex electromechanical
couplings that unavoidably arise during the manufacturing. Lamberti et al.'? have measured the
vibration amplitude of ad hoc arrays, without matching layers, built by using the classical dice
and fill technique. They have investigated the influence of three different filling materials on the
alteration of the radiation patterns. Felix et al.!>!# have adopted the Laser interferometery, instead
of more traditional techniques based on an hydrophone and a network analyzer. Dias'> has exper-
imentally analyzed the presence of low frequency (0.83/0.97 MHz) acoustic modes, which cou-
ple different elements via surface wave propagation on the backing surface. The propagation of
mechanical waves through the backing layer is relevant only for materials having a relatively low
mechanical absorption (for instance, the attenuation of the composite Spurr Epoxy and Alumina
is 3.5 dB-cm™! at 5 MHz). In addition, experimental results have shown that cuts in the backing
and matching layers reduce the cross-talk effect. However, different vibration patterns, such as
Lamb modes, ' naturally arise in the propagation along the matching layers. Moreover, it is dif-
ficult to simulate the behavior of a filling material because its real acoustic properties depend on
several unpredictable factors, such as the doping and/or the curing process during the manufac-
turing. The critical parameter of the production process is given by the polymerization of the
filling material and adhesive. Moreover, the polymerization process strongly depends on envi-
ronmental factors such as temperature, heating/cooling rates, and humidity, and thus the real
mechanical behavior of the filling material cannot be easily simulated, regardless of the powerful
analysis technique based on the Finite Element Method.!” This implies that some techniques have
been adopted to reduce inter-element cross-coupling; for example, sub-dicing, may not yield the
expected results. Therefore, the desired uncoupling is achievable only theoretically. It must be
noted that the cited studies of the inter-element cross-coupling were performed only on proto-
typal array transducers, which are, to a large extent different from the commercialized ones.

The models commonly used to simulate the mechanical and electrical behavior of piezoelec-
tric transducers generally introduce simplifying assumptions that are often invalid for actual
designs. For example, the most accepted models, such as Mason'® and Krimholtz et al.!? are only
one dimensional (1D).



64 Ultrasonic Imaging 39(1)

The aim of this study was to perform experimental investigation?%-22 of the vibration ampli-
tude of ultrasound arrays harmonically excited at the working frequency by means of a laser
Doppler vibrometer (LDV). In particular, we focused our work on inter-element cross-coupling
of the acoustic stack at various manufacturing finishing stages. Similar measurements have not
been reported in the literature.

The measured vibration maps confirmed the complexity of the phenomenon and represent the
starting point for further theoretical and experimental analysis of the oscillatory behavior of com-
mercialized arrays transducers.

Experimental Set-Up

To take into account inter-element cross-coupling, it is necessary to measure the amplitudes of
the vibrations of a single energized piezoelement.!> The vibration amplitudes have been mea-
sured by means of an experimental set-up, shown in Figure 1a, both in air and placed in a water
tank. This latter setup was adopted, according to Felix et al.!* (Figure 1b), because the acoustic
impedance of water (1.48 Mrayl) is similar to that of biological soft tissues (1.68 Mrayl).

The probing beam of the LDV was transmitted to the transducer through a transparent and
plane-parallel fused silica plate. To reduce undesired vibrations, the tank and the LDV were
mounted on an optical bench.

Measurements were carried out on a linear array transducer, with a working frequency of 5
MHz and 192 piezoelements. Typical nominal values were length (/ = 6 mm), thickness (¢ = 0.3
mm), width (w = 0.245 mm), and array pitch (d = 0.270 mm). The kerf width was 0.025 mm
(Figure 1b). For measurements in the air, the distance between the laser sensor head and the
transducer should be 175 mm, so that the laser beam diameter (waist size) is equal to 10 pm. The
LDV acquires an average of 32 traces, that is, 2 ps for each point. The interval between two con-
secutive acquisitions was approximately 3 s. This choice was consistent with the acquisition and
processing time, as well as the positioning of the transducers between two distinct points. All the
data were stored and processed later to compute the peak-to-peak amplitude of the Fourier trans-
form for a working frequency of 5 MHz at the scanning point.

The peak-to-peak amplitude of the vibrations?*?* was measured via LDV (POLYTEC). This
instrument has two main elements: (a) an optical sensor head OFV 353, class II, Helium-Neon
laser source A = 633 nm, output power from 0.8 to 1 mW, and (b) the signal processor OFV 2700-
2, from 25 kHz to 20 MHz bandwidth, 50 nm-V~! sensitivity, and 103 A-Hz 1”2 resolution at
100% reflectivity in air.

The experimental bench, shown in Figure 1a, consisted of a function generator (AGILENT
TECHNOLOGIES 33250A), which was synchronized via an external trigger signal emitted by
an 8-bit digital oscilloscope (YOKOGAWA DL 1540) with sampling rates of up to 200 MS/s and
a 150 MHz bandwidth.

The signal output of the signal processor OFV 2700-2 was the signal input to the spectrum/
network analyzer HP4195A and the oscilloscope, which was controlled by a personal computer
via a GPIB interface (PCI/GPIB NATIONAL INSTRUMENTS) and an IEEE 488 bus. Data were
acquired via ad hoc software. The sensor head laser was translated by two micro positioning
stages, of the M-400 DG series (PHYSIK INSTRUMENTE; bi-directional repeatability £2 um)
that were assembled orthogonally to scan the surface in the x-y plane of the transducer. The micro
positioning stages were connected via a RS232 serial cable to a C-844 DC motor controller
(PHYSIK INSTRUMENTE) that was controlled via a data acquisition board (PCI/GPIB
NATIONAL INSTRUMENTS) and the IEEE 488 bus.

Each piezoelement was sub-diced in two sub-elements, which split the whole part without inter-
rupting the signal electrode. Only one piezoelement (Figures 2a and 2b), the number 96, was acti-
vated, because it was the central element of the transducer. Therefore, the excited piezoelements for
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Figure |. (a) Block diagram of the experimental set-up; (b) 3D view of the LDV for tests under
the water tank. 3D = three dimensional; LDV = laser Doppler vibrometer; ADC = Analog to Digital
Converter; BNC = Bayonet Neill-Concelman connector.

electromechanical coupling in air and under water are given by the sub-element (95r), to the right
of the element 95, and the sub-element (97/), to the left of the piezoelement 97.

The piezoelement was activated by a function generator with 50 cycles of a 5 MHz sinusoidal
burst, 10 V;,, amplitude, and a repetition time of approximately 120 ps.

The commercialized transducers that were used were at different finishing steps: (a) backing
and PZT with the kerf; (b) backing and PZT, matching layers 1 and 2, and the kerf; (c) backing
and PZT, matching layers 1 and 2, and the filled kerf; (d) backing and PZT, matching layers 1 and
2, the filled kerf, and the acoustic lens; and (e) probe completed with the cable and the socket.

Results

In Figure 3a, we show the mean values of the displacements with the corresponding percentage
standard deviation (Figure 3b). The oscillation amplitudes spanned from (6 + 38%) nm to (110 +
40%) nm when the energized element was tested in air and from (6 + 57%) nm to (80 + 67%) nm
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Figure 2. (a) Sketch of excited and neighboring elements: (ba) backing, (p) PZT, (m|) matching layer
I, (m2) matching layer 2, (fk) filled kerf, thickness (t) = 0.3 mm, width (w) = 0.245 mm, array pitch (d) =
0.270 mm. (b) 3D view of scanning; length (I) = 6 mm. 3D = three dimensional.

when the measurements were performed in water. The oscillation amplitudes of the neighboring
elements spanned from (4 + 48%) nm to (18 + 42%) nm and from (5 + 62%) nm to (40 + 70%)
nm in air and water, respectively.

The best inter-element isolation (Figure 4) was obtained in air for a transducer with kerf (Step
2), and attenuation values were approximately equal to —22 dB. Conversely, the smallest isola-
tion obtained was from a transducer under water with acoustic lens (Step 4) equal to —2 dB.

With these mean inter-element isolation values, it is possible to predict the alteration on the
directivity of the single element, according to Kino and DeSilets,”> and we report the following
equations for the directivity function with () and without () cross-coupling:

F(6)= Asin{kpwsin(gﬂ, )
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Figure 3. (a) Mean values in air and under water; (b) standard deviation values in air and under water.

N
F(0)=F(0)]1+ 22 oc”ej”acos(nkpd sin6) |. Q)
n=0

Referring to Equations (1) and (2), in Figure 5, it is evident that the main lobe narrows because
of a strong inter-element coupling; that is, a = —2 dB = 0.794, as measured in this work. Given
the relatively low power loss within the filler, we assumed a phase lag £ = 0° between the ener-
gized and the coupled elements.
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Figure 5. Directivity function for a single uncoupled element (solid) and for the same element having
—22 dB (dash) and —2 dB (dash dot) inter-element isolation with the first neighboring one. All the
functions are normalized to F; (0).

Figure 4 shows that the progression of the manufacturing process yields increasing cross-talk
in air when the transducer with kerf (Step 2) is turned into a transducer with filling material and
the matching layer (Step 3). At Step 4, when the transducer is also equipped with the acoustic
lens, there is a further sensible decrease in the inter-element isolation due to the strong mechani-
cal coupling enacted by the lens itself, whereas slight improvement of the probe completed with
the socket is visible, and it is due to the inductive tuning (Step 5) that optimized the power trans-
fer between the pulse generator and the probe by matching their impedances. Measurements
under water documented an expectably poor inter-element isolation because the water increases
both electrical and mechanical coupling. Finally, the comparison among the different finishing
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Figure 6. Vibration maps for the excited and neighboring elements in air: (a) with unfilled kerf and (b)
with filled kerf. The color bars depict the displacement amplitude in nanometers.

stages in water showed a behavior very similar to that measured in air, that is, the isolation
increases from Step 1 to 2, then decreases through Steps 2, 3, and 4, but more gradually with
respect to air, and finally slightly increases from Step 4 to Step 5.

As expected, the major increase of inter-element isolation was measured in air for a transducer
with unfilled kerf equal to —22 dB (Step 2) and with an acoustic lens (Step 4) over —4 dB.
Conversely, the poorest isolation was obtained with a transducer under water equal to —9 dB
(Step 2) and nearly —2 dB (Step 4). The addition of cable, socket, and the inductive tuning
(step 5) produced an overall increase of inter-element isolation of nearly —8 dB and —4 dB for
measurements in air and water, respectively.

The vibration field was detected in a 1.3 mm span with a 20 um pitch along the x-axis, and a 6
mm span along the y-axis, with a 50 um pitch, both centered on the energized element. The total
area was covered with approximately 8,000 points, corresponding to approximately 8 mm?2. In
Figures 6a and 6b, some typical vibration maps acquired in air are depicted at two different finish-
ing stages relative to unfilled and filled kerfs. We can observe in Figure 6b a second, smaller
amplitude peak of mechanical cross-talk occurring in the first neighboring elements. The addition
to the filler and the matching layers, it produced an overall increase in cross-talk of nearly 14 dB.

Unlike the experimental set-up adopted in Felix et al.!* and Certon et al.,'* the transducer
surface has not been metalized to increase the reflectivity of the laser beam. Basically, we wanted
to carry out tests that did not alter the main features of the array transducer and, in particular, to
interfere as little as possible with the manufacturing process.

The LDV used by the investigators in Felix et al.!* and Certon et al.'* has a 100 mW output
power with a 30 um diameter of the laser beam. As a result, the power density in the measurement
area is approximately 14 kW-cm=2. However, the laser used in our work has a 0.8 to 1 mW output
power with a 10 um spot diameter and a 175 mm focal distance, which corresponds to approxi-
mately 1.3 kW-cm™2. Because the macroscopic and microscopic damage, which a high output
power concentration may cause to the transducer, is not a priori known, it seemed reasonable to
limit the power density given the need for an acceptable signal-to-noise ratio during the tests.

The laser beam focus placed onto the array transducer surface is equal to waist size (w,). The
radius w(z) of the laser beam as a function of the probe surface distance Az from the focus is given
by Svelto?s:
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Table I. Finishing Condition and Reflection Factor of the Reflecting Surfaces.

Surface Condition Reflection Factor (%)
Partially reflecting (metalized PZT) From 60 to 70
Light matt (acoustic lens) From 50 to 60
Black matt (filled kerf and matching layer) From 3 to 5

w(z)=wp

3)

For a maximum change in the focusing distance Az =+ 5 mm, the corresponding change in the
laser beam of wavelength A, diameter is 10 pum =+ 33 pum. This also causes an increase in the spa-
tial average effect when the vibration of a surface area of the transducers is measured because the
nominal kerf width is 25 pm.

The resolving power actually depends on the finishing of the reflecting surfaces'# (Table 1).
In our case, this yielded a minimum vibration amplitude spanning from approximately 0.6 nm for
metalized surfaces (Step 1) to approximately 2 nm for black matt surfaces (Step 3). According to
Certon, '# the displacement amplitude could be achieved with a standard deviation up to 10% for
black matt surfaces.

Electrical Impedance Measurements

This measurement system is largely used and well-known because of its easy and fast data line
testing. However, it does not seem possible to apply this technique to justify and analyze the
experimental results obtained via laser vibrometry. A thorough interpretation of electrical imped-
ance measurements needs a complete model of the electromechanical behavior of every trans-
ducer. Therefore, it is not possible to compare directly the impedance diagrams and the 1D
models, such as Mason!8 and Krimholtz et al.!®

In Figure 7 we report the diagrams of the electrical impedance for a single piezoelement
(n.96), which is measured via the spectrum/network analyzer HP4195A in air and under water.

The complexity of oscillating occurrences is particularly evident in the graph in Figure 8§,
which shows results for a transducer in air with kerf. From this diagram, it is possible to recog-
nize the multiple resonances of a coupled oscillator system made of the series-connected PZT-1st
matching-2nd matching. However, a detailed analysis of this well-known phenomenon is beyond
the scope of the present work. Moreover, it is evident that with the introduction of the filler, the
coupled vibrations tend to weaken because of the strong lateral constraint imposed by the filler
itself. However, our results give evidence that a conspicuous amount of interacting phenomena
should be kept in mind to minimize the energy spread among unwanted probe vibrations.

Discussion and Conclusion

Measurements of displacement amplitudes in commercialized arrays at various manufacturing
stages produced by harmonic excitation have provided insight into inter-element coupling.

This has been documented by comparison with the oscillation amplitudes measured for the
energized element and the neighboring ones. This analysis was performed on one transducer,
which was the same at several stages of the manufacturing process, starting from the diced piezo-
electric array to the complete acoustic stack (kerf, filler, matching layer, and finally, the acoustic
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Figure 8. Vibration maps for the excited and neighboring elements in water: (a) with unfilled kerf and
(b) with filled kerf. The color bars depict the displacement amplitude in nanometers.

lens). In a linear array transducer, the elements are separated by piezoelectrically inactive filling
material, in particular epoxy resins,?’ whose stiffness value is somewhat unpredictable before the
complete polymerization.

As recalled in Kino and DeSilets,? the cross-coupling should be kept below 30 dB to achieve
broad acceptance angle transducers. According to Kino and DeSilets,> we found a major increase
in the cross-coupling due to the introduction of the filling material that was over 14 dB in air and
over 5 dB in water.

The sensitivity spanned from (0.6 + 38%) nm-V~! to (11 = 40%) nm-V~! when the energized
element was tested in air and from (0.6 + 57%) nm-V~! to (8 = 67%) nm'V~! when the measure-
ments were performed in water. The sensitivity of the neighboring elements spanned from
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(0.4 £ 48%) nm'V~! to (1.8 £ 42%) nm'V~! and from (0.5 £ 62%) nm-V~! to (4 = 70%) nm-V~! in
air and water, respectively.

Figure 3b outlines the high standard deviation for the experimental data. Such results cannot
be justified if the analysis is limited to the standard deviation of the measurement system, which
is up to 10%. The explanation for such high standard deviations can be found in two distinct
phenomena: (a) acousto-optic effect arising in water and (b) the excitation of a Lamb wave on the
transducer surface (both in air and in water). Previous works?6-?° have shown that displacement
LDV measurements in water are altered by acousto-optic interactions between the laser beam
and the radiated pressure field. This justifies the higher standard deviation found in water with
respect to measurements in air.

In Figures 7a and 7b, typical vibration maps acquired in water at two different finishing stages
relative to unfilled and filled kerfs are shown. The effects of the acousto-optic interaction (Figures 7a
and 7b) can be seen as non-zero ghost oscillation spots placed outside the excited and neighbor-
ing elements. For a more detailed estimation, according to Certon et al.?’-*® and Sapozhnikov
et al.,?? we simulated the amount of this effect for the analyzed probes in the actual experimental
conditions.

We have performed these tests on 10 transducers of three different types (i.e., 4 linear, 3 con-
vex, and 3 phased array), and the final reproducibility of the measured oscillation amplitudes was
computed up to (a) 13% for convex arrays, (b) 10% for linear arrays, and (c) 9% for phased arrays.

We found that the mean oscillation amplitude of the array elements was overestimated by 10
% maximum, whereas the standard deviation could be raised up to 30% with respect to that mea-
sured in air. These values can easily justify the increase in the standard deviation found in water
measurements, but they do not add significant error to the average oscillation amplitudes.

A different motivation was found to interpret the standard deviation of measurements in air,
which is probably due to the excitation and propagation of Lamb waves guided within the match-
ing layers, both in air and in water (Figure 6b and 7b). This vibration mode also appears in the
oscillation pattern acquired in water (Figure 7a and 7b). In particular, the wavelength estimated
for the first symmetrical (S,) and anti-symmetrical (A,) Lamb wave modes3?-3! was roughly equal
to 0.4 mm and 0.2 mm, respectively. More specifically, the wavelength of A, is in good agree-
ment to that visible in Figures 6b and 7b, which allows for the hypothesis of flexural oscillations
launched within the matching layers. A detailed analysis of such parasitic modes is beyond the
scope of the present work.

These preliminary experimental data offer quantitative information about the gradual and cur-
rently still unavoidable decrease of the inter-element isolation that accompanies manufacturing,
together with some evidence of other phenomena related to the measurement technique (acousto-
optic effect) or to the number and type of layers of the acoustical stack (excitation of Lamb
waves).

As concluding remarks, we would like to underline that a satisfactory approach that predicts
the behavior of array elements with backing, matching layers, filling material, and acoustic lens
is still lacking. Moreover, it is difficult to simulate the behavior of a transducer array because its
real acoustic properties depend on several unpredictable factors, such as the doping and/or the
curing process. A balanced combination of computer simulations and experimental set-up will
lead to design concepts that are more efficient for quality?? control.

We believe that these results could be helpful to both researchers and manufacturing compa-
nies in the array design field.
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