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Abstract— Flexible transducers address the limitations of
conventional rigid ultrasound probes for wearable applications,
such as the continuous monitoring of vital organs. In this work,
we demonstrate the first flexible micromachined ultrasound
transducer array based on AlScN piezoelectric film. Using flat-
panel display compatible technology which enables the
manufacturing of large-aperture arrays we demonstrate a
piezoelectric transducer with an active area of 1.5x1.5 cm? The
rigid glass substrate is removed and replaced by a flexible
acoustic backing layer. Optimizations on thickness, mechanical
rigidity, and acoustic properties of the backing material were
performed to maximize the flexible transducer performance
leading to transmit sensitivity of 3.8 kPa/V at 1.8 MHz and
capable of acoustic imaging functionalities.
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1. INTRODUCTION

Following the advances in ultrasound technology, from
bulk piezoceramics via the introduction of microfabrication to
piezoelectric micromachined ultrasound transducers (PMUT),
the application space of ultrasound devices has broadened
beyond the well-established domains such as echography [1],
park assistance sensors and flow meters [2]. Emerging
applications include wearable ultrasound patches, touchless
gesture recognition [3], mid-air haptic feedback [4], [5], and
human-machine interfacing [6]. Several of these new
application fields require for the transducer to extend to large
area form factors covering several cm? of aperture area and to
become flexible in order to conform to different shapes and
types of surfaces, such as a human body, a car window screen
or a robotic arm [7], [8]. The commercially available PMUT
arrays cannot address these requirements, as they are
fabricated on rigid silicon wafers with footprints that do not
exceed 0.5%0.5 cm? [9].

Flexible ultrasound transducers can overcome the
described limitations, enabling devices such as wearables for
the continuous monitoring of vital organs [10]. Previous
approaches  towards  flexible  transducers include
piezocomposites with stretchable matrix [11], organic
piezoelectric materials like polyvinylidene [12] or spring-
shaped silicon hinges in between MUT subarrays or
integrating these subarrays on an elastic substrate [13], [14].
Whilst these approaches have been successful in
manufacturing small patch-like transducers, their process is
inherently not compatible with large-area patches that are
crucial for medical imaging of large body organs such as the
heart, bladder, and lungs. This work presents the first flexible
micromachined ultrasound transducer (MUT) array based on
AIScN piezoelectric film continuing from our previous work
[15]. Using flat-panel technology, volume manufacturing of
flexible and large-aperture arrays is enabled with sufficient
acoustic performance for medical imaging applications. Here

Fig. 1. Flexible 32x32 pixel PMUT array with micrograph view on a single
pixel containing 3x3 PMUT.

we demonstrate an array with an active area of 1.5 cm x 1.5
cm (Fig. 1).

II. FLEXIBLE PMUT TECHNOLOGY

For the PMUT technology, a flat-panel compatible process
flow is developed, following our previously reported approach
[16]. The frontplane stack is formed by growing a 500 nm
thick Alo7ScosN piezoelectric on a 150-mm glass wafer
coated with a polyimide layer, which will serve as the flexible
transducer membrane. Above and underneath the AIScN,
metals are patterned to create electrodes and interconnects. A
secondary glass wafer is coated with polyimide to serve as a
temporary carrier, onto which the frontplane stack will be
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Fig. 2. (a) Frontplane stack and temporary carrier, (b) Bonding via pattern
intermediate layer, and polyimide etch after glass LLO, (c) Connector
attachment and carrier glass LLO, (d) ABL application.



flipped, as shown in Fig. 2(a). Bonding between the two
substrates is achieved via an intermediate photo-patternable
adhesive photoresist, which is patterned to form PMUT
cavities of 35 pm radius and pitch of 120 um. Following the
bonding step, the original glass substrate is removed via laser
lift-off (LLO) with an excimer laser debonder (ELD3000) and
the exposed polyimide is etched to reveal the metal contact
pads. This step is depicted in Fig. 2(b). At this point, the wafer
is diced into single transducer arrays. This process provides
complete design flexibility towards array size and form factor
and can be upscaled to larger wafer sizes or panels. At die
level, a flexible interconnect PCB is bonded to the PMUT
array using anisotropically conductive adhesive (ACA). The
glass carrier wafer is removed using another LLO step, as
summarized in Fig. 2(c). Finally, the acoustic backing layer is
bonded to the stack and trimmed to size to achieve the
outcome on Fig. 2(d) and Fig. 1.

III. TRANSDUCER DESIGN AND SIMULATION

A. 3D single cell PMUT model

In the case of a device working in plane wave condition,
all the transducers are driven contemporary by the same
signal. A 3D single cell PMUT multiphysics model, with
periodic symmetry conditions on the vertical lateral surfaces,
is created to capture the local near-field behaviour. The PMUT
cavity is cylindrical with a radius Rpmur = 35 pm the pitch is
equal to 120 um. The bottom and top electrode are coaxial
with the PMUT and their radius is Reiee = 23 pm as presented
in Fig. 3 (a). The numerical model is characterized by a set of
fully coupled physics, i.e., elastodynamics in the layered
system, electrostatics in the piezoelectric layer and pressure
acoustics in the water domain [17]. Fabrication induced
residual stresses are taken into account by means of a
measured initial amount of stress. Proper structural and
dielectric losses are considered in the transducer’s layers [18].
The Acoustic-Structure Interaction (ASI) condition is
enforced on the device wet surface. The acoustic domain has
a height of 4\, where A = 592 pum is the wavelength at 2.5
MHz. An acoustic Absorbing Boundary Condition (ABC) is
applied on its top surface to simulate the wave transmission in
an infinite medium. The Stokes’ sound attenuation law is
implemented in the water domain. A perturbated frequency
sweep study is carried out in the range [1 MHz, 4 MHz], under
a harmonic voltage difference of 1 V AC. Hence, the surface
average normal acceleration is calculated over the PMUT
footprint.

B. 3D PMUT array model

The response of the actual sized device is calculated at the
natural focus, which is 13 cm far from the PMUT array
surface, by means of an additional FEM model. It consists of
a pressure acoustics cylindrical domain. Only one eighth of
the system is modelled, as reported in Fig. 3 (b) and symmetry
is exploited. The domain has a radius equal to 12.2 cm and a
height of 2\ where a A thick PML domain is considered to
simulate the pressure emission into an infinite medium. The
transducers are modelled by means of the equivalent vibrating
baffled pistons [19] where the previously computed average
normal acceleration is enforced at each PMUT sites. To solve
the acoustic problem, a frequency sweep analysis is carried
out in the range [1 MHz,
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Fig. 3. Multiphysics numerical models. (a) Single PMUT with domain
description, top electrode highlighted in yellow and bottom electrode in blue.
(b) PMUT array with domain description, PML in highlighted yellow and
PMUT in blue.

4 MHz]. To compute the transmit sensitivity at the natural
focus, the Kirchhoff-Helmholtz integral technique is used.
Considering both cases of rigid and flexible device, the
obtained numerical results are reported in Fig. 7 together with
the corresponding measured ones. Note that the described
numerical modelling strategy correctly captures the
experimental observations.

IV. TRANSDUCER CHARACTERIZATION

An assessment of the electrical, mechanical and acoustical
properties of the ultrasound transducer arrays is conducted.
The performance across these three domains is compared
between a fully flexible PMUT matrix and an array still on its
glass carrier.

A. Electrical impedance and electromechanical coupling

The electrical impedance and phase in function of the
applied frequency were measured on rigid and flexible PMUT
arrays using a Keysight E4990A impedance analyzer. As
shown in Fig. 4, the phase peak of the flexible array in air
occurs around 3.15 MHz, approximately 7% lower than the
peak frequency of 3.4 MHz for the rigid sample. The peak
prominence on ABL is also reduced, indicating increased
energy dissipation, due to a combination higher mechanical
damping due to the polymeric backing and increased electrical
resistivity. The latter effect is also supported by the increase
in phase values, further away from the pure capacitor at -90°,
and can be linked to the interconnection between the PMUT
matrix and the flex PCB.
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Fig. 4. Impedance and phase spectrum for PMUT matrix on glass (top) and
on flexible ABL (bottom).
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Fig. 5. Resonance frequency map and histogram for flexible 32x32 array of
4x4 PMUT pixels. Devices that are not responsive (i.e. no resonance peak
is detected) are left blank.

The electromechanical coupling coefficient (EMCC) k.5
= (f« — f*) / f° describing the transduction efficiency was
obtained from the resonant (f;) and anti-resonant (f)
frequencies, across a dozen samples of each variant [20]. With
an average ke around 0.27 for both the rigid and the flex
samples, it can be concluded that transferring the PMUT
transducers to a flexible ABL does not directly lead to any
reduction in EMCC, albeit at a lower operating frequency and
with somewhat increased dissipation.

B. Mechanical parameters

A Polytec laser Doppler vibrometer type MSA-500 is used
to mechanically characterize all individual PMUT in a rigid
and a flexible array in air. A frequency sweep from 1 kHz to
10 MHz is applied to all PMUT simultaneously using an
arbitrary waveform generator and the mechanical
displacement of each membrane center is measured. A map of
the center frequency for all PMUT of the flexible array is
shown in Fig. 5, alongside a 100-bin histogram showing slight
asymmetry towards the lower range of the span. In the entire
32-row, 32-column matrix of 4-by-4 PMUT, 1242 membranes
are determined to be unresponsive. I.e. due to mechanical or
electrical failure — likely originating in the last fabrication step
—no peak in the frequency response is found. As such, the total
yield is calculated to be 92.41%. On glass, prior to ABL
application, only 3 of nearly 17000 PMUT fail.

The key mechanical characteristics are summarized in
Table 1 and align closely with the electrical measurement
results. The stricter clamping conditions of the devices still on
glass result in a higher f. and tighter spread (lower o).
Averaging the mechanical response over all elements, yields
the graph shown in Fig. 6. Actuating an array at its center
frequency in air induces an average membrane center
displacement of 15.1 nm/V for the rigid array and 4.8 nm/V
for the flexible array.

TABLE I. Comparison of mechanical characteristics.
RIGID FLEX
Center frequency f, ‘ 3.38 MHz 3.04 MHz
Standard deviation o¢ ‘ 31.6 kHz 39.4 kHz
Bandwidth BW \ 124.2 kHz 154.3 kHz
Mean deflection d,, ‘ 15.1 nm/V 4.75 nm/V
Process yield Y | 99.98% 92.41%
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Fig. 6. Overall array frequency response, averaged over all PMUT. In air, the
fractional bandwidth of the flexible system is 5.1%, while for the rigid
system this is 3.7%.

Although the average mechanical output of the flexible
array is approximately three times lower than that of its rigid
counterpart, it should be noted that in both cases, a
preponderance of PMUT is actuated off-resonance. The cited
mean displacements in fact represent a 44.7% and a 17.8%
array efficiency for the rigid and flex versions respectively.
i.e., at the respective center frequencies, the champion
performers in these arrays reach 33.8 nm/V and 26.7 nm/V.
Two of the major contributors to the lower overall response
are the resistivity of the bonding between the flexible PCB and
the array, and the higher standard deviation of f. for the flex
transducers.

C. Acoustical characteristics

The acoustic characteristics of the flexible device are
measured and compared with their rigid counterpart using the
UMS-3 from Precision Acoustics. The transducer is attached
to a holder and is submerged in a water tank. Square pulses
from the Verasonics Vantage 64 are used to actuate the
transducer between 1 and 4MHz. The acoustic response of the
transducer is then measured using a 0.5mm Hydrophone from
Precision acoustics placed 13cm away on the central axis. The
distance is chosen to be at the peak of the natural focus
distance of the device. The output of the hydrophone is then
scaled in frequency domain based on its frequency dependent
sensitivity calibration data and normalized to the peak drive
voltage of 10V.

The measured and simulated frequency responses match
very well suggesting a good model present to predict the
behaviour of both flexible and rigid arrays. The peak Tx
efficiency of the rigid transducer is 5kPa/V at a resonant
frequency of 2MHz and the flexible device has a peak Tx
efficiency of 3.8kPa/V at 1.8MHz. The frequency response
shows that there is a reduction in the pressure and frequency
of operation in the flexible device compared to its rigid
counterpart from the same glass sheet. This is hypothesized to
be due to the non-ideal mechanical anchoring for the pMUTs
when they are placed on a flexible substrate over glass
substrate. Furthermore, on a glass substrate there is a complete
reflection of acoustic waves generated towards the backside
of the pMUT membrane whereas with the flexible substrate,
the acoustic impedance is closer to that of the Polyimide
membrane material and therefore results in dissipation of
backward propagated waves. This also contributes to a
reduction in forward pressure. The effect of moving to a
flexible substate over a rigid one results in a 25% reduction in
peak transduction efficiency and a 10%
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Fig. 7. Acoustic frequency response and transmission efficiency for rigid and
flexible array of 32 rows by 32 columns of 4x4 PMUT pixels. The
experimental data correlates well with the numerical simulation results.

reduction in resonant frequency. Since this effect can be
predicted quite accurately by FEM, these changes can be taken
into account in the design phase to hit the target specifications
of the applications.

The results pave the way for flexible ultrasound patches
being used for continuous monitoring of vital organs in a
clinical setting. Next steps will be calibrating the beam
steering for curved surfaces with the end goal of in-vitro and
in-vivo trials on measuring cardiac or bladder volumes.

V. CONCLUSIONS

In summary, this work demonstrates the successful
development of the first flexible micromachined ultrasound
transducer (PMUT) array based on AlScN piezoelectric film,
fabricated using flat-panel display compatible technology.
The transition from rigid to flexible substrates, while
resulting in a modest reduction in mechanical output and a
25% decrease in peak transduction efficiency, still enables
predictable and controllable acoustic performance, as
validated by both simulation and experimental results. The
flexible 32x32 element PMUT arrays achieve a peak transmit
sensitivity of 3.8 kPa/V at 1.8 MHz in water and maintain a
high electromechanical coupling coefficient, paving the way
for their integration into wearable and conformal devices.
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