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Abstract—Ultrasonic-based structural health monitoring
(SHM) allows continuous automated monitoring of structures
for improved safety and reduced maintenance time and cost.
Guided waves are often used for SHM for the long propaga-
tion distance with minimal attenuation. Conventionally, Lamb
waves propagate in thin plate-like structures with thickness
in order of magnitude of the wavelength. Therefore, they
cannot propagate in very thick structures, whereas surface
waves can be used for SHM of thick structures. Surface
waves are usually generated using bulky ceramic-based
transducers on a wedge or using polymeric-based transduc-
ers with comb-shaped electrodes. However, multiple wave
modes, such as bulk longitudinal wave in thickness direction
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or high-order guided wave, may co-exist with surface waves due to the coexistence of both axial and shear-mode
electromechanical coupling response in conventional piezoelectric materials. This work presents a flexible, lightweight,
and low-profile poly-L-lactic acid (PLLA) polymer-based ultrasonic transducer with only in-plane electromechanical
coupling for generation and detection of surface waves. The transducer comprises a piezoelectric film made of PLLA
with the molecular chain orientation about 45° from the propagation direction of the surface wave. A method of SHM with
surface waves in a thick shaft using such transducers is demonstrated, wherein the surface wave generated and detected
by the PLLA transducers is used as the condition indicator. The PLLA-based transducers and their enabled ultrasonic
SHM method offer the advantages of clearer targeted signal by eliminating the coexistence of other wave modes and
long-term service stability by eliminating electrical poling process and any accompanied depoling degradation.

Index Terms— Piezoelectric, polylactic acid (PLA), structural health monitoring (SHM), surface wave, ultrasonic

transducers.

[. INTRODUCTION

EGULAR maintenance of in-service engineering struc-

tures is required to ensure its integrity and is performed
using nondestructive testing (NDT). One of the most popular
NDT technologies is using ultrasonic transducers to inspect
the structure. Conventional ultrasonic industry methods for
defect inspection are laborious, with low efficiency, prone to
human factors, with accessibility and safety issues. Ultrasonic-
based structural health monitoring (SHM) technologies aim to
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inspect and assess the integrity of a structure automatically
and continuously by using ultrasonic transducers integrated to
the structure [1], [2]. By detecting, localizing, and assessing
damage at earlier stages and by forecasting the remaining
service life of the structure, SHM allows increased safety
and reduced maintenance cost and time. SHM is developed
for many applications on aerospace, civil, and mechanical
engineering structures, such as bridges, aircraft, buildings,
or pipes [3], [4].

Guided ultrasonic waves are advantageous in SHM appli-
cations because they can propagate over a long distance on
short timescales with minimal attenuation and are highly
sensitive to defects or any irregularities [5], [6]. Guided
waves can be used for monitoring engineering structures and
detecting defects, such as cracks or corrosion with complex
geometries. However, inspections using guided waves can
be challenging because of the presence of multiples modes
simultaneously and the dispersive nature, resulting in complex
wave propagation, complicated analysis, and interpretation of
ultrasonic signals.
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The most common guided wave is Lamb wave that propa-
gates through the thickness of thin plate structures. For easier
interpretation, low frequencies are often used to minimize the
number of modes present simultaneously. However, this results
in larger wavelength and hence lower sensitivity to small
damage, because guided waves only interact with defect of
size comparable to the wavelength. In contrast, Rayleigh waves
propagate along the free surface of the structure at higher
frequency or in relatively thicker structures than Lamb wave.
Rayleigh wave allows simplified analysis due to the nearly
nondispersive nature, higher sensitivity to damage, and lower
geometrical attenuation [5], [6]. As the energy of the surface
waves, such as Rayleigh waves, Stoneley waves, or Scholte
waves, is concentrated near the surface of the structure,
they are highly sensitive to near surface damage. Besides
damage sensitivity, they may be the few feasible choices for
monitoring very thick structures (relative to the wavelength),
such as block or shaft, because conventional guided waves,
such as Lamb waves, cannot be generated at all at realistic
ultrasonic working frequencies. This can be explained by
a shift of the dispersion curves to the lower frequencies
for larger thicknesses, according to the frequency-thickness
product. Nevertheless, bulk ultrasonic waves (longitudinal or
shear bulk waves) propagating in the thickness direction and
surface waves propagating along the surface can be generated
in thick structures. Practically, the transition from Lamb waves
to Rayleigh waves happens at higher frequency or in thicker
structures, for a thickness to wavelength ratio between 2 and 4.

Surface wave can be efficiently generated or detected using
bulky ultrasonic transducers made of piezoelectric ceramics
on a wedge [7]. This method is not only cumbersome, but
it also requires careful selection of suitable wedge angle for
the generation and detection of surface wave with minimized
generation or detection of other wave modes (for example,
bulk longitudinal waves in thickness direction) [6]. The wedge
angle is obtained through Snell’s law and, hence, depends
on the wedge and the structure’s material properties. Another
condition for this method is that the bulk longitudinal wave in
the wedge should have a shorter wavelength than the Rayleigh
wave in the structure. It is often challenging to ensure efficient
energy transfer between the piezoelectric transducer and the
wedge and between the wedge and the structure even when
coupling agent is used.

To enhance generation and detection of surface wave, comb-
shaped electrode made with at least three fingers can be
applied on the piezoelectric material, wherein the periodicity
of the comb shape corresponds to the surface wavelength
and the length direction of the fingers is perpendicular to
the surface wave propagation direction. Compared to con-
ventional ultrasonic transducers that are made from bulky
and fragile piezoelectric ceramics, the use of flexible, low
profile, and lightweight piezoelectric polymeric-based ultra-
sonic transducers enables application on curved surfaces or
any complex geometries with limited accessibility and allows
minimized intrusion in the structure to be monitored. Many
advances in flexible ultrasonic transducers have been reported
in medical applications [8], as they can maximize alignment
and energy transfer for imaging [9], be stretchable due to
island bridge electrodes for wearable applications [10], [11],

[12], and be fully printable, such as made of polyvinyli-
dene fluoride (PVDF), for reduced costs [13]. Direct-write
transducers made with PVDF have promising performances
for SHM applications [14]. A conformal piezoelectric film
made of PVDF with comb shape electrode can be used for
enhanced surface wave generation and/or detection [15]. Previ-
ous work showed that surface cracks could be measured using
Rayleigh waves generated by a Rayleigh angle beam wedge
ultrasonic transducer and received using a Rayleigh wave
receiver array made of PVDF polymer, with signal enhanced
by a delay-and-sum algorithm [16]. However, due to multiple
tensor piezoelectric coefficients of PVDF, other wave modes,
such as bulk longitudinal waves, are largely generated and/or
detected and thus causing complication in the analysis and
interpretation of the ultrasonic signals. Moreover, conventional
piezoelectric ultrasonic transducers require electrical poling
and suffer from depoling-related degradation during long-term
services. In contrast, polylactic acid (PLA), which is a low-cost
biodegradable polymer and has good processability for large-
scale production, exhibits piezoelectric properties determined
by its asymmetric helical molecular structure without requiring
electrical poling. Poly-L-lactic acid (PLLA) polymer is also
known for its pure shear piezoelectric response [17].

Surface wave was previously generated on the end face
of an actuator containing PLLA piezoelectric film for the
controlled rotation of an object placed on the end face of
the PLLA film [18]. Ultrasonic wave was also generated on
the edge of an uniaxially drawn film containing PLLA with
shear piezoelectricity, inclined at a 45° angle and cut into a
square, as a resonator using its edge vibration [19]. However,
both actuators were not mechanically coupled on a structure
and were not used for generating or detecting surface wave
propagating along the structure.

Our group previously developed guided shear ultrasonic
transducer containing PLLA fibers mat with pure shear piezo-
electricity [17]. The PLLA fibers’ mat has molecular chain
orientation direction along or perpendicular to wave propaga-
tion. The PLLA transducers were able to generate and detect
shear guided waves (shear horizontal SHO wave mode) for
SHM in air or in water.

In this work, we will introduce how to use PLLA as surface
wave ultrasonic transducer. It is challenging to selectively
generate and/or detect surface wave using a flexible ultra-
sonic transducer that is lightweight, low-profile, and highly
conformable. It has been taught in prior art that the generation
of surface wave with the least coexistence of multiple wave
modes can be done by using ultrasonic transducer with wedge.
Alternatively, surface wave can also be generated and detected
using comb-shaped pattern by carefully selecting the frequency
using conventional piezoelectric polymer material, such as
PVDF. There is no report of application of a flexible ultrasonic
transducer made of piezoelectric PLA PLA for generation or
detection of a surface wave.

Unlike the guided shear ultrasonic transducer made of
PLLA [17], the ultrasonic transducer made of PLLA here is
used to generate and detect surface waves in thick structures,
due to a different molecular chain orientation that is about
45° from the propagation direction of the ultrasonic wave.
This solution to generate and/or detect surface waves using
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PLLA transducer allows advantages of low cost, lightweight,
and conformable transducer with minimized disturbance of
other wave modes. First, the theory behind the generation
and detection of surface waves using the ultrasonic transducer
made of PLLA with dedicated design will be explained,
followed by the fabrication process of the ultrasonic transduc-
ers and outlines of the methodology implemented. Next, the
performance of the ultrasonic transducers will be evaluated.
Finally, an example for SHM application in a thick shaft
structure will be demonstrated.

1. DESIGN OF PLLA ULTRASONIC TRANSDUCER AS
SURFACE WAVE TRANSDUCER

The surface wave is a type of wave propagating along
a structure whereas guided by one of the surfaces of the
structure, for example, Rayleigh wave at free surface of a
solid, Stoneley waves at the interface of two solids, or Scholte
wave at the interface of fluid and solid. The surface wave
propagates along the surface of the structure with an approx-
imated depth of one wavelength, wherein the particles move
in an elliptical motion with the major axis perpendicular to
the structure surface (out-of-plane) and the minor axis parallel
to the propagation direction (in-plane) [6]. The thickness of
the structure is at least three times thicker than the surface
wavelength. The surface wave interacts with the defect that is
within a depth of one surface wavelength from the surface.

In the design of our previously developed guided shear
ultrasonic transducer containing piezoelectric PLLA fibers
mat [17], the molecular chain orientation direction is along
or perpendicular to the guided shear wave propagation.
This is because the guided shear wave propagates with
in-plane particles motion in the direction perpendicular
to the propagation direction, corresponding to the pure
in-plane piezoelectric coefficient dj4 of the PLLA fibers.
The advantage is the absence of out-of-plane displacement
that allows lower wave attenuation when the structure is in
contact with liquid or other solid.

In the present design, the surface wave transducer containing
piezoelectric PLLA film is configured with the molecular chain
orientation slanted about 45° from the propagation direction
of the surface wave. The surface wave motion is pushing
the particles along the propagation direction, causing in-plane
expansion along the ultrasonic wave propagation direction
and in-plane contraction along the direction perpendicular
from the ultrasonic wave propagation direction, further causing
shear strain of the piezoelectric PLLA film with shear-mode
piezoelectric effect, as illustrated in Fig. 1.

Electrical excitation signal is applied across the thickness
of the piezoelectric PLLA film. An in-plane strain in the
piezoelectric film is induced by the electric field applied
through the electrode layers (shearing motion around
Direction 1 in Fig. 1), due to its piezoelectric coefficient
dis4, to generate surface wave propagating along the same
surface of the structure where the ultrasonic transducer is
coupled to. The surface wave propagating along the surface
of the structure causes in-plane expansion along the surface
wave propagation direction and in-plane contraction along the
direction perpendicular from the surface wave propagation
direction, resulting in shear strain of the piezoelectric PLLA

film with shear-mode piezoelectric effect, inducing electrical
signal output from the electrode layers of the piezoelectric
film to detect the surface wave.

I1l. MATERIALS AND METHODS

Experimental studies were conducted using commercial
PLLA film (Sigma-Aldrich, Singapore) as a surface wave
transmitter and receiver. The PLA films were mechanically
stretched at a drawing ratio of 5 and at an elevated temperature
from 80 °C to 120 °C. The performance of surface wave gen-
eration and detection is also compared with that of commercial
PVDF film (PolyK, PA, USA). Silver-based top electrode
layer was deposited on the piezoelectric films with the aid
of sticker mask, as shown in Fig. 2(b). The bottom electrode
layer with a thickness under 30 pum is made of conductive
silver epoxy (Polytec PT EC244, Germany) that also served
as a bonding agent to bond the piezoelectric films onto the
surface of the structure, as shown in Fig. 2(a). Customized
flexible printed circuit (FPC) with SubMiniature version A
(SMA) connector was bonded onto the piezoelectric films
using conductive silver epoxy, forming ultrasonic transducer,
as shown in Fig. 2(c). During testing, coaxial cable with SMA
connector could be used to connect the ultrasonic transducer
to the testing equipment.

The displacements of the surface wave generated by PLLA
and PVDF were measured by laser scanning vibrometer (LSV)
testing using alternating current (ac) voltage excitation of 10 V
in amplitude at 1 MHz. For the ultrasonic test, a signal gener-
ator (Tektronix, AFG 3103) was used to generate a modulated
three-cycle sinusoidal wave with a frequency of 500 kHz
and 1 MHz. The signal was then amplified to 100 Vpp by a
power amplifier (NF, HSA 4101) and connected to the surface
wave transmitter to generate surface wave. The surface wave
receiver was connected to an oscilloscope (Tektronix, MDO
3102) to record the detected surface wave. Measurements
were conducted with a sampling frequency of 100 MHz and
with 512 waveform averages, effectively averaging out any
noise interference. Subsequently, the ultrasonic signals were
processed through a bandpass filter designed to filter frequency
components outside the surface wave frequency range.

IV. RESULTS AND DISCUSSION

A. Directivity of the Ultrasonic Transducer Made of
Piezoelectric PLLA Film

For the demonstration of surface wave detection, the flexible
ultrasonic transducer made of the PLLA film was mechanically
coupled to a 45-mm-thick aluminum alloy block with a
rounded silver electrode deposited on top of the piezoelectric
film. The rounded electrode allowed reduced sensitivity to the
surface wave propagating from different angular directions.
The bottom electrode layer was made of conductive epoxy,
which also functioned as a bonding agent to couple the flexible
ultrasonic transducer onto the surface of the structure. The
PLLA film was a uniaxially oriented PLLA film stretched at a
drawing ratio of 5 and annealed at 120 °C for 1 h. The piezo-
electricity was induced from the mechanical stretching process
without requiring electrical poling. The surface wave was
generated with a sine-wave excitation signal of three cycles
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Top view and side view of a structure to be monitored with a flexible ultrasonic transducer generating or detecting a surface wave. The

wave propagation direction is about 45° from the molecular chain orientation of the PLLA film, causing in-plane expansion along the ultrasonic wave
propagation direction and in-plane contraction along the direction perpendicular from the ultrasonic wave propagation direction. The expansion and
contraction create shear strain of the PLLA film with shear-mode piezoelectric effect.

(a)

(b)

Fig. 2. Photographs of the fabrication of the flexible ultrasonic trans-
ducer on a structure with (a) bottom and (b) top electrodes of the
piezoelectric transducer bonded with (c) customized FPC connected to
the SMA connector.

at 1 MHz by a discrete ceramic-based ultrasonic transducer
on an angle wedge at different angles with a constant distance
from the PLLA receiver of 105 mm, as shown in Fig. 3.

By comparing the ultrasonic signals detected by the flexible
ultrasonic transducer at different angular directions, it can be
seen in Fig. 3 that the ultrasonic transducer was sensitive to
the surface wave when the angle was about 45° (including
135°, 225°, and 315° as equivalent angles). This implies that
the flexible ultrasonic transducer is sensitive to the surface
wave when the molecular chain orientation of the PLLA film
is about 45° from the propagation direction of the surface
wave. This can be explained by the in-plane expansion of
the shear-mode piezoelectric PLLA film along the ultrasonic
wave propagation direction and the in-plane contraction along
the direction perpendicular to the ultrasonic wave propagation
direction, as shown in Fig. 1.

B. Performances of PLA as Surface Wave Transducers

The flexible ultrasonic transducer, as illustrated in Fig. 4,
comprises the piezoelectric PLLA film sandwiched between
the top and bottom electrodes, wherein the molecular chain
orientation is about 45° from the surface wave propagation
direction. The top electrode layer is patterned into comb
shape, and the periodicity of the comb shape corresponds
to the wavelength of the surface wave, according to the
following equation:

A==
f

ey
where A is the wavelength of the surface wave, ¢ is the
velocity of the surface wave, and f is the frequency of the
surface wave. The comb-shaped electrode allows to enhance
surface wave selectivity.

The advantages of using the flexible ultrasonic transducer
containing PLLLA as a surface wave transmitter or receiver
were studied by comparison with another conventional flexible
ultrasonic transducer containing PVDF. A surface wave trans-
mitter generates surface wave, whereas a surface wave receiver
detects surface wave. The flexible ultrasonic transducers were
mechanically coupled to a 45-mm-thick aluminum alloy block,
aligned, and separated by 105 mm. As illustrated in Fig. 4 and
according to (1), a top electrode on each of the ultrasonic
transducers was patterned into a comb electrode with four
fingers with a periodicity of 3 mm, corresponding to the
wavelength of the surface wave at about 1 MHz. The frequency
is selected considering high attenuation at higher frequencies.
The length of the comb electrode is 7 mm, and the length
direction is perpendicular to the surface wave propagation
direction, as illustrated in Fig. 5.

Using ultrasonic transducers made from PVDF film as both
surface wave transmitter and receiver, other unwanted wave
modes were generated and detected, as shown in Fig. 5(b-i).
However, when using the ultrasonic transducer made with
PLLA film as a surface wave receiver [Fig. 5(b-ii)], the
incident surface wave at about 37 us is clearly observed with
similar amplitude, while all the other unwanted wave modes
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Fig. 3. Directivity of the ultrasonic transducer made of piezoelectric PLLA film mechanically coupled to a thick aluminum alloy block and used as
a surface wave receiver. The molecular chains of the PLLA film were aligned at 0° in the drawing. The surface wave was generated by a discrete
ceramic-based ultrasonic transducer at different angular directions and the corresponding signals detected by the PLLA ultrasonic transducer

showing the arrival of the surface wave are compared.

(a)

Comb shape
top electrode

3
1
Qs

Propagation

— Piezoelectric

\\\\\’\\\\

direction of 4523 film containing
surface wave /> //// /220 polylactic acid
Moleculaf chain orientation Structure
of polylactic acid to monitor
1 (b)
L23 Wavelength Comb shape

top electrode

—

Propagation direction

of surface wave Piezoelectric

film containing

\
Structure I : polylactic acid
thickness Bottom
>34 electrode

Fig. 4. Schematic illustration of the flexible ultrasonic transducer on a
structure (a) top view and (b) side view.

are minimized, compared with the ultrasonic signal obtained
using the PVDF transducer as a surface wave receiver. The
unwanted modes generated by the PVDF are not detected by
PLLA sensors because they are not coupled with the shear
stress. However, using ultrasonic transducers made with PLLA

film as a surface wave transmitter [Fig. 5(b-iii) and (b-iv)],
the ultrasonic signal amplitude is about nine times lower than
when using PVDF transducer as the surface wave transmitter.
Therefore, the measurements showed that the ultrasonic trans-
ducers made with PLLA film can be used as both surface wave
transmitter and receiver, with advantage in selectively gener-
ating and/or receiving surface wave compared to ultrasonic
transducers made with PVDF film. Furthermore, the advantage
is more significant when PLLA film is used as the receiver.
Relatively small signal magnitude is observed when using
PLLA as the transmitter to generate ultrasonic wave because
of its low piezoelectric coefficient value and low elastic
modulus. The design here leverages on the pure in-plane piezo-
electric coefficient dj4 of PLLA by dedicatedly aligning its
chain orientation for enhancing surface wave mode selectivity.
In contrast, due to multiple piezoelectric coefficients of PVDE,
other wave modes are generated and/or detected.

The surface wave mode selectively generated by ultrasonic
transducer made with PLLA film was clearly observed using
LSV, as shown in Fig. 6. The surface wave was generated
with enhanced propagation directionality due to the molecular
chain orientation of PLLA about 45° from the propagation
direction. In contrast, ultrasonic transducer made with PVDF
showed unclear direction of wave propagation despite the use
of comb electrode. Therefore, the ultrasonic transducers made
with PLLA film exhibit high directivity and selectivity as
surface wave transmitters and receivers.
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and the four flexible ultrasonic transducers and comb electrode, on a
45-mm-thick aluminum alloy block with the representation of the surface
wave propagation and (b) ultrasonic signals generated and detected by
different combination of ultrasonic transducer pair: i) PVDF to PVDF; ii)
PVDF to PLLA; iii) PLLA to PVDF; and iv) PLLA to PLLA.

C. Ultrasonic SHM Demonstration for a Shaft

Since relatively small signal magnitude is expected with
PLLA transmitter, conventional piezoelectric ceramics-based
ultrasonic transducers may be used to generate surface wave
or high electrical voltage may be used when using flexible
ultrasonic transducer made of PLLA film to generate surface
wave. The surface wave can be detected using the flexible
PLLA-based surface wave ultrasonic transducer mechani-
cally coupled to the structure when generated by a different
ultrasonic transducer: an ultrasonic transducer made of piezo-
electric film containing PVDF, a discrete ultrasonic transducer,
such as ceramic-based transducers, or a laser.

Ultrasonic SHM function with surface waves can be
designed by leveraging on the higher piezoelectric coef-
ficient of PVDF as the surface wave transmitter and the
pure in-plane piezoelectric coefficient of PLLA as a surface
wave receiver. This configuration enables ultrasonic signals
containing clean surface waves with an improved signal-to-
noise ratio, as depicted in Fig. 5(b). Moreover, adopting such
a configuration with the transmitter positioned away from
the receivers ensures that the electromagnetic interference
(EMI) does not interfere with the first detected incident wave.
The flexible nature of PVDF-based and PLLA-based surface
wave ultrasonic transducer can be applied for ultrasonic SHM,
wherein the structure can be of any complex geometry or
size, such as plate, cylinder, tube, or elbow. The ultrasonic
signals from the surface wave transducers are used as an
indicator of structural health. Surface defects including a
crack and corrosion commonly starting from a surface can
be detected. For defect evaluation or assessment, the signals

can be compared to a predetermined baseline signal from the
structure in a previous condition, and a deviation from the
baseline signal is used to indicate the change in the structure,
such as presence or development of a defect in the struc-
ture. Alternatively, any reflection from structural irregularities
observed in the signal output can be used to indicate the
change in the structure, such as presence or development of a
defect in the structure. Following the method as we used and
demonstrated with PVDF transducers [16], the amplitudes of
targeted wave mode arriving to the surface wave receiver are
analyzed by processing the ultrasonic signals and obtaining
its envelope. The reflection coefficients, C,, are then obtained
from the ratio of amplitudes of the reflected wave, R,, to the
incident wave, R;, as the following equation:

C =-L. )

As a demonstration example, the flexible PLLA-based sur-
face wave ultrasonic transducers were applied on a thick
structure with complex geometry for generation and detection
of a surface wave. They were installed on a stainless-steel
shaft of 101.6 mm in diameter for surface defect monitor-
ing, as shown in Fig. 7(a). The selected stainless-steel shaft
structure is commonly used in maritime industry. For curved
geometry, the flexible ultrasonic transducer can be installed
around the circumference of the structure with the length of
the comb electrode of the top electrode wrapping over the
curved structure in the circumference direction, generating or
detecting surface wave along the axial direction of the structure
(long axis) that is also the perpendicular direction to the length
direction of the comb electrode. An ultrasonic transducer made
with piezoelectric PVDF film was installed around the cir-
cumference of the structure with the comb electrode forming
rings with a periodicity of 7 mm. This ring-shaped PVDF
ultrasonic transducer was used to generate surface wave at
about 420 kHz. Four flexible ultrasonic transducers made from
piezoelectric PLLA films with comb electrodes were installed
around the shaft facing different defect depths, including
one without defect representing the pristine condition. For
detecting surface wave, the PLLA ultrasonic transducers were
installed on the shaft with PLLA molecular chain orientation
of about 45° from the axial direction of the shaft. The surface
wave travels directly from the PVDF ultrasonic transducer
to the PLLA ultrasonic transducer with a time of arrival of
about 25 us, corresponding to the incident wave (R;) in
Fig. 7(b). The surface wave is then reflected by the defect
edge and arrives back at the PLLA ultrasonic transducer at
about 70 us. The surface wave also travels from the PVDF
ultrasonic transducer to the groove edge, is reflected by the
groove edge, and arrives at the PLLA ultrasonic transducer at
about 45 us. The defect is therefore detected by the PLLA
ultrasonic transducer when a reflection of the surface wave
appears in the ultrasonic signal.

After processing the ultrasonic signals to obtain its envelope
[smoothed curve outlining absolute extremes as in Fig. 7(b)],
the reflection coefficients for the different defect depths are
calculated from (2) and shown in Fig. 7(c). This coefficient
allows defect depth sizing. Defect as small as 1 mm can
be detected with a wavelength of 3 mm. The advantages
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Fig. 6. Scanning images of out-of-plane displacement observed with laser vibrometer for a surface wave generated at about 1 MHz by ultrasonic
transducer made from (a) PVDF and (b) PLLA. The insets in the bottom are the schematic illustration and photograph of the sample.
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(a) Photograph of the shaft structure with flexible ultrasonic transducers and corresponding schematic illustration of the flexible ultrasonic

transducer made from PLLA, (b) processed ultrasonic signals for the pristine shaft and for the shaft with a defect of 3 mm in depth, and (c) reflection

coefficient for different defect depths.

of this method for defect detection include the minimized
loss of surface wave energy by the use of ring transmitter
that minimizes wave spreading, the simple interpretation of
ultrasonic signals with only surface wave present, and the
flexibility of ultrasonic polymeric transducers that can be
applied on curved surfaces with enhanced transfer of energy,
in comparison with flat ceramic transducers with a limited
contact area on curved surfaces.

V. CONCLUSION
Ultrasonic transducers made of piezoelectric PLLA film
were designed and fabricated for generating and detecting
surface waves useful for SHM of thick engineering structures.

Although ultrasonic transducers made of piezoelectric PLLA
have been reported in the prior art, none of them is related
to a PLLA-based transducer for generation or detection of
a surface wave. This is because of the well-known pure
shear piezoelectric effect of PLLA that teaches away for
using PLLA for generation and detection of surface wave.
To overcome the challenge and achieve effective generation
and detection of surface wave, the ultrasonic transducer made
of piezoelectric PLLA film was dedicatedly designed with the
molecular chain orientation at about 45° from the ultrasonic
surface wave propagation direction to generate and detect
expansion and contraction along the diagonal direction of
the film caused by the surface wave. To further enhance the



generation and detection of selected surface wave, the PLLA
ultrasonic transducer has a comb-shaped top electrode with
the periodicity corresponding to the wavelength of the targeted
surface wave.

The flexible PLLA-based transducer is low cost, biodegrad-
able, and conformable on curved surfaces with complex
geometries. It is also lightweight and low profile (typically
thinner than 100 um) for minimized intrusion compared to
bulky ceramic-based transducers and use of wedges, making
it implementable under limited accessibility. This minimized
intrusion results in minimized attenuation rate even when the
surface wave travels across the transducer. In comparison with
other conventional ultrasonic piezoelectric transducers, i.e.,
ceramics-based ultrasonic transducer with surface wave wedge
and flexible polymers-based (PVDF) transducers, the present
PLLA-based surface wave transducer offers the advantage of
eliminating electrical poling and related depoling aging of the
piezoelectric film. Most importantly, the main advantage of the
developed PLLA-based transducer compared to conventional
ultrasonic piezoelectric transducers used for surface wave
generation or detection is the clean signal and simplified signal
processing and analysis enabled by minimizing disturbance
from other wave modes. The enhanced surface wave directivity
and selectivity results in improved surface defect monitoring
ability. With the flexible PLLA-based transducer mechani-
cally coupled to a thick shaft structure, ultrasonic testing
was performed at the frequency corresponding to the surface
wavelength selected according to the transducer design and the
ability of defect monitoring was successfully demonstrated.

REFERENCES

[1]1 Z. Su, L. Ye, and Y. Lu, “Guided Lamb waves for identification of
damage in composite structures: A review,” J. Sound Vibrat., vol. 295,
nos. 3-5, pp. 753-780, Aug. 2006, doi: 10.1016/j.jsv.2006.01.020.

[2] M. Philibert, K. Yao, M. Gresil, and C. Soutis, “Lamb waves-based
technologies for structural health monitoring of composite structures
for aircraft applications,” Eur. J. Mater., vol. 2, no. 1, pp. 436474,
Dec. 2022, doi: 10.1080/26889277.2022.2094839.

[3] K. Diamanti and C. Soutis, “Structural health monitoring techniques
for aircraft composite structures,” Prog. Aerosp. Sci., vol. 46, no. 8,
pp- 342-352, Nov. 2010, doi: 10.1016/j.paerosci.2010.05.001.

[4] J. Ou and H. Li, “Structural health monitoring in Mainland China:
Review and future trends,” Struct. Health Monitor., vol. 9, no. 3,
pp. 219-231, May 2010, doi: 10.1177/1475921710365269.

[5] M. Mitra and S. Gopalakrishnan, “Guided wave based structural health
monitoring: A review,” Smart Mater. Struct., vol. 25, no. 5, May 2016,
Art. no. 053001, doi: 10.1088/0964-1726/25/5/053001.

[6] K. Worden, “Rayleigh and Lamb waves—Basic principles,” Strain,
vol. 37, no. 4, pp. 167-172, Nov. 2001, doi: 10.1111/.1475-
1305.2001.tb01254.x.

[7]1 B. Masserey and E. Mazza, “Ultrasonic sizing of short surface
cracks,” Ultrasonics, vol. 46, no. 3, pp. 195-204, Jun. 2007, doi:
10.1016/j.ultras.2007.02.001.

[8] L. Zhang, W. Du, J. Kim, C. Yu, and C. Dagdeviren, “An emerging
era: Conformable ultrasound electronics,” Adv. Mater., vol. 36, no. 8,
pp. 1-52, Feb. 2024, doi: 10.1002/adma.202307664.

[9]1 D. Ren, Y. Yin, C. Li, R. Chen, and J. Shi, “Recent advances in

flexible ultrasonic transducers: From materials optimization to imaging

applications,” Micromachines, vol. 14, no. 1, p. 126, Jan. 2023, doi:
10.3390/mi14010126.

B. Li et al., “Fabric-based ultrasonic sensor with integrated piezoelectric

composite for blood pressure monitoring,” Adv. Mater. Technol., vol. 8,

no. 13, pp. 1-11, Jul. 2023, doi: 10.1002/admt.202201814.

W. Liu, C. Zhu, and D. Wu, “Flexible and stretchable ultrasonic trans-

ducer array conformed to complex surfaces,” IEEE Electron Device Lett.,

vol. 42, no. 2, pp. 240-243, Feb. 2021, doi: 10.1109/LED.2020.3045037.

[10]

[11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

C. Yu et al.,, “A conformable ultrasound patch for cavitation-enhanced
transdermal cosmeceutical delivery,” Adv. Mater., vol. 35, no. 23,
pp. 1-16, Jun. 2023, doi: 10.1002/adma.202300066.

K. Keller, C. Leitner, C. Baumgartner, L. Benini, and F. Greco,
“Fully printed flexible ultrasound transducer for medical applica-
tions,” Adv. Mater. Technol., vol. 8, no. 18, pp. 1-9, Sep. 2023, doi:
10.1002/admt.202300577.

J. K. Han, V.-K. Wong, D. B. K. Lim, P. T. C. Subhodayam, P. Luo,
and K. Yao, “Environmental robustness and resilience of direct-write
ultrasonic transducers made from P(VDF-TrFE) piezoelectric coating,”
Sensors, vol. 23, no. 10, p. 4696, May 2023, doi: 10.3390/523104696.
Z. Shen, S. Chen, L. Zhang, K. Yao, and C. Y. Tan, “Direct-write
piezoelectric ultrasonic transducers for non-destructive testing of metal
plates,” IEEE Sensors J., vol. 17, no. 11, pp. 3354-3361, Jun. 2017, doi:
10.1109/JSEN.2017.2694454.

X. Li et al.,, “Surface crack monitoring by Rayleigh waves with a
piezoelectric-polymer-film ultrasonic transducer array,” Sensors, vol. 23,
no. 5, p. 2665, Feb. 2023, doi: 10.3390/s23052665.

Y. M. Yousry et al., “Shear mode ultrasonic transducers from flex-
ible piezoelectric PLLA fibers for structural health monitoring,”
Adv. Funct. Mater, vol. 33, no. 15, pp. 1-12, Apr. 2023, doi:
10.1002/adfm.202213582.

Y. Tajitsu, “Fundamental study on improvement of piezoelectricity of
poly(l-lactic acid) and its application to film actuators,” IEEE Trans.
Ultrason., Ferroelectr., Freq. Control, vol. 60, no. 8, pp. 1625-1629,
Aug. 2013, doi: 10.1109/TUFFC.2013.2744.

J. Takarada et al., “Fundamental study on vibration in edge face of
piezoelectric chiral polymer film,” Jpn. J. Appl. Phys., vol. 52, no. 9S1,
Sep. 2013, Art. no. 09KEO1, doi: 10.7567/jjap.52.09ke01.

Marilyne  Philibert (Member, |EEE) is
currently a Research Scientist at IMRE,
A*STAR, Singapore. Her research interests are
ultrasonic-based structural health monitoring,
composite  materials, and  piezoelectric
transducers.

Yasmin Mohamed Yousry (Member, IEEE)
is currently a Research Scientist at IMRE,
A*STAR, Singapore. Her research interests
include smart materials (dielectric, piezoelectric,
and ferroelectric materials), sensors and actua-
tors applications, and ultrasonic transducers for
SHM.

Voon-Kean Wong (Member, IEEE) is currently
a Senior Research Scientist at IMRE, A*STAR,
Singapore. His research interests include the
design of high-performance piezoelectric ultra-
sonic transducers, signal processing algorithms,
and the development of ultrasonic systems
tailored for SHM purposes.

Kui Yao (Fellow, IEEE) is currently a Senior
Principal Scientist with the Institute of Mate-
rials Research and Engineering, Agency for
Science, Technology and Research (A*STAR),
Singapore. His research areas cover dielec-
tric, piezoelectric, and ferroelectric materials
and the sensors and transducers enabled by
these materials, including their applications for
structural and condition monitoring, healthcare,
ultrasonic and photoacoustic detection and diag-
nosis, and noise and vibration mitigation.


http://dx.doi.org/10.1016/j.jsv.2006.01.020
http://dx.doi.org/10.1080/26889277.2022.2094839
http://dx.doi.org/10.1016/j.paerosci.2010.05.001
http://dx.doi.org/10.1177/1475921710365269
http://dx.doi.org/10.1088/0964-1726/25/5/053001
http://dx.doi.org/10.1111/j.1475-1305.2001.tb01254.x
http://dx.doi.org/10.1111/j.1475-1305.2001.tb01254.x
http://dx.doi.org/10.1016/j.ultras.2007.02.001
http://dx.doi.org/10.1002/adma.202307664
http://dx.doi.org/10.3390/mi14010126
http://dx.doi.org/10.1002/admt.202201814
http://dx.doi.org/10.1109/LED.2020.3045037
http://dx.doi.org/10.1002/adma.202300066
http://dx.doi.org/10.1002/admt.202300577
http://dx.doi.org/10.3390/s23104696
http://dx.doi.org/10.1109/JSEN.2017.2694454
http://dx.doi.org/10.3390/s23052665
http://dx.doi.org/10.1002/adfm.202213582
http://dx.doi.org/10.1109/TUFFC.2013.2744
http://dx.doi.org/10.7567/jjap.52.09ke01

