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Recent Progress in Polymeric Flexible Surface Acoustic
Wave Devices: Materials, Processing, and Applications

Leonardo Lamanna

Recently, there has been a remarkable increase in interest in piezoelectric thin
films, particularly zinc oxide (ZnO) and aluminum nitride (AlN), deposited on
flexible polymeric substrates. This is due to the rapid expansion of fields such
as robotics, wearable devices, and the Internet of Things (IoT). These thin-film
layered structures have a wide range of applications, such as energy
harvesting, sensing and biosensing, microfluidic sorting, pumping and
mixing, and telecommunications. One of the most promising platforms is
piezoelectric acoustic-based thin-film devices on inexpensive, recyclable, or
disposable polymeric substrates. Their reliability, reproducibility,
conformability, small size, and wireless control capabilities make them a
leading candidate for the development of new wireless, fully automated, and
digitized microsystems for IoT and wearable devices. This review examines
recent advancements in the engineering of ZnO and AlN thin films on
polymeric, flexible, and conformable surface acoustic wave (SAW) devices.
Topics covered include the materials used, piezoelectric film deposition,
device fabrication, and the latest applications of this technology as sensors
and actuators.

1. Introduction and Fundamentals of SAW

Flexibility in electronics is achieved through double lacing with a
reduction in material thickness. The advent of thin circuits and
substrates, such as silicon and glass, paved the way for the de-
velopment of flexible electronics.[1,2] This field has continued to
grow and evolve, derived by advancements in high-performing
polymers with high-temperature resistance and robust mechan-
ical properties. These materials enable the integration of crys-
talline components with plastic substrates, further advancing the
concept of flexible electronics.[3] Today, the scope of flexible elec-
tronics is vast, ranging from integrated circuits to implantable,
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wearable, and even edible devices.[4,5]

However, this review will focus specif-
ically on recent advancements in flex-
ible piezoelectric surface acoustic de-
vices (SAW) fabricated on polymeric sub-
strates.

Surface acoustic wave (SAW) thin
film devices rely on wave propagation
in piezoelectric films, making them
a crucial component in micro-electro-
mechanical-systems (MEMS) due to their
low cost, low power consumption, and re-
mote control capabilities.[6–12] The piezo-
electric film is deposited directly onto the
substrate, allowing for easy integration
with other electronic systems. The de-
velopment of thin substrates, including
silicon, glass, and metal, paved the way
for the creation of the first flexible SAW
devices based on such substrates.[13,14]

However, the use of such substrate leads
to the production of fragile devices with
limited flexibility and poor applicability

in wearable applications, as well as being costly. Recently, poly-
meric substrates have also been investigated as potential sub-
strates for these devices.[15,16]

The use of polymeric substrates in the development of SAW
devices has significant potential for creating environmentally
friendly devices. The ability to recycle, degrade or dispose of the
devices after use can significantly reduce the environmental im-
pact associated with traditional devices.[17,18] Additionally, the use
of polymeric substrates allows for the development of compli-
ant devices that can be used for wearable device applications,
such as health monitoring and fitness tracking. This opens up a
range of new possibilities for integrating SAW devices with other
flexible electronic systems, such as OFET, OLED power source
and communication systems, to create more and more advanced
systems.[5,19-22] While the research in this area is ongoing, signifi-
cant progress has been made in recent years, and the future looks
promising for the continued development and advancement of
polymeric SAW devices. Figure 1 provides an illustation of the
topics covered in the review.

Among piezoelectric materials, Zinc Oxide (ZnO) and Alu-
minum Nitride (AlN) are the only materials used in polymeric
SAW devices so far. Lead zirconate titanate (PZT) is excluded
due to its toxicity, complex fabrication process, high anneal-
ing temperature, high electric field polarization, and incompati-
bility with complementary metal–oxide–semiconductor (CMOS)
processes.[23] This review will focus the attention mainly on poly-
meric SAW devices based on ZnO and AlN.
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Figure 1. The illustration provides an overview of the topics covered in the review on polymeric surface acoustic wave (SAW) devices. The review delves
into the challenges and latest developments in materials (polymers and piezoelectrics) and processing, examines the material properties of polymeric
substrates and piezoelectric films, explores the results obtained with flexible SAW devices in various applications such as temperature, mechanical, light,
and biosensing, and discusses future trends and potential breakthroughs in the field.

SAW devices exploit the propagation of traveling waves gener-
ated by applying an alternating current (AC) or radiofrequency
(RF) excitation to electrodes patterned on the piezoelectric film,
which generates a time-dependent deformation leading the prop-
agation of such waves in/on the surface of the material. The SAW
resonant frequency is related to the pattern of the electrode (𝜆)
and the acoustic velocity in the piezoelectric film:

f0 =
c
𝜆

(1)

f0 describe the resonance frequency where there is the maximum
electromechanical transduction from the AC signal to the me-
chanical wave; c is the wave velocity that depends on the sub-
strate’s nature and kind of traveling wave.

In the polymeric SAW devices, two main wave modes of prop-
agation are reported: Rayleigh (R-SAWs) at low frequency and
lamb wave (L-SAW) at high frequency (Figure 2a). R-SAWs are a
combination of both longitudinal and transverse vibrations gen-
erating an elliptical retrograde motion in the vertical plane along
the direction of travel. R-SAWs decrease rapidly with depth, such
waves are defined as pure superficial waves.[24,25] The R-SAW
phase velocity is defined as:

c =
√

E
2 (1 + 𝜐) 𝜌

(2)

where E is Young’s modulus, ʋ the Poisson ratio, and 𝜌 the den-
sity of the piezoelectric film.

L-SAWs usually are generated when the substrate thickness is
smaller than or comparable to the wavelength. Lamb waves are
not strictly defined as SAWs, as they differ in their mode of prop-
agation. They are more accurately described as plate waves that
propagate in thin plates or membranes, where their velocity is
dependent on the material’s mechanical properties, thickness of
the piezoelectric layer, and device design. Lamb waves typically
have two modes of propagation: symmetric and anti-symmetric
(Figure 1a), and own higher phase velocity with respect to R-

SAW.[26] For the L-SAW symmetric and anti-symmetrical the
phase velocities are defined as:[23,27]

csymmetric =
√

E
(1 − 𝜐2) 𝜌

(3)

canty−symmetric =
2𝜋h
𝜆

√
E

12 (1 − v2) 𝜌
1√

𝜋2h2

3𝜆2
+ 1

(4)

where h defines the thickness of the membrane. L-SAWs are al-
lowed in thin films grown on polymeric flexible substrates due to
the softness of the polymer that does not oppose the vibrations
of the piezoelectric layer.[27,28]

The success of SAW devices is coming mainly from the reli-
ability, sensitivity, and versatility, in fact, the wave velocity can
depend on the material properties itself and the experimen-
tal/environmental conditions such as temperature ∆T, density
∆𝜎, mass load ∆m, dielectric constant ∆ɛ, viscosity ∆𝜂 perturba-
tion.

Δv
f0

= Δv
vacoustic

= 1
v

(
𝜕v
𝜕T

ΔT + 𝜕v
𝜕𝜎

Δ𝜎 + 𝜕v
𝜕m

Δm

+ 𝜕v
𝜕𝜀

Δ𝜀 + 𝜕v
𝜕𝜂

Δ𝜂 + ⋅ ⋅ ⋅
)

(5)

The sensitivity of SAW devices to an external stimulus x can
be expressed as:

SAW devicesensitivity = lim
Δx→0

Δf
Δx

=
df
fdx

(6)

where ∆f is the resonance shift due to the ∆x variation, which
represents the theoretical or experimental variation of 𝜆. The vari-
ation is typically theoretical in the case of UV, mass, and viscosity
sensitivity. However, for temperature and strain sensitivity, the
variation is attributed to the thermal expansion coefficient and
strain itself. It is important to note that material properties and
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Figure 2. a) Main wave modes propagation reported in flexible polymeric SAW devices. Reproduced with permission.[64] Copyright 2011, Wiley-VCH
GmbH. b) Illustration of ZnO and AlN wurtzite crystal structures and PVDF molecular structure and piezoelectric beta phase. Reproduced with
permission.[23] Copyright 2017, Elsevier. c) Molecular structures of thermoset and thermoplastic polymer used in the development of flexible polymeric
SAW devices.

fabrication techniques may also affect the actual device perfor-
mance. When the SAW device is used as a mass loading sensor
the frequency shift can be usually defined as:

Δf =
2Δmf 2

0

A
√
𝜇𝜌

(7)

where μ is the ratio between mass and area, 𝜌 is the density and A
is the surface area. The sensitivity is typically proportional to the
mass per unit area and square of the operating frequency (f0).[29]

The review will provide a comprehensive overview of the chal-
lenges and state-of-the-art in the development of polymeric sur-
face acoustic wave (SAW) devices. The review will begin with a
description of the materials used for polymeric substrates, as well
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as the deposition of piezoelectric material onto these substrates.
Despite significant advances in the field, the deposition of piezo-
electric crystalline films on polymeric substrates remains a major
bottleneck in the development of high-performing and reliable
flexible SAW devices. This is due to the significant differences
in the mechanical and thermal properties of these two layers,
which present a significant challenge to device fabrication. This
review will examine the properties of both polymeric substrates
and piezoelectric films, highlighting the best combinations and
strategies to date for achieving the desired results. By providing
a comprehensive overview of the current state-of-the-art, serving
as a resource for researchers working in the field of polymeric
SAW devices.

In the second part of the review, the reader will find a detailed
description of the results obtained with flexible polymeric SAW
devices. Specifically, the review will explore four main pillars by
analyzing the results that researchers have reported in the de-
velopment of temperature sensors, mechanical sensors, light de-
tectors, biosensors, and microfluidics based on polymeric SAW
devices. Each of these areas will be discussed, highlighting the
strengths and limitations of existing devices, as well as areas for
future research and development.

In the last part of the review, prospective trends in the field of
polymeric and flexible SAW devices will be proposed. The review
will discuss the most promising avenues for future research and
development, as well as potential applications for these devices
in emerging fields such as wearable electronics and the Internet
of Things.

2. Materials

The most used materials for the development of thin film SAW
devices on polymeric substrates are ZnO and AlN. Despite efforts
to develop a fully organic SAW device using polyvinylidene flu-
oride (PVDF), the material has not yet been successful. The low
electro-mechanical coupling and low phase velocity of PVDF have
prevented the fabrication of a functional SAW device. However,
research in this area has continued.[23,30–32] In the 1980s, Wager
was the first to demonstrate SAW propagation on PVDF films at
low temperatures (−175 °C), but the high insertion loss and low
temperature requirements limited its practical applications.[33,34]

In a subsequent study, Kumar et al. showed proof-of-concept for
a PVDF-based SAW device with a resonating electrode configu-
ration in both vertical and longitudinal directions. However, the
SAW response was only demonstrated on PVDF deposited on
glass.[35] More recently, Govindarajan et al. proposed the devel-
opment of a PVDF-based SAW device by adding micro/nano ce-
ramic fillers such as lead zirconate titanate (PZT), calcium cop-
per titanate (CCTO), and carbon nanotubes (CNTs), resulting in
a device that operates around 50 MHz, but again, only on a steel
substrate (Table 1).[36]

2.1. ZnO

ZnO is an inorganic compound widely used as an additive in
many compounds from plastic and cement. It is an n-type semi-
conductor of the II-VI group with high electron mobility.[37] In

Table 1. Comparison of piezoelectric material exploited for the develop-
ment of flexible polymeric SAW devices.

Index AlN ZnO PVDF

Young modulus (GPa) 280–400 100–150 2–4

Poisson’s ratio 0.22–0.29 0.35 0.33–0.4

Density 3–3.5 5.5–5.8 1.6–1.8

R-SAW velocity (m/s) 5000–6000 2400–3000 2500–2800

L-SAW velocity (m/s) 10000–12000 6000–8000 –

Curie Temperature (C°) 800–1200 450–550 100–200

D33 (pC/N) 10–14 3–8 −20 – −30

piezoelectric material hexagonal wurtzite structure is necessary,
in which Zn2+ cation is surrounded by four 02− and vice versa,
generating a non-centrosymmetric arrangement, generating its
piezoelectricity (Figure 2b). ZnO is a material widely used in elec-
tronic, optoelectronics, acoustic, and sensing applications thanks
to its semiconductor, piezoelectric, and optical properties.[38]

ZnO-based polymeric SAW devices were the first to be devel-
oped due to the higher controllability of the ZnO deposition pro-
cess. Moreover, good film crystallinity has been obtained at low
temperatures.[39] In fact, ZnO has low tensile residual stress and
good adhesion to many substrates, allowing the deposition of up
to tens of microns. On the contrary, ZnO owns low wave velocity
with respect to AlN avoiding the development of high-frequency
devices.[40] Another advantage of ZnO is the possibility to develop
nanostructure (e.g. nanowire/nanorods) on the top of the device
that can be exploited for sensing applications.[41,42]

The main drawback of ZnO is its high reactivity; in fact, the
material is unstable if exposed to water or humidity for a long
time. Moreover, Zn is considered a contaminant in the CMOS
process, and it is incompatible with a process such as cryo-
pumps.[23,43] This constraint will limit the development of wear-
able sensors or sensors intended for use in water-based environ-
ments, as they will require a protective coating layer to prevent
degradation of the ZnO over time.

2.2. AlN

Aluminum nitride inorganic salt of Al with a wide band gap
(≈6 eV), high resistivity (≈1012 Ω cm), and thermal conductivity
≈200 W (m K).[44] AlN is exploited mainly in its wurtzite crys-
tal structure, where Al and N alternate along the c-axis and each
bond is tetrahedrally coordinated with four atoms per unit cell,
generating a spontaneous polarization, and piezoelectric polar-
ization (Figure 2b).

AlN owns high mechanical properties (e.g., young modulus)
and can sustain high temperatures of 700–1000 °C,[45] more-
over, AlN deposition and processing is fully compatible with
CMOS processes.[43] Their crystalline and mechanical proper-
ties allow the propagation of high wave velocity, enabling the
development of SAW devices operating at higher frequencies
and higher powers, with improved sensitivity and performance
at high temperatures.[23] On the contrary, the deposition of
AlN piezoelectric films is difficult to control and usually sput-
tered at elevated temperatures (>200 °C), such film often owns
high residual tensile stress. Moreover, moisture and oxygen
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Table 2. Comparison of common polymeric substrate exploited for flexible
SAW devices.

PI PEN PET PES PTFE

Thermal
Coefficient of
Linear
Expansion
(ppm/°C)

20 20–21 50–92 55–90 80–135

Glass Transition
Temperature
(°C)

360–410
(not
real

transi-
tion)

120–200 90–110 200–250 120–327
(not
real

transi-
tion)

Young modulus
(GPa)

2–4 5 2.1 4.8 0.5

Poisson’s ratio 0.34 0.33 0.33–0.35 0.37 0.36–0.46

Dielectric Constant 3.4 3.2 3.6 3.17 2

contamination in the deposition chamber strongly affect the AlN
growth and microstructure. Finally, AlN microstructures are not
easy to produce and are not widely used for biosensing.[46]

2.3. Polymers

To enable the development of flexible SAW devices, the polymeric
substrate needs to have some key future such as resistance to
temperature, solvents, and acids, low surface roughness, high
mechanical properties, and low price. Resistance to the tempera-
ture is necessary to sustain the deposition of piezoelectric mate-
rial that usually is lead to an increase in the temperature. Glass
transition and high thermal expansion in the range of deposition
temperature are not compatible with the growth of a homoge-
nous piezoelectric layer necessary for the SAW device fabrica-
tion. In general, the large mismatch in thermal expansion coef-
ficients between the substrates and the piezoelectric films gen-
erates non-continuous, non-uniform, or amorphous crystal de-
position. The resistance to solvent and/or acid is necessary for
the post-processing, in fact, the fabrication of SAW devices usu-
ally needs photolithography, which requires exposing the mate-
rial to solvents and acids. The substrate morphology represents
the first imprinting to the piezoelectric deposition SAW devices
the roughness is a key parameter influencing the propagation of
the waves.[47] In fact, SAWs propagate along the surface confining
most of the energy within a wavelength from the surface, thus
a low surface roughness is essential to avoid the acoustic wave
dissipation.[48] Lastly, the polymeric mechanical features are im-
portant; a large mismatching with the piezoelectric material leads
to a significant attenuation and dissipation of acoustic energy in
the plastic, forcing the increasing thickness of the piezoelectric
layer (Table 2).

Both thermoset and thermoplastic materials have been ex-
ploited in the development of polymeric flexible SAW devices
(chemical structures are reported in Figure 2c. Polyimide (PI)
was the first candidate in the development of such MEMS. PIs
are thermosetting polymers with typical orange/yellow color and
are well known for their thermal stability, chemical resistance,
and excellent mechanical properties. Commercial Kapton® de-

veloped by DuPont in the 1960s is the most common and widely
exploited. Kapton® is a high-performance polymer that is known
for its excellent thermal properties. It has a thermal coefficient of
linear expansion (TCLE) as low as 20 ppm/°C, which means that
its dimensions change very little with temperature fluctuations.
TCLE is a measure of how much a material’s length changes with
temperature, and a low TCLE value indicates that a material is
highly stable over a wide range of temperatures. In addition, Kap-
ton® has a glass transition temperature (Tg) greater than 360 °C,
which is the temperature at which a polymer transitions from a
rigid, glass-like state to a rubbery, flexible state. For these feature
PIs are commonly used in flexible and printed electronics; more-
over, is used as space blankets on spacecraft and satellites.[49,50]

PET and PEN are thermoplastic polymers representing a sec-
ond and third evolution of polyethylene, where the addition of
one and two aromatic rings respectively, generate an improve-
ment in strength and modulus, chemical and hydrolytic resis-
tance, gaseous barrier, thermal and thermo-oxidative resistance,
and UV light barrier resistance.[49] In particular, it is worth not-
ing that PET and PEN have a Tg in the range of 90–110 and
120–200 °C, respectively. Furthermore, their coefficient of ther-
mal expansion (TCLE) falls within the range of 50–92 and 20–
21 ppm/°C for PET and PEN, respectively. These polymers rep-
resent more than 20% of the world’s polymer production and are
commonly recycled.

Polysulfones(PSU) are thermoplastic materials with high me-
chanical and thermal performances. They have Tg at temperature
>200 °C and mechanical properties comparable with the PI. The
main drawback is the high cost of processing with respect to other
thermoplastic materials, however, the cost is offset by their ease
of processing, durability, and design flexibility.[50,51]

Polytetrafluoroethylene (PTFE) is a fluoropolymer, classified
within the thermoplastic polymers, commercially known as
Teflon. The strong C─F bond does not lead PTFE to react with
any other compounds. PTFE owns high mechanical strength, hy-
drophobicity, chemical, and thermal stability. In fact, even at Tg
temperature (>200 °C), PTFE does not flow and interact with any
solvent.[52] The main drawback of PTFE is the low adhesion and
its environmental toxicity coming from both the manufacturing
process and the end life of the plastic since such material is dif-
ficult to recycle and does not undergo any degradation.[53]

3. Processing of Piezoelectric Material for
Polymeric SAW Devices

In literature, many methods have been reported to deposit
ZnO and AlN films including physical vapor deposition (PVD),
such as sputtering,[54-56] evaporation,[57] pulsed laser deposition
(PLD),[58,59] molecular beam epitaxy (MBE),[60,61] chemical vapor
deposition (CVD).[62,63] Different deposition processes lead to dif-
ferent crystalline quality, temperature, costs, and rates of deposi-
tion. Among all the techniques, magneto sputtering is the only
one exploited for the development of SAW devices on the poly-
meric substrate because of its, simplicity, good reproducibility,
operating temperature, and compatibility with MEMS process-
ing. Films of ZnO and AlN are deposited on polymeric substrates
with DC/RF sputtering at room/low temperature, using high pu-
rity Zn and Al targets in Ar and O2 or N2 gas mixture, or using
RF sputtering and ceramic ZnO or AlN target (Figure 3a).
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Figure 3. a) Illustration of a sputtering deposition process; b,c) Photographs of flexible polymeric SAW devices that are based on ZnO/PI and AlN/PEN
respectively; d) Characterization of ZnO deposited on PI: SEM, AFM, and XRD. Reproduced with permission[16] Copyright 2013, Springer Nature.
f) Similarly, AlN deposited on PEN is characterized through SEM, AFM, and XRD. Reproduced with permission.[15] Copyright 2019, Wiley-VCH GmbH.
j) Processing of PVDF piezoelectric film: hot-pressed thin sample and schematic of corona poling with dipole orientation before and after poling.
Reproduced under the term of CC-BY license.[36] Copyright 2021, The Authors, published by MDPI.
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The propagation of the SAWs is lead to the generation of po-
lar wurtzite structure of ZnO and AlN with a crystal orienta-
tion in c-axis that show the highest piezoelectric constant d33.
The thickness of the piezoelectric layer is crucial for the de-
sign of a flexible SAW device; a lower h/𝜆 ratio brings stronger
damping due to the large mismatch of the mechanical prop-
erties between the ceramic and the polymeric layers.[23,65] In
general, SAW devices usually need a piezoelectric layer whose
thickness should be larger than 10% of the acoustic wave-
length, such ratio should be increased in the polymeric sub-
strate due to the high mechanical mismatching between the
substrate and the piezoelectric layer. To achieve such thickness,
the process of deposition became longer with a consequent in-
crease of temperature in the chamber, making the deposition
on polymeric substrate challenging. To avoid such temperature
increases, chillers or multistep deposition processes have been
developed.[15,66]

Different doping elements (e.g., P, As, Sb, CA, Sr, Ga) have
been exploited to modify piezoelectric and dielectric properties,
as well as energy band gap and optical features of ZnO and AlN
films.[67–69] Although the doping of ZnO and AlN have been in-
vestigated on the feature of the conventional, rigid acoustic de-
vices, to date no reports are present on such doped film on poly-
meric SAW devices. The cause is to be addressed to the non-
uniform distribution and reproducibility, and current research is
based on “trial and error”.[70]

Polymeric SAW devices based on ZnO were the first to be de-
veloped. ZnO has been successfully deposited on PI substrate
obtaining highly-oriented columnar nano grains perpendicular
to the polymeric film.[71,72] Jin et al. after the deposition of 4 μm
measured a root mean square (RMS) roughness of 9 nm over
an area of 4 × 4 μm2, comparable to those obtained from the
films deposited on solid substrates (Figure 3b–e).[32,33] Detailed
sputtering deposition characterization of ZnO on PI is reported
by Zhou et al., where the authors have analyzed the ZnO crys-
talline structure in relation to thickness, deposition rate, power,
bias voltage, and gas pressure.[71] Deposition from 3.5 to 4.5 μm
of ZnO has been successfully obtained even on PET at tem-
peratures below 120 °C, with high 0002 crystal orientation.[73]

Other polymers such as Polyethersulfone (PES),[74,75] Benzo-
cyclobutene (BCB) ,[76] and fluoropolymers such as (PTFE-
HFP)[76–78] have been investigated as substrates for ZnO depo-
sition. However, no flexible SAW devices based on these sub-
strates are reported, probably due to the higher TCLE that avoids
the deposition of the thick piezoelectric layer necessary for wave
propagation.

Similarly, but limited in scientific reports is the state of the
art on the deposition of AlN on polymeric substrates, which is
reported mainly on PI and PEN. As previously discussed, the de-
position of piezoelectric AlN is more challenging requiring high
temperature and tight control of the deposition parameters. PI is
the first and most reported substrate in the deposition of flex-
ible piezoelectric AlN MEMS.[79–81] In particular, Algieri et al.
reported deposition of a columnar of 0002-oriented AlN with a
minimum RMS 6.32 nm on an area of 5 × 5 μm and a d33 of
4.93 pm V−1.[81] The first report of the SAW device based on
PI/AlN was developed by Zhou et al.[82] with a low transmission
amplitude (<1db). Li et al. recently developed a SAW device with
AlN working at 4.95 GHz, improving the piezoelectric response

(8.01 pm V−1) and reducing the roughness (3.2 nm) by adding a
molybdenum interlayer of 200 nm.[83]

PEN has demonstrated, thanks to its thermal resistance and
low surface roughness, superior capability to sustain the deposi-
tion process of AlN, and the development of SAW device.[15,84,85]

Lamanna et al. have reported a multilayer AlN deposition on
PEN, allowing the increase of thickness, keeping as low as possi-
ble the deposition temperature.[15] The multistep deposition has
allowed the development of 4.5 μm thick AlN with c-oriented
columnar growth RMS of 8.04 nm, an average grain size of
49 nm, and d33 of 3.29 pm V−1[15] (Figure 3c,g–i). The device fab-
ricated with this substrate showed a transmission amplitude as
high as 22 dB.

PVDF is generally synthesized by free radical polymerization
of difluoroethylene, followed by processes such as melt cast-
ing, solution casting, and spin coating. The obtained material
is usually in a non-piezoelectric alpha phase, which needs to be
stretched/annealed/poled to obtain the piezoelectric beta phase.
The poling process under a large electric field (tens MV/m), even-
tually in a temperature range between 70–100 °C, is commonly
reported to generate piezoelectric films.[86-88] The only example of
a SAW device based on PVDF composite was presented recently
by Govindarajan et al.[90] The authors dissolved/dispersed PVDF
with different ceramic nanofillers in DMSO, and hot pressed at
179 °C (melting temperature of PVDF) for 20 min. Subsequently,
the film where electrically polarized, to generate the beta phase in
a non-contact method (corona pooling) with a voltage ff 12–15 kV
at 2–3 cm for 30 min (Figure 3j)

4. Applications

The development of polymeric flexible SAW devices has unlocked
a multitude of opportunities in the field of the Internet of Things
(IoT) and healthcare. Their exceptional conformability, low power
consumption, remote control capability, and sensitivity to a range
of environmental conditions make them an ideal solution for
low-power sensing and communication applications. In this sec-
tion, we will provide an overview of the various sensing and
actuation applications of polymeric SAW devices and demon-
strate their potential to revolutionize the IoT and healthcare
sectors.

4.1. Temperature Sensors

Acoustic wave velocity propagation depends on temperature, for
this reason, such an effect can be exploited for the development
of temperature sensors. The temperature coefficient of frequency
describes the sensitivity of SAW devices to the temperature.

TCF =
Δf
ΔTf0

(8)

Δf represents the frequency variation driven by the tempera-
ture variation (ΔT) and f0 is the resonance frequency at 25 °C.
Values of the TCFs are influenced by substrates, piezoelectric,
and working device frequency. Polymeric-based SAW devices are
more influenced by temperature, with respect to standard rigid
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Figure 4. a) Photo of the skin-attached AlN/PEN SAW devices and thermal camera image with the evidence of the uniform heat conduction through the
patch from the skin to the SAW device. Reproduced with permission.[15] Copyright 2019, Wiley-VCH GmbH. b) Working resonance shift as a function of
temperature for the Rayleigh and Lamb wave propagating on a ZnO/PI SAW device. Reproduced with permission.[16] Copyright 2013, Springer Nature. c)
Resonance shift % as a function of temperature for the Rayleigh, Love, and Lamb wave propagation on an AlN/PEN SAW device and their comparison with
the same device fabricated on a silicon substrate; d) Finite element modeling simulation of superficial eigenfrequency for AlN /PEN device corresponding
to the Rayleigh, Shear/Love and Lamb wave propagation, respectively from left to right Reproduced with permission.[85] Copyright 2020, Elsevier.

ones, since the polymers have higher thermal expansion. In gen-
eral, a reduction of the frequency is measured with increasing
temperature. The development of flexible polymeric SAW de-
vices paves the wave for wearable and wireless temperature sen-
sors based on SAWs (Figure 4a). Jin et al. developed one of the
first polymeric SAW devices using ZnO deposited on 100 μm
thick Kapton®,[16] with two resonance working mode R-SAW
at low frequency and (≈30–250 MHz) L-SAW at high frequency

(≈150–500 MHz). They have measured for both the wave modes
a linear decrease of the resonance frequency with the temper-
ature increasing, with a TCF of ≈442 and, ≈245 ppm/°C for
R-SAW and L-SAW respectively (Figure 4b). Years later it has
been developed the first polymeric SAW device using AlN, de-
positing it on 250 μm thick PEN,[15] measuring TCF of ≈810
and ≈67 ppm/°C for the R-SAW at ≈250 MHz and L-SAW at
≈500 MHz, respectively. Lamanna et al. have developed the first

Adv. Mater. Technol. 2023, 8, 2300362 2300362 (8 of 17) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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GHz polymeric-based SAW device working with three different
wave modes Rayleigh, Love, and Lamb-like waves (Figure 4c,d).
Such devices have been used as temperature sensors showing
TCF values of 149, 109, and 53 ppm/°C. Rayleigh and Love wave
show higher responsivity to the temperature, with respect to L-
SAW, due to the intrinsic nature of such waves. In fact, Reyleigh
and Love wave are affected by both piezoelectric and polymeric
materials properties since the deformation of such waves fall in
both the substrate, how is demonstrated even by finite element
modeling (Figure 4d). Lamb-like waves on the contrary travels
within the piezoelectric layer and are less affected by the substrate
properties. In general, it is known that the TCF is:

TCF ∝ 𝜆

h
(9)

where 𝜆 is the wavelength and h is the thickness of the piezoelec-
tric layer, with the increasing of such value there is an increase of
the TCF. The larger sensitivity to temperature of Rayleigh mode
on the flexible substrate is due to the influence of polymeric sub-
strate thermal expansion underneath. In contrast, the Lamb-like
waves travel guided within the piezoelectric plate independently
of the substrate mechanical properties variation.[27,28] In many
operating conditions, temperature variation can be a significant
interference parameter that can invalidate the measurement of
other parameters. Therefore, it is common practice to calibrate
sensors in an appropriate manner to reduce or eliminate this in-
terference. Zhao et al. conducted an interesting study in this re-
gard, where they developed a strain sensor that can operate at
temperatures up to 500 °C.[90] In their study, the authors consid-
ered the thermal expansion coefficient as an added value to the
strain variation obtained by the sensor, thereby reducing the er-
ror induced by the temperature parameter. This approach effec-
tively minimizes the impact of temperature on the performance
of the strain sensor, making it suitable for high-temperature ap-
plications.

4.2. Mechanical Sensors

The use of polymeric soft substrate is not just a supplement to the
well-established rigid substrate-based electronics but also a key
and innovative research field, which opens the door to a variety
of applications. In particular, the development of polymeric SAW
devices enables the possibility to develop strain/bending sensors
based on SAW, impossible with a rigid substrate. The response of
the resonance frequency to the deformation is related to a dou-
ble effect of the strain: a change of the wavelength caused by an
IDTs deformation, and the change in the SAWs velocity due to
related material properties variation on both piezoelectric layer
and polymeric substrate (e.g., density, Young’s modulus).[91,92]

Under a compressive strain, the working frequency of the SAW
device increases, on the contrary, when stretched a decrease
in the resonance frequency is observed. He et al. have devel-
oped strain sensors based on ZnO deposited on PET and Poly-
imide (Figure 5a).[73,93] The device can withstand deformation of
2500 μɛ for 100 cycles and up to 3500 μɛ, higher deformation leads
to cracking of the ZnO film and failure of the device. The authors
report that the deformation leads to an absolute frequency shift
is ≈300 kHz when the relative bending strain was changed from

−800 to 1500 μɛ, at the same time even an insertion loss of −5 dB
is observed[73] (Figure 5b–d). A bending sensor has been devel-
oped even with AlN deposited on PEN[84] measuring curvature
angle from −18° to +58° (corresponding to AlN strain of −400 μɛ

/ +1000 μɛ); higher curvature angles lead to the generation of
cracks parallel to the bending side. The device has two resonance
modes R-SAW and L- SAW both responsive to the deformation,
two linear regression slopes, Δf vs strain, of 0.577 kHz/μɛ with R2

and 0.95 and 1.156 kHz/μɛ with R2 0.98 have been obtained for
Rayleigh and Lamb modes, respectively (Figure 5e,f). The devices
have shown a limit of strain detection of 0.4 and 0.2 μɛ for the two
modes respectively.

Recently, Govindarajan et al. have developed a proof of con-
cept of a strain sensor SAW sensor based on PVDF with remark-
able deformation capability 15 800 μɛ, unfortunately, the system
does not allow the development of a calibration curve to define
the figure of merit of such sensor[36] (Figure 5g). The survey con-
firms the higher sensitivity of the AlN based sensor, which has
as drawback its fragility, thus a lower bending capability with re-
spect with ZnO that can detect deformation 2 order of magni-
tude higher. As concerns the SAW devices based on PVDF, the
research is still on fundamental studies and poor in documents.
Significant advancements have been made in the development
of SAW strain sensors, which leverage thin piezoelectric materi-
als such as Quartz,[94] Langasite,[90] and LiNbO3,[95] providing a
certain degree of bendability. In addition, there are SAW devices
based on piezoelectric materials such as ZnO and AlN deposited
on thin substrates like aluminum and glass, which also allow for
bendability.[13,14,96] These sensors are increasingly popular as an
alternative to polymer-based sensors due to their easy process-
ability. Moreover, they have demonstrated high reliability and can
operate at elevated temperatures, making them suitable for vari-
ous applications.

4.3. Ultraviolet Detectors

UV light is electromagnetic radiation with a wavelength ranging
between 10 to 450 nm. Such light has a radical influence on the
environment and human survival and development. Excessive
exposure to UV is led to cancer and other diseases.[97] The de-
velopment of flexible polymeric, low cost and wireless devices to
be applied in the monitoring of UV exposure of people, mate-
rials and infrastructure is a great challenge and opportunity for
MEMS and SAW devices.

The acoustic wave propagation on piezoelectric substrates is
accompanied by a traveling potential wave and electric field
caused by the polarization of the material due to its deformation,
thus the acoustic wave velocity is tied hand in glove with the con-
ductivity of the substrate.[98,99] Piezoelectric thin films are semi-
conductors and when illuminated by UV photon, valence band
electrons jump into the conduction band to produce free electron-
hole pairs, such free carriers will change the electric field result-
ing in the acoustic wave propagation modulation (Figure 6a). The
velocity shift is given by:[100-103]

Δv
v0

= k2

2
(

1 +
(

𝜎

𝜎0

)2
) (10)
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Figure 5. a) Photographs of a ZnO/PET SAW device under bending test; b) Real-time frequency response of the R-SAW devices based on ZnO/PET
under strain test (step duration of t = 46 s); c,d) Comparison of the frequency and insertion loss response in relation to different strains for ZnO/PET
Reproduced with permission.[73] Copyright 2014, American Institute of Physics. e,f) Resonance frequency shift in function to different strains, for Rayleigh
and Lamb modes of devices fabricated on AlN/PEN, respectively. Reproduced with permission.[84]Copyright 2020, IEEE. g) VNA test setup with PVDF
SAW sensor attached to a steel plate bent with angle 𝜃, with related digital image correlation of displacement in Y direction, on the right is reported the
frequency response representation from 10 kHz–100 MHz at different angles for PVDF/PZT device. Reproduced under the term of CC-BY license.[36]

Copyright 2021, The Authors, published by MDPI.

where v0 is the wave velocity, K2 is the electromechanical coupling
coefficient, 𝜎 is the sheet conductivity, and 𝜎m is a material con-
stant. Therefore, the working frequency shift is due to the reduc-
tion of the acoustic wave velocity by the increase of photo-induced
conductivity of the piezoelectric layer.

ZnO polyimide SAW devices have been characterized us-
ing UV light 365 nm at different intensities from 0.4 to

4.5 mW cm−2. A reduction up to 43 and 76 kHz has been
observed for the Rayleigh and Lamb wave respectively, simulta-
neously with a phase shift of 2.1° and 2.4° for the two modes.
At the same time, the authors have observed an amplitude
increase due to the insertion loss decreasing, the physics beyond
this aspect, observed even in the AlN substrate,[103] is still not
clear and under investigation.[93] The devices have shown a

Adv. Mater. Technol. 2023, 8, 2300362 2300362 (10 of 17) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. a) Schematics of interactions between SAW propagation on piezoelectric, carriers, and UV light. Reproduced with permission.[98] Copyright
2020, Elsevier. b) Real-time response of R-SAW on AlN/ silicon and L-SAW on AlN/PEN under 365nm LED source. c) Transfer function S21 of an
AlN/silicon devices irradiated by different wavelengths light. Reproduced with permission.[103] Copyright 2020, IEEE.

sensitivity of 111.3 and 55.8 ppm/(mW/cm2) for Rayleigh and
Lamb wave respectively;[93] demonstrating higher performance
with respect to conventional ZnO devices based on silicon
substrate.[104,105] In general, the high sensitivity of ZnO to UV
light has been exploited by depositing nanostructure (pillars,
roads) on rigid/metallic SAW devices.[106] Flexible SAW devices
have been developed also exploiting AlN and PEN.[102,103] AlN has
a much higher band gap (≈6), with respect to ZnO (≈3.2)[107] that
makes the SAW device based on AlN less sensitive to the UV at
high wavelengths. However, Lamanna et al. have demonstrated

that the Lamb resonance at 540 MHz undergoes a downshift
of ≈60 kHz when irradiated with UV at 365 nm 1150 mW,
more than twice of AlN/silicon SAW device[102] (Figure 6b).
Moreover, the authors have demonstrated that SAWs on the
polymeric substrate were unresponsive to the irradiation at high
wavelength. Interestingly the devices fabricated on the silicon
substrate were affected by these wavelengths. Silicon has a band
gap of 1.14 eV, which is influenced by IR-vis wavelengths leading
to an out-of-band insertion loss of the device (Figure 6c). This
modulation did not affect the resonance frequency of the SAW
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device that on the contrary is defined by the piezoelectric layer
proprieties.[103] In general, the use of polymeric substrate avoids
any influence of the substrate on SAW propagation since such
material are unresponsive to the light.

4.4. Biosensors and Microfluidics

Polymeric flexible SAW device finds their natural outgrowth in
the development of biosensor and Lab on a chip.[11,108] Portable,
miniaturized, and compliant devices are required not only in
healthcare monitoring but even in the food chain, to monitor
contamination and food ripening, and even as support for en-
vironmental and agriculture monitoring.[109-111] From this per-
spective, the development of polymeric SAW devices lags be-
hind conventional SAW devices that have achieved remark-
able advancements in recent years. For example, conventional
SAW devices have been able to detect various viruses such
as Measles,[11] Influenza,[112] HIV,[113] and Ebola,[114] as well
as cancer cells.[115,116] Furthermore, these devices can even de-
tect biomolecules and protein markers[117,118] of some patholo-
gies and toxins,[119,120] in some cases with sub-nanomolar de-
tection limits of 10ˆ4*10ˆ−12 M.[121] In recent years, SAW sen-
sors have also been developed for the detection of DNA or
even DNA polymorphisms.[122-124] These systems commonly
employ integrated microfluidic systems, allowing for rapid
and accurate detection of various analytes in real-time. SAW
devices are frequently utilized for both detection and actu-
ation purposes, including mixing, temperature control, and
sorting, among others. Hereafter, an overview of the latest
developments in polymeric SAW devices for biosensing ap-
plications and their integration into microfluidic systems is
presented.

ZnO is hydrophilic material and water molecules are easily ab-
sorbed on the piezoelectric layer, leading to the introduction of
additional mass that influence the resonance frequency of the
SAW device. He et al. developed one of the first humidity sen-
sors based on ZnO growth on polyimide, without any surface
treatment or additional sensitive layer.[125] The work character-
ized the device from 10% to 80% relative humidity (RH) observ-
ing linear regression, without any saturation or hysteresis and
with a response time of ≈60 s. The sensitivity of the device has
been reported as 34.7 kHz/10% RH ≈3 times that obtained with
rigid SAW sensors with no surface treatment (≈13.7 kHz/10%
RH),[126] but smaller than rigid SAW sensors functionalized with
absorbent polymers or nanostructure.[127,128] Xuan et al. devel-
oped a flexible SAW humidity sensor by functionalizing ZnO/PI
with graphene oxide to exploit its large surface area and high sen-
sitivity to humidity.[129] The authors demonstrated a sensitivity of
up to 145.83 ppm/%RH for both resonance modes in the range
of 10%RH to 80%RH (Figure 7a).

AlN, on the contrary, does not absorb water, thus the addi-
tion of a sensing layer is necessary to develop a humidity sen-
sor. Piro et al. have developed the first proof of concept of a flex-
ible and wearable SAW microfluidic device for pH detection.[130]

The device consists of a SAW delay line based AlN/PEN, where
a microfluidic channel has been microfabricated using SU8
and subsequently functionalized with the ZnO nanoparticles of
≈400 nm. The authors demonstrated that such a device can de-

tect pH from 2 to 7 by exploiting the Lamb wave propagation with
a sensitivity of ≈30 kHz/pH (R2 = 0.98) (Figure 7b); no sensing
is reported with the Rayleigh mode.[130]

Jin et al. have presented an interesting application of polymeric
wearable SAW devices based on ZnO and polyimide: a wireless
sensor for obstructive sleep apnea syndrome (OSAS).[131] The
authors have compared the obtained results with the ones ob-
tained with conventional LiNbO3-based SAW sensors. The device
was able to monitor in real-time the breathing signal by exploit-
ing the humidity of the exalted air. The SAW sensor was placed
on the upper lip below the nose of a person, and a variation
in the humidity of breathing air was detected by the SAW sen-
sor. The authors demonstrated that the shift of the resonance
frequency was not particularly suitable for the monitoring of
OSAS, on the contrary, the shift in the return loss was success-
ful. The shift of loss caused by respiration was ≈0.6 ± 0.1 dB,
with a response time and recovery of 1.125 and 0.75 s, respec-
tively, shorter than a breathing period. Moreover, the loss re-
covers to its original value, showing excellent repeatability and
stability.

Interaction of SAW with liquids leads to the dissipation of en-
ergy and generation of acoustic streaming, pumping, mixing,
and even atomization; such dissipation is strictly related to the
wave mode and frequency and is usually reported for the R-
SAW.[23] Jin et al. found that even flexible devices based on ZnO
and Kapton can provide the same functions.[16] In particular, the
device induces the streaming of drops by the action of R-SAW.
The author highlighted an increase in streaming velocity propor-
tional to the droplet dimension and applied voltage, with a max-
imum of 4 cm s−1 for 10 μL droplet and an applied voltage of
9.5 V (Figure 7c). The same authors have demonstrated the capa-
bility of the device to induce circular streaming to TiO2 nanopar-
ticle, with the ability to concentrate them at the center of the
droplet. Recently Zahertar et al.[132] have carried out a study eval-
uating the influence of thin metal layers deposition (Ni/Cu/Ni)
on ZnO/PET SAW device performances.[132] The metal layer en-
hances the acoustic streaming efficiency, demonstrating pump-
ing actuation with a velocity of 0.52 mm s−1 with a power of 3.6 W,
without the presence of such a layer the authors have observed no
acoustofluidic function, due to the acoustic energy loss into the
polymer layer.

Polymeric SAW devices have been exploited as a biosensor for
bacteria detection. Lamanna et al. have developed the first biosen-
sor, based on polymeric PEN and AlN piezoelectric layer, for the
detection of E.Coli,[133] one of the most widespread food contam-
inants. The surface of the device was functionalized with Porten-
A/antibody for E-Coli, and bovine serum albumin (BSA) for
preventing non-specific bonding (Figure 7d). The biosensor ex-
ploits the Lamb wave at high frequency proving a Limit of detec-
tion of 6.54*105 and a limit of saturation at 2.25*108 (Figure 7e).
The device fabricated on the polymeric substrate have demon-
strated figures of merits better than those obtained on the sili-
con substrate, which cannot exploit the lamb wave at high fre-
quency. Moreover, the development of a FEM and the combina-
tion of the real data has allowed the authors to estimate the mass
of a single E.Coli ≈9*10−13 g. The work has demonstrated the
high performance of the polymeric SAW device, and its poten-
tial application to monitor infection and contamination in food
(Figure 7).
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Figure 7. a) Resonant frequency shift is investigated as a function of relative humidity and time for two different modes of flexible ZnO/PI SAW sen-
sors. Reproduced with permission.[129] Copyright 2015, Elsevier. b) Resonance frequency response to different pH values for an AlN/PEN SAW device
functionalized with ZnO nanoparticles. Reproduced under the term of CC-BY license.[130] Copyright 2021, The Authors, published by MDPI. c) From left
to right: a schematic drawing of acoustic streaming inside a liquid droplet, a snapshot of acoustic streaming induced by the flexible ZnO/Kapton SAW
device, streaming velocity as a function of RF signal voltage with droplet size as a parameter. Reproduced with permission.[16] Copyright 2013, Springer
Nature; d) Processing steps of surface AlN/PEN SAW device functionalization: i) Hydroxylation using O2 plasma; ii) Organosilanization with APTES; iii)
Surface activation using a crosslinking agent; iiii) Protein-A functionalization and blocking coating with BSA; e) Resonance frequency shift as a function
of the bacteria concentration, with and without antibody grafting (blue and black respectively L-SAWs on AlN/PEN (inset: SEM imaging of the grafted
bacteria). Reproduced with permission.[133] Copyright 2020, Elsevier.
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5. Future Challenges and Trends

The rapid advancements in soft robots, human-machine inter-
faces, wearables, and edible devices for healthcare are driving the
development of new and high-performing materials and compo-
nents for electronics. In this regard, flexible/polymeric SAW de-
vices represent a promising platform for the advancement of au-
tomated and digitized microsystems, offering advantages such as
low cost, fast response, reliability, ease of operation, and remote-
control capabilities.

The advancements in material science and piezoelectric ma-
terial deposition processes are driving the rapid growth of these
MEMS. Flexible SAW devices have already proven their perfor-
mance in monitoring various physical and biochemical param-
eters, such as temperature, UV light, humidity, and bacteria.
They have also demonstrated their potential for inducing acous-
tic streaming and mixing in microfluidic systems. While there is
high anticipation for the use of polymeric SAW devices in wear-
able applications, it is important to note that only a few examples
of such usage currently exist, and they are still in the preliminary
stages. Moreover, there is currently a lack of data reporting on
the wearability and long-term stability of such devices, which are
critical factors in their practical application. Therefore, further
research and development are necessary to fully assess the feasi-
bility of polymeric SAW devices for wearable device applications.

Despite the promising potential of polymeric SAW devices for
various applications, there are still significant challenges that
need to be addressed. One of the main challenges is still the
deposition of high-crystalline and piezoelectric layers onto the
substrate, which is essential for achieving high device sensitiv-
ity and reliability. The mismatch in thermal and mechanical per-
formance between the polymeric substrates and the piezoelectric
material often lead to decreased device performance and durabil-
ity. To overcome these challenges, various deposition configura-
tions have been explored, such as multistep and tilted deposition,
to improve the quality of the piezoelectric layer on the substrate.
In addition, cooling systems have been integrated in the sputter-
ing to minimize the impact of thermal stress on the device. An-
other approach is to modify the piezoelectric material through
doping to enhance its piezoelectric properties. Moreover, devel-
oping and investigating new polymeric materials is also essen-
tial for improving the performance and versatility of polymeric
SAW devices. These new materials should have better compati-
bility with piezoelectric materials, as well as improved thermal
and mechanical properties to enhance the device’s durability and
sensitivity.

Polymeric substrates are the preferred choice for the develop-
ment of flexible SAW devices due to their low cost, lightweight,
and flexibility. However, as previously mentioned, the deposition
of piezoelectric crystalline films on polymeric substrates is a chal-
lenging process due to the significant differences in mechanical
and thermal properties between the two layers. As an alterna-
tive, thin metallic foils such as aluminum[14,134,135] have emerged
as an interesting option for flexible SAW device fabrication of-
fering easy processability thanks to the high thermal resistance,
but they also have limitations. For instance, metallic foils have
higher costs compared to polymers, low impedance, and are of-
ten opaque, limiting their use in applications where transparency
is important. Additionally, oxidation can occur over time, com-

promising the performance of the device. Furthermore, metallic
foils may not allow for the fabrication of stretchable devices or the
propagation of high-frequency L-SAW. Despite these drawbacks,
metallic foils can still offer a viable option for certain applications,
and ongoing research is exploring ways to overcome these limi-
tations.

PVDF (polyvinylidene fluoride) has the potential to be a
game-changer in the development of fully organic and flexi-
ble/stretchable SAW devices. The low-cost, ease of processing
and excellent mechanical and electrical properties of PVDF make
it an attractive option for SAW devices. In addition to PVDF, re-
cent studies have reported the piezoelectric properties of biopoly-
mers such as cellulose and chitosan,[136,137] which have yet to
be fully explored for SAW devices. These materials are biocom-
patible, renewable, and biodegradable, making them attractive
for use in biomedical and environmental applications. While
their piezoelectric properties are not as strong as those of syn-
thetic polymers, they have shown promise in certain applications.
While more research is needed to fully understand the potential
of biopolymers for SAW devices, their unique properties make
them a promising area of study for the future of flexible and or-
ganic SAW devices.
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