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Large-area, lightweight and flexible sensing networks are highly demanded in complex (either in structural
topology or material property) structural health monitoring (SHM) applications. Development of piezopolymer
offers a feasible solution. In pursuit of maximum exploitation of their functionality, the optimal fabrication tech-
nique requires to be investigated first. In this study, PVDF-TrFE coatingswere in-situ fabricated and directly func-
tionalized on structural surfaces in the consecutive processing steps as spray, thermal annealing, and corona
poling. The processing conditions, including annealing temperature/time and poling voltage/duration, were cor-
relatedwith their crystallinity, ferroelectric phase,morphology, polarization, and final piezoelectricity, through a
systematic study.With the help of various characterizationmethods, the conditions of optimal functional perfor-
mance were identified and rationalized. To study the feasibility of thus-prepared functional coatings in transduc-
ing guided waves, the host structures with sensors made of such coatings were interrogated by passive acoustic
emission and active ultrasonic transmission to validate the sensing and actuation capability, respectively. The de-
veloped piezopolymer coatings possess excellent performance as a novel configuration of sensing networks,with
lightweight, ultrathin, flexible, rapid-prototyping and adhesive-free features, manifesting high adaptability, high
consistency, negligible inter-path interference, and minimal extra penalty for a robust SHM system.
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1. Introduction

Due to the strong electro-mechanical coupling ability, piezo-
materials have been widely used to generate and/or receive guided
waves for structural health monitoring (SHM) applications in engineer-
ing structures [1–3]. Their competence in sensing and actuation is cru-
cial to achieve an effective SHM system. Conventional piezoceramics
with high density and brittleness have their practical shortcomings as-
sociated with mass/volume loadings, incompatibility with large strain,
and poor conformity with non-flat or complex surfaces, especially for
the aerospace structures with high design criteria. Recently, there
has been a growing emphasis on piezopolymers, due to their high flex-
ibility, ultra-light weight, ultra-low profile, low cost, high manufactur-
ability etc. Polyvinylidene fluoride (PVDF) and its copolymer with
trifluoroethylene (TrFE), PVDF-TrFE, are the most widely investigated
piezopolymers due to their good polarization and solvent compatibility.
Unlike the polymorphic PVDF, PVDF-TrFE consists mostly of ferroelec-
tric phase at room temperature, which makes it easier to obtain piezo-
electricity and being spared from phase transformation processes such
as mechanical stretching [4] or addition of nanofillers [5]. Thus, PVDF-
TrFE has gained substantial favour with researchers in developing func-
tional materials. Yet its ferroelectric crystallization and piezoelectric
performance are strongly perturbed by the manufacture methods and
processing conditions. Such an intriguing topic has been studied exten-
sively by many researchers, giving rise to different speculations and
controversies.

As a semi-crystalline polymer, thermal annealing treatment is an im-
portant process for PVDF-TrFE to enhance crystallinity and ferroelectric
phase. The annealing temperature controls the phase transition of crys-
tal structures. Below Curie temperature (Tc), ferroelectric phase (ortho-
rhombic crystal structure) is dominant and the chain conformation is
all-trans (TTTTT), similar to the β phase of PVDF. Above Tc, ferroelectric
phase changes to paraelectric phase (hexagonal crystal structure) con-
taining a number of gauche linkages (TG+ or TG−) [6]. Most researchers
have reached a consensus that the annealing temperature of PVDF-TrFE
should be above Tc, at which molecular chains in amorphous phase are
mobile enough to rearrange themselves into electroactive crystalline
phase, and below the melting temperature (Tm), exceeding which the
reorientation of lamellar chains causes irreversible extinction of ferro-
electric polarization [7]. However, the most suitable annealing temper-
ature of PVDF-TrFE to achieve high piezoelectricity varies from case to
case. Mao et al. [8] concluded that annealing above Tc caused increasing
in crystallinity with increasing temperature (below Tm). However, the
highest remnant polarization reached saturation just at Tc (118 °C). In-
terestingly,Mahdi et al. [9] observed that both crystallinity and remnant
polarization reached the highest value with annealing temperature
slightly above Tc at 100 °C (Tc = 90 °C, Tm > 140 °C) and decreased
with higher annealing temperature. Similar trends were also obtained
byNg et al. [10] which reported that the optimal annealing temperature
was at Tc (120 °C). On the other hand, others found that the
piezoelectricity-related property (piezoelectric constant or remnant
polarization) continued to increase with annealing temperature in-
creasing above Tc but below Tm, and the optimal annealing temperature
was in the middle of Tc and Tm as, just to mention a few, 130 °C
(Tc = 94 °C, Tm = 151 °C) [11], 135 °C (Tc = 115 °C, Tm = 150 °C)
[12], 140 °C [13]. Annealing time is another debated issue and mostly
depends on empirical observations. It can range from 30 min [14], to
1 h [9], to 2 h [8,11,13,15], andup to 5 h [16]. Some researchers annealed
overnight as long as 12 h [17] or 24 h [18] to attempt full transfer of
amorphous phase. On the contrary, Spampinato et al. [12] asserted
that only 15 min was enough to induce a high degree of crystallinity
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and remnant polarization. Longer annealing treatment would not lead
to functional improvement but rather deterioration, as increasing coer-
cive field.

Proper annealing treatment could enhance the ferroelectric phase in
PVDF-TrFE, which still exhibits little macroscopic piezoelectricity, with
the dipoles in polar crystalline regions of ferroelectric phase in random
orientation (originated from the large difference in electronegativity be-
tween fluorine and hydrogenwith respect to carbon). The overall piezo-
electricity of piezopolymer arises from remnant polarization, i.e., net
dipole moment after high-voltage poling treatment. Typical poling
methods include direct-contact thermal poling and non-contact corona
poling. In thermal poling, the sample with attached electrodes on both
sides is directly connected to a high DC voltage. Usually, thewhole sam-
ple is submerged in a silicon oil bathwith elevated temperature to avoid
breakdown of surrounding air. Corona poling is performed by locating a
high-voltagemetal needle above the sample, with only the bottom elec-
trode required and grounded. The ionization of air around the needle tip
generates charge ions which are collected on the polymer surface and
form poling electrical field. With poling treatment, crystalline structural
features of piezopolymers such as chain conformation, microstructural
packing density, crystallinity, molecular chain orientation, and crystal
size would be influenced by the rotation of dipoles under the electric
field [19], some ofwhich directly impact the overall electrical properties
of piezopolymers. Thus, appropriate poling conditions are also consid-
ered as a potential method for enhancing ferroelectric crystalline struc-
ture and final piezoelectricity. Kim et al. [20] concluded that stronger
electric voltage resulted in higher piezoelectric coefficient while the el-
evated bed temperature in corona poling process reduced the piezo-
electricity. Mahadeva et al. [21] found that the piezoelectric constant
increased with poling time and reached a saturation value at 45 min.
Moreover, Ducrot et al.'s work [22] had shown that with a sufficiently
strong electric field, the necessary poling duration was very short
(about 5 min).

Most manufacture techniques of piezopolymer are developed as
solution-based methods, because piezopolymer is highly soluble to
common organic solvents. Spin coating has been treated as an effective
method, due to the shear effect induced which could accelerate crystal-
lization [8,23,24]. Electrospinning has its advantages as strongmechan-
ical stretching force and electrical poling field during themanufacturing
process naturally align dipoles and enhance the ferroelectric phase,
eliminating need for post-treatment process [11,25,26]. However,
these free-standing films were surface-mounted on or embedded in
the structure materials using adhesives or couplant for sensing
[27,28], which will greatly affect the consistency and reproducibility.

Another fabrication family, namely 3D printing technology, origi-
nated from additive manufacturing, has drawn attention recently due
to unique adhesive-free and rapid-prototyping features, including
inkjet [29], spray [30,31], and fused depositionmodeling [20]. The auto-
mated processes guarantee the consistency of installed sensing ele-
ments, which could greatly improve the measuring error due to non-
uniform thickness and quality of couplant or bonding layer in manually
installed sensors [32,33].

Despite those previous studies, there is no systematic study on the
processing conditions of sprayed piezopolymer coatings with thermal
annealing and corona poling treatments, which optimizes the crystal-
line and piezoelectric properties. It is of interest to ascertain whether
consistent results as in previous studies fabricated by other methods
can be expected, and to investigate the feasibility of thus-prepared coat-
ings for sensing and actuation in SHM applications. Such studies are an
indispensable tool for exploiting the utmost of the functionality of
piezopolymer coatings. In this study, PVDF-TrFE coatings are in-situ
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fabricated as an intelligent sensing layer directly on inspected structures
along with spray, annealing, and corona poling as the functionalization
processes. Themultiple cases of processing conditions including anneal-
ing temperature/time and poling voltage/duration are discussed, refer-
ring to correlation with the crystallization and final piezoelectric
properties of PVDF-TrFE coatings, by a dedicated design of experiments
and comprehensive characterization methods. Then, the processing
conditions that result in optimal piezoelectric performance are identi-
fied and applied to prepare PVDF-TrFE coatings on structures to form
sensors and actuators. Passive acoustic emission is used to test the capa-
bility of capturing guidedwaves, whilst active ultrasonic transmission is
used to test the capability of exciting ultrasonic guided waves. Lead
zirconate titanate (PZT) wafers, the conventional piezoelectric sensors
for SHMnetworks,were comparedwith PVDF-TrFE coatings in three as-
pects: adaptability to specific waves, consistency, and interference to
wave propagation. The feasibility and advantages of in-situ fabrication
and functionalization of piezopolymer in the form of coatings for SHM
are discussed, in a novel configuration of large-area, high-density, high
adaptive and high consistent sensing networks.

2. Experimental section

2.1. In-situ fabrication and functionalization

Raw PVDF-TrFE (70/30 mol%) was obtained from Piezotech® in the
form of white pellets. These pellets were dissolved in N,N-
Dimethylformamide (DMF, Sigma-Aldrich) and acetone (50/50 vol%)
bymagnetic stirring at room temperature for 6 h to achieve a clear solu-
tion at a concentration of 5 wt%. DMF was a highly effective solvent for
PVDF-TrFE, while acetone was used to dilute the mixture of PVDF-TrFE
andDMF, in order to adjust the viscosity for spray purpose. The solution
with proper volume was sprayed on cleaned and polished aluminium
plates to form thin piezopolymer coatings. Then the specimen was
placed on a heating stage at 80 °C to vaporize any remaining solvent.
By controlling the spray quantity and speed, the thickness of thus-
sprayed PVDF-TrFE coatings was about 20 μm as measured by a
profilometer (Bruker DektakXT). After drying, the pristine coatings
(without annealing or poling treated) were used as a reference sample
Fig. 1. In-situ fabrication and function
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(denoted as Ref. hereafter) for crystallization analysis. The PVDF-TrFE
coatings were then annealed at different temperatures for different
time and cooled down slowly to room temperature. Since the metal
structure itself could be treated as the bottom electrode, polarization
was conducted directly by corona poling treatment, which was easier
to operate and more suitable for in-situ functionalization than thermal
poling treatment to achieve the piezoelectricity. Finally, the up-surface
electrode was printed on using a commercial Cu\\Ag conductive
paint. The whole in-situ fabrication and functionalization process of
PVDF-TrFE coatings is illustrated below in Fig. 1.

Corona poling was performed by a metal needle placed 3 cm above
the grounded specimen. The needle was connected to a high DC voltage
to enable ionization of surrounding air. Since the large-area functional
coatings were favoured when building sensing networks on structures,
in this study, rather than using a metal grid for uniform distribution of
ions, the highly charged needle was controlled by a robot arm and trav-
elled in a meandering path to cover the to-be-functionalized area, as
shown in Fig. 1. However, in order to determine the proper length of
the lateral span dls, the effective poling range by a static needle was in-
vestigated first. The sprayed and annealed coatings were in the rectan-
gular shape of 5 cm× 5 cm, with the high-voltage needle holding in the
central location for 10 min. Then a circular up-surface electrode was
paintedwith a diameter of 3 cm. The vertical displacement under driven
voltage was measured along the diameter direction by a laser scanning
vibrometer (detailed in the next section) to calibrate the polarization, as
illustrated in Fig. 2.

It is clear to observe that the piezoelectricity remains stable within
5 mm around the central poling location and decreases quickly outside
this range. Thus, the moving pattern of high-voltage metal needle was
set at 10 mm/s with dls of 10 mm. The meandering path was travelled
repeatedly to enhance the polarization. To investigate the poling effect,
the poling voltage applied on the needle and repeated cycle number
were varied.

2.2. Characterization

The thermal behaviour of thus-sprayed PVDF-TrFE coatings
was characterized with a differential scanning calorimeter (DSC, TA
alization of PVDF-TrFE coatings.



Fig. 2. In-situ corona poling effect of PVDF-TrFE coatings as measured vertical
displacement with distance from the poling spot. The grey shaded area is the up-surface
electrode covering range. The blue shaded area indicates the stable piezoelectricity range.
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Instruments Q20), at temperature ranging from 30 °C to 170 °C, at a rate
of 10 °C/min under a 50 mL/min nitrogen gas flow. DSC data was ana-
lyzed using Universal Analysis Software (TA Instruments). From DSC
curves, Tc and Tm can bemeasured through identifying the endothermic
peaks with increasing temperature, which appear during ferroelectric-
paraelectric transitioning and melting. Crystallization of thus-sprayed,
annealed and corona poled PVDF-TrFE coatings was examined by an
X-ray diffractometer (XRD, Bruker D8 Advance). The X-ray angle
(2Theta) was varied between 15° and 70° with a resolution of 0.02°.
The degree of crystallinity (χc) for each sample was calculated based
on the relative areas under the amorphous and crystalline peaks of
XRD spectra [9,12]. Field Emission Scanning Electron Microscope
(FESEM, ZEISS SUPRA® 55) was used to study the morphology of
piezopolymer coatings under different annealing treatments. With
50 K magnification, the crystalline structure can be observed clearly.

Since the PVDF-TrFE coatings were aimed for dynamic wave-based
applications, piezoelectricitywas analogously determined through a dy-
namic measurement method [34], i.e.,measuring piezoelectric constant
d33 via a laser scanning vibrometer (Polytec UHF-120) (Fig. 3), to avoid
the error from static measurement due to possible resonance. The thus-
prepared aluminium plate with PVDF-TrFE coatings was placed on an
XY platform, with the up-surface electrode connected to a driven signal
and the uncoated part of the metal specimen grounded. The laser
vibrometer measured the vertical displacement of surface within a
small area across the boundary of the electrode, as shown in Fig. 3a.
Fig. 3b shows the typical results with a sinusoidal driven signal of
100 kHz and 10 V. The inverse piezoelectric effect can be expressed by

S ¼ sET þ dE, ð1Þ

where S and T are the strain and stress; sE is the compliance under con-
stant electric field; d is the electro-mechanical coupling coefficient, also
known as piezoelectric constant; E is the electrical field. For vertical
poled piezomaterials, d33 can be calculated by measuring the vibration
response under a sinusoidal driven signal as

d33 ¼ E3
S3

¼ Uz=t
uz=t

¼ Uz

uz
, ð2Þ

where E3 and S3 represent the electric field and strain respectively in
thickness or vertical direction; t is the thickness of measured coatings;
4

Uz and uz are the driven voltage and displacement in the vertical direc-
tion. PVDF and its copolymer PVDF-TrFE with small thickness and low
modulus are proven to possess extremely high resonance frequency
and flat frequency response over a wide range of frequency [35–37].
In order to validate such frequency independence of thus-prepared
PVDF-TrFE coatings in this study and to select a suitable driven signal
in the proposed piezoelectricity characterization method, the driving
frequency was swept from 50 kHz to 1 MHz, which was also the com-
mon frequency range of diagnostic ultrasonic guide waves in SHM. It
is shown in Fig. 3c that the measured piezoelectric constant d33 has a
stable value of about 19.4 ± 1.5 pm/V within such a frequency band.
Thus, 100 kHz was selected as the frequency of the driven signal with
a voltage of 10 V for the piezoelectricity characterization in the follow-
ing experiments.

2.3. Guided waves sensing and actuation

Without loss of generality, typical guided wave experiments were
conducted to validate the sensing and actuation performance of thus-
prepared coatings, and also to demonstrate how to implement their ver-
satility in guided wave-based SHM. The functional coatings were in-situ
fabricated on a beam specimen (200mm×50mm×2mm)withmono-
lithic up-surface electrodes for broadband applications such as passive
acoustic emission (AE). Pencil lead breaks were used to simulate AE
source via pressing a 0.5-mm diameter pencil lead approximately
3mmfrom its tip against the specimen. This test is generally used to val-
idate the accuracy and sensitivity of sensors. As shown in Fig. 4a, guided
waves were generated via lead breaking and captured by two sensors
made of PVDF-TrFE coatings via an oscilloscope (Tektronix MDO3000).
For out-of-plane sources such as impact, AE signals were simulated
with a lead break on the surface. For simulating in-plane sources such
as cracking, the leadwas fractured on themid-plane of the edge. The ac-
tuation performance of thus-prepared coatings was validated in an ac-
tive ultrasonic transmission test (Fig. 4b). Comb-like electrodes were
prepared on coatings matching with wavelength pre-selected for nar-
rowband applications. Guided ultrasonic waves (GUWs) were carried
out by injecting elastic waves into the beam structure at one end, by
RITEC RAM-5000 Computer Controlled Ultrasonic System, including a
signal generator module and an amplifier module, and monitoring re-
sponse signals at the other end, after waves propagating by an oscillo-
scope (Tektronix MDO3000), in a typical pitch-catch mode. A mass
block was used as an artificial defect and placed on the transmission
path. Such additionalmass is a typical kind of artificial defect in verifica-
tion experiments [38]. It can be reinstalled in different locationswithout
damaging the structures and used repeatedly.

3. Results and discussion

3.1. Thermal annealing treatment

A hot plate was used for temperature control of samples in thermal
annealing treatment in this study. For different in-situ circumstances, an
environmental chamber or an infrared heating lamp would be feasible
alternatives. The annealing variables, temperature and time, were in-
vestigated individually by fixing the other. After that, both variables
were controlled and crossed at the same time based on the design of ex-
periments. Their effect on the crystallization and piezoelectricity of
thus-prepared PVDF-TrFE coatings was investigated and summarized,
to determine the suitable processing conditions which could benefit
the final functionality for SHM applications.

3.1.1. Annealing temperature
Fig. 5 shows the DSC results of as-received PVDF-TrFE powder and

thus-sprayed Ref. coatings. Although similar Tm peak at about 150 °C
can be observed, the Tc peak of coatings shifts higher than of as-
received powder. This could be attributed to themore perfect and stable



Fig. 3. Piezoelectric constant measurement: (a) prepared aluminium platewith PVDF-TrFE coatings placed on the platform of a laser vibrometer. Red rectangle area is the interested place
formeasurement; (b) typical results ofmeasured vertical displacement across the boundary of the up-surface electrodes which are connected to a sinusoidal driven signal of 100 kHz and
10 V. Inset: three-dimensional contour view; (c) sweep test results of calculated d33 versus driving frequencies.
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crystallites formed after the spray and drying process. The new Tc
’ peak

appears broad, ranging from 107 °C to 110 °C, due to defects in ferro-
electric phase [39]. Thus, to investigate annealing treatment, the anneal-
ing temperaturewas varied as 110 °C, 120 °C, 130 °C, 140 °C, and 170 °C.
Since the Ref. sample was sprayed and dried at 80 °C, it could be
regarded as annealed below Tc at 80 °C. The annealing time was set as
2 h for all samples.

In XRD spectra with 2Theta from 15° to 70° only one obvious peak is
identified for all annealed samples. As shown in Fig. 6a, the intensities of
samples annealed at and above 120 °C are apparently stronger, and the
peak location shifts from about 20.0° to 19.9°. This peak is assigned to
the (110) and (200) plane reflections of the crystals in the ferroelectric
phase. Peak shifting to a lower value is related to the slight increase in
interchain spacing, caused by gauche defects induced in the ferroelectric
phase during paraelectric-ferroelectric transition after cooling down
from annealing [40]. The shoulder of the peak presented is related to
5

the amorphous region. Therefore, to qualify the degree of crystallinity,
this peak is fitted and deconvoluted into the sum of crystalline phase
peak and amorphous phase peak by pseudo-Voigt function (Fig. 6b).
The degree of crystallinity χc can be calculated as

χc ¼
Ac

Ac þ Am
, ð3Þ

where Ac and Am are the integrated areas of the respective fitted peak of
crystalline phase and amorphous phase. Since only ferroelectric phase
exists in PVDF-TrFE below Tc, calculated ferroelectric crystallinity corre-
sponds to the total crystallinity. The results are displayed in Fig. 6c,
where the degree of crystallinity increases abruptly and also reaches
saturation for annealing at 120 °C. Interesting, neither the peak intensity
nor the degree of crystallinity shows decrease for annealing at 170 °C
(above Tm). This observation is consistent and aligns well with the



Fig. 4. Illustration of (a) passive acoustic emission test and (b) active ultrasonic
transmission test.

Fig. 5.DSC curves of as-received PVDF-TrFE powder and thus-sprayed Ref. coating sample.
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results in some reported studies [11,41,42], while disagreeing with
those in some others [8,9].

To correlate with final piezoelectricity, the annealed samples were
corona poled at 35 kV for 5 cycles. Considering the possible difference
arisen fromnon-uniformly treated coatings, at least three different loca-
tions of the samples were measured by the proposed piezoelectricity
characterization method and the corresponding results were statisti-
cally integrated. The results of measured piezoelectric constant d33 are
shown in Fig. 6d. It is anticipated that the increase in the degree of crys-
tallinity due to annealingwill consequently increase polarization which
is linearly proportional to the piezoelectricity, given that more dipoles
available. The annealing temperature at 110 °C (around Tc) did cause
marginal increase in the crystallinity and piezoelectricity, however,
large deviation in piezoelectricity can be observed, which can be
6

explained by the fluctuation of temperature control during annealing
process, providing unstable and inconsistent transitioning energy at Tc.
With increasing annealing temperature, the piezoelectricity of samples
has a similar pattern with crystallinity, except for samples annealed at
170 °C, of which the crystallinity remains at a high levelwhile the piezo-
electricity deceases extensively. Moreover, these results also indicate
that the poling condition used here is sufficient to rotate dipoles in fer-
roelectric phase.

FESEM micrographs could provide more insights about crystalliza-
tion by annealing treatment. As shown in Fig. 7, micrographs of samples
annealed at 110 °C, 120 °C, 130 °C, 140 °C, and 170 °C were compared
with unannealed Ref. sample. Without annealing treatment, the coat-
ings are constituted of small granules. Combined with the XRD results,
it can be deduced that the coatings are not well crystallized. When the
annealing temperature approaches 110 °C (around Tc), part of
crystallites grow into sparse and small fibrillar grains with a size of ap-
proximately 100 nm in length and 20 nm in width, but still large non-
crystallized domains are observed, which can be attributed to the amor-
phous phase in XRD results.With further increase in the annealing tem-
perature, the granular crystallites develop into dense and ellipsoidal
grains, and grow larger in size (~150 nm in length and 40 nm in width
for 120 °C and ~200 nm in length and 50 nm in width for 140 °C).
Such crystalline structure is known to be the characteristic morphology
of edge-on lamella which are formed by stacks of folded chains of PVDF-
TrFE molecules parallel to the substrate surface [43]. The formation of
enlarged and increased crystalline structures enhances the crystallinity
properties of PVDF-TrFE coatings, which is consistent with the afore-
mentioned XRD results. This suggests that annealing between Tc and
Tm induces growth in small crystallites as a result of the coalescence of
neighboring crystallites and incorporation of surrounding non-
crystalline molecules, while undergoing a transition into the
paraelectric phase. Although higher annealing temperature favors
larger crystallites, it could not contribute to any further increase in the
crystallinity degree, as indicated by the plateau in Fig. 6c. Besides it
could increase surface roughness, which would result in the increased
leakage current [8]. Annealing at temperature above Tm at 170 °C results
in PVDF-TrFE coatings with a completely different morphology. Signifi-
cantly long rod-like crystallites are formed (~5 μmin length and 150nm
in width) and further intercrossed in a bird's nest configuration, while
undergoing the melting and recrystallization process when annealed
above Tm. According to previous studies [8,41,44], the long rod crystal-
line structures here are consisting of extended chains, and still belong
to the edge-on lamella. However, the other smooth domains are attrib-
uted to the face-on lamellar crystalline structures, where the chain axis
is reoriented normal to the substrate surface, which would not contrib-
ute to polarization in the thickness direction [45]. This also explains the
high-level crystallinity and low-level piezoelectricity for samples
annealed at 170 °C, as exhibited in Fig. 6. The results show that anneal-
ing temperature at 120 °C, 130 °C, and 140 °C could provide strong crys-
tallinity and piezoelectricity.

3.1.2. Annealing time
According to the annealing temperature results discussed in the pre-

ceding section, the various annealing time, such as 15 min, 30 min, 1 h,
2 h, and 4 h at temperature of 120 °C, spanning across the most com-
monly reported annealing duration in the literature, were investigated.
As seen in Fig. 8a and b, both the crystallinity and piezoelectricity reach
their saturation after 1 h annealing. Further annealing would not in-
crease either crystallinity or piezoelectricity. Similar trends can be ob-
served from FESEM micrographs in Fig. 9. After 15 min annealing,
PVDF-TrFE coatings still possess large and many non-crystalline do-
mains. With longer annealing time, the crystallites array tighter and
plumper, and non-crystalline domains become less and smaller. For
1 h and longer annealing time, only small and few non-crystalline do-
mains remain, and no obvious difference in crystallites can be observed,
which implies the saturation of crystallization. Hence, for annealing



Fig. 6. (a) XRD results of PVDF-TrFE coatings subjected to various annealing temperatures; (b) peak fitting and deconvolution of XRD curve of Ref. sample; (c) calculated degree of
crystallinity of PVDF-TrFE coatings subjected to various annealing temperatures; (d) measured piezoelectric constant d33 of PVDF-TrFE coatings subjected to various annealing
temperatures after poling treatment.
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temperature of 120 °C, 1 h annealing time is sufficient to achieve opti-
mal functionality of PVDF-TrFE coatings.
3.1.3. Cross-case analysis
Through the aforementioned experiments, it is obvious that the

functionality of thus-prepared coatings is dependent on both the tem-
perature and time of annealing process, and annealing conditions of
120 °C and 1 h seem to be suitable. However, it is not enough to ascertain
that this is the optimal condition for annealing. To fully study the inter-
action effect of the two independent variables (i.e. annealing tempera-
ture and time), experiments of more cases were conducted, with 3
temperature cases (120 °C, 130 °C, 140 °C) and 5 time cases (15 min,
30 min, 1 h, 2 h, 4 h) crossed. The results are illustrated in Fig. 10. For
all annealing temperature cases, the piezoelectricity of annealed sam-
ples shows saturation after a certain annealing time. But when the
7

annealing temperature increases, the required time to reach saturation
decreases. For annealing temperature of 130 °C and 140 °C, 30 min is
enough, which is shorter than the 1 h at 120 °C. Once reached the satu-
ration, piezoelectric constant values of different annealing temperature
cases are close, and remain standing with longer annealing time. Such
results impliedmultiple annealing conditions exist for optimal function-
ality of thus-prepared PVDF-TrFE coatings, providing a possible explana-
tion for the divergence of observed results among previous studies, e.g.
15min at 135 °C [12] and 1 h at 100 °C [9]. The difference in exact values
is probably due to different fabrication methods and film thickness.
3.2. Corona poling treatment

Proper annealing treatment can increase the crystallinity of
piezopolymer to a high level, which guarantees sufficient dipoles



Fig. 7. FESEM micrographs for (a) unannealed Ref. sample and samples annealed at (b) 110 °C, (c) 120 °C, (d) 130 °C, (e) 140 °C and (f) 170 °C for 2 h.
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in ferroelectric phase to be aligned for polarization by a strong elec-
tric field. Corona poling is chosen to be the poling method due to the
convenient operation as non-contact and in-air process, which is
suitable for the in-situ functionalization investigated in this study.
The mobile poling pattern introduced (meandering path deter-
mined by effective static poling range) also can cover plenty of
areas on engineering structures for large-scale SHM applications,
with other poling conditions to be investigated. The poling effect is
determined by the electrical field and the duration time applied on
coatings, which are simultaneously influenced by the voltage on
8

the needle and cycle number in the proposed dynamic in-situ poling
process. Thus, for parameter study of the poling condition, the pol-
ing voltage and cycle were used instead, which can be controlled
and compared directly. Piezoelectricity is used to calibrate the
poling effect with different conditions. Similarly, each variable is
tested individually by fixing the other. To exclude error caused by
non-uniformly treated samples, at least three different locations
of an individual sample were measured by the proposed piezo-
electricity characterization method and results were statistically
integrated.



Fig. 8. Results of (a) calculated degree of crystallinity and (b) measured piezoelectric constant d33 after poling treatment for different annealing time of PVDF-TrFE coatings annealed at
120 °C.
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3.2.1. Poling voltage
The poling voltage was varied as 15 kV, 20 kV, 25 kV, 30 kV, 35 kV,

and 40 kV, with the poling duration set as 10 cycles. The poling temper-
ature was fixed at room temperature. As illustrated in Fig. 11a, the pie-
zoelectricity of poled PVDF-TrFE coatings increases steadily with
increasing poling voltage. After poling voltage increased above 35 kV,
no obvious improvement of piezoelectricitywas observed, andmultiple
electric arc strikes happened during poling process. The coatings were
impaired and broke down, as shown in Fig. 11b.Within the dark bound-
ary (a sign of electrical burn), the substrate which is previously covered
by PVDF-TrFE coatings is now clearly visible. An increased electric field
will generate more charged ions that can be collected on piezopolymer
surfaces, however, too strong electric field will also impair the coatings
and increase the breakdown risk.

3.2.2. Poling duration
According to the poling voltage results discussed above, the poling

duration was controlled as 2 cycles, 5 cycles, 8 cycles, 10 cycles, and
13 cycles with poling voltage of 35 kV, to study the poling duration ef-
fect on the functionality of treated coatings. Fig. 12 shows the experi-
mental results, where the duration of 5 cycles exhibits the highest
piezoelectricity. It seems that there is an optimal duration, shorter
than which would result in incomplete poling treatment while longer
than which would overcharge the piezopolymer coatings and impair
the functionality.

3.2.3. Cross-case analysis
Similarly, previous experimental results are not sufficient to fully in-

vestigate the poling condition, considering the interaction between the
poling voltage and duration. Accordingly, experiments of more cases
were conducted, with 4 voltage cases (20 kV, 25 kV, 30 kV, 35 kV) and
4 duration cases (2 cycles, 5 cycles, 8 cycles, 10 cycles) crossed. As
shown in Fig. 13, the increased poling voltage would reduce the re-
quired poling duration to reach the highest piezoelectricity value. For
example, at 25 kV, the highest piezoelectricity is obtained with 8 cycles,
while similar highest piezoelectricity value is reached at 35 kV for 5 cy-
cles. The fall of piezoelectricity value after peak value suggests that ex-
cessive poling has an adverse effect on the functionality of
piezopolymer coatings. These results indicate thatmultiple optimal pol-
ing conditions exist, considering that the poling voltage and poling cycle
9

contribute synergistically to the accumulated charges on the surface of
piezopolymer.

To examine the crystalline change due to the rotation of dipoles
after poling process, XRD was performed on samples poled at 35 kV
for 5 cycles. The result was compared with unpoled samples as in
Fig. 14. The peak of (110) and (200) Bragg reflections becomes stronger
and narrower after poling process, with shifting to a slightly higher
angle. Moreover, two more diffractions related to ferroelectric phase
can be observed, at 35.4° which is attributed to Bragg reflections of
(001), (310), (020), and at 40.8°which is attributed to Bragg reflections
of (111), (201), (220), (400). These results indicate the increase of
crystallinity and reduction of lattice expansion, which can be explained
by that the rotation of dipoles under a strong electric field helps perfect
the ferroelectric phase by reorientation of the molecular chain and re-
duction of gauche defects [10]. Crystallization and polarization of
piezopolymer coatings will enhance each other mutually, leading to
the final high level of piezoelectricity.

Since the piezoelectricity is proportional to the amplitude of wave
signals captured by piezoelectric-type sensors, based on the multiple
processing parameters studied above, the functionalization conditions
were set as annealing at 130 °C for 0.5 h, followed by poling at 35 kV
for 5 cycles to achieve strong piezoelectricity. The d33 of thus-prepared
sensors is 20.4 ± 0.6 pm/V with a thickness of 20.3 ± 0.4 μm. The
good consistency guarantees the robustness of the following verifica-
tion experiments including guided wave sensing, actuation, and dam-
age identification.

3.3. Passive acoustic emission

As shown in Fig. 4a, the distance between two thus-prepared sen-
sors (SEN-L and SEN-R) is 160 mm. Acoustic source created by lead
break will emit elastic guided waves along the structure. Represen-
tatively, AE signals from the surface lead break at 120 mm from
SEN-L are shown in Fig. 15. The corresponding frequency spectra
are obtained through fast Fourier transform. Apparently, the elastic
guided waves arrive firstly at the location of SEN-R (Fig. 15a) and
the frequency band is below 10 kHz (Fig. 15b). According to the
dispersion curves of 2 mm aluminium plate (Fig. 16), the frequency
band in this experiment is quite lower than the cut-off frequencies of
those high-order wave modes (such as the first- and second-order,



Fig. 9. FESEMmicrograph for (a) unannealed Ref. samples and samples annealed at 120 °C for (b) 15min, (c) 30min, (d) 1 h, (e) 2 h, and (f) 4 h,with non-crystalline domainswhite circled.
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symmetric and anti-symmetric modes, denoted as S1, S2, A1, and A2,
respectively, in Fig. 16a). Thus, only fundamental Lamb wave modes
exist, i.e. the zeroth-order symmetric and anti-symmetric modes (S0
and A0 in Fig. 16). Based on the exhibited dispersive features (the
wave velocity varies with frequency), A0 is observed to be the dom-
inant propagating wave mode, which is also in accordance with the
out-of-plane excitation.

With obtained wave signals, a delay-and-sum imaging algorithm
[46] is recalled to locate source spots. With the impact occurring at
10
(x, y), wave signals reach two sensors a (xa, ya) and b (xb, yb) at time ta
and tb,

ta ¼ t0 þ Δta
tb ¼ t0 þ Δtb

ð4Þ

where t0 is the moment when a break occurs, and Δt is the travelling
time for A0 wave mode from source to sensors. The time difference Δtab
in the arrival time of A0 captured by sensor a and b yields



Fig. 10. Piezoelectricity results of PVDF-TrFE coatings with two variables - annealing time
and temperature - crossed.

Fig. 11. (a) Piezoelectricity results of PVDF-TrFE coatings versus poling voltages; (b) typical breakdown spot when poled at 40 kV.

Fig. 12. Piezoelectricity results of PVDF-TrFE coatings versus poling cycles.
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Δtab x, yð Þ ¼ ta−tb ¼ t0 þ Δtað Þ− t0 þ Δtbð Þ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−xað Þ2 þ y−xað Þ2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−xbð Þ2 þ y−xbð Þ2

q

vwave
,

ð5Þ

where vwave is the wave velocity derived from either theoretic dispersion
curves or experiments. Since in this experiment two sensorswereused on
a beam, the location of acoustic source could be imaged using a one-
dimensional probability-based diagnostic imaging tomography [47] with
its pixel value defined as

Iab xð Þ ¼ max Ea þ Eb Δtab xð Þð Þð Þ, ð6Þ

where E is the energy packet of A0mode obtained using awavelet trans-
form [48]. The signals at sensors a and b are delayed and summed
11
accordingly and the maximum value of the summation results can be
linked to the probability of occurrence of an acoustic source. The image
result derived from signals in Fig. 15 is depicted in Fig. 17, fromwhich it
is clear to observe that the real break spot matches well with the
highlighted diagnostic area, which represents the calculatedmost prob-
able source location. Thismethod can be extended to a two-dimensional
image with multiple sensing paths applied for more precise evaluation,
and used for identification of impact location.

The in-plane excitationwas performed by lead breaking on the right
edge of the specimen, as illustrated in Fig. 4. A low-noise preamplifier
(Stanford Research Systems SR560) was used to amplify captured sig-
nals due to the low-level amplitude. As shown in Fig. 18, the wave
packets arrive firstly at SEN-R and the frequency band (<40 kHz) is
higher than AE signals of the surface break. However, the first wave



Fig. 13. Piezoelectricity results of PVDF-TrFE coatings with two variables - poling duration
and temperature - crossed.

Fig. 14. Comparison of XRD results of unp

Fig. 15. AE signals from surface lead break (a) in the
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packets arrive at SEN-L seemed to be the overlap of multiple waves,
probably caused by the reflection of narrow boundaries in the beam
specimen. Thus, the leading edge is used to identify the time delay, as
30.6 μs. Considering the distance between two sensors, the calculated
wave velocity is 5228 m/s, which was close to the wave velocity of S0
mode (5343 m/s in Fig. 16b), in accordance with the in-plane source
simulation.
3.4. Active ultrasonic transmission

Apitch-catch ultrasonic transmissionwasperformed,with two four-
finger comb electrodes (155 mm distance) painted on the PVDF-TrFE
coatings on the inspected beam specimen. The comb electrodes are
proven to be effective for exciting specific frequency-mode guided
waves via controlling the finger gap [49]. The finger gap should be
equal to half wavelength of pre-selected guided waves, determined
with the help of dispersion curves (Fig. 19). In this study, with the
same wavelength of 6.6 mm, A0 mode at 300 kHz and S0 mode at
770 Hz were excited and compared. Both pre-selected frequencies are
in the low-frequency region where only two fundamental zeroth-
order Lamb wave modes exist, i.e. S0 and A0.
oled and poled PVDF-TrFE coatings.

time domain and (b) in the frequency domain.



Fig. 16. Guided wave theoretical dispersion curves of 2 mm aluminium plate with multiple high-order modes (a) phase velocity and (b) group velocity.

Fig. 17. Comparison between identified and real acoustic source of lead break.
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6-cycle Hanning-function-modulated sinusoidal tone bursts
were used to excite guided waves propagating in the specimen
from Actuator in Fig. 4b. The captured baseline signals (intact sta-
tus without artificial defect) by Sensor in Fig. 4b at 300 kHz are il-
lustrated in Fig. 20b. The time of flight (ToF) is determined by the
energy envelope curve obtained using the Hilbert transform. With
Fig. 18. AE signals from edge lead break (a) in the t

13
known distance, the calculated group velocities of first-arrived S0
mode and A0 mode are 2.95 and 4.46 m/ms, respectively. These
values are close to the theoretical results (2.97 and 4.41 m/ms) la-
beled in Fig. 19b. The mass block was attached in the middle of the
Actuator and Sensor by couplant as an artificial defect, and the cur-
rent signals are illustrated in Fig. 20c. A0 mode is observed to be
the predominant wave packets at 300 kHz, with significantly
weaker S0 mode before it. Comparing the baseline and current sig-
nals, it is easy to notice the decreasing amplitude of A0 wave
packets from 35 mV to 21 mV, a phenomenon known as attenua-
tion, due to the wave energy dissipation after passing through
the defect. Fig. 21 is the signals captured at 770 kHz. The S0
mode here is only slightly stronger than A0 mode, and the ampli-
tude of S0 wave packets in baseline and current signals decreases
from 15.4 mV to 13.3 mV. Although A0 at 300 kHz and S0 at
770 kHz are both matching the wavelength pre-selected, the effi-
ciency of wave mode filtering and damage identification is quite
different. As shown in Fig. 22a, the ratios of pre-selected funda-
mental zeroth-order wave mode versus the other fundamental
ime domain and (b) in the frequency domain.



Fig. 19. (a) Corresponding wave modes and frequencies of pre-selected wavelength and (b) group velocity of corresponding wave modes and frequencies.

Fig. 20. Excitation of 300 kHz: (a) sync signals from wave generator; (b) baseline signals
captured by Sensor; (c) current signals captured by Sensor. Fig. 21. Excitation of 770 kHz: (a) sync signals from wave generator; (b) baseline signals

captured by Sensor; (c) current signals captured by Sensor.
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zeroth-order wave mode are 14.96 for A0/S0 at 300 kHz and 1.28
for S0/A0 at 770 kHz. Generally, the first predominant wave
packets are used as the diagnostic signals to identify the defect,
to avoid interference from boundary-reflected waves [50]. In this
14
case, diagnostic signals are selected as A0 at 300 kHz and S0 at
770 kHz. The attenuation of the diagnostic signal is chosen as the
feature of received signals to be extracted for constructing damage
index (DI) as



Fig. 22. (a) The ratios of pre-selected wave mode versus the other; (b) the attenuation-based damage index of pre-selected diagnostic signals.

Fig. 23. Wave signals of sensing paths with different actuator and sensor (a) Ac-Sc; (b) Ap-Sc; (c) Ap-Sp; (d) Ac-Sp.
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Fig. 24. Normalized amplitude of S1 wave captured by Sp and Sc.
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DIatt ¼ Ecurrent−Ebaselinej j
Ebaseline

, ð7Þ

where Ecurrent and Ebaseline is the amplitude of diagnostic wave energy
determined byHilbert transform of current and baseline signals, respec-
tively. The calculated DIatt are 40% for A0 at 300 kHz and 13.6% for S0 at
770 kHz, as in Fig. 22b. Such relatively higher attenuation of the A0wave
packets after surface-attached mass is caused by the dominant out-of-
plane displacement of particles of A0 mode, which makes the wave en-
ergy easier to be leaked to the surface and more sensitive to the surface
defect, comparing to the S0 mode which mostly has in-plane displace-
ment. Thus, for comb electrode form and pitch-catchwave transmission
method in this study, A0 mode is more efficient to be solely excited, and
more effective to be the active diagnostic signals for additional mass
Fig. 25. The signal difference caused by one additional sens
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identification. The mass block were moved to other locations on the
sensing path, and similar results were obtained. The crosstalk at the ini-
tial time in all received signals is attributed to spatial electromagnetic
interference (EMI) from the high-voltage power amplifier during wave
generation [51].
3.5. Piezopolymer coatings vs. surface-mounted PZTs

To further evaluate the performance of piezopolymer coatings, they
were used to actuate and sense high-order Lambwavemodeswith com-
parison of conventional PZT wafers. Piezopolymer coatings were fabri-
cated on a 5 mm aluminium plate. S1 wave mode was selected as the
diagnosis signal with frequency-thickness product of 3.52 MHz∙mm, the
phase velocity of which equalled to that of longitudinal wave, being a
typical fundamental wave selection in nonlinear ultrasonics. Comb elec-
trodes were printed with dimensions matching the wavelength (λ =
8.38 mm). Commercial PZT discs (diameter of 9 mm and thickness of
1 mm) were manually attached to the opposite side of the plate at the
same location using instant glue. The actuators were excited by 10-
cycle Hanning-function-modulated tone bursts with a voltage of 50 V
for PZT and 250 V for piezopolymer coatings, due to the differences in pi-
ezoelectricity, and the ultrasonic signals received by the sensors were
amplified and analyzed. The actuator and sensor of piezopolymer coat-
ings and PZTs were denoted as Ac, Sc and Ap, Sp, respectively, shown in
Fig. 23. PZTwafers have “tuning effect”when actuating and sensing ultra-
sonic signals, which requires their dimensions to be selected prior to in-
stallation. The wavelength mismatch of PZT wafers would result in low
actuation and sensing efficiency, and may be a problem for high-
frequency region, where multiple modes exist. In this experiment, the
PZT wafers had a diameter close to the wavelength, being in the condi-
tion of poor wavelength match. Thus, as shown in Fig. 23b, c and d, the
multi-mode nature of Lamb wave resulted in superposition of multiple
waveforms, inducing difficulties in feature recognition and signal pro-
cessing. For proposed piezopolymer coatings, the dimensions of elec-
trodes can be adaptive and in-situ adjusted conveniently, which could
or placed in the sensing path of (a) PZTs; (b) coatings.
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precisely match the wavelength of required diagnosis signals and also
enhance the required waveforms by multiple fingers. Thus, although
the A1mode is also predominant in Fig. 23a due to the close wavelength,
the Ac-Pc combination provides themost distinct S1modewaveform. The
high adaptability of sensors made of piezopolymer coatings provides
possibility as permanently installed SHMnetworks for advanced diagno-
sis methods in multi-mode region, for example nonlinear ultrasonics, in
which the transducer/wedge assembly is most commonly used to obtain
required diagnosis signals. However, it should be noticed that, even
under low excitation efficiency, the PZT pair Ap-Sp can still excite
S1 mode with amplitude of 22 mV (Fig. 23c), while the piezopolymer
coatings pair Ac-Pc obtains about 7 mV S1 mode with 5 times excitation
voltage (Fig. 23a). This is caused by the relatively lower piezoelectricity
of piezopolymer, andmay cause problems for acquiring effective signals
in some applications, for example, high attenuation materials or long
wave propagation distance.

To evaluate the consistency of sensors, four different individuals of
PZTwafers and piezopolymer coatings at same distancewere examined
by the amplitude of the first-arrived S1 wave packet. Manually installed
PZTwaferswould suffer from the variation of bondingquality and thick-
ness [52], which yields poor consistency, as shown in Fig. 24. On the
other hand, the automated in-situ manufactured coatings achieve
more consistent performance with standard deviation of 0.05.

Another major difference investigated is the inter-path interference
of sensors on wave propagation. Considering the sizable dimensions
andmass, PZT wafers would cause diffraction of waves when propagat-
ing through, which is difficult to distinguish from real defects, as shown
in Fig. 25a. Thus, when designing sensing networks, PZTwafers are usu-
ally located in the perimeter of the inspected area, and the sensing path
should avoid interaction with interval sensors. On the other hand, the
lowprofile and lightweight of piezopolymer coatingswould barely per-
turb the local stiffness to cause wave diffraction (Fig. 25b), which pro-
vides more possibility and flexibility in designing sensing networks
for SHM.

4. Concluding remarks

PVDF-TrFE coatings were successfully in-situ fabricated and func-
tionalized on structures via an automatedmultiple-step process includ-
ing spray, annealing, and poling. Processing conditions were
systematically examined and interacted to study their influence on crys-
tallization and piezoelectricity of thus-prepared piezopolymer coatings.
Results indicated that the improvement of crystallization and piezoelec-
tricity required annealing temperature to be between Tc and Tm, and had
a threshold value which can be reached after a certain time, generally
shorter with higher temperature, e.g. 1 h at 120 °C and 30 min at
140 °C. This conclusion partially resolved the discrepancies in previous
studies by different groups. For corona poling, the applied electrical
voltage had a proper range for polarization, while the duration was im-
portant to obtain the best polarization effect. Results indicated that with
a strong electric field, short duration could be expected (5 cycles at
35 kV). The annealing process improves the crystallization of the ferro-
electric phase within PVDF-TrFE, which positively affects the polariza-
tion in poling process, i.e. more dipoles available for rotation. In turn,
the poling process could further enhance the ferroelectric phase,
through reducing the gauche defects. Through such a systematic and
comprehensive study, the pattern of the correlation between multiple
processing conditions and functional properties of piezopolymer coat-
ings became distinct, and the suitable conditions of optimal functional
performancewere identified and rationalized. These results are particu-
larly interesting for large-scale industrial applications where time and
energy efficiency are highly valued.

To validate the functionality and feasibility of thus-prepared
piezopolymer coatings as sensors to be networked in SHM, guided waves
were used as diagnostic signals to be captured and activated via a series
of tests. In passive AE experiment, with monolithic electrodes, PVDF-TrFE
17
coatings can be used to capture broadband and multi-mode wave signals
for source localization. In active ultrasonic transmission, by corresponding
the finger gap of comb electrodes with the wavelength, the pre-selected
narrowband frequency-mode guidedwave signals can be tuned for defect
identification. Results indicated that thus-prepared piezopolymer coatings
were fully functional for sensing and actuation purposes in a wide fre-
quency range. Damage-related features could be easily identified and
used for damage quantification. The adaptability to tune specific
frequency-mode waves, the high consistency of different individuals, and
negligible inter-path interference to wave propagation provide possibility
for designing novel sensing networks of high density and completeness
with minimal penalty. However, the low piezoelectricity of piezopolymer
could limit its applications due to low wave transducing efficiency, com-
pared to piezoceramics. The development of strong piezoelectric coatings
could be a solution, through functional modification of piezopolymer or
newmaterials. Authors are alsoworking on improving the piezoelectricity
of PVDF-TrFE coatings through introducing nanoparticles.

The in-situ fabrication and functionalization method in this study,
realized by moving different functional processing heads over the to-
be-inspected area on structures, although without shear force in spin
coating or self-polarized and stretched in electrospinning, can result in
piezopolymer coatings with good functional properties by proper pro-
cessing treatments. Moreover, automated processes minimize the im-
pact of human factors during fixing and aligning of conventional
sensors and improve the consistency and reproducibility of functional
performance. Furthermore, rapid prototyping of sensing networks di-
rectly formed on inspected structures is suitable for continuous and
mass production.

The proposed sensing networks of piezopolymer coatings possess
many advantages over conventional installed networks, including
ultra-lightweight, ultra-lowprofile,flexibility and adhesive-free attach-
ment. There features enable high adaptability, high consistency, and
negligible inter-path interference in wave actuation and sensing. In-
situ manufactured piezopolymer coatings could introduce novelty and
creativity to design sensing networks for complex structures, and po-
tential for health monitoring on more extended applications like soft
bio-organic parts and pouch battery cells. The integration of such sens-
ing networks and advanced SHM technology to detect various types of
damage on different structures will be delivered in future work.
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