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Monitoring structural vibration can provide quantitative information for both structural health evaluations and early-warning maintenance. The most classic vibration-based structural health monitoring is
equipped with piezoelectric accelerometers, which is expensive and inconvenient due to cumbersome
and time-consuming sensor installation and high power-consumptive data acquisition systems. One
other main challenge with these systems is the inherent limitations for multi-point monitoring in critical
elements with curvature due to their non-conformability. Here, inspired by the chameleon, we report a
cost-effective, ﬂexible and conformal, self-powered vibration sensor based on elasto-electro-chemical
synergistic effect of piezoelectricity and electrochromism. The sensor can provide not only in-situ
visualization, but also ex-situ recording of structural vibration due to the non-volatile color memory
effect of electrochromism. The passive sensor system is composed of two distinct electronic components
d ternary Pb(In1/2Nb1/2)O3ePb(Mg1/3Nb2/3)O3ePbTiO3 piezoelectric single crystal ribbon sensors and a
solid-state tungsten trioxide electrochromic indicator driven by vibration-induced voltage generated by
the piezoelectric ribbons. The proposed piezo-electrochromic based passive non-volatile visualization
sensor may ﬁnd diverse applications in structural health monitoring, smart wallpapers, and medical
injury rehabilitation.
© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Mechanical vibration is the principal source of damage in engineering structures, such as bridges, dams, aircraft, and windturbines. As such, considerable efforts have been devoted to
vibration-based structural health monitoring (SHM) techniques
[1e3], a powerful diagnostic tool for rapid condition-screening. The
objective of SHM is to provide quantitative information pertaining
to the integrity of the structure, especially components that are
especially prone to damage or where such damage could lead to
systemic failure [3]. Various techniques have been employed for
structural health monitoring, including traditional techniques such
as contact-type displacement or strain sensors, piezoelectric vibration sensors, ﬁber optic sensors, and more emergent techniques
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like noncontact-type vision-based cameras, drones, or robotic
sensors [4].
Among the available SHM techniques, the piezoelectricity-based
vibration sensors, equipped with data acquisition and conditioning
electronics comprise the current state-of-the-art, with advantages
including non-destructive sensing, high-sensitivity, and fatiguefree performance [3,5]. However, traditional piezoelectric-based
systems are highly expensive and inconvenient to implement due
to cumbersome and time-consuming sensor installation. Furthermore, system power requirements signiﬁcantly increase the lifetime cost for long-term in-situ monitoring applications. For some
special applications where in-situ data processing is not feasible
(e.g. tunnel, subsurface mine or underwater buildings) it would be
beneﬁcial if the structural health monitoring system provides a
means for ex-situ vibration monitoring [6,7], such as through a
color change [8,9]. A Javery and colleagues recently report a userinteractive electronic skin that can realize the instantaneous pressure visualization on a polyimide substrate, which is capable of
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transducing the applied pressure into brightness, rather than processing traditional electric signals [10]. However, vibration-induced
color change of this electronic skin sensor require a constant
voltage bias, which in turn leads to a high power consumption
[11,12]. Z.L. Wang and colleagues demonstrated a pressure visualization and recording system via the piezotronic effect of ZnO [13],
in which the electrochromic device can be colored and bleached
without the assistance of a computer. However, the piezoelectric
effect of ZnO is notable weaker than the perovskite oxides, such as
Pb(Zr,Ti)O3 ceramics and Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 single crystals [14e16], and in turn the sensitivity and prospect of this
complicated system to detect structural vibration is unknown.
Another obstacle of piezoelectric vibration sensors in structural
health monitoring applications is a trade-off between their spatial
resolution and cost, especially since the spatial coverage of such
systems is determined by the number of installed piezoelectric
vibration sensors. Additionally, because most of state-of-the-art
high-sensitivity piezoelectric sensors are based on rigid and brittle perovskite oxides, such as Pb(Zr,Ti)O3 ceramics, these sensors
are non-conformal and severely limited in monitoring of critical
curve-shaped elements [15] (Fig. S1). To address the nonconformability challenge of piezoelectric vibration sensors,
several different approaches are feasible - including mechanical
thinning to micro-meter scales [17,18], the use of ﬂexible organic
piezoelectric materials [19], one-dimensional nanowires [20e24],
and ﬂexible thin ﬁlms [25e29]. The mechanical polishing approach
is considered to be the most effective and convenient. Since the
micro-sized ﬂexible piezoelectric ribbons have the same composition and microstructure as their respective bulk versions, the
thinned versions retain the extraordinary piezoelectric performances of their bulk counterparts [29]. In particular, it has been
reported that self-powered biomedical devices were achieved
assisted by high-performance mechanical-to-electrical energy
harvest via mechanical polishing approach [17,30].
The current limitations in traditional piezoelectric-based materials and systems complicate the realization of practical and costeffective structural heath monitoring systems that can be applied
on critical curved elements and to provide ex-situ recording of
structural vibration. Here, we introduce a device inspired by the
chameleon that incorporates a synergy effect between piezoelectricity and electrochromism that can provide in-situ vibration
sensing, while also recording the degree of vibration as a visible
color change in an element of the sensor. The piezo-electrochromic
color changing structural health monitoring sensor is demonstrated in a ﬂexible, attachable heterostructure, and is realized
without external power consumption.
Some animals can change their skin color in response to
external stimulus, which helps them to hide themselves and to
evade enemies, increasing chances for survival [33]. The chameleon, for example (Fig. 1a) can change the color of skin pigment cells
by changing the size of epidermal cells in response to external
stimuli [34]. Inspired by this unique stimuli-responsive colorchanging ability of the chameleon, we developed a vibration visualization sensor that transforms environmental mechanical energy
into electrical signals, and subsequently to a color change through
the synergy of piezoelectric and electrochromic effects. Fig. 1b illustrates the proposed ﬂexible vibration visualization sensors
composed of a high-efﬁciency, ﬂexible piezoelectric generator
(PEG), a rectiﬁer, and a ﬂexible electrochromic device (ECD). The
PEG is fabricated based on Pb(In1/2Nb1/2)O3ePb(Mg1/3Nb2/3)
O3ePbTiO3 (PIN-PMN-PT) single crystal ribbons that are bonded
with two ﬂexible circuits on an acrylonitrile-butadiene-styrene
(ABS) substrate. As shown in Fig. 1c, the change of mechanical
stress causes polarization reorientation in the piezoelectric
component and in turn converts mechanical energy into

alternating electric energy, and the rectiﬁer turns the alternating
electric voltage to direct electric voltage. The structure of ﬂexible
multi-layered ECD is illustrated Fig. 1d, which comprised of WO3
ﬁlm, gel electrolyte ITO and PET. Under a negative bias, the injection
of electrons and small cations into the WO3 ﬁlm from the electrolyte. The rectiﬁer circuit converts the alternating electric voltage to
direct electric voltage, enabling a cumulative color change in the
electrochromic indicator. The proposed synergistic effect of piezoelectricity and electrochromism is an alternative multi-ﬁeld
coupling of elasto-electro-chemistry [35] dthe piezo-induced
voltage autonomously drives the chemical potential in electrochromic indicator, which provides an extra functionality of in-situ
sensing and ex-situ recording the incident structural vibration.
2. Experimental
2.1. Fabrication of PIN-PMN-PT piezoelectric generator
We cut a (110)-oriented single crystalline PIN-PMN-PT into a
block that was bonded to a glass substrate with wax melted at
60  C. The PIN-PMN-PT block was thinned to 45 mm by grinding and
chemical-mechanical polishing [36]. Top and bottom (Au) electrodes were deposited after each polishing process. The sheets
were diced into [001]L  [1e10]W  [110]t PIN-PMN-PT cuboid
plates with a size of 20  2  0.045 mm shown as Fig. S2. The
sample was heated to the melt temperature of the adhesive wax to
take the PIN-PMN-PT plates off the glass substrate. A poling process
was performed in the PIN-PMN-PT plates along their thickness
directions under electric ﬁeld of 10 kV/cm in a silicon oil bath. Then
two ﬂexible circuits and ten cuboid plates were placed together to
form a sandwich-structure and bonded using high-strength epoxy
into array. Finally the integrated array was stick on an ABS ﬂexible
substrate to completely fabricate the ﬂexible piezoelectric generator (Fig. S3a).
2.2. Preparation of WO3
The WO3 ﬁlm was prepared on a transparent ITO-coated PET
substrate by using DC magnetron sputtering under the fabrication
condition of 12.5:25 O2:Ar, 1.8 Pa pressure, 100 W power and
40 min sputtering time. The sputtering target was tungsten with
the purity 99.95%, whose diameter and thickness are 60 mm and
the 3 mm respectively.
2.3. Preparation of the gel polyelectrolyte
We weighed LiClO4, acetonitrile (ACN), poly (methyl methacrylate) (PMMA) in the weight proportion of 3:50:10 respectively.
Subsequently, LiClO4 was completely dissolved in acetonitrile and
PMMA mixed slowly into the solution at the same time. The temperature and time of stirring are respectively 65  C and 10 h until
the electrolyte became gel state.
2.4. Assembly of WO3 electrochromic device
The gel polymer electrolyte was dropped on the prepared WO3
ﬁlm/ITO/PET that performed as working electrode. A piece of ITO/
PET ﬁlm was placed on top as the counter-electrode and assembled
together. Then the ECD was dried naturally in air for 2 h to form a
sandwich-type device [32].
2.5. Structure and properties characterization
The phase structure of WO3 ﬁlm was characterized by X-ray
diffraction (XRD, Bruker D8), and the micro-area analysis was

X. Chen et al. / Journal of Materiomics 6 (2020) 643e650

645

Fig. 1. Schematic illustration of bio-inspired piezo-electrochromic effect concept and the sensor design framework. (a) The biological principal of chameleon camouﬂage in response
to mechanical stimuli and parallel in the piezo-electrochromic regime. (b) Illustration of the ﬂexible passive vibration-visualization sensor framework, which comprises a
piezoelectric generator, an electrochromic indicator, and a voltage rectiﬁer. The proposed bio-inspired piezo-electrochromic effect is a synergy between (c) piezoelectricity (i.e.,
induction of electrical signals under mechanical stimuli) [31] and (d) electrochromism (i.e, color change by cation-injection) [32]. The chameleon image is from https://
pangeanimales.com/.

carried out using a transmission electron microscope (TEM, Titan
G2 60e300). The cross-sectional quality and the surface
morphology were respectively obtained by scanning electron microscopy (SEM, ZEISS Merlin) and an atomic force microscope
(AFM, Bruker Multimode 8) respectively. X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250XI) was used for elemental
analysis. The Raman spectra in pristine and colored states was
recorded using a Raman spectroscope (Aramis). The electrochromic
performances and transmittance spectra of WO3 ﬁlm were
measured using an electrochemical workstation (CIMPS, Zahner)
and a UVevis spectrophotometer (UV-3600) respectively. The
piezoelectric performance test system is shown in Fig. S3b. A linear
shaker, driven by an ampliﬁed function generator output was used
to drive the PIN-PMN-PT piezoelectric sensor. The open-circuit
voltage was measured via a Tektronix Digital Oscilloscope
(TBS1104), a charge ampliﬁer (Kistler Type5018) and a precision
impedance analyzer (Agilent 4294), while the short-circuit current
was directly measured using a source meter (Keithley 2635).
3. Results and discussion
The piezoelectric characterization of the PIN-PMN-PT piezoelectric generator is performed through periodic bending/unbending motions using a custom-designed shaker. The integrated
measurement system used to characterize its electromechanical
energy conversion performances is shown in Fig. S3. The output of
the electric signals have been measured as functions of vibration
frequency, amplitude, and waveform shape. Fig. 2a shows the linear
increment of piezoelectric voltage with the strain at 4 Hz sinusoidal
bending. The open-circuit voltage increases from 8 V to 30 V as the
strain increases from 0.068% to 0.302%, where the strain was
determined by the thickness of device and step displacement of
shaker under the assumption of radius bending [29,37], as shown in
Fig. S3b. It can be found that the increase of open-circuit voltage is
slightly smaller than the proportional values of the strain increase,
which might be because partial stress was released in the middle of
the device (i.e., the gap between the heads of two PIN-PMN-PT),
especially at large strain conditions. At constant strain, the opencircuit voltage also increases from 10 V to 30 V along with the
frequency from 1 Hz to 5 Hz (Fig. S4a), which agree well with
previous piezoelectric generator [37]. A high short-circuit current
of 110 mA was obtained in response to 0.302% bending deformation
at 4 Hz (Fig. 2b), which was recorded using Keithly 2635A source

meter. The sensor response to impulse oscillation is almost
consistent with sine wave bending mode (Figs. S4b and c) in terms
of output voltage and current. For a vibration visualization sensor,
the change in color of ECD is directly related to the output energy of
the PEG. The instantaneous current (I) signal is measured as a
function of the external loading resistance (R) (Fig. 2c). The output
current gradually decreases from 92 mA to 0.02 mA as R increases
from 100 U to 1 GU. The calculated voltage (U) increases from
9.2 mV to 20 V over the same range. As a result, the instantaneous
power can be calculated through the formula P ¼ I 2 R, which varies
as a function of the external loading resistances, as shown in Fig. 2d.
The power increases ﬁrst and then decreases with the increase of
the loading resistance, reaching a maximum value of 610 mW at
R ¼ 165 kU, while the current and voltage are 61 mA and 10 V,
respectively. Based on the maximum power transfer theorem
[17,26,29], it can be concluded that the external loading resistance
of R ¼ 165 kU is matched with impedance of piezoelectric energy
harvesting, where the output power reach maximum.
To characterize the electric power generation, a capacitor of 1 mF
was charged through periodic bending and unbending of PEG with
the assistance of a rectiﬁer circuit (Fig. S5a). The measurement is
schematically demonstrated in Fig. S5b. Fig. 2e shows the real-time
voltages of the capacitor which is charged by PEG at 4 Hz under
different bending strains. The data show a rapid rise in voltage
during the initial stage of charging process and a gradual approach
to a saturation value. The voltage of the capacitor reaches saturation in almost 30 s under the cyclic bending of the high output
performance PEG. The increase in bending strain from 0.068% to
0.302% at 4 Hz results in a signiﬁcant increase in saturation voltage
from 9 V to 27 V. The real-time voltage curves of a 10 mF) charged at
different frequencies and of different capacitor values charged
under the identical conditions are given in Figs. S5c and d,
respectively. The correlation of saturation voltage with frequency is
in accordance with the result of Fig. 2e, which indicates that the
capacitor can be charged more rapidly from with increasing
bending strain or higher frequency.
Fig. 3 shows the microstructure characterization of the WO3 ﬁlm
prepared by DC magnetron sputtering. X-ray diffraction (XRD) was
applied to examine the phase structure of the WO3 ﬁlm. As shown
in Fig. 3a, the diffraction peak of WO3 ﬁlm coincides with those of
ITO/PET substrates, and no additional diffraction peaks of WO3
were observed. The X-ray diffraction proﬁle of the pure WO3 ﬁlm
(inset of Fig. 3a), which was deposited on glass substrates under the
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Fig. 2. The properties of the ﬂexible PIN-PMN-PT piezoelectric generator. (a) The open-circuit voltages at different bending strains at 4 Hz under sine wave. (b) The short-circuit
current generated from the PEG. (c) The measured output currents and corresponding voltage under different resistances of external load. (d) The relationship between the
calculated instantaneous power and loading resistances. (e) The real-time voltages of the capacitor while charged at different bending strains.

Fig. 3. The microstructure characterization of the WO3 ﬁlm. (a) The XRD pattern of WO3 ﬁlm on ITO/PET substrates and a contrastive diffraction pattern of ITO/PET (the inset shows
the XRD pattern of WO3 ﬁlm on glass substrates). (b) The selected area electron diffraction (SAED) pattern of the WO3 ﬁlm. (c) A TEM image of WO3 ﬁlm. The scale bar is 2 nm. (d)
The cross-sectional SEM graph of WO3 ﬁlm. (e) The XPS spectra of W element. (h) The Raman spectra of the WO3 ﬁlm in pristine and colored states.

same condition, shows a broad peak without any diffraction peaks
around WO3 [38]. A halo ring is represented in the selected area
electron diffraction (SAED) pattern (Fig. 3b), which is in agreement
with the results of the XRD pattern. As shown in Fig. 3c, the highresolution TEM image clearly shows that the tungsten oxide WO3
ﬁlm is in nanocrystalline structure, in which nanocrystalline

regions with several nanometer size are randomly distributed (redcircle designated in Fig. S6a). It has been previously reported that
amorphous WO3 ﬁlms have a higher coloration efﬁciency and faster
color/bleach time than its crystalline structure [39], While the
localized nanocrystalline distribution of WO3 improves the stability
for electrochromic applications in some degree [40]. Fig. 3d shows
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Fig. 4. Properties of the all-solid ﬂexible WO3 ECD. (a) Cyclic voltammogram of the WO3 ECD with a LiClO4/ACN/PMMA gel electrolyte, cycled between 4.0 and 3.0 V at a scan rate
of 100 mV/s. (b) Chronoamperometry curves of the WO3 ECD measured at 4 V/þ3 V for 20 s. (c) Transmittance spectra and optical images of the WO3 ECD in colored and bleached
states under potentials of 4.0 V, 3.0 V, 2.5 V, 2.0 V, 0 V and þ3.0 V. (d) Transmittance spectra of the WO3 ECD in two different curved states, applied potential from 4 V
to þ3 V. (e) Transmittance change and transmittance after 4 V colored of the WO3 ECD under ﬂat and different curved states at 633 nm. (f) Photograph of the WO3 ECD adhered to
a curved surface with a radius of 1.25 cm.

the cross-sectional SEM graph of WO3 ﬁlm with thickness of
~535 nm. The heterostructure of PET/ITO/WO3 and their interface is
obviously seen based on the SEM image via focused ion beam
(Fig. S6 b, c).
The binding energy and valence states in the WO3 ﬁlm were
studied by X-ray photoelectron spectroscopy (XPS). The two
spineorbit split peaks of W 4f7/2 and W 4f5/2 in black lines can be
observed at ~37.7 and 35.5 eV (Fig. 3e), respectively. The two main
peaks at 37.5 and 35.4 eV are associated with W6þ oxidation states
and the weaker peaks originate from the W5þ component [41].
Fig. 3f shows the Raman spectroscopy for WO3 ﬁlm in pristine
and colored states, which is used to determine the inner chemical
bonds change of WO3 before and after the injection of electrons and
small cations. The peaks at the wavenumber region of
600e900 cm1 are attributed to the vibrations of OeW6þeO
modes, while those around 573 cm1 and 994 cm1 in the pristine
state arise from peroxo groups in (WO2). The intensity of peaks at
630 cm1,700 cm1,793 cm1 and 856 cm1 decrease after coloration because of W ion reduction from þ6 to þ5 [42]. Simultaneously, the peaks in low wavenumber regions increase, which are
assigned to the W5þ or W4þ oxygen bonds. The change of the
Raman spectroscopy reﬂects valence state variation of W ion in the
electrochromic process. These microstructure analyses indicate
that the WO3 ﬁlms prepared on the ﬂexible ITO/PET substrate by DC
magnetron sputtering possess excellent quality.
To realize the vibration visualization sensor, tungsten oxide
(WO3) was used as the functional layer of ECD due to its good
coloration efﬁciency, high response, and stability. The redox reaction occurs due to injection and extraction of electrons and cations
into WO3 ﬁlms under electrical potential which eventually changes
the color of ECD. The redox reaction of WO3 in a Liþ electrolyte can
be represented through the following reversible chemical equation.
Liþ cations and electrons are injected into the WO3 ﬁlm by applying
a negative voltage to the ITO/PET substrate. As a result, WO3 is

reduced to LixWO3, changing it’s the substance from transparent to
the blue [43,44]. At a positive bias, the Liþ cations and electrons are
extracted from LixWO3, reversibly bleaching the ﬁlm to the transparent state.

WO3 þ xe þ xLiþ 4 Lix WO3
Cyclic voltammograms of the WO3 ﬁlm in 1 mol/L LiClO4 propylene carbonate solution were recorded under different scan rates
of 25, 50 and 100 mV/s as shown in Fig. S7a. Under applied voltage
from 0 V to 2 V, the initial transparent WO3 ﬁlm gradually turns
blue, and then it is reversibly bleached and returns to transparent
state as the voltage increases up to þ2 V. In Fig. S7b, cyclic voltammogram after bending 2000 and 5000 times shows little
change from the original curve, indicating that the WO3/ITO/PET
ﬁlm has good mechanical fatigue behavior. The corresponding
transmittance spectra of WO3 ﬁlm were recorded at 0 V, 1 V, 2 V
and þ2 V, as shown in Fig. S7c. At a wavelength of 633 nm, the
initial transmittance is 80% and the transmittance is restored to 70%
after the ﬁlm bleached under forward bias. The transmittance is
30% at 1 V and 5% at 2 V coloration indicating modulation up to
75%. The transmittance of colored WO3 ﬁlms at different times after
removing the applied voltage is shown in Fig. S7d. It is worth noting
that the variation in transmittance of WO3 ﬁlm is around or less
0.5% even after 1 h. The blue color of the WO3 ﬁlm can be maintained around one day since the transmittance at the wavelength of
633 nm was still 28% after 600 min, termed as “color-memory effect” [13], indicating the WO3 ﬁlm has the capacity to record the
application of electric voltage, and potential for vibration visualization sensor under the piezoelectricity induced electric voltage.
To prepare an all-solid ﬂexible electrochromic devices, we
replaced the liquid electrolyte with a polyelectrolyte. A classic geltype ACN-LiClO4-PMMA electrolyte was used due to its easy processing, good mechanical strength, wide range of working
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Fig. 5. The performance of ﬂexible vibration visualization sensor. (a) Transmittance spectra of the vibration visualization sensor obtained at various vibration durations. (b) The realtime voltage of the ECD while colored by PIN-PMN-PT piezoelectric generator. Insets are the corresponding color contrast pictures at different time points. (c) Transmittance spectra
and corresponding optical images of the vibration visualization sensor obtained at different bending strains.

temperatures, and enhanced stability [45]. The ECD was fabricated
by assembling a WO3 ﬁlm with two ITO electrodes and a gel electrolyte in a sandwich structure [32]. Fig. 4a shows the cyclic voltammogram of the ECD in the potential range of 4 V to þ3 V with
a scan rate of 100 mV/s. As the ion migration rate drops in the gel
electrolyte, the colored and bleached voltages increase and the
current reduces in the cyclic voltammogram. The current response
of ECD from 4 V to þ3 V for 20 s is represented in Fig. 4b. The
switching time of ECD is deﬁned as the time that is required to
reach up to 90% of its full response [46]. According to chronoamperometry curves in Fig. 4b, we recorded the coloration time
(tc) and the bleaching time (tb) as 2.35 s and 3.75 s respectively. The
fast switching speed is competitive to most all-solid electrochromic
devices due to its large interface between the WO3 ﬁlm and electrolyte [47], which also enable the proposed sensor to provide insitu vibration visualization.
The transmittance spectra of the WO3 ECD was measured under
several different applied voltages in the wavelength range of
300 nme800 nm. The transmittance change indicates that the
appearance of the ECD transforms from transparent (bleaching) to
deep blue (coloration), as shown on the right photographs of Fig. 4c.
Under a negative potential, the WO3 ﬁlm turns to blue and the color
darkens as the potential becomes more negative. The transmittance
modulation 4 V is 64% at 633 nm, which can be easily observed
with the naked eye. On reversing the voltage, the ECD returns to the
transparent state with a decline of only 4.6% of its transmittance at
633 nm at 3 V (compared with the pristine). Fig. 4d shows the
transmittance modulation of tungsten oxide based ECD in two
different curved states. The overall length of ECD in a ﬂat condition
is 5 cm. When the end-to-end distance under bending (as illustrated in Fig. S8) is either 4 cm or 2 cm, there is negligible change in
the shape and position of the transmittance modulation curves,
indicating good ﬂexibility of the ECD. The color contrast and
transmittance of ECD at 633 nm wavelength at 4 V under ﬂat and
different curved states is summarized in Fig. 4e. The transmittance
modulation is recorded as 64%, 57%, 66%, 67% and 59% with
decrease of the end-to-end distance X, respectively, which suggests
that the change in color is almost independent of the degree of
curvature [32]. It is worth noting that the curvature independent
color change indicates the sensor can be applied in different curvature structure. As shown in Fig. 4f, the image of fabricated ECD
adhered to a transparent glass bottle of radius 1.25 cm displays the
clear color contrast from transparent to blue. Furthermore, these
results indicate the excellent electrochromic performance of ﬂexible tungsten oxide ECD even under its bending state [32].
To realize the vibration visualization, we integrate the ﬂexible
PIN-PMN-PT
piezoelectric
generator
(PEG)
and
WO3

electrochromic device (ECD) with a rectiﬁer to monitor and record
ambient vibrational energy. Fig. 5a depicts the transmittance
spectra measured on the interval of every 3 min by applying a
bending vibration of 4 Hz and 0.245% on PEG. The corresponding
real-time voltage and color contrast photographs of ECD are also
presented in Fig. 5b and the gray dots on curve corresponds six time
points in Fig. 5a. The voltage of ECD increases from 0 V to 3.5 V
under continuous ambient vibration conditions for 15 min. The
transmittance modulation reaches 40% at 633 nm with increasing
potential on the ECD, inducing a vibration-induced color contrast
from transparent to deep blue that is distinguishable by the naked
eye. Furthermore, we will be able to monitor the vibration history
because of the color memory effect of WO3 shown as Fig. S7d. We
also measured the spectroscopic change of the ECD when applying
different bending strains from 0.068% to 0.302%. Each time the
pressure on the vibration visualization sensor was sustained for
10 min and the transmittance spectra was subsequently recorded.
The transmittance at 633 nm decreased with increasing pressure,
resulting in a gradual deepening in color (inset of Fig. 5c). Therefore, color darkening of the initially transparent vibration visualization sensor indicates the intensity of vibration, and may serve as
a visual warning. Please note that the sensor cannot distinguish the
harmful vibration amplitude and frequency low than couple of Hz,
because both can produce an identical voltage to drive the electrochromic indicator (Figs. 2e and S5c). However, the signiﬁcance of
the proposed sensor is to provide visual information for the historical vibration with both harmful amplitude and frequency. These
results demonstrate the feasibility of transforming ambient vibration to visible color change by ﬂexible vibration visualization sensor
integrating piezoelectric generator (PEG) and electrochromic device (ECD).
4. Conclusions
In conclusion, a self-powered vibration visualization sensor
based on a synergy between the piezoelectric effect and electrochromism is realized in a ﬂexible system by integrating a ternary
PIN-PMN-PT piezoelectric single crystal ribbon and a solid-state
Tungsten trioxide electrochromic indicator. The piezoelectric
generator exhibits an open-circuit voltage of above 20 V, a shortcircuit current of 92 mA and a maximum electric output power of
610 mW under an excitation bending strain of 0.245% at frequency
of 4 Hz. The solid-state WO3 electrochromic ﬁlm device exhibited
fast switching speed with coloration time of 2.35 s and bleaching
time of 3.75 s, good ﬂexibility with curvature-independent coloration and blenching contrast, and good mechanical fatigue properties. The ﬂexible/attachable system demonstrated that the
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external vibration can be directly sensed and visualized by color
changes of the WO3 ﬁlms due to the non-volatile color memory
effect of electrochromism. In turn, the proposed self-powered
piezo-electrochromic-based vibration visualization sensor may
have cost-effective and convenient applications in structural health
monitoring, smart wallpapers, and medical injury rehabilitation
without cumbersome, time-consuming installation and high
power-consuming data acquisition systems, especially for earlywarning maintenance of critical curvature structures suffering
from harmful vibration.
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