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Scalable solution-processed ferroelectric
polymers exhibiting markedly enhanced
piezoelectricity

Ze Yuan 1,2, Hui Tong3, Zekai Fei1,2, Chenyi Li1,2 & Yang Liu 1,2

Intensive efforts have been made to enhance the weak piezoelectric coeffi-
cients of ferroelectric polymers for flexible and wearable devices. However,
previous approaches are highly dependent on synthesis of desired composi-
tion and complex/hash processing conditions while the scalability remains
rarely addressed limiting practical applicability. Here we report large piezo-
electric coefficient d33 in scalable solution-processed ferroelectric poly(-
vinylidene fluoride-co-trifluoroethylene) copolymers modified by C=C and
C=O double bonds. We reveal that the introduction of C=C double bonds tune
the energetic competition between ordered and disordered crystalline con-
formations. As a result, greatly enhanced d33 of −90.5 pCN-1 and dielectric
constant of 22.7 are achieved, corresponding to about 3 times and 2 times as
large as that of benchmark poly(vinylidene fluoride). We fabricate flexible and
wearable sensors enabling detection of various signals such as pressure and
sound with high sensitivity, which find promise in pressure mapping, health
monitoring and acoustic sensing applications.

Lightweight and flexible ferroelectric polymers have been long com-
mercialized from raw polymer powders, polymer products with varied
shapes to various electronic and electromechanical devices used in
civilian, medical, industrial and military areas1–5. However, the central
obstacle limiting their piezoelectric applications hinges on the unsa-
tisfactory piezoelectric coefficients6. For instance, piezoelectric coef-
ficient d33 of the benchmark poly(vinylidene fluoride) (PVDF) remains
as low as about −30 pCN-1 despite intensive studies during the past 5
decades7–14. To overcome this challenge, various approaches including
morphotropic phase boundary (MPB)15, high-field poling16, and
electrostriction17 have been developed recently. A two-fold increase in
d33 hasbeen achieved15,17–23 (|d33| > 60.0 pCN-1) since the observation of
MPB in ferroelectric poly(vinylidene fluoride-co-trifluoroethylene)
(P(VDF-TrFE)) copolymers15. Differing from initial efforts on achieving
a high faction of polar all-trans conformation by stretching and
poling12,13, greatly enhanced near the MPB arises from the destabiliza-
tion of the ordered all-trans into disordered 3/1-helix conformation15.
Such trans/helix phase boundary generally occurs in ferroelectric

polymers15,17–19 whereas polarization rotation enabled by electric-field-
induced phase transition from 3/1-helix to all-trans conformation is
essential to enhanced d33 response24,25. In addition, an ultrahigh d33 of
over 1000pmV-1 is reported in P(VDF-TrFE-CFE) terpolymers (CFE:
chlorofluoroethylene) modified by C=C double bonds under an elec-
tric field of 40MVm-1 (ref. 26). This does not require noncentrosym-
metric structure to intrinsically induce piezoelectricity while similar
results have alsobeen reported in inorganicpiezoelectric oxides under
a static electric field27. Moreover, large d33 obtained by these methods
necessarily replies on the synthesis of commercially non-available
polymer composition15,23 such as P(VDF-TrFE) 50/50mol% (ref. 15)
and harsh/complex processing conditions such as ultrahigh cyclic
poling field of 650MVm-1 (ref. 16), a constant static field of 40MVm-1

(ref. 26), a combination of hot-pressing, quenching, stretching,
annealing and poling (ref. 17). The scalability, crucial to fabricate large
rolls of piezoelectric films with a uniform thickness and d33, has been
rarely reported, presenting an obstacle for further industrial
applications.
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In this work, we report large intrinsic d33 in scalable P(VDF-TrFE)
copolymers with C=C double bonds. We choose strongly alkaline
NaOH to introduce C=C double bonds into P(VDF-TrFE) via the dehy-
drofluorination reaction28–31, differing from previous works using
alkalescent agents such as triethylamine mainly through dehydro-
chlorination reactions26,32–38.Wefind thatC=Cdoublebonddefects can
greatly modify the energetic landscape of P(VDF-TrFE) close to MPB,
enabling stabilization of disordered 3/1-helix conformation against
with ordered all-trans conformation. This offers an alternative tool to
leverage the energetic competition between normal ferroelectricity
and relaxor order which usually offers markedly enhanced properties.
As a result, we observe that incorporation of a small amount of double
bond defects of 0.86mol% enables a sharp increase in |d33| from about
41.0 pCN-1 to 90.5 pCN-1 corresponding to over 40% enhancement
over previousMPB approach15,17–19. The existence of large d33 is verified
by both direct and converse piezoelectric measurements with the
absence of a static electric field. Our scalable solution-processed films
are characterized by a uniform d33, a small variation in thickness,
enhanced dielectric constant, increased elongation at break while
piezoelectric sensors fabricated from these films show improved
sensitivity. These findings unlock a new framework for massive man-
ufacturing of next-generation high-performance ferroelectric poly-
mers for promising flexible and wearable applications.

Results
Synthesis and characterization of P(VDF-TrFE) with C=C
double bonds
In this work, P(VDF-TrFE) with the composition of 55/45mol% close to
its MPB regions15,39,40 is chosen for double bond modifications. C=C
double bonds are induced by dehydrofluorination reactions triggered
by strongly alkaline NaOH28–31 (Fig. 1a, top panel) differing from dehy-
drochlorination enabled by alkalescent agents revealed in Cl-contained
polymers including P(VDF-CTFE), P(VDF-TrFE-CFE), P(VDF-TrFE-CTFE)
(Fig. 1a, middle and bottom panels)26,32–38. Indeed, the reaction scheme
(Fig. S1) in PVDF-based polymers has been studied in previous
works28–31. The dehydrofluorination leads to the formation of unsatu-
rated C=C double bond which may yield further crosslinking reactions

leading to reduced C=C content41. Our results show that C=C double
bond with a low NaOH concentration can be stable which is supported
by complete dissolution into the solvent based on swelling experiments
(Fig. S2). Above 0.9mol%, crosslinking reactions are induced by the
emergence of swelling effects inherent to the presence of crosslinking
(Fig. S2). Such evolution arising from the reaction scheme is explicitly
supported by Fourier-transform infrared (FTIR) spectroscopy. For
instance, Fig. 1b shows that the presence of C=C double bond is con-
firmed by the characteristic infrared peak at around 1650 cm-1 (ref. 29).
As NaOH dosage increases above 0.9mol%, the characteristic peak
density remains unchanged (Fig. 1b). This suggests that no additional
C=C bonds forms due to the dehydrofluorination which in turn sup-
ports the formation of crosslinked structure. The saturation of C=C
bonds occur near the critical NaOH content of about 0.9mol%. Mean-
while, we find the presence of the infrared band at 1733 cm-1 corre-
sponding to C=O double bonds42, which is not revealed in the previous
works26,32–36. The reaction scheme is summarized in Fig. S1.We showthat
the infrared band characteristic of C=O double bonds develops notably
when NaOH dosage above 0.9mol%, in constrast with that of C=C.
Different from dual-functional C=C, C=O only behaves like defects
whichdoesnot involvedehydrofluorination. The roleofC=CandC=O in
affecting d33 response will be analyzed later. Moreover, X-ray photo-
electron spectroscopy (XPS) results show that C–H and C–F bond
content decrease considerably with increasing NaOH dosage (Fig. 1c).
This result indicates that dehydrofluorination still occurs which con-
tinues to produce unsaturated C=C bonds with the chararistic peak at
around 285.0 eV (ref. 43). The excessive formation of unsaturated C=C
double bonds may trigger the opening of C=C double bonds which
generates C–C single bonds resulting in crosslinked chains. As men-
tioned above, the presence of crosslinked structure for NaOH dosage
above 0.9mol% is confirmed by swelling results (Fig. S2). 1H nuclear
magnetic resonance (NMR) was used to evaluate the C=C content
(Figs. 1d and S3). The results show that C=C content is 0.86mol% with a
NaOHdosageof0.9mol%while it corresponds to0.5mol%with aNaOH
dosage of 0.6mol% (Fig. 1d). Consequently, these results elucidate the
presence of C=C bonds at low NaOH dosage which saturates above
0.9mol% accompanied by formation of crosslinked structure.
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Fig. 1 | Structural characterizationof double bond-modified P(VDF-TrFE). a The
Scheme for the formation of C=C double bond in fluoropolymers. b FTIR spectra
where the IR band characteristic of C=C is indicated at 1650 cm-1. cC-spectrumXPS.
d 1H NMR spectra. eXRDpatterns of double bond-modified P(VDF-TrFE), where the

dashed arrows show the trend of all-trans and 3/1-helix changes with increasing
NaOHdosage. f FTIR spectra of NaOH-modified P(VDF-TrFE), where the absorption
peaks at 1285 cm-1 and 510 cm-1 corresponding to the all-trans and 3/1-helix
conformation.
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Structural characterization of P(VDF-TrFE) modified by various
NaOH dosage is performed by XRD and FTIR. Pristine P(VDF-TrFE) is
characterized by phase coexistence of all-trans and 3/1-helix con-
formations (Figs. 1e and S4) where the former remains the major
phase (Figs. 1e and S5) according to the relative higher intensity
for the peak at 2θ = 19.3o (all-trans) than that at 18.9o characteristic of
3/1-helix15,18,19. Dehydrofluorination reaction not only induces the
formation of C=C double bonds but also results in the decrease in
VDF content. The latter may benefit the stabilization of 3/1-helix
which is evident from the growth in the intensity for the peak
assigned to 3/1-helix. Meanwhile, FTIR spectra provide further evi-
dence to support the stabilization of 3/1-helix conformation and
destabilization of all-trans conformation which can be seen by the
notable development in the infrared band at 504 cm-1 and smearing
of the infrared band at 1285 cm-1 (Fig. 1f). Consequently, recalling that
tuning of the phase stability between all-trans and 3/1-helix con-
formations by varying the VDF content is essential to enhanced
piezoelectric coefficients15, the simultaneous realization of C=C
double bonds and modifications of VDF content may offer an alter-
native way to tune the energetic landscape specifically for the pris-
tine polymer composition close to MPB, benefiting d33 response.

Ferroelectric, dielectric and piezoelectric characterization
The existence of phase evolution enabled by including C=C double
bonds is supported by polarization-electric field (P-E) hysteresis loops

(Fig. S6). P-E loop is a key signature used to distinguish long-range and
short-range ferroelectric orders. As pristine P(VDF-TrFE) is dominated
by all-trans conformation (Fig. 2a), its P-E loop is typical ferroelectric
with a remnant polarization Pr of 4.5μC cm-2 and a coercive field Ec of
44.7MVm-1 (Fig. 2b, c). Interestingly, P(VDF-TrFE) with C=C double
bonds exhibit pinched type P-E loops (Fig. 2a) with a sharp drop in Pr
and considerable decrease in Ec, reminiscent of those observed in
relaxor ferroelectric polymers by changingpolymer compositions15,18,19.
The breaking of long-range ferroelectric instability induced by C=C
double bonds is attributed to the stabilization of 3/1-helix conforma-
tion which is responsible for relaxor behavior in ferroelectric
polymers40. Like compositionally-inducedMPB, such destabilization of
long-range ferroelectric distortion into short-range relaxor order is
crucial to enhancedd33 response. This approach is completely different
from initial studies on PVDF to achieve a high fraction of polar all-trans
conformation with high polarization. Above the saturation point
(0.9mol%), Ec remains nearly unchangedwith a continuous decrease in
Pr resulting from crosslinking (Fig. 2b, c). These results indicate the
dominant role of dehydrofluorination (Fig. S7) while defects such as
polar C=O defects play a minor role. As the opening of C=C double
bonds may trigger the formation of C–C single bond, therefore,
enabling covalent bonding between adjacent polymer backbones. This
yields a marked reduction in crystallinity leading to lowered remanent
polarization as long-range ferroelectric instability mainly arises from
crystalline regions of ferroelectric polymers. In addition, we find that
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the inclusion of C=C and C=O defects induce a negligible change in
leakage current behavior (Fig. S8) ruling out the presence of charged
defects associated with the introduction of C=C and C=O defects.
Consequently, P-E loop results demonstrate that incorporation of C=C
defects stabilize disordered helix conformation through breaking the
long-range ferroelectric distortion, which is well consistent with
structural results.

Dielectric spectra under different frequencies upon heating is
used to evaluate the evolution in short-range ferroelectric order
(Figs. 2d–f and S9-S11). The pristine composition P(VDF-TrFE) 55/
45mol% displays the coexisiting ferroelectric and relaxor phases with
the relaxor phase as aminor phase (Figs. 1e, 2a and 2d). The emergence
of relaxor behavior is characterized by a strong shift in the dielectric
peak temperature Tm towards higher temperatures as the frequency
increases (Fig. 2d). In modified P(VDF-TrFE), it is found that relaxor
behavior becomes stronger in terms of a broader dielectric peak at a
specific frequency and marked decrease in the dielectric peak value
(Fig. 2e, f). The broad dielectric peak is fitted bymodified Cuire–Weiss
relationship, which yields a diffuseness factor γ indicative of strength
of relaxor phase (Fig. S12). It is found that γ increases as NaOH content
increases, supporting the growthof relaxor phase (Fig. 2g). In addition,
the temperature difference ΔTm between Tm at 100Hz and 1MHz
experiences a considerable increase (Fig. 2h), collaborating with
stronger relaxor characteristics. In addition, the endothermic peak at
around Tm is smeared in differential scanning calorimetry (DSC)
heating scans (Figs. 2i and S13-S19), supporting more diffused phase
transition due to the inclusion of C=C double bonds. Consequently,
these results further support the stabilization of 3/1-helix conforma-
tion induced by incorporating C=C double bonds which is character-
ized by the growth of relaxor behavior.

Structural and electrical results indicate that the energetically
more favorable phase evolves from ordered all-trans to disordered
helix enabled by the inclusion of C=C double bonds instead of
decreasing VDF content in previous compositional approach15,39.
Moreover, the presence of C=C and C=O double bonds may provide
additional contribution to the piezoelectric response offering

opportunities to compete favorably with previous compositional
approach15. In this regard, piezoelectric measurements are performed
on pristine and modified P(VDF-TrFE) by using d33 meter and electric
field-induced strain (Figs. 3a, b and S20a). To verify our measurement
results, we focus on d33 of pristine P(VDF-TrFE) 55/45mol% copolymer
which has been measured in previous works. Our results show a d33 of
–41.0 pCN-1 and –40.0pmV-1 (Figs. 3a, b and S20a), respectively, which
is well consistent with previous results15,44. Meanwhile, through our
piezoelectric measurements, d33 of commercial PVDF is –26.0 pCN-1

(Fig. S21) and –26.4 pmV-1 (Fig. S22), respectively, which also agree
with recent results7–14. The good agreement between different mea-
surement techniques on different polymer compositions strongly
substantiates the piezoelectric results obtained by other synthesized
polymers. Interestingly, it is found that as NaOH dosage increases, d33
exhibits an abrupt increase reaching the maximum of –90.5 pCN-1 at a
critical NaOH dosage of 0.9mol% (or 0.86mol% C=C double bond),
which is followed by dramatic drop in the crosslinking region (Fig. 3a,
Fig. S20b, Movie S1). The electric field-induced strain manifesting the
converse piezoelectric effect yields a converse piezoelectric coeffi-
cient d33 of –91.8 pmV-1 (Fig. 3b), which verifies the existence of sub-
stantially enhanced piezoelectric response induced by C=C double
bonds (Fig. S7). This corresponds to 3 times as large as that of PVDF7–14,
which also outperforms other results15,17–22 in P(VDF-TrFE) (see
Table S1). We note that crystallinity decreases slightly from 55% to 51%
when NaOH dosage increases from 0mol% to 0.9mol% (Fig. S25). This
result indicates a minor role in decreasing d33 response caused by
reduced crystallinity. The markedly lowered crystallinity induced
crosslinking for NaOH dosage above 0.9mol% implies that the
reduction in the enhancement in d33 may result from the reduced
crystallinity. Consequently, these results confirm the existence of
markedly enhanced d33 enabled by incorporating C=C defects.

In addition to d33 (Fig. 3d), piezoelectric voltage constant g33 and
figure of merit d33×g33 -key parameters to evaluate the suitability of
piezoelectricmaterials for energy harvesting and sensing applications-
are also compared. We show that g33 and d33×g33 are
markedly improved inmodified polymers (Fig. 3e, f and Table S2). The
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highest |g33| of 459.5 × 10-3VmN-1 is achieved for the NaOH dosage of
0.9mol% (Fig. 3c), which exceeds that (394.1 × 10-3VmN-1) obtained by
compositionally driven MPB (P(VDF-TrFE) 50/50mol%). Meanwhile,
the figure of merit is 41.6 pm2N-1 in modified P(VDF-TrFE) surpasses
that (25.0 pm2N-1) of P(VDF-TrFE) with MPB composition (Table S2).
These results suggest the promise of double-bond modified copoly-
mers in developing high-performance energy harvesters and sensors.

The enhanced piezoelectric response is achieved without the
requirement of a static electric field, differing from that obtained in
previous work26. Given that the formation of C=C double bonds also
involve the compositional change in VDF content through the dehy-
drofluorination, it is estimated that C=C and C=O double bonds
themselves might account for over 40% of total enhancement in d33
based on the comparison between the results obtained in this work
and that achieved by compositionally-induced MPB15. The more elec-
troactive ability induced by including C=C and C=O double bonds is
evident from the large increase in dielectric constant
(Figs. S23 and S24). In addition, only a slight decrease in crystallinity is
foundby incorporating a small amountofC=Cdoublebonds (Fig. S25),
which suggests a minor role of amorphous phase in affecting d33
response. The presence of C=C double bonds may ease the local
polarization rotation in the crystalline phase, leading to the enhanced
d33. Further theoretical studies are highly desired to reveal the crucial
role of C=C double bond in improving d33 response45. Moreover, it is
found that the benefit of enhancement in d33 enabled by C=C double
bond requires polymer composition with a flattened energetic land-
scape i.e., close to MPB. For instance, it is shown that the absence of
markedly enhanced piezoelectric response is observed for P(VDF-
TrFE) with a well-defined ground state (i.e., VDF = 80mol%, Fig. S26),
which indicates the importance of nearly energetically degenerate
phases in generating large piezoelectric response. Further studies are
highly desired to modify the energetic landscape near MPB of ferro-
electric polymers by using various chemical defects which generally
involve a rich source of polymers such as terpolymers and polymer
blends. Consequently, these results indicate the promise of chemical
defects46 in optimizing intrinsic functionalities of ferroelectric

polymers which should be generally applicable to other polymer
compositions and other properties.

Scalability
Given that high d33 exceeding commercial PVDF has been achieved by
various approaches, the scaling potential has not been addressed,
limiting large-scale practical applications. For instance, ultrahigh pol-
ing field of 650MVm-1 close to the breakdownfield canbe only used to
pole small-size sample16 which may cause breakdown failure of poly-
mer films for large scale applications. To explore the scaling potential,
we fabricate solution-processed freestanding filmswith a size identical
to A4 paper (Fig. 4a). The process of modified ferroelectric polymers
does not require mechanical stretching as required in PVDF whereas
flat film surface is challenging for orientation process10 (Fig. 4b). By
contrast, solution-processed films show amuchflatter surface (Fig. 4c)
than PVDF (Fig. 4b) fabricated by extrusion-orientation and hot-
pressing technique47. Meanwhile, PVDF film thickness by orientation
process typically exceeds 10μmwhile our solution-processed films do
not show such limitation in thickness scaling, which is of importance
for device miniaturization and integration. We also examine the
thickness dependance on d33 as scalability. The results show that d33 is
independent of film thickness (Fig. S27) further indicating the pre-
sence of intrinsically large piezoelectric properties in modified P(VDF-
TrFE), which is like commercial stretched PVDF.We find that a uniform
d33 response is confirmed in flexible films (Fig. 4d) with a small varia-
tion in the film thickness (Fig. 4e), indicating the good scalability.
Moreover, the dielectric constant exceeds that of PVDF by about 90%
(Figs. 4f and S23 and S28a), which also benefits deviceminiaturization
and integration owing to increased capacitance. The dielectric con-
stant of PVDF and modified P(VDF-TrFE) generally decreases as the
frequency of the external electric field increases (Fig. 4f). This is
because orientational polarization cannot keep up with the rapid var-
iation in the applied electric field at high frequencies. We show that
dielectric loss ofmodified P(VDF-TrFE) remains nearly the same as that
of PVDF at 1 kHz (Fig. S28b). Meanwhile, for durability of the vibra-
tional device, it requires piezoelectric polymers with high elongation
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at break. We find that our modified films exhibit improved elongation
at break up to 210% (Fig. S29), outperforming that of PVDF. Conse-
quently, these results offer a new avenue for reconciling large piezo-
electric properties and scalability to enable integration into massive
manufacturing of next-generation ferroelectric polymers for flexible
and wearable applications.

Piezoelectric energy harvesting and sensing applications
Although C=C double bonds have been previously used to yield a giant
converse piezoelectric d33 (ref. 26), it requires applying a static electric
field which is not suitable for practical devices enabling the conversion
of mechanical energy to electrical energy such as pressure and sound
sensors. In this regard, to demonstrate the promise in flexible and
wearable devices using C=C double bond modified P(VDF-TrFE), we
fabricate pressure sensors (Figs. S30 and S31). We show that the open-
circuit voltagemeasuredunder different stresses (Figs. 5a, S32 andS33)
describes good linear dependence, in agreement with piezoelectric
nature. This result is different from the nonlinear response with
increasing the pressure obtained in a recent work45 which reported a
large d33 of –191.4 pCN-1. Through the slope of voltage-pressure curve,
pressure sensitivity can be obtained. Commercial stretched PVDF is
known to show good energy harvesting properties and its pressure
sensitivity is 8.11mV kPa-1 (Figs. 5b and S33) which agrees with previous
results48,49. We show that the pressure sensitivity (Fig. 5b) of pristine
P(VDF-TrFE) is about 7.55mV kPa-1, which is consistent with previous
sensor performance (i.e., 4.56mV kPa-1 in ref. 50 and 6.10mV kPa-1 in
ref. 51) based on P(VDF-TrFE) copolymers. Moreover, via double bond
modifications, we find that the deduced pressure sensitivity is
improved up to 14.22mV kPa-1 much larger than both stretched PVDF
and pristine P(VDF-TrFE), which mainly originates from greatly
enhanced d33. We show that the capacitance before and after device
fabrication remains slightly reduced (Fig. S34). Meanwhile, we find that
the induced voltage displays almost no degradation up to 105

mechanical cycles (Fig. S35), demonstrating excellent durability upon
vibrational testing. In addition,wefind that senorperformance remains
unchanged under varied temperature (Fig. S36), humidity (Fig. S37)
and mechanical strength (Fig. S38), suggesting excellent device

stability. We also show that our device can detect small pressure above
8 kPa (Fig. S39), which is mainly limited by the force generator in our
experimental setup. Based on the pressure sensitivity results (Fig. S39),
we estimate that weak signals as low as tens of Pa can be resolved by
our sensor based on modified polymers (Fig. S40).

The induced voltage and pressure sensitivity are strongly depen-
dent on intrinsic factors (such as d33, dielectric constant, the Young’s
modulus) and extrinsic factors (i.e., film thickness, encapsulation
conditions, measurement conditions among different devices)51–53. For
instance, regarding the intrinsic factors, although d33 of modified
polymers is about 2.26 times as large as that of pristine counterparts,
dielectric constant is also enhancedby 33%which tends todecrease the
induced piezoelectric voltage. By assuming the same modulus, thick-
ness and extrinsic conditions, the voltage generated by modified
polymers is about 1.7 times as big as that of pristine counterparts which
is in line with the observed experimental results.

We further show that these flexible sensors are ideal for wearable
applications. For instance, we show that a wrist-worn sensor device
made of modified P(VDF-TrFE) film (Fig. 5d) can distinguish the pulse
wave signals at rest and after exercise (Fig. 5e). The observed physio-
logical differences show the high sensitivity to weak signals, suggest-
ing broad application prospects in wearable health monitoring
systems. We also attach the sensor to the throat to record the signal
waveforms of different spoken words (Fig. 5f). The results clearly dis-
tinguish different pronunciations (Fig. 5g, Movie S2 and S3), which
indicates the potential application in acoustic sensing and speech
recognition technology.

Discussion
C=C double bonds have been regarded as the important defects in
driving enhanced electrocaloric and electrostrictive effects in ferro-
electric polymers26,32–34. The role of C=C defects in driving the phase
transition through the dehydrofluorination reactions (Fig. S7) has not
been revealed in previous studies26,32–36. Meanwhile, near the MPB in
irradiated ferroelectric polymers, whereas the irradiation-induced oxi-
dation reactions also introduce C=O defects5,24, an enhanced d33 of
–70pCN-1 is observed exceeding that (–63.5 pCN-1) obtained by
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compositionally inducedMPB24. The polarization rotationmechnism25 is
crucial to enhanced d33 in previous works15,24.

In our case, we provide further analysis of the relative contribu-
tion of C=C and C=O to the enhanced d33. For NaOH dosage above
0.9mol% (i.e., 2.7mol%), the development of C=O double bonds is
evident from the notable expansion of infrared bands in FTIR results
(Fig. 1b). However, a dramatical decline ind33 is observed in this regime
(>0.9mol%) suggesting aminor role of increased C=Odouble bonds in
improving d33 response. Instead, dual functional C=C is mainly
responsible for large d33 in modified P(VDF-TrFE). To further support
this scenario, we focus on the optimal compositions under varied
reaction time (Fig. S41). We show that as the reaction time increases,
the content of C=O is almost saturated under a short reaction time
0.5 hwhile the content of C=C reaches themaximumat a reaction time
of 2 h (Fig. S41a and S41b). Meanwhile, |d33| exhibits a notable increase
when the reaction time is from0.5 h to 2 h. For the reaction time above
4 h, we observe considerably reduced C=C content which is accom-
panied by a decrease in |d33| (Fig. S41c). This result, therefore, suggests
the dominant role of C=C double bonds in determining the enhance-
ment in d33 response.

Methods
Synthesis of P(VDF-TrFE) with C=C double bond
The 5 g of P(VDF-TrFE) copolymer (Piezotech at Arkema, the compo-
sition ratio of VDF/TrFE=55/45mol% and 80/20mol%) was dissolved in
50mL of N,N-dimethylformamide (DMF, Sigma-Aldrich) and the
polymer solution was stirred at room temperature for 12 h. Subse-
quently, NaOH with varied dosage was added to polymer solution
under the N2 atmosphere and the dehydrofluorination reaction was
controlled by varying the amount of NaOH (x mol% of NaOH with
respect to P(VDF-TrFE)was added). The reactionswere done under the
same N2 atmosphere to fix the same reaction conditions. For instance,
this can effectively avoid direct reactions with O2 in the air. The reac-
tion condition was conducted at room temperature with stirring at
600 rpm for 2 h. The mixture solution was centrifuged to remove the
precipitated byproducts. The centrifuged solution was cast onto the
glass substrate and dried in a vacuum oven at 80 °C for 12 h. Then, the
sample was annealed in a vacuum oven at 140 °C for 12 h. The typical
film thickness was 40 µm. Stretched PVDF with varied thickness was
purchased from PolyK Technologies.

XRD
The crystal structure was determined using XRD on an Empyrean dif-
fractometer (PANalytical) with Cu-Kα radiation, with a 2θ scan from 15°
to 25° at a step of 0.02°.

FTIR
FTIR spectroscopy was performed using a Nicolet iS50R spectrometer
(Thermo Scientific) with a wavenumber range of 4000–400 cm-1.

DSC
Thermal properties were analyzed by DSC using a Diamond DSC
(PerkinElmer) under N2 atmosphere. The heating scans were from
30 °C to 200 °C at a heating rate of 10 °Cmin-1. Crystallinity (Xc) was
calculated from the melting enthalpy (ΔHm) using the equation:
Xc =ΔHm/[xVDFΔH0], whereΔH0 = 103.4 J g-1 and xVDFwas the VDFmolar
fraction.

Swelling test
Sample of 20mg with varied NaOH dosage was dissolved in 20mL of
DMF at room temperature for 48h.

NMR
The degree of dehydrofluorination (double bond content) was quan-
tified by 1H NMR spectroscopy using an AscendTM 600MHz

spectrometer (Bruker). The double bond content was determined by
A4/(A1 + 0.5A2 +A3 +A4), where Ai is the area of characteristic peak:
A1(2.2 ppm–2.5 ppm), A2 (2.5 ppm–3.2 ppm), A3 (4.8 ppm–5.8 ppm)
and A4 (5.8 ppm–6.4ppm).

XPS
Carbon 1s (C1s) binding energy was analyzed by XPS using a SCIEN-
TIFIC ESCALAB 250Xi spectrometer (Thermo Scientific).

AFM
The surface topography of the sample was characterized using AFM.
The measurement instrument was Jupiter XR (Oxford Instruments
Asylum Research). The probe used in the experiment was SNL 10
(Bruker) with the nominal spring constant of 0.35 Nm-1.

Dielectric testing
Dielectric constant under different temperatures and frequencies
(frequency range: from 100Hz to 1MHz; temperature range: from
10 °C to 100 °C) wasmeasured using an LCRmeter (E4980A, Keysight)
and an impedance analyzer (Agilent 4294A), with a heating rate of
1 °Cmin-1. The dielectric constant above Tm (1MHz) was fitted by using
modified Curie–Weiss relation expressed as (T-Tm)γ/C = 1/εr-1/
εmax(T = Tm) (γ is the relaxor diffuseness factor, C is a constant and
εmax(T = Tm) is the dielectric peak value).

Ferroelectric testing
P-E loops were recorded using a modified Sawyer-Tower circuit
whereas an electric field with a triangular bipolar wave and 10Hz
was used.

Corona poling
A home designed setup was used to enable poling of polymer films
with a voltage of 15 kV and tip-film distance of about 4 cm. The char-
ging time was 10min.

Piezoelectric measurement
Piezoelectric coefficient d33 was evaluated using a PKD3-2000 tester
(PolyK Technologies) via the quasi-static Berlincourt method (static
force: about 0.5N, dynamic force: 0.25N, measurement frequency:
110Hz). The converse d33 was measured with a laser interferometer
(SIOS SP-S 120E) with a frequency of 1 Hz. Before piezoelectric mea-
surements, polymer filmswere polarizedby contact poling (10min at a
DC electric field of 150MVm-1) and the size of samples was typically
1 cm× 1 cm.

Sensor device preparation
The sketch of device fabrication was summarized in Fig. S31. The gold
layer, ~500 nm in thickness, was deposited onto the sample surface via
magnetron sputtering to function as electrodes (Quorum Q150RS
plus). Subsequently, the sample was encapsulated with poly-
dimethylsiloxane (PDMS). The electrodes on both sides were con-
nected to copper wires using pressure terminals for the transfer of
charge generated by strain. Then, a flexible wearable piezoelectric
sensor device was fabricated for subsequent performance evaluation.
All samples underwent corona polarization before the PDMS
encapsulation.

Characterization of sensor device
A pressure-controlled motor (PR-BDM8-100F, PURI Materials) was
utilized to apply pressures ranging from 10 to 200 kPa to the sample at
room temperature. The output signal from the sensor was amplified
using a low-noise current preamplifier (SR570, Stanford Research
Systems) and the resulting voltage was recorded with a digital oscil-
loscope (InfiniiVision MSO-X3054A, Keysight) featuring an input
impedance of 1MΩ. The authors have a signed informed content from
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the research participates depicted in Fig. 5 and declare an ethics
approval has been waived by the ethics committee.

Data availability
The source data for Figs. 1–5 in this work are provided in the Source
Data file. Source data are provided with this paper. All data are avail-
able from the corresponding author upon request.
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