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Absrtact. The rapid advancement of wearable electronics and the Internet of Things necessitates the
development of flexible sensors capable of accurately detecting physical and chemical signals.
Piezoelectric polymers, specifically Poly(vinylidene fluoride)-trifluoroethylene [P(VDF-TrFE)]
copolymers, are promising materials for these applications due to their flexibility and electroactive
properties. However, their relatively low piezoelectric coefficients limit sensitivity. This study
investigates the enhancement of piezoelectric performance in P(VDF-TrFE) films through controlled
crystallization induced by polytetrafluoroethylene (PTFE) templates. The anisotropic crystallization
behavior significantly improves the films’ crystallinity, ferroelectric properties, and piezoelectric
coefficients, as confirmed by AFM, XRD, and nanoscale analyses. The templated films exhibit stronger
piezoelectric responses, including improved d33 coefficients and directional piezoelectric anisotropy,
enabling more sensitive mechanical excitation detection in flexible devices. These findings highlight
templating-guided crystallization as a viable strategy for optimizing the performance of piezoelectric
polymers in next-generation flexible sensors.

Keywords: Piezoelectric polymers, P(VDF-TrFE), Controlled crystallization, PTFE template, Flexible
sensors, Ferroelectric properties, Wearable electronics.

The vigorous development of wearable electronics and the Internet of Things greatly
depends on design and development of flexible sensors, which effectively perceive both physical
and chemical signals from human bodies and the surroundings. Contact perception is especially
concerned and usually realized based on piezo-capacitive, piezo-resistive, piezo-electric, and even
tribo-electric effects. Piezoelectric materials can convert mechanical excitation into electrical
response Vvia electrostatic interaction between electrodes and dipoles inside piezoelectric film and
are widely utilized to construct self-powered stress/strain sensors. Inorganic piezoelectric ceramics
and crystals are mostly used due to their high piezoelectric performance. However, intrinsic
brittleness and hardness limit their applications in flexible sensors. As comparison, piezoelectric
polymers, such as Poly(vinylidene fluoride) (PVDF) and its copolymer with trifluoroethylene
P(VDF-TrFE), attract more and more attention for flexible electronics though their relatively lower
piezoelectric coefficients, for example dass value of -25 pC/N much lower than those of several
hundreds of pC/N from inorganic piezoelectrics, greatly degrade their sensitivity to weak
mechanical excitation. Modulation of microstructures and crystallinity is a feasible route to
promote electroactivity of piezoelectric polymers, in which templating guidance measure is
especially effective and convenient. Textured P(VDF-TrFE) films were grown on graphene/copper
surfaces, which was attributed to a pattern potential that originated from charge transfer between
the graphene and Cu surface!. Our previous work also verified that on polytetrafluoroethylene
(PTFE) templates, P(VDF-TrFE) films presented anisotropic crystallization behaviour with well
improved crystallinity and electroactivities. In this report | will introduce the work on PTFE
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template induced crystallization and its influence on electroactive behaviour of piezoelectric
copolymer films.

PTFE templates were fabricated via friction transfer technique, which presented parallel
nanogroove structure (Figure 1a). Then P(VDF-TrFE) films were spin coated onto the PTFE layers
and annealed at a temperature above melting point (~150 °C) of P(VDF-TrFE). PTFE-induce
copolymer films presented long and parallel stripe-like crystallites (Figure 1b). As comparison,
the control sample without PTFE templating only presented disordered and needle-like crystallites
(Figure 1c). Varied-XRD analysis indicated that these PTFE-induced copolymer films still
followed the first-order phase transition (Figure 1d). Nanoscale thermal analyses further verified
that the anisotropically crystallized film showed relatively higher melting point than that of the
control film (Figure 1e). polarization-electric field hysteresis loops exhibited enhanced remanent
polarization of PTFE-induced films (Figure 1f). In our current technology, PTFE templates can
induce anisotropic crystallization of P(VDF-TrFE) films with thickness up to about 10 um.

Via home-made ds3 measurement system (Figure 2a), we conducted piezoelectric
characterization of PTFE-induced copolymer films. At driving frequency range between 50 Hz
and 800 Hz, PTFE-induced device presented an averaged dss value of -40.7 pC/N, about 61%
enhancement to that of copolymer film without PTFE templating (Figure 2b). Furthermore,
anisotropically crystallized P(VDF-TrFE) device showed in-plane anisotropic piezoelectric
performance (Figure 2c). This device with high sensitivity to weak mechanical signals can be used
for detection of physiological activities, such as pulsation (Figure 2d).
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Figure 1. PTFE-induced anisotropic crystallization of P(VDF-TrFE) films? 3,
AFM morphology of (a) PTFE template, P(VDF-TrFE) (b) with and (c) without PTFE
templates. (d) Varied-temperature XRD analysis of PTFE-induced copolymer film. (e)
Nanoscale analyses of copolymer films with and without PTFE templates.

(f) Ferroelectric performance
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Figure 2. Piezoelectric performance of PTFE-induced copolymer films* °. (a) Schematic of the das3

measurement system. (b) d33 coefficient values at different driving frequency from both copolymer films
with and without PTFE templating. (c) in-plane anisotropic piezoelectric response. (d) pulsation detection

of a volunteer.
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HBE3O2JIEKTPUYECKOE YCUJIEHHUE B COITIOJIMMEPHBIX
MJIEHKAX P(VDF-TRFE) IYTEM YIIPABJIIEMOM
KPUCTA/UIN3ALIUA

TI'ooyn Yscoy

Komnemx yMHBIX MaTepuanoB u Oyayiieit sHepretuku, YHuBepcuteT Oynann
220, Xanpaan Poyn, [lanxait, 200433, KuTaii

AnHoTanusi. CTpeMHTENbHOE pa3BUTHE HOCHUMOHM JJIEKTPOHHKH M MHTepHeTa BeIed TUKTYyeT
HEOOXOIMMOCTh Pa3pabOTKH THOKUX TAaTYMKOB, CIIOCOOHBIX TOYHO OOHApYKHMBaTh (hH3WUECKHE H
XAMHWYECKHe  CHTHaJbl.  [Ipe303JeKTpHUecKHe  MOJIMMEpHl, B YAacTHOCTH  COIOJHMEPHI
nonuBHHWIMAeHPTOpAa u TpudTopatiieHa [P(VDF-TrFE)], saBnsroTcs mepcneKTHBHBIMU
MarepuagamMy JUis 3THX HPHIOKEHUH Oxarojaps cBoell I'MOKOCTH M 3JEKTPOAKTUBHBIM CBOHCTBaM.
OnHaKo WX OTHOCHTENBHO HHM3KHE IIbE30JIEKTpUYecKHe KOI((GHUIMEHTH  OrpaHUYMBarOT
YyBCTBUTEIBHOCTb. B [aHHOM HCCIENOBaHMM HU3y4aeTcd YIYUILIEHUE IbE30IEKTPUYECKHUX
xapakrepuctuk  ieHok P(VDF-TrFE) mocpeacTBoM — KOHTpOIMpYeMOW — KpHCTaJUIM3allMy,
MHIYLUUPOBaHHOW mabnoHnamu u3 nosuterpadropatwieHa ([ITDD). AnuzoTponHoe mHOBeneHHE
KPHUCTAIN3allMd 3HAYUTENBHO YIy4IIAaeT KPUCTAUIMYHOCTb, CETHETORJIEKTPUYECKHE CBOWCTBA U
MbE30JIEKTpUIEeCcKhe KOAPHUIIMEHTHI TUIEHOK, YTO TMOATBEpKAeHO aHanu3aMu ACM, peHTTeHOBCKOM
TUGpakIuy ¥ HaHOMACIITaOHBIMH HcciiegoBaHUsIMA. 11abI0HHBIE TICHKH IEMOHCTPUPYIOT Ooiee
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CHIIBHBIE ITEE303JICKTPUIECKUE OTKITMKH, BKITIOYAs YIIydIIeHHBIe KO GureHTs d33 1 HanpaBIeHAYIO
NBbE30ICKTPUYCCKYI0O aHU30TPONHMIO, YTO IIO3BOJSIET OoJiee UyBCTBUTENBHO OOHApy»KHBaTh
MEXaHH4YecKoe BO030yXKIeHHEe B T'HOKHX YCTpoicTBaX. OTH pe3yiabTaThl MOKa3bIBAIOT, YTO
KPUCTAJUTU3aLMS C HCIIOJIb30BAaHHEM TEMIUIATOB SBJISCTCS IEePCHEKTHBHON CTpaTerHeil ONTUMU3aluy
XapaKTePUCTHUK MTbE30IECKTPHUESCKIX MOJIUMEPOB B THOKHX AATYMKAX HOBOTO ITOKOJICHUSL.

Kauesrble cioBa: [Ise3oamextpudeckue nmomumepsl, P(VDF-TrFE), Ynpasisemas kpucramimsanus,
wabnon u3 [IT®D, 'nbkue natyrku, CerHETOINEKTPHUYESCKHE CBOMCTBA, HocuMas 3iekTpoHuKal

Marepuansl npezacTaBieHbl Ha  MeXIyHapOAHOM  HAy4HO-NPAKTHUYECKOH KOH(epeHIUH
«CoBpeMeHHbIE MOAXOAbI U MPAKTUYECKUE UHUIMATUBBI B NHXEHEPHBIX Haykax» (I. Kazausp, 2-3
OoKTsA0ps 2025 roma).
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