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Poly(vinylidene Fluoride)-Based Ferroelectric Polymers for
Electromechanical Transduction: A Systematic Review of
Materials and Actuators

Giulio Gallucci* and Andres Hunt

1. Introduction

Emergence of smart material transducers stimulates develop-
ment of new technologies in microfluidics,[1,2] tissue engineer-
ing,[3] organ-on-chips devices,[4] bio-inspired soft robotics,[5–7]

and other fields.[8] Electroactive polymers (EAP) are a class of

stimuli-responsive materials[9] that deform
in response to electric field, making them
directly compatible with electronic
controls.[10–12] Their unique properties
include softness, flexibility, high strains,
light weight, simple construction, minia-
turizability, and ease of shaping,[12–14]

enabling innovative applications that
require qualitatively different properties
from conventional transducers. Achieving
a versatile combination of electrical,
mechanical and transduction properties is
of critical importance in EAP utilization
for practical applications.

EAPs are categorized as ionic and elec-
tronic materials that respectively rely on
ionic current[15] and Coulomb forces.[11]

Ionic EAPs (iEAPs) include conducting
polymers,[16] ionic polymer gels,[17] ionic
polymers,[18] and the related ionic-
polymer-metal composites (IPMCs)[19] that
produce large strains (up to 12%)[20] and
bending displacement[21] at low voltages
(typically <5 V or <25mV μm�1[19]), but
limited coupling efficiency (<0.01) and
response speed.[11,18,22] Electronic EAPs
(eEAPs) include dielectric elastomers
(DEs), ferroelectric polymers (FPs), liquid

crystal elastomers (LCEs), electrostrictive graft elastomers
(EGEs), and electrostrictive paper (EP)[11] that exhibit fast
response, high strains and energy densities,[23] but generally
require high activation voltages (>100 V μm�1).[24]

While actuation of DEs, LCEs, and FPs[10,25] has been
addressed in numerous studies, EGE[26] and EP[27] have received
less attention. Dielectric elastomer actuators produce highest
strains among EAPs (pre-streched acrylics can exceed
100%)[28], energy densities of up to 3.4 J cm�3 and coupling effi-
ciencies of up to 0.7–0.8,[29–31] but require high electric fields
(100–400 V μm�1) and suffer from viscoelastic losses.[32–36]

The electrically driven LCEs produce high strains (up to 4%)
at very low field strengths (1.5 V μm�1), but are limited in energy
density (<0.1 J cm�3) due to the low Young’s modulus.[37,38]

Ferroelectric polymers produce lower strains (up to 13.4% at
275 V μm�1)[39] than DEs, but similar energy densities (up to
3.1 J cm�3), higher dielectric constant (50–60),[18] and high cou-
pling efficiencies (up to 0.88).[40] Electromechanical transduction
of LCEs[41–46] and DEs[30,31,35,47–60] has been reviewed in many
reports, but has not been specifically reviewed for FPs.

G. Gallucci, A. Hunt
Department of Precision and Microsystems Engineering
Faculty of Mechanical Engineering
Delft University of Technology
Mekelweg 2, Delft 2628 CD, The Netherlands
E-mail: G.Gallucci@tudelft.nl

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aisy.202500694.

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/aisy.202500694

Poly(vinylidene fluoride) (PVDF) and its derivatives are ferroelectric polymers
(FPs) that combine high electric-field-induced strains with mechanical flexibility,
light weight, and processability, making them attractive materials for actuator
applications. This work reviews the state-of-the-art in PVDF-based electrome-
chanical transduction, covering both reported materials and actuators. Materials
are compared by maximum strains, energy densities, and coupling efficiencies
and categorized as: 1) vinylidene fluoride (VDF) polymers, including PVDF and its
co-, ter-, and tetrapolymers; 2) PVDF-based composites with ceramic, conductive,
metal-organic, and organosilicate fillers; and 3) polymer blends with plasticizers
or other electroactive polymers. The highest strains and energy densities have
been respectively reported for P(VDF-DB) (13.4%) and TiO2/PVDF (11.3 J cm�3)
and highest coupling efficiencies for P(VDF-TrFE-CFE-FA), SWCNTs/P(VDF-TrFE),
and TiO2/PVDF (0.88). Actuators are compared in terms of maximum displace-
ments and categorized as unimorph and bimorph bending cantilevers, dilating
diaphragms, plates, stacks, and tubular structures. Bending cantilevers are the
most frequently reported actuators. The highest length-normalized displacements
(δ/L) in quasi-static and resonant operation were reported for PVDF bimorphs
(0.35 and 0.45 respectively), which can be significantly improved by optimizing the
transducer design and employing more efficient materials. The findings further
indicate several unexplored transducer material candidates that are anticipated
to exhibit high transduction response.
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Ferroelectric polymers include poly(vinylidenefluoride)
(PVDF) and its derivatives,[61] odd-numbered Nylons,[62] amor-
phous polyamide blends,[63] polyimides,[64] polylactic acid
(PLLA),[65] and chlorinated poly(para-xylylene) (PA-C),[66,67]

exhibiting piezoelectric, pyroelectric, ferroelectric, and electro-
strictive properties.[68] Polyvinylidene fluoride (PVDF) and its
derivatives have received by far the most attention, as they exhibit
strongest electromechanical transduction properties of the
group. PVDF homopolymer has been reviewed in terms of
its mechanical, physical, thermal, dielectric, and chemical
characteristics.[69,70] Extensive summaries address the influence
of manufacturing on the morphology[71] and crystalline
properties[68,72–74] of PVDF and its copolymers. Other reviews
have addressed strategies to enhance dielectric properties of
PVDF-based polymers,[75] and their utilization in high-
performance capacitors,[76–78] flexible nanogenerators,[79] and
other applications.[80–83] While the materials have a strong posi-
tion in actuation applications, no review summarizes the PVDF-
based materials in terms of their electromechanical transduction
properties for actuation.

This review addresses electromechanical transduction proper-
ties of PVDF-based ferroelectric materials and their application
in actuators (Figure 1). It summarizes the most significant
properties for the materials’ transduction performance, such
as dielectric permittivity, Young’s modulus, strain, electrostric-
tive and piezoelectric coefficients, energy density, breakdown
strength, and coupling efficiency. First, the transduction phe-
nomena of ferroelectric polymers is addressed in Section 2, along
with the functioning principles of the most common linear and

bending actuators. Next, Section 3 reviews the polymers of
vinylidene fluoride (VDF), covering PVDF and its co-, ter- and
tetrapolymers. The modified PVDF-based materials include
composites with ceramic, conductive or other fillers, and blends
with plasticizers or other electroactive polymers, as further
addressed in Section 4. Section 5 then reviews actuators that
base on these pure and modified polymer materials, including
unimorph and bimorph bending cantilevers, unimorph and
dilating diaphragms, stacks, plates and tubular configurations.
Section 6 discusses, compares and visualizes the electromechan-
ical transduction properties of the reviewed PVDF-based materi-
als and actuators, and highlights potential research opportunities
for further improvements in transduction performance. Finally,
the report is concluded in Section 7.

2. Actuation in Ferroelectric Polymer

2.1. Transduction and Properties

2.1.1. Piezoelectric Materials

Piezoelectricity is the ability of certain crystalline materials
to convert mechanical energy into electrical energy and
vice versa, respectively referred as direct and inverse piezoelectric
effects. Out of 32 crystal classes, only 20 can exhibit piezoelec-
tricity.[84] The constitutive equations for inverse and direct piezo-
electric effects can be written in Voigt convention as follows.

Sij ¼ sEijklTkl þ dkijEk (1)

Figure 1. Schematic of the classification and derivation of the PVDF-based electromechanical transducer materials reviewed in this study. The marked
materials (*) have been employed in actuators.
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Di ¼ εTikEk þ diklTkl (2)

where the mechanical strain Sij and the dielectric displecement Di

are related to the applied mechanical stress Tkl and electric field Ek
via the material compliance sEijkl, dielectric permittivity εTik, and pie-

zoelectric strain coefficient dikl (superscripts E and T respectively
denote constant electric field and stress conditions).[85] Using
Voigt convention, transduction is most commonly described in
terms of transverse and longitudinal piezoelectric coefficients d31
and d33, relating the applied electric field E3 respectively to the trans-
verse and longitudinal strains S1 and S3.

[86] Substituting the stress
Tkl from Equation (1) into 2 and omitting the tensor notation gives

D ¼ d=sESþ εTEð1� k2Þ (3)

k2 ¼ d2

sEεT
(4)

Here, k denotes the electromechanical coupling factor describing
the energy conversion efficiency, i.e., the ratio between the stored
mechanical energy US ¼ 0.5YS2 and the input electric energy
UE ¼ 0.5εE2 between the respective degrees of freedom.[87,88]

Therefore, k remains between 0 and 1, and higher values mean
more efficient transduction. Most of the research reports the k31
and k33 components, associated with d31 and d33 piezoelectric coef-
ficients[89]

k231 ¼
d231
εT33s

E
11

(5)

k233 ¼
d233
εT33s

E
33

(6)

In eEAPs, the dielectric relaxation and viscoelasticity cause
electrical and mechanical losses, lowering the electromechanical
transduction efficiency, deviating from the proportional
response, and producing hysteresis loops in the S-E plot.[90]

The losses are described by the imaginary part of the dielectric
permittivity and Young’s modulus, allowing to describe the
respective loss rates of energy as

tanðδÞ ¼ ImðεÞ
ReðεÞ (7)

tanðδmÞ ¼
ImðYÞ
ReðYÞ (8)

where tanðδÞ and tanðδmÞ respectively are the dielectric and
mechanical loss tangents that depend on the operating condi-
tions (e.g., frequency, temperature).[90–92]

The dielectric breakdown strength indicates the lowest electric
field strength that causes irreversible material damage and there-
fore defines the admissible input voltages. The breakdown prob-
ability PðEÞ has been shown to follow the two-parameter Weibull
distribution.[93,94]

PðEÞ ¼ 1� exp ½�ðE=λÞ�β (9)

where E is the electric field, λ is the field strength that causes
63.2% of the breakdowns, and β defines the spread of the
distribution.

2.1.2. Electrostrictive Materials

Electrostriction is an electromechanical coupling phenomenon
that occurs in all dielectric materials (including piezoelectrics),
characterized by a quadratic relation between the applied electric
field and the induced strain.[95,96] Strain Sij and electric displace-
ment Di are described by the constitutive equations of electro-
striction as follows.[97,98]

Sij ¼ sEijklTkl þMijklEkEl (10)

Di ¼ εTij Ej þ 2MklijTklEj (11)

where Mijkl is the tensor of apparent electrostrictive coefficients
(unit m2 V�2). Like d31 and d33 in piezoelectrics, M31 and M33

components of Mijkl respectively describe the transverse and
longitudinal response. In the absence of external stresses,
the strain S can be decomposed into the electrostatic
Maxwell component SM and the true electrostriction compo-
nent SE.

[99,100]

S ¼ SM þ SE (12)

Maxwell strain is caused by the forces acting between the two
charged faces of the dielectric, and can be expressed as[95,101]

SM ¼ � ε0εr
Y

E2 (13)

where εr and Y are the relative permittivity and Young’s
modulus of the material and ε0 ¼ 8.85� 10�12F=m is the per-
mittivity of free space. True electrosctrictive strain can be
expressed as[99,102]

SE ¼ QP2 (14)

where Q is the material’s intrinsic electrostrictive coeffiecient
(unit m4 C�2) and P is the polarization induced in the
material by the applied electric field. In linear dielectric
materials

P ¼ ε0ðεr � 1ÞE (15)

Therefore, the true electrostrictive strain can be given
as[26,99,100]

SE ¼ Qε20ðεr � 1Þ2E2 (16)

In some electrostrictive eEAPs (e.g., polyurethane, graft
elastomers, and PVDF-based FPs), the SE term dominates
the material deformations,[26,103–107] and SM can be neglected.
Then,

S � Qε20ðεr � 1Þ2E2

M � Qε20ðεr � 1Þ2 (17)

It has been empirically shown that Q is inversely proportional
to the product of dielectric permittivity (ε0εr) and Young’s mod-
ulus (Y ),[95,100,104,108–110] yielding (from Equation 17)

jMj ∝ ε0ðεr � 1Þ2
Yεr

, therefore (18)
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jMj ∝ ε0εr
Y

, for εr ≫ 1 (19)

For perovskites and PVDF-based materials, it has been shown
that electrostriction (Q3i) contributes to the piezoelectric effect
(d3i).

[103,111] By taking a derivative of Equation (16) with respect
to E (and considering dS

dE ¼ d), this relation can be expressed
as[112–115]

d3i ¼ 2Q3iPrε0εr (20)

where Pr is the material’s remanent polarization. In stretched
PVDF copolymers, this electrostrictve coupling has been calcu-
lated to be approximately two times stronger[113] than the dimen-
sional piezoelectric effect.[112,116]

The coupling coefficient kij of electrostrictive materials differs
from the linear piezoelectrics (see Section 2.1.1), showing a rapid
increase with the applied field, and a plateau once reaching sat-
uration polarization.[117] Therefore, it is a function of induced
polarization.[117,118]

k23i ¼
kS2i

sDii PE ln
PSþPE
PS�PE

� �
þ PS ln 1� PE

PS

� �
2

� �h i (21)

where the i= 1 and 3 respectively refer to transverse and longi-
tudinal strains Si, sDii is the compliance at constant polarization,
PE is the induced polarization, PS is the saturation polarization,
and k is a material parameter that relates to its dielectric permit-
tivity. The latter is an empirical parameter that stems from
assuming a hypoerbolic behavior of the polarization.[119]

jPEj ¼ PS tanhðkjEjÞ (22)

Therefore, good transducer material should exhibit large free
strains S0 (T= 0) and blocking stresses Tbl (S= 0) that associate
with actuator free displacements (δ0) and blocking forces (Fbl),
respectively (see Section 2.2). High transduction coefficients
dij, Qij, and Mij allow to produce higher strains and stresses
at a given field strength. High coupling coefficients kij
(Equation 5, 6, and 21) allow to convert the most electrical energy
into mechanical (Section 2.1.1). Furthermore, three figures of

merit have been proposed to assess the overall performance of
electrostrictive polymers, linking the squared electric field
strength respectively to the strain (i.e., ε0εrY�1), blocking stress
(i.e., ε0εr ), and mechanical energy density (i.e., ε20ε

2
r Y�1).[120]

2.2. Actuator Configurations

FPs have been employed in all common configurations of
eEAP-based actuators,[31] i.e., unimorph and bimorph bending
cantilevers, dilating and unimorph diaphragms, plates, stacks
and tubular structures (see Figure 2). All these designs base
on a layered structure, comprising at least one layer of active
material and two layers of electrodes to deliver the electric field,
and may further include constraining layers to induce bending,
as in unimorph cantilevers and membranes (Section 2.2.2).
Additional bonding layers may be required for adhesion between
the components.[121]

Actuator capabilities are typically characterized by their free
displacement δ0 (i.e., the maximum induced displacement with-
out external load) and blocking force Fbl (i.e., the maximum force
that is generated by a blocked actuator at zero displacement).
Force-displacement diagram visually represents the operating
range of an actuator, as depicted for a linear transducer in
Figure 3. While the transduction properties of an actuator design
can be calculated from its active material properties (Section 2),
accurate evaluation is complicated by the passive components
(substrate, electrodes, bonding layers, etc.).[121–125]

2.2.1. Disk and Stack Actuators

The simplest piezoactuators consist of a thin piezoelectric disk
coated with conductive electrodes, typically operating in the
longitudinal (d33) mode. Piezoelectric stack actuators are con-
structed by stacking a number of disk-electrode pairs mechani-
cally in series and connecting them electrically in parallel.[126] In
absence of external load, the quasi-static elongation of a linear
actuator (Δl) upon applied voltage (V ) can be expressed as[85,127]

Δl ¼ nd33V (23)

(a) (b) (c) (d)

(e)(f)(g)

Figure 2. eEAP-based actuators configurations: a) unimorph and b) bimorph bending cantilevers, c) dilating and d) unimorph diaphragms, e) plates,
f ) stacks, and g) tubular structures.
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where n is the number of disks in the stack (and n= 1 for disk
transducer). For electrostrictive materials with a layered structure,
the elongation can be expressed using Equation (17) and (19) as

Δl ¼ ε0εr
Yt

nV2 (24)

where t is the layer thickness. Actual behavior of such actuators
deviates from Equation (23) and (24) due to additional nonlinear-
ities, including hysteresis, creep, and energy dissipation (see
Section 2.1.1).[126]

Similarly, blocking forces of piezoelectric and electrotrictive
stack actuators can be written as[127]

Fbl ¼
YA
t
d33V ¼ YA

l
nd33V (25)

Fbl ¼
ε0εrA
t2

V2 ¼ ε0εrA
l2

n2V2 (26)

with l being the total free length of the stack (no field applied) and A
the cross-section area of the actuator. The factor ke ¼ YA

l in
Equation (25) is the actuator’s effective stiffness. A more accurate
expression that accounts for both active (ka) and passive (kp, i.e.,
bonding) layer stiffnesses has been derived for piezostacks.[128]

Fbl ¼
kakp

nkp þ ðn� 1Þka
nd33V (27)

2.2.2. Bending Actuators

Bending unimorph and bimorph actuators produce large out-
of-plane deflections at small material strains and are simple in
structure. In bimorph configuration, two electroactive material
layers are coated with thin electrodes and bonded together. In pie-
zoelectric bimorphs, the polarization and electrodes are configured
such that one layer contracts, while the other one expands, produc-
ing larger tip deflections. Tip deflection, blocking force, and elec-
tromechanical coupling coefficient kb of such actuators can be
written as[129]

δ0 ¼
3L2

2t
S1 (28)

Fbl ¼
3wt2Y
8L

S1 (29)

k2b ¼
9
16

k231
1� k231=4

(30)

where L, t, and w are the length, thickness, and width of the
bimorph.

In unimorph actuators, a single layer of electroactive material
is coated with two electrodes and laminated on a flexible sub-
strate. The field-induced active layer strain (S1) is mechanically
constrained by the substrate, inducing a bending moment.
Unimorphs can be implemented in both cantilever and dia-
phragm (or membrane) configurations. For unimorph cantilever
actuators, the tip deflection, blocking force, and coupling coeffi-
cient ku can be written as[129,130]

δ0 ¼
3L2

2ðta þ tpÞ
ΓðA,BÞS1 (31)

withΓðA,BÞ ¼ 2ABð1þ BÞ2
A2B4 þ 2ABð2þ 3Bþ 2B2Þ þ 1

,Fbl

¼ 3Y awðta þ tpÞ2
8L

ΦðA,BÞS1 (32)

withΦðA,BÞ ¼ 2AB
ðABþ 1Þð1þ BÞ ,

k2u ¼ 9k231
4

A2B2ðBþ 1Þ2
ðABþ 1Þ½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ

þ1� k231ABðAB3 þ 1Þ�

(33)

where A ¼ Yp=Y a and B ¼ tp=ta are the ratios of Young’s moduli
and thicknesses of the layers. The behavior of dimensionless
functions Γ, Φ, and ku is illustrated in Figure 4, while
Equation (30) and (33) indicate that the actuator coupling effi-
ciency always remains below the active material efficiency.

3. Polymers of Vinylidene Fluoride

This section addresses the electromechanical properties of PVDF
(polyvinylidene fluoride) and its co-, ter- and tetrapolymers.
Section 3.1 covers the PVDF homopolymer, Section 3.2 the
copolymers, Section 3.3 the terpolymers, and Section 3.4 the
P(VDF-TrFE-CFE-FA) tetrapolymer. Key mechanical, dielectric,
and transduction properties are summarized in Table 1 and 2.

Figure 3. Force-displacement characteristics of a linear actuator.

Figure 4. Dimensionless functions Γ, Φ, and ku for unimorph cantilever
design at A= 2 and k31= 0.5. Maxima respectively indicate optimal
actuator designs for highest deflection, force and coupling efficiency.
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Table 1. Mechanical, dielectric, and transduction properties of PVDF and its copolymers.

Material Y [MPa] εr
a) Eb)

[V μm�1]
Smax

b) [%] Us
b)

[J cm�3]
Otherc) Ref.

PVDF 1500–5000 5.1–16e) – – – d33= 7.5–34 pm/V
k33= 0.038–0.19
d31= 4.2–37 pm/V
k31= 0.018–0.147

[78,148,154–160]

PVDF 4800d) – 30 0.1 (S3) 0.0024 k33= 0.0265 [25,29,47]

PVDF 2100 5 150 0.14 (S3) 0.002 Eb= 150 V μm�1 [286]

PVDF – – 3.7 0.88 (S3) – – [161]

P(VDF-TrFE) 690 13.6 190 3.5 (S3) 0.422 Q33= 9.51 m4 C�2 [188]

P(VDF-TrFE) – – 40 1.2 (S3) – – [334]

P(VDF-TrFE) – 20 16 0.01 (S3) – – [88]

P(VDF-TrFE) 457 9.6 (10 Hz) 90 0.82 (S3) 0.0154 M33= 1.01� 10�18 m2/V2 [304]

P(VDF-TrFE) 450–1200 14.2–18 100 1.1 (S3) 0.027 d33= 63.5 pm V�1 Q33= 7m4 C�2 [176]

P(VDF-TrFE) 1300–3300 4–19e) – – – d33= 20–38 pm V�1

k33= 0.27–0.3
Q33= 12.65–13.81 m4 C�2

d31= 7–49 pm V�1

[78,114,154,162,166,
182–184,189,190,366]

P(VDF-CTFE) 850 – 220 5.5 (S3) 1.1 d33= 140 pm V�1

k33= 0.4
M33= 1.2� 10�18 m2 V�2

[163,191]

P(VDF-CTFE) 38–230 7–9 (200 Hz) – – – d33= 4 pm V�1 [192]

P(VDF-CTFE) 5 15 100 4 (S3) 0.004 – [39]

P(VDF-DB) 320 61 275 13.4 (S3) 3.1 Q33= 18 m4 C�2

k33= 0.5
Eb= 397 V μm�1

[39]

P(VDF-HFP) 500–1500 10–13.5 50 4.1 (S3) 0.004–0.92 d33= 1700 pm V�1

d31= 0.13–2.3 pm V�1
[164,197]

P(VDF-HFP) 450–2000 12 (1 Hz) – – – d33= 26.9–32 pm V�1

d31= 39.3–43.1 pm V�1

k31= 0.081–0.187

[159]

P(VDF-HFP) – 3.4 3 0.77 (S3) – M33= 0.7� 10�15 m2 V�2 [196]

P(VDF-HFP) (nanofibers) 8–270 3.5–5.6 3 4 (S3) 0.22 M33= 1.04� 10�14 m2 V�2 [196]

P(VDF-HFP) (nanofibers) 5 1.48 10.5 1.78 (S3) 0.0008 M33= 1.28� 10�14 m2 V�2 [105]

P(VDF-HFP) 980 11–16e) – – – d33= 5.4–24 pm V�1

d31= 30 pm V�1 Eb= 700 V μm�1
[193–195,198,199]

EI-P(VDF-TrFE)f ) 510 60 190 100 4.6 (S3) 2.7 (S1) – M33= 2.53� 10�18 m2 V�1

M31= 2.75� 10�18 m2 V�1

Q33= 4.5 m4 C�2

Q31= 4.6 m4 C�2

[171]

EI-P(VDF-TrFE) 400–500 47–54 146 5 (S3) 0.5 d33= 380 pm V�1

Q33= 7m4 C�2

k33= 0.3

[200,201]

EI-P(VDF-TrFE) 1000 54 144 4.3 (S1) 0.92 d31= 300 pm V�1

k31= 0.45
[201]

EI-P(VDF-TrFE) 450 18.5 175 4.4 (S3) 0.43 – [213]

EI-P(VDF-TrFE) 1000 – 85 4.4 (S1) 1.0 k31= 0.65 [214,216]

EI-P(VDF-TrFE) 1000 – 110 3.5 (S1) 0.61 k31= 0.45 Q33= 4–12 m4/C2 [215]

EI-P(VDF-TrFE) – 59 (1 kHz) 150 2.55 (S3) – – [338]

PI-P(VDF-TrFE)g) – 20–30 100 2(S3) – d33= 70 pm V�1 [204]

a)Measured at 100 Hz if no frequency is indicated. b)Maximum reported driving field, strain, and elastic energy density. c)Absolute values of dij and Qij are given.
d)Estimated

from the reported S and Us.
e)Measurement frequency varies. f )Electron-irradiated P(VDF-TrFE). g)Proton-irradiated P(VDF-TrFE).
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3.1. PVDF

PVDF is a partially fluorinated thermoplastic polymer that
can exhibit piezoelectric and ferroelectric behaviors.[131,132]

Piezoelectric behavior of PVDF was first reported in 1969,[61]

enabling a multitude of electromechanical and mechanoelectri-
cal transduction applications.[80,133] As discussed in the follow-
ing, properties of PVDF have been extensively studied, linking

its piezoelectric behavior to the material structure and specific
processing methods.

Piezoelectric behavior of PVDF arises from the high dipole
moment of its monomers (4–7� 10�30 C m), caused by the
electronegativity difference between fluorine and hydrogen
atoms within the monomer.[134,135] PVDF can exhibit multiple
crystalline phases, depending on the fabrication process.[136–138]

Among the five reported PVDF polymorphs (α, β, γ, δ, and ε), the

Table 2. Mechanical, dielectric and transduction properties of PVDF terpolymers.

Material Y [MPa] εr
a) Eb) [V μm�1] Smax

b) [%] Us
b) [J cm�3] Otherc) Ref.

P(VDF-TrFE-CTFE) 129 14 200 9 (S3) 0.51 Q33= 28.74 m4 C�2 [188]

P(VDF-TrFE-CTFE) 400 30 120 4 (S3) 0.30 Q33= 12 m4 C�2

k33= 0.32
Eb= 214 V μm�1

[39]

P(VDF-TrFE-CTFE) 400 51 150 4 (S3) 0.32 – [219]

P(VDF-TrFE-CTFE) – 48 150 3 (S1) – – [201]

P(VDF-TrFE-CTFE) 64.9 19 25 0.3 (S1) 0.0003 M31= 4.55� 10�18 m2/V2

Eb= 223.9 V μm�1
[230]

P(VDF-TrFE-CTFE) 105–550 38 25 0.03–0.17 (S1) 0.25–1.5� 10�4 M31= 0.03�2.5� 10�18 m2/V2 [224]

P(VDF-TrFE-CTFE) 163 26 20 0.094 (S1) 7.16� 10�5 M31= 2.34� 10�18 m2 V�2

Eb= 269 V μm�1
[330]

P(VDF-TrFE-CTFE) 103 35 10 0.026 (S1) 3.48� 10�6 k31= 0.0085 [331]

P(VDF-TrFE-CTFE) – 45 12 0.043 (S1) 1.05� 10�5 Eb= 165 V μm�1 [233]

P(VDF-TrFE-CTFE) 400 57 76 1.7 (S3) 0.058 Eb= 160 V μm�1 [232]

P(VDF-TrFE-CTFE) 160–260 – 20 1.2 (S3) 0.019 M33= 4.4� 10�17 m2 V�2 [106]

P(VDF-TrFE-CTFE) 270 – 10 0.53 (S3) – M33= 5.3� 10�17 m2 V�2 [107]

P(VDF-TrFE-CTFE) – – 10 0.9 (S3, 1 mHz) 0.2 (S3, 1 kHz) – M33= 9� 10�17 m2 V�2

M33= 2� 10�17 m2 V�2
[244]

P(VDF-TrFE-CTFE) 120 41 100 2.2 (S3) 0.03 Q33= 10 m4 C�2

d33= 55.4 pm V�1
[210]

P(VDF-TrFE-CFE) 1100 37 130 4.5 (S3) 1.10 k33= 0.55 [220]

P(VDF-TrFE-CFE) 132 57 95 2.5 (S3) 0.04 Eb> 300 V μm�1 [245]

P(VDF-TrFE-CFE) 160 45 25 0.19 (S1) 2.88� 10�4 – [224]

P(VDF-TrFE-CFE) 300 – 170 7 (S3) 3 (S1) 0.73 – [214]

P(VDF-TrFE-CFE) – 67.3 – – – Eb= 382.75 V μm�1 [229]

P(VDF-TrFE-CFE) 200–500 54 160 6.4 (S3) 0.42 Q33= 7m4 C�2 [223]

P(VDF-TrFE-CFE) – 40 (20 Hz) 100 4 (S1) – – [228]

P(VDF-TrFE-CFE) 65 50 (0.1 Hz) 12 0.08 (S3) 2.3� 10�5 k33= 0.03 [326]

P(VDF-TrFE-CFE) 110 50 10 0.06 (S3) 2.25� 10�5 Eb= 180 V μm�1 [329]

P(VDF-TrFE-CFE) 107 58 10 0.04 (S3, 2.74 N preload) – Eb= 100.4 V μm�1 [234]

P(VDF-TrFE-CFE) 165–690 10–20 (100 kHz) 80 0.5–1.6 (S3) 0.0098–0.026 – [235]

P(VDF-TrFE-CFE) 887.5 – 150 4 (S1) 0.71 k31= 0.25 Q31= 7.5 m4/C2 [337]

P(VDF-TrFE-CFE) 147 49 (1 kHz) 150 3.9 (S3) 0.113 k33= 0.17 [236]

P(VDF-TrFE-CFE) 150 57 20 0.08 (S1) 4.8� 10�5 Eb= 276 V μm�1 [237]

P(VDF-TrFE-CFE) 80 54 56 0.66 (S1) 0.0017 M31= 2.1� 10�18 m2/V2 [238]

P(VDF-TrFE-CFE) 80 39 106 4.4 (S3) 0.077 – [308]

P(VDF-TrFE-CFE-FA) 224 59 80 6 (S3) 0.40 Q33= 45 m4/C2

d33= 1050 pm V�1 k33= 0.88
[40]

P(VDF-TrFE-HFP) – 24 70 2.8 (S3) – – [221]

a)Measured at 100 Hz if no frequency is indicated. b)Maximum reported driving field, strain, and elastic energy density. c)Absolute values of Qij are given.
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α, β, and γ phases are the most commonly found and most inves-
tigated for applications.[74,139,140] The α phase has a trans–gauche
(TGTG0) conformation and is nonpolar (paraelectric), as the
chains pack in opposite directions and their dipoles cancel.
The β phase has an all-trans (TTTT) planar-zigzag chain confor-
mation with the dipoles aligned in the same direction, resulting
in a polar crystal with a net dipole moment of 7� 10�30 C m per
repeat unit.[134] The less common γ phase has an intermediate
chain conformation (TTTGTTTG0, or T3GT3G0), with more trans
bonds than α but fewer than β phase. In this helical arrangement,
the dipoles are partially rotated, giving a lower polarity than the β
phase.[140] Consequently, the β phase combines the highest polar-
ization with the strongest piezoelectric behavior,[134,141–143] desir-
able for transducer applications.

Piezoelectric behavior in pure PVDF films is attained via two
treatment steps: 1) mechanical stretching (aka drawing) in one or
two in-plane directions (i.e., uniaxial and biaxial stretching,
respectively) that induces conformational change in the polymer
chains from TGTG0 (α phase) to all-trans (β phase)[144] and 2)
poling in the thickness direction, causing the crystalline ele-
ments of the polar β phase to align in the electric field, and
attaining a remanent polarization Pr after the electric field is
removed.[145–147] In solution-cast PVDF films (i.e., mainly α
phase,[68,81]) uniaxial stretching by 5� at 80 °C has been shown
to produce up to 80% of β phase content.[148] Poling is imple-
mented at electric field strengths of >10 V μm�1 at temperatures
of 20–110 °C,[61,149–151] attaining typical remanent polarizations
of 4–10 μC cm�2.[148,152,153]

PVDF is characterized by a dielectric constant of 5.1–16[78,154–157]

and Young’s modulus of 1.5 to 5GPa.[47,78,154,155,158–160] The
reported (absolute) values for the d31 and d33 coefficients are
respectively in the range of 4.2–37 and 7.5–34 pmV�1, depending
on the crystalline structure, stretching ratio, and poling
conditions.[148,154,155,157–160] The longitudinal electromechanical
coupling coefficient k33= 0.19 has been shown to be temperature-
invariant and stronger than the transverse coefficient k31,

[155,157]

which has been shown to vary from 0.02 to 0.16 between �170
and 100 °C.[157] Maximum strains are rarely reported for PVDF.
Pelrine et al.[29,47] and Bar–Cohen[25] indicated typical strains of
0.1% (30 V μm�1), while Burnham–Fay et al. reported S3 of up
to 0.88% (3.7 V μm�1) in 3D-printed films.[161]

3.2. PVDF Copolymers

Forming PVDF copolymers with different bulky fluorinated
monomers has been investigated in order to enhance the piezo-
electric properties of PVDF. Section 3.2.1 addresses the PVDF
copolymers with triffiuoroethylene (TrFE),[162] Section 3.2.2 with
chloride triffiuoride ethylene (CTFE),[163] and Section 3.2.3
with hexaffiuoropropene (HFP).[164] Irradiating P(VDF-TrFE)
with high-energy electrons and ions promotes relaxor ferroelec-
tric behavior, addressed in Section 3.2.4.

3.2.1. P(VDF-TrFE)

The P(VDF-TrFE) copolymer is among the most studied ferro-
electric polymers for transducer applications. P(VDF-TrFE)
exhibits higher crystallinity, better temperature stability, smaller

dielectric losses and lower viscous losses than PVDF homopoly-
mer.[165,166] Additionally, it is easy to process, and commercially
available in various molar ratios. Introduction of TrFE causes
steric hindrance in the polymer structure, promoting and stabi-
lizing the ferroelectric β phase at room temperature.[167–169] A
well-defined transition from ferroelectric (FE) to paraelectric
(PE) phase occurs at TrFE molar contents above �18% (i.e.,
82% VDF content), below which the melting and Curie temper-
atures of the polymer coincide.[166,170,171]

Thin films of PVDF-TrFE are typically cast frommolten or dis-
solved materials, and their behavior stongly depend on TrFE con-
tent. At TrFE content below 10%, the melt crystallizes mainly
into the paralectric α phase, and β phase formation requires
mechanical stretching.[172] Between 10% and 18% TrFE content,
a mixture of α-, β- and γ-phases is obtained, which can be trans-
formed into β phase by a cyclic application of a strong electric
field (>100 V μm�1).[172,173] TrFE contents of 18% to 40% exhibit
stable ferroelectric β phase without the need of mechanical
stretching,[166,169] whereas the Curie temperature decreases with
increasing TrFE content, from about 140–150 °C (18% TrFE) to
70–80 °C (40% TrFE).[170,173] For TrFE concentrations above
40mol%, early studies reported a mixture of β (all-trans) phase
and a disordered paraelectric phase[167,174] that convert into β
phase upon mechanical stretching or poling.[174,175] More recent
work shows that TrFE content>45mol% produces a distorted 3/
1-helix structure with (TG)3 chain conformation.[176] Behavior of
these polymers resembles inorganic relaxor ferroelectrics,[176–178]

characterized by a slim hysteresis loop and a similar dependence
of the dielectric constant on temperature and frequency.[179,180]

The piezoelectric properties of P(VDF-TrFE) thin films are sig-
nificantly enhanced upon thermal annealing (>110 °C)[166,181,182]

and electrical poling (typically at 40–100 V μm�1),[183–186] respec-
tively increasing the polymer crystallinity and dipole align-
ment.[182,187] For example, Ducrot et al. reported a 95% increase
in the free deflection of P(VDF-TrFE) actuators after poling at
100 V μm�1 and annealing at 140 °C.[165] Depending on TrFE con-
tent and processing, typical P(VDF-TrFE) films achieve longitudinal
strains of up to 3.5% (190 V μm�1),[188] piezoelectric coefficients of
12–38 pmV�1 for d33 and 7–49 pmV�1 for d31 and elastic energy
densities of up to 0.42 J cm�3.[154,162,166,176,182,183,188–190]

Compositions near 50% TrFE content exhibit the highest pie-
zoelectric coefficients[166,176,183,184] with d33 of up to 63.5 pm V�1

(unstretched P(VDF-TrFE) film)[176] and d31 further increasing by
3x upon stretching (4–6�).[166,184] Enhanced piezoelectricity has
been attributed to the formation of a morphotropic phase bound-
ary (MPB) in the TrFE content range of 45%–51%, where all-trans
and disordered helical conformations coexist.[176] The highest
electromechanical coupling coefficients have been reported in
the interval of 18%–25% TrFE content, attaining a k33 of
0.27–0.3 both in stretched and unstretched samples.[166] While
higher TrFE concentrations result in lower values, the stretching
significantly improves k33 in the 25%–60% interval.[166]

3.2.2. P(VDF-CTFE) and P(VDF-DB)

Incorporating CTFE monomer into the PVDF chain induces
a transition from the TGTG conformation toward a disor-
dered helical chain conformation, resulting in relaxor
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ferroelectric properties[177] and high electrostrictive response.[163,191]

Uniaxially drawn and annealed P(VDF-CTFE) films (25–35 μm in
thickness) with 12mol% CTFE content have been reported to
exhibit strains of up to 5.5% (220 V μm�1), electrostrictive coeffi-
cient M33 of 1.23� 10�18m2=V2, piezoelectric coefficient d33 of
up to 140 pmV�1, elastic energy density of up to 1.1 J cm�3,
and longitudinal coupling efficiency (k33) as high as 0.4.[163,191]

Without annealing and stretching steps, the similarlymanufactured
P(VDF-CTFE) films (solution-cast) exhibited lower d33 values
(up to 4 pmV�1).[192]

P(VDF-CTFE) has been further used as a basis for polymeric
blends (addressed in Section 4.3.2) and as a precursor to obtain
double-bonded (DB) PVDF.[39] Namely, CTFE units can be con-
verted into CH═CF bonds through a dehydrochlorination
reaction, resulting in P(VDF-DB), where the rigid double bonds
act as molecular defects that improve crystallinity and promote
ferroelectric phase formation upon stretching.[39] The solution-
cast P(VDF-DB) films displayed maximum strain S3 of 13.4%
(at 275 V μm�1), energy density of 3.1 J cm�3, k33 coefficient of
0.5, and breakdown strength of close to 400 V μm�1.[39]

3.2.3. P(VDF-HFP)

PVDF copolymers with HFP have been shown to exhibit strong
piezoelectric and electrostrictive response.[159,164] Depending on
film processing, P(VDF–HFP) have been reported to adopt a para-
electric α-like phase or a ferroelectric β-like phase.[159,164,193–196]

The latter, typically targeted for transduction, can be promoted
by mechanical stretching and poling,[159,193,194] annealing,[193] or
thermal compression.[196]

In the early 2000s, transduction properties of 50–60 μm thick
P(VDF-HFP) films (fabricated both by solution-casting and melt-
pressing) were first studied, reporting S3 strains of up to 4.1%
(<100 V μm�1), elastic energy densities of up to 0.92 J cm�3,
and high d33 values of up to 1700 pmV�1.[164,197]

He et al. reported a maximum d33 coefficient of 12.6 pmV�1 for
melt-quenched P(VDF-HFP) (90/10) films that were stretched by 3–
4� and poled at 250 V μm�1.[193] Huan et al. fabricated P(VDF-
HFP) (90/10) films via resin extrusion and stretched the film in
a static electric field (stretch ratio 4.5, 160 V μm�1, 60 °C), attaining
a d33 of 24 pmV�1.[194] Künstler et al. studied the effect of stretching
on the transverse piezoelectric coefficient of P(VDF-HFP) (85/15)
films, reporting d31 coefficients of up to 30 pmV�1 in 4� uniaxially
drawn samples, indicating a fivefold improvement over the
unstretched samples upon identical poling conditions
(350 V μm�1, room temperature).[198] Zhou et al. reported that
P(VDF-HFP) exhibits elevated breakdown strengths of up to
700 V μm�1 and associated this to the extrusion and stretching
steps of the fabrication (uniaxial, 110 °C).[199]

Neese et al. studied quasi-static and high-frequency (50 kHz)
response in melt-pressed, stretched (4–5�, 100 °C) and corona-
poled (30 kV) films of P(VDF-HFP),[159] reporting that the d31 and
k31 respectively decrease by 52% and 41% between 1 and 50 kHz
(d31 from 43.1 to 20.5 pm/V, k31 from 0.187 to 0.110). Further,
Sousa et al. studied the effect of polymer concentration (up to
20 wt% in DMF), drying temperature (25–100 °C), and poling
temperature (80–120 °C) of solution-cast P(VDF-HFP) films
(thickness 9–76 μm) on their piezoelectric properties.[195] The

highest d33 (12 pmV�1) was reported for 10 wt% P(VDF-HFP)
samples that were dried and poled at 100 °C.[195]

Tohluebaji et al. investigated P(VDF-HFP) nanofiber mats,
showing that combining electrospinning and hot-pressing
(at 80 °C) increases the β phase content and dielectric
constant of the mats.[196] Electrostrictive strains of up to 4%
(M33 ¼ 1.04� 10�14m2=V2) were reported at very low field
strengths (3 V μm�1), showing an �15� improvement over the
solution-cast films.[196] In a later study, the S3 was reported to satu-
rate at 1.78% above 10.5 V μm�1 (M33 1.28� 10�14m2=V2).[105]

3.2.4. Irradiated P(VDF-TrFE)

Ferroelectric hysteresis in P(VDF-TrFE) causes dielectric losses
and heat dissipation (see Section 2.1.1). These losses can be
mitigated by introducing defects into polymer chains via high-
energy electron[171,200–203] and ion[204] irradiation, promoting
the transition from normal ferroelectric to relaxor ferroelectric
(RFE) behavior.[205] The defects break the long-range ferroelectric
domains into polar nanodomains, reducing the energy barrier of
paraelectric to ferroelectric phase transition.[206–210]

The large electrostriction observed in relaxor ferroelectric poly-
mers (RFPs), such as irradiated P(VDF-TrFE) and terpolymers
(see Section 3.3), has been attributed to field-induced reversible con-
formational changes from (TG)3 (3/1-helix, see Section 3.2.1) to all-
trans conformation.[204,210] Therefore, electrostrictive response in
RFPs can be enhanced by promoting formation of distorted helical
conformation over long all-trans sequences.[177,211]

Electron-irradiation of P(VDF-TrFE) has been shown to
improve the dielectric constant (e.g., εr from 15 to 26 at
10Hz)[212,213] and electromechanical coupling efficiency (e.g.,
k31 and k33 of up to 0.65 and 0.3, respectively),[201,214] producing
longitudinal strains S3 as high as 5% (150 V μm�1), and elastic
energy densities of up to 1 J cm�3.[200,201,214–216] In unstretched
P(VDF-TrFE) films, the ratio between the transverse and longitu-
dinal strains S1/S3 is below 0.33,[171,215] while stretching has been
shown to improve the transverse strains by�3� (S1 up to 3.5% at
110 V μm�1 and 5� uniaxial streching).[215] Introducing a two-step
annealing procedure (between stretching and electron-irradiation
steps) has been shown to further improve the transverse strains in
solution-cast P(VDF-TrFE) films, attaining S1 of up to 4.4%
(85 V μm�1) and energy densities of up to 1 J cm�3.[214,216] The
first annealing step at lower temperature (115–125 °C) was argued
to release the stored stress in the stretched films, and the second
step (134 °C) to promote crystallization.[216]

The effects of ion irradiation on P(VDF–TrFE) were recently
studied by Liu et al.[204] The 65/35mol% polymer composition
was exposed to proton irradiation doses of up to 50Mrad.
Doses of 20–40Mrad induced an all-trans/helix MPB (see
Section 3.2.1), enhancing the piezoelectric response (d33 of up
to 70 pmV�1 for 30Mrad). At higher irradiation doses, the 3/
1-helix becomes the dominant phase, producing electrostrictive
behavior with S3 of up to 2% (100 V μm�1 for 50Mrad).

3.3. PVDF Terpolymers

While high-energy electron irradiation produces improved elec-
tromechanical properties in P(VDF-TrFE), it also causes

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2025, e202500694 e202500694 (9 of 40) © 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aisy.202500694 by Joke D

ales - T
u D

elft , W
iley O

nline L
ibrary on [29/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


undesirable changes, such as cross-linking, radical formation,
chain-scission, and amorphization.[217,218] Alternatively, defects
required to attain RFE behavior in P(VDF-TrFE) can be obtained
by introducing another bulky monomer (e.g., CTFE,[219] CFE
(chlorofluoroethylene),[220] or HFP[221]) into the copolymer
chains, obtaining PVDF terpolymers. Such terpolymers are less
crystalline than the starting copolymers, and possess smaller
polar domains.[39,222,223] PVDF terpolymers exhibit higher dielec-
tric permittivity and lower elastic modulus than PVDF and
P(VDF-TrFE) (see Section 3.1 and 3.2.1).[78,223,224]

The minimum molar fraction of third monomer required to
convert the P(VDF-TrFE) from normal ferroelectric to RFE
depends on the monomer type. For CTFE, a significant decrease
in polarization hysteresis occurs at about 7.6–10mol%.[210,219,225]

For CFE and HFP, 4mol% and 2.5mol% respectively are suffi-
cient to achieve the same effect.[220,221,226] Earlier studies linked
the RFE behavior in these polymers to an increase in T3GT3G0

conformation at the expense of all-trans conformation, upon
incorporation of the ter-monomer.[220,221,227] Later it was shown
that these RFE properties instead originate from a disordered
helical conformation, as also observed in certain compositions
of P(VDF–TrFE) and P(VDF–CTFE) (see Section 3.2.1 and
3.2.2).[177,204,210,211]

A number of different terpolymer films have beenmanufactured
with thicknesses spanning from 1 to 250 μm.[39,188,221,224,225,228–238]

The films are fabricated most commonly by solution-
casting,[188,210,214,221] and less frequently by screen-printing,[225]

stencil-printing,[239] spin-coating,[240,241] melt-extrusion,[231] hot-
pressing,[210] inkjet printing,[242] and spray-coating.[243] The films
does not require poling and stretching,[188,214,221] and their crystal-
linity is usually improved via thermal annealing (90–130 °C,
2–12 h).[39,219–221,223,229,240]

3.3.1. P(VDF-TrFE-CTFE)

P(VDF-TrFE-CTFE) exhibits high dielectric permittivities
(e.g. 57, 100Hz[232]) and low Young’s moduli (e.g., 0.065–
0.55GPa).[39,106,188,224,230] Increasing the CTFE content stabilizes
the RFE phase (distorted 3/1-helix), lowers Young’s modulus
and crystallinity, and increases εr and S3.

[188,210] For CTFE content
of 1.7–5mol%, both all-trans and helical conformations have been
shown to coexist, resulting in an enhanced d33 of up to
55.4 pmV�1.[210] Maximum S3 values of up to 9% have been
reported for solution-cast P(VDF-TrFE-CTFE) (12mol% CTFE,
200 V μm�1, Y= 129MPa),[188] meaning an energy density of
0.51 J cm�3, while the S1 of up to 3% (10mol% CTFE,
150 V μm�1)[201] and coupling efficiency k33 of up to 0.32[39] have
been reported. Stretching the P(VDF-TrFE-CTFE) films has been
shown to enhance the breakdown strength Eb (e.g., from 190 to
230 V μm�1) and slightly improve the εr and Y.[188] Similarly, ther-
mal annealing (2 h, 120 °C) was reported to improve the εr by 50%
(to 40.6 at 0.1Hz), Y by 180% (to 0.18GPa), and Eb by 52% (to
340.4� 18).[230]

Buckley et al. used a combination of bulk copolymerization and
oxygen-activated free-radical initiation to synthesize composition-
ally homogenous P(VDF-TrFE-CTFE) that operates at low field
strengths. They reported strains (S3) of up to 1.2% at 20 V μm�1

(2mHz), yielding an M33 coefficient of 4.4 ⋅ 10�17m2=V2.[106]

Garrett et al. further studied how the response of this material
dependent on the temperature and frequency,[107] reporting a
1.85-fold increase in M33 from room temperature to �42 °C (up
to 9.8 ⋅ 10�17m2=V2, 10 V μm�1), and a >5-fold decrease with fre-
quency between 10mHz and 1 kHz at fixed temperature (50 °C).
Roland et al. later reported an M33 of up to 9 ⋅ 10�17m2=V2 for
1mHz (10 V μm�1), and a 4.5x decrease as the frequency was
increased to 1 kHz.[244]

3.3.2. P(VDF-TrFE-CFE)

P(VDF-TrFE-CFE) achieve higher energy densities and
coupling efficiencies than CTFE terpolymers, attributable to the
larger εr (up to 67.3, 100Hz),[229] breakdown strength
(>300 V μm�1[229,245]) and Young’s modulus (up to 1.1GPa).[220]

For P(VDF-TrFE-CFE) with 62/38/4mol% composition, S3 strains
of 4.5%, Young’s modulus of 1.1 GPa, energy density of 1.1 J cm�3

and k33 of 0.55 have been reported (130 V μm�1).[220] Huang et al.
studied the 68/32/9mol% composition and reported S3 of 7%
(170 V μm�1), Y of 0.3 GPa and US of 0.73 J cm�3.[214] Klein
et al. investigated a range of CFE content (0 to 9mol%), reporting
S3 strains of up to 6.4% (65/35/8.6mol%, 160 V μm�1).[223]

For 58.3/34.2/7mol% composition, S3 of 2.5% and energy density
of 0.04 J cm�3 were observed at lower field strengths of
95 V μm�1.[245]

Transverse strains (S1) have been shown to improve with
stretching, increasing from 1.3% to 3% (125 V μm�1) upon
5� uniaxial stretching.[214] S1 of up to 4% (100 V μm�1) has been
reported[228] for uniaxially stretched films that were drawn from
60 to 6 μm thickness, and a breakdown strength Eb of up to
382.75 V μm�1 has been reported in uniaxially stretched films
(>5�, 63/37/7.5mol%).[229]

3.3.3. P(VDF-TrFE-HFP)

The introduction of a small amounts of HFP into P(VDF-TrFE)
(i.e., <3mol%) has been reported to reduce the fraction of long
all-trans sequences and promote changes in conformation, turning
the material into a RFP.[221] A 62/38/2.5mol% P(VDF-TrFE-HFP)
has been shown to exhibit a dielectric constant of up to 24 (100Hz,
room temperature) and S3 of up to 2.8% (70 V μm�1).[221]

3.4. P(VDF-TrFE-CFE-FA)

Chen et al. introduced a small amount of fluorinated alkyne (FA)
monomers (1.9mol%) into P(VDF-TrFE-CFE) terpolymer, pro-
ducing a P(VDF-TrFE-CFE-FA) tetrapolymer.[40] Comparing the
tetrapolymer to the terpolymer films indicated an improved S3
(2.7% vs. <1%) at significantly lower field strengths
(40 V μm�1), an improved Q33 (>40m4/C2, i.e., �4� improve-
ment) and estimated an exceptionally high d33 of 1050 pmV�1

(k33= 0.88).[40]

4. Modified PVDF-Based Materials

Modifying the FPs and DEs with micro/nanofillers, plasticizers,
or other polymers allows to enhance their dielectric and
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electroactive properties for actuation,[100,246–248] sensing,[249,250]

energy storage,[251–253] and energy harvesting[146] purposes.
Such modifications allow to alter the crystalline structure, dielec-
tric constant (εr), breakdown strength (Eb), and Young’s modulus
(Y ) of FPs to enhance their transduction properties.
Improvement of the εr is commonly ascribed to the percolation
phenomenon and interfacial polarization effect, as explained in
Section 4.1. Modified PVDF-based materials can be divided into
polymer matrix composites with micro- and nanoscale fillers
(Section 4.2) and polymer blends with platicizers or other
EAPs (Section 4.3).

4.1. Interfacial Polarization and Percolation Effects

Electrostrictive and piezoelectric effects in FPs directly relate to
their dielectric permittivity (see Section 2.1.2). Microscale modi-
fication to the FPs result in an improved dielectric permittivity,
commonly explained through the interfacial polarization and per-
colation effects.

The Maxwell–Wagner–Sillars (MWS) interfacial polarization
occurs in electrically heterogeneous materials where free charges
segregate at the interfaces between the different phases,[254–256]

allowing to attain improved dielectric permittivity.[251,257–259]

MWS occurs in polymers due to the presence of additives
(such as plasticizers, conductive, and ceramic fillers), impurities,
or their semicrystalline structure.[260–264] Charge segregation
locally intensifies the electric field, leading to the undesirable
effects of elevated dielectric losses and decreased breakdown
strength.[265,266]

In percolation approach, a significantly improved dielectric
permittivity can be achieved by introducing small amounts
of conductive particle fillers (i.e., below percolation threshold)
into the polymer matrix. Dielectric constant of such
composites is a function of the mass fraction of the filler in
the composite f.[267–269]

εr ¼ εr;m
ðf c � f Þ

f c

� ��q
, f ≤ f c (34)

where εr,m is the dielectric constant of the polymer matrix, q is
the critical exponent, and fc is the percolation threshold. Filler
loading fractions nearby fc form a network of micro/nanocapaci-
tors (i.e., conductive particles and thin layer of dielectric poly-
mer)[270] as illustrated in Figure 5, enhancing the material’s
effective dielectric permittivity. Exceeding percolation threshold

leads to an insulator–conductor transition due to the formation
of conductive pathways.[271]

4.2. Composites

Different type of filler materials have been incorporated into EAP-
based matrices to fabricate flexible composite materials with
enhanced electromechanical properties, including piezoceramic
powders, carbon-based and metallic nanoparticles, conductive pol-
ymers, core-shell structures, metal-organic compounds, and organ-
ically modified silicates. Mechanical, dielectric, and transduction
properties of these composites are summarized in Table 3 and 4.

4.2.1. PZT-Based Ceramics

Several studies have investigated embedding PZT (lead zirconate
titanate) fillers in PVDF and its copolymers. The dielectric con-
stant, Young’s modulus, and piezoelectric coefficient d33 have
been shown to increase with PZT concentration,[272–274] and also
depend the PZT particle size, manufacturing process and poling
conditions.[275]

Multiple studies have addressed embedding PVDF homopol-
ymer with PZT powders to improve its piezoelectric properties
for transducer applications.[274,276–279] Cai et al. investigated
composites of PZT/PVDF.[277] The PZT/PVDF films (65 vol%,
hot-rolled, hot-pressed and poled) exhibited d33 of up to
33 pmV�1 and k33 of up to 0.45. Chen et al. studied the
piezoelectric properties of PZT/PVDF composites.[278] The
100–200 μm thick films (55 wt% of PZT, �3 μm particles)
attained d33 of up to 27 pmV�1, showing an 80% improvement
over their pure PVDF samples. Tiwari and Srivastava studied
PZT/PVDF composite films (solution-cast, poled and annealed)
with up to 30 vol% PZT.[279] They reported an increase in β-phase
content and εr with an increasing PZT volume fractions, attain-
ing highest εr of 72 and d33 of 84 pmV�1 (30 vol% PZT). Zhang
et al. studied fabricating PZT/PVDF composite films with
0–45 wt% PZT content (30–100 μm thickness) and reported that
the extrusion-cast samples produce higher longitudinal strains
than solution-cast ones.[274] The 25%wt composites exhibited
S3 of up to 1.6% and d33 of 35 pmV�1 (200 V μm�1), about
7� higher than their pure PVDF samples.

PZT-based fillers have been embedded in P(VDF-
TrFE),[189,273,280,281] P(VDF-HFP),[282] and P(VDF-CTFE)[283]

copolymers. Ng et al. showed that poling conditions and PZT
content can tailor the piezoelectric and pyroelectric properties
of PZT/P(VDF-TrFE) composites.[273] Poling the copolymer
matrix and PZT fillers in the same direction decreased the d33
of the composite with increasing PZT volume fraction, reaching
complete loss of piezoelectricity at 45 vol% PZT content (purely
pyroelectric behavior) due to the opposite signs of d33 coefficients
in the host and filler phases. Poling the two phases in opposite
directions (i.e., anti-parallel poling) attained up to 14% higher d33
than the pure copolymer (60 vol% PZT). Wegener and Arlt stud-
ied the piezoelectric response of solution-cast PZT/P(VDF-HFP)
films (100 μm thick) at 19–67 vol% PZT concentration. The high-
est d33 of 11 pmV�1 was reported at 48 vol% PZT, whereas
higher PZT concentrations resulted in porous and brittle
films.[282] Choi et al. investigated the effect of PZT particle sizesFigure 5. Percolation in polymer composites with conductive fillers.
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(<53, 53–106, and 106–212 μm) and volume fraction (50 to
80 vol%) on PZT/P(VDF-CTFE) transduction properties[283]

and observed d33 to increase with particle size, attaining up to
98 pmV�1 (hot-pressed films, 80 vol% of 106–212 μm PZT par-
ticles, poled at 5 V μm�1 and 120 °C). Siponkoski et al. studied
PZT/P(VDF-TrFE) composites (30–70 vol% PZT), estimating
the highest d31 value of 17 pm/V at 50 vol% of PZT.[280]

Concentrations >50 vol% were reported to cause fabrication
defects (stencil-printing). Belovickis et al. investigated P(VDF-
TrFE) composites with barium lead zirconate titanate (BPZT,
up to 50 vol%).[189] The solution-cast thin films of BPZT/
P(VDF-TrFE) displayed improved dielectric permittivity
(εr= 27 at 50 vol% BPZT, 0.48MHz) compared with the pure
copolymer (εr= 9), and a d33 of up to 37 pmV�1 was observed
(10 vol% BPZT). Dietze and Es-Souni introduced PNN-PZT
(PNN - lead nickel niobate) into the P(VDF-TrFE) matrix, produc-
ing d33 values of up to 100 pmV�1 (50 vol% PNN-PZT, solution-
cast film, anti-parallel poling) and elevated Young’s modulus
(1.6 GPa).[281]

4.2.2. Other Ceramics

Electromechanical enhancements comparable to those in
PZT-filled composites can also be realized using other piezocer-
amic fillers, such as lead-titanate (PT),[277,284] lead magnesium
niobate-lead titanate (PMN-PT),[285] barium titanate (BaTiO3,

BTO in short),[190,256] and semiconductor oxides (SiO2, GeO2,
TiO2, ZnO).

[286,287]

Cai et al. investigated PVDF composites with lead-titanate
(65 vol% PT).[277] The PT/PVDF films attained d33 and k33 of
up to 30 pmV�1 and 0.486, respectively. Chan et al. studied
P(VDF-TrFE) composites with barium titanate (up to 50 vol%
BTO).[190] A diminishing piezoelectric behavior (d33) was reported
with increasing BTO concentrations, attributed to the parallel pol-
ing of copolymer and ceramic phases. Dalle Vacche et al. reported
that similar BTO/P(VDF-TrFE) composites (60 vol% BTO) exhib-
ited a d33 of up to �22 pmV�1, which then decreased to
7–10 pmV�1 within 1 week.[256] Liu et al. investigated the
interfacial effect in BTO/PVDF and BTO/P(VDF–TrFE–CFE)
composites, reporting that BTO nanoparticles locally stabilize
the all-trans polar conformation at the filler–polymer interface.[288]

Ploss et al. produced P(VDF-TrFE) composites with 27 vol% of
lead titanate (PT), attaining pyroelectric (d33 of 1 pmV�1) and
piezoelectric (d33 of 20 pmV�1) behavior upon parallel and
anti-parallel poling conditions, respectively.[284] Lam and Chan
studied P(VDF-TrFE) composites with PMN-PT (5 vol% to
40 vol%), reporting that εr and d33 increase with PMN-PT volume
fraction in the hot-pressed films (anti-parallel poling,
50 V μm�1).[285] The 40 vol% composite films (30 μm thickness)
exhibited the highest d33 coefficient of 31 pmV�1 and εr of
37.3.[285] Kar et al. studied PVDF composites with semiconductor
oxide nanoparticles (up to 15 wt% SiO2 and GeO2), indicating a

Table 3. Electromechanical transduction properties of PVDF-based composites with ceramic fillers.

Matrix Filler εr
a) d33

b) [pm V�1] Other Ref.

PVDF PZT (65 vol%) – 33 k33= 0.45 [277]

PVDF PZT (55 wt%) 60 27 k33= 0.105 [278]

PVDF PZT (30 vol%) 72 84 – [279]

PVDF PZT (25 wt%) – 35 S3= 1.6% (200 V μm�1) [274]

PVDF TiO2 (14.9 vol%) 13 – S3= 8.1%(40 V μm�1)
Y= 3.46 GPa, Us= 11.3 J cm�3

k33= 0.88, Eb= 52 V μm�1

[286]

PVDF TiO2 (NWs, 2.1 vol%) – – S3= 0.2% (50 V μm�1),
Eb= 50 V μm�1

[286]

PVDF ZnO (14.9 vol%) – – S3=5.4% (34 V/μm) [286]

P(VDF-TrFE) PZT (50 vol%) 48 – Y= 1.3 GPa, d31= 17 pm V�1 [280]

P(VDF-TrFE) PZT (60 vol%) 124.2 42 – [273]

P(VDF-CTFE) PZT (80 vol%) 181 98 – [283]

P(VDF-HFP) PZT (48 vol%) 62.6 11 – [282]

P(VDF-HFP) TiO2 (14.9 vol%) – – S3= 3.9% (80 V μm�1) [286]

P(VDF-TrFE) TiO2 (14.9 vol%) – – S3= 0.5% (170 V/μm) [286]

P(VDF-TrFE) PNN-PZT (50 vol%) 81 100 Y= 1.6 GPa [281]

P(VDF-TrFE) BPZT (10 vol%) 12 (0.48MHz) 37 – [189]

P(VDF-TrFE) PT (27 vol%) – 20 – [284]

PVDF PT (65 vol%) – 30 Y= 1.98 GPa, k33= 0.486 [277]

P(VDF-TrFE) PMN-PT (40 vol%) 37.3 31 – [285]

P(VDF-TrFE) BTO (60 vol%) 80 (50 kHz) 22 – [256]

a)Measured at 1 kHz if no frequency is indicated. b)Absoulte values of d33 are given.
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significantly improved β-phase formation at 5 wt% concentra-
tions (SiO2 or GeO2) without the need of stretching.[287]

Liu et al. studied TiO2/PVDF, TiO2NWs/PVDF, ZnO/PVDF,
TiO2/P(VDF-HFP), and TiO2/P(VDF-TrFE) nanocompo-
sites,[286,289] reporting that the highest S3 (8.1% at 40 V μm�1),
Us (11.3 J cm

�3), and k33 (0.88) are exhibited by TiO2/PVDF at
14.9 vol% TiO2 (see Table 3). The large strains were ascribed
to the electrothermal all-trans (β)↔ TGTG0 (α) phase transition
near the percolation threshold (14.9 vol% TiO2), as the β-rich
regions at the polymer-filler interfaces overlap and form a
polar network.[286,289] The increased strains were accompanied
by a reduction in breakdown strength, showing a �3� lower
Eb for 14.9 vol% TiO2/PVDF compared with the neat
PVDF.[286,289] In a later study, Li et al. showed that the β-rich
interfacial regions in TiO2/PVDF originate from in-plane strains
due to the polymer and nanofiller lattice mismatch.[290]

4.2.3. Carbon Black

Incorporating small amounts (≤5 wt%) of carbon black (CB)
nanoparticles into PVDF terpolymers can significantly enhance
their dielectric permittivity due to percolation phenomenon.

Lallart et al. studied carbon black (CB) nanoparticle compo-
sites with P(VDF-TrFE-CFE) for energy harvesting use and
reported the increase in dielectric permittivity εr from 40 to
70 (100Hz, 1 vol% 30 nm CB particles, 50 μm-thick solution-cast

film) compared with the neat terpolymer, while tan(δ) (dielectric
losses) increased from �0.02 to 0.07 (20–120Hz).[291] Yin et al.
studied dielectric and mechanical properties of CB/P(VDF-TrFE-
CFE) composites (0–5 wt% 30 nm CB NPs, 100–200 μm thick
solution-cast films), reporting a percolation threshold of
fc= 4.68 wt%.[292] The 4.5 wt% CB composites exhibited an εr
of up to 140, a dielectric loss of 0.05 (100Hz), and similar
mechanical properties to the neat polymer, while significantly
decreasing in dielectric breakdown strength (from
80.2 V μm�1 in neat polymer to 9.6 V μm�1 for 4.5 wt% CB).

Tu et al. hypothesized that the low Eb in such composites orig-
inates from the poor dispersion of CB NPs and studied grafting
functional groups (-COOH- and -OH-) on the -NPs- to enhance
dispersion quality.[233] The thin P(VDF-TrFE-CTFE) composite
films (8 μm thick, solution-cast, 2.75 wt% CB) exhibited εr of
71 (�1.6x higher than the neat terpolymer) and dielectric loss
of 0.071 (100Hz), while the Eb decreased from 165 V μm�1 (neat
polymer) to 30 V μm�1 (2.75 wt% CB). From the unimorph
actuator performance they estimated the strain S1 of up to
0.069% and elastic energy density of up to 3.59� 10�5J=cm3

at 12 V μm�1.[233]

4.2.4. High Aspect-Ratio Conductive Fillers

The percolation threshold depends on the conductive nanofiller
geometry, and it can be lowered using high aspect ratio

Table 4. Mechanical, dielectric, and transduction properties of PVDF-based composites with carbon-based, conductive polymer, core-shell, metal-
organic, and OS fillers.

Matrix Filler Y [MPa] εr
a) Eb) [V μm�1] Smax

b)[%] Us
b) [J cm�3] Otherc,d) Ref.

P(VDF-TrFE-CTFE) CB (2.75 wt%) – 71 12 0.069
(S1)

3.59� 10�5 Eb= 30 V μm�1 [233]

P(VDF-TrFE-CTFE) CB (4.5 wt%) 400 140 – – – Eb= 9.6 V μm�1

fc= 4.68 wt%
[292]

P(VDF-TrFE-CTFE) PANI (23 vol%) 535 1900 16 2.65 (S3) 0.18 Eb= 16 V μm�1 fc= 25.9 vol% [232]

P(VDF-HFP)
(nanofibers)

PANI (5 wt%) 50 2.58 9 3.65 (S3) 0.03 M33= 2.53� 10�14 m2/V2 [105]

P(VDF-TrFE-CFE) P3HT-PMMA (1.5 wt%) 132 89.6 60 1.1 (S1) 0.008 Eb= 60 V μm�1 M31= 3.05� 10�16 m2/V2 [238]

P(VDF-TrFE) P3HT-PMMA@SWCNTs
(0.05 wt%)

571 76.3
(10 Hz)

50 5.1 (S3) 0.74 Eb= 50 V μm�1 M33= 2.04�10�15 m2/V2

k33= 0.88
[304]

PVDF MWCNTs (0.075 wt%) – 21.5 – – – Eb= 340 V μm�1 d33= 33 pm V�1 [305]

P(VDF-TrFE-CFE) MWCNTs (1 wt%) 159 74 72 2.5 (S3) 0.05 Eb= 72 V μm�1 [245]

P(VDF-TrFE-CFE) GNs (2.75 vol%) – 102
(1 kHz)

– – – fc= 3 vol% M33= 3� 10�15 m2/V2 [307]

P(VDF-TrFE-CFE) GNs (1.09 vol%) 550 40 200 23 4.1 (S3) 0.47 Eb= 23 V μm�1 [308]

PVDF TiO2@MWCNTs (0.3 wt%) – 16
(1 kHz)

– – – Eb= 320 V μm�1 d33= 41 pm V�1 [311]

PVDF GNs-MnO2@MWCNTs
(0.1-0.2 wt%)

– 26 – – – Eb= 213 V μm�1 d33= 48 pm V�1 [315]

EI-P(VDF-TrFE) CuPc (40 wt%) 750 101 13 1.91 (S3) 0.13 Eb= 13 V μm�1 [88]

PVDF OS (4 wt%) 880 10
(1 kHz)

– – – d33= 22.2 pm V�1 [321]

a)Measured at 100Hz if no frequency is indicated. b)Maximum reported driving field, strain, and elastic energy density. c)Absolute values of d33 are given.
d)fc – Percolation threshold.
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particles.[293,294] Carbon-based nanofillers such as graphene
nanosheets (GNs), single-walled carbon nanotubes (SWCNTs),
and multiwalled carbon nanotubes (MWCNTs) further offer
improved thermal, electrical, and mechanical properties[295–297]

and have been investigated as fillers in EAPs.[247,298–301]

Besides the carbon-based materials, introducing Ag nanowires
(NWs) has been shown to improve dielectric properties of the
EAP matrix.[302]

The influence of SWCNTs on FPs’ electromechanical trans-
duction properties has been studied only basing on the
P(VDF-TrFE) polymer matrix. Levi et al. observed a 25% increase
of transverse piezoelectric response (d31 of up to �25 pmV�1)
upon incorporation of 0.0072 wt% ( fc= 0.1 wt%) of SWCNTs
in P(VDF-TrFE).[303] This was ascribed to the dispersed nano-
inclusions that nucleated higher β phase content than the pure
polymer. Cho et al. studied using compatibilizer (P3HT-PMMA
block copolymer) to improve dispersion of SWCNTs in P(VDF-
TrFE).[247,304] Addition of 0.05 wt% SWCNTs attained dielectric
constant (10 Hz) of 11.3 for SWCNTs and 76.3 for SWCNTs with
P3HT-PMMA, compared with the 9.59 of pure P(VDF-TrFE).[304]

The solution-cast films of SWCNTs/P(VDF-TrFE) with P3HT-
PMMA exhibited electrostrictive strains S3 of up to 5.1%
(50 V μm�1) and elastic energy density Us of 0.74 J cm

�3.[304]

Multiwalled carbon nanotubes (MWCNTs) have been investi-
gated in percolative composites basing on both PVDF and
P(VDF-TrFE-CFE) matrices. Zhang et al. investigated P(VDF-
TrFE-CFE) composites with functionalized MWCNTs (up to
2 wt%).[245] MWCNTs were chemically grafted with fluorinated
silane molecules prior to blending with P(VDF-TrFE-CFE) in
DMF and formed into films via anti-solvent precipitation and
hot-pressing (200 °C). This increased the degree of crystallinity
from 51% (neat polymer) to 60% (2 wt%), producing the highest
strains of 2.5% (72 V μm�1) at 1 wt% MWCNT content
(compared to S3 of 1.8% in neat polymer at the same field
strength). Yang et al. observed a significant increase in β phase
content upon addition of small amounts (0.05–0.075%wt.) of
MWCNTS into PVDF.[305] While the low breakdown strength
of the solution-cast MWCNTS/PVDF films (�50 V μm�1) limited
the poling, the mechanical rolling of the MWCNTS/PVDF films
increased the Eb to 340 V μm�1, enabling higher poling fields and
producing d33 of up to 33 pmV�1. Sharafkhani and Kokabi stud-
ied nanofiber mats of MWCNTs/PVDF composite.[299] They
reported that 1.5 wt% of MWCNTs content produces a higher
crystallinity, β phase fraction, and Young’s modulus (up to
�0.2 GPa) than the pure PVDF nanofibers mats and employed
the composite for actuator fabrication (Section 5.5).

Incorporation of graphene nanosheets (GNs) has been shown
to significantly enhance the dielectric constant and electrostric-
tive response of PVDF terpolymers. Wen et al. investigated
dielectric properties of P(VDF-TrFE-CTFE) composites with
surface-modified GNs (up to 4 wt%).[306] The 24 μm thick solu-
tion-cast films exhibited a 14-fold increase in dielectric constant
(1 kHz) from 10 (neat polymer) to 144 (4 wt% GNs), while the
dielectric losses increased to 0.56. Seveyrat et al. studied
P(VDF-TrFE-CFE) composites with 60 nm-thick GNs (up to
5 vol%) and reported a percolation threshold of 3 vol%.[307]

The dielectric permittivity (0.1–10 kHz) of the solution-cast films
increased with the filler content, and 2.75 vol% GNs composite

exhibited an electrostrictive coefficient M33 of 3� 10�15m2=V2

(2� increase compared to the pure terpolymer). Javadi et al.
reported a significant improvement in the P(VDF-TrFE-CFE)
actuation response at low field strengths upon introduction of
small amounts (up to 1.37 vol%) of functionalized GNs.[308]

The 1.09 vol% GNs composite exhibited a εr of 40 200
(100Hz), Y of 550MPa and S3 of up to 4.1% (23 V μm�1, US

of 0.47 J cm�3), but a reduced breakdown field strength from
100 to 23 V μm�1.

As an alternative to blended nanocomposites, Fook et al. pro-
posed to combine a layer of Ag nanowires (NWs) between two
layers of P(VDF-TrFE-CTFE) to form a modified EAP film.[302]

They attained an increase in the dielectric constant εr from
34.5 (neat terpolymer, 1 kHz) to 75.5 (3.81 μg cm�2 Ag NWs,
1 kHz), and in maximum polarization from 3.4 to 5.1 μC cm�2,
accompanied by a 39% decrease in breakdown strength. These
effects were argued to be induced by MWS effect at the interface
between the polymer matrix and the conductive interlayer, and
the material was further employed as an EAP in actuators (see
Section 5.5.1).

4.2.5. Conductive Polymers

Similarly to carbon black, conductive polymer fillers produce
enhanced dielectric properties, without significantly impacting
the mechanical flexibility of the composites.

Huang et al. investigated fully polymeric P(VDF-TrFE-CTFE)
composites with polyaniline (PANI), indicating a very high per-
colation threshold of fc= 25.9 vol% and dielectric permittivity of
up to 1400 (1 kHz, 23 vol% PANI).[232] The composite films
(50 μm thickness, solution-cast, 23 vol% PANI) exhibited high
longitudinal strains S3 of up to 2.65% at very low field strengths
(16 V μm�1, Us ¼ 0.18 J=cm3), while the breakdown strength
decreased from 160 V μm�1 (neat terpolymer) to 16 V μm�1

(see Figure 6).
Tohluebaji et al. investigated electrospun nanofiber mats of

PANI/P(VDF-HFP) composites (up to 5 wt% PANI), reporting
increased εr (up to 2.58, 100Hz), tan(δ) (up to 0.024),

Figure 6. S-E curves for PANI/P(VDF-TrFE-CTFE) composites with differ-
ent PANI content. Reproduced with permission.[232] Copyright 2004,
WILEY-VCH Verlag GmbH & Co.
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conductivity (up to 9.18� 10�10S=m), Young’s modulus
(50MPa), and M33 coefficient (up to 2.53� 10�14m2=V2) with
increasing PANI content.[105]

Kim et al. studied fully organic relaxor ferroelectric composites
that consisted of micelle-structured block copolymer (poly(3-hex-
ylthiophene)-b-poly(methyl methacrylate), i.e., P3HT-PMMA)
dispersed in P(VDF-TrFE-CFE).[238] The composite (2 wt% of
P3HT-PMMA) exhibited a twofold increase in transverse strain
(S1 of 0.44%) and eightfold increase in energy density
(1.52mJ cm�3) compared with the pure terpolymer at the same
field strength (30 V μm�1), while a maximum S1 of up to 1.1%
was attained by the 1.5 wt% P3HT-PMMA composite at higher
field strength (60 V μm�1).

4.2.6. Core-Shell Structures

Conductive fillers deteriorate the dielectric losses and breakdown
strength of eEAPs composites due to the local field intensifica-
tion at matrix-filler interfaces (see Section 4.1). To mitigate this, it
has been proposed to employ core-shell structure fillers, where
the conductive particles are coated with a thin insulating layer
that prevents formation of conductive paths.[309–312]

Yang et al. investigated PVDF composites with up to 1 wt%
TiO2@MWCNTs fillers (i.e., MWCNTs with TiO2 coating) to
improve the εr and lower the tan(δ).[311] The 0.3 wt%
TiO2@MWCNTs composite breakdown field strengths were
reported to be �24% higher than in pure PVDF (210 and
170 V μm�1, respectively). The low d33 of the solution-cast and
poled TiO2@MWCNTs/PVDF films (14 pmV�1, 0.3 wt%
TiO2@MWCNTs) was addressed in a follow-up study, where
mechanical rolling was applied to align the TiO2@MWCNTs par-
ticles.[313] The rolled samples (0.3 wt% of MWCNTs@TiO2,
�20 μm thickness) exhibited higher β-phase content and d33
of up to 41 pmV�1 (ca 2x higher than in rolled films of
pure PVDF).

Yang et al. investigated PVDF composites with nanohybrid
fillers of MWCNTs covered with graphene and manganese oxide
(MnO2) nanoflakes, aiming to attain uniform particle dispersion
in the PVDF matrix.[314] The 12 μm films (solution-cast and
rolled) with 0.3 wt% nanohybrid filler content (with 66 wt% of
MnO2) exhibited d33 of 17–33 pmV�1, depending on the poling
field (50–80 V μm�1). The rolled films of pure PVDF required
poling at >100V=μm to achieve similar d33.

[314] In a follow-up
study, the same materials were further used to form
three-layer composite films, where the middle layer (0.2 wt%
filler content at 66 wt% MnO2) served to elevate the breakdown
field strength and the outer layers (0.1 wt% filler content at
23 wt% MnO2) to enhance piezoelectric response.[315] The
20–25 μm thick films were manufactured separately, laminated
together by compression molding and rolling, and poled at
70 V μm�1. This resulted in d33 of up to 48 pmV�1, exhibiting
small variations over the temperature range of 10–60 °C.[315]

Liang et al. investigated loading PVDF with a combination
BaTiO3 (20 vol%) and SiO2@Ag (i.e., SiO2-coated Ag) nanopar-
ticles (0 to 45 vol%).[316] The solution-cast and hot-pressed films
(1mm thickness) with 40 vol% of SiO2@Ag content attained εr of
up to 723 and tan(δ) of 0.82 (100 Hz). The high εr was attributed

to the formation of a microcapacitor network, enhancing the
MWS effect (see Section 4.1).[316]

4.2.7. Metal-Organic Compounds and Organically Modified
Silicates

Metal-organic compounds and organically modified silicates
(OS) have also been employed as dispersed phases within
PVDF-based matrices in order to facilitate β phase nucleation
and enhance the dielectric constant of the polymer matrix.

Zhang et al. studied composites of electron-irradiated
P(VDF-TrFE) with high-εr copper phthalocyanine (CuPc).[88]

The solution-cast 40 wt% CuPc composite exhibited an εr of
101 (100Hz) and an S3 of up to 1.91% (13 V μm�1), while
increasing the dielectric losses and decreasing the Eb down to
13 V μm�1. These shortcomings were later addressed via
chemically grafting CuPc oligomer onto P(VDF-TrFE)[317] and
P(VDF-TrFE-CFE)[318] backbones, while transduction properties
of these materials were not reported.

Geng et al. and Zhang et al. studied PVDF composites with OS
fillers.[319,320] OS fillers were reported to promote β and γ phase
formation in PVDF composites, but the unstreched films pro-
duced low d33 values (2–6 pmV�1).[319,320] He et al. showed that
stretching OS/PVDF composites (melt-extruded, hot-pressed,
and poled films, 4 wt% of OS) further improves the d33
(22.2 pm V�1) by �3� over the unstretched films.[321]

4.3. Blends

Blending ferroelectric polymers (FPs) with plasticizers
(Section 4.3.1) or other EAPs (Section 4.3.2) aims to enhance
achievable strains and energy densities via tuning the material’s
Young’s modulus and dielectric constant. The findings of this
section are summarized in Table 5.

4.3.1. Polymer-Plasticizer

Blending eEAPs with plasticizing agents has been shown to
be an efficient way to improve actuation performance.[322–324]

Plasticizer molecules expand the free volume between the
eEAP polymer chains, increasing their mobility and causing
decrease in viscosity and Young’s modulus.[325] In semicrystal-
line polymers, the plasticizers additionally enhance the dielec-
tric constant at low frequencies due to the interfacial polarization
effects at the filler-polymer boundaries (MWS, see
Section 4.1).[326–328]

Capsal et al. proposed to blend PVDF terpolymers with small
molecular phthalates and investigated the electromechanical
properties of P(VDF-TrFE-CFE) blends with di-2-ethylhexyl
phthalate (DEHP).[326] DEHP was reported to reduce the
Young’s modulus and increase the dielectric constant of the poly-
mer, and 70 μm thick solution-cast films with 15 wt% DEHP
attained energy densities of up to 5mJ cm�3 (11 V μm�1). Up
to 2% strains (S3) were measured at 10 V μm�1, in contrast to
the pure P(VDF-TrFE-CFE) that required 55 V μm�1 to produce
similar strains. Le et al. later reported that introducing
15 wt% DEHP into P(VDF-TrFE-CFE) decreases its Eb from
180 V μm�1 (neat terpolymer) to 150 V μm�1.[329]
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Capsal et al. further studied adding DEHP (15 wt%) both
in P(VDF-TrFE-CFE) and P(VDF-TrFE-CTFE).[224] DEHP was
reported to improve the strains and energy densities of
both the polymers, while DEHP/P(VDF-TrFE-CFE) exhibited
�3� higher strains than DEHP/P(VDF-TrFE-CTFE) at up to
25 V μm�1. Commercial availability of P(VDF-TrFE-CTFE) with
different compositions allowed to further study the effect of
CTFE content in DEHP/P(VDF-TrFE-CTFE) blends (15 wt%
DEHP). Increasing CTFE content (3.2 to 8.9%) resulted in an
increasing transverse strain (up to 1.6 %, 25 V μm�1), energy
density (up to 5.8 mJ cm�3), and electrostrictive coefficient
(up to 2.56 ⋅ 10�17m2=V2). Yin et al. explored the influence of
DEHP concentration on the DEHP/P(VDF-TrFE-CTFE) trans-
duction properties.[330] They reported a decreasing Young’s mod-
ulus (from 163 to 87.8MPa) and increasing dielectric constant
(from 36.8 to 2127, 0.1 Hz) with increasing DEHP concentration
(0–15 wt%), accompanied by a reduction in breakdown strength
(from 269 to 79 V μm�1). A sharp decrease in breakdown field
strength (from 207 to 79 V μm�1) occurred between DEHP
concentrations of 10 wt% and 15 wt%, while at low field strengths
(20 V μm�1 at 0.1 Hz), similar transverse strains of 0.63% (M31 of
1.57 ⋅ 10�17m2=V2) and 0.66% (M31 of 1.63 ⋅ 10�17m2=V2 ) were
respectively reported. At higher field strengths (30 V μm�1), the
10 wt% DEHP blends exhibited transverse strains of up to 1%,
representing a 10-fold improvement compared to the neat
terpolymer.

Della Schiava et al. investigated how diisononyl phthalate
(DINP), Palamoll 652, and DEHP plasticizers (15 wt%) compare
in enhancing the transduction properties of P(VDF-TrFE-CTFE),

as illustrated in Figure 7.[331] All plasticizers caused a decrease in
Young’s modulus and increase in εr, whereas the DINP/P(VDF-
TrFE-CTFE) composite exhibited the highest S1 (0.51%, 15 wt%,
10 V μm�1) and energy density (0.47mJ cm�3). The impact of
DINP concentration (0 to 16 wt%) was further studied, indicating
a positive impact on actuation properties. In a separate study,
increasing the DINP concentration (0 to 12 wt%) was reported
to decrease Eb of the DINP/P(VDF-TrFE-CFE) films (200 μm
thickness).[234] DINP concentrations in the range of 8–10 wt%
were reported to be a good trade-off between the material strain
(S3 of up to 1.3%, 25 V μm�1, 0.76 N pre-loading, 8 wt% DINP)
and breakdown strength (70 V μm�1, 8 wt% DINP).

Della Schiava et al. further reported enhanced low-frequency
(0.1 Hz) dielectric constant (up to 290) and transduction
response (S1 of up to 0.35% at 20 V μm�1) in DINP/
P(VDF-TrFE-CFE) blends (10 wt% DINP) at the cost of a steep
decrease in the breakdown strength (from 276 to 119 V/μm).[237]

The plasticized terpolymer retained its electromechanical prop-
erties upon exposure to β-radiation and was proposed for the con-
struction of medical devices (see Section 5.5.2).

4.3.2. Polymer-Polymer

Similarly to doping with micro/nanoparticles and plasticizers
(Section 4.2 and 4.3.1), it is possible to obtain EAPs with tailored
properties by blending two or more polymers with distinct
electrical and mechanical characteristics.

Gao et al. investigated PVDF blends with Nylon-11 that
were fabricated as thin films (�20 μm) via melt-pressing and

Table 5. Mechanical, dielectric, and transduction properties of PVDF-based blends.

Blend Y [MPa] εr
a) Eb) [V μm�1] Smax

b) [%] Us
b) [J cm�3] Others Ref.

DEHP (15 wt%)/P(VDF-TrFE-CFE) 20 725 (0.1 Hz) 10 2 (S3) 0.005 k33= 0.12 [326]

DEHP (15 wt%)/P(VDF-TrFE-CFE) 44 820 (0.1 Hz), 50 10 1.8 (S3) 0.0071 Eb= 150 V μm�1 [329]

DEHP (15 wt%)/P(VDF-TrFE-CFE) 50 4800 (0.1 Hz), 47 25 1.6 (S1) 0.0064 – [224]

DEHP (15 wt%)/P(VDF-TrFE-CTFE) 45 2000 (0.1 Hz), 38 25 1.6 (S1) 0.0058 M31= 2.56� 10�17 m2/V2 [224]

DEHP (10 wt%)/P(VDF-TrFE-CTFE) 95.7 651.2 (0.1 Hz), 29 30 1 (S1) 0.0048 Eb= 207 V μm�1

M31= 1.57� 10�17 m2/V2
[330]

DEHP (15 wt%)/P(VDF-TrFE-CTFE) 45 1200 (0.1 Hz), 35 10 0.41 (S1) 0.00038 – [331]

DINP (15 wt%)/P(VDF-TrFE-CTFE) 35 1900 (0.1 Hz), 95 10 0.51 (S1) 0.00045 k31= 0.053 [331]

Palamoll 652 (15 wt%)/P(VDF-TrFE-CTFE) 17 200 (0.1 Hz), 35 10 0.21 (S1) 0.000037 – [331]

DINP (8 wt%)/P(VDF-TrFE-CFE) 67 330 (0.1 Hz), 48 25 1.3 (S3, 0.76 N preload) – Eb= 70 V μm�1 [234]

DINP (10 wt%)/P(VDF-TrFE-CFE) 50 290 (0.1 Hz), 51 20 0.35 (S1) 0.0003 Eb= 119 V μm�1 [237]

Nylon 11 (2.5 wt%)/PVDF 2650 11 – – – d31= 31.5 pm V�1 [333]

P(VDF-HFP) (15 wt%)/P(VDF-TrFE) – – 40 3.5 (S3) – – [334]

P(VDF-TrFE) (10 wt%)/P(VDF-CTFE) 490 – 170 5 (S3) 0.6 d33= 100 pm V�1 k33= 0.2 [335]

P(VDF-TrFE) (20 wt%)/P(VDF-TrFE-CFE) 520 – 110 1.6 (S3) 0.0145 – [336]

P(VDF-TrFE) (20 wt%)/P(VDF-TrFE-CFE) 660 13.46 (10 kHz) 80 0.64 (S3) 0.0135 – [235]

P(VDF-CTFE) (5 wt%)/P(VDF-TrFE-CFE) 1050 – 150 3.7 (S1) 0.73 k31= 0.31 Q31= 6.8 m4/C2 [337]

PMMA (5 wt%)/P(VDF-TrFE-CFE) 439 37 (1 kHz) 150 3.5 (S3) 0.269 k33= 0.27 [236]

EI-PMMA (7 wt%)/P(VDF-TrFE) – 23 (1 kHz) 150 2.25 (S3, 25 °C) 6.1 (S3, 70 °C) – – [338]

a)Measured at 100 Hz if no frequency is indicated. b)Maximum reported driving field, strain and elastic energy density.
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ice-quenching the blended polymer powders and further uniaxially
drawing and poling the films (220 V μm�1).[332,333] It was reported
that 50 wt% Nylon-11 concentration attains a �60% increase in
remnant polarization Pr (up to 90mCm�2) over the pure
PVDF and Nylon-11 polymers, while the εr decreases with increas-
ing Nylon-11 content (from �11.7 at 0 wt% to �4 at 100 wt%).[332]

Low Nylon-11 concentrations attained up to 15% improvement in
d31 at room temperature (from 27.5 pmV�1 for pure PVDF to
31.5 pmV�1 for 2.5 wt% Nylon-11), and 6.8� improvement at
160 °C (from 8.5 pmV�1 for pure PVDF to 58 pmV�1 for 20 wt%
Nylon-11).[333]

Jayasuriya et al. investigated blends of P(VDF-TrFE) with
up to 25 wt% P(VDF-HFP) content.[334] The solution-cast,
melt-pressed, and quenched films with 15 wt% P(VDF-HFP)
concentration showed higest S3 of 3.5% at low field strengths
(40 V μm�1), a 2.9-fold increase over pure the P(VDF-TrFE)
(S3 of 1.2% at 40 V μm�1). Higher P(VDF-HFP) concentrations
deteriorated the Curie temperature, melting point, and electro-
strictive strain of the materials.

Li et al. studied the electrostrictive response of P(VDF-TrFE)/
P(VDF-CTFE) blends in different weight ratios (75/25, 50/50, 25/
75, and 10/90 wt%).[335] The solution-cast, uniaxially stretched,
and annealed films with 10/90 wt% composition attained the
highest longitudinal strains of up to 5% with the corresponding
energy density of 0.6 J cm�3 (170 V μm�1), and k33 of up to 0.2.

Van Duong et al. studied P(VDF-TrFE)/P(VDF-TrFE-CFE)
blends with up to 20 wt% P(VDF-TrFE) copolymers (45 and
25 wt% TrFE content).[336] The longitudinal strains S3 of the
3.6 μm thick films were reported to decrease compared with
the neat terpolymer (up to 2.2% at 0 wt% P(VDF-TrFE), 1.8%
at 10 wt% and 1.6% at 20 wt%, 110 V μm�1, 25 °C), while the film
stresses (σ= YS) varied with the amount and composition of
P(VDF-TrFE) due to the changing Young’s modulus. In a follow-
up study, P(VDF-TrFE)/P(VDF-TrFE-CFE) blends (20 wt% copol-
ymer, 45mol.% TrFE) were reported to exhibit an increased
mechanical energy density over the neat terpolymer both at
the room temperature (from 9.8 to 13.5 mJ cm�3) and at 60 °C
(from 15.6 to 24.7 mJ cm�3).[235]

Gorny et al. investigated the electrostrictive response of P(VDF-
CTFE)/P(VDF-TrFE-CFE) with up to 10 wt% of P(VDF-CTFE) con-
tent.[337] At room temperature and 150 V μm�1, the uniaxially
stretched films (25 μm thickness) attained transverse strains S1
of up to 4% (both at 0 and 2.5 wt% P(VDF-CTFE)), energy densi-
ties of up to 0.73 J cm�3 (in contrast to 0.71 J cm�3 for neat terpoly-
mer) and k31 of 0.31 at 5 wt% P(VDF-CTFE).

Bharti et al. investigated the electrostrictive response of
PMMA/P(VDF-TrFE) blends containing up to 7 wt% PMMA.[338]

The solution-cast, annealed, and electron-irradiated films
with 7 wt% PMMA exhibited slightly lower room-temperature
strains (S3) compared with the P(VDF-TrFE) matrix (2.25% vs.
2.55% at 150 V μm�1), but showed a 126% increase in S3 at
70 °C (up to 6.1%, 150 V μm�1). This enhancement was attrib-
uted to the increased contribution of Maxwell stress at elevated
temperatures.

Zhang et al. investigated blending P(VDF-TrFE-CFE) with up
to 10 wt% of PMMA.[236] The 20 μm-thick solution-cast PMMA/
P(VDF-TrFE-CFE) films with 5 wt% PMMA content attained a
137% improvement in energy density (from 0.113 to
0.269 J cm�3) and a 59% improvement in coupling factor k33
(from 0.17 to 0.27) under a 150 V μm�1 excitation.

Dielectric properties of FP blends have been addressed in sev-
eral studies without characterizing the electromechanical trans-
duction. Chu et al. studied P(VDF-TrFE-CFE) blends with up to
20 wt% of P(VDF-CTFE), reporting an improved breakdown
strength of up to 358 V μm�1 at 5 wt% P(VDF-CTFE), over the
262 V μm�1 of the pure terpolymer.[339] This was hypothesized
to stem from the increased Young’s modulus, as explained by
the Stark–Garton model.[199,340] Casar et al. investigated dielec-
tric properties of P(VDF-TrFE-CFE) blends with up to 50 wt%
P(VDF-TrFE) over a range of temperatures (225 to 350 K),
reporting a purely RFE behavior at <20 wt% P(VDF-TrFE) con-
centrations, and a concurrent RFE and FE behaviors at higher
concentrations.[341] Ullah et al. manufactured 800 nm thick films
of P(VDF-TrFE)/P(VDF-TrFE-CFE) blends (0 to 100 wt% P(VDF-
TrFE)) via spin-coating, and reported an up to 13% improvement
in εr at 40 wt% P(VDF-TrFE) over the neat terpolymer (i.e., from

Figure 7. Transverse strain and energy density in P(VDF-TrFE-CTFE) can be improved via blending with DEHP, DINP, and Palamoll plasticizers.
Reproduced with permission.[331] Copyright 2017, Wiley Periodicals, Inc.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2025, e202500694 e202500694 (17 of 40) © 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aisy.202500694 by Joke D

ales - T
u D

elft , W
iley O

nline L
ibrary on [29/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


47 to 53, 10 kHz).[342] Zhang et al. investigated blending
P(VDF-TrFE-CFE) with PVDF homopolymer in 0 to 100 vol%
composition,[343] reporting an improvement in the breakdown
field strength (up to 665.1 V μm�1 for 40/60 vol% P(VDF-
TrFE-CFE)/PVDF).

5. Actuators and Devices

Various PVDF-based materials have been also used to construct
actuators and devices. Actuators basing on PVDF, P(VDF-TrFE)
and EI-P(VDF-TrFE) are addressed in Sections 5.1, 5.2, and 5.3,
and their characteristics are summarized in Table 6. PVDF ter-
polymer actuators base on P(VDF-TrFE-CTFE) and P(VDF-TrFE-
CFE), as addressed in Section 5.4 and summarized in Table 7.
Actuators of PVDF-based composites and blends are covered in
Section 5.5 and compared in Table 8.

5.1. PVDF

Utilization of PVDF as transducer material dates back to 1972,
when thin PVDF films were patented for ultrasound appli-
cations,[344] and functional MHz-range transducers (in d33
configuration) were first reported in 1973.[345] In 1975, electro-
acoustic transducers were introduced and commercialized for
microphone and speaker applications, utilizing stretched
PVDF membranes (8–30 μm in thickness) in d31 mode.[346]

Since the late 1970s, PVDF homopolymer has been investigated
as an active material for the construction of both bimorph[347–356]

and unimorph[357–361] actuators, respectively addressed in
Section 5.1.1 and 5.1.2. PVDF has also been proposed for
plate actuators (d33 mode).[161] Namely, Burnham–Fay et al.
3D-printed 230 μm thick PVDF films and used Cu tape for
electrodes, attaining actuators that exhibited longitudinal

displacements of up to 2.02 μm under 860 V excitation
(�3.7 V μm�1).[161]

5.1.1. Bimorphs

Bending PVDF transducers were first introduced in 1979 to
amplify the small field-induced strains of PVDF films employ-
ing bimorph structure.[350–353] Two sheets of metalized
PVDF (9 μm thick) were stretched, poled, and bonded together
using a thin layer of epoxy resin.[352] Upon 10 V excitation,
the 2 cm long benders achieved 1 mm tip deflections and
4 μN blocking forces.[350] Such actuators were further
employed in double-supported configuration to construct a
seven-segment alphanumeric display.[354] The 4 cm long
bimorph actuators produced 1.8 cm deflections at 120 V
(60–100 ms response time).

Toda et al. stacked multiple metalized PVDF sheets to construct
bimorph cantilever actuators.[350,351,353] The actuators used four to
six layers of 9 μm thick metalized PVDF sheets that were glued
together using epoxy resin. The vibrating cantilevers were pro-
posed for ventilating applications and were demonstrated to gen-
erate air flows of �7 L s�1 (resonant operation, 150 V amplitude).
Electromechanical coupling efficiencies of 0.33–0.5 were
estimated.[351,353]

Bohannan et al. used PVDF bimorph cantilevers to construct
actuators in a leaf-spring configuration.[347] Two bimorph beams
with Ag electrodes were glued together in the ends and pressed to
form the curved leaf-spring shape. The actuators were proposed
for vibration isolation applications and reported a measurable
damping at 5 Hz and above.

Schmidt et al. fabricated bending bimorph actuators
basing on commercial PVDF sheets.[349,355] They used both
the inkjet printing and air-brushing techniques to deposit

Table 6. Constituent materials and performance of PVDF homopolymer and copolymer actuators.

Configuration Sizea) Active layerb) Substrate Electrodes E [V m�1] Actuationc) Ref.

Bimorph L= 20mm PVDF none – 1.1 δ= 1mm Fbl= 0.004mN [350]

Bimorph L= 40mm PVDF none – 13.3 δ= 18 mm (3 Hz) [354]

Bimorph L= 45mm PVDF none PEDOT:PSS 30.3 δ= 16 mm [355]

Bimorph L= 60mm PVDF none Ag, Al 3.7 δ= 0.3 mm [356]

Unimorph L= 6mm PVDF Ni-Fe alloy – 6.4 δ= 0.16 mm [358]

Unimorph L= 53mm PVDF PI Metal, CP 40 δ= 10 mm [357]

Plate 35 � 35mm PVDF none Cu 3.7 Δ= 0.00202mm [161]

Unimorph L= 40mm P(VDF-TrFE) PC Ag 20–40 δ= 0.02 mm Fbl= 2.8 mN [365]

Unimorph L= 15mm P(VDF-TrFE) PET Ag 44.4 11.1 δ= 0.145 mm δ= 0.3 mm (160 Hz) [366]

Unimorph L= 11 mm P(VDF-TrFE) N = 5 P(VDF-TrFE) Al 6.7 0.7 δ= 0.015 mm δ= 0.056 mm (225 Hz) [364]

Unimorph diaphragm D= 10 mm P(VDF-TrFE) PET Ag 8.3 δ= 0.0015 mm (5.8 kHz) [366]

Unimorph diaphragm D= 100 mm P(VDF-TrFE) Si Au 25 δ= 0.02 mm [367]

Unimorph diaphragm 2.2� 2.2 mm EI-P(VDF-TrFE) N= 2 PVDF Au 90 δ= 0.08 mm [369]

Unimorph L= 22mm EI-P(VDF-TrFE) – Au 65 – [215]

Unimorph diaphragm 4.5� 1mm EI-P(VDF-TrFE) P(VDF-TrFE) Au 135 δ= 0.06 mm [370,371]

a)L is the length of the bender and D is the diameter of the diaphragm. b)Number of layers (only given if N> 1). c)δ is the displacement of the actuator (quasi-static operation
unless specified otherwise) and Fbl is its blocking force.
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poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (i.e.,
PEDOT:PSS) electrodes on PVDF films (28 μm thickness)
and epoxy glues (3–8 μm thickness) to bond the two sheets

together. The 45mm long actuators produced maximum deflec-
tions of up to 16 mm (850 V excitation, i.e., 30.3 V μm�1) and
were further creased and folded to realize bellows actuator.

Table 7. Constituent materials and performance of PVDF terpolymer actuators.

Configuration Sizea) Active layerb) Substrate Electrodes E
[V μm�1]

Actuatione) Ref.

Tubular L= 30mm P(VDF-TrFE-CFE) none Al or CPSc) 100 δ= 1.2 mm Fbl=1300 mN [228]

Unimorph L= 10 mm P(VDF-TrFE-CFE)
N = 2

Scotch tape MWCNTs/
silicone

50 δ= 3mm Fbl= 2.5 mN [373]

Unimorph L= 10–20mm P(VDF-TrFE-CTFE) PEN PEDOT:PSS 100 δ= 0.014 mm [225]

Unimorph L= 41 mm P(VDF-TrFE-CTFE) PET Au 20 δ= 1.706mm [230]

Unimorph L= 63mm P(VDF-TrFE-CTFE) PI Al 15 δ= 1.6 mm δ= 1.8 mm Fbl= 2.4 mN (film)
Fbl= 1.5 mN (fibers)

[231]

Unimorph L= 45mm P(VDF-TrFE-CTFE) PI CB/PDMS 25 δ= 5.14 mm Fbl= 0.4 mN (fibers) [374]

Unimorph L= 18 mm P(VDF-TrFE-CTFE) PET-based CB –d) δ= 0.206 mm δ= 3mm (110–130 Hz) [240]

Unimorph L= 18 mm P(VDF-TrFE-CTFE) PEN Ag 60 δ= 0.759mm δ= 5.95 mm (52 Hz) [239]

Unimorph L= 18 mm P(VDF-TrFE-CTFE) PET-based Ag 43.1 31.3 δ= 0.224mm δ= 1.72 mm (114 Hz) [242]

Unimorph L=40 P(VDF-TrFE-CTFE) PET Au 40 δ= 3.25 mm Fbl= 1mN [120]

Unimorph L= 18 mm P(VDF-TrFE-CTFE) PET-based CB 31.5 30 δ= 0.179mm δ= 2mm (107 Hz) [243]

Unimorph L= 18 mm P(VDF-TrFE-CTFE)
N = 2

PET-based CB 44 40 δ= 0.34 mm δ= 3.7 mm (104 Hz) [243]

Unimorph L= 30mm P(VDF-TrFE-CTFE) Scotch tape Ag 50 Fbl= 3mN [372]

Unimorph L= 30mm P(VDF-TrFE-CTFE)
N = 6

Scotch tape Ag 50 Fbl= 26mN [372]

Unimorph
diaphragm

85mm� 60mm P(VDF-TrFE-CTFE) PET ITO, PEDOT:
PSS

20 δ= 0.0024mm (220 Hz) [377]

Unimorph
diaphragm

85mm� 60mm P(VDF-TrFE-CTFE)
N = 2

PET ITO, PEDOT:
PSS

25 δ= 0.0033mm (220 Hz) [377]

Unimorph
diaphragm

7mm� 7mm P(VDF-TrFE-CTFE)
N = 12

P(VDF-TrFE-
CTFE)

Al 32 δ= 0.009 mm [376]

a)L is the length of the bender. b)Number of layers (only given if N> 1). c)Conductive polymer solution. d)300 V excitation. e)δ is the displacement of the actuator (quasi-static
operation unless specified otherwise) and Fbl is its blocking force.

Table 8. Constituent materials and performance of modified PVDF-based actuators.

Configuration Sizea) Active layerb) Substrate Electrodes E (V μm�1) Actuationc) Ref.

Unimorph L= 17.5 mm CB/P(VDF-TrFE-CTFE) Cu foil Cu, Ag 12 δ= 0.248 mm (13 Hz) [233]

Unimorph L= 35mm Ag NWs/P(VDF-TrFE-CTFE) PET ITO, PEDOT:PSS 25 Fbl= 2mN [302]

Unimorph L= 40mm MWCNTs/PVDF (fibers) PET Ag 4 δ= 0.024mm (200 Hz) [299]

Unimorph L= 40mm DEHP/P(VDF-TrFE-CTFE) PET Au 40 δ= 6mm Fbl= 2.5 mN [120]

Tubular L= 65mm DEHP/P(VDF-TrFE-CTFE) none Carbon, Au 60 –d) [379]

Tubular L= 60mm DINP/P(VDF-TrFE-CFE) none Carbon, Au 5–50 – [237]

Stack D= 13 mm DINP/P(VDF-TrFE-CFE) N= 8 Glass Au 20 δ= 0.01 mm [378]

Unimorph diaphragm D= 40mm DINP/P(VDF-TrFE-CFE) N= 5 Glass Au 15 δ= 0.003 mm [234]

Diaphragm 5� 5mm DEHP/P(VDF-TrFE-CFE) none Au 15 – [329]

Unimorph L= 45mm P(VDF-TrFE)/P(VDF-TrFE-CFE) PET Ag NWs, Au 110 δ= 0.471 mm [336]

Tubular L= 40–45mm P(VDF-CTFE)/P(VDF-TrFE-CFE) N = 2 none Al 60 δ= 0.5 mm Fbl= 1100 mN [380]

a)L is the length of the bender and D is the diameter of the diaphragm. b)Number of layers (only given if N> 1). c)δ is the displacement of the actuator (quasi-static operation
unless specified otherwise) and Fbl is its blocking force. d)Bending angle of 85°.
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Pérez et al. proposed the use of a PVDF bimorph actuator to
steer a laser beam.[348] Their actuator consisted of two commer-
cial metalized PVDF films (52 μm thickness) glued together
using a conductive Ag epoxy resin. The actuator was able to
deflect a 0.16 g mirror by �5� 10�6 rad upon a �15 V stimulus.

Liu et al. proposed to use PVDF actuators for driving solar sails
and made a 20 cm diameter sail demonstrator that was deformed
by eight PVDF actuators (6� 2 cm).[356] PVDF films (160 μm
thickness) were solution-casted, stretched, coated with Ag on
both sides, and poled. Bimorph actuators were formed by bond-
ing two of these films together (Al foil in between) and then
attached to a Kapton sail. Up to 0.3mm sail displacements were
measured upon a 600 V stimulus.

5.1.2. Unimorphs

Unimorph actuators are simpler in structure than bimorphs, as
explained in Section 2.2.2. In 1980, Sato et al. investigated a
unimorph-based deformable mirror system, made by bonding
an electroded 32 μm thick PVDF membrane on the back of a
120 μm thick mirror.[359] Triangular and rectangular actuators
were operated at up to 30 V μm�1 and 200Hz excitation to alter
the wavefront of the light.

Unimorphs were further studied in mid-2000s, when Fu et al.
proposed fabricating unimorph PVDF actuators from commer-
cial 28 μm-thick metallized PVDF membranes.[358] PVDF sheet
was cut into samples (6 mm by 1mm) and one electrode of each
sample was electroplated with a 5 μm permalloy (Ni-Fe) layer to
produce the passive layer of the unimorph. The resulting actua-
tors achieved maximum tip deflections of up to 160 μm upon
180 V driving voltage (i.e., 6.4 V μm�1).

Chen et al. studied manufacturing actuators from both the
solution-cast and melt-pressed PVDF films of 25 μm thick-
ness.[357] The stretched and poled samples were coated with
metal and conductive polymer electrodes (respectively via
sputter-coating and screen-printing) and bonded on a polyimide
(PI) substrate using an epoxy resin. The resulting unimorph can-
tilevers (length 5.3 cm) exhibited up to 1 cm displacements
(40 V μm�1) and were used to actuate a membrane reflector of
0.2m diameter.

Zhang et al. proposed multilayer PVDF actuators for active
vibration control of curved surfaces.[360,361] Up to five layers of
PVDF patches (200 μm each) were bonded on one end of a thin
elastic cylinder. Vibrations were applied in the middle of the cyl-
inder and active control was reported to effectively attenuate
three vibration modes in closed-loop operation.

5.2. P(VDF-TrFE)

Among PVDF copolymers, actuation applications have only
employed P(VDF-TrFE). Edqvist et al. fabricated P(VDF-TrFE)
multilayer unimorph actuators by recursively spin-coating thin
copolymer films (2–10 μm) and depositing Al electrodes on dif-
ferent flexible substrates.[362–364] The 11� 2mm cantilevers
showed quasi-static and resonant deflections of up to 15 μm
(20 V) and 56 μm (2 V, 225Hz), respectively.[364] A locomotion
unit (10� 10mm) was built from three of such actuators, dem-
onstrating motion in different directions at speeds of up to

730 μm s�1 (32 V square wave, 540Hz) and carrying more than
9� of its own weight (40 V, 13 V μm�1).

Pabst et al. fabricated bending unimorph actuators compris-
ing of a polycarbonate (PC) substrate, a sputter-coated Ag bottom
electrode, an inkjet-printed P(VDF-TrFE) active layer (5–10 μm
thickness) and an inkjet-printed Ag top electrode.[365] After
prost-processing (thermal annealing for 60min at 140 °C, sinter-
ing the Ag ink in Ar plasma), the 4 cm long actuator showed tip
deflections of 20 μm and blocking forces of 2.8 mN (200 V
excitation).

In a later study, Pabst et al. developed a process for fully inkjet-
printing P(VDF-TrFE) unimorph cantilevers and membrane
actuators.[366] The Ag bottom electrodes were printed on polyeth-
ylene terephthalate (PET) substrates and sintered in Ar plasma.
Printing the EAP layer (9 μm in thickness) and the top electrode
followed a similar procedure to their earlier study.[365] The 1.5 cm
long cantilever actuators exhibited quasi-static and dynamic tip
displacements of 145 μm (400 V, i.e., 44.4 V μm�1) and
0.3mm (100 V, 11.1 V μm�1, 160 Hz), respectively. The mem-
brane actuators of 10mm diameter showed resonant deflections
of up to 1.5 μm (75 V, 5.8 kHz, operated in air) and were pro-
posed for lab-on-chip micropump applications.[366]

Patterson and Pellegrino investigated using P(VDF-TrFE) for
actuating lightweight deformable mirrors.[367] The actuator was
formed by spin-coating the P(VDF-TrFE) layer (20 μm thickness)
on a metalized (Ti/Au/Ti) silicon substrate and sputter-coating
the other electrode (Ti/Au). Shadow masks were used to pattern
one of the electrode into separate actuation segments, and the
EAP layer was poled (50–100 V μm�1). The deformable mirror
was able to produce peak-to-valley deflections of 20 μm
(25 V μm�1).

Similarly, Wang et al. employed P(VDF-TrFE) for activating
their spherical adaptive reflectors.[114,368] PET substrates were
sputter-coated with Al to form a keystone pattern of bottom elec-
trode segments, and a thin P(VDF-TrFE) film (4–5 μm) was
applied using either spin-coating or spray-coating method, using
a P(VDF-TrFE) solution in methyl ethyl ketone (MEK) and
methyl isobutyl ketone (MIBK). After annealing (140 °C) and pol-
ing (5–62 V μm�1), Al was sputtered on the EAP to form the top
electrode, and on the other side of the PET layer to form the
reflective mirror (Figure 8a). Samples with spin-coated EAP layer
displayed a �24% higher εr and a � 8% higher d31 than the sam-
ples that were made by spray-coating.

5.3. Electron-Irradiated P(VDF-TrFE)

Electron-irradiated P(VDF-TrFE) (aka EI-P(VDF-TrFE)) films
have been employed as active layers in unimorph diaphragm
actuators[369–371] and bending cantilevers.[215] Xia et al. utilized
EI-P(VDF-TrFE) bilayer unimorph actuators to construct a micro-
fluidic pump.[369] The active bilayer was constructed by sputter-
coating Cr and Au electrodes on both sides of two 20 μm-thick
electron-irradiated P(VDF-TrFE) films, and gluing them
together. The resulting bilayer was further bonded on a passive
PVDF membrane, completing the unimorph actuator of the
membrane pump. The 2.2� 2.2 mm membranes deflected by
up to 80 μm (90 V μm�1) in air. The respective pump produced
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flow rates of up to 25 μmlmi�1n and static pressures of up to
350 Pa (63 Hz).[369]

Cheng et al. fabricated bending unimorph actuators by
sputter-coating Au electrodes on stretched and electron-
irradiated P(VDF-TrFE) layers (22 μm thickness) and bonding
them to polymeric substrates of equal thickness.[215] Transverse
strains (S1) of up to 1.7% were produced upon 65 V μm�1 excita-
tion, causing the actuator tip to bend by a full turn (see Figure 8b).

Similarly, Xu et al. fabricated unimorph membrane actuators
(4.5� 1mm) by sputtering Au electrodes on 10 μm thick irradi-
ated and stretched P(VDF-TrFE) films and epoxy bonding (1 μm
layer thickness) them on passive layers of the same material and
thickness.[370,371] With both ends fixed to a silicon substrate, the
membranes achieved maximum deflections of 60 μm in air
(135 V μm�1, 10 Hz). Operating in silicone oil caused a slight
decrease in actuation magnitude and reduced resonance fre-
quency from 86 kHz (in air) to 13.2 kHz.[371]

5.4. Terpolymers

P(VDF-TrFE-CFE) and P(VDF-TrFE-CTFE) terpolymers have been
employed in unimorph cantilever,[39,225,230,231,239–243,372–375]

unimorph diaphragm,[235,376,377] and tubular[228] actuators, as
summarized in Table 7.

Levard et al. used P(VDF-TrFE-CFE) films to build tubular
actuators for Braille displays.[228] Terpolymer films were solution-
cast, annealed, uniaxially drawn, and poled. Both sides of the
films were coated with conductive polymer or Al electrodes,

and two sheets were laminated together, and further rolled up
and bonded. The resulting tubular actuators exhibited
displacements and blocking forces of up to 1.2 mm and 1.3 N
(100 V μm�1), respectively.

Choi et al. proposed an adhesion-mediated fllm transfer
(AMFT) technique to deposit thin P(VDF-TrFE-CTFE) layers
(1 to 1.5 μm) on glass substrates, using silicone elastomer sup-
port layer and water for film separation.[376] Multilayer unimorph
diaphragm actuators were fabricated by laminating 5 μm thick
substrate of the same terpolymer on a Si wafer, further
recursively sputter-coating Al electrodes and laminating the
P(VDF-TrFE-CTFE) films on it, and finally exposing the dia-
phragm actuator via deep-reactive ion etching. The 12-layer
unimorph actuators (Figure 8c,d) attained quasi-static deflections
of 9 μm (40 V excitation) and allowed to vary optical power of a
vari-focal liquid-filled microlens over 50 diopters.

Ju et al. employed the AMFT technique to manufacture
P(VDF-TrFE-CTFE) unimorph membrane actuators for vibrotac-
tile interfaces.[377] The resulting terpolymer films (4 and 8 μm in
thickness) were laminated at 110 °C on ITO-covered PET sub-
strates (188 μm thick) and spray-coated with PEDOT:PSS for
top electrodes. Single- and double-layer membrane designs
(85� 60mm) were manufactured, achieving maximum resonant
deflections of up to 2.4 μm (220Hz, 20 V μm�1, 8 μm thick EAP)
and 3.3 μm (220Hz, 25 V μm�1, 4 μm thick EAP), respectively.

Kadooka et al. studied multilayer unimorph actuators basing
on P(VDF-TrFE-CFE).[373] A pneumatic dispenser system was
used to deposit the layers of EAP (10 μm) and MWCNTs/silicone

Figure 8. Actuators basing on PVDF co- and terpolymers: a) Wang et al. proposed to use P(VDF-TrFE) in adaptive shell spherical reflectors. Reproduced
under CC-BY 4.0 license from.[114] b) Actuation of an EI-P(VDF-TrFE) bending unimorph actuator. Reproduced with permission.[215] Copyright 2001,
Elsevier. c) Cross section and d) operation of a multilayer P(VDF-TrFE-CTFE) diaphragm actuator with 12 active layers and Al electrodes.
Reproduced with permission.[376] Copyright 2013, Elsevier. e) Self-folding cube and pyramid structures that are actuated by P(VDF-TrFE-CTFE) unimorph
actuators. Reproduced with permission.[372] Copyright 2017, Elsevier.
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composite electrodes (10–15 μm). Stacks of 2 to 10 active layers
were applied on glass substrates and transferred to scotch tape
(passive layer) to form 10� 10mm unimorphs. The 2- and 10-layer
samples respectively produced Fbl of up to 2.5 and 20mN
(50 V μm�1), and tip displacements of up to 3 and 0.9mm.

Liu et al. manufactured unimorph cantilever actuators in their
study on annealing of P(VDF-TrFE-CTFE).[230] 60 μm thick ter-
polymer membranes were solution-cast, annealed under differ-
ent conditions, sputter-coated with Au electrodes, and attached to
100-μm-thick PET substrates using an adhesive tape. The 41mm
long annealed actuators (90 °C, 1 h) displayed maximum tip dis-
placements δ of 1.706mm (20 V μm�1), performing significantly
better than the 0.823mm in unannealed samples.

Ahmed et al. studied P(VDF-TrFE-CTFE) unimorph actuators
basing on paper and scotch tape substrates and used them in self-
folding structures (Figure 8e).[372] The 35-μm thick EAP films
were solution-cast and annealed, sputtered with Ag electrodes,
and laminated both on paper (Y= 5.5 GPa) and scotch tape
(1.6 GPa) substrates. Both cantilever types curled into a full loop,
whereas the scotch tape actuators achieved this at lower field
strengths (up to 80 V μm�1). Multilayer unimorph actuators were
also constructed employing a similar manufacturing process.[372]

The six-layer samples (3� 1 cm) produced blocking forces of up
to 26mN (50 V μm�1), providing a 8.7� higher forces and 1.5�
lower displacements than the monolayer transducers and were
further used to actuate paper origami structures (butterfly, cata-
pult, and barking dog).

Lheritier et al. screen-printed 1.2–4 μm thick P(VDF-TrFE-
CTFE) films and PEDOT:PSS electrodes on 125-μm-thick PEN
substrates to form unimorph actuators.[225] The 1–2 cm long actua-
tors produced tip deflections of up to 14 μm (100 V μm�1), while
the actuator efficiencies remained <0.01.

Baelz and Hunt produced unimorph cantilever actuators by
inkjet-printing carbon black electrodes and spin-coating P(VDF-
TrFE-CTFE) on 140-μm-thick PET-based substrates.[240,241] The
18mm long annealed and poled actuators produced 206 μm
quasi-static (300 V) and 3mm resonant (115Hz) displacements.

Sekar and Hunt developed a process for fully inkjet-printing
similar actuators (using Ag for electrodes), and their 18� 3mm
cantilevers attained maximum quasi-static and resonant deflec-
tions of up to 224 μm (275 V) and 1.72mm (200 V, 114Hz),
respectively.[242]

Gallucci et al. combined inkjet-printing (Ag electrodes) and
stencil-printing (P(VDF-TrFE-CTFE) layer) to manufacture unim-
orph cantilevers (18� 3mm) on both PET-based (140 μm) and
PEN (polyethylene naphthalate, 50 μm) substrates.[239] P(VDF-
TrFE-CTFE) layer thicknesses of 5–24 μm were studied, and the
actuators exhibited up to 759 μm quasi-static (560 V) and
5.95mm resonant (550 V, 52Hz) displacements.

IJssel de Schepper and Hunt developed an automated air-
brush 3D printer and used it to print single- and dual-layer
P(VDF-TrFE-CTFE) unimorph actuators (18� 4mm) with CB
electrodes (�1 μm) on PET-based substrates.[243] The single-layer
actuators (20 μm EAP thickness) produced maximum quasi-
static and resonant displacements respectively of 179 μm
(630 V) and 2mm (600 V, 107Hz). Dual-layer actuators (10 μm
EAP thickness) showed higher deflections at lower activation
voltages (Figure 9), reaching up to 340 μm (440 V) and

3.7mm (104Hz, 400 V) in quasi-static and dynamic operation,
respectively.

D’Anniballe et al. proposed P(VDF-TrFE-CTFE) unimorph
actuators basing on electrospun aligned nanofiber mats, and
compared them against melt-extruded P(VDF-TrFE-CTFE) film
actuators.[231] Both the electrospun mats and melt-extruded films
(50–80 μm thickness) were produced, sandwiched between alu-
minum tape, and laminated on a PI (polyimide, thickness 57-μm)
substrate. The 63mm long nanofiber- and film-based actuators
(thickness 50 μm, 15 V μm�1) respectively produced maximum
tip deflections of 1.8 and 1.6 mm. Maximum forces of 1.5 mN
(80 μm nanofiber mat) and 2.4mN (60 μm film) were reported.

In a follow-up study, D’Anniballe et al. filled the nanofiber mat
cavities with PDMS (polydimethylsiloxane) to improve dielectric
strength[374,375] and used conductive CB/PDMS composite for
the electrodes to improve actuator flexibility. The resulting
45mm long actuators achieved maximum deflections of
5.14mm (25 V μm�1) and blocking force of up to 0.4 mN.[374]

Van Duong et al. investigated the performance of microfluidic
pumps based on P(VDF-TrFE-CFE) unimorph diaphragms.[235]

The unimorph actuators were fabricated by sputter-coating the
EAP films with Au electrodes and laminating them onto a
PET membrane. Under 600 V sinusoidal excitation (0.5 Hz),
the pumps achieved a silicon oil column height of up to 678 μm.

5.5. Composites and Blends

A number of studies have employed PVDF-based polymer matrix
composites (Section 5.5.1) and blends (Section 5.5.2) to construct
functional actuators, as summarized in Table 8. These can be bro-
ken down into bending unimorph cantilevers[120,233,299,302,331,336]

and diaphragms,[234,235] dilating diaphragms,[329] stacks,[378] and
tubular[237,379,380] configurations.

5.5.1. Composites

Tu et al. fabricated unimorph bending cantilever actuators basing
on CB/P(VDF-TrFE-CTFE).[233] 8 μm thick CB/P(VDF-TrFE-
CTFE) layers were solution-cast on 12-μm copper foils, annealed,

Figure 9. Spray-printed dual-layer P(VDF-TrFE-CTFE) unimorph cantilever
actuators exhibiting higher displacements than single-layer counterparts.
Reproduced under CC-BY 4.0 license from.[243]
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and further coated with 0.15 μm thick Ag top electrodes. The
17.5mm long actuators achieved resonant tip displacements
of up to 248 μm (13Hz) upon 12 V μm�1 electric field.

Sharafkhani and Kokabi manufactured bending unimorph
actuators basing on MWCNTs/PVDF composite nanofibers.[299]

Rectangular nanofibermats (40� 15� 0.1mm) were electrospun,
coated with Ag paste on both sides to form electrodes, and attached
on flexible Al substrates. The finished actuators exhibited tip dis-
placements of up to 24 μm upon 4 V μm�1 excitation.

Fook et al. introduced Ag NW interlayer into P(VDF-TrFE-
CTFE) unimorph actuators.[302] The actuators were fabricated
by doctor-blading the P(VDF-TrFE-CTFE), Ag NW ink and
another P(VDF-TrFE-CTFE) layers on ITO-coated PET substrates
(125 μm), and further depositing PEDOT:PSS top electrodes. The
25� 35mm actuators with a 10 μm thick active layer produced a
blocking force of up to 2mN (25 V μm�1).

5.5.2. Blends

Le et al. employed 50 μm DEHP/P(VDF-TrFE-CFE) films with
sputter-coated Au electrodes to form diaphragm actuators for
microfluidic pumps (Figure 10).[329] The micropumps were
reported to attain flow rates of up to 8 μl min�1 and back
pressures of up to 250 Pa (15 V μm�1, 1 Hz).

Della Schiava et al. sputter-coated thin DEHP/P(VDF-TrFE-
CTFE) films with Au electrodes and laminated them on PET sub-
strates (adhesive tape and pressing), forming bending unimorph
actuators (Figure 11).[120] The 40mm long actuators (25 μm EAP)
attained up to 6mm tip displacements (0.1 Hz, 40 V μm�1) and
2.5mN blocking forces (2.5� higher than pure terpolymer
actuators at the same field), while the breakdown strength
was reported to deteriorate with increasing EAP layer thickness
(25 to 60 μm) and remained lower than in pure terpolymer.

DINP/P(VDF-TrFE-CTFE) actuators have been proposed to
make butterfly-shaped morphing structures, as shown in
Figure 12.[331] An EAP layer was sandwiched between Au electro-
des (sputter-coated) and glued on a PET substrate. The butterfly-
shaped actuators were demostrated to mimic flapping motion in
response to 10 V μm�1 stimulation at �1.5 Hz.

PVDF terpolymer blends with DEHP and DINP have been
proposed for smart guidewire applications in endovascular sur-
gery.[237,379] Ganet et al. constructed smart guidewires of 1.4 mm
diameter by melt-extruding hollow tubular DEHP/P(VDF-TrFE-
CTFE) structures, filling them with carbon grease for central
electrodes, and sputter-coating two semicircular Au electrodes
on the outer surfaces.[379] Activating opposite actuator segments
allowed to bend the guidewires in opposite directions, and
65mm long samples showed 85° bending angles upon
60 V μm�1 excitation. Della Schiava et al. based on the same
design to make a DINP/P(VDF-TrFE-CFE) guidewire with
improved biocompatibility.[237] Under 25 to 50 V μm�1 excitation
a 60mm long guidewire was visually confirmed to bend.

Thetpraphi et al. fabricated multilayer actuators basing on
10 wt% DINP/P(VDF-TrFE-CFE) blends (Section 4.3.1) by
solution-casting 200–250 μm thick EAP films, sputtering them
with Au electrodes, and bonding them into multi-layer
stacks.[234,378] These actuators were then used for deforming opti-
cal surfaces in longitudinal[234,378] and shear[234] configurations. In
longitudinal mode, a single eight-layer actuator deformed a 3mm
thick glass sheet by up to 10 μm (20 V μm�1),[378] and a four-
actuator design was further demonstrated effective in altering the
surface deformation profile.[234] In shear configuration, a five-layer
actuator (4 cm diameter) produced up to 3 μm (15 V μm�1) out-of-
plane deformations in a 2mm thick glass sheet.[234]

Lu et al. fabricated core-free tubular actuators of P(VDF-CTFE)/
P(VDF-TrFE-CFE) blends for activating Braille display.[380] Two
sheets of 4 wt% P(VDF-CTFE) blend were solution-cast, mechani-
cally stretched (4 to 6 μm net layer thickness), coated with Al elec-
trodes, laminated together, annealed thermally and rolled into
tubes. The resulting 40–45mm long actuators (2.2mm diameter)

Figure 10. A diaphragm micropump that is driven by a DEHP/.P(VDF-
TrFE-CFE) actuator. Reproduced under CC-BY 4.0 license from.[329]

Figure 11. Operation of a DEHP/.P(VDF-TrFE-CTFE) bending unimorph
cantilever actuator. Reproduced under CC-BY 4.0 license from.[120]

Figure 12. Butterfly-shaped structure are activated by DINP/P(VDF-TrFE-
CTFE) transducers. Reproduced with permission.[331] Copyright 2017,
Wiley Periodicals, Inc.
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produced displacements of up to 0.5mm and forces of up to 1.1 N
upon 300 V excitation.

Van Duong et al. studied unimorph bending cantilever actua-
tors basing on P(VDF-TrFE)/P(VDF-TrFE-CFE) blends.[336] The
45� 5mm actuators were fabricated by coating 130 μmPET sub-
strates with Ag NWs to form bottom electrodes, laminating
3.6 μm thick EAP films (20 wt% P(VDF-TrFE) content) on them,
and sputtering Au to form the top electrodes. The resulting actua-
tors produced up to 0.47mm tip displacements (110 V μm�1,
0.1 Hz), an improvement of up to 16.5% over the neat terpolymer
samples. The same EAP was further used to build a pressure-
responsive vibrotactile device (5 μm thick EAP) that is activated
by touch and produces vibrational stimulus on a human finger-
tip. The device produced quasi-static and dynamic deformations
of 3.5 μm (1Hz) and 1 μm (500Hz), respectively (40 V μm�1).

In a later study, Van Duong et al. employed P(VDF-TrFE)/
P(VDF-TrFE-CFE) blends to actuate microfluidic membrane
pumps,[235] achieving a silicon oil column height of up to
778 μm (600 V excitation, 0.5 Hz). This resulted in a 14.7% per-
formance increase compared with reference pumps based on
pure P(VDF-TrFE-CFE) films (see Section 5.4).

6. Highlights and Perspectives

This section will discuss, compare, and visualize the findings of this
review on electromechanical transduction properties of PVDF-
based materials (Section 6.1) and the respective actuators and devi-
ces (Section 6.2). It summarizes the current state-of-the-art of the
field, and provides insights into possible future developments in
terms of improving the material performance, actuator design
and fabrication.

6.1. Materials

Making versatile actuators from ferroelectric polymers requires
the materials to exhibit high strains, high elastic energy density,

efficient electromechanical coupling, and low losses (both
mechanical and electric).

The maximum strains for all PVDF-based materials are plotted
in Figure 13, and the highest strains of up to 13.4% have
been reported for P(VDF-DB).[39] The maximum strain depends
on the electrostrictive coefficient and the applied electric field
(Smax ¼ ME2

max), the latter being constrained by the dielectric
breakdown strength (Eb).

The electrostrictive coefficient is further proportional to the
compliance (i.e., 1/Y ) and dielectric permittivity (ε= ε0εr), as
described by Equation (19). This relationship is illustrated in
Figure 14, indicating incremental improvement by an order of
magnitude between PVDF, copolymers, terpolymers, compo-
sites, and blends.

The electromechanical coupling coefficients (k33 and k31)
indicate the efficiency in converting the electrical energy into
mechanical output, commonly estimated for quasi-static operation.
Identical values of up to 0.88 have been reported for P(VDF-TrFE-
CFE-FA),[40] P3HT-PMMA@SWCNTs/P(VDF-TrFE), and TiO2/
PVDF,[286,304] while typical values remain between 0.1 and 0.65
(see Table 1, 2, 3, 4, and 5).

Elastic energy densities of the reviewed materials are plotted
against the respective driving field strengths in Figure 15, with
the highest values of up to 11.3 and 3.1 J cm�3 being reported for
TiO2/PVDF

[286] and P(VDF-DB),[39] respectively. While high
energy densities typically correlate with high activation field
strengths (see Figure 15), it is possible attain high energy densi-
ties at low field strengths by modifying the base materials. Energy
density depends linearly on the Young’s modulus and quadrati-
cally on the strain of the material (US= 0.5YS2), as illustrated in
Figure 16. In practice, stiffer materials tend to exhibit higher
elastic energy density than softer ones, as the material strains
are generally limited below 10%.

Some properties of practical significance are rarely studied in
the reviewed works, such as power density and reliability. While
the power density could be assumed proportional to the energy
density, it depends on the operating frequency and is limited by

Figure 13. Maximum strain (S) versus driving electric field (E) of PVDF-based actuator materials.
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the transduction dynamics (e.g., viscoelastic losses), as has been
indicated for the strain, piezoelectric and electrostrictive
coefficients, and coupling efficiency.[107,159,215,244] It is further
important to study the actuator lifespan and stability of properties
(mechanical, electrical, transduction) to guarantee reliable and
robust operation.

6.1.1. PVDF

Strong piezoelectric response, mechanical flexibility and a wide
commercial availability has led to a wide use of PVDF in
sensing and energy harvesting applications.[83,381] In contrast,
the pure PVDF polymer is used in limited actuator studies
(see Section 5.1), ascribable to the elaborate preparation

(stretching and poling), high driving fields, low strains, and
energy conversion efficiency (see Table 1). Very limited studies
report the strains for PVDF, indicating up to 0.88% at
�3.7 V μm�1.[161] The need for higher electromechanical
coupling performance in actuation applications has inspired a
number of alterations to develop better-suited materials.

6.1.2. Copolymers

PVDF copolymers, with P(VDF-TrFE) being the most studied,
offer significant advantages over PVDF in both ease of process-
ing and performance. P(VDF-TrFE) can crystallize directly into
the stable electroactive β-phase without requiring mechanical
stretching, although stretching, poling, and annealing steps have

Figure 14. Permittivity (ε0εr) versus compliance (1/Y ) of PVDF-based actuator materials.

Figure 15. Elastic energy density (US) versus driving electric field (E) of PVDF-based actuator materials.
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been shown to enhance its piezoelctric properties. Additionally,
P(VDF-TrFE) exhibits a higher dielectric constant, lower Young’s
modulus and enhanced piezoelectric coefficients (d31 and d33),
compared with PVDF (see Table 1). Notably, very high d33
values (up to 63.5 pmV�1) can be achieved by optimizing the
VDF/TrFE molar ratio, as demonstrated in ref. 176.

Irradiating P(VDF-TrFE) with high-energy electrons and ions
promotes RFE behavior, resulting in high transverse and longi-
tudinal electrostrictive strains (S3 and S1 up to 5% and 4.4%,
respectively). This process requires specialized equipment and
has a low yield due to the undesirable damage.

While addressed only in a few reports, PVDF copolymer with
CTFE can exhibit strain responses of above 5% and energy den-
sities of above 1 J cm�3 (attributable to its high Young’s modu-
lus),[191] exceeding both PVDF and P(VDF-TrFE). Converting the
CTFE units into CH═CF double bonds (DB) further produces
P(VDF-DB) that exhibits relaxor ferroelectric behavior. P(VDF-
DB) produces the highest strains (S3 > 10%) among all the
reviewed materials and high energy densities (>3 J cm�3), but
requires high field strengths to achieve that (>250 V μm�1).[39]

P(VDF-HFP) exhibits comparable strains (up to 4.1% at
50 V μm�1) the to P(VDF-CTFE) and irradiated P(VDF-TrFE)
at three to four times lower field strengths (see Table 1), attrib-
utable to its dominantly electrostrictive response.[164] This sug-
gests that significantly higher strains are possible near the Eb
(reported at 700 V μm�1 in).[199] Electrospun P(VDF-HFP) nano-
fiber mats produce similar strains to the bulk material at
significantly lower driving fields (ca 17x lower E), while the
low Young’s modulus means reduced energy density (up to
0.22 J cm�3 in).[196]

6.1.3. Terpolymers

Similarly to P(VDF-HFP) and irradiated P(VDF-TrFE), PVDF
terpolymers with an additional bulky monomer (CTFE, CFE
and HFP) exhibit a nonlinear, but significantly stronger

electromechanical response than PVDF and P(VDF-TrFE)
due to their dominantly electrostrictive behavior (see
Section 2.1.2). P(VDF-TrFE-CTFE) has been reported to exhibit
the highest strains among terpolymers (S3 of up to 9% at
200 V μm�1),[188] while P(VDF-TrFE-CFE) exhibits the highest
energy densities (1.1 J cm�3) and coupling efficiencies (0.55),
attributable to the higher εr, Eb, and Y (see Table 2). Both the
longitudinal and transverse strain responses of these materials
have been extensively studied and have been shown to strongly
depend on the synthesis methods, composition, and post-
processing.[106,107,188,210,214,224,230] The only study on P(VDF-
TrFE-HFP) reported strains of up to 2.8% at 70 V μm�1,[221]

requiring further investigation into its performance at higher
fields similar to other terpolymers (see Table 2).

Additional incorporation of FA monomers into P(VDF-TrFE-
CFE) produced P(VDF-TrFE-CFE-FA) tetrapolymer[40] that exhibits
similar strains (6% at 80 V μm�1) and higher coupling efficiencies
(k33= 0.88) than the original terpolymer[214,223,236,337] at signifi-
cantly lower driving fields. Therefore, tetrapolymer synthesis and
characterization is anticipated to produce more high-performing
classes of RFE materials.

6.1.4. Composites

Incorporation of piezoceramic fillers into PVDF and its copoly-
mers enhances their crystallinity, dielectric properties (e.g., εr up
to 181 at 1 kHz in)[283] and piezoelectric response (d33 up to
100 pmV�1 in).[281] Fabrication of such composites is compli-
cated by the elaborate anti-parallel poling process and results
in reduced flexibility due to the high required filler concentra-
tions. Till date, most of the reported studies focus on PZT-based
ceramic fillers, and no studies have investigated employing
PVDF terpolymers as matrix material (see Table 3).

Ceramic TiO2 nanofillers in TiO2/PVDF composites produced
exceptionally high strains (S3 of up to 8.1 at 40 V μm�1),
coupling efficiencies (k33 of up to 0.88) and energy densities

Figure 16. Maximum strain (S) versus Young’s modulus (Y ) of PVDF-based actuator materials.
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(11.3 J cm�3).[286,289] Despite the reduced Eb, the reportedUS is sig-
nificantly higher than other PVDF-based materials.

Incorporation of other fillers (conductive, metal-organic, and
OS particles) in PVDF-based matrices enhances the electroactive
phase crystallization and dielectric constant, as explained in
Section 4.1. The composites basing on conductive and metal-
organic fillers produce high strains at significantly lower electric
fields (e.g., S3 of up to 5.1% at 50 V μm�1,[304] 4.1% at
23 V μm�1,[308] and 1.91% at 13 V μm�1[88]) and retain the
mechanical flexibility of the matrix, with SWCNTs/P(VDF-
TrFE) also achieving high coupling efficiency of 0.88.[304]

However, the maximum strains remain inferior to the pure
polymer matrix due to the 4� to 20� decrease in breakdown
field strength (see Table 4). Breakdown strength of MWCNTs/
PVDF has been shown to improve via mechanical rolling
(130 to 340 V μm�1)[305] and insulating encapsulation of
MWCNTs (see core-shell structures in Section 4.2.6),[314,315] even
beyond the strength of pure PVDF.[311] So far, both approaches
have only been studied on the PVDF matrix. Strain and energy
density of P(VDF-HFP) nanofiber mats improve upon PANI
filler addition respectively by 2� (3.65% at <12 V μm�1) and
37� (0.03 J cm�3),[105] although the energy density remains below
the bulk polymer values due to low Young’s moduli.[105,196]

6.1.5. Blends

Blending P(VDF-TrFE-CTFE) and P(VDF-TrFE-CFE) with plasti-
cizers (DEHP, DINP, Palamoll 652) results in extreme dielectric
permittivity (up to 4800 at 0.1 Hz[224]) and significantly reduced
Young’s modulus (1.6� to 6�, see Table 5). The high permittivity
has been ascribed to the MWS effect and plasticizer seepage,[331]

and the improved low-field (≤30 V μm�1) strains are explainable
by M ∝ ðεrε0Þ=Y (see Section 2.1.2). However, the performance
is limited by the reduced breakdown strength (up to 2�[237]) and
plasticizer leakage,[331] while the dynamic response has not been
studied. The highest strains of 2% (S3) were reported for DEHP/
P(VDF-TrFE-CFE) at low fields of 10 V μm�1[326]), while their
energy densities remained two to four orders of magnitude lower
than in pure terpolymers (see Table 5).

Contrary to the plasticized polymers, the 2-polymer blends
exhibit increased Young’s modulus (see Table 5), resulting in
enhanced energy densities and coupling efficiencies compared
to the pure polymers.[235,236,337] The blends exhibit comparable
maximum strains to the base polymers without deterioration
in breakdown strength, except for P(VDF-HFP)/P(VDF-TrFE)
that produces significantly higher strains than P(VDF-
TrFE).[334] Transduction and dielectric properties have been stud-
ied for a limited amount of combinations of polymers
(Section 4.3.2), leaving many unexplored permutations, such
as P(VDF-TrFE-CTFE) or P(VDF-TrFE-HFP) combinations with
(one or multiple) other terpolymers or copolymers.

6.2. Actuators

6.2.1. Design, Materials, and Applications

PVDF-based actuator types and configurations are summarized
in Figure 17a. They include bending cantilevers (unimorph and

bimorph), bending membranes (unimorph), dilating mem-
branes, tubular actuators (coaxial and rolled), and plate and stack
actuators. Multilayer designs have been employed in cantilever
actuators, unimorph diaphagms, rolled tubular structures, and
stack configuration. Over 70% of the reviewed devices utilize
a unimorph configuration (benders and diaphragms), highlight-
ing its versatility and ease of fabrication.

The reported actuators base on a multitude of pure polymers
and their modification, as shown in Figure 17b. Their electrodes
were based on metallic (Au, Ag, Cu, Al), carbon-based (grease,
CB), polymeric (PEDOT:PSS), ceramic (ITO), and composite
(CB/PDMS, MWCNTs/silicone) materials, as summarized in
Table 6, 7, and 8. Flexible substrates, when present, consist of
PET, PI, PEN, PC, PVDF, P(VDF-TrFE) and P(VDF-TrFE),
Scotch tape, paper, or metallic passive layers (Cu and Ni-Fe foils).
However, many of the PVDF-based materials (see Section 3) that
exhibit strong electromechanical transduction have not yet been
employed in actuators, including P(VDF-HFP) and P(VDF-DB)
copolymers, P(VDF-TrFE-HFP) terpolymer, P(VDF-TrFE-CFE-
FA) tetrapolymer, and composites with piezoceramic fillers.

Utilization of PVDF-based actuators has been proposed most
commonly in the fields of optics, microfluidics and haptics, as
illustrated in Figure 17c. The materials further offer a strong
potential for soft robotics and wearable applications, showing
similar strains and energy densities to DE actuators (see
Figure 13, 15, and 16),[30] but at lower activation voltages. In soft
robotics, they have been proposed for actuating a locomotion
unit[364], origami structures,[372] and wings of a robotic butter-
fly.[331] Among wearable devices, PVDF and P(VDF-TrFE) have
been extensively studied as sensors,[382] but not yet as actuators.
Compared with other smart materials and conventional actuators
that have been studied for wearables,[383–385] the PVDF-based
actuators are anticipated to enable favorable trade-offs between
bandwidth, strain, size, and activation voltage.

6.2.2. Manufacturing

Actuator manufacturing begins with either the active layer or the
substrate and consists of deposition, assembly and treatment
steps. When starting with the active layer, the fabrication bases
on a purchased or fabricated membrane (e.g., solution-casting,
melt-pressing, extrusion) and typically involves the steps of active
layer processing (e.g., annealing, poling, stretching), application
of electrodes (e.g., physical vapor deposition, brushing, printing),
and assembly of the finished layers (with epoxy or adhesive
tapes). This strategy has been used to produce bimorph,[356]

unimorph,[230,299,371] tubular,[228] and stack[378] actuators.
When starting with the substrate, individual functional layers
are incrementally deposited via spin-coating, spray-coating, 3D
printing, inkjet-printing, screen-printing, stencil-printing, or
doctor blading. Actuators have been produced using either
one[161,225,242,243,302,366] or multiple techniques.[239,241,364,368]

Emergence of additive manufacturing has led to its growing
application in actuator production[242,243] and is anticipated to
further grow its role in the field.

EAP layer fabrication is a key step in actuator manufacturing,
with appropriate methods depending on the specific EAP material
and the intended actuator geometry. Solution casting is the most
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commonly used method for PVDF-based FPs, as it is simple to
implement, compatible with most materials, very accessible, and
can produce very thin EAP layers (1–1.5 μm).[233,234,372,376,378,380]

Drawbacks of solution casting include limited freedom in geometry
and residual porosity.[192,195] Other accessible methods for EAP fab-
rication include spin-coating,[240,241,364] screen-printing,[225] and
stencil-printing,[239] that exhibit similar characteristics to solution
casting, but have been employed less frequently. Digital printing
methods overcome the masking constraints by directly applying
the required patterns of thin EAP layers.[242,243,366] Depending
on the technique, the inks may require meticulous rheology opti-
mization to ensure their printability,[242] which is more challenging
for higher FP concentrations and filler contents. Specialized tech-
niques that have been used for the fabrication of FP layers include
electrospinning, which directly produces stretched and poled poly-
mer fibers (enhanced transduction, but increased porosity and
reduced stiffness)[105,196,231,374] and melt extrusion, which enables
direct formation of hollow structures for tubular actuators.[379]

Electrodes of the actuators need to be sufficiently conductive
and compliant to apply electric field to the EAP layer and allow
it to deform. PVD methods have been used to produce very
thin (typically tens of nm) metal electrodes, either directly on
FPs[215,230,234,378] or in combination with Cr/Ti adhesion
layers.[367] However, PVD requires custom masks to shape the
electrode and is limited in the selection of compatible materials.
Screen-printing and spray-coating have been used to deposit con-
ductive polymer electrodes (PEDOT:PSS),[225,377] but also require
masking. Additive manufacturing techniques are mask-free and
have been used to produce fine electrode patterns of various mate-
rials, including Ag and CB nanoparticles,[239–242,365,366] MWCNTs/
silicone composites[373] and PEDOT:PSS.[355] As a limitation, they
may require pre- and post-processing steps, such as ink formula-
tion, surface preparation, drying, and sintering.[239,240,242]

6.2.3. Performance

The most commonly reported performance indicator is the actu-
ator displacement (see Table 6, 7, and 8). While displacement

depends on the excitation frequency, it is often reported only
for a single operating condition (quasi-static, dynamic, or
resonant), making comparison challenging.

Comparison of bending cantilever actuator displacements can be
facilitated by normalizing their tip deflection to compensate for dif-
ferences in length (δ/L). Figure 18 plots the normalized deflections
of the reviewed cantilever actuators against the respective driving
field strengths. In quasi-static conditions (E≤ 50 V μm�1), PVDF
bimorph and P(VDF-TrFE-CFE) multilayer unimorph actuators
achieve the highest δ/L of 0.35[355] and 0.3,[373] respectively,
followed by PVDF (δ/L= 0.18),[357] DEHP/P(VDF-TrFE-CTFE)
(δ/L= 0.15),[120] and P(VDF-TrFE-CTFE) films and nanofibers-
based unimorphs (δ/L= 0.08–0.11).[120,374] In resonant operation,
the double-supported PVDF bimorphs[354] achieve highest
δ/L of 0.45 (13.3 V μm�1), followed by single- and dual-layer
P(VDF-TrFE-CTFE) unimorphs at 0.33 (60 V μm�1)[239] and 0.2
(40 V μm�1),[243] respectively.

Actuator’s blocking forces (see Section 2.2) are reported less
frequently, and the highest values of up to 1.3 and 1.1 N
were produced by tubular actuators of P(VDF-TrFE-CFE)[228]

and P(VDF-CTFE)/P(VDF-TrFE-CFE).[380] Bending cantilevers
produce significantly lower forces, with studies reporting up
to 26mN for P(VDF-TrFE-CTFE)[372] and 20mN for P(VDF-
TrFE-CFE)[373] multilayer unimorphs.

Ferroelectric polymer actuators often operate close to the
dielectric breakdown strength, requiring high activation fields
(typically 10–150 V μm�1[40,219,231]) and driving voltages.
Employing thinner active layers allows to reduce the driving vol-
tages (E= V/ta), but deteriorates the actuation capabilities due to
the reduced EAP volume. Multilayer actuators overcome this
challenge by stacking several actuator layers on top of one
another and connecting them electrically in parallel, a common
practice in piezoceramic[386,387] and dielectric elastomer
actuators.[388–398] This approach has received less attention than
the single layer structures (see Figure 17a).

Performance of the bending cantilever actuators (forces and
deflections) is strongly dependent on their constituent materials
and layer thicknesses,[129,130,239,364] as explained in Section 2.2.2.

Figure 17. Graphic summary of the reported PVDF-based actuators: a) transducer configurations, b) employed materials, and c) proposed application
domains.
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Since the designs are mostly not optimized, the reported bending
actuators exhibit modest performance (e.g., high material strains
do not necessarily produce high tip deflections), which could be
significantly improved by optimizing the morphology.

7. Conclusions

This work reviews and summarizes the research in electrome-
chanical transduction properties of PVDF-based ferroelectric
materials and actuators. The materials are divided into PVDF-
based polymers (PVDF, its co-, ter-, and tetra-polymers), their
composites (with ceramic, conductive, organometallic, and
organosilicate fillers), and blends (with plasticizers and other pol-
ymers). The review addresses the key factors that contribute to
transduction performance, including dielectric permittivity,
Young’s modulus, strain, electrostrictive and piezoelectric
coefficients, energy density, breakdown strength, and coupling
efficiency. The reported actuators are classified as unimorph
and bimorph bending cantilevers, unimorph diaphragms, dilat-
ing diaphragms, plates, stacks, and tubular actuators. Evaluation
is conducted in terms of quasi-static and dynamic displacement,
blocking force and activating electric field strength. The review
indicates several unexplored opportunities, both in the material
and actuator design.

While pure PVDF polymer requires elaborate stretching and pol-
ing steps to produce strains of up to 0.88% (3.7 V μm�1) and energy
densities of up to 0.0024 J cm�3, the copolymers exhibit higher per-
formance and are easier to process. P(VDF-TrFE), P(VDF-CTFE),
and P(VDF-HFP) respectively exhibit strains of up to 3.5%
(190 V μm�1), 5.5% (220 V μm�1), and 4.1% (50 V μm�1), and
energy densities of up to 0.42, 1.1, and 0.92 J cm�3. Double-bonded
P(VDF-DB) have been synthesized from P(VDF-CTFE), attaining
strains of up to 13.4% (275 V μm�1) and energy densities
of up to 3.1 J cm�3, the highest among all reviewed materials.
Irradiating P(VDF-TrFE) with high-energy electrons induces
RFE behavior, enabling strains of up to 5% (146 V μm�1,

0.92 J cm�3). Electromechanical transduction of P(VDF-DB) and
P(VDF-HFP) was studied well below their breakdown strength,
indicating potentially much higher performance.

Terpolymers of PVDF exhibit strong electromechanical trans-
duction without specific post-processing requiements. The
P(VDF-TrFE-CTFE), P(VDF-TrFE-CFE), and P(VDF-TrFE-HFP)
are synthesized by introducing a bulky monomer into
P(VDF-TrFE) and respectively exhibit strains of up to 9%
(200 V μm�1, 0.51 J cm�3), 7% (170 V μm�1, 1.1 J cm�3), and
2.8% (70 V μm�1). Reports on P(VDF-TrFE-HFP) are very lim-
ited, and further investigation is required at higher field
strengths. The recently reported P(VDF-TrFE-CFE-FA) tetrapol-
ymer exhibits strains of up to 6% (80 V μm�1, 0.4 J cm�3) and a
coupling efficiency of up to 0.88, which is among the highest
figures of the reviewed materials and EAPs in general. This
indicates that further research into tetrapolymers may produce
a new class of high-performance RFE materials.

Introducing fillers into PVDF polymers yields composites
with enhanced electromechanical properties. The reported
ceramic fillers are mostly PZT-based and produce increased pie-
zoelectric and dielectric properties (εr of up to 181 at 1 kHz and
d33 up to 100 pmV�1), but require elaborate anti-parallel poling.
Electrothermal actuation in TiO2/PVDF composites achieved
the highest energy densities among the reviewed materials
(up to 11.3 J cm�3 at 40 V μm�1), despite the reduced breakdown
strength. Composites basing on conductive and metal-organic
fillers respectively exhibit improved low-field strains of 5.1%
in SWCNTs/P(VDF-TrFE) (50 V μm�1, 0.74 J cm�3) and 1.91%
in CuPC/EI-P(VDF-TrFE) (13 V μm�1, 0.13 J cm�3), at the cost
of decreased breakdown strength. The SWCNTs/P(VDF-TrFE)
composite further exhibits exceptional coupling efficiency of
up to 0.88, alike the tetrapolymer and TiO2/PVDF composite.
Employing core-shell structures of conductive-insulating materi-
als has been demonstrated to improve Eb in PVDF composites
and are anticipated to have a similar effect in copolymer and
terpolymer composites.

Figure 18. Comparison of normalized deflection (δ/L) and activation fields (E) for PVDF-based bending cantilevers.
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Blending P(VDF-TrFE-CTFE) and P(VDF-TrFE-CFE) terpoly-
mers with plasticizers (DEHP, DINP, and Palamoll 652) signifi-
cantly enhanced the low-field strains (up to 2%, 10 V μm�1,
0.007 J cm�3 in DEHP/P(VDF-TrFE-CFE) blends) while decreas-
ing both the breakdown strength and Young’s modulus. In con-
trast, two-polymer blends show higher maximum strains (up to
5% in P(VDF-TrFE)/P(VDF-CTFE), 170 V μm�1) and energy den-
sities (up to 0.73 J cm�3 in P(VDF-CTFE)/P(VDF-TrFE-CFE),
150 V μm�1) due to the increased film stiffness and unaffected
breakdown strength. Therefore, the unexplored permutations of
high-strain polymers, such as P(VDF-HFP), P(VDF-TrFE-HFP),
and P(VDF-TrFE-CTFE) may attain further improvement in trans-
duction properties.

The most commonly reported actuators are bending
cantilevers (unimorph and bimorph), followed by unimorph dia-
phragms and tubular actuators. In contrast, stacked and dilating
diaphragm actuators have received little attention. Both single-
and multilayer designs have been implemented, whereas the
former are more common. Most of the reported devices base
either on P(VDF-TrFE-CTFE) or P(VDF-TrFE-CFE) terpolymers,
owing to availability and minimal post-processing requirements.
The highest quasi-static normalized displacements (δ/L) were
reported for PVDF bimorph (0.35 at 28.5 V μm�1) and P(VDF-
TrFE-CFE) unimorph (0.3 at 50 V μm�1) cantilevers. The highest
δ/L in resonant operation was reported for PVDF double-sup-
ported bimorph (0.45 at 13.3 V μm�1, 3 Hz) and P(VDF-TrFE-
CTFE) unimorph (0.33 at 60 V μm�1, �120Hz) cantilevers.
Actuator forces are reported rarely, and the highest figures of
up to 1.3 N were produced by tubular P(VDF-TrFE-CFE) actua-
tors. Superior materials do not necessarily translate into better
actuator performance due to unoptimized layer thicknesses.
Design optimization is therefore anticipated to significantly
increase actuator performance and utilization outlooks in emerg-
ing technologies.
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