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Highly polar fluorine-containing ferroelectric polymers based on vinylidene fluoride refer to the class of electroactive
polymers suitable for various engineering applications. Under usual crystallization conditions, polycrystalline texture is
formed, while after high-voltage polarization, it is transformed into a non-centrosymmetric structure, which gives rise to high
piezoelectric and pyroelectric responses. Such materials can be used for pyroelectric energy conversion. Owing to high impact
strength, ferroelectric polymers can serve as materials for alternative energy sources that convert dynamic impact energy into
electricity. The non-linearity of electric response (owing to ferroelectricity) and high breakdown fields offer opportunity of
using them in capacitive charge storage devices. The intense dynamics of the amorphous phase provides a rapid discharge of
the stored energy into an external circuit. In view of the considerable fraction of the amorphous phase (~50%) in fluorine-
containing ferroelectric polymers and high dielectric permittivity of the amorphous phase, it is possible to change the system
entropy by applying an electric field. In the case of pulsed field, this provides a temperature drop; therefore, these materials
(especially as composites) are promising for the design of solid-state refrigerators. The high thermoplasticity of these
polymers is useful for the design of sensors (e.g., microphones) with a patterned active membrane surface and enhanced
characteristics. Biocompatibility and low acoustic impedance (close to the impedance of biological tissues) accounts for the
possibility of using these polymers as biosensors. When domains are present in a ferroelectric film, strong local electric fields
appear, which can affect the activity of living cells. Using the direct and reverse piezoelectric effect, it is possible to stimulate

and control the functions of various tissues, including the nervous tissue.

The bibliography includes 463 references.
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1. Introduction

Ferroelectric polymers represent a relatively new class of
electroactive materials, which have recently attracted atten-
tion of both scientists and applied engineers.! ~¢ This is due
to the specific properties of these materials caused by the
chain nature of this type of condensed matter. These
properties give rise to conditions needed to implement
energy converters that cannot be obtained using inorganic
crystals or oxide ceramics such as PZT (PbZrTi), PMN
(PbMnNDb), etc. There are data on appearance of ferroelec-
tricity in a number of polymers such as polyuerethanes,’
odd nylons® and copolymers of vinylidene cyanide and
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vinyl acetate.” Materials based on fluorine-containing flex-
ible-chain crystalline polymers are also ferroelectric. These
compounds arouse the greatest interest, since the piezo(-
pyro)electric activity of polarized films based on them
proved to be sufficient for practical implementation of
energy converters.

This review addresses characteristics of the devices that
use vinylidene fluoride (VDF) based polymers as active
elements. These polymers (their molecular structure is
schematically shown in Fig. 1) have non-classical piezo-
and pyroelectricity mechanisms.>-¢

The structural organization of flexible-chain crystalline
polymers involves folded crystals with the longitudinal
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dimension /oo, which are packed in stacks with a large
period L. These materials are structurally heterogeneous,
since they contain amorphous regions without long-range
order, along with the crystals. These flexible-chain polymers
have glass transition temperatures 7Ty~ —40 °C. This
means that at room temperature (and above), the amor-
phous phase exhibits liquid-like dynamics, which is absent
in crystals, that is, under these conditions, the polymers
have both structural and dynamic heterogeneity. This fea-
ture, together with the high chemical stability, allows these
polymers to be used for the formation of membranes and as
matrices in the gel polymer electrolytes of lithium ion
batteries.!® The liquid-like dynamics provides high ductility
of the amorphous phase and, consequently, a non-classical
piezoelectricity mechanism > ¢ 1112 and also gives rise to a
huge electrostriction.>¢ 13 The structure shown in Fig. 1
could also be useful for the design of new types of energy
converters based on the ferroelectric polymers.

2. Renewable energy sources

After polarization, ferroelectric polymers become piezo-
active. This means that applying a dynamic load to the
material gives rise to a voltage between the electrodes. This
effect underlies the operation of devices for conversion of
mechanical impact energy to electric field energy.'4—30
Below we consider some results obtained in this field using
particularly ferroelectric polymers.
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The ferroelectric polymer films (like inorganic piezocer-
amics) have polar crystal planes randomly distributed
throughout the bulk. After polarization, these planes
assume a predominant direction, and the films thus acquire
high piezo- and pyroresponse levels.

Currently, there is active search for renewable energy
sources, and the considered polymers are of interest in this
respect. They can be used, for example, for conversion of
energy of the dynamic load encountered in the everyday life.
Ferroelectric polymers are appropriate materials for this
purpose for the following reasons. The presence of the
amorphous phase in the polymer results in low Q-factors,
i.e., the materials are characterized by a broad dynamic
range, which would produce a piezoresponse to a broad
range of external dynamic load frequencies. Furthermore,
due to the liquid-like dynamics of the amorphous phase at
room temperature, these polymers have a high impact
strength. Therefore, energy converters based on these poly-
mers can be operated at very high amplitudes of external
dynamic load, which is impossible in the case of inorganic
piezoelectrics. In our opinion, such energy converters would
be most efficient for harvesting and storage of the dynamic
impact energy at busy highways, or for the ocean and sea
wave energy.3! 36

The film area has a primary significance for the magni-
tude of the generated charge. To date, the problem of
obtaining crystalline polymer film materials with a large
surface area has been solved. The piezoelectric coefficients
(dy) T of this type of polymers are more than an order of
magnitude lower than those of inorganic materials; how-
ever, large-area active elements based on the latter are either
impossible or economically unfeasible. The effect of the
area of a polyvinylidene fluoride (PVDF) active element on
characteristics of a converter of a dynamic load to electric-
ity is depicted in Fig. 2. According to Markose et al.,37 the
effect of the film size is most pronounced in the case of high
dynamic load frequency. In this case, a twofold increase in
the area leads to an almost two orders of magnitude
increase in the generated energy. The lattice symmetry of
fluorinated ferroelectric polymers results in non-zero piezo-
electric coefficients db4 and di5.%-% 2 An example of a device
in which these coefficients operate was noted by
Schweisinger et al.3* It was shown that flow turbulence (in
air or in water) gives rise to film bending and, hence,
charges on the electrodes.

The large area and high flexibility of piezoactive poly-
mer films open up the possibility of quite unexpected
applications of these films. For example, growth of simple
biological structures (biofouling) takes place on the marine

1 For names and designations of the piezoelectric coefficients, see, for
example Refs 5 and 6.
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ship hulls with time; this changes the flow hydrodynamics
and increases the fuel consumption. In order to overcome
this problem, Latour and Murphy 3%:3° proposed an anti-
fouling sonar made of a piezoelectric PVDF film, which was
attached to the ship bottom. The film flexibility provided a
good acoustic contact between the ship hull and water.
When an alternating voltage was applied to the film, the
film generated acoustic waves of a certain frequency. The
authors compared the volumes of fouling growth in the
control sample and in the sample with the sonar. It was
found that the acoustic near field generated in the latter case
sharply decreased the fouling growth. It is known that
acoustic impedance, which depends on the density of the
medium (p) and on the speed of sound (vs) in the medium,
for fluorine-containing ferroelectric polymers is close to
that of water. This means that wave processes at the inter-
face between the two media are characterized by a minimum
reflection; thus, the conversion coefficient is higher for a
piezoelectric PVDF film, other things being equal.

Polarized polymers exhibit a pyroelectric effect, which
implies generation of surface charge induced by thermal
heating. Therefore, large-area pyroelectric elements, first,
can serve for simply designed security alarm systems (intru-
sion detection sensors, protection panels, efc.) and, second,
may be useful for the design of pyroelectric converters,
which would convert thermal energy into electricity.#0~43
According to Olsen er al.,*° an external electric field with
the strength £ =50 MV m~! applied to a pyroelectric
VDF — trifluoroethylene (TrFE) copolymer film at a tem-
perature step of 20° resulted in a generated energy density of
0.1 Jem—3, which is half that generated using PZT
ceramics. However, ferroelectric polymers are characterized
by high coercive fields; therefore, it can be expected that an
increase in the field strength in these experiments would
affect the amount of stored energy. Indeed, it was shown in
relation to PVDF that, as the field increases up to
75 MV m~!, the stored energy density (at a temperature
step of 60°) increases to 0.5 Jcm 3. Hence, in the design of
pyroelectric converters, preference should be given to poly-
meric pyroelectric materials, as they can provide greater
areas of the active elements.

Great surface areas can be attained for fluorinated
ferroelectric polymers by using them as microfibres, which
are manufactured by electrospinning. These polymers were
used to design nanogenerators in which polarized micro-
fibres of PVDF or its copolymers served as active ele-
ments.** It is of interest to compare the energy conversion
efficiency () in PVDF films of different thickness and in
nanogenerators based on microfibres of various diameters.
This value was calculated as the ratio of the generated
electric field energy to the mechanical strain energy.

In the case of solid films, the generated charge density is
markedly lower at the same strain (Fig. 3). This implies that
the n value is approximately an order of magnitude higher
for microfibres than for films. Transition from films to
microfibres is accompanied by an increase in the effective
area; therefore, the obtained data are in qualitative agree-
ment with the results of Markose er al.?” A similar con-
clusion was drawn by Wu er al.,*> who found that the
piezoelectric coefficient d33 for a solid PVDF film was 50%
lower than that for microfibres. The piezoelectric coefficient
e;; was also higher for microfibres
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Figure 3. Strain-induced charge density vs. strain in polarized
PVDF fabricated as microfibres (/) and thin films (2).** Published
with permission from the American Chemical Society.

Here D is the electric displacement, x is strain, and the
superscript £ means that the electric field is zero.

One more important circumstance is the non-linearity of
variation of e;; in microfibres with increasing strain; this is
especially obvious for low strains (see the inset in Fig. 3).
Most likely, this effect is related to the electrostriction
constant, which differs between isotropic and oriented
samples.!?-4%-47 Drawing more substantiated conclusions
requires detailed investigation of the structure of polymer
microfibres at the nanoscale level with the possibility of
monotoring structural changes induced by strain.

Triboelectric electronanogenerators (TENG) are of
interest to address the problem of mechanical impact energy
utilization. These are energy converters based on tribo-
electricity,*®-4° i.e., charge generation on the surface of a
moving dielectric due to the friction force. For thin PVDF
films at a periodic compressive force of 50 N, an output
power of 3.74 mW was obtained.*® If PVDF microfibres
were used, by appropriate adjustment of experimental con-
ditions, it was possible to attain a power density of
26.6 Wm~—2 (Ref. 49). Microfibres bear a negative charge;
with allowance for this fact, a TENG design was proposed,
which produced a voltage of 210 V at a working area of
6 x 5 cm? (Ref. 50). An increase in the roughness of micro-
fibre surface (which increases the friction coefficient) in this
nanogenerator was accompanied by an increase in the
generated voltage. It is evident that the above-mentioned
triboelectricity is not directly connected with ferroelectric-
ity, but is a consequence of the strong electron-withdrawing
effect of fluorine atoms. Indeed, a device with an output
voltage of 200 V and a circuit current of 10 pA was
implemented on the basis of a non-ferroelectric copolymer
of tetrafluoroethylene (TFE) with hexafluoropropylene
(HFP) shaped as nanowires as a result of arising tribo-
electricity.”!

The heat released on friction (usually, this is a parasitic
effect) is expected to decrease the efficiency of these devices.
Zi et al.>®> proposed to recover this heat by introducing a
polarized PVDF film into the hybrid nanogenerator. The
pyroelectric effect in the film would result in generation of
an additional electrical energy.>> The diagram of this device
is depicted in Fig. 4.
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Two mechanisms of energy generation operate in the
considered multilayer system made of different materials
(see Fig. 4a):

— the proper triboelectric effect (cycle 1);

— pyro(piezo)electric effect (cycle 2).

The surface of the polytetrafluoroethylene (PTFE) film
with a one-side copper coating bears a negative charge,
which is balanced by the charge of the covering metal
(aluminium). The choice of PTFE is due to the fact that it
possesses a good electret effect, since it steadily retains the
arising triboelectric charge owing to low conductivity.
When the aluminium plate slides, the Teflon layer is heated
due to friction, and the heat is transferred through a
Kapton (polyimide) layer with high heat conductivity to
the polarized PVDF layer, in which pyroelectricity is
generated. Simultaneously, upon this sliding, the normal
component of the force would induce a piezoelectric effect
in the PVDF film; the response gives rise to a piezoelectric
coefficient d33. As a result of these processes, the periodic
motion of the upper electrode would give rise to open-
circuit voltage V" and the short-circuit current 7 in the hybrid
nanogenerator of cycle 2 (see Fig. 4a). According to the
conclusions drawn by Wang and co-workers,>3-5* both
values depend on the area of the active element, which
may be rather large for the considered materials.

The influence of the triboelectric effect on the character-
istics of the hybrid nanogenerator as a result of periodic
load is reflected in Fig. 5. It can be seen that the peak open-
circuit voltage reaches 1200 V, which is several-fold greater
than in the case of active element based on PVDF micro-
fibre.>® Presumably, due to higher conductivity, the latter is
less efficient as an electret. When the external load resist-
ance varies, the current and voltage vary in opposite
directions (see Fig. 5¢). The peak power density generated
with a 140 MOhm load is 146 mW m—2.

It is of interest to compare the voltages and currents
generated by a device that operates as either a triboelectric
or piezo(pyro)electric nanogenerator (PPENG) with those

Piezoelectric output (1 inding cycle)
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Figure 4. Diagrams of the

multilayer design of a hybrid
d nanogenerator (a), operation
mechanisms and stages (A—D)
of triboelectric (b), pyroelectric
(¢) and piezoelectric (d) parts
of the hybrid cell circuit.>> For
1, 2, see the text. Published
with permission from John
Wiley and Sons.
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generated by a combined operation of these devices
(see Fig. 4).

When a periodic load is used, the currents generated by
the hybrid circuit and separately by TENG and PPENG are
0.59, 0.32 and 0.26 pA, respectively. The current generated
in a circuit with a capacitive load was used to charge a
supercapacitor with the capacitance C, which reached
41.9 uF. The higher currents for the hybrid circuit should
be accompanied by an increase in the derivative dV/d¢
according to the relation

dg . dV

I=—=C—
dr dr

()

where ¢ is charge, ¢ is time.

The data presented in Fig. 6 confirm this conclusion.
Indeed, the above derivative is approximately twice as large
for the hybrid circuit than for TENG or PPENG circuit.
This means that the described hybrid circuit can provide a
higher charging rate of the supercapacitor.

Yet another sort of a hybrid nanogenerator based on
PVDF microfibres was proposed by Chen et al.;3° the design
of this device implies complete encapsulation of the active
elements. This made it possible to fabricate a nanogenerator
for conversion of the energy of rain water drops into electric
field energy. When the dropping rate was relatively high, the
maximum voltage amplitude reached 20 V, and it varied
linearly as a function of the dropping rate. Modification of
the design of this nanogenerator opened up the possibility
of measuring the aerodynamic characteristics of the air
flow. It was shown that an increase in the wind velocity
from 3.4 to 154 ms—! led to an increase in the output
voltage amplitude from 4 to 15V, also following a linear
dependence. Thus, fluorine-containing ferroelectric poly-
mers can be used to manufacture electric nanogenerators
with rather high parameters. This is a highly important
conclusion, since the considered materials are biocompat-
ible, and nanogenerators based on them can be inserted into
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Figure 6. Voltage of a supercapacitor plotted vs. time of action of
periodic load in a hybrid circuit (/) and separate circuits of tribo-
(2) and piezo(pyro)electricity (3). dV/ds, mVs—1!: (1) 0.01418, (2)
0.00755, (3) 0.00609.°2 Published with permission from John Wiley
and Sons.

living organisms and support the life cycle of cells of various
tissues.

3. Capacitive energy storage devices

Radio engineering components such as capacitors >°~ 80 can
operate at high voltage. They are often fabricated using
dielectric polymers 3°~¢! such as polyethylene (PE), poly-
propylene (PP),%2-%5 polyethylene terephthalate (PETF)%¢
or polyimide (PI).%7 The first three polymers are crystalline;
Umemura et al.%® noted the effect of the supramolecular
structure on the high-voltage characteristics of the poly-
mers. One of the problems solved by using polymer dielec-
trics is energy accumulation in a capacitor followed by its
transfer to an external circuit. The general expression for
the volumetric energy density stored in a capacitor (We)
with an applied electric field of strength E has the form

W, =

JD(E)dE 3)

It can be seen that the stored energy is mainly determined by
the fields that are tolerated by the above polymers; the
breakdown fields for them are relatively high, ranging from
300 to 700 MV m—! (Refs 62—67). The energy stored in the
capacitors in which the insulator is represented by a linear
dielectric polymer (polycarbonate, polyphenylene sulfide,
PETF or PI) is approximately 0.5—1.5 J cm—3; for biaxially
oriented polypropylene (BOPP), this value reaches
5J cm—3 (Ref. 65). The modern technology requires mate-
rials with higher W, values; therefore, for this purpose, it is
appropriate to use non-linear materials, in particular, ferro-
electric polymers.

The stored energy in a ferroelectric capacitor can be
estimated from relation (3) and from the size of areas
highlighted in violet in Fig. 7; the area confined by the
hysteresis curve characterizes the energy that is converted to
the internal energy. The amount of stored energy can be
increased by converting the ferroelectric into the relaxor
state. This is accomplished by a targeted chemical or
physical modification of the structure of a ferroelectric
polymer that would decrease the area encompassed by the
hysteresis curve.

Released

E

Unreleased

Figure 7. Schematic view of dielectric hysteresis curves for con-
ventional (a) and relaxor ferroelectrics (b) and antiferroelectric
(¢).7° Published with permission from ACS.
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Figure 8. Temperature dependences of X-ray diffraction curves
for the P(VDF —TrFE) copolymer (80 : 20 ration).®® Published with
permission from AIP Publishing.

Ferroelectric materials (including polymers) are charac-
terized by the Curie point (7¢) at which domains pass to the
paraelectric state and spontaneous polarization regions are
destroyed. This structural transition is reflected in Fig. 8 for
the P(VDF —TrFE) copolymer. It can be seen that a
temperature rise induces transition of the ferroelectric
phase (with a reflection at greater angles) into a less densely
packed paraelectric phase. A capacitor based on this
copolymer is expected to have a rather high stored energy
density at high temperature. However, in this case, it is
impossible to ensure high fields due to increased conductiv-
ity; therefore, it is desirable to select conditions for an
external stimulus that would promote this transition with-
out heat treatment. In our opinion, a promising approach is
the radiation-induced chemical modification of polymers.
This is evidenced by the results of some studies (e.g.,%°~74).
The X-ray diffraction patterns for the initial
P(VDF —TrFE) samples and those irradiated with acceler-
ated electrons are shown in Fig. 9 a. It can be seen that at a
particular irradiation dose, ferroelectric — paraelectric
solid-phase transition takes place (¢f. Fig. 8).

Also, the data presented in Fig. 95 demonstrate the
expected decrease in the remanent polarization (P;) and,
correspondingly, a potential increase in the stored energy.
The mentioned radiation-induced phase transition was con-
firmed independently by other researchers.®®70-74 Appa-
rently, in these transitions, it is necessary to take into
account the radiation-induced chemical reactions that take
place under irradiation of the polymers. This is indicated by

b
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Figure 9. X-Ray diffraction (a) and dielectric hysteresis (b) curves
for isotropic samples of the P(VDF — TrFE) copolymer (50: 50) in
the pristine state (dashed lines) and after irradiation with electrons
with an energy of 2.55 MeV up to different doses.”> P is polar-
ization. Published with permission from AIP Publishing.

Figure 10. Crosslinking coefficient vs. degree of crystallinity (a)
and number of repeating units between neighbouring crosslinks vs.
irradiation dose at 95 °C (b) for the P(VDF —TrFE) copolymer
(50:50).73 Published with permission from AIP Publishing.

the data pointing to the appearance of various radicals
upon irradiation of PVDF and its copolymers (see review '3
and references cited therein).

Manifestation of these effects is depicted in Fig. 10. The
crosslinking coefficient between the neighbouring chains
was found from experiments on swelling of irradiated
polymers and then used to estimate the average number (n)
of repeated units between the crosslinks. It was shown that n
decreases with increasing irradiation dose. The decrease in
the crosslinking coefficient with increasing crystallinity
indicates that the crosslinks occur between chains of the
amorphous phase. At room temperature, this phase of the
considered polymers (as noted above) exists in the liquid-
like state in terms of dynamics. Presumably, characteristics
of the cooperative mobility of these chains should influence
the radiation-induced chemical reactions that give rise to
crosslinks.

One more approach to the conversion of ferroelectric
polymers into the relaxor state includes chemical modifica-
tion during the polymer synthesis. It is necessary to consider
copolymerization of VDF (major component) with other
comonomers. It is known that VDF polymerization is
always accompanied by the appearance of defects that result
from head-to-head (tail-to-tail) attachment of monomer
units; the defects have a certain influence on the resulting
structure of the polymer.>-%75 Copolymerization of VDF
with tetrafluoroethylene is actually reduced to accumula-
tion of these defects, which is manifested, in particular, as
an increase in the fraction of chains in the planar zigzag
conformation in the PVDF microstructure. A special role in
VDF copolymerization belongs to the TrFE comonomer,
which (unlike TFE) is polar. In the presence of TrFE, the
fraction of planar zigzag conformations in VDF chains
increases most appreciably; as a result, the dipole moment
of the polar crystals increases.> %75 The highest remanent
polarization was inherent in particularly these copolymers
(see, for example, Fig. 9 b). In our case, conversely, P, needs
to be decreased without a noticeable decrease in the break-
down voltage. This is done by using asymmetric comono-
mers containing, for example, chlorine atoms or
hexafluoropropylene units. In both cases, the long-range
order along the PVDF chain is disrupted and the capability
for crystallization and formation of the domain structure
decreases.

The films formed by the vinylidene fluoride —chlorotri-
fluoroethylene (CTFE) copolymer 7¢ were actually noted to
form a hysteresis loop with a small area (like that shown in
Fig. 9b). This is characteristic of relaxor ferroelectrics. A
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Figure 11. Time dependence
of the discharge energy den-
sity at 1 kQ load (charging
with a field of
253.5 MV m~') for a capaci-
tor involving films of the
P(VDF—CTFE) copolymer
(91:9).76 Published with per-
mission from the American
Association for the Advance-
ment of Science.
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practically important conclusion follows from analysis of
the time dependence of the discharge energy density, which
is shown in Fig. 11. It can be seen that discharge of the
stored energy to the indicated external load takes place over
~1 ps. This corresponds to output power of ~3 MW per
unit volume of the copolymer. The same order of magnitude
for these values was established for capacitors with oriented
PVDF and VDF —hexafluoropropylene copolymer films.””
The above value of ~1 ps is also characteristic of the
average relaxation time of the cooperative chain mobility
in the amorphous phase at room temperature.>- %75 Hence,
particularly the above-noted form of motion in the polymer
controls the rate of discharge of the stored energy to an
external circuit.

Copolymers of VDF with HFP can also serve as materi-
als for the capacitive energy storage devices.””~7° Films of
these copolymers are characterized by very high breakdown
fields (~700 MV m~—!) and, as a consequence, the stored
energy density reaches ~25Jcm—3 (Fig. 12). It is worth
noting that upon temperature rise to 90 °C, the breakdown
voltage decreases, but only slightly.

The data shown in Fig. 12 were obtained for a copoly-
mer with a low HFP content. As the HFP concentration
increased from 3.2 to 15.4 mass %, the film crystallinity
decreased from 46 to 25% (with the film preparation
conditions being the same). No significant changes were
noted in the breakdown voltage, and the hysteresis loss
(see Fig. 7) proved to be lower for the film with a low
crystallinity.’ Qualitatively similar results were also
obtained in a later study’’ in which the crystallinity (and,
hence, the proportion of the a-phase) was shown to decrease
twofold for an HFP content of 4.5%. This sample oriented
in a 850 MV m~! field stored 27.7 Jcm—3 of energy; in the
opinion of the authors,”” this makes these materials prom-
ising for supercapacitors.

One more way of chemical modification of the PVDF
backbone is the preparation of terpolymers by introducing
CTFE or HFP comonomer, apart from TrFE.7%-80 In this

w
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Figure 12. Dependence of the stored energy density vs. field
strength for the P(VDF —HFP) copolymer.’® Published with per-
mission from AIP Publishing.

case, the stored energy obtained in 400 MV m~—! field was
close to that observed for P(VDF—HFP) copolymer
films.”7-78

Finally, the last method for chemical modification of
PVDF is related to grafting of polystyrene (PS)3!-82 or
polymethacrylic 8385 blocks to the VDF copolymer back-
bone. In the case of grafting of PS blocks to the terpolymer,
the hysteresis loss decreased only at high fields; grafting of
14% PS blocks to the terpolymer during crystallization gave
rise to a morphology composed of stacks of lamellar
crystals (see Fig 1). A specific feature is that this morphol-
ogy was retained at a temperature of 180 °C, which is above
the melting point (i.e., the crystals are already melted). The
cause for this feature is not discussed, although its con-
sequences may be of interest. When methacrylic blocks were
grafted to the same terpolymer, the hysteresis loss energy of
all graft terpolymers was lower. In the case of graft
terpolymer, an almost linear D(E) dependence was
observed, which is indicative of a low hysteresis loss energy
(Fig. 13).

It is known that methacrylic polymers are readily mis-
cible with the considered fluorine-containing ferroelectric
polymers.>-¢75 It cannot be ruled out that exactly this
feature is responsible for the fact that the polymers obtained
after grafting withstand higher operating voltages than the
starting terpolymers. The breakdown characteristics were
studied in detail in relation to graft terpolymers with a
PEMA block. Figure 14 reflects the results of treatment of
experimental data (obtained in terms of the two-parameter
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Figure 13. Hysteresis curves in different fields for the initial terpol-
ymer (@) and after grafting of poly(ethyl methacrylate) (PEMA) (b);
the insets show the experimental data for the highest applied field.®>
Published with permission from AIP Publishing.
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Figure 14. Breakdown characteristics in the Weibull coordinates
(a) and field dependences of the stored energy (continuous lines and
dark points) and energy loss (dashed lines and light points) (b) in
the capacitors based on films of the initial terpolymer and after
PEMA grafting.®’ (/) P(VDF -TrFE-CTFE), (2) P(VDF - TrFE -
CTFE)-g-PEMA, (3) BOPP. The ellipses mark characteristic fields.
Published with permission from AIP Publishing.

Weibull model),®® according to which a statistical set of a
large number of breakdown field values (Ep) can be
described by the function

F(x) =1 —exp {—(g)ﬂ‘} )

where x is the current E}, value, o is some characteristic field
at which at least 63.2% of the test samples are broken down;
Po characterizes the variance of E, around the mean value.
For the graft terpolymer, the most probable breakdown

field is twice as high as that for the initial sample (Fig. 14 a).
For the latter sample, f, is ~3 times lower; this indicates
that the distribution function F(x) around the mean value is
more narrow in the graft terpolymer.

According to relation (3), this pronounced difference in
the breakdown characteristics of the samples should result
in a marked difference in the stored energy, which is
confirmed experimentally (Fig. 145). Owing to high break-
down voltage, the stored energy is several-fold higher in the
graft terpolymer. A biaxially oriented polypropylene film
was chosen as the linear dielectric reference sample. The
breakdown field for this sample was comparable with that
of the graft terpolymer; however, in the latter case, the
stored energy was ~4 times higher. Thus, it follows that
ferroelectric polymers are preferred for the capacitive
energy storage devices based on polymer dielectrics.

One more method for increasing the energy stored in a
capacitor is based on the preparation of PVDF
blends.?%:87 In one case, PVDF was blended with the
P(VDF-HFP) copolymer by co-crystallization in the
a-phase from a common solvent. Characteristics of these
films with various component ratios are summarized in
Table 1. It can be seen from the presented data that an
increase in the PVDF fraction (up to 50:50 ratio) is
accompanied by increase in some characteristics such as
dielectric permittivity, elastic modulus, breakdown voltage
and heat of melting and by increase in the energy stored in
the capacitor, which can reach (according to published
data) 30 Jecm—3. Unfortunately, the authors®87 did not
give a convincing explanation to these facts.

In another case, the same authors obtained a material
based on a PVDF blend with VDF oligomer by co-crystal-
lization (in the polymorphic a-phase) of the components
from a common solvent.When the PVDF content in the
blend increased to 40%, the energy stored in the capacitor
was very high (27 Jem—3). The model proposed by
Rahimabady et a/.%7 can be stated as follows. It is believed
that oligomer molecules are located in the amorphous phase
of PVDF and increase its density. This hypothesis could be
verified, for example, by small-angle X-ray diffraction. It
remains unknown why oligomer molecules, which have the
same chemical structure as PVDF, do not enter the crystals
formed by long polymer macromolecules. It was noted that
at high voltage, D reaches 162 mC m—2, which is higher
than the theoretically predicted value of 130 m m—?2
(Refs 5, 6, 795).

The response of the sample to an external electric field is
called macroscopic, as it characterizes averaging over a
large volume including both crystals and amorphous
regions. It is believed that this response is mainly provided
by the polar crystals of the B-phase; therefore, there are very

Table 1. Physical characteristics of PVDF mixtures with P(VDF — HFP) copolymer.8¢

Composition (%) Dielectric permittivity Elastic Breakdown Heat of Volumetric
modulus, field, melting, energy density,
P(VDF-HFP) PVDF in low fields in high fields GPa MVm~! Jg—! Jem—3
100 0 8.4 16.1 2.40 720 46.0 19.3
90 10 8.5 16.7 2.65 740 46.2 20.1
80 20 8.7 17.1 2.71 751 47.5 21.9
60 40 8.9 18.3 2.78 807 48.1 23.5
50 50 9.1 19.6 2.90 854 48.2 30.1
40 60 9.0 — 2.10 560 45.5 12.8
0 100 8.0 — 1.84 370 — 49
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few studies addressing high-voltage polarization of isotropic
PVDF and its copolymer samples crystallized in the non-
polar a-phase. The publication by Rahimabady et al.87 is
one of such studies. It can be assumed that high-voltage
polarization of the hysteresis type in these materials occurs
by a different mechanism.®® Unlike the permanent dipoles
in the B-phase crystals, the appearance of macroscopic
dipoles is due to the field-initiated specific motion in the
non-polar a-phase crystals. The proposed mechanism can
explain (at least qualitatively) the contradiction between the
calculated and experimental 87 values of D, but a quantita-
tive explanation is still missing.

The formation of a texture in crystalline thermoplastic
polymers makes it possible to increase the remanent polar-
ization by means of uniaxial stretching. This was noticed,
for example, for VDF copolymers with tetrafluoroethy-
lene 8% or trifluoroethylene.”> As shown in relation to VDF
copolymers with chlorotrifluoroethylene 7 and tetrafluoro-
ethylene ® and to the P(VDF -~ TrFE - CTFE) terpolymer,®°
this texture increases the breakdown voltage. For isotropic
terpolymer films, it was found that the breakdown voltage
can be increased by a factor of two by narrowing the
molecular-mass distribution.

The breakdown fields are important for ferroelectric
polymers. Usually, the breakdown characteristics are calcu-
lated in terms of the Stark —Garton model,®! ~93 according
to which

0.5
E, = 0‘6< Y ) (5)

&0&r

where Y is the Young s modulus; ¢y and ¢, are the dielectric
permittivity of vacuum and relative dielectric permittivity of
the medium, respectively. This relationship shows that
dielectrics with high Young’s modulus can resist the Max-
well stress that appears due to the action of electrostatic
forces from the electrodes. However, the application of this
relationship to the considered polymer dielectrics is not
quite correct for a number of reasons. In practice, relation-
ship (5) holds for the brittle fracture mechanism. The
polymers discussed here demonstrate a viscoelastic behav-
iour, and the ultimate tensile strength corresponds to very
high strains where the structure of the material has mark-
edly changed with respect to the initial one. The situation is
aggravated by the fact that both chemical ** and solid-phase
polymorphic transformations %95 can take place in fluo-
rine-containing ferroelectric polymers (which may be poly-
morphic in the crystalline phase > % 7°) under the action of
strong fields. Obviously, this is expected to influence the
Young s modulus. The structural changes that take place in
these fields are indirectly indicated by the great electro-
strictive strains particularly in the relaxor ferroelectrics in
question.>- 613

4. Electrocaloric effect

When a dielectric is placed in an electric field, its entropy
changes. According to the laws of thermodynamics, ferro-
electrics (in the general case, dielectrics) are cooled upon
depolarization under adiabatic conditions. This principle
may underlie the operation of the solid-state cooling sys-
tems.?®°7 The entropy AS and temperature AT changes
taking place upon field switching on and off can be written
as follows:
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where Cg is the heat capacity of the material.

The contribution of ferroelectric polymers to the electro-
caloric effect (ECE) can be found by analyzing ECE
characteristics for a number of inorganic ferroelectric mate-
rials. For example, for ferroelectric ceramics and single
crystals (KH>POg4, SrTiOs and PZT of various composi-
tions), AS <2.9 J(kg K)~! and AT < 2.5 °C.989 As fol-
lows from relations (6) and (7), the small entropy and
temperature changes are mainly caused by low breakdown
fields (< 3 MV m~1!) in these materials.

Higher values, AT = 9—12°, were obtained for thin films
of antiferroelectric ceramics at room temperature, but
entropy changes were insufficiently large: 8 and
9.7 J (kg K)—! (Refs 100, 101). This is a considerable draw-
back, since practical use of this effect requires greater
entropy changes.!02.103

In terms of a phenomenological description of ferro-
electric materials, relations (6) and (7) can be written in the
form

_ 1
AS = 2[)’D ®)

1
AT = ——BTD?
ZCEﬁ ©)

where f is the coefficient of expansion of the Gibbs energy
in terms of the even powers of D.

The D value is measured, while § can be calculated.
Hence, using relations (8) and (9), it is possible to predict
ECE for various ferroelectric materials. It is known that the
parameter D is several times higher for inorganic materials
than for ferroelectric polymers. Meanwhile, the f value for
the latter is of the order of ~ 107, while that for inorganic
materials is ~ 10°. If the experiment is carried out near the
ferroelectric — paraelectric phase transition temperature,
it is necessary to take into account the heat of the transition
(Q), as it makes a contribution to the entropy (Q = TAS).
Consider the relevant estimates for a classical ferroelectric,
triglycine sulfate. According to Jona and Shirane,!* the
heat of this transition is 2 kJ kg—!, which corresponds to an
entropy change of 6.1 J (kg K)—!. Meanwhile, for example,
for the P(VDF —TrFE) copolymer (68 : 32 ratio), the heat of
phase transition is 21 kJkg—', which corresponds to an
isothermal entropy change of 56 J (kg K)~! (Ref. 105), i.c.,
it is approximately an order of magnitude higher than that
for triglycine sulfate.

In view of the above, it is interesting to analyze the
experimental results concerning ECE in the fluorine-con-
taining ferroelectric polymers, for example, the P(VDF —
TrFE) 55:45 copolymer (Fig. 15), for which characteristics
of the ferroelectric — paraelectric transition were studied in
detail. In the vicinity of this phase transition, the maximum
entropy change and decrease in the temperature take place,
and a considerable change in 0D/0T is detected (see
Fig. 15a). According to equations (8) and (9), this should
lead to the experimentally observed increase in AS and AT.

The considered polymers are partly crystalline and
contain a large portion of amorphous phase (see Fig. 1
and the comment to it); therefore, the question arises of how
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Figure 15. Temperature dependences of the dielectric permittivity and dielectric loss tangent (a), 6L
remanent polarization (b); entropy and temperature changes in a study of ECE in various fields . ‘\'\,__,
(¢) for the P(VDF-TrFE) copolymer (55:45).%%-105 Published with permission from the [ I I

American Association for the Advancement of Science.

the degree of crystallinity affects the ECE characteristics.!%¢
This question was addressed by studying blends of the
P(VDF-TrFE) copolymer with polymethyl methacrylate
(PMMA), which is almost fully compatible with
PVDF.>%75 According differential scanning calorimetry
(DSC) data, when the PMMA content in the blend
increased to 30 mass %, the degree of crystallinity
decreased from 68 to 20%; under the same conditions of
ECE observation (initial temperature and field), this
resulted in a decrease in both AS and AT by a factor of
3.8. Among other reasons, this is due to a decrease in the
concentration of copolymer crystals in the amorphous
matrix. The PVDF and PMMA chains in the amorphous
phase are compatible, since the DSC data detect one glass
transition process.!%7 The glass transition temperature for
PVDF is approximately —40 °C, and that for PMMA is
about 110 °C. Therefore, an increase in the PMMA content
in the blend leads to increasing relaxation time of the
cooperative micro-Brownian dynamics in the amorphous
phase, which can participate in high-voltage polarization
processes.!! The amorphous phase of PVDF can contribute
to the formation of the domain structure. This was proved
by comparing the average size of the domain (according to
the piezoresponse force microscopy data) with the average
size of the polar crystal (determined from the reflection
width in X-ray reflection patterns).!°8-110 In all cases, the
latter was at least an order of magnitude smaller than the
average domain size. This means that a domain includes
also an amorphous phase region. A contribution of amor-
phous phase regions to the domain structure can also be

assumed from the data for the P(VDF—-TrFE) copolymer
(68 :32 ratio).!!'! From this it follows that the slight decrease
in AS in the considered blend is largely due to the decrease
in the fraction of the PVDF amorphous phase. It is evident
that the increase in the relaxation times of PMMA and
copolymer amorphous phase segments may also account for
weakening of ECE in these materials.

Data on the temperature changes related to studying
ECE have been obtained by electrophysical measure-
ments.?% 105.106 The results were discussed in terms of the
Maxwell equations, which are based on thermodynamics of
equilibrium processes. Since it is unknown whether these
equations hold for the polymers in question, researchers
made repeated attempts to experimentally measure the
changes in temperature. This was done using direct temper-
ature measurement,”® calorimetry !'!-112 or infrared imag-
ing.!'2 The results obtained by various methods were
comparable,!!? although the use of a thermal resistor
showed that direct measurement gives a greater AT value
than the calculation by relations (6) and (7).%8

Figure 16 reflects the signals generated by a calorimeter
for two P(VDF—-TrFE) 65:35 samples. One of the samples
was subjected to radiation treatment, which changed the
type of phase transition. It can be seen that the signal of the
irradiated sample is almost an order of magnitude higher. A
qualitatively similar result was obtained for the copolymer
with 55:45 monomer ratio (see Fig. 15).

Usually, by normal ECE is meant the effect according
to which a dielectric is heated under the action of an
external field and is cooled down when the field is removed.

a b
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However, for some technological applications, it is neces-
sary to eliminate the first part of the cycle and leave only
cooling (anomalous ECE). This can be done by fabrication
of a hybrid material composed of conventional ferroelectric
copolymer P(VDF —TrFE) and relaxor ferroelectric copoly-
mer P(VDF-TrFE—CFE) (where CFE is chlorofluoro-
ethylene);!!3 selection of the optimal composition for the
hybrid material; and selection of the field lower than the
coercive field of one of the components. In this case, the
sample is not heated as the field is switched on, while the
cooling stage is preserved. This results in isothermal entropy
change to 11.5J(kg K)~'. According to published
data, %75 ferroelectricity is retained in the considered
films down to very low film thickness. An adiabatic
decrease in temperature of ~24° at an operating voltage
of only 27 V was attained for a 90 nm-thick film of the
P(VDF —~TrFE) copolymer (70: 30 ratio).!4

It is of interest to consider the results of some publica-
tions in which ECE was studied using composites of ferro-
electric polymers with inorganic fillers. A study by Chen et
al.’3 is devoted to the effect of surface-modified ZrO,
nanoparticles of 25 nm size on the ECE characteristics in
relaxor ferroelectric terpolymer P(VDF —TrFE — CFE) with
a monomer ratio of 62.5:29:8.5. As the terpolymer was
crystallized, the added ZrO, was displaced to disordered
regions with an increased free volume. The introduction of
Z1r0O; led to decreasing constant f§ in equations (8) and (9),
which are valid for domains in the crystalline phase. This
indirectly proves once again that the amorphous phase is
involved in the formation of the domain structure. All the
above is manifested as an increase in AS in ECE.!13

It is of interest to analyze characteristics of a composite
material in which both components (organic and inorganic)

are relaxor ferroelectrics. Li et all'® wused the
P(VDF-TrFE-CFE) terpolymer (59.4:33.4:7.2) as
the matrix. The inorganic relaxor ferroelectric
(1 —X)Pb(Mgl/3Nb2/3)037XPbTiO3 N where X = 01,

(PMN-PT) was introduced into the terpolymer as 300 nm
nanoparticles. According to low-voltage electric character-
istics, both the terpolymer and the inorganic filler were
relaxor ferroelectrics with a broad phase transition. The
transition in this composite was implemented as a second-
order phase transition, which may be attributed to the
interaction of PMN-PT particles with the chains of the
amorphous phase of the terpolymer, which indirectly influ-
enced the type of the formed domains. This also applies to

ECE characteristics: the temperature and entropy changes
were much greater in the composites than in the initial
terpolymer. It is important that even for the PMN-PT
fraction of 37.5%, it is possible to attain ~180 MV m~—!
fields. This composite is characterized by a broad phase
transition, which expands the temperature range of its
applicability. For the highest fields, it was found that
AT ~30° and AS ~275kIm—3 K~!. Detailed analysis
showed that the inorganic filler particles interact with
chains of the amorphous terpolymer phase, which actively
participates in the formation of the domain structure of this
composite and other ferroelectric polymers. The authors
emphasized that for a 1 pm-thick composite film, the above-
mentioned ECE characteristics can be attained by applying
a voltage of only 75 V. It follows from the presented data
that the efficiency of the ECE cycle is markedly higher for
the composite than for pristine P(VDF—-TrFE).

The ferroelectric BST ceramics (Ba,Sr;_,TiO3), for
which the ferroelectric — paraelectric transition tempera-
ture is changed by varying x, can also serve as a filler for the
polymers used to study ECE. Zhang er al.''7 used the
P(VDF-TrFE—-CFE) terpolymer (62.3:29.9:7.8) as the
matrix and introduced BST nanoparticles from a solution.
It was found that the temperature and entropy changes are
2—3 times higher for the composite than for the polymer
matrix (all other factors being equal). The introduction of
ferroelectric ceramics into the terpolymer results in some
decrease (from 350 to 270 MV m—!) in the breakdown field,
which naturally restricts the increase in the ECE character-
istics of the composite. For increasing the E}, values, boron
nitride nanosheets (BNNS) were introduced into the com-
posite, together with BST. Boron nitride has
E, =800 MV m~; it is a good insulator with band gap of
~6 eV. This ternary composite (containing, for example,
6 vol.% BST and 9 vol.% BNNS) was characterized by a
breakdown field of 450 MV m—! (Ref. 117). Data on ECE
for this material are depicted in Fig. 17. It can be seen that
for the optimal BST content and a field of 250 MV m~—1,
the temperature change reaches 50.5° and the entropy
change can be 426 kJm~3 K—!. These are the highest
values found in the literature.

For the composites, the frequency dependences of the
cooling power density taken off from the medium were
calculated, as is done for calculation of refrigeration
systems (see Fig. 18). In this case, apart from the heat per
cycle, high heat conductivity of the composite was

Figure 17. Diagrams
reflecting the field and
concentration (for BST
ceramics) dependences
of AT (a) and AS (b) for
ECE of the P(VDF-
TrFE-CFE)-BNNS -
BST composite con-
taining 9 vol.%
BNNS.!''7  Published
with permission from
John Wiley and Sons.

AS, kJm—3K—1
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required. It was found that heat conductivity sharply
increased (~ 5-fold with respect to that of the polymer
matrix) upon the introduction of particularly the BNNS
particles. The resulting values proved to be much higher
than those for vapour compression refrigeration systems.

The optimal concentration of BST ceramic particles did
not exceed 8 vol.%. Higher concentrations resulted in
decreasing breakdown fields; therefore, ECE characteristics
of the composites would decrease. Meanwhile, the modern
capabilities of ceramic synthesis make it possible to change
the particle shape and produce nanocubes, nanorods and
nanotubes. On the basis of theoretical estimates, it is
possible to model and calculate the distribution of the
local electric fields upon implantation of these particles
into the polymer matrix.!'® The lowest local fields were
observed for one-dimensional nanostructures; this corre-
sponded to higher breakdown voltages of the compo-
sites.!19-122 In view of this fact, Zhang er al.''® prepared
and studied composites based on the P(VDF - TrFE - CFE)
terpolymer with BST particles of various shapes. It was
shown that with equal fields and equal concentrations of the
filler, the composite containing nanowires had higher D and
OD/OT values in the vicinity of phase transition. According
to equations (6) and (7), the increase in the latter value
implies improved ECE characteristics, which is supported
by experimental data (Fig. 19).

-In  view of the above and considering the
reported 123:124 characteristics of fluorinated ferroelectric
polymers and composites based on them, these materials

Frequency, Hz from John Wiley and Sons.

5. Piezoelectric sensors based on ferroelectric
polymers

It was shown above that fluorinated ferroelectric polymers
become piezo-active after polarization; hence, they are
applicable for manufacturing pressure sensors. These mate-
rials are relatively new compared with the typical inorganic
ferroelectric materials such as BaTiO3 or PZT piezoceram-
ics. Comparison of their characteristics (Table 2) demon-
strated that PVDF-based piezo sensors possess a number of
advantages: high g; values, chemical and radiation stability,
low density, high impact strength, ezc.57° Therefore,
PVDF-based sensors have found a variety of applica-
tions.126. 127

Owing to high thermoplasticity of these polymers, it is
possible to produce uniaxially or biaxially stretched films
with a large surface area, which are used for radiofrequency
measurements.!?® Some examples of using PVDF-based
sensors are presented below. An electron beam image
converter using PVDF film as the active sensor element
was reported.'?® The PVDF sensor provided a higher
sensitivity than a quartz sensor. The resolution of the
PVDF-based converter (with a lower Q-factor) was also at
least two times higher.!?® Another application of these
materials is for sensors for laser ablation processes.
A plasma cloud is formed near the surface of the irradiated
material; The pressure changes in this cloud were measured
with a PVDF sensor.!3 The recorded signal was used to
estimate the translational temperature and the particle drift

hold promise for the fabrication of solid-state refrigeration  velocity. For a tungsten target, these values were
systems. 8.8x10* K and 4.73x10°cm s~ !, respectively.
a AT b Figure 19. Concentration
AT, °C ﬁ ,mKmMV~1 % ,JMV~="m=2K=" dependences of the absolute
| and normalized AT (a) and
200 2 12000 AS (b) values derived in a
i study of ECE for the
1800 P(VDF-TrFE-CFE)-BST
1 composite with a filler con-
1500 sisting of nanoparticles in
1 which the three dimensions
1200 .
| are approximately equal (/)
900 and nanoparticles stretched
L ] in one direction (2) at an
, , , , , , g 60 ® . . | . . 4600 external field of
0 25 50 75 100 125 15.0 0 25 50 75 100 125 15.0 100 MV m=!  (Ref. 118).

Content of BST (vol.%)

Content of BST (vol.%)

Published with permission
from American Chemical
Society.
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Table 2. Characteristics of inorganic and organic piezoelectrics.'?’

Parameter Desig- Unit of PZT BaTiO; PVDF
nation measurement
Density 0 103 kg m—3 7.5 5.7 1.78
Relative dielectric & — 1200 1700 12
permittivity
Piezoelectric
coefficient
voltage ds 10-12CN-! 110 78 23
strain 231 10-3VmN-! 10 5 216
Electromechanical k3 — 0.3 0.2 0.12
coupling
coefficient
Acoustic pVs 10°kg m> N—!' 30 30 2.7
impedance

De Matos er al. 13! used a similar sensor to address some-
what different problems. It is known that laser ablation of
materials is used for the radioisotope separation; for this
purpose, it is important to determine the ratio of neutral
and ionized products in the plasma. This was done using
PVDF sensors of two types, non-polarized and polarized
ones. In the latter, a charge was formed on the surface. The
signals from the two sensors were compared under identical
ablation conditions. It was shown that an increase in the
fluence of incident radiation results in signal growth; how-
ever, the signal proved to be several times higher in the case
of ionogenic products of ablation.

In the design of microphones based on piezoelectric
materials, it is important to enhance the material sensitivity.
Acording to calculations,!3? the sensitivity can be changed
by replacing the traditional flat membrane by micro-pillars,
which were fabricated using piezo-active PVDF (Fig. 20).132
The highest sensitivity was attained for patterned electrodes
with partial covering.

Taking account of the real surface of the active element
(see Fig. 20 b), a microphone was designed. The calculated
piezoelectric coefficients of the microphone were as follows:
d33; =110 pCN~! and g33 = 1092 mV m~—! N—!. These
values are nearly three times greater than those for standard
(flat) PVDF film, which amount to 33 pCN~—! and
330 mV m—!N—!. The value d3; = 110 pC N—! attained
upon the indicated change in the surface topography proved
to be equal to this value for PZT ceramics (see Table 2).

X
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z

a
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b 100 | ¢
|l —— Solid PVDF

> go b Pillar PVDF
= with full electrodes
@ " —e— Pillar PVDF with
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° L
£ 40
E -

20

Thus, change in the surface geometry of the active element
of piezoelectric polymer, apart from the electrode appear-
ance, can considerably influence the sensitivity of the piezo-
active membrane and, hence, the microphone sensitivity
(the dynamic range of this microphone reached 181 dB,
and the upper frequency band was not less than 100 kHz).
Since surface patterning of the active element is an
efficient procedure that improves the performance of sen-
sors based on ferroelectric polymers, it is appropriate to
consider other methods used to change the surface top-
ography. One method is related to the effect of high-power
optical radiation on organic polymers.'3* The PVDF sur-
face was treated with plasma produced by a pulsed UV
laser.!3* The laser radiation wavelength range was 9 to
70 nm with the maximum spectral density at A = 11 nm.
For fluence of 60 mJ cm—2, the surface photo-etching rate
was approximately 70 nm per pulse. According to mass
spectrometry data, low-molecular-mass fragments such as
H,, CH,, HF, CF, etc. were emitted from the irradiated
surface. The surface pattern thus formed is shown in
Fig. 21. The smooth walls of the holes and the X-ray
photoelectron spectroscopy data indicate that the photo-
etching was local and, owing to the low heat conductivity of
the polymer, the neighbouring areas remained intact.!3*

Figure 21. Micrographs of the surface of PVDF film formed under
the action of plasma.'3* Published with permission from Springer
Nature.

A modified etching method includes low-temperature
irradiation of PVDF with a heavy ion beam.!3> This opens
up the possibility of fabricating membranes the perform-
ance of which can be controlled by varying the electric field.

One more method for patterning of the surface with
applied electrodes is exposure to femtosecond laser
pulses.!3¢ By varying the laser fluence, the authors selected

1 2 3 4 5 6 7 gd

Figure 20. Acoustic sensor based on a pillar-shaped PVDF membrane (a), micrograph of a real surface of the active element (b) and
calculated (with the assumption that g; = g» = g) dependences of the relative sensitivity of membranes made of a solid film and a pillar film
with a full or patterned upper electrode (c).!3? Published with permission from Elsevier.
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conditions under which film ablation together with the
electrodes took place. This gave rise to a vibration micro-
sensor, which was tested by recording the white noise
generated by compressed air. These microsensors could be
used in telecommunication systems and in biomedicine.

In view of the possibility of surface micropatterning of
fluorinated ferroelectric polymers, it is of interest to con-
sider issues related to their destruction.!37 It is known that
the destruction is preceded by the excitation of surface
acoustic waves. Certainly, piezoceramic sensors are charac-
terized by higher d; than PVDF sensors;!?° nevertheless,
there are a few studies (see, e.g.,'33-143) in which PVDF
sensors were used for both excitation and recording of these
waves. It was noted that the signal recorded by a sensor
based on PZT ceramics is markedly higher than that
recorded by the PVDF sensor.!?> However, the signal
amplification problem is solved by adjustment of amplifier
characteristics; meanwhile, if it is necessary to endow the
sensor with a certain configuration (that cannot be imple-
mented for piezoceramics), preference is given particularly
to PVDF.

Tactile sensor are widely used in robotics technology.
Most often, they require piezo-active materials, in partic-
ular, those based on ferroelectric polymers.!43- 150 Among
these studies, mention should be made of the publication by
Dargahi,!4® who considered a practically important prob-
lem involved in obtaining signals of a PVDF tactile sensor.
When the sensor gets in contact with human fingers, which
have quite a definite temperature differing from the sensor
material temperature, the resulting signal would include
both piezo- and pyroelectric responses. If the thickness
mode (ds3) is used, the pyro- and piezoelectric responses
have the same sign, which should be taken into account in
the sensor design. As a type of PVDF tactile sensor,
consider the use of such sensors in liquid flow meters.!5!- 152

A separate class of PVDF-based sensors are hydro-
phones. It follows from the general acoustic equations that
the reflection coefficient (R) for a wave that passes from a
medium with acoustic impedance Z> to a medium with
acoustic impedance Z; is written as follows !33

144

-7

R=
Z,+ 7

(10)

If Z> and Z; are acoustic impedances of water and PVDF,
then, with all other conditions being equal, the signal arising
in the PVDF active element is determined by the difference
(Z>—7Zy).

The acoustic impedance is an order of magnitude lower
for PVDF than for inorganic materials (see Table 2). For a
pressure wave with an arbitrary profile, the voltage gener-
ated by the active element is determined by the piezoelectric
coefficient gs3, which is 20 times as high for PVDF as for
PZT; therefore, the use of ferroelectric polymers in hydro-
phones is reasonable. Sullivan and Powers !> described the
design of a disk hydrophone based on PVDF, which
operated at a pressure of up to 4 MPa and had a sensitivity
of —200 dBV~—!um Pa—!. Later, mathematical models
were developed describing characteristics of this type of
hydrophones.133-157

It is noteworthy that these fluorinated ferroelectric
polymers are characterized by high breakdown fields and,
therefore, they can be applied at high operating voltages. In
the case of reverse piezoelectric effect, this feature can be
used to generate ultrasonic waves;'>% 160 for this purpose,

electrode characteristics should be taken into account.!®!
The increased operating electric voltage of PVDF, together
with the similarity of the acoustic impedances of water (or
biological fluids) and PVDF, create conditions for using
PVDF as a sonar '92 or for shock wave detection.!03- 164 Low
acoustic Q-factor, determining the width of the dynamic
response, is yet another important feature, which should be
considered for the use of PVDF for lithotripsy. It follows
from the cited studies that PVDF is promising for the
development of a lithotripter for biological media. Accord-
ing to the results of Granz,'®3 by using these devices, it is
possible to generate ultrasonic shock pulses with a pressure
of >20 MPa in <50 ns time. This polymer was also used to
design a sensor for measuring shock waves, which provides
a sensitivity of 20 mV MPa—! at 3 mm size of active
element.!63

Needle hydrophones are used in biomedicine.!65 166 The
capabilities of these devices were demonstrated by
Crazzolara et al.;'®7 the choice of experimental conditions
was based on the data obtained earlier.'®® The block
diagram of the facility for detection of ablation products
of human body tissues is shown in Fig. 22 a. The authors
compared acoustic signals from two types of blood vessels
on exposure to pulsed UV laser radiation on XeCl at
308 nm wavelength. When the needle microphone diameter
was 500 um, comparison of the signals revealed noticeable
differences (Fig. 22b): for a normal vessel, the signal
duration was 120 ns with a pressure maximum of 1.2 MPa,
while for a calcified vessel, these values were 80 ns and
2.8 MPa, respectively. Thus, the appearance of calcium on
the surface of, for example, aorta leads to a change in the
ablation parameters of the tissue on exposure to an UV
laser pulse. The results of most recent studies of this series
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Figure 23. Scheme of formation of Fabry-—Perot interferometer
from the P(VDF-TrFE) copolymer (70:30) based on optical
fibre with axial symmetry («¢) and multilayer single crystal texture
(b).'82 PC is polycarbonate; CPC is carbon-filled polycarbonate; FP
structure is composed of a sequence of flat active elements as
uniaxially stretched films. Published with permission from Springer
Nature.

demonstrated that the sensitivity of PVDF-based hydro-
phones and other sensors can be increased by creating
PVDF composites containing either inorganic (PZT, ZnO)
or organic materials, in particular, graphene.!69-176

The sensors considered above are based on the use of
direct piezoelectric effect in the polymer active element. It
follows from electromechanical equations that applying an
electric voltage to a piezoelectric film leads to film distor-
tion; hence, the film can work as an actuator. One of
actuator applications of PVDF films!77 is concerned with
the design of frequency modulators for the transmitted
(reflected) light.!78-180 Using ferroelectric polymers pos-
sessing high thermoplasticity, it is possible to simplify the
manufacturing process of active element with a desired
shape. Large arcas of PVDF active elements characterized
by a high chemical and radiation stability can potentially be
used in space engineering.!8!

Owing to good thermoplasticity of PVDF and its
copolymers, they can be used to manufacture a piezolectric
shell for optical fibres. When electric voltage is applied to
the shell, it acts an actuator, thus changing the geometric
dimensions of the optic fibre. Hence, the light wave charac-
teristics also change. Therefore, these materials can be used
to design optoacoustic converters, which are implemented,
most often, as Fabry—Perot interferometers.'82 The active
element in this converter can have either an axial symmetry
(Fig. 23 a) or a multilayer single crystal texture (Fig. 23 b).
The latter configuration is preferable, since the signal to
noise ratio at the characteristic points of the audio fre-
quency modulation is higher in this case, with other factors
being equal.

6. Pyroelectric sensors and electrochromic energy
converters

Polarization of fluorinated ferroelectric polymers gives rise
to not only piezoelectric, but also pyroelectric properties,
i.e., a temperature change gives rise to electric charges on

the surface of a material. This prompts the idea of using this
effect in thermal sensors. The discussed polymers are
soluble and can be fabricated as ultrathin films, with the
ferroelectricity being retained.>- %75 Due to the low heat
capacity of the active element, these films are promising for
the use in pyroelectric sensors meant for detection of short
heat pulses.

Below, the pyroelectric properties of fluorinated ferro-
electric polymers are discussed in terms of the dipole model
taken by researchers. The attention is focused on new data
on the polymer microstructure. By definition, pyroelectric-
ity is a change in the polarization with a change in the
sample temperature. The general expression for this change
along the x direction has the form

Ou;
+0 <Hxi/k aTék) /oT

where Ej is a component of the electric field vector, ey is
the dielectric permittivity tensor, Po is the spontaneous
polarization of crystals, which are separated in the polymers
by amorphous regions, x; is a component of the strain
tensor (see Fig. 1).

The first term characterizes the primary (dipole) pyro-
electric effect,!®3 which makes a minor contribution to the
overall pyroelectric effect.>>¢ The other terms of the equa-
tion refer to the secondary pyroelectric effect. The third
term reflects the appearance of piezoelectric effect in a
material with the piezoelectric coefficient dyx; due to the
arising stress oy;. The fourth term characterizes the flexo-
electric effect (with the tensor ;) where polarization
arises under the action of strain gradient (with the tensor
ujr). In the fluorinated ferroelectric polymers containing a
liquid-like amorphous phase, the probability of the appear-
ance of strain gradient is low; therefore, the flexoelectric
effect can be neglected. Low di; values indicate that the
contribution of the third term to the change in polarization
should also be moderate.

The second term actually characterizes the electrostric-
tion, the contribution of which may be very high due to low
crystallinity.!? If the amorphous phase makes a contribu-
tion to pyroelectricity, then the pyroelectric coefficient
should depend on the characteristic point for disordered
regions, that is, glass transition temperature. Figure 24
shows the temperature dependences of the pyroelectric
properties of PVDF films. It can be seen that the charge
density (current) is significantly higher in the first heating
cycle (see Fig. 24 @) than in the second one (¢f. qi1, ¢3 and
¢2). This is due to the fact that the first heating cycle
measures an irreversible process related to thermal depola-
rization. The temperature dependence of the reversible
pyroelectric current monitired in the second heating
cycle 187189 has two characteristic points in which the
course of the curve changes (Fig. 24 ). One point is just
the glass transition temperature, below which the pyro-
electric response virtually does not change. It follows that
freezing of the chain mobility in the amorphous phase leads
to decreasing pyroelectric coefficient (see Fig. 24 ¢). Freez-
ing of the orientational polarization of the chains in the
amorphous phase upon glass transition is accompanied by a
decrease in Oey /0T, therefore, the predominant contribu-
tion in Eqn (11) is made by the second term.

The second characteristic point (Fig. 24b,c) falls
approximately to room temperature 85 186 (or a somewhat
higher temperature) '87 where characteristics such as the

0P, P,
oT = dT

Oty n 0(d o)

+akgr oT

(1
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Figure 24. Temperature dependences of the pyroelectric properties of PVDF films. Change in the surface charge density in the first (/) and
second (2) heating—cooling cycle (a),'®* pyroelectric current () '35 and pyroelectric coefficient (¢).'%¢ T, and T, are temperatures
corresponding to characteristic points. Published with permission from AIP Publishing.

real part of dielectric permittivity and dielectric loss
tangent show anomalous temperature behaviours typical
of phase transitions.!8¢ The presence of these transitions is
also indicated by the appearance of low-temperature
melting endotherms, which were observed for VDF
copolymers with TFE,'9%1°1 TrFE '°2 and HFP.'3 Most
likely, these endotherms should be attributed to melting of
the ordered amorphous regions formed upon secondary
crystallization.!?4-200 Thus, both characteristic points are
attributable to the amorphous phase in which a fine
structure may form.

Other flexible-chain crystalline polymers, polyethylene
and isotactic polypropylene (IPP), are also characterized by
low-temperature endotherms and anomalies in the structure
formation.!97-201-203 In the case of PE, less perfect hexag-
onal crystals appear, apart from orthorhombic crystals,
while in IPP, less perfect and less closely packed crystals
separate to form a mesomorphic phase.!?%-204 X-Ray dif-
fraction data for VDF copolymers with tetrafluoroethy-
lene, 108, 109,205,206 triflyoroethylene 110-207-210 and hexa-
fluoropropylene,®3-295.210 in which the indicated comono-
mers are defects in the VDF backbone attest to similar
structurization processes. These processes can be depicted
by a scheme shown in Fig. 25a; transition from the right-
hand lamellar crystal to the left-hand one takes place with
increasing temperature; this is accompanied by disappear-
ance of imperfect structures formed during the secondary
crystallization.

In ferroelectric polymers, low-temperature crystalliza-
tion from solution gives rise to a non-equilibrium structure.
As a result, in addition to the principal reflections for the
B-phase crystals, the X-ray diffraction patterns show a halo
reflection at smaller angles (Fig. 25 b) corresponding to the
reflection of the paraelectric phase, which crystallizes in the
hexagonal system.?!'! This indicates that crystallization
takes place in a mixture of small-sized ferroelectric and
paraelectric crystals. The resulting structure is definitely
non-equilibrium, as the ferroelectric — paraelectric transi-
tion takes place at temperatures close to the melting point
(150—160 °C). During secondary crystallization, this imper-
fect crystals can form thermally reversible domains (see
Fig. 25a). In the case of polarized ferroelectric polymers,
the destruction of these domains on heating is accompanied
by a decrease in the remanent polarization, i.e., gives rise to
pyroelectricity.
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Figure 25. Scheme of the reversible structural rearrangements in
the interlamellar layers of crystalline polymers during heating—
cooling processes (a) and X-ray diffraction curves for the P(VDF —
TrFE) film (70:30) obtained by crystallization from a tetrahydro-
furan solution at room temperature (/) and after subsequent
annealing at 120 °C (2).'92 Published with permission from John
Wiley and Sons.

The experiment on observation of the response of
oriented PVDF to a short laser pulse showed the presence
of a broad component of pyroelectric response signal (p,),
which was associated with the thermoreversible change in
the crystallinity.?!> Thermodynamic analysis gives the rela-

tion
d¢.  do.dT,

B _wT
dE  dT dE

Om

where ¢, is crystallinity; Ty, is the melting temperature; y is
the fraction of pyroelectric response related to the reversible
change of crystallinity under the action of temperature; Qm

(12)
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is the latent molar heat of melting. Thus, if the hypothesis of
a contribution of thermally reversible melting of some
crystals to the pyroelectric effect is true, the crystallinity
should change with a change in the field. For PVDF this
was confirmed by X-ray diffraction.?!? Later, this fact for
fluorinated ferroelectric polymers was noted by many
authors (see, for example, references cited in the review 2°).

The technological applications of pyroelectricity have
been reviewed in detail by Xiao and Lang;?'3 we address
only some issues and discuss more recent results. Just after
the discovery of pyroelectricity in polarized PVDF, the use
of pyroelectric detectors based on PVDF to detect IR
radiation2!4-21% and to study a wider electromagnetic
range from the visible region to 12 pm wavelength 2! was
reported. A very broad range of measurable power (1 mW
to 50 W) was established for laser radiation.??? There are
data on the application of these materials for the detection
of microwave radiation,??! including that in the millimetre
range.?> The microwave absorption (at temperatures above
room temperature) should be associated with the presence
of an amorphous phase that has an absorption peak
precisely in the microwave range.”> This feature can be
used as a heating method for the measurement of pyro-
electricity in PVDF and its copolymers.??3 In this case, if
temperature distribution throughout the sample is uni-
form,??* the electromagnetic radiation power can be
detected in the radio frequency range. The 5—10 nm-thick
films of these polymers can be studied by DSC with a high
time resolution.??® The radiation stability of these polymers
accounts for the possibility to detect superheavy nuclei and
cosmic-ray particles on the basis of pyroelectric
effect.?26-227 There are interesting publications on the use
of pyroelectric detectors in the medical thermometry.?28.229
Other applications of PVDF-based pyroelectric detectors
(light absorption in optical fibre, copying equipment, etc.)
are described in detail in the review by Xiao and Lang.?!3

It is of interest to compare characteristics of the pyro-
electric responses for the polymers we consider and for
other ferroelectric materials. In terms of the voltage sensi-
tivity, PVDF can compete with materials such as PZT and
triglycine sulfate.'®¢ Polyvinylidene fluoride has a low
thermodiffusion; therefore, it is used to fabricate vidi-
cons.?30 According to Glass et al.,>'* the noise equivalent
power for radiation recorded at 10.6 um wavelength was
15 nWHz= %5 at 100 Hz; according to another publica-
tion,2!7 this value was <1 nW Hz %5 at 4 Hz. The current
sensitivity was found 21%-217 to be at a level of 3 pA W1,

It was noted above that polymer films can be textured
with controlled chain packing density of the amorphous
phase.?31-232 In this connection, it is of interest to compare
the pyroelectric properties of the considered fluorinated
polymers in the isotropic and oriented states. At high
polarization fields, the pyroelectric response was substan-
tially higher for oriented samples.??? Spin-coated thin films
can be formed at a high voltage (8—15 kV) between the
solution drops and the substrate; the film formation is
accompanied by polarization.?3* A correlation was estab-
lished between the ionic current and the final pyroelectric
coefficient, which reached 4 nC cm—2 K—! for oriented
PVDF films.

The pyroelectric current is usually low (see, for example,
Fig. 24 b). Tien et al.?3° used a P(VDF —TrFE) copolymer
film as a pyroelectric gate dielectric layer in a field effect
transistor based on organic materials. The scheme of this
device and the pyroelectric currents obtained after amplifi-
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Figure 26. Scheme of operation of a pyroelectric sensor based on
P(VDF-TrFE) copolymer used as the gate dielectric layer in an
organic field effect transistor («¢) and time dependences of the
temperature and current in the transistor (b).23> Published with
permission from John Wiley and Sons.

cation in the transistor are depicted in Fig. 26. The pyro-
electric current was several orders of magnitude greater
than that obtained by direct measurements.

Characteristics of the pyroelectric detector based on the
polymers in question can be improved by forming micro-
metre-size air cavities in the film bulk.?3¢ The voltage
sensitivity of the film was found to increase after polar-
ization, which can be attributed to decreasing dielectric
permittivity and specific heat capacity. It was concluded
that this hybrid material is applicable not only as a sensor,
but also as a nanogenerator for converting thermal energy
into electric energy. When the external load was 41.2 MQ,
the generated voltage was 3.2 V and the current in the
circuit was 52 nA, a unit area of the active element of the
P(VDF-TrFE) film generated a power of 151 nW. It is
believed that this hybrid film can serve as the basis for a
self-powered pyroelectric detector.

Correct measurement of pyroelectricity requires the
control of polarization uniformity across the film thick-
ness.210-217 This can be done using photopyroelectric spec-
troscopy,??7-23% in which the frequency-modulated laser
beam is focused on the surface of a polarized ferroelectric
material, which is thus heated. The arising pyroelectricity
can be used to measure the thermal diffusion.??® Using a
6 nm-thick thin film of the P(VDF-TrFE) copolymer
(70:30) and a high-frequency modulation of laser radiation
(beam diameter of 352 nm), a 660 nm resolution was
attained.?*® Groten er al?*' used pyroelectric scanning
probe microscopy to measure the surface potential rather
than the pyroelectric current, which increased the sensitivity
of measurements.

The potential distribution upon the local polarization of
a film with a bipolar field is shown in Fig. 27. It can be seen
that light modulation leads to a periodic change in the
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Figure 27. Distribution of the surface potential in an initial
P(VDF-TrFE) film (65:35) after its local polarization with a
voltage of —100 V (dark area) and + 100 V (light area) (a) and
upon laser modulation (b).2*! Published with permission from
American Physical Society.

potential and, hence, in the pyroelectric response. For the
copolymer considered here, switching of a positive voltage
to a negative one leads to a pronounced difference between
the maximum pyroelectric coefficients, that is, 40 and
25 uC m—2 K1, respectively. In our opinion, this is due
to the asymmetry of polarization at different signs of the
field; this was also shown previously for other VDF copoly-
mers.89- 94242 This effect can be attributed to the injection of
charge carriers from the electrode. The holes and electrons
may have different mobility and be stabilized in the traps of
various depths. The space charge fields they form are
different, and this affects the final remanent polarization,
which determines the pyroelectric coefficient.>©

The high-voltage polarization of the polymers can be
attained by chemical changes in the polymer chain; %495
this is reflected in the final ferroelectric characteristics.
Therefore, the research dealing with the preparation meth-
ods of self-polarized polymer films deserves attention. Wu
et al.?* created a layer containing hydroxyl groups on the
glass substrate as a result of chemical treatment. The PVDF
film crystallizing on this substrate from a solution had a
higher crystallinity and a higher content of the B-phase,
which was attributed to hydrogen bonding between the
substrate hydroxyl groups and PVDF chains. The film
obtained in this way exhibited pyroelectric effect without
external polarization. The same study addresses the prob-
lem of noise in the pyroelectric sensors formed from these
materials. As noted above, the third term in Eqn (11)
characterizes the contribution of the piezoelectric effect,
which can be conceived as noise, to the pyroelectric
response. The authors proposed a method for suppressing
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this noise. This was done by forming a bilayer structure in
which neighbouring layers were separated by an acoustic
damper, which resulted in an efficient suppression of the
piezoelectric noise (Fig. 28); the signal to noise ratio was
18 dB for a monolayer film, while for the bilayer film it
reached 38 dB.?*3> The methods for contactless measure-
ment of the pyroelectric coefficient discussed in two pub-
lications deserve attention;244-245 however, no data on the
experimental implementation of these methods can be
found in the literature.

It was already noted that these polymers are soluble;
hence, they can uptake dye molecules from common sol-
vents. The absorbed dye molecules are located near the
domains that generate strong electric fields, which affect the
electronic spectra of the dyes. A specific feature of ferro-
electric materials is that the field from the domains can be
controlled by an external source; hence, it is possible to
affect the electronic structure of dye molecules. This princi-
ple underlies the design of electrochromic devices in which
the absorption spectrum of a dye can be controlled by an
electric field.?*® This idea was implemented in an electro-
chemical cell in which a membrane made of VDF — hexa-
fluoropropylene copolymer microfibres impregnated with

Figure 29. Design of a photochromic
cell based on a membrane of cross-
linked P(VDF—-HFP) fibres (a) and
variation of the absorption spectrum
in the cell upon variation of the con-
trol voltage (0).?*” PEDOT is
poly(3,4-ethylenedioxythiophene),
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lished with permission from Elsevier.
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an ionic liquid served as the active element. Using trans-
parent electrodes made of organic semiconductors (see the
scheme in Fig. 294), light transmittance of >90% was
obtained in such a cell with a 2 um thick (undoped) active
layer.

If a membrane made of microfibres doped with a
definite dye is used, the absorption spectrum exhibits a
band that can potentially be controlled by an external
electric field (Fig. 29b). A specific feature is that the
absorption spectra are significantly changed even by minor
fluctuations of the bipolar control voltage. The optical
switching of the absorption can be high: >0.5 at
4 =650 nm. Obviously, the mechanism of this action of
the field lies in the conformational rearrangements of
copolymer chains, since ionic liquids affect the rotational
isomerism of these polymers.248

7. Materials for memory cells

The operation of a ferroelectric-based memory cell is related
to the possibility of fast switching of the spontaneous
(remanent) polarization by a bipolar external field.?4?-2%0
Ferroelectric polymers are characterized by high coercive
fields, and for operation of low-voltage circuits, thin films
should be used. However, it is known that for film thickness
<100 nm, the remanent polarization decreases,?>! and it is
necessary to pay attention to the contact phenomena at the
electrode/polymer interface. For example, in a 65 nm-thick
P(VDF-TrFE) film, a remanent polarization of
65 mC m~—2 was obtained. When an organic electrode was
used, polarization in the film was switched by a voltage of
52V (80 MV m~—2) in 80 ms. In the case of aluminium
electrode, the switching time was greater by three orders of
magnitude.?>? This is due to the fact that reactions of
aluminium with copolymer defects displaced to the surface
give rise to new functional groups, which affect the switch-
ing characteristics. The formation of thinner films for this
purpose is hardly possible due to the specific structure and
dynamics of crystalline polymers.?>3

The use of PVDF oligomers characterized by high
remanent polarization is inappropriate, since the coercive
fields in them are several times higher than those in polymer
films. An adverse role may also be played by the equilibrium
space charge,!91-254.255 the formation of which requires a
much longer time than switching of the remanent polar-
ization. The composition of the P(VDF—TrFE) thin film
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107

Ag, Au or LiF/Al

100

— Pristine
-m- Negative poling
—&- Positive poling

can be modified by epitaxial growth on oriented PTFE.23¢
However, high-voltage polarization leads to relatively low
remanent polarization values (17 mC m~—?2); nevertheless,
after 5x 10% switching cycles with &5 V control voltage,
88% of the initial polarization value is retained.

One more approach to the application of these materials
for the design of memory cells was proposed by Asadi
et al>®” The authors formed an active element from
immiscible components: P(VDF—-TrFE) copolymer and
an organic semiconductor poly(3-hexylthiophene)
(Fig. 30 a).

Due to high conductivity of the initial film caused by the
presence of a semiconductor, this material cannot be used as
a usual ferroelectric. Analysis of the current—voltage char-
acteristics after film polarization (Fig. 30b) demonstrated
that the film behaved as a diode. The polarization charge of
the copolymer on contact with poly(3-hexylthiophene)
changes the concentration of charge carriers in the latter.
This results in decreasing barrier for carrier injection from
the electrode (Ag), and the current increases. After switch-
ing of the control voltage sign (3 V), the situation sym-
metrically changes. As can be seen, the difference between
the currents may reach more than an order of magnitude;
hence, this resistive element is suitable as a memory cell, the
more so, because the stability of these currents on an
increase in the number of cycles is relatively high (Fig. 30 ¢).

The engineering application of ferroelectric polymer
films for data readout can be performed in the metal—
ferroelectric —metal configuration, but the metal —ferroelec-
tric—insulator —semiconductor —metal  configuration is
more convenient.?>® In this case, the task is solved using a
ferroelectric film as a control electrode in a field effect
transistor, the calculation of which was reported by Miller
and McWhorter.?>°

An important characteristic of the considered devices is
the ratio of the transistor currents at switching on and off of
the control voltage generated by the polarized ferroelectric
polymer. One more important characteristic is the number
of switching cycles for which the on/off ratio remains
relatively high. Below we analyze some data reflecting the
dependence of the indicated parameters on the structure
and morphology of the material of the control electrode,
represented by a ferroelectric polymer film. Naber et al.?%°
devoted considerable attention to the selection of a solvent
for P(VDF-TrFE) that would allow preparation of a
defect-free film. In a field effect transistor with a

[JI,Am~—2
100

10

-1 0 1 2 3
Voltage, V

102

103 104

Time, s

105 108

Figure 30. Scheme of formation of a phase-separated mixture of P(VDF-TrFE) copolymer and organic semiconductor, poly-(3-
hexylthiophene) (@), current—voltage characteristics of the diode formed by this mixture (b) and time stability of the switched current

(¢).>>7 Published with permission from Springer Nature.
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200 nm-thick film at a control voltage of 15 V, the on/off
ratio was ~ 102,

Kang et al.?®' used a modified pentacene as a single
crystal. When the standard spin coating procedure was
used, pentacene was formed directly on the film. In the
initial state, the field effect transistor had on/off ratio of
> 103, which is higher than in the case of vacuum deposition
of pentacene. The characteristics of this device can be
improved by orientation of the P(VDF-TrFE) film.2¢?
With all other conditions being equal, this procedure is
justified, as this leads to a decrease in the high-voltage
conductivity and, hence, to an increase in the remanent
polarization;®® it was also indicated that the orientation is
accompanied by a threefold decrease in surface roughness.
The same trend (though in a less explicit form) was also
noted by Nguyen et al.?%> The most important is that the
film orientation was accompanied by a twofold increase in
the charge carrier mobility in pentacene. The authors 262
also attained the on/off ratio at a level of 103.

In the above cited studies, organic semiconductors were
used; therefore it is reasonable to compare their results with
the data on field effect transistors based on classical
inorganic  semiconductors.  Yamauchi?®® used the
Al—SiO, —P(VDF -TrFE) —SiO,—Si field effect transis-
tor. Silicon (with a resistivity of 3—5 Qcm) served as a
grounded electrode. The introduction of two layers of the
SiO, insulator excluded the injection of carriers into the
polymer from the electrodes, thus increasing its breakdown
characteristics. As the control voltage reaches ~190 V, a
sharp step appears in the curve of the current in the
transistor circuit, with the on/off ratio reaching 10°. This
is three orders of magnitude higher than that for organic
semiconductors, but the switching voltage in the latter is at
least an order of magnitude lower. The prospects for
decreasing this voltage in the case of silicon may come
from decreasing the thickness of the polymer layer and
selection of an insulator with a higher dielectric
permittivity.

8. Physical grounds for application

of polyvinylidene fluoride-based materials

in various fields of biomedicine

Currently, biomedical applications of PVDF and other

ferroelectric polymers, including implantology, biosensing
and harvesting and conversion of biological energy, have

been addressed in numerous reviews (see, for example, Refs
264—274). The application areas are considered in detail in
a monograph.?7> In this Section, the attention is focused on
a new field of medicine that actively uses the main phys-
icochemical properties of PVDF as a piezo- and ferro-
electric with acoustic impedance close to that of biological
tissues and with a relatively low Q-factor, which provides a
broad range of tuning of impact parameters on a biological
tissue. This field is regenerative medicine, especially thera-
nostics, which combines therapy and diagnostics using a
common material.

Modulation of the cellular response using sensors based
on PVDF and other ferroelectric polymers can be provided
simultaneously by their domain structure (presence of
B-phase) and piezoelectric, pyroelectric and/or photovoltaic
effects as well as by the types of bioelectrochemical and
ultrastructural and electrokinetic consequences of these
effects in a partially ordered (soft matter) biological
medium.?’¢ An important role in these systems is also
played by osmosis (electro-osmosis), including the cell
volume regulation and the corresponding forms of bio-
logical cell signal transduction induced by these factors,
electroporation (pore formation in the membrane), modu-
lation of ion channel activity and electrokinetic (including
dielectrophoretic) movement of compartments, cell ultra-
structure elements and whole cells in the external field of
PVDF substrates.

The diagram of electro-osmotic flow induced by a ferro-
electric polymer substrate is depicted in Fig. 31. Under the
action of an external electric field, ions (Ca?™" cations are
shown as an example) migrate and some of them approach
the cell membrane (solid black arrows in Fig. 31a). The
ions have a hydration shell. Free water molecules can be
carried along by the electro-osmotic flow, if it is strong
enough, and move in the same direction (dashed arrows).
The electro-osmotic flow causes displacement of membrane
structures such as proteins due to the molecular resistance
(Fig. 31 b). These structures can transmit cell signals or, as
shown in the Figure, can be attached to the cytoskeleton.
When the electro-osmosis is stable (white arrows in
Fig. 31¢), the cellular membrane can be polarized with
time (proteins move and accumulate at the pole of the
cell). As a consequence, signal transduction is either
enhanced or inhibited (signal transduction gradient).
Using this effect, it is possible to control, for example, cell
migration in certain directions.
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Molecular crowding induced by an electric field also
makes a contribution to modulation of biological activity
and is a way of self-organization of biomacromolecular
structures in an external electric field.

8.1. Smart scaffolds for non-invasive piezoelectric
theranostics

When PVDF-containing hydrogels are used for magnetic
and electrical stimulation of tissues 2’7 capable of electrical
response to nanomechanical stimuli and response to pulsed
electromagnetic field generated by PVDF,?’8 the perform-
ance of the main inductive biophysical functions depends on
the electrophysical properties of the B-phase. This phase
ensures high pyro- and piezoelectric characteristics of
PVDF. For example, dipole alignment provides the max-
imum dipole moment, which allows considering the
B-PVDF scaffolds (3D frameworks for cell growth and
tissue regeneration produced by electrospinning?’® or,
more rarely, by 3D printing 8°) as both sensors and sonars,
that is, actuators capable of electric (electrophysiological)
or acoustic (electroacoustic) tissue stimulation and record-
ing of its own signals. This makes the controlled tissue
regeneration using PVDF-based materials a special branch
of theranostics in which the scaffold itself provides detec-
tion of analytical signals from the supported tissue.
Whereas PVDF application for bone tissue regenera-
tion 281-282 is faced with the challenge of intraosteal (intra-
bone) signal detection, in the case of excitable soft tissues
such as muscle tissue (especially striated cardiac muscle
tissue), gland tissue (especially upon electrostimulation) 283
and nerve tissue, detection of the diagnostic signal is not a
problem.

The electrophysiological or magnetoelectric 284 response
of an excitable tissue can be measured by contactless non-
invasive methods — electromyography (including the use of
cutaneous electrodes), electrocardiography and electroence-
phalography — and their magnetic analogues — magneto-
myography, magnetocardiography, magnetoencephalogra-
phy. Considering the metrological aspect, this principle is
applied rather easily for remote analysis of the tissue
response taking account of the reactivity of the smart
PVDF scaffold (according to the definition given in the
Encyclopedia of Smart Materials,?®> PVDF is a smart
material). However, this is a challenge for practical thera-
nostics due to multiple feedbacks between the tissue and
PVDF.

The diversity of medical applications of PVDF is deter-
mined by its unique physical properties inherent in ferro-
electric materials providing a versatile energy conversion
and, hence, conversion of control or analytical signals. The
efficiency of energy conversion in the PVDF matrix depends
on the content of polar crystals of the B-phase, which can be
controlled during the manufacture of PVDF-based materi-
als.286-288 Therefore, it is possible to vary physical stimuli
(e.g., acoustic and electric signals) that are transduced to a
living cell or a tissue from an electroactive material and
back. The morphological difference between the PVDF
fibres synthesized under different conditions is illustrated
by Fig. 32. The above noted properties of PVDF make it
possible to construct various physical algorithms and ways
of signal conversion involving PVDF; they could form the
basis of new techniques for stimulation, diagnostics, treat-
ment and studying of natural properties of biological tissues
in the regenerative medicine. Examples of this type of
application of PVDF-based materials are given below.

Figure 32. SEM images (SEM is scanning electron microscopy;
magnification up to 10000) of the PVDF fibres of nanofibrillar
scaffolds. PVDF concentration in the initial solution (mass %):
10 (a), 20 (b), 25 (¢), 30 (d).2"°

8.2. Scaffolds for nervous tissue regeneration

The PVDF electrospinning technique capable of mimicking
the structure and function of the extracellular matrix is a
fairly popular biomimetic approach to the design of sup-
porting scaffolds for the development of nervous tissue
(Fig. 33). PVDF-based scaffolds implanted into the
patient s body provide for the integrated electrophysiolog-
ical, morphological and functional restoration of the nerv-
ous tissue. For example, owing to the electroactivity and
biocompatibility inherent in PVDF, these scaffolds can be
used as piezoelectric framework for tissue regeneration in
the peripheral nervous system.

In view of the considerable increase in the content of the
B-phase in the PVDF matrix after electrospinning and the
value of {-potential of polarized PVDF [close to that of
P(VDF-TrFE)], the electrospun PVDF-based scaffolds
possessing piezoelectric activity can be considered as prom-
ising materials to be used as artificial systems for neural
guidance for the restoration of damaged peripheral nerves.
When iron-containing magnetic particles are added to the
raw material for production of the fibre, the direction of cell
growth in an electric field changes, and the ferroelectric
polymer is transformed into a composite — a multiferroic.
Simultaneously, the cell proliferation trajectory also
changes, and even non-neuronal pluripotent stem cells
form neural-like structures inherent in the peripheral nerv-
ous system. These issues are discussed in the literature in
more detail.>89-295 The development of nervous tissue
requires also glial cells. A PVDF-based scaffold promotes
adhesion of glial cells (especially Schwann cells) and fibro-
blasts and active biochemical and physiological functioning
of these cells within an implant at the interface with the
nervous tissue, as convincingly demonstrated in the liter-
ature.??°-3%0 The micrographs of neurons and glial cells,
that is, astrocytes and oligodendrocytes (more precisely,
their precursors) grown on a PVDF scaffold are shown in
Fig. 34.

The development of techniques for frequency-selective
excitation of ferroelectric materials (e.g., microfibres
obtained by electrospinning of PVDF type ferroelectric
polymers and acquiring the relevant properties upon polar-
ization during the manufacturing process) implies the exis-
tence of conditions providing signal transduction along a



22 0of 35

V.V .Kochervinskii, O.V.Gradov, M.A.Gradova
Russ. Chem. Rev.,2022,91 (11) RCR5037

PVDF

£
z £
=S
a3
|<Q_
=3

EDC-NHS PVDF
) —
MAP-VNmM nanofiber

j . membran
fusion peptide embrane

Figure 33. Scheme of formation (¢) and SEM characterization (b—f) of PVDF scaffolds.?** Designations: EDC-NHS is activation of the
scaffold surface with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide; MAP-VNm is the subsequent treatment
of the scaffold surface with the hybrid recombinant protein promoting the adhesion of stem cells; A-type and B-type are PVDF membranes
with fibre diameters of 200 nm and 700 nm, respectively; MG is matrigel.
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Figure 34. Immunofluorescence images of neurons (a, d), astro-
cytes (b, e) and oligodendrocyte precursors (c, f) differentiating on
PVDF scaffolds of two types.??® A-type: PVDF membranes with
fibre diameter of 200 nm, B-type: PVDF membranes with fibre
diameter of 700 nm, DAPI (4',6-diamino-2-phenylindole dihydro-
chloride) is a blue fluorescence dye, TUJ1 is anti-beta III tubulin
antibody (class III beta-tubulin is a neuron-specific protein of
microtubules), GFAP is anti-glial fibrillary acid protein antibody
(the main structural component of astrocytes), NG2 is antibody
against the glycoprotein of the chondroitin sulfate proteoglycan
family (neuroglia component), A2B5 is antibody against the gan-
glioside expressed by oligodendrocyte precursor cells.

particular channel (e.g., along a fibre in the case of electro-
spun materials). Therefore, this may be regarded as a
development of targeted systems of biocompatible fibres
the excitability of which can be selectively controlled.

8.3 Scaffolds for bone and muscle tissue regeneration

In the modern bone tissue engineering, particular attention
is paid to piezoelectric materials based on PVDF, which are
able to generate surface charges upon minor mechanical
strain. The cells on the surface of piezoelectric PVDF
nanofibre scaffolds are readily activated, which is due to
the change in ion channel activity and ion transport (espe-
cially intracellular calcium transport; the activation of
calcium concentration waves is detected by confocal micro-
scopy upon introduction of cells on a PVDF substrate). By
utilizing the self-stimulation of cells attached to piezoelec-
tric PVDF fibres, it is possible to manufacture tissue-like
functional 3D scaffolds for bone tissue engineering. It is
also possible to control the surface potential of PVDF fibres

by means of positive and negative voltage polarity during
the electrospinning; this gives rise to two types of scaffolds:
PVDF (+) and PVDF (—). It was shown that a pulsed
electric field is more efficient for the formation of potential
of the fibres. It is also acceptable to introduce mineral
components that promote bone tissue regeneration into
the composite during the electrospinning; this allows one
to control the micromechanical properties of the composite
related to the porosity (Fig. 35), together with providing the
desired electrophysiological properties. The optimal poros-
ity of the scaffolds ensures an efficient cell in-growth. The
percolation parameters of the scaffolds control the perme-
ation and diffusion of biochemical agents. The scaffold
grain structure and microroughness, including spherulites
(and similar structures) provide efficient cell spreading on
the surface, since cells are better distributed over a micro-
heterogeneous surface. These issues are considered in more
detail in the literature.30!-307

To take full advantage of the properties of PVDF
scaffolds, it is expedient to carry out their preliminary
mechanical cycling and ferroelectric stimulation by mechan-

Figure 35. Electron micrographs of the surface of PVDF scaf-
folds.?°! The squares in Figs a—c mark characteristic elements of
the scaffold texture at large magnification; the numerals in Fig. b
indicate the sizes of spherulites (marked in green), and in Fig. d, the
transverse dimension of the pore is indicated. Published with
permission from Elsevier.
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Figure 36. Morphology of pristine (a, ¢) and stimulated (b, d)
scaffolds.?'¢ Figs a, b are tissue sections (hematoxylin eosin stain-
ing), the asterisk marks the inner space of the channel; Figs ¢, d are
SEM images of the surface. Published with permission from
Springer Nature.

ical and/or electrical signals. The effect of such treatment on
the microstructure needed for cell development is illustrated
in Fig. 36, which shows micrographs of the surface of
stimulated and pristine scaffolds.

Popkov et al.398:39° demonstrated the compatibility of
PVDF with Ilizarov apparatus (transosseous compression
distraction device for osteosynthesis: bone welding and
bone fracture healing); this attests to the piezo-active role
of mechanical stress and the possibility of using this activity
in the design of implants based on piezoelectric PVDF
materials. The possibility of fabrication of intramedullary
implants 319312 the bacteriostatic effect of which is attained
via magnetron plasma treatment313-315 was reported. A
possible option is also mechanical piezo-stimulation of
muscle tissue development. The appearance of artificial
muscles that contract in an electric field and thus stimulate
the development of muscle tissue seems to be the near future
of regenerative medicine.?'¢~ 318 This is predetermined by
the mechanical and morphological features of PVDF as a
piezo-active scaffold (Fig. 36 and 37) and by the activity of
cells that undergo morphogenesis and differentiation under
stimulation conditions on PVDF (Fig. 37, 38).
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Figure 37. Finite element simulation of the triaxial stretching of a
PVDF scaffold.?!'® Fig. a shows compressed (shown in blue) and
stretched (shown in green) scaffolds; Fig. b presents time depend-
ences of stretch, stretch ratio (v) and mechanical stress (oy).
Published with permission from Springer Nature.
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Figure 38. Effect of electrical stimulation of different frequency on
the development of cell structure on PVDF scaffolds: («) general
view of muscles (cardiomyocytes); (b) sarcomeres in cardiomyo-
cytes with actin staining; (¢) biochemical activity of cardiomyocytes
in the expression of various proteins; mES and 2D mES-CM
designate various types of cells, ¢cTnT is cardiac troponin T,
Cx43 is connexin-43, MHC is heart heavy chain myosin; d is
amplitude of the electrophysiological response (F/Fy) of cardio-
myocytes to various stimulation frequencies.?!® Published with
permission from John Wiley and Sons.

8.4. Materials used in cardiology
Cardiac muscle tissue composed of cardiomyocytes is the
most highly organized type of muscle tissue, activated by an
electric field and possessing automatic contractile function.
Electrospun PVDF and P(VDF —TrFE) scaffolds possess a
piezoelectric activity and can generate an electric charge in
response to a minor mechanical strain. The myocardium
consists of electrically active tissue, and this can be used in
tissue engineering of the cardiovascular system. Embryonic
stem cell-derived cardiomyocytes and endothelial cells effi-
ciently grow on P(VDF—TrFE) scaffolds; they are adhe-
sively attached to the polymer matrix and are aligned along
the fibres. In the case of culturing on P(VDF-TrFE)
scaffolds, these cells are spontaneously contracted; this is
accompanied by the morphogenesis of sarcomeres and
biosynthesis of a number of classical cardiospecific markers.
In addition, mesenchymal stem cell cultured on P(VDF—
TrFE) scaffolds also actively respond to the exogenous
electrical stimulation and demonstrate calcium signalling
patterns inherent in developing cardiomyocytes. In view of
the above, it is possible to fabricate a cardiac implant with a
built-in stimulator based on PVDF. Heart activity signals
can be detected from these implants and used for therapeu-
tic feedback. This can be done directly in blood stream,
because no overgrowth of the implant takes place and the
haemocompatibility of PVDF is rather high. A number of
publications 319-326 address these issues in more detail.
Note also that PVDF and its copolymers can serve for
the fabrication of vascular implants 3?7 and haemocompat-
ible catheters.328-330 Devices of this type can influence the
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physiological function of the body and serve as detectors
(such as needle microphones or applicative detectors) to
monitor the function efficiency. The surface microphones
and heart rate, blood pressure and flow rate sensors can be
easily implemented using PVDF. Cardiac auscultation with-
out the use of hearing or analogue stethoscope can also be
accomplished using this type of sensors.?3!-332 From the
standpoint of theranostics, analysis of haemodynamics
using actuators, sensors and transducers based on PVDF
is not limited to the control of endogenous processes;
implementation of extracorporeal processes related, for
example, to enhancement of blood purification and haemo-
dialysis in a PVDF-generated electrical field is also possi-
ble.333-337 This is provided by high haemocompatibility and
low overgrowth of PVDF membranes at a controlled wett-
ability (in particular, electrical field-controlled surface
hydrophobicity during electrowetting). The detection and
modification of blood properties can be combined on a real-
time basis by using alternating filtration and measurement
processes or by spatially separating these processes in
distributed systems.

Currently, it appears possible to use PVDF capillary
fibres as substitutes for vascular and capillary func-
tions 338341 and simultaneously as artificial channels for
targeted delivery of pharmacological agents to known
targets. This may involve both a laminar flow and a micro-
fluidic flow perturbed on topological singularities (surface
irregularities); this enables laminar-to-turbulent transition
and change in the flow properties. The properties of the
flow depend on the rheology of the components, which is
often used in microfluidics.?#2~34¢ The membrane (mem-
branomimetic) properties of PVDF films, including the
controlled porosity (Fig. 39), are also actively utilized for
the exchange with the body medium. The developed vascu-
lar prostheses and haemodynamic energy converters based
on PVDF such as microfluidic biocompatible systems 347 (in

Figure 39. Examples of pores in PVDF membranes used to manu-
facture vascular prostheses.?*! In the upper parts of the figures,
designations of samples differing in composition are given.
Published with permission from Elsevier.

particular those converting the energy of vortex flow arising
on surface inhomogeneity into the heat exchange
energy) >#8-3%0 allow the design of energy supply systems
for smart prostheses with active elements without controlled
energy supply and storage in a peripheral unit33!-333
located beyond the active implant and interfering with its
self-sustained operation.

8.5. Materials used in urology

Many processes in regenerative medicine are based on
mesenchymal stem cells, which successfully grow not on
any potentially implantable substrate. Stem cell prolifera-
tion and differentiation potential can be considerably
increased by culturing the cells on PVDF substrates or, to
a higher extent, on electrospun PVDF-TGFfB (where
TGFp is transforming growth factor, a beta-protein that
controls proliferation, cell differentiation and other func-
tions in most cells). The efficiency of this approach was
demonstrated in relation to bladder wall.3>*-35 From the
standpoint of theranostic specialists, PVDF can be used to
receive signals of bladder filling. Fast growth of cells on the
scaffold resulting in a continuous cell layer (with topolog-
ical inhomogeneities) is illustrated in Fig. 40.

The renal insufficiency can also be treated by introduc-
ing PVDF scaffolds directly into a kidney. Highly efficient
values were established for electrospinning parameters and
for characteristics of other procedures for the preparation
and fabrication of implants for regenerative medicine and
renal implantology. For example, it was shown 37 that the
optimal conditions for the fabrication of an electrospun
PVDF scaffold include a voltage of 20 kV, a tip-to-collector
distance of 100 mm and a flow rate of 0.5 mL h—!. The
resulting fibre diameter was found to be statistically more
affected by the tip-to-collector distance and the flow rate,
while the pore size in the material depended to a greater
extent on the applied voltage. However, the fibre diameter
and the pore size in electrospun scaffolds were smaller than
those in the native renal tissue. Nevertheless, the approach
using PVDF is unique and has no analogues in the electro-
stimulated renal regenerative therapy.

Figure 40. SEM images of the scaffold for bladder prosthesis
covered by cells;3* (a, b) initial state of the scaffold; (¢, d) after
two weeks of cell growth. Published with permission from Elsevier.
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8.6. Materials for connective tissue regeneration
Piezo-stimulated regeneration of connective tissue, includ-
ing derma, is possible. PVDF substrates/carriers have a
beneficial effect on the activity of fibroblasts — connective
tissue cells that synthesize extracellular matrix and colla-
gen 338,359 Therefore, any processes of regenerative medi-
cine involving fibroblasts can be intensified using PVDF. In
particular, the B-phase of PVDF was found to accelerate the
wound healing.

During electrospinning, the non-piezoelectric a-phase of
PVDF is transformed into the piezoelectric B-phase. The
fibroblasts cultured on B-PVDF scaffolds are characterized
by normal morphology and highly efficient proliferation.
The fibroblasts cultured on piezoelectrically excited scaf-
folds also show enhanced migration, adhesion and secre-
tion. The in-growth of cells into PVDF scaffolds was greater
than that for classical polyurethane scaffolds (Fig. 41). The
post-surgical and diabetic wounds were healed equally
efficiently. More detailed information on this issue can be
found in the literature;3°©—3%5 the most recent studies
carried out in Tomsk (Russia) were reported by Tverdokh-
lebova et al.3%°

8.7. Artificial muscles

The techniques that ensure the introduction of artificial
muscle tissue into the human or animal body are currently
insufficiently developed to be implemented in prac-
tice.3¢7-370 However, the advances in the fabrication of
artificial muscles and biosimilar actuators for robotic appli-
cations suggest the conceptual possibility and promise of
using these structures in biomedicine. This is hampered by
the absence of a feedback systems or matching of the
response parameters between biological tissues and

PU scaffolds
Vertex

Pu/PVDF scaffolds

Figure 41. Cell in-growth depth of PVDF scaffolds (on the right)
and conventional polyurethane scaffolds (on the left).30 Published
with permission from Elsevier.

implanted or applied PVDF-based materials that mimic a
muscle; this results in very high (and detrimental for the
body and the implant) loads in the contact area of the living
tissue and the material.

In view of the above, a relevant trend of PVDF applica-
tion is related to incorporation into implanted structure of a
sort of encoders, or feedback sensors, which would provide
for mutual correlation (or even counterbalancing) of excess
mechanical stress of an artificial PVDF muscle in propor-
tion with the encoder signal corresponding to the
load.371-375 An example of such a multilayer design of the
PVDF-based sensor actuator and ionic polymer—metal
composite (IPMC) is shown in Fig. 42.

A review of special literature demonstrated that cur-
rently the PVDF-based pressure, extension and force sen-
sors are used only outside the human or animal body or
outside a smart reactive implant.37¢ This is due to the fact
that the possible consequences and physical reliability of
such structures on long-term operation in the body are not
entirely clear.3”7 However, one can find numerous examples
of using such sensors as artificial skin regulators for robotic
purposes and tactile sensors for smart mobile devi-
ces. 378380

Not only piezoelectromechanical, but also acoustome-
chanical, electroacoustic and acoustofluidic PVDF-based
techniques may prove to be promising for physical move-
ment of particles and change the positions of structures. The
acoustically active ferroelectric polymers are capable of
flexible frequency tuning; therefore, they can not only
define the modulation, but also serve as (bio)acoustic plat-
forms for the motion of liquids, i.e., as acoustofluidic
structures with electroprogrammable frequency tuning
and modulation of the efficiency and the direction of
(micro)fluidic transport. 381384

The notion acoustofluidics integrates a number of
basically different processes and mechanisms of action on
liquid or partially ordered (soft matter) media and disperse
systems. Using these processes, it is possible to move micro-
and nanoparticles,?8%38¢ including living cells,?®” in an
acoustic field; to direct liquid flows 388389 using acoustic

Wi
Insulating layer
Neutral axis
e | IPMC
0 y
Insulating layer
Z -
,- Crossview  __.--""
A ] A il
e R AR Ve S
Z3

IPMC/PVDF
PVDF force sensor

Figure 42. Structure diagram and elastic beam bending of PVDEF-
based mechanoelectric sensor actuator for biomedical applica-
tion.’”! L; and Z; are the length and displacement of the bending
structure, L> and Z are the length and displacement of the rigid
beam. Published with permission from Elsevier.
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pressure 390-391 or acoustophoresis effects; form cavities;3°?
envelop particles;3?3 transport particles over long distan-
ces;??* and synthesize cell spheroids,??> neurospheres 396398
and other constructs 3°°~4%5 (which is often used in exper-
imental oncology 4°-407), By means of acoustofluidics, it is
possible to form programmed gradients at the bounda-
ries,*98 control the time course of reactions,**® and to
develop the chemical signals and wave generators#10-411
that regulate the cell behaviour. The processes that occur
in acoustofluidic systems may result in formation of many
other biologically active compounds, in particular, in
threshold nano-quantities, which are still sufficient for the
chemostimulation of cells.#12:413 In addition, acoustoflui-
dics can be used for engineering of systems of ultradispersed
particles, controlled aggregation, component enrichment
and nanostructural self-organization of both mineral inor-
ganic and polymer structures.4!4-420

The foregoing suggests that the use of PVDF and
principles of acoustofluidics may enable cell sonoporation
(and, hence, the targeted delivery of macromolecular phar-
maceuticals and genetically engineered constructs)4?! 423
and the targeted drug delivery, in particular, the delivery of
diagnostic and theranostic agents.*>¢~432 In this regard,
PVDF is a unique biocompatible material that is used in
acoustofluidics and associated techniques (e.g., electromag-
netic materials, multiferroics and metamaterials 433~ 43%),
Therefore, PVDF can be used on acoustofluidic principles
directly in an implanted device in the body (or in contact
with tissues), which means the highest degree of connection
of biomedicine and acoustofluidics.*3¢ This may benefit the
regenerative medicine.

8.8. Fabrication of fully functional tissue prostheses

The fabrication of bioimplantable devices based on PVDF
is well fitted in the research area related to the design of
fully functional tissue prostheses, i.e., hybrid devices
implanted into the body that are able to respond to external
stimuli, including the physiological response of the replaced
organ and surrounding tissues (for details, see Ref. 417,
pp. 69—84). The basic systematic criterion determining the
optimal reactivity of the implant is its active adaptability to
mechanical and biological factors (Ref. 437, pp. 53—60). In
this regard, PVDF as a ferroelectric material possessing
biocompatibility, mechanical sensitivity and electrophysio-
logical activity is optimal for the design of implants.438.439

Considering the principles of biomechanics (more pre-
cisely, biomimetic mechanics), it seems possible to manu-
facture PVDF-based cardiac valves, haemodynamic
accessories, smooth muscle stimulators, tissue contraction
rhythm simulators (e.g., for bladder tissue33%35%) and
respiratory support systems. According to the concept of
fabrication of expandable plastic and elastic implants,
which can be used in paediatric surgery, unlike rigid
implants (Ref. 437, pp. 15—22), both self-healing prostheses
and porous scaffolds and also tissue engineered constructs
adaptable to the growing body are in demand.

In this connection, it appears pertinent to discuss the
role of PVDF as a possible material for the fabrication of
porous, including fibrillar, scaffolds that can maintain
plastic and elastic deformation, thus providing biomechan-
ical activity in a growing body. A number of shape memory
materials as trainable reactive structures were proposed for
this purpose. The active implant should learn to reproduce
the dynamics of a normally functioning organ during the
human body development rather than to reproduce separate

static states.*4? The device should also mimic the reversible
transition between the states and the adaptive response to
the intrinsic (endogenous) state of the organ tissue, the
degree of its filling and innervation performed by electro-
physical (electrophysiological) pathway. This problem
could be perfectly solved using polarizable PVDF:#41,442
the physical effects inherent in this material open up the
possibility of generating multiple feedbacks and maintain-
ing regular dynamics, against the background of the chaotic
environmental dynamics, with a selective response to its
change affecting a particular feedback stage (electrical,
mechanical or acoustic). These issues are considered in
detail in a collected book.*+3

9. Conclusion

Currently, the engineering and biomedical applications of
PVDF and its copolymers have passed from the laboratory
stage of research to active practical implementation.
Whereas before 2009, the PubMed (National Library of
Medicine, National Institutes of Health, Bethesda, USA)
database indexed not more than a hundred publications
dealing with PVDF every year, in 2021, their number was
560. However, some of the most recent biomedical trends
(in particular, most of those discussed in this review) and
engineering applications have not yet been systematically
integrated in the literature. This accounts for the relevance
of the material presented here.

A number of reviews published since 2020 address the
design of energy storage devices using PVDF,*#+ 445 rang-
ing from passive separators for lithium ion batteries #46-447
to piezoelectric nanogenerators.*4% 44 However, these and
some later publications #3435 are rather concerned with
engineering aspects than with physical aspect analysis. This
is due to the fact that most of the authors are not materials
scientists, in particular, they do not specialize in the physics
of crystalline polymers; therefore, the results they obtained
often did not receive a strict physical interpretation. This is
especially true for the new state of the materials used as
electrospun microfibres 43¢~ 460 and sensor applications of
PVDF for measuring parameters of liquids and
gases.#01-463 Therefore, we set ourselves the task to
describe the results that can be interpreted in terms of the
hierarchical structure of crystalline polymers. An important
role is assigned to the polymers with two forms of hetero-
geneity, structural and dynamic one. This approach to
discussion of experimental data has never been used before.

From this standpoint, it is possible to analyze the
material of some parts of the collected book #43 published
in 2022, which describes a number of PVDF applications
addressed also in this review. For instance, part 14 of the
book considers composites based on ferroelectric polymers.
Section 2 of our review also presents this type of data;
however, we discuss the polymers themselves, with attention
being focused on the possibility of transforming fluorinated
ferroelectric polymers to the relaxor state, which potentially
provides for high energy storage capacity. Two key methods
for polymer modification are considered, that is, irradiation
with high-energy electrons and chemical modification.
Examples demonstrating improved energy storage charac-
teristics are given. This review emphasizes for the first time
that the power density transferred to the resistive load can
reach 200 MW cm—3. To explain these values, we took into
account the fact that the chains of the amorphous phase of
these polymers exist, at room temperature, in the liquid-like
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state with a relaxation time of ~1 ps. This is a new
conclusion that shows the necessity of taking account of
cooperative dynamics in the amorphous phase chains. A
new view of the mechanism of increasing breakdown fields
via modification of ferroelectric polymers is presented
(which is highly important for the capacitive energy storage
devices).

Part 15 of the collected book cited above (Ref. 443,
p- 503) considers the use of ferroelectric polymers as an
alternative to fossil energy sources. The material presented
in this review is appropriately supplemented by the results
outlined in the book. In particular, we discussed little
known studies that experimentally prove the important
role of the size of the active element for increasing the
efficiency of energy conversion. The design of the energy
source operating due to the fact that the piezoelectric
coefficients d»4 and d)s (transverse shear piezoelectric mod-
ulus) of a polarized textured PVDF film differ from zero.
The design simplicity and low flexural moduli make these
devices suitable for wind energy engineering. A practically
important application of the piezoelectric converter for the
control of ship hull biofouling is described, and the results
of studies discussing the increase in the area of active
element of the converter by switching from a solid film to
microfibres are analyzed in more detail.

In our opinion, the information on the electrocaloric
effect discussed in the review well supplements the results
given in part 16 of the book. In the collected book (Ref. 443,
p- 535), the electrocaloric effect is theoretically predicted in
terms of the Landau— Devonshire phenomenological theory
by relations (16.5)—(16.7). We used more practically con-
venient relations (8) and (9), which imply that ferroelectric
polymers can potentially have higher ECE parameters than
inorganic ferroelectrics. The validity of this conclusion was
confirmed by comparing ECE characteristics for polymers
and inorganic materials. While considering the mechanisms
of this effect, we attempted to elucidate the influence of the
amorphous phase (the fraction of which may reach 0.5 or
more) on the ECE parameters. This problem is often hushed
up and ignored in the literature, although it should be borne
in mind that this phase has a liquid-like dynamics at room
temperature and above. This circumstance must be taken
into account, since the entropy change induced by an
external field in this phase may be very high. We present
the experimental results that demonstrate how the change in
the crystallinity affects the ECE parameters, consider data
on the effect of inorganic fillers in ferroelectric polymers on
these parameters and analyze more thoroughly the results of
experiments (see Fig. 17).

Part 17 of the collected book (Ref. 443, p.571)
addresses the conceptual aspects and biocompatibility cri-
teria of ferroelectric polymers and some their applications
in diagnostics and medicine that possess an essential nov-
elty, but are not yet implemented in the clinical practice. In
this review, we mainly discuss the applied aspects of the use
of ferroelectric polymers in medicine and illustrate the
existing or practically implemented biomedical applications
of PVDF. Modification of the PVDF structure as applied to
biomedical problems is an essentially novel subject of this
review, as most reviews on PVDF neglect its structural
aspect and do not relate it to the electrophysical activity
and reactivity of biological tissues. Therefore, the illustra-
tion of the dependence of biomedical applications of PVDF
on its structure and (structure-dependent) physical proper-
ties is of obvious practical value, which may be appraised by

researchers specializing in the physics and chemistry of
polymers and in the fundamental medicine and applied
biophysics.

Owing to the multifuncional nature of fluorinated ferro-
electric polymers reflected in this review, they can be
recommended for the use in various engineering devices.
As shown in the review, valuable functional properties of
these materials appear after preliminary polarization in an
electric field. A specific feature of these polymers is that
they possess high coercive fields; therefore, study of the
dielectric breakdown mechanisms in the crystalline poly-
mers (in particular, in ferroelectrics) is an important task.
The presence of ionogenic impurities in the polymer matrix
arising from remainder of the catalyst and admixtures
increases the conductivity and decreases breakdown fields.
In this connection, the development of a pure polymer-
ization process (e.g. induced by radiation) is highly relevant.

The currently used polymerization processes give prod-
ucts with broad molecular-mass distribution. This brings
about some inconveniences, e.g., in the film and microfibre
preparation from polymer solutions. Thus, the synthesis of
polymers with a narrow molecular-mass distribution is also
an important task. These ferroelectric polymers are self-
organizing systems, which is manifested as self-polarization.
During the formation of a film on a substrate, this can be
induced by targeted chemical treatment. The functional
groups formed in the surface can initiate formation of the
surface layer of the polymer in which the polar groups in the
planar zigzag conformation would be arranged at right
angle to the substrate surface. Studies along this line seem
to be highly important and promising.

For electrochromic and photovoltaic applications, the
covalent attachment of some chromophore groups to PVDF
chains and non-covalent modification of the polymer
matrix with various dyes could be fairly useful. For the
relaxor polymer dielectrics (with a low remanent polar-
ization), it is reasonable to study in detail both structural
(by large and small angle X-ray scattering) and dynamic (by
broad-band dielectric spectroscopy and NMR spectro-
scopy) characteristics.

The development of smart implantable devices using the
sensor properties and the capabilities of the multifactorial
response of materials based on PVDF and its copolymers is
the most promising modern application of PVDF in bio-
medicine. To achieve this goal, it is necessary to improve the
preparation procedures of porous and fibrous materials
with a specified type of structure and electrophysical
parameters and to develop modification methods for these
materials with biologically active components. Research
along this line would result in the creation of fully func-
tional prostheses and biomimetic constructs with active
response adequately reproducing the properties of biolog-
ical tissues.

This review was written with the financial support of the
Russian  Foundation for Basic Research (Project
No. 20-12-50344).

10. List of abbreviations and symbols

BNNS — boron nitride nanosheets,

BOPP — biaxially oriented polypropylene,
BST — ferroelectric ceramics (Ba,Srg — ) TiO3),
CFE — chlorofluoroethylene,

CTFE — chlorotrifluoroethylene,

ECE — electrocaloric effect,
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HFP — hexafluoropropylene,

IPP — isotactic polypropylene,

PE — polyethylene,

PEMA — polyethylene methacrylate,
PETF — polyethylene terephthalate,

PI — polyimide,

PMMA — polymethyl methacrylate,
PMN — oxide piezoceramic (PbMnNb),

PMN-PT — (1*X) Pb(Mg1/3Nb2/3)O3_beTiO3 ferro-

electric,
PP — polypropylene,
PPENG — piezo(pyro)electric nanogenerator,
PS — polystyrene,
PTFE — polytetrafluoroethylene,
PVDF — polyvinylidene fluoride,
PZT — oxide piezoceramic (PbZrTi),
TENG — triboelectric nanogenerator,
TFE — tetrafluoroethylene,
TrFE — trifluoroethylene,
VDF — vinylidene fluoride,
C — capacitance,
Cr — heat capacity,
dy, ey, gy — piezoelectric coefficients,
D — electric displacement,
E — external electric field strength,
Ey, — breakdown field,
I — current,
k31 — electromechanical coupling coefficient,

n — number of repeating units between neighbouring

cross-links,
P — polarization,
Py — spontaneous polarization,
P, — remanent polarization,
q — charge,
Q — heat of reaction,
Om — latent molar heat of melting,

R — reflection coefficient for a wave that passes from
one medium to another with different acoustic impedances,

S — entropy,

t — time,

T — temperature,

Tc — Curie temperature,

T, — glass transition temperature,
Tm — melting temperature,

V' — voltage,

vs — speed of sound,

We — volumetric energy density,
Y — Young’s modulus,

Z — acoustic impedance,

o — characteristic field,

p — coefficient of expansion of the Gibbs energy in

terms of the even powers,
n — energy conversion efficiency,
v
reversible change in the crystallinity with temperature,
&r — relative dielectric permittivity of the medium,
g9 — dielectric permittivity of vacuum,
p — density of the medium,
A — wavelength,
¢ — crystallinity.
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