Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 jdli 2025. Downloaded on 7.12.2025 10:36:37.

¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Horizons

View Article Online
View Journal | View Issue

REVIEW

) Check for updates From solid to liquid piezoelectric materials

Minakshi Gill,” Marcell Tibor Mathé,” Péter Salamon,® James T. Gleeson (22 and
Antal Jakli () *3¢

Cite this: Mater. Horiz., 2025,
12, 8920

The history and evolution of piezoelectricity are reviewed, starting from the discovery of pressure
("piezo” in Greek) electricity by the Curie brothers in a ferroelectric crystal until today, when liquid
piezoelectricity is being observed in polar anisotropic fluids, namely, the ferroelectric nematic liquid
crystal (Ng) materials. As effects analogous to the piezoelectricity have been observed in various crystals,
polymers and biomaterials with lack of inversion symmetry, the definition of piezoelectricity has evolved
to describe a linear coupling between mechanical stress and electric polarization. Mechanical stress-
induced electric polarization is called direct piezoelectricity, and electric field-induced mechanical stress
is called converse piezoelectricity. Soon after the discovery of ferroelectricity in chiral liquid crystals
with two- and one-dimensional fluid order, owing to the lack of their inversion symmetry, linear

Received 14th May 2025, electromechanical effects analogous to direct and converse piezoelectricity have also been observed in

Accepted 22nd July 2025 those materials. While these materials in certain directions can sustain static stress, the Nr phase is truly

DOI: 10.1039/d5mh00917k a three-dimensional fluid, and a steady stress can only be sustained by surface tension. The review

concludes with a summary and analysis of direct and converse piezoelectric measurements on several

rsc.li/materials-horizons N materials, followed by the challenges and possible future applications of liquid piezoelectricity.

Wider impact

A mechanical stress-induced electric polarization is called direct piezoelectricity, and an electric field-induced mechanical stress is called converse
piezoelectricity. The history of piezoelectricity (pressure electricity) started over 130 years ago by the discovery of the Curie brothers in a ferroelectric crystal,
Rochelle salt. As effects analogous to the piezoelectricity have been observed in various crystals, polymers and biomaterials lacking inversion symmetry, the
definition of the piezoelectricity has evolved to describe a linear coupling between mechanical stress and electric polarization. Soon after the discovery of
ferroelectricity in chiral liquid crystals with two- and one-dimensional fluid order, owing to the lack of their inversion symmetry, linear electromechanical
effects analogous to direct and converse piezoelectricity have also been observed in these materials that can still sustain static stress in certain directions.
On the other hand, the newest liquid crystal phase, the ferroelectric nematic liquid crystal (Ng) phase is a truly three-dimensional fluid, and a steady stress can

(cc)

only be sustained by surface tension. It is therefore of principal interest to study and compare piezoelectricity of liquid Ny materials with solid and partially

solid piezoelectric materials. In this review, we also discuss the challenges and possible future applications of liquid piezoelectricity.

|. Introduction

In 1880, Pierre and Jacques Curie' detected electric charges on
some crystals (sodium chlorate, boracite, tourmaline, quartz,
calamine, topaz, tartaric acid, sugar and Rochelle salt) when
compressed in certain directions. The charge observed was
found to be proportional to the pressure, and it disappeared
when the pressure was removed. These observations mark the
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birth of “piezoelectricity”; “piezo” is the Greek word for
“pressure”. Only one year later, Lippmann proposed™® that
the converse effect (i.e., strain induced by electric charges) must
also exist, owing to thermodynamics. This prediction was
also verified by the Curie brothers." The early history of
piezoelectricity® was complete with Voigt’s first rigorous for-
mulation of piezoelectricity® in 1894.

The next stage is the birth of ultrasonic technology during
the Great War in 1918. It was Langevin who applied both the
converse and direct piezoelectric effects to both emit and detect
sound waves underwater utilizing large plates of quartz.”® Soon
thereafter, Cady demonstrated that the frequency can be stabi-
lized if a quartz crystal is used in resonance with an electrical
oscillator.” Such quartz crystal oscillators were first used by the
US National Bureau of Standards as frequency standards and
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later became critical in the development of broadcasting radio
waves. '’

The third wave of piezoelectricity studies began in the 1940s
with the observation of new strong piezoelectric materials,
especially barium titanate."'™* The field developed quickly
with the subsequent discovery of piezoelectricity in certain
polymers, both synthetic and biological, beginning in the
1970s.**7* The native effects in polymers and biomaterials®
are generally small but can be increased by poling by strong DC
electric fields, typically at elevated temperatures. Owing to their
flexibility and ease of fabrication, piezoelectric polymers
opened up a whole new vista of applications and/or device
concepts that would not have been possible using conventional
crystalline piezoelectrics. One particularly well-known and
commercially attractive example is poly(vinylidene fluoride)
(PVDF);*° PVDF has been used in diverse applications ranging
from infrared detector technology to audio speakers. More
recently, certain cellular polymers (ferro-electrets) have also
been found to behave like soft, sensitive piezoelectrics.*'*
Fiber mats constructed of polylactic acid (PLA) dispersed with
ferroelectric barium titanate (BT) nanoparticles were also found
to be highly piezoelectric, having a 100x larger piezoelectric
response per weight than that of single-crystal BT and pure
piezoelectric ceramic fibers.?>*® At present, solid piezoelectric
materials are used in energy harvesting devices,”” various
sensors>® and even in transistors (piezotronics).*’

The mathematical description of piezoelectricity was origin-
ally developed for crystals subject to reversible compression
and extension. This was later generalized to arbitrary strain/
stress, including shear. Both stress 7" and strain S are repre-
sented by tensors of second rank. Tj; describes the ith compo-
nent of a reversible force per unit area (i.e., stress) acting in a
surface element pointing in direction j. Tensor formulation is
necessary when considering materials that are not isotropic. In
this case, it is possible (for example) that applying force in one
direction can lead to displacement in a different direction.
Tensor formulation is the precise and compact methodology to
account for all possible combinations of material response to
external forces. An individual component of reversible strain is
given by S; = (0s;)/(0x;), where s; is ith component of the
displacement of a volume element from the equilibrium posi-
tion. When we consider the case of a substance having equili-
brium position subject to reversible displacement, we infer that
the material displaces elastically, which is the case for crystals,
ceramics and solid polymers when subject to sufficiently small
stress/strain. With this in mind, the piezoelectric effects are
illustrated in Fig. 1.

The direct piezoelectric effect when a macroscopic electric
polarization vector P is produced by mechanical stress 7, can be
expressed by the following equation:

P = Zyjjk]}kv (1)

Jk

where the coefficients of the third-rank tensor y;; are known as
the piezoelectric charge coefficients.
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(a)Direct piezoelectric effect
Input: Mechanical stress (T, T,, and T,;)
Output: Electric current

(b)Converse piezoelectric effect

Input: Voltage
Output: Mechanical strain (S,y, S,, and S,;)

Fig. 1 Illustration of the direct (a) and converse (b) piezoelectric effects.
Note: in (a), the output ‘current’” will only be induced when the stress is
changing. For constant stress, it will be an induction of charge.

In the converse (or “inverse”) effect, the material becomes
strained when an external electric field E is applied. This is
expressed as follows:

S/'/c = Z}'U/{Eh (2)
i

where Sy is the jk component of the strain tensor.

As pointed out by Lippmann,® both the direct and converse
effects are manifestations of the same fundamental property of
the substance: a linear coupling between a second-rank tensor
(like strain or stress) and a first-rank tensor (such as the
polarization or electric field vector). This is emphasized by
the fact that the same coefficients y;; are found in both the
above-mentioned equations.

Of critical importance are the symmetries of the material in
question. Hence, most substances do not exhibit piezoelectri-
city. Underlying this entire phenomenon is the Curie principle,
which states that the tensor coefficients characterizing material
properties should be invariant under the symmetry transforma-
tions of the substance.*® Therefore, any material that possesses
inversion symmetry transformations, i.e., unchanged by the
transformation (x, y, z) - (—x, —y, —z), would require that y;; =
(—1)’5# which can only be true if y; = 0. This means that
materials with inversion symmetry cannot be piezoelectric.
In other words, piezoelectricity is only observable in materials
that lack inversion symmetry. Furthermore, it is possible to
identify which components of y;; must vanish based solely on
the symmetry group of any given material. As was pointed out
by Woldemar Voigt® in 1894, 20 out of the 32 crystallographic
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groups and 3 of the continuous point groups®' lack inversion
symmetry and so may exhibit piezoelectricity. The least sym-
metric materials with C; symmetry allow all y;; to be non-zero.
Since y;x = v, there can be at most 3 x 6 = 18 independent
tensor elements.

Due to the technological importance of piezoelectric materi-
als for transducers, frequency standards, ultrasonics, etc., the
third-rank tensor representation of the piezoelectric coupling
constant is often replaced (for simplicity) by a 2nd-rank tensor
following the convention below. Directions are identified using
the three axes, labeled 1, 2 and 3, where 3 is chosen parallel to
the direction of polarization. Since the 2nd-rank stress and
strain tensors are symmetric, they have 6 independent ele-
ments and can be expressed as 6 x 1 tensors (6 element
vectors): T; and S;, where /= @5” +9—(G+)](1-9y),

e, 11 - 1;22 - 2;33 - 3;23=32 — 4;13 =31 - 5;12 =
21 — 6 transformations are used.*? In this case, the piezo-
electric charge constants are formally expressed as 3 X 6
element 2nd-rank tensors and denoted as dj; These are
defined, along with several other piezoelectric constants and
their definitions, in Table 1. These piezoelectric constants are
various partial derivatives with respect to one independent
parameter evaluated while another is held constant, as is
typical in formulations of thermodynamics. These conditions
can be regarded as “mechanically free,” ‘“short circuit,” “open
circuit,” and “mechanically clamped,” respectively.*

While these notations are simpler, they are also less trans-
parent than the third-rank tensor notation. For this reason,
where possible, in this study, we will retain the third-rank
tensor formulation.

There is another coupling constant called the electromecha-
nical coupling coefficient k, which is defined as the ratio of the
mechanical energy accumulated in response to an electrical
input or vice versa. It also corresponds to the fraction of
electrical energy that can be converted into mechanical energy
and vice versa.

Everything discussed above is related to solid piezoelectric
materials. However, is this strictly restricted to solid materials,
or can this phenomenon occur in fluids? Can liquids be
piezoelectric? Isotropic liquids such as water, methanol, and
acetone have an inversion symmetry, so piezoelectricity is
forbidden. Recently, a “fluid piezoelectric”’ effect has been

Table 1 Various piezoelectric constants used in the literature with their
definitions®

Symbol Name Definition
d Piezoelectric charge coefficient _ (0D _ (0S;
or piezoelectric strain coefficient “¥ — T, ;o OE;) ;
g Piezoelectric voltage coefficient _ EN\ [0S
(voltage output constant) 4 at;), \aD;),
e Piezoelectric stress coefficient oT; oD;
e =
Y OE)s \0S;)
h Piezoelectric stiffness coefficient _ (OE oT;
Y\0S ), \9Di)
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reported for an ionic liquid,** whereby upon compression, an
electric signal proportional to the compression was observed.
By definition it cannot be considered piezoelectric, since that
fluid is isotropic with centrosymmetry, while genuine piezo-
electricity requires the lack of inversion symmetry. In fact, it
was subsequently determined that the effect is due to a rever-
sible pressure-induced liquid-to-crystalline solid transition.?”
Such an effect results in an effective d;3 < 0.5 pC N™' piezo-
electric coupling constant.

There are states of matter intermediate between crystalline
solids and isotropic liquids. These are liquid crystals that
possess less than three-dimensional solid behavior. ‘“Nematic
(N)” liquid crystals are three-dimensional liquids but anisotro-
pic, ie., have long-range orientational and short-range posi-
tional order. “Smectic (Sm)” liquid crystals have a layered
structure with one-dimensional positional order. Accordingly,
they are one-dimensional solids and two-dimensional liquids.
Finally, “columnar (Col)” liquid crystals have a two-dimensional
positional order, so they are two-dimensional solids and one-
dimensional liquids. Along their liquid directions, where there is
no positional order, liquid crystals are also unable to support shear
stress.*® However, they also have some degree of density periodi-
city in the smectic and columnar phases, so they have the ability
to sustain some elastic strain along their positional order (solid
direction).

Significantly, several categories of liquid crystal materials
lack inversion symmetry; therefore, they allow the existence of
non-zero, piezoelectric-type third-rank tensors. The origin of
this symmetry property may arise, e.g., because of mole-
cular chirality and/or polar molecular packing, as studied
extensively®” ™ and will be discussed in Section 3 for chiral
nematic (N¥), ferroelectric tilted smectic (SmC*)>>>' of chiral
rod-shaped molecules, tilted columnar’® phase of chiral disc-
shaped molecules, and tilted polar smectic (SmCP)>* phases of
bent-core liquid crystal phases. Their symmetry allow the existence
of piezoelectric charge coupling constant that may involve stress
either along their solid or liquid directions. The question is
whether we can call a linear coupling between electrical and
mechanical fields as piezoelectric if they involve fluid direction
or should we just talk about linear electromechanical effects.
Certainly nothing is wrong to talk only about linear electromecha-
nical effects as piezoelectricity belongs to that category as well.
However, it is also possible to generalize the definition of the
piezoelectricity to liquids if their symmetry allows it. The advan-
tage of this approach is that it would group together phenomena
in materials with the same underlying symmetry. In this review, we
are following this approach: generalize strain for liquid directions
and compare the same symmetry-enabled linear electromechani-
cal effects among solid and fluid materials.

The definition of strain tensor § = V - §'to be valid in liquids
can be done only for periodic motions, where the displacement
vector is 5(£) = 5,-¢™, where w is the angular frequency of the
vibration. For static cases, the displacement and the calculated
piezoelectric coupling constant determined by this way would
increase in time, and even for periodic situations, the piezo-
electric constant could show abnormal frequency behavior due

This journal is © The Royal Society of Chemistry 2025
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to the viscous nature of the stress. The static displacement in
liquids would be limited by the size of the fluid sample.
Microscopic size liquid objects have elastic response due to
the dominance of the surface tension, thus providing an
additional argument for talking about piezoelectric effects in
those fluids.

The justification for such treatment is provided by the recent
discovery of ferroelectric nematic liquid crystals that are polar
orientationally ordered three-dimensional fluids.>*®° In spite
of their genuine 3D fluidity, in electric fields they often behave
as solid particles or microrobots,®" they can also form meta-
stable freestanding filaments®>®® that can be stabilized in
small electric fields.*®

The main motivation of this paper is to review and compare
the piezoelectric phenomena observed in a wide range of
materials from crystalline solids to 3D liquids. We will overview
the main properties of solid piezoelectric materials such as
crystals, ceramics and polymers, and compare their behavior
with polar nematic, smectic and columnar liquid crystals that
can be regarded as three-, two-, and one-dimensional solids.
Special emphasis will be devoted to recent measurements of
converse® and direct®® piezoelectric responses of ferroelectric
nematic liquid crystals, for which we will present new results as
well. Finally, this review concludes with a comprehensive
analysis of the results followed by a future outlook.

ll. Measurement techniques
ILA. Solid piezoelectric materials

Measuring piezoelectric effects in solid materials is well
established.®®™®® Herein, we review some basics as well as
important milestones. It is instructive to recall that at its most
elemental state, piezoelectricity means an electrical response
resulting from the application of pressure. In that regard, and
its simplest form, one applies pressure to a material and
detects an electrical change, be it the appearance of charge
separation, an electric current or a potential difference. Of
course, these are all related to one another. Thus, measuring
piezoelectricity is, at least conceptually, rather simple: apply
stress to a material and measure the resulting electrical signal
(see Fig. 1a), as was done by the Curies. While conceptually
simple, it is rather unspecific. One could easily face difficulties
in reproducibility by using two different material specimens,
perhaps having different shape or growth conditions, put them
in the same apparatus and measure two different electrical
responses.®®

The much more specific measurement is not only the
manifestation of ‘“piezoelectricity”, but the measurement of
the piezoelectric coefficient(s), that is individual elements of
the J tensor in eqn (1). However, accompanying more specificity
is a substantially more complicated measurement. This is more
complex because such a measurement necessitates controlling the
application of stress as well as the symmetry axes of the material
to be studied. Implicit in this requirement is that the sample
of material should have well-defined axes, ie., a single-crystal

This journal is © The Royal Society of Chemistry 2025

View Article Online

Materials Horizons

specimen.”® Moreover, the individual axes need to be identifiable,
either through prior crystallographic study of the specimen, or, in
some cases, knowledge of the characteristic shapes formed by
single crystal specimens. For example, quartz crystals frequently
exhibit recognizable facets that accurately represent various sym-
metry axes. This knowledge and the ability to apply stress in a
particular and known direction with respect to these axes allow
the determination of individual elements of the piezoelectric
charge tensor 7, or alternatively the piezoelectric charge (or voltage)
coefficient(s).

Very similar considerations apply when attempting to mea-
sure the inverse piezoelectric effect. That is, to apply an
electrical potential difference and measure the resulting strain
(see Fig. 1b). Similar to the case of direct piezoelectricity, if the
goal is to measure the inverse piezoelectric ‘“response”, it is
conceptually simple. How much strain results from an applied
potential difference? If the goal is to examine inverse piezo-
electric coefficients, the same issues apply, but in a different
sense. For an inverse measurement, one must apply an electric
field in a specific (and known) direction with respect to crystal-
lographic axes. Then the resulting strain has to be determined
compared to crystallographic axes. Measuring inverse piezo-
electricity in crystalline materials, however, implies an addi-
tional complication in addition to the issues of orientation
described above. Most crystalline materials have moduli
exceeding 10 GPa, which means that the induced strains are
in general rather small and not straightforward to measure
directly. Different approaches to that problem are noted below.

ILA.1. Measurement examples. Perhaps the first choice
one must make in measuring piezoelectricity concerns time
dependence. With a few exceptions, the choice is usually
between ac and dc. The Berlincourt technique” (see Fig. 2) is
standard for measurements at low frequencies, below 10 kHz or
so. This is sometimes termed ‘“‘quasistatic” piezoelectricity.

True dc (i.e., zero frequency) measurements are particularly
difficult because of slow charge drift, finite electrical conduc-
tivity, etc. The quasistatic method is perhaps the simplest to

/ STATIC LOAD

/ OSCILLATORY LOAD

Fig. 2 Schematic of the Berlincourt technique.

Mater. Horiz., 2025, 12, 8920-8942 | 8923


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh00917k

Open Access Article. Published on 22 jdli 2025. Downloaded on 7.12.2025 10:36:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

implement, and there exists a handful of commercial instru-
ments which are useful for determining d;;. This method has
the advantage that it directly compares the piezoelectric
response of an unknown material (“DUT” in Fig. 2) to a
reference material (usually lead zirconium titanate). Typically,
one also employs a static force as a pre-load to prevent the
motion of the apparatus. The oscillatory load is usually sinu-
soidal, so that sensitive, phase-locked measurement techniques
can be used to measure the piezoelectric charge induced.
However, studies have been performed, which question the
reproducibility and accuracy of this method from material to
material and laboratory to laboratory. It is perhaps most valu-
able for comparison between different materials or specimens
that can be measured using one specific instrument and
measurement protocol.

Techniques to determine multiple piezoelectric tensor coef-
ficients at high frequency are better controlled, but unques-
tionably more difficult to implement. These techniques rely
on the known resonant and anti-resonant frequencies of spe-
cifically shaped crystal samples as well as measurements over a
wide frequency range. Such measurements, along with an
ingenious formulation,”” allow simultaneous measurement of
four elements of the piezoelectric tensor and six components of
the elastic tensor. The drawback is that it requires highly
precise preparation of single crystal specimens that have been
cut to exact shapes along specific crystalline axes. Such a
technique is not ideal for high throughput analysis.

As noted above, the direct measurement of converse piezo-
electricity in crystals is made difficult because the induced
strain is small. Two approaches have been fruitful, however.
In situ methods, in which an electric field is applied to a
specimen that is housed within an atomic scattering device,
such as an X-ray or neutron diffraction apparatus, do allow
direct measurement of strain but only the strain within a small
scattering volume of the apparatus.”® A popular alternative is
the laser interferometric method.”* This technique allows
measurement displacements in the nanometer range, which
is sufficient to observe converse piezoelectricity. The drawback
of both of these techniques is that they are neither simple nor
inexpensive.

The above-mentioned methods are applicable when a single
crystalline specimen is available. This is not always practical or
even achievable. Two notable examples would be thin-film and
powdered (or sintered) materials. In both of these, the chal-
lenge for measuring piezoelectricity is that the crystalline axis
of the specimen is either unknown or highly randomized in
space. In this case, even though stress may be applied, the
relationship between the stress tensor and the crystalline axes
is undetermined. In these situations, it is necessary to pole the
piezoelectric before measurement. Poling involves subjecting
the material to a sufficiently high electric field for an extended
time. That is, a field strong enough to, for example, rotate
microcrystalline particles (in a sinter) along the poling direc-
tion. In a polycrystalline sample, poling can enlarge grains
having a dipole moment along the poling field at the expense of
those in a competing direction. The poling field should exceed
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the coercive field. In this process, both time and temperature
are important, and poling close to, but less than, the Curie
temperature is more efficient.

ILB. Soft piezoelectric materials

Investigating the piezoelectric properties of soft materials and
fluids is, conceptually at least, the same process as for solids.
Specifically, to study direct piezoelectricity, one measures elec-
trical signal(s) generated in response to mechanical excitation
(strain or stress). In case of inverse piezoelectricity, we mea-
sured the mechanical response (deformation, vibration, or
stress) induced by an electric field. From the point of view of
basic understanding of the electromechanical phenomena
observed in a specific soft or fluid material, it is important to
determine the distinct components of the piezoelectric cou-
pling tensor, which can be more challenging compared to
crystalline solids, in that the axes of symmetry of the material
may not be static because the materials are soft.

As in the case of solid crystals, the symmetry axes, crystal-
lographic directions must be determined and appropriately
configured with respect to the direction of deformation (for
direct) or to the electric field (for converse). This is necessary to
discern specific information about the given component of the
piezoelectric coupling tensor in any material. For liquid crys-
tals, a well-developed technique to achieve “liquid single
crystals” is based on controlling the boundary conditions of
the local average molecular direction (the “director”) by surface
orienting layers. Alternatively, the use of other external fields,
e.g., magnetic, is also possible.

In almost all liquid crystal display technologies, and very
frequently diverse research endeavors as well, the liquid crys-
tals are introduced between two parallel glass plates separated
by a fixed distance that is usually much smaller than the plate
size. This geometry is usually referred to as a “sandwich cell”.
Generally, the glass surfaces have been treated to control the
boundary value(s) of the liquid crystal’s optic axis (the director).
In this manner, and under static conditions, the internal
structure of the liquid crystal held between the plates becomes
a boundary value problem to minimize the free energy density.
There are two main types of surface alignments, respectively,
known as homeotropic and planar. In homeotropic, the direc-
tor boundary condition is perpendicular to the glass plates, and
in planar, it is parallel and in a common direction. Usually both
types are based on anisotropic interaction between the LC and
a polymer thin layer. Different polymer coatings are used for
homeotropic and planar alignments.””

To achieve planar orientation, the polymer chains are
usually aligned by rubbing along the favorable direction. Com-
monly, planar alignment is considered to establish strong
anchoring. In most cases, the director does not lie perfectly
in the plane of the substrate at a planarly treated surface. It is
tilted by a small angle (1°-5°) called pretilt in the plane that is
perpendicular to the substrate and parallel with the rubbing
direction. The pretilt is uniform and it depends on the materi-
als used. Rubbing breaks the symmetry and provides a tool for
polar alignment of the spontaneous polarization in ferroelectric

This journal is © The Royal Society of Chemistry 2025
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nematic liquid crystals, which are of special interest from the
point of view of piezoelectricity.** In such polar materials, a
uniform structure is achieved with parallel rubbing direction
on the opposite boundaries, while antiparallel rubbing leads to
a twisted structure. Besides rubbed polymers, obliquely evapo-
rated SiO thin layers forming anisotropic periodic surface
structures can also be used to achieve planar orienting layers.
An emerging technique is the so-called photo-alignment’®””
that uses light sensitive materials and linearly polarized light to
align the molecules or polymer chains properly.

Homeotropic alighment can be achieved by coating of poly-
mers that have amphiphilic parts preferring perpendicular
orientation with respect to the substrate. Alternatively, silane-
based monolayers are also often used to achieve homeotropic
alignment, for example, dimethyloctadecyl[3-(trimethoxysilyl)-
propylJammonium chloride (DMOAP) and octadecyltrichlorosi-
lane (OTS). With the given boundary conditions, different types
of liquid crystals will adopt different static configurations.
Depending on the plate separation and the helical pitch, chiral
phases may exhibit twisted structures instead of a uniform one.

In contrast to solid piezoelectric crystals, soft or fluidic
materials are much easier to deform, therefore preserving the
symmetry axes with respect to the deformation or the direction
of the electric field may be much more difficult, even impos-
sible. While surface alignment can be useful to maintain a
liquid single-crystal structure effectively up to a few micro-
meters thickness, at larger sizes, liquid crystals tend to suffer
from faults in the orientational field by forming defect struc-
tures and domains of different orientations separated by
domain walls. Upon dynamic deformation, the material flow
is induced in fluids, which can affect the structure and distort
the original liquid single crystal. This phenomenon is called
flow alignment, and it is due to the coupling between director
rotation and material flow.”> The reorientation of the sponta-
neous polarization by a strong electric field (poling) may be
possible in soft or fluidic materials as well. Nevertheless, such
poling may not have long-lasting effects because of the back
relaxation of the spontaneous polarization into its original
equilibrium state.

The measurement of direct piezoelectricity in fluids or soft
materials requires the following components: mechanical
actuator, deformation analyzer, sample holder, and electrical
signal detector, as shown in Fig. 3. To investigate the inverse
effect, the components are similar, but instead of a mechanical
actuator and an electrical signal detector, a voltage source is
needed, while the same deformation analyzer can be applied to
determine the mechanical response of the material. In the
following paragraphs, we overview the details of the appara-
tuses mentioned above.

The role of the mechanical actuator is to generate a linear
periodic movement (vibration) that is used to create deforma-
tion in the studied material. The two basic parameters of the
vibration are the amplitude A and frequency f. Mechanical
actuators such as the Scotch yoke are used for low frequency
(f < 10 Hz) and large amplitude (4 2 1 mm).”® At intermediate
frequencies (10 Hz < f < 20 kHz), loudspeakers are commonly
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Fig. 3 Main components of electromechanical experiments for soft
materials.
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applied,®® while at higher frequencies (f < 100 kHz) and small
amplitudes, piezoelectric actuators are available.

The electrical response of the system can be characterized by
measuring electrical current using a current sensitive pream-
plifier or by measuring the voltage drop on a relatively low,
known resistance. Moreover, the response with the open cir-
cuit, or high impedance load can be characterized by measur-
ing the induced voltage by the deformation.

To characterize both the direct and inverse piezoelectric
effects, the deformation amplitude must be precisely deter-
mined. At higher amplitudes, a straightforward technique is
optical microscopy. At lower amplitudes than the optical reso-
lution, interferometric methods can be applied. Except at low
frequencies, a convenient option is to use accelerometers
combined with the lock-in technique, which allows an easy
and precise evaluation of deformation amplitudes even as low
as the nanometer range.*®

lll. Comparisons between
piezoelectric materials
IIILA. Three-dimensional solid piezoelectric materials

In contrast to naturally occurring materials such as quartz, or
serendipitously discovered Rochelle salt, new piezoelectric
materials with a perovskite structure, such as barium titanate
(BT) and lead zirconate titanate (PZT), were prepared. These
piezoelectric ceramics display significantly higher piezoelectric
constants compared to the first piezoelectrics (see Table 2).
However, to exhibit piezoelectric behavior, these materials
must first undergo a process known as poling.”® Due to their
excellent piezoelectric properties, stability, and cost-effective-
ness, ceramic materials have become the most widely used
class of piezoelectric materials.®®

Since its discovery in 1950, PZT has become one of the most
widely used piezoelectric materials in technologies such as
sensors or actuators.®' However, it has a large Young’s modulus
that limits the extent to which it can deform.®* Additionally, it
contains the toxin lead, which makes it unsuitable for many
applications because of health/environmental concerns.

Mater. Horiz., 2025, 12, 8920-8942 | 8925


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh00917k

View Article Online

Review

Materials Horizons

I9onpsuer) d11309[20zard

soueurrojrad-y31y 103 sajeprpued 3uons 8€T — S6°0 820°0 060€ 1d-NIWd-PN
s103eNIOR
USALIP-P[a1j MO] pue Surdewl [ed1paw
suonesrdde ainjeroduwa) Aduanbay-ylry 103 -9 ‘suoneordde
g3y sytwa] aanjeraduwra) a1In) Mo arnyeraduwia) wool1 ‘AruiIojiun poon ik — S6°0 /€0°0 00TH Ld-NWd-ws
(reas&xo a13urs)
Aidery pue Aprdu SonsLs)OeIRYd pueqpeoiq Jotradns Id%0E-NIAd)
0} aNp SOTUOIIII[D J[qeIBdM pUe J[qIX[J M s1onpsuen Jurdewr sruosenn ajeue)N} ped[-93eqOIU
10§ pooS jou ‘armyeradwa) alIND MOT [ed1paw ‘sioyenioe juswade[dsip adie LET 0ot LTI~ €60 0¥0°0 0002 winisaudeur pea|
665TUDIOYF200 (reasAio-s)
o1nodeozard ydiy pue Aramruiad (1LZd-Nd) 21eUueIn)
JLIIIJ[AIP Y3IY 03 dNp SISULIOJSURI) 91BUO0DIIZ PEI[-21eqOTU
pUE SI190NpsueI} dOIUoSen|N ‘SI0JeNIOY TIT  49°66-6'S9 €60 9£0°0 0€ST wnisoudew pesa
SI0)SISURI} 309JJ9-P[ol
pue sa01A9p-ouBU pa1amod-J[as Ul pasn ov — €1°0 ¥'C1 ‘T6 S10JeI9U3 OUBU QUZ
SI01eU0S31 SINAIN 0STT 70T €70 £20°0 9 2)eqorU WNIYIIT
L6:9gUOTBILICE] SIOSUdS pUB SIOJBUOSII 10§

INOLIJIP “QUSTOYJI09 J11309[00za1d MoT [Bap! a1e swy uIyl NV ‘SINAIN Ul pasn 000T < €871 E €70 10 S (NIV) opInIu Wnurwny
Ewm_mwhﬁm\ﬁ urens 931e[ 2y} ‘urens asuodsar urens 00€ < :3uedop ¢/1 :padop (LNg) 21eUBID
931 10§ pPapaau p[ayy o9 YSIH Y31y 03 anp SI03enide 10§ [BIPI ‘991j-peaT PIM 06C> £°€6 120~ — ‘gz 2Ing winipos yInwsig

*s103en3oe
6ANIqEIS 21 pue ‘sa[paau yderdouoyd ‘uonodalep 079> paygIpow
-eroduiay 100d ‘armyeradwie) arInD Mo Ieuos ur pasn ‘soueyoeded ySiH 0€T 19 6%°0 110°0 ‘I6T :2Ind (Lg) sreueIn wnueg
LeSuoneordde dunsaarey
31 syruar] urssaooid INOYFIp pue A31oud pue sjueduwr [edIpPaU 10§ 00Z> :payIpowt (NNDI) 91BqOTU
‘1Zd 03 Jo11ajur axe santadoid NN ayes ‘aa1y-ped] ‘arnjeradway aunD y3IH 00¥ ¥0T 16°0 %00 ¢6 08T-08 :9Ind WNIpos WINISSeI0d
S901A9p pyuerdwir
-Apoq 103 2[qeIINSUN I SA[BW JUIIUOD WAV pue Sunsoarey A319Ud 10j SIOSUIS
peoT ‘suoneordde pue unsaarey  -ororw ur pasn ‘Aousnbaiy yueuosar y3iy (1zd) sreuen
A31ous pajrwur] ‘oouepadurr Y31y ‘pra3ng “ue)sisar-uoneperdap ‘3uons ‘O[qeIs 0S¢ S9  £°0-9°0 S70°0 09¢ 9JBUO0DIIZ PRI
suoneIwrT sodejueApy (0J) 2L (edD) X ¥y (Nw \M. (,_N Dd) #p
€€

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"/€:9€:0T §20Z'2T"L U0 papeojumod 'S0z 1IN Zz uo paus!iand 801y sseooy usdo

s|el@iew d13De120z3ld dlwelad Jo sandadold 2 919el

This journal is © The Royal Society of Chemistry 2025

Mater. Horiz., 2025, 12, 8920-8942

8926


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh00917k

Open Access Article. Published on 22 jdli 2025. Downloaded on 7.12.2025 10:36:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Smolensky et al. discovered one of the most important lead-free
piezoelectric materials, BiosNagsTiO; (BNT), in 1960.** BNT
has piezoelectric constant of 75 pC N~ ' which can be enhanced
to 173 pC N ! by adding specific dopants.®* These compounds
exhibit exceptionally high strain, making them highly desirable
for actuator applications.®> However, as a high driving electric
field is required to trigger a large strain and the large strain
hysteresis,*® it is difficult to use them in many applications.
These challenges were resolved by introducing another envir-
onmentally friendly lead-free K,sNa,sNbO; (KNN) ceramic,
where it provides a relatively high unipolar strain with reduced
strain hysteresis in a low-strength driving electric field.®”
Undoped KNN has a piezoelectric constant between 80 and
160 pC N ', which can be increased up to 700 pC N~ * by
fabricating the highly textured form of KNN-based cera-
mics.®*°! In addition to its use in high-temperature applica-
tions, KNN is also valuable in energy harvesting and biomedical
devices.”

Barium titanate (BT)-based ceramics are other promising
high-strain piezo-materials, first discovered during World War
II''™*3 1t was the first perovskite-structured ferroelectric mate-
rial and was widely used in sonar applications and phonograph
needles.'®'** As an alternative to PZT, BT has gained signifi-
cance in actuator applications.'® Aluminum nitride (AIN) and
lithium niobate are lead-free piezoelectric ceramics with the
advantage of a high Curie temperature exceeding 1000 °C,"**
although they have low piezoelectric constants of 5 pC N~ " and
6 pC N, respectively.”>'®> AIN thin films are ideal for reso-
nators and sensors due to their high thermal conductivity and
low dielectric and acoustic losses.'®® They are also commonly
used in microelectromechanical systems (MEMS) because of
their high temperature and humidity stability, as well as their
compatibility with CMOS processing.'®* Lithium niobate, with
its excellent electromechanical coupling and very high quality
factor, is a desirable material for MEMS resonators.%”~1%°

The application of piezoelectric materials is primarily con-
fined to actuators and sensors, largely due to their low energy
conversion efficiency. In contrast, nanostructured piezoelectric
materials have higher energy conversion efficiency, as they can
endure greater strain. Moreover, nano-structured materials
have higher surface-to-volume ratios, which further enhance
their performance."'® For example, pressure trigger was devel-
oped using a zinc oxide (ZnO) piezoelectric fine-wire (PFW),
such as a microwire or nanowire, which is activated when
subject to an external impact force.''" By synthesizing ZnO
nanorods on conductive textiles, textile-based PEDOT:PSS/
CuSCN/ZnO wearable nanogenerators have been fabricated
successfully. This has substantial promise for self-powered,
soft, electronic devices.""> In contrast, despite excellent piezo-
electric properties, piezoelectric ceramics are typically brittle;
this limits their use in energy harvesting applications such as
transducers because of their inability to absorb large strains
without sustaining damage.'"®

In addition to pure PZT, there are several other piezoelectric
materials, such as relaxor ferroelectrics (e.g., PMN-PZT, PMN-PT,
and PNN-PZT), which exhibit significantly high piezoelectric

This journal is © The Royal Society of Chemistry 2025
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properties. The piezoelectric constant (ds3) reaches approximately
1530 pC N * for the (001) single crystal (S-crystal) and 1100 pC N *
for the (001) textured ceramic (T-ceramic) in the 0.4Pb(Mgys-
Nb,/3)03-0.25PbZrO;-0.35PbTiO;  (PMN-PZT) composition
synthesized by a conventional solid-state reaction method."**

Lead magnesium niobate-lead titanate (PMN-PT) [0.70Pb-
(Mgy/3Nb,,3)03-0.30PbTiO;] is another well-known relaxor ferro-
electric that exhibits exceptionally high electromechanical perfor-
mance with a piezoelectric coupling constant, ds; ~ 2000 pC N,
and electromechanical coupling factor, k;; ~ 0.93, in the single
crystal form.'™ These values are nearly 30 times higher than
those of BaTiO; and about four times higher than those of bulk
PZT."'® Furthermore, top-down fabrication method has been
used to develop a PMN-PT single-crystal nanobelt functioning
as a nanogenerator with an output voltage of 1.2 V."'"”

Rare-earth doping, particularly at the A-site of the perovskite
structure, has proven effective in enhancing the piezoelectric
properties of relaxor ferroelectric crystals by introducing local
structural heterogeneity. For example, Sm-doped Pb(Mgs-
Nb,/3)03-PbTiO; (Sm-PMN-PT) single crystals with the compo-
sition  Smy 01Pbg.9g5[(Mg1/3ND2/3)0.70Ti0.30]03 grown using a
modified vertical Bridgman method exhibit d;; values between
3400 and 4100 pC N, showing good uniformity.**

However, their relatively low Curie temperature limits their
use in high-temperature applications. To address this, Nd**
were introduced to replace Pb>" with the composition Ndy go,-
PDby 997[(Mg1/3Nb2/3)0.68Ti0.32]03]- The resulting Nd-doped PMN-
PT crystals showed piezoelectric coefficients above 3000 pC N,
making them strong candidates for high-performance piezo-
electric transducers.'*®

Another notable example is the [001]c-textured relaxor
ferroelectric composition PNN-PZT [0.55Pb(Ni;;3Nb,/3)05-
0.15PbZr0O;-0.3PbTiO;], which exhibits excellent piezoelectric
properties (d33 =1210 pCN ', dj; = 1773 pm V! at 5 kv em™ ).
These values were achieved using 2 vol% BaTiO; platelet
templates.""®

As one of the first piezoelectric polymer materials (see
Table 3), semi-crystalline polyvinylidene fluoride (PVDF) was
discovered by Kawai in 1969." In semi-crystalline materials,
microscopic crystals are randomly oriented and dispersed
within an amorphous matrix. These materials will exhibit
piezoelectric properties when the micro-crystals reorient after
poling.’*® At present, PVDF is the most widely used piezo-
polymer, given that poled PVDF demonstrates the highest yet
observed piezoelectric coupling, ranging from 24 to 34 pC N *
in the B-phase. Due to its flexibility, low acoustic impedance,
excellent electromechanical response, biocompatibility, and
chemical stability, PVDF is used in a wide range of applica-
tions."”" Examples include wearable piezoelectric energy har-
vesters and biomedical engineering applications.'*>">?

Unlike pure PVDF, the copolymer PVDF-TrFE (trifluoroethy-
lene) does not require poling to exhibit piezoelectric properties.
Although the TrFE units reduce the dipole moment of the PVDF
chain due to the addition of a third fluorine atom,'?’ the
piezoelectric constant of PVDF-TrFE was found to be in the

range of 25 to 40 pC N~ ~."*° Various methods have been utilized
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to prepare PVDF-TTFE sheets and films and also enhance the
piezoelectric properties. These have been developed for appli-
cations such as power harvesters, flexible tactile sensors,
capacitor-based sensors, touch sensors and actuators.'**™'3°
However, the induced strain in both PVDF and its copolymers
with TrFE is highly dependent on a strong electric field, which
significantly compromises their reliability and restricts their
practical use in wearable devices."*®

In addition to PVDF and its various copolymers, piezoelec-
tric effects have also been observed in other semi-crystalline
materials, such as polyamides, for example in odd-numbered
nylons, such as nylon-11, that exhibits a piezoelectric constant
of 7.2 pC N in the §'-phase."®’ This material can play a crucial
role in energy harvesting, as well as in smart and wearable
electronic textile applications. However, traditional fiber pro-
duction methods such as melt extrusion and melt spinning
produce non-piezoelectric polycrystalline a-phase nylon fibers,
limiting the potential applications of piezoelectric nylon-11 in
E-textiles."*

Polyimides are one of the most important amorphous poly-
mers; their glass transition temperature makes them ideal for
high-temperature applications.'*® Although they have a lower
piezoelectric constant (—2.7 pC N~ ') than that of PVDF, they are
usable over a wider temperature range. While the piezoelectric
properties of PVDF can deteriorate when exposed to tempera-
tures above 70 °C, polyamides maintain their piezoelectricity up
to 150 °C, making them ideal for high-temperature MEMS
sensor applications. The first study on parylene-C (PA-C) as a
piezoelectric material was conducted in 2011 and the d;; value
was found to range from —0.01 to —2.00 pC N~ *.*** Due to its
biocompatibility and chemical stability, parylene-C (PA-C) is
highly suitable for integration into MEMS devices, including
sensors and cantilevers. Although piezoelectric polymers are
cost-effective, lightweight, and flexible, and offer a simple
solution for numerous applications, they do have drawbacks.
These include limited mechanical strength, poor thermal sta-
bility, low piezoelectric coefficients and low electromechanical
coupling coefficient. The combination of all of these leads to
poor energy harvesting capabilities.

Alternatively, piezoelectric composite materials (Table 4)
combine the desirable properties of ceramics with the flexibility
of polymers offering the advantages of both materials. The
concept of piezoelectric ceramics/polymer composites was first
introduced in the 1970s by Newnham."*' Piezocomposites have
higher coupling properties and dielectric constant of ceramics,
along with the mechanical flexibility and low acoustic impe-
dance of polymers. The polymer in the composites can be either
piezoelectric or non-piezoelectric.'® For instance, polydi-
methylsulfide (PDMS) lacks intrinsic piezoelectric properties,
but it can still be used as a polymer matrix in composites
because of its flexibility, thermal stability, and chemical
durability.

One of the most widely used piezocomposites is PVDF-PZT.
Pure PZT exhibits high impedance, rigidity, brittleness, and
inflexibility,””® while PVDF has low piezoelectric coefficient
and low stiffness. Individually, these attributes limit possible

This journal is © The Royal Society of Chemistry 2025
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applications. However, by combining PVDF and PZT in a
composite, the electromechanical and mechanical properties
can be significantly enhanced. Using a 3/7 fraction ratio, the
PVDF-PZT composite has d;; = 35.8 pC N !, greater than that of
pure PVDF (18.3 pC N ). Such composite films are suitable for
small force sensor applications."*® Remarkably, a self-powered
PZT/PVDF piezoelectric sensor has been developed for real-time
monitoring of table tennis training.**"

A lead-free piezocomposite has been developed by disper-
sing BT ceramic grains into a PVDF matrix. The piezoelectric
constant for the 0.6BaTiO5/0.4PVDF composite was found to be
28 pC N, which was increased to 61 pC N~" when BaTiO;
nanowires with 50 vol% of BaTiO; were dispersed into 5.5 wt%
of a PVDF polymer matrix.'*? Due to mechanical flexibility and
relatively high dielectric constants, this composite has signifi-
cant potential for use in wearable electronics.'**'**> Addition-
ally, BCZT/PDMS piezocomposites have achieved gz; =
0.6 Vm N, the highest value recorded so far in piezocompo-
sites. This promises significant potential applications for wear-
able electro-mechanical technologies.'*®

Other composites have been developed by loading cellulose
nanofibers (CNF) with ZnO to form CNF/ZnO composites,
which exhibit a piezoelectric constant of 9.5 pm V. This value
can be further increased to 25 pm V' (with d3; ~ 31 pC N )
by incorporating PVDF into the composite, resulting in the
PVDF/CNF@ZnO (E-PVDF/CZ) composite. A flexible piezoelec-
tric sensor was developed for applications in energy harvesting
and environmental monitoring.">>

Traditional polymer-ceramic piezocomposites often suffer
from poor stress transfer between the polymer matrix and
ceramic fillers, thereby limiting their energy harvesting cap-
abilities. To overcome this, a biofibril template method was
used to develop a 3D Sm-doped PMN-PT ceramic skeleton,
which was then embedded in a flexible polymer matrix. The
resulting piezocomposite exhibits significantly enhanced per-
formance, achieving an open-circuit voltage of approximately
60 V and a short-circuit current density of ~850 nA cm™?, with
a peak instantaneous power density of ~11.5 pW em™> which
is about 16 times greater than that of the traditional nano-
particle-based composites.'*”

Piezoelectricity can also be observed in porous charged
polymers, commonly referred to as ferroelectrets, discovered
in the 1990s by Kirjavainen.'*® Different polymers such as
polypropylene (PP), poly(ethylene terephthalate) (PET), poly-
(ethylene naphthalate) (PEN), poly(tetrafluoro ethylene) (PTFE),
cross-linked PP (XPP), and some cyclo-olefines have been
considered for different cellular films (see Table 5). Ferro-
electrets have a wide range of applications due to their high
piezoelectric constants, low cost, flexibility and low specific
weight.'*® Cellular polypropylene (PP) is a significant ferroelec-
tret exhibiting d3; = 1.2 nC N ™" for a single layer. This response
can be further multiplied by using multilayer films. The mate-
rial performs well in fatigue resistance, stiffness and charge-
trapping properties.”>® Cellular PP has been used in pressure
sensing applications such as touch pads, accelerometers, long-
term respiration monitoring due to their good sensitivity and
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131,132 Cross-linked PP ferroelectret

capability for self-power.
films exhibit ds; as large as 230 pC N~ ', These films can be
utilized to harvest sound energy by being applied to the inner
walls of cavities in Helmholtz resonators, making them ideal
for applications in road transport and high-speed railways."
Polyester ferroelectrets, such as polyethylene terephthalate
(PET) foams and polyethylene naphthalate (PEN), demonstrate
piezoelectric coefficients of 500 and 140 pC N~ ', respectively,
while maintaining stable sensitivity up to 80 °C."*°

Ferroelectrets have emerged as promising materials for a
broad spectrum of applications, including tactile sensors,
accelerometers, gaming, robotics and force myography (FMG)
which detect body motion. This is attributed to their excep-
tional piezoelectric coefficients, low elastic moduli, high flexibil-
ity, and notable stretchability."**">*™'°® Despite their advantages,
ferroelectrets face several challenges, primarily related to limited
long-term and thermal stability. Overcoming these limitations
could significantly enhance their performance and broaden their
scope of application in various fields.

Highly piezoelectric biocompatible soft fibers were created
by dispersing BT ceramic particles into electrospun polylactic
acid (PLA). The strongest converse piezo response was observed
when the BT particles were uniformly aligned and poled within
the fiber, resembling ferroelectret polymer foams. This response
was an order of magnitude greater than that seen in single-crystal
BT films. These mats, due to the PLA’s biocompatibility, have
potential applications in biological fields such as biosensors,
artificial muscles, and energy harvesting devices. >

Piezoelectricity has also been explored in various biomater-
ials (Table 6), including collagen, DNA, bone, cellulose, and
amino acids."*'%*'%® The piezoelectric constant of bone was
measured to be 0.2 pC N~ *."® It was found that piezoelectricity
in collagen contributes to the piezoelectric effect observed in
bone."'®*'% The piezoelectric constant for type I collagen fibrils
in both murine and bovine Achilles tendons was found to be in
the range of 1-2 pm V','°*'®” while for D-periodic reconsti-
tuted collagen fibrils, the value was 1.6 pm V~'.'%®

The piezoelectric effect in DNA films, particularly due to
shear and hydration effects, has also been studied, though the
origin remains unclear and the quantitative values are poorly
determined.'®® Non-chiral amino acid glycine demonstrates a
piezoelectric response, with f-glycine and y-glycine having
piezoelectric coefficients of 6 pm V™' and 10 pm V
respectively.’® In cellulose nanofibers (CNFs), piezoelectric
force microscopy (PFM)'*® provided dj; = 5.9 pm V', while
ds;; = 0.4 pm V! for pure wood cellulose. In spite of this,
cellulose can be incorporated into piezoelectric composites as a
functional filler to enhance performance.'”® Beyond natural
materials, the piezoelectric properties of the M13 bacteriophage
have also been studied, showing a response of up to 7.8 pm V™.
A phage-based piezoelectric generator has been developed, cap-
able of generating up to 6 nA of current and 400 mV potential,
which can be used to power liquid crystal displays (LCDs). These
viral particles, along with other biomaterials, show significant
potential for application in energy storage, generation, and
tissue regeneration.”*

This journal is © The Royal Society of Chemistry 2025
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Table 6 Piezoelectric properties of biomaterials
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Young’s 233
Materials d33(pC N modulus (MPa) (VmN Advantages Limitations
Collagen fibres'®® ~1-2 Important for tissue Low piezoelectric coefficients
M13 bacteriophage'”* 7.8 engineering applications limit technological applications
DNA'”? Not known
Bone'”? 0.2
B-Glycine gamino acids)'®® 6 15 8.13
y-Glycine'®® 10 28 0.46
Cellulose 0.4"7°
Cellulose nanofibers (CNF)  5.85'>°

IILB. Smectic and columnar liquid crystals (1-D and 2-D
solids)

Smectic liquid crystals have a one-dimensional layered struc-
ture, while columnar liquid crystals form a structure ordered in
two directions and fluid in the third. These can be described as
one- or two-dimensional solids, respectively. Such symmetries,
in some cases, allow linear couplings between the electric field
and the mechanical strain, i.e. piezoelectricity. A schematic of
possible molecular packing, their respective symmetry groups
(using Schonflies notations), and the non-vanishing piezo-
electric coefficients for known smectic liquid crystals is shown
in Fig. 4.

The SmA* phase (see Fig. 4(a)) has D, symmetry, ie.,
complete rotation symmetry along the long molecular axis
but without a mirror plane (due to the molecular chirality). In
this phase, shear along the smectic layers (indicated by light
magenta planes) by stresses Ty, or Ty; results in electric

polarization along axis 3 or 2, respectively. This yields non-
Z€r0 Y315 (= —V2,13) piezoelectric coupling coefficients. Such an
effect was tested and measured in the SmA* (L,) phase of
phospholipid r-a-phosphatidylcholine, which is often consid-
ered as a model for bilayer cellular membranes.'”* The under-
lying physical mechanism was postulated to be mechanical
shear (T, or Ty3)-induced tilt of the average molecular orienta-
tion (director) with respect to the layer normal, which leads to a
shear-induced SmC* configuration (see Fig. 4(b)) with polariza-
tion normal to the tilt (shear) plane.’®'” The induced polariza-
tion was found to be proportional to the induced tilt angle with
a coefficient of ~60 nC cm™?> degree . Cell membranes made
up from lipid bilayers also have SmA* structure, suggesting that
cell membranes should also be piezoelectric. The piezoelectric
origin of the effect was confirmed by studies comparing non-
aqueous lamellar phases of left-handed (i,-phosphatidylcholine),
right-handed (p,-phosphatidylcholine) and racemic (pr-alpha-
phosphatidylcholine) lipids.'”®

(a) SmA* DOO (b) SmC* CZ (c) SmAF Coov
1 1 P
3
2
3 3 2
_ V3,125 ¥2,135¥1,23, ¥2,23 ¥3,33; V3,11 = V3,22
Y12 = ~ V213 ¥1,135¥3,33:¥3,225 V3,11 Y1,13 = V2,23
(d)  SmAP; Cj, (e) SmCP; C, ® SmC; €,
p! e
= Pt
i 1 1 i 1
! 2 —y 2 W 2
|/ 3 [/ ¢ 'LV
V3,335 V3,225 V3,11 V3,125 V2,135 ¥1,23; V2,23 all 18y ji
V1,135 V2,23 ¥1,13; V3,335 ¥3,225 V3,11

Fig. 4 Sketch of the molecular packing, their symmetry using Schénflies notations, and the non-vanishing piezoelectric coefficients determined by the
Curie-principle for known non-centrosymmetric smectic liquid crystals: (a) SmA¥*, (b) SmC*, (c) SmAg, (d) SmAPE, (e) SmCPr and (f) SmCq phase.
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It was further hypothesized that electric charge separation
can be induced along membranes when the lipids become tilted
as a result of mechanical stimuli. Importantly, tilt-induced polar-
ization occurs within the insulating chains of the bilayers, and
therefore, cannot be screened by free ions of the surrounding
aqueous plasma. It has been suggested that cell membrane
piezoelectricity may be utilized in mechanoreceptors; and can
even explain that some species (e.g. pigeons and turtles) can
navigate without visual reference. In some cases, animal cells
contain magnetite (Fe;0,) nanoparticles that form chains and
act as compass needles to sense local changes in the magnetic
field."””'”® Although magnetoreception of migratory animals is
well established experimentally, its biophysical mechanism is
not yet clear. The chains of these magnetite nanoparticles are
connected to the cell membranes via nanofibers, thus exerting
shear stress on the cell membrane when the compass needle
moves. Piezoelectric coupling of cell membranes, as explained
above, suggests that a shear-induced electric signal may open
ion-channels embedded in the cell membrane and thus trigger
much larger electric signals that depend on the position of the
ion channel and the shear-induced polarization. This may
provide both orientational and positional information neces-
sary for navigation.

The converse piezoelectric effect in SmA* leads to a shear
strain in 1-2 planes due to an electric field applied in the
perpendicular direction. Such shear strain is expected to lead to
a tilt of the director. The optical consequence of this effect,
rotation of the optic axis (the director) proportional to the
electric field, has been indeed observed, and is known as the
electro-clinic effect.’”® Spillmann et al. studied SmA* elasto-
mers and found an electric field-induced twist whose direction
changes sign with that of the electric field."®° The sense of the
twist is controlled by the chirality, just as the direction of the
tilt in the electro-clinic SmA* materials.

Piezoelectric effects have been studied experimentally lar-
gely in the SmC* phase (see Fig. 4(b)). SmC* is the first liquid
crystal phase that was found to be ferroelectric.>>' As argued
by Meyer, the ferroelectric polarization is along the smectic
layers perpendicular to the tilt plane due to the combined effect
of the director tilt and chirality. Without director tilt, the
material would be SmA*, where an electric polarization along
the layers would be canceled due to continuous symmetry axis
normal to the layers. This symmetry would allow for a 180°
rotation along the director that would cancel any vector
response within the layer, as illustrated in Fig. 5(a). As we
discussed above, in spite of the lack of ferroelectricity, this
phase is piezoelectric. A director tilt without molecular chirality
also would not allow for polarization within the smectic layers,
as illustrated in Fig. 5(b). This phase has a C,, symmetry, i.e., a
two-fold rotation normal to the tilt plane, as such rotation
would not change the structure. This 180° rotation would allow
for the existence of a vector normal to the tilt plane. However,
the SmC phase also has a mirror symmetry in the tilt plane
(this is expressed by the v in the subscript), which would negate
a vector normal to the tilt plane. The SmC* phase lacks both
rotation symmetry along the director and the mirror plane

8932 | Mater. Horiz., 2025, 12, 8920-8942
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Fig. 5 Illustration of Meyer's arguments explaining the existence of polar-
ization in chiral smectic C* liquid crystals. (@) SmA* has D, symmetry: an
infinite fold rotation along the director (smectic layer normal) that includes
a 180° rotation, which would turn any vector along the smectic layer to an
opposite direction. (b) Non-chiral SmC phase has C,, symmetry, including
a two-fold rotation normal to the tilt plane and a mirror plane along the tilt
plane that rotates a vector normal to the tilt plane into an opposite
direction. (c) Chiral smectic C* (SmC*) phase has only a two-fold rotation
(Co) symmetry axis normal to the tilt plane, allowing the existence of a
non-zero vector (such as spontaneous polarization) normal to the tilt
plane.

along the tilt plane, thus allowing a non-zero polar vector, such
as the electric polarization normal to the tilt plane (see Fig. 5(c)).
Such a situation is often expressed as tilt + chirality — polarity. As
can be seen in Fig. 4(b), there are 8 piezoelectric constants in SmC*
with a C, symmetry that can be non-zero. Those are the terms
where the coordinates (1 and 2) normal to the electric polarization
vector (3) appear either twice or together.'®" This is because an
inversion of coordinates 1 and 2 (which is allowed by symmetry)
will change the sign of the coupling constant, so two of them must
be done simultaneously.

Fig. 4(c) shows the structure of a polar smectic A (SmAg)
phase with polarization direction along the director of achiral
rod-shape molecules with high molecular dipole moments.
Such phase just has been observed recently among materials
that also form the 3D fluid ferroelectric nematic (Ng) liquid
crystal phase.'®>'®3 The symmetry and the possible piezoelec-
tric couplings of this phase is the same as that of the N phase
and is discussed subsequently. Due to the very recent observa-
tion of this phase, no experimental confirmation of its piezo-
electric response is yet available.

Fig. 4(d-f) show the structures, symmetries and possible
piezoelectric coupling constants of achiral bent-shaped mole-
cules forming smectic phases.’'#>847187 1t ig noteworthy that
the SmCPr phase has the same C, symmetry and the same 8
possible piezoelectric coupling constants as of the SmC* phase.
Furthermore, the double-tilted SmCg phase is the least sym-
metric 2-dimensional fluid phase,'®*'®”'®8 which has only ¢,
symmetry that allows for all 18 possible piezoelectric coupling
constants.

Experimentally, the first observation was a direct piezoelec-
tric response, ie., shear-induced polarization."®>'?° It arises
from the distortion of the helix, as illustrated in Fig. 6. In the
ground state (no-shear, Fig. 6a), the director, which is tilted
with respect to the layer normal by an angle 0, forms a helix
having the chiral pitch, p; p is typically in the micron range.
Consequently, the spontaneous polarization is rotated in

This journal is © The Royal Society of Chemistry 2025
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(@) (P,)=0 (b) (P,)#0

Fig. 6 Illustration of the shear deformation of the director structure and
the induction of net polarization in the SmC* phase. The smectic layers are
parallel to the x—y plane. The tilt plane rotates from one layer to the other.
(@) Undisturbed helical structure where the macroscopic polarization is
averaged out. (b) Due to the action of the shear along y, the axial symmetry
of the configuration is broken, and a non-zero polarization component
appears along x. Arrows indicate the spontaneous polarization ﬁ which is
normal to the tilt plane (the plane determined by the layer normal and the
projection of the tilt direction, the so-called c-director).

subsequent layers®® but will average to zero over distances
greater than p.

The shear in the yz plane aligns the projection of the
c-director (the projection of 7) onto the layer plane parallel
(and consequently the polarization normal) to the shear plane,
leading to (P,) # 0, as shown in Fig. 6(b). Ferroelectric chiral
SmC* elastomers can also be piezoelectric. However, so far
their direct piezoelectricity was only considered theoretically by
Adams and Warner."”" Direct piezoelectric effects were also
observed in lyotropic liquid crystals and in membranes with C,
symmetry.'>

Converse piezoelectric responses in SmC* materials have
also been studied since 1985.*° A systematic study with accurate
control of the alignment revealed that induced motion parallel
to the smectic layers (and the film surface) is generally the
strongest, especially if the polarization is also parallel to the
plates.*” Motion normal to the film substrates is due to the
electro-clinic effect that causes a field-induced variation of
the tilt angle that results in a change in the layer spacing.
When the polarization is parallel to the field, the tilt angle
(consequently the value of the polarization) increases and the layer
spacing decreases. When the polarization is opposite to the field,
the tilt angle decreases and the layer spacing increases. Since the
number of layers cannot change in short time, the variation in the
layer spacing results in a force normal to the cover plate and a
variation in the film thickness (see Fig. 7(a)).

Motion along the film surfaces (shear strain) is related to
“backflow”,'®* i.e., to the coupling between the gradient of the
director rotation about the layer normal (Goldstone mode*®*)
and the flow field. This mode is excited by the electric field via
the torque E x P = E-P-sin @, where & is the angle between the

This journal is © The Royal Society of Chemistry 2025
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(a) Electroclinic

Fig. 7 Illustration of the linear electromechanical effect of SmMC* materi-
als due to the electroclinic effect (a) and the backflow related to the
Goldstone-mode director rotation (b).

electric field and the spontaneous polarization. The magni-
tudes of piezoelectric oscillations are therefore largest when the
polarization is parallel to the film surface and perpendicular to
the applied electric field (see Fig. 7(b)). Typically, piezoelectric
coupling constants in the SmC* phase are in the order of
50 pC N~ ', which is comparable to solid piezoelectric materials.

In addition to bulk thermotropic SmC* materials confined
between glass plates, converse piezoelectric-type responses were
also observed in free-standing ferroelectric SmC* films subject to
AC electric fields applied along the film surface.'*>™'*” Additionally,
this was observed in lyotropic liquid crystals.'®* Finally, the con-
verse piezoelectric effect has also been reported in SmC* glasses'®®
and elastomers'® that can sustain strain in all three directions.

Experimentally, only one piezoelectric coupling constant has
been determined in the synclinic tilted polar ferroelectric
SmC¢Pr phase (molecules are tilted in the same direction in
subsequent layers) with P, ~ 5 mC m™~ 2 polarization by testing
the converse piezoelectric responses in two directions. It was
found that y; 33 & 2732, ~ 100 nC N~*.2%

The candidate molecular structures, symmetries and
allowed non-zero piezoelectric constants of columnar liquid
crystals (2-D solid materials) are shown in Fig. 8. Fig. 8(a) shows
the tilted chiral columnar (Col;) phase®® with a C, symmetry
and 8 possible piezoelectric coupling constants. Fig. 8(b) illus-
trates the hexagonal pyramidal (P,) phase of achiral bowl
(pyramidal)-shaped molecules with Cgs, symmetry and 3 possi-
ble (2 independent) non-zero piezoelectric constants. Fig. 8(c)
represents the chiral hexagonal pyramidal shape (P;) phase
with a Cs symmetry and 3 independent possible non-zero
piezoelectric constants. Finally, Fig. 8(d) shows the tilted pyr-
amidal (P,) phase of achiral bowl (pyramidal)-shaped molecules
with C;, symmetry and 3 possible (2 independent) non-zero
piezoelectric constants.
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Fig. 8 Molecular structures, symmetries and possible non-zero piezo-
electric constants of columnar liquid crystals (2-D solid materials). (a) Tilted
chiral columnar (Colf) phase with C, symmetry and eight possible piezo-
electric coupling constants. (b) Hexagonal pyramidal (Py,) phase of achiral
bowl (pyramidal)-shaped molecules with Cg, symmetry and three possible
(two independent) non-zero piezoelectric constants. (c) Chiral hexagonal
pyramidal shape (P;) phase with Ce¢ symmetry and three independent
possible non-zero piezoelectric constants. (d) Tilted pyramidal (Py) phase
of achiral bowl (pyramidal)-shaped molecules with C;, symmetry and
three possible (two independent) hon-zero piezoelectric constants.

The ferroelectric Col; columnar liquid crystal 1,2,5,6,8,9,
12,13-octakis[(S)-2-heptyloxy]dibenzo[e,/]pyrene  (D8m*10)>**
has demonstrated converse piezoelectric effects.*® A piezoelec-
tric coupling constant y;3; ~ 1 pC N~' is reported; this is
1000x less than what is typical in SmC* materials.

II.C. Liquid crystals lacking spatial order (3-D liquids)

Nematic (N) and chiral nematic (or cholesteric; N*) liquid
crystals are fluid in three directions, i.e., their long-range order
is purely orientational (no positional order). The N phase has

Converse effect

View Article Online

Review

an inversion symmetry and as such does not allow piezoelec-
tricity. The N* has the same D, symmetry along the director, as
does SmA*, so only the y, .3 = —7, 13 piezoelectric coefficients
(see Fig. 4(a)) may be non-zero. However, the optical axis of N*
follows a helix, so that all piezoelectric coefficients average to
zero over a distance greater than the helix pitch, which typically
is 0.1 um < p < 100 pum.”” To date the only reports of
piezoelectricity in N* are in polymerizable materials where
crosslinked chiral molecules produce an unwound N*
elastomer.””>?% 1In this case, while there is no long-range
positional order, cross-linking severely restricts molecular
motion, resulting in the ability to sustain elastic strain.

Fluid liquid crystals with a ferroelectric nematic (Ng)
phase®* 2% represent materials combining true 3D fluidity
with a polar order. That is, true fluid materials lack the
inversion symmetry; this allows several piezoelectric couplings.
The Ni phase has a C,,, symmetry, i.e., a continuous rotational
symmetry about the polar axis and a mirror symmetry through
any plane containing the polar axis. This means that any
reflection through the 1-3 (or 2-3) plane changes the sign
of 2 (or 1); therefore, the components of y;; containing an
odd number of either 1 or 2, must be zero. Thus, the non-
vanishing piezoelectric tensor elements are 93 33, 7311 (= 73,22)
and 9113 (= Y223 = V1,31 = J2,32)- The depictions of non-zero
coupling constants in converse piezoelectric effects are shown
in Fig. 9.

By controlling the geometry, i.e., the alignment direction in
the Nr phase and the direction of the applied electric field,
various components of y can be determined. For example, with
electrodes on the top and bottom of a thin film (parallel plate
capacitor geometry) and the director aligned perpendicular to
these plates, 73 33 can be measured by detecting film thickness
variations induced by the electric field. In order to discriminate
between converse piezoelectricity and other non-linear (higher
harmonic) electromechanical effects, one typically uses a

Physical Mechanism
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Fig. 9 Depictions of non-zero coupling constants (left) in converse piezoelectric effects and the proposed physical mechanisms (right) corresponding
to those coefficients. In each illustration, black arrows and circuit elements represent the stimulus (electric field or applied voltage), green double-headed
arrows show the response (mechanical vibration), and red arrows show the direction of the spontaneous polarization.
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sinusoidal electric potential and phase-sensitive detection to
assure that only motion having the same frequency is sampled.

In contrast to y; 33, 71,13 can be measured with the voltage
applied between the electrodes when the material in N phase
is aligned parallel to the substrate. For the measurements, the
motion detector (which usually is an accelerometer, as
described in Section 2.2) should detect the vibration of the top
plate parallel to the rubbing direction of the alignment layer.

The third non-zero coupling constant, y; 1, can be mea-
sured with the director aligned parallel to the substrate, and
using an in-plane electric field in the same direction; in this
case, motion normal to the substrate must be determined.

The physical mechanisms leading to the mechanical dis-
placements allowed by the non-zero coupling coefficients are
illustrated on the right side of Fig. 9. Specifically, when the
ferroelectric nematic material is subject to an electric field
parallel to the polarization, fluctuations of the polar order are
suppressed, leading to both an increased polarization and
closer intermolecular packing, resulting in a greater mass
density: o(E) > ¢(0). Since the ferroelectric nematic materials
are incompressible, greater density implies a lesser total
volume, so that the boundary surfaces experience a force
towards each other. Reversing the sign of the applied electric
field will result in a decreased polar order and decreased mass
density o(—E) < ¢(0), which will cause the thickness to
increase. This effect is limited to applied electric fields below
the coercive threshold. Thus, by measuring the vertical bound-
ary plate motion at the frequency of the applied electric field,
we can determine the value of y; 55."%

The vertical vibration of a planar aligned N material upon
in-plane electric field corresponding to y; ;1 has the same field-
induced density variation mechanism as that of y; 35 (see right-
bottom part of Fig. 9). It is important to emphasize that in all
converse piezoelectric measurements in the Ny phase, the
applied small electric field should not cause significant rota-
tion and realignment of the director. The horizontal vibration
of the boundary plate in the y; ;3 geometry might be due to the
backflow,'* i.e., the coupling of the flow to the inhomogeneous
director rotation, as illustrated in the right - middle part
of Fig. 9.

Mathé et al.®* explored converse piezoelectricity in Ny mate-
rials by measuring the vertical vibration of room-temperature
ferroelectric nematic mixtures from Merck, FNLC 1571 and
FNLC 919. The coupling constant calculated from the mea-
sured displacements was found to exceed 1 nC N~ " at frequen-
cies below 6 kHz, which is comparable to values found in both
cellular polymers (ferroelectrets)*** and soft composite fiber
mats.'®>'°" We note that in these measurements, the align-
ment was not homeotropic but actually pre-tilted, i.e., closer to
planar. As explained in Fig. 9, a strictly planar alignment
should yield zero displacement. Therefore, it was surmised that
the effect measured is in fact due to the small alignment
component along the homeotropic direction. This implies that
the actual value of y;;; is substantially greater than the
quantity measured. To measure the real y; 35 coupling constant,
one needs to achieve and maintain homeotropic alignment.

This journal is © The Royal Society of Chemistry 2025
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Unfortunately, the depolarization field*®> present in any Ng
material renders perfect homeotropic alignment rather difficult
to achieve in practice.

Herein, we report the first measurement of 7, ;. This
requires uniform planar alignment, electric field perpendicular
to this alignment, and measurement of the motion along the
alignment direction (see Fig. 9). Additionally, we measured the
motion in the other two orthogonal directions: normal to
the substrates (z-axis) and along the substrate perpendicular
to the rubbing direction (y-axis).

According to the symmetry considerations and the proposed
physical mechanism shown in Fig. 9, motion in these two
directions should be forbidden. We use sinusoidal electric
excitation having frequency f and measure the induced accel-
erations at the same frequency. Thus, the speed of the induced

a(f)

motion will be v(f) = 2 This is shown in Fig. 10 for a 50 pm
cell filled with a room-temperature ferroelectric nematic mix-
ture KPA-02.>°° Upon cooling, KPA-02 exhibits an isotropic-to-
Nr phase transition at 47 °C, whereas upon heating it becomes
isotropic at 56 °C. The Ny phase is stable below room tempera-
ture and its polarization is P, ~ 0.045 C m > at room
temperature.

The largest response is indeed found along the x-axis, where
the frequency dependence of the speed is relatively smooth.
From the definition of the piezoelectric coupling constant, its

. S .
magnitude can be expressed as y = 5 where § = Ax/L is the

strain and E =~ % is the applied electric field. This yields y; |3 =

Axi Vy
U 2nfU
proportional to f and 7,3 ~3nm V™! =3nCN~! is nearly
constant. At ~6 kHz, y; ;3 ~0.8nm V™' =0.8 nC N™!, and it
roughly decreases inversely proportional to the frequency.
These values are larger than of the strongest piezoelectric

crystals (see Table 2), and comparable to that of soft ferro-

In Fig. 10, we see that up to f ~ 1 kHz v, is

electrets.”’* This is arguably due to the softness of the fluids
100 T T
A v A
80 . ..xl..*: o Vy IAZ (r111) 7
e 8 o .‘—’ Ax (v1,13)
o ° . Ay (Vl,lz)
@ Lo & L v, il
E 60 o % .' %, accelerometer
2 -~ o att
'8 -. l‘ .I 3 <«<—Pp _Lu
& 40 [ nEm | i —————— a
7 = mg - R AR R
* I‘ ™
" [ ] []
20 F -
L]
u
LI
0 L 1 L 1
0 2000 4000 6000 8000 10000
Frequency (Hz)

Fig. 10 Frequency dependence of the speed of the top movable plate of
a 50 um cell filled with a ferroelectric nematic mixture KPA-02 at room
temperature. The inset shows the geometry and the choice of coordinate
system in the measurements.
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with loss moduli G” = -, where n ~ 0.1-1 Pa s is the typical
flow viscosity of the FNLC materials. At f= 6 kHz G’ ~ 10* Pa,
i.e., hundred thousand times smaller than typical crystalline
moduli. This effect, combined with the 10x smaller polariza-
tion of ferroelectric nematic fluids than that of crystalline
ferroelectrics, provides a context for the larger effective piezo-
electric constants of ferroelectric nematic liquids than that of
typical ferroelectric crystals. It also explains why at high fre-
quencies, we find y; 13 oc ™" for the N fluids. Finally, we note
that the measured 7y, ;; values may be smaller than the real
values, as in our analysis we assumed that the ferroelectric
polarization is completely aligned, which maybe far from the
case. Although experiments carried out in thin films show that
the ferroelectric polarization aligns antiparallel to the rubbing
direction,**”*°® this alignment may be less effective for thick
films. In the 400-2000 Hz range, the movement along the other
two axes is vanishingly small. This is expected as the motion
along z and y would involve y, ;; and y, ;, which are zero by
symmetry. Nonetheless, we detect relatively large motion along
z as seen by peaks around ~2.6 kHz and ~ 3.8 kHz frequencies.
These peaks appear to be related to the bending mode of the
top glass plate.*> The higher frequency mode is apparently
related to the bending with respect to the y direction of the
glass plate, thus leading to a decrease in motion in the x
direction. Other smaller peaks at higher frequencies are either
higher harmonics or are coupled to other elastic elements of
the sample. The response in the y direction includes smaller
peaks mainly correlated with those in the z direction. The
responses in the z and y directions could be related to the
imperfect alignment and the fact that the top plate is not
exactly parallel to the bottom one; therefore, motion in the x
direction is coupled to vertical motion. Additionally, the accel-
erometer has up to 2% cross-talk, i.e., a small fraction of the
horizontal motion is picked up by the accelerometer aligned in
the other two directions.

As found by Méthé et al. for FNLC 1571 and FNLC 919,%*
temperature-dependent measurements show that the converse
piezoelectric response exists only in the ferroelectric nematic
phase. The temperature dependence (for both increasing and
decreasing temperature) of the induced oscillation amplitude

a(f)

A (f) = (2nf of KPA-02 is shown in the main panel of Fig. 11

for a 50 um-thick film subject to 3 V., at a frequency of 3 kHz.

The inset shows the voltage dependence of A,(f) at 25 °C and
3 kHz. Within the measurement error, the voltage dependence
is linear for electric potential below 5 V. This is expected for
small fields (E < Ej;) that do not cause large director rotation
and realignment. The magnitude of E; increases with frequency,
as discussed by Mathé et al.**

A direct effect, related to piezoelectricity, called viscous
mechano-electric response, was explored by Rupnik et al.®
They employed a room-temperature FNLC 1571 material in
the 1-200 Hz frequency range using a simple demonstrator
device. A mechano-electric response (mechanical deformation-
induced electric signal) was observed when the ferroelectric
nematic liquid was placed into a deformable container with
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Fig. 11 Temperature dependence of the amplitude of the periodic vibra-
tion along the director of a 50 um KPA-02 film at 3 V and 3 kHz electric
voltage during heating and cooling. Inset: Voltage dependence of A,
measured at 3 kHz at 25 °C.

electrodes, and the electric current induced by both periodic
and irregular actuation of the container was examined. The
experiments reveal several distinct viscous mechano-electric
phenomena, where both shape deformations and material flow
cause changes in the electric polarization structure of a ferro-
electric nematic liquid. The results show that the mechano-
electric features of the material promise a considerable appli-
cative perspective spanning from sensitive tactile sensors to
energy-harvesting devices. Although the authors did not mea-
sure the piezoelectric coupling constant, they estimated the
theoretical limits of the electric energy generation of ferro-
electric nematic materials. They found that 100 Hz actuation
frequency and 100 kQ load resistance may generate ~0.1 W
cm” power per unit area, which is comparable to the specific
power produced by solar photovoltaic panels under natural
illumination conditions. Their experiments however achieved
only 0.01% of the theoretically estimated current, showing that
much optimization is necessary to achieve practical ferroelec-
tric nematic-based mechano-electric transduction.

The piezoelectric effects observed experimentally so far in
liquid crystals and liquid crystal elastomers with their typical
values at the given frequencies are summarized in Table 7.

IV. Challenges and outlook

A piezoelectric response is strongly linked to the symmetry axes
of the material. These axes can be difficult to control for soft
materials such as the ferroelectric nematic liquids. For exam-
ple, to determine the individual coupling constants, a ferro-
electric nematic specimen is required with known, controllable
and homogenous polarization. As Fig. 9 shows, the measure-
ment of y;;; in a thin-film sample requires uniform home-
otropic alignment, but the internal depolarization field
frustrates this alignment. Planar alignment, that is required
to measure the other two piezoelectric constants, is more
straightforward to achieve with an appropriate surface align-
ment layer. However, even with a uniform polarization field at

This journal is © The Royal Society of Chemistry 2025
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Table 7 Piezoelectric effects observed experimentally in liquid crystals and liquid crystal elastomers, with their typical values at given frequencies

LC phase

Measured coupling constant in pC N~ '@frequency in kHz

Characteristics

SmA* (phospholipids) 100 at 0.08%*

Director tilt induces polarization normal
to the bilayers in cell membranes

SmC* Elastomer: 30@ <0.1; 2D fluid: y; 3 ~ 7123: related to rotation of the director on
5000@<1; 7333 ~ 3000@0.5* tilt cone; 7335 due to tilt angle variation
Col; 1@<5"
SmCyPy 7333 X 2322 ~ 100 nC N~ 12 Converse piezoelectric effect of a bent-core
synclinic ferroelectric liquid crystal
Ng V3,33 ~ 1000@ < 6;%* Y113 ~ 3000@ <1 [this paper] Converse piezoelectric responses of

Fig. 12 Textures of a 50 um KPA-02 sample under zero electric field (a)
and (b) and under 3V, 3 kHz voltage applied (c) and (d) at 0 min (a) and (c)
and 60 min (b) and (d) after alignment (a) and (b) and after the field is
applied (c) and (d).

the outset, there is always the possibility of material flow,
resulting in non-uniform alignment. In fact, for relatively thick
Nr films, there are always defects that anneal only slowly thus
leading to a varying alignment even at zero electric field
applied. An example is shown in Fig. 12 for a 50 pm KPA-02
sample under a zero electric field (Fig. 12(a and b)) and under
3V, 3 kHz voltage applied (Fig. 12(c and d)) at 0 min (Fig. 12(a
and c)) and 60 min (Fig. 12(b and d)) after alignment (Fig. 12(a
and b)) and after field applied (Fig. 12(c and d)).

It can be seen that the defects eventually shrink when no
field is applied, while new defects are generated after as low as
3 V/50 pum field is applied at 3 kHz. These observations agree
with recent papers that showed that DC or AC voltages can
induce realignment and formation of various patterns without
any threshold.?? "

A similar problem can occur during the investigation of
the direct piezoelectric effect, where the sample is deformed.
The deformation can induce flow in the sample which is also
coupled to the orientation of the director field via the flow
alignment.”'* To decrease the reorientation effect of the electric
field or the flow, the applied voltage and the deformation
should be small enough to minimize the effect of these
phenomena.

An additional complication arises because of the mobility of
any ionic species (and it is not possible to make ion-free

This journal is © The Royal Society of Chemistry 2025

ferroelectric nematic liquid crystals

preparations), which is many orders of magnitude larger in
fluids than in crystalline solids. Because of this, ionic motion
and the resulting screening of electric fields are factors that
always must be considered; this of course is of particular
importance at a lower frequency.

Another unexpected parameter that appears to affect the
measured piezoelectric coupling constant is the thickness of
the ferroelectric nematic film. This is illustrated in Fig. 13a,
where the amplitude of the converse piezoelectric vibration is
shown for the prototypical ferroelectric nematic liquid crystal,
RM734>* as a function of applied voltage at T = 120 °C under
f = 4 kHz signal (Fig. 13(a)) for different film thicknesses
between 100 pm and 540 pm. The samples with d > 300 pm
thicknesses were filled with the liquid crystal at 300 um film
thickness and then the separation between plates was
increased. This means that at d < 300 pm we have films that
fill the whole area, while at d > 300 pm we have a bridge that
does not fill the entire area (see the inset in Fig. 13(a)).

It can be seen that below 3 V, the voltage dependences are
linear for all film thicknesses, but the slope of the curves,
i.e., the value of the piezoelectric constant (y = A¢/V), strongly
increases with the film thickness. Above 3 V, the voltage
dependence is not linear anymore, which is probably due to
the field-induced director realignment that leads to the gen-
eration of quadratic (electrostriction effect) and other higher
harmonics. The study of the higher harmonic signals can also
be done by the lock-in technique by simply choosing nf modes
with n = 2, 3,.... This should also be one of the tasks of future
studies.

In Fig. 13(b), we show the temperature dependence of the
converse piezoelectric signal for a film of thickness d = 450 pm
of RM734. As already shown by Méthé et al.,** the piezoelectric
signal vanishes in the conventional nematic phase as N has an
inversion symmetry. In the Ny phase, it increases roughly
proportionally to the value of the ferroelectric polarization
measured by Chen et al,*® indicating no significant realign-
ment on cooling. However, the values for heating are slightly
different from those measured for cooling, indicating some
alignment effects.

We also note that there is a narrow range at the top of the
N phase with a slight increase in the effective piezoelectric
constant. This range coincides with a modulated phase (N)
range, as shown recently by Thoen et al;*'* however, it is not
clear why that produces an increased piezoelectric response.
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Fig. 13 Measurement of the electric field-induced vibration amplitude A¢
of the cover glass normal to the film at a frequency of 4 kHz applied
between the substrates of non-oriented RM734 films. (a) Voltage depen-
dence at 120 °C between 0 and 10 V for films with thicknesses between
0.1 mm and 0.54 mm. The inset shows the LC cell geometries for
d < 300 pm and d > 300 pum thicknesses. (b) Temperature dependence
of the vibration amplitude A; under U = 10 V, f = 4 kHz applied voltage
measured in a d = 400 um-thick film in heating (red) and cooling (blue) at a
rate of 1 °C min~1. The inset shows the film thickness dependence of the
effective piezoelectric coupling constant.

That observation indicates the need for the study of the effect
in SmZ,>'**"> and the other modulated, such as the splayed
(Ns)*® phase.

The film thickness dependence of the piezoelectric constant
is shown in the inset of Fig. 13(b). The piezoelectric constant is
almost constant below about 200 pm thickness and then
increases exponentially. What can be the reason for this anom-
alous thickness dependence? One can think about the effect of

surface tension (o) that leads to a pressure p = 26/R, where R =

d . . ) .
——— is the curvature radius, d is the film and « is the contact
2sin(o)

angle between the glass and the liquid crystal. With typical
surface tension values of ¢ ~ 0.03 Nm ™" and « < 90°, we get

0.12
p< TPa. For d ~ 100 pm, this means p ~ 10° Pa, which is

much smaller than of the effective modulus G = 2ny-f, which at
n ~1Pasis G ~ 2.4 x 10° Pa. This means that we do not
expect significant effect of the surface tension. Another
more likely possibility is an effective increase in the angle of
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the effective polarization with respect to the film surface at
increasing film thickness. By increasing the gap between the
glass plates, the morphology of the liquid changes significantly
as the inset of Fig. 13(a) illustrates for gap sizes that are smaller
or close to the gap where the sample was filled and for gaps that
are bigger, respectively. The reason for this film thickness
dependence of the polarization direction is not clear and it
will be one of the tasks of future work.

Finally, we note the need for quantitative and systematic
studies of the direct piezoelectric signals in the fluid N phase.
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