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Liquid Piezoelectric Materials: Linear Electromechanical
Effect in Fluid Ferroelectric Nematic Liquid Crystals

Marcell Tibor Máthé, Md Sakhawat Hossain Himel, Alex Adaka, James T. Gleeson,
Samuel Sprunt, Péter Salamon, and Antal Jákli*

The first demonstration of converse piezoelectricity in 3D fluids is presented
by measuring a linear electromechanical effect in ferroelectric nematic liquid
crystals. The observed piezoelectric coupling constant below 6 kHz electric
field is larger than 1 nC/N, comparable to, or better than, values for the
strongest solid piezoelectric materials. Symmetry considerations indicate that
the alignment of the ferroelectric nematic liquid crystal in the experimental
study is not optimized, so the observed signal is likely only a fraction of the
theoretically achievable signal. Understanding the electromechanical
response of ferroelectric nematics will enable mechanical energy harvesting
and open up a new avenue for developing fluid actuators, micro positioners,
and electrically tunable optical lenses.

1. Introduction

Ferroelectric materials exhibit macroscopic, spontaneous electric
polarization. This effect is only possible in materials that lack
inversion symmetry. Such symmetry classes also permit piezo-
electricity: linear coupling between electric field and mechani-
cal deformations.[1] Piezoelectricity was discovered by the Curie
brothers in 1880[2] in ferroelectric Rochelle salt. Ferroelectricity
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was subsequently observed in a number of
other crystalline and/or solid materials, in-
cluding ceramics,[3] and polymers.[4] Meso-
morphic fluid materials, for example liq-
uid crystal phases, may also lack inversion
symmetry due either to molecular chirality,
such as in ferroelectric chiral tilted smec-
tic (𝑆𝑚𝐶∗)[5,6] or chiral columnar[7] phases,
or due to the polar shape of the molecules,
such as in the case of bent-core molecules
that form achiral polar smectic (𝑆𝑚𝐶𝑃)
phases.[8] These examples do not repre-
sent true 3D fluids, as they possess posi-
tional order in one or two dimensions, and
can therefore sustain some elastic strain.
In contrast, nematic and cholesteric liquid

crystals are fully fluid in three directions, i.e., their long-range
order is purely orientational (and not positional). To date piezo-
electricity in a nematic system has been observed only after
cross-linking chiral molecules to produce a chiral nematic (N*)
elastomer.[9] In 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 ferroelectric nematic liquid crystals (FNLCs) were pre-

dicted to exist more than a century ago[10,11] but were only re-
cently realized in practice.[12–18] FNLCs represent a highly desired
and unique new phase of matter that combines true 3D fluidity
with a high degree of polar order. Due to the macroscopic po-
larity, FNLCs lack inversion symmetry, which allows for several
piezoelectric couplings that have to date remained unexplored.
In this paper, we will first discuss symmetry considera-

tions and determine possible non-zero piezoelectric coupling
constants of FNLCs. We then describe converse piezoelectric
measurements on two room-temperature FNLC mixtures that
demonstrate the first piezoelectric effects observed in liquids.

2. Symmetry Considerations

The direct piezoelectric effect (wherein electric polarization is in-
duced via mechanical stress) can be mathematically expressed
with:

Pi =
∑

jk

𝛾i,jkTjk (1)

where Pi is the polarization component induced by the stress ten-
sor, Tjk, and 𝛾 i,jk is the third-rank piezoelectric coupling tensor. In
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Figure 1. Possible experimental geometries that allow detection of direct and converse linear electromechanical (piezoelectric) signals in FNLC films.
a–c) Geometries to detect 𝛾z,zz, 𝛾x,xz, and 𝛾z,xx, respectively. Left Column: Direct effect – Applying strain and measuring electric current; Right Column:
Inverse effect – Applying electric voltage andmeasuring strain. Red arrows indicate the direction of the ferroelectric polarization (right-handed coordinate
systems are chosen so that the ferroelectric polarization P⃗ is parallel to z). Black double headed arrows represent the applied strain for direct effect.
Green double headed arrows show the electric field-induced strain for the converse effect.

the converse (or “inverse”) piezoelectric effect, an applied electric
field E⃗ results in material strain:

Sjk =
∑

i

𝛾i,jkEi (2)

where Ŝ is the strain tensor. Since 𝐹𝑁𝐿𝐶materials are fluid, they
cannot sustain steady shear or compression in any direction, i.e.,
the applied shear or electric field must be alternating, and the
piezoelectric signals are expected to vanish at DC fields or during
steady strain, as is the case in smectic and columnar piezoelectric
liquid crystals along the fluid direction.[6]

The NF phase has C∞𝜐 symmetry, where C∞ represents an in-
finite fold rotational symmetry about the polar axis, and the sub-
script 𝜈 expresses a mirror symmetry through any plane contain-
ing the polar axis. Choosing the polar axis along z, any reflection
through the x − z (or y − z) plane changes the sign of y (or x), so
all components of 𝛾 i,jk containing an odd number of either y or x,
must be zero. Accordingly, there are only seven non-vanishing
piezoelectric tensor elements: 𝛾z,zz, 𝛾z,xx( = 𝛾z,yy ) and 𝛾x,xz( =
𝛾y,yz = 𝛾x,zx = 𝛾y,zy ).

[1] The first three elements permit a direct
piezoelectric response along 𝑧 as a result of a compression (ex-
tension) in either along or perpendicular to 𝑧. The last four non-
vanishing elements indicate that a shear of a cylinder with axis
along 𝑧 would result in a radial polarization. When we consider
converse piezoelectric response, the nonvanishing components
dictate that compression/extension both parallel and perpendic-
ular to 𝑧 should result from an electric field applied along 𝑧. Ap-
plying field normal to the z would produce a shear flow along 𝑧.

Note, for chiral ferroelectric nematic N∗
F phases,

[19–21] the mirror
plane is absent,C∞ symmetry is obtained, and the above non-zero
piezoelectric couplings exist without the equal signs.
All geometries we can expect piezoelectricity are shown

schematically in Figure 1. Figure 1a–c shows the geometries to
measure 𝛾z,zz, 𝛾x,xz, and 𝛾z,xx, respectively via direct and converse
piezoelectric responses. Via the direct piezoelectric response,
we measure the strain-induced polarization (PS) current flow-
ing through an electrode area Ω: IS = Ω ⋅ dPS

dt
. In the converse

piezoelectric responses, we measure the applied voltage-induced
strain.

3. Results

We first studied two room temperature ferroelectric nematic liq-
uid crystal materials (FNLC 1571 and FNLC 919) received from
Merck in custom-made setups as shown in Figure 2 and dis-
cussed in detail in theMaterials andMethods section. FNLC 1571
films were studied using various driving frequencies between 10
Hz and 10 kHz and driving voltage from 0.1 VRMS (ERMS ≈ 4 V

mm
)

to 40VRMS (ERMS ≈ 1.6 V/μm). For voltages below 5V (E ≈ 0.2 V
𝜇m
)

at all measured frequencies, the original uniform polarizing mi-
croscopy texture (Figure 2a) remains unchanged. Above E ≈

0.2 V/μm, turbulent flows appeared below increasing frequencies
at increasing voltages, such as below 500 Hz at E ≈ 0.2 V/μm and
3 kHz at E ≈ 0.8 V/μm. Below E ≈ 0.6 V/μm the original texture
reforms after removing the field. Increasing the voltage above E
≈ 0.6 V/μm a second harmonic (double frequency) vibration of
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Figure 2. Schematic drawings showing typical Polarized Optical Microscopy (POM) textures of FNLC 1571, the director field (n̂) of the studied films
together with the custom-made setups. a,b) POM images of 24 μm FNLC 1571 samples below 5 V 100 Hz<f<10 kHz sinusoidal AC voltage signal
applied between the ITO electrodes of the cover plates, and after 40 V, 10 Hz voltages, respectively. Scale bar represents 100 μm length. In (b) switching
happens only within the darker triangle area indicating cracking of the ITO glass at the boundary of the triangle. c) Schematic drawing of the setup to
study FNLC 1571 films with planar alignment coating resulting a pretilt 𝛼. As will be discussed in the Discussion section, 𝛼 ≈ 1°, i.e., much smaller
than indicated in the drawing. d) Schematic drawing of the custom-made setup to study FNLC 919 with the side-view of the director structure (Schlieren
texture) as a result of the absence of the insulating alignment layer. This setup is capable to study both direct and converse piezoelectric responses at
different temperatures.

the cell was observed to increase strongly due to electrostriction
(Maxwell stress 𝜎 = 𝜖o 𝜖rE

2, where 𝜖o is the permittivity of the
vacuum, 𝜖r is the relative dielectric constant, and E is the elec-
tric field applied). Such a double frequency vibration appeared to
trigger unrepeatable signals, where the voltage dependence of the
displacement at the base frequency is completely different during
increasing and decreasing fields. Above E ≈ 1.6 V/μm the device
is irreparably damaged due to zig-zag shaped cracks forming in
the ITO layer, as shown in Figure 2b. Such ITO cracking also
damaged the polyimide alignment layer causing permanently in-
homogeneous alignment.
On the other hand, when the maximum amplitude of the volt-

age is less than 10 V, the signals are identical under increasing
and decreasing fields, and the voltage dependence is linear, as
shown in Figure 3a on a fresh 24 μm FNLC 1571 sample and in
Figure 3b for a 100 μm FNLC919 film. Based upon these obser-
vations, the results described here only reflect driving voltages
below 10 V.
The vibration amplitude Af was measured at the applied fre-

quency fwith an accelerometer connected to the vibrating bound-
ing plate. The frequency dependence of Af is shown in Figure 3c
for a 24 μm FNLC 1571 for both increasing and decreasing fre-
quencies, and for a 100 μm FNLC 919 sample at increasing fre-
quencies. The most important features for both samples are the
decrease of Af from ≈100 nm at 100 Hz to ≈0.2 nm at 3kHz,
then remaining basically constant up to 6 kHz where the mea-
surement concluded. Strikingly, Af of the 100 μm FNLC 919 is
roughly ten times larger, yet the frequency trend is similar to
the 24 μm FNLC1571 sample. Also seen are a few frequency
peaks likely due to normal modes of the apparatus (e.g., glass
plates and/or mechanical assemblies). More peaks are seen in

the FNLC 919 sample, as this was measured in a reconfigured
apparatus shown in Figure 2d having apparently more normal
modes.
These measurements of Af demonstrate linear coupling be-

tween the external electric field and mechanical deformation of
the ferroelectric nematic liquid crystals, i.e., a linear electrome-
chanical effect. This response is only possible via the converse
piezoelectric effect predicted in Equation 2. The strain, S, in
the present geometry is the ratio of the amplitude of the vibra-
tion Δx to the film thickness L (S = Δx /L) while the applied
electric field is E ≈ U/L, giving the measured piezoelectric cou-
pling constant (also called piezoelectric charge constant) as 𝛾 =
Δx/U. Using the data visualized in Figure 2c, we determined
that the maximum measured coupling constant below 400 Hz
is 10−7 m/5V = 2 × 10−8 m/V (C/N) and 3 × 10−7 m/5 V =
6 × 10−8 m/V for FNLC 1571 and FNLC 919, respectively. The
high frequency (above 1 kHz) values are≈10−10 and 2× 10−9 m/V
for FNLC 1571 and FNLC 919, respectively. At higher frequency
values, the piezoelectric coefficient is comparable with the high-
est values found so far in crystals,[22,23] in cellular polymers
(ferroelectrets),[24] or soft composite fiber mats.[25] Here we note
that recently a “piezoelectric” effect with ≈ 3 × 10−13m/V was
reported for an ionic liquid.[26] However, since that fluid is
isotropic with centrosymmetry, by definition, it cannot be con-
sidered a piezoelectric effect that requires a lack of inversion
symmetry.
The linear electromechanical response decreases with in-

creasing temperature (with room temperature being the min-
imum attainable with this apparatus) to being essentially
immeasurable upon transition to the (non-ferroelectric) ordinary
nematic phase, as seen in Figure 3d. This clearly shows that this
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Figure 3. Amplitude Af of periodic vertical vibrations of the horizontal top plate at the frequency of the applied field under various conditions. a,b) Room
temperature voltage dependence of Af of a 24 μm thick FNLC 1571 sample at f = 6 kHz and of a 100 μm FNLC 919 at f = 3 kHz, respectively. c)
Frequency dependence of Af under 5 V amplitude applied voltage for 100 μm FNLC 919 (black triangle) and for a 24 μm FNLC 1571 film at first run (blue
circle) and during second run (red square). d) Temperature dependence of Af when U = 2 Vrms, f = 3kHz sinusoidal voltage applied between the ITO
coated glass plates (left axis) and the temperature dependence of the ferroelectric polarization plotted against the right axis.

linear electromechanical effect is a property only of the ferro-
electric nematic phase. We note that the strong decrease of the
piezoelectric signal at 27 °C (≈5 °C below the NF − N transition)
is likely related to the presence of the multiple components of
the FNLC 919 mixture and is paralleled by a strong decrease of
the ferroelectric polarization at 27°C that is plotted in Figure 3d
against the right y-axis.
We also note that the piezoelectric effect is sufficiently pro-

nounced, especially in the 3 − 6 kHz range, as to be clearly audi-
ble! Such audible electromechanical responses were also detected
by ear at the frequency of the applied voltages even for single com-
ponent high temperature FNLC’s such as RM734[12] and DIO,[13]

indicating that this linear electromechanical effect is a general
property of all FNLCs.
In Figure 4, we plot the time dependence of the acceleration of

the vibrating plate for various frequencies.
Figure 4a–d shows the time dependence of the acceleration of

a 24 μm FNLC 1571 sample at 10 V, 100Hz square wave voltage,
at 500Hz, 3 kHz and 5 kHz 7 VRMS sinusoidal voltages, respec-
tively. Well below 1 kHz, we found transient vibrations for both
square wave (see Figure 4a) and sinusoidal (see Figure 4b) ap-
plied voltages that are generated during field reversals. These vi-
brations have a natural frequency of ≈18 kHz and decay time of
≈1 ms. These transient vibrations are likely related to director ro-
tation induced flow which triggers an elastic deformation of the
bounding glass, and which is damped by the viscous FNLC film.
Due to the 1 ms decay time, this mode cannot be effectively gen-
erated well above 1 kHz as can be seen in Figure 4c,d, where the
response becomes essentially sinusoidal with the frequency of

the applied voltages, corresponding to purely linear electrome-
chanical signals.
The range of the linear electromechanical response depends

strongly on the magnitude of the applied field. This is illustrated
in Figure 4e,f for a 100 μm FNLC 919 sample under 3 kHz ap-
plied voltages. While the mechanical response is purely linear at
U ≈ 2 Vrms, a second harmonic signal corresponding to elec-
trostriction is observed at U ≈ 5 Vrms.
Comparing the waveforms of the FNLC 1571 and FNLC

919 samples, we found that the linearity observed at lower
frequencies and at higher voltages for the FNLC 1571 than
of FNLC 919. This is likely related to the different vis-
cosities, namely that in FNLC 1571 the rotational viscos-
ity measured to be ≈ 1.6 Pa · s while for FNLC 919 it
was found to be only ≈ 0.75 Pa · s, so the director rotates
much less under the same conditions in FNLC 1571 than in
FNLC 919.

4. Discussion

How to understand the context of these measurements with the
phenomenon as envisaged in the introduction, the differences
between the two materials that were examined, and the issue of
what is the maximum achievable converse piezoelectric perfor-
mance in this entirely new class of materials? It is instructive
to compare the ideal geometries as depicted in Figure 1 with
the actual embodiment assembled in the laboratory as shown
in Figure 2c,d for the FNLC 1571 and FNLC 919, respectively.
Figure 1 shows that in planar alignment one would expect zero

Adv. Funct. Mater. 2024, 2314158 2314158 (4 of 7) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. Time dependences of the applied voltage (blue lines, plotted against the right axes) and of the acceleration of the cover plate (red line, plotted
against the left axes) of a 24 μm FNL 1571 sample at a) 0.1 kHz, b) 0.5 kHz, c) 3 kHz, and d) 5 kHz, and for a 100 μm FNLC 919 sample at 3 kHz of e)
U ≈ 2VRMS and f) U ≈ 5VRMS.

converse piezoelectric vibration normal to the substrates because
this would entail the tensor element 𝛾x,xx, which is zero by sym-
metry. Symmetry allows piezoelectricity only when there is a
component of the polarization along the field, i.e., when 𝛾z,zz be-
comes effective. In fact, ideal planar alignment, where the op-
tical axis is exactly in the y − z plane has never been achieved
in construction of liquid crystal cells. In practice, one always
obtains planar alignment having a “pre-tilt” angle, 𝛼, between
the optic axis (which is the direction of polarization) and the
plane of the electrode which provides a vertical component of
the polarization, Pv = Po sin𝛼. The minimum pretilt that is suf-
ficient to provide the observed effect can be estimated from the
ratio of the mechanical energy to the supplied electrical energy,
which should be less than 1. The mechanical energy can be es-
timated from the kinetic energy Wk =

1
2
m v2 = 1

2
m(Af 2𝜋f )

2,
where m ≈ 10g is the mass of the top glass and of the acceler-
ator, f is the frequency of the applied field and Af is the measured
base frequency amplitude. The electric energy is WE = Po sin𝛼 ·

E · V, where E ≈ U
L
and V = Ω · L is the volume of the sam-

ple, and Ω is the area of the film with thickness L. The small-

est pretilt 𝛼min then can be calculated as 𝛼min = sin−1(
m(Af 2𝜋f )

2

2PoUΩ
).

From Figure 3c, and taking Po = 3 ⋅ 10−2 C
m2
, Af ≈ 400 nm at f =

300Hz, U = 5V and Ω = 1 cm2 for FNLC 919, we get 𝛼min
= 0.01°. Realistically of course, the piezoelectric coupling fac-

tor should be much smaller than 1 (perhaps a few percentages),
so the pretilt should be much larger than 0.01°. The pretilt for
ferroelectric nematic liquid crystals with insulating planar align-
ment as for FNLC 1571, is likely to be small due to the depo-
larization field Edep = − Posin𝛼

𝜀⋅𝜀o
that tends to realign the polariza-

tion along the substrate.[14] In practice, the pretilt is limited by
the charge density of the free ions ϱi that can balance the depo-
larization charge density Posin𝛼. This gives for a charge density
of the ions 𝜚i =

Posin𝛼

L
<

3⋅10−2⋅10−2

10−4
≈ 3 C

m3
. Assuming monovalent

ions with number density ni and charge mobility μ, the conduc-
tivity of the FNLC sample is 𝜎 = qniμ = ϱi μ. The Einstein–
Smoluchowski equation relates the charge mobility to the dif-
fusion coefficient D and the temperature T in Kelvin as 𝜇 =
qD

kBT
, where kB = 1.38 · 10−23J/K. With D ≈ 10−11 m

2

s
, q = 1.6 ⋅

10−19 C and T = 300 K, we get for the electric conductivity
that 𝜎 = 𝜚i

qD

kBT
<

3⋅1.6⋅10−19⋅10−11

1.38⋅10−23⋅300
≈ 10−9(Ωm)−1. Indeed, we mea-

sured that the conductivity of FNLC 1571 is ≈ 10−8 (Ωm)−1, thus
allowing a pretilt of ≥ 1°. In the FNLC 919 samples without
insulating alignment coating, Schlieren textures were obtained
and the angle 𝛼 between the bounding plate and the ferroelec-
tric polarization would be estimated as significantly larger (see
Figure 2d). In these circumstances, one would naturally expect
to measure a larger converse piezo-electric response, which we
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indeed found as the results in Figure 3c show the vibration am-
plitude of FNLC 919 is at least one order ofmagnitude larger than
in FNLC 1571.
The obvious step would be to perform this experiment in

homeotropic geometry, where the polarization direction is par-
allel to the displacement. However, this geometry is particularly
difficult to achieve as it induces a depolarization field which in-
hibits the desired alignment. In principle, achieving homeotropic
alignment or increasing the pre-tilt angle potentially allows for a
dramatic (perhaps ten or hundred times) augmentation of the
electromechanical effects we report here.

5. Conclusion

We have observed and analyzed linear electromechanical effects,
corresponding to converse piezoelectricity, in two room temper-
ature liquid ferroelectric nematic liquid crystals. The observed
piezoelectric coupling constant (which represents only a lower
limit of the constant due to the weight of the connected sensors
and other components) found to be comparable to or exceed that
of the strongest solid piezoelectric materials. Our analysis indi-
cates that the observed effect is due to 𝛾z,zz and a small pretilt or
electric field induced realignment of the molecular orientation,
therefore it is far from the optimum configuration to obtain the
maximum piezoelectric signal. Future experiments will concen-
trate on the geometry shown in Figure 1c to achieve higher piezo-
electric signal. We will also explore the direct piezoelectric effects
for the geometries shown in the right column of Figure 1a–c
both for achiral and chiral ferroelectric nematic liquid crystals.
Even though a number of further experiments are possible and
needed, our initial observation is significant, since linear elec-
tromechanical coupling is an inherent property of ferroelectric
materials, but so far has only been explored in crystals, polymers,
and positionally ordered liquid crystals.
Understanding the electromechanical response of nonchiral

and chiral ferroelectric nematics will enable mechanical energy
harvesting, and lead to novel fluid actuators, micro positioners,
and electrically tunable optical lenses.

6. Experimental Section
The converse piezoelectric signals of two room temperature ferroelec-
tric nematic mixtures (FNLC 1571 and FNLC 919) were studied, provided
to us by Merck. FNLC 1571 had two nematic phases 𝑁1 and 𝑁2 above
the ferroelectric nematic 𝑁𝐹 phase. The phase sequence in cooling was
𝐼 88 °𝐶 𝑁1 62 °𝐶 𝑁2 48 °𝐶 𝑁𝐹 8 °𝐶 𝐶𝑟. FNLC 919 had two nematic
phases,N andN1 above theNF phase with the phase sequence in cooling
as I 80 ○C N1 44

○C N 32 ○C NF 8
○C Cr. FNLC 919 was studied by Yu et

al[27] andMáthé et al[28] and the ferroelectric polarization wasmeasured in
free-standing threads at room temperature to be Po ≈ 3 · 10−2 C m−2.[28]

This value was smaller than the Po ≈ 4.7 · 10−2 C m−2 ,in in-plane field
geometry (see Figure 3d) were measured here, likely due to the inhomo-
geneous field in the free-standing threads.[28]

Both FNLCs were contained between two, parallel glass plates having
conducting indium tin oxide (ITO) sputtered in their inner surface, sepa-
rated by a distance d, which was much smaller than the lateral dimensions
(1 − 2 cm) of the planes.

In case of FNLC 1571, the bounding conducting surfaces were over-
coated by a uniformly rubbed polyimide (PI2555) layer that aligns the di-
rector parallel to the surface and the rubbing direction, called planar align-

ment. The substrates were separated only by L = 24 μm thick liquid crys-
tal film, held in place solely by surface tension. After the FNLC was filled
by capillary action, an accelerometer (Brüer & Kjaer, model BK4375, mass:
2.4 g excluding cable, charge sensitivity: is = 0.32 pA/(ms−2), voltage sen-
sitivity: 𝜈s = 0.61 mV/(ms−2)) was fixed to the top plate.

In case of FNLC 919, the conducting surfaces were not treated by any
alignment layer and the alignment was not uniform, but rather adopted
the ‘Schlieren″ texture, where director n̂ exhibits a roughly constant angle
with respect to the plates and was degenerate in the plane of the bound-
ing planes. FNLC 919 was studied using a slightly different setup shown
in Figure 2d. There the lower glass substrate was fixed in place, and the
upper plate was connected to an electrically actuated diaphragm that al-
lowed movement in vertical direction; the upper plate also held the same
BK4375 accelerometer. Although, here in this study the converse effect was
onlymeasured, this setup was designed so that it couldmeasure the direct
piezoelectric response as well. The gap between the glass plates was ad-
justable by micro-positioners and measured via microscope. For the mea-
surements reported here, the gap was set to 100 μm and the upper plate’s
acceleration was measured.

For both LC materials the voltage developed by the accelerometer
(Vacc) wasmeasured using a lock-in amplifier (Stanford Research Systems,
model SR830), so that the internal reference signal of the lock-in amplifier
provides the applied voltage. With the lock in amplifier, the amplitude A
and phase ϕ of the time-dependent acceleration were measured at the ref-
erence frequency f and at 2f. At the base frequency Af = a/(2𝜋f)2, whereas
at 2f, A2f = a/(8𝜋f)2, where a = Vacc ∕𝜐s was the acceleration of the plate.
The accelerometer signal induced by rectangular and sinusoidal voltages
applied by a function generator was also monitored via an oscilloscope to
examine non-harmonic contributions.

The temperature dependence of the ferroelectric polarization and the
rise times of FNLC 1571 and 919 were measured under 80 Hz trian-
gular electric waveforms in 10 μm thick cells with d(FNLC 1571) =
1 mm and d(FNLC 919) = 0.5 mm gap between in-plane ITO electrodes,
as described in references.[14,19,29] The approximate rotational viscosity
(𝛾1) values were determined from the rise time 𝜏 as 𝛾1 ≈ 𝜏 ⋅ P ⋅ U

d
, where

U is the applied voltage. At 25°C P = 6.3 · 10−2C m−2 𝜏 ≈ 260 μs at U =
90V were obtained for FNLC 1571, and P = 4.7 · 10−2C m−2 𝜏 ≈ 150 μs
at U = 60V, giving rotational viscosities of 1.6 Pa · s and 0.75 Pa · s for
FNLC 1571 and FNLC 919 materials.

Statistical Analysis: In each measurement, the reproducibility and re-
liability of the observations were tested. In case of measurement with os-
cilloscope, eight times averaging of the instrument to increase the sig-
nal/noise ratio were used. For the measurements with lock-in amplifier, 2
s integration time was used. This means averaging by N = 2 · f times,
where f is the frequency.
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