
RESEARCH ARTICLE
www.advancedscience.com

Fluid Ferroelectric Filaments

Marcell T. Máthé, Kelum Perera, Ágnes Buka, Péter Salamon, and Antal Jákli*

Freestanding slender fluid filaments of room-temperature ferroelectric
nematic liquid crystals are described. They are stabilized either by internal
electric fields of bound charges formed due to polarization splay or by external
voltage applied between suspending wires. The phenomenon is similar to
those observed in dielectric fluids, such as deionized water, except that in
ferroelectric nematic materials the voltages required are three orders of
magnitudes smaller and the aspect ratio is much higher. The observed
ferroelectric fluid threads are not only unique and novel but also offer
measurements of basic physical quantities, such as the ferroelectric
polarization and viscosity. Ferroelectric nematic fluid threads may have
practical applications in nano-fluidic micron-size logic devices, switches, and
relays.

1. Introduction

Filaments are ubiquitous in our life as they are present in our
cells, brains, and muscles. They surround us in the form of nat-
ural silk spun by silkworms and spiders, synthetic fabrics such
as nylon, polyester or in optical fibers used for telecommunica-
tion. Fibers can be drawn only from viscous fluids that harden
during the pulling process. The hardening can be achieved ei-
ther by cooling, such as in glass fibers, or by losing water, e.g.,
in spinning spider silks. As surface tension causes fluids to
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have as little surface as possible for a
given volume, Newtonian fluid fibers (de-
scribed by a strain rate independent vis-
cosity) are stable only if their length is
smaller than their circumference (Rayleigh-
Plateau instability).[1,2] In such materials,
the elongating filaments always develop a
concave shape with a narrow neck connect-
ing two quasi-static reservoirs near the rigid
end plates. In the case of non-Newtonian
materials, where the viscosity depends on
the strain rate, long slender column of liq-
uids can be stabilized during the pulling
for a sufficiently high strain rate described
by a Deborah number De = ṡ × 𝜏 > 0.5,
where ṡ is the strain rate and 𝜏 is the re-
laxation time of a deformation. In such
case, a strain hardening occurs leading to

a homogeneous extensional deformation and a uniform column
in the mid-region.
Liquid crystals are complex fluids[3] with various dimension-

alities and with unique filament formation abilities.[4] Nematic
liquid crystalline polymers can easily form fibers just as conven-
tional isotropic polymers,[5,6] in fact, spider silks have nematic liq-
uid crystalline structures in the duct portion of the silk-producing
gland.[7–9] Low molecular weight liquid crystals of rod-shaped
molecules do not form free-standing fibers, but only droplets in
their nematic phase, or thin films in their smectic (2D fluid)[10]

phases. They may also form free-standing bridges, but only at
length-to-diameter (or slenderness/aspect) ratios of SN ≈ 𝜋 and
at SSm = 4.2, respectively.[11] So far low molecular weight liquid
crystals were found to form stable and slender filaments only in
their columnar (1D fluid)[12] and in bent-core polar smectic[13–24]

phases, due to bulk elastic compression of their columns or their
layers in addition to the surface tension.
It has been known since 1893 that deionized water can form

stable slender (S > >𝜋) bridges when subjected to high ( >
10 kV) voltages.[25] This phenomenon was revived by Fuchs et
al in 2007[26,27] and since it has been the subject of an intense
study.[28–35] Similar effects were observed in other dielectric liq-
uids as well.[36–38] Magnetic field stabilization was also observed
and described in ferromagnetic fluid (ferrofluid) bridges[39,40] and
jets.[41–43] This latter observation suggests that electric bridge
stabilization might also happen in ferroelectric fluids. In fact,
Widom et al suggested that in a possible ferroelectric fluid ten-
sion would arise from “coherent dipolar domains” .[32] Unfortu-
nately, however, ferroelectric fluids have not been observed exper-
imentally until 2017,[44,45] when nematic liquid crystals of highly
polar rod-shaped molecules were found to be ferroelectric.[46] In-
terestingly this happened more than 100 years after their the-
oretical prediction by Max Born.[47] These polarly ordered 3D
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Figure 1. Summary of the behavior of NFfilaments without electric fields. a) Length dependence of the volume of a FNLC 919 freestanding filament.
Insets in the bottom show the vertically aligned filaments at different lengths. Yellow bars show 100 μm length. Data presented as mean ± SD, n = 3.
b) Pictures of a filament without polarizers (top); between crossed polarizers at ≈± 45° (middle) and 0, 90°(bottom) with respect to the horizontal
direction. c) Time dependence of the electric current flowing through the material bridge during pulling (blue line plotted against the left axis) and the
area of the waist of the bridge/ thread (red line plotted against the right axis). d) Side views of the bridges at several selected times shown by arrows
between (c) and (d).

anisotropic fluids are characterized by a ferroelectric polariza-
tion Po ≈ 0.05 C

m2
that can be switched by as low as 1 V mm−1

fields.[46,48] Their studies just have boosted a few years ago and
is one of the most active research areas in liquid crystals.[48]

Here we show that ferroelectric nematic liquid crystals
(FNLCs) not only can form metastable freestanding slender fil-
aments but can also form stable slender threads when sub-
jected to U ≈ 10 V axial voltages. In addition to the exper-
imental observations about the static and dynamic behav-
ior of the filament and bridges, we will provide theoreti-
cal considerations to explain the formation of the metastable
filaments and the electric stabilization of the suspended
threads.

2. Results

As noted recently by several groups working with room temper-
ature FNLC mixtures,[49] when trying to take the FNLC mate-
rial from a vial, a filament forms that can be drawn to several
centimeters before rupturing. At the beginning of the pulling
the material has an hour-glass shape with the narrowest waist
having a thickness of ≈100 μm (see the insets at the bottom of
Figure 1a). Pulling further, a necking occurs whereby the nar-
rowest range forms a filament with a uniform thickness that de-
creases upon increasing length (see Video S1, Supporting In-
formation). Measuring the thickness of the filament as a func-
tion of the length and assuming cylindrical symmetry, we cal-
culated the volume of the filament as a function of its length,
as shown in the main pane of Figure 1a. It can be seen that af-
ter the initial roughly linear increase, the volume remains con-
stant, meaning that the material flow from the bottom reser-
voir is halted and the length increases in cost of its thickness.
The maximum length can easily be over two orders of mag-

nitude larger than of its diameter (aspect ratio, S = length

diameter
>

100) before it would burst. Inspecting the filaments between
crossed polarizers, they appear dark when the filament is along
one of the polarizers and brightest when the crossed polariz-
ers make ± 45° with respect to the filament (see Figure 1b).
This means that the optical axis of the material is either along
or perpendicular to the long axis of the filament. We will show
later experimental evidence about that the director is actually
parallel to the thread, as also found for polymeric fibers by Li
et al.[50]

It is observed that the filaments pulled first from a sessile
droplet can be the longest and stay stable for the longest pe-
riod (hours). After exposing the droplet to air for about an
hour, the capability of fiber formation gradually disappears.
We also noticed that the higher is the humidity of the air,
the shorter is the lifetime and the fiber formation ability.
Moreover, stable filaments become unstable and rupture once
the two sides are short-circuited. As long as they are con-
nected by a conductor or grounded, it is not possible to pull
a long and stable filament anymore. These observations in-
dicate the electrostatic origin of the filament formation and
destabilization.
To get further insight in the origin of the filament stabilization,

we have measured the electric current flowing through the mate-
rial during pulling (see blue line in Figure 1c). At the same time,
we have computed the area of the waist (red line plotted against
the right axis in Figure 1c) as A = R2 𝜋, where R = D/2 is the
radius of the waist, as shown in Figure 1d. In Figure 1d several
side views of the FNLC bridges are shown at different times of the
pulling. These times are indicated by arrows between Figure 1c
and d. No current is flowing through the bridge at the first half of
the pulling, then there is a sharp current peak when the filament
forms indicating realignment of the ferroelectric polarization at
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Figure 2. Summary of the observations on NF filaments in longitudinal
DC fields. a) Maximum length Lmax as a function of DC voltage applied be-
tween two supporting wires (160 μm diameter). Data presented as mean
± SD, n = 3. Insets b–e) show the filament at increasing length and
slenderness ratio S = length/diameter, while pulling in the presence of
U = 20 V DC voltage. f,g) show observation in transmission of a piece
of horizontal thread doped with a dichroic dye (disperse orange 3) and
illuminated by blue light polarized horizontally (f) and vertically (g).

this stage. We note that the direction of the peak in the NF phase
was found arbitrary, and practically no current was observed in
the N phase in the entire meniscus range before the bridge col-
lapsed.
If we apply a sufficiently large DC or AC voltage between two

plates or two wires before they would touch the FNLC material,
filaments can be drawn even from those sessile droplets that have
been exposed to air for a long time. They are found to be com-
pletely stable as long as the voltage is applied. Switching off the
externally applied voltage leads to the collapse of the filaments.
Figure 2a shows the DC voltage dependence of the maxi-

mum length Lmax for a thread pulled between 80 μm diameter
wires. One sees that atU = 0 the thread becomes unstable above
L ≈ 120 μm. This corresponds to S ≈ 1.5, which is smaller than
the Plateau–Rayleigh limit of S = 𝜋, indicating Newtonian fluid
character of the FNLC. The applied voltage begins visibly stabiliz-
ing the thread at about U ≈ 3 V, and Lmax increases proportional
to the applied voltage above 15 V, reaching ≈1.5 mm by 30 V.
DC voltage stabilized threads are illustrated in Figure 2b–e

and in Video S2 (Supporting Information) showing a filament
at increasing lengths while pulling in the presence of U = 20 V
DC voltage. One can see that the thread is straight showing no
sagging, in contrast to water bridges stabilized by as high as
20 kV. The slenderness ratio before rupturingmay reach over 100
and the thread is completely stable up to S = 50. Figure 2f,g
shows transmission images of a piece of thread doped with a
dichroic dye (disperse orange 3) and illuminated by blue light po-
larized horizontally (Figure 2f) and vertically (Figure 2g). As the
dichroic dye absorbs blue when its direction is along the polar-
ization (Figure 2f) and transmits it when it is perpendicular to it
(Figure 2g), we conclude that the LC director that aligns the dye
molecules is along the long axis (the applied electric field). The

Figure 3. Summary of the transversal vibration of the filaments in longitu-
dinal AC fields. a) Time dependence of the displacement of the transversal
oscillation in x direction of a 3 mm long thread with the best fit after the
sign of 50 Vsquare wave voltage has been switched between the suspend-
ing horizontal wires. Inset in the top shows the frequency dependence of
the amplitude of the oscillation for 70 V sinusoidal voltage applied hori-
zontally. Data presented as mean ± SD, n = 10. b) Snapshots of the fil-
aments at different phases during the oscillation, while we applied U =
50 V, f = 40 Hz sinusoidal signal. c) Standing waves on the thread with
different length when we applied U = 90 V, f = 20 Hz sinusoidal signal.

alignment of the dye molecules along the director was confirmed
by an experiment using a sandwich cell between parallel rubbed
planar aligned surfaces.
Threads can be stabilized and pulled in the presence of low-

frequency AC voltages as well, but in that case, they perform
transversal vibrations driven by the axial electric field. At a given
amplitude and frequency of the sinusoidal driving voltage, the
amplitude of the vibration can be tuned by the variation of the
length (see Figure 3c) showingmaxima when the length is amul-
tiple of the half wavelength. The inset of Figure 3a shows the fre-
quency dependence of the amplitude of the vibrationA0(f) at con-
stant (L = 2.5 mm) length as a function of frequency under 70 V
sinusoidal voltage applied horizontally. A0(f) has several maxima
andminima below 50 Hz. Themaxima increase with a frequency
indicating a coupled-driven oscillation with a natural frequency
being above 50 Hz.
As can be seen in themain pane of Figure 3a, switching the po-

larity of a 50 VDC voltage a transversal vibration is generated that
fades away in time. The time dependence of the displacement de-
scribes a damped oscillation that can bewell-fitted by an exponen-
tially decaying cosine function, x (t)=Ao exp (− 𝛾t)cos (𝜔1t−𝜑o)
+ x0, where 𝛾 is the damping coefficient, and𝜔1 is the angular fre-
quency of the damped oscillator. The best fit for a R = 100 μm
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Figure 4. Summary of electric current measurements on axial field stabi-
lized FNLC threads. Main pane: time dependence of the electric current
flowing in a 500 μm long 400 μm diameter thread under 40 V, 20 Hz trian-
gular wave voltage. The bottom-right inset shows the voltage dependence
of the electric charge accumulated on the wires. The top-left inset shows
the time dependence of the electric current under sign inversion of 40 V,
10 Hz square wave voltage. Data presented as mean, n = 8.

radius and L ≈ 3 mm long bridge gave 𝜔1 ≈ 480 s−1, and 𝛾 ≈

32.5 s−1. Fit parameters of the arbitrary amplitude (A0), phase (𝜑0)
and offset (x0) are irrelevant for further analysis. The fit parame-
ters correspond to a weak damping (𝛾 ≪ 𝜔1), where the natural
angular frequency of the undamped oscillator is very close to that
of the damped one, and to the resonance angular frequency in the
driven case (𝜔1 ≈ 𝜔0).

[51] In elastic strings with Young’s modulus

Y, the resonance angular frequency 𝜔o is given as 𝜔o =
𝜋

L

√
Y
𝜚
,

i.e., Y = (𝜔oL

𝜋
)
2
𝜌. Using 𝜌 ≈ 1.3 × 103 kg m−3 for our suspended

ferroelectric fluid bridge,[46] we get Y = 273 Pa. Neglecting the
damping from the air, the damping coefficient 𝛾 can be related
to the flow viscosity of the material as[14] 𝛾 ≈ 𝜂

2𝜚
× 𝜋2

L2
. From

the parameters described above, this provides 𝜂 ≈ 77 mPas vis-
cosity, typical for room temperature ferroelectric nematic liquid
crystals.[49]

Pictures of Figure 3b show snapshots of the oscillation of a L ≈

3 mm thread under U = 50 V and f = 40 Hz sinusoidal voltage
at different phases during the oscillation. The oscillation is sym-
metric about a slightly downward sagged position. This is likely
related to the gravity that pulls the thread downward while the ap-
plied axial voltage is zero. We note that an additional lateral flow
was also observed for low-frequency square wave fields leading
to a slight truncated cone shapes with directions switching upon
the sign inversion of the field as seen in Video S3 of (Supporting
Information).
Finally, we have monitored the time dependence of the electric

current flowing through the thread during applied triangular AC
voltages between the wires. The main pane of Figure 4 shows the
time dependence of the electric current flowing in a L = 500 μm
long R= 200 μmradius thread under 40 V, 20 Hz triangular wave
voltage. The bottom-right inset shows the voltage dependence of
the electric charge (area below the electric current peak) accumu-
lated on the wires. From the saturated current of Qs ≈ 7 nC and
the area of the wire’s cross-section we can estimate the sponta-
neous polarization to be Po =

Qs

2R2𝜋
≈ 3 × 10−2 C m−2. This value

is close to those measured on other FNLC materials.[45,46,52] The

top-left inset shows the time dependence of the electric current
under sign inversion of 40 V, 10 Hz square wave voltage. From
the peak position of the current one can estimate the switch-
ing time to be 𝜏 < 1 ms, which is also typical for FNLC materi-
als. These current measurements therefore demonstrate that the
electrically stabilized threads not only represent a unique phe-
nomenon, but their study can also provide important measure-
ments of the physical properties of the materials. We note that in
the N phase no polarization peak was observed.

3. Discussion

Fluid filaments require an elastic term in addition to the surface
tension 𝜎 to overcome the Plateau–Rayleigh instability. In 2D and
1D liquids such as smectic and columnar liquid crystals, the bulk
elastic term was provided by the layer and column compression
modulus, respectively. Deformed state of 3D viscoelastic fluids
that can be modeled by a spring and a dashpot connected in se-
ries, will relax in time 𝜏 = 𝜂/Y, where 𝜂 is the viscosity and Y
is the storage modulus of the material. Therefore, at constant
temperature a viscoelastic slender bridge (filament) should col-
lapse consistently at the same time (in our case as quickly as
𝜏 = 77 mPas/273Pa ≈ 280 μs) after they are formed. Our fer-
roelectric nematic fluid filaments appear collapsing at different
(and orders of magnitude longer) times depending on how long
they have been on open air and how humid was the air. This
suggests they are destabilized by electric charges (ions) attracted
to them from the air. Likewise, this also suggests that the stabi-
lization of the 2D fluid ferroelectric nematic liquid crystal fila-
ments is due to an electrostatic interaction. We emphasize that
in our experiments on filament stability presented without exter-
nal voltage in Figure 1a,b, the ferroelectric fluid was in contact
with glass insulators at the two ends of the filament, therefore
free charge carriers could not screen the bound charge from the
insulating supports. We used conducting contact surfaces (wire
+ ITO coated glass, Figure 1c,d) to measure the electric current.
In that case, the free charges screened the bound charges, conse-
quently only much shorter and quickly collapsing filament were
observed. As Figure 1c shows, when the filament forms between
sessile droplets, the polarization field realigns. Knowing that the
polarization is along the substrates in the sessile droplets[53] and
in the initial bridges (see Figure 5a,b) from the textures shown
in Figure 1b, we conclude the polarization is parallel to the long
axis of the filament. Although the structure of the polarization
field between the cones and the supporting substrates may con-
tain a meron-like defect,[54] for simplicity we assumemenisci with
cone-shape heads connecting the filaments of uniform thickness.
The director in the menisci in contact with the supporting wires
has tangential configuration[53] containing only bend (no splay),
whereas in the cone shaped parts that connect the filament to the
menisci, a splay deformation of the polarization field exists. Con-
sequently, the two cones have a charge density: 𝜌 = −∇⃗ ⋅ P⃗. Since
the direction of the divergence is opposite in the opposite cones,
while the direction of the polarization is the same, the charge den-
sities have opposite signs, leading to an attractive force between
the two ends of the filament that can balance the pulling force,
thus stabilizing the filament, as seen in Figure 5c. Themagnitude
of the bound charge density decreases to zero gradually from the
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Figure 5. Schematic explanation of the filament stabilization and their
transversal vibration in longitudinal AC electric fields. a–c) Illustration of
the physical mechanism leading to FNLC filaments. a) Sessile droplets
with tangential polarization field before touching each other; b) Fluid
bridge with hour-glass shape and polarization along the substrates; c) For-
mation of the filament with polarization along the long axis and bound
charges between the ends; d) Illustration of the periodic forces leading to
transversal vibrations as an effect of the longitudinal electric field.

cone with pure splay toward the end of menisci with pure bend
(no splay). Assuming the length of the splay deformation is com-
parable with the radius of the filament, the potential difference
U between bound charges can be estimated from the Coulombic
polarization splay (PS) force FPS as

U ≈ EL =
FPS
Q

L = k
Q
L

≈ k∇P ⋅ V
L

≈ kP ⋅ R2

L
(1)

Here k ≈ 9 × 109 N m2 C−2 is the Coulomb constant and V is
the volume of the cone with splay deformation. For an L = 1 cm
andR≈ 36 μmfilament shown in Figure 1, Equation (1) givesU≈

33V. This is larger than the smallest voltage that stabilized anR =
80 μm thread shown in Figure 2a. For similarly thick filament the
potential difference between the bound charges would be even
larger, U ≈ 270 V. Although that voltage is likely decreased due
to the presence of the free charges, we can safely conclude that
the explanation of the freestanding filaments without externally
applied voltage falls back to the explanation of the threads due
to externally applied axial voltage. The only difference is that in

the filaments without external fields experience a potential differ-
ence due to the bound charges as a result of polarization splay,
while the threads stabilized by externally applied voltage. In the
first case the free ions that are present in the material and that
are attracted by the bound charges from the air, will eventually
screen out the potential difference, thus making the freestand-
ing filament unstable. In contrast to this, the externally applied
voltage is maintained constant, independent of the ionic purity
of the FNLC material. Consequently, the electrically stabilized
threads can stay stable for indefinite time. Here we note that a
thread pulled in presence of an external voltage, does not typi-
cally have excess material (menisci) at the surface of the wires,
thus no bound charges are present.
The stabilization of the threads due to externally applied volt-

age is basically due to the decrease of the free energy of the ma-
terial when it is inside an external field. The free energy density
f of a ferroelectric material with relative dielectric constant 𝜖 and
ferroelectric polarization P⃗ placed in a uniform electric field E⃗
can be written as f = fo + fE, where fo is the free energy den-
sity in absence of the electric field, and fE = − 1

2
𝜀o𝜀̂E⃗

2 − P⃗ ⋅ E⃗.
In this equation 𝜖o = 8.854 × 10−12 F/m is the permittivity of
the free space and 𝜀̂ is the dielectric tensor of the material. For
any positive dielectric constant and when P⃗ ⋅ E⃗ > 0, i.e., when
the polarization is mainly parallel to the electric field, the elec-
tric field reduces the free energy, thus forces the ferroelectric
material to be inside an electric field. For the typical electric
fields E ≈ 20 V

1 mm
≈ 2 × 104 V∕m we used in our experiments,

the ratio of the ferroelectric and dielectric free energy densities
is 2P

𝜀o𝜀E
≈ 30, even if the dielectric constant is as large as 𝜖 ≈ 104,

which is questionable.[48,55] Consequently, the dielectric term can
be neglected with respect to the ferroelectric. In this approxima-
tion, themagnitude F = |F⃗| of the bulk force ’F that pulls the fluid
along the thread with radius R is:

F = −∬ ∫
L,2𝜋,R

0,0,0
∇fErdrd𝜑dz ≈ ∬ ∫

L,2𝜋,R

0,0,0

𝜕P
𝜕z

Erdrd𝜑dz ≈ R2𝜋PE (2)

In the range where the radius of the filament is constant, the
force due to the surface tension 𝜎, can be expressed as:

Fsurf = − 𝜕 (𝜎 ⋅ A)
𝜕L

= − 𝜕 (𝜎 ⋅ 2𝜋R ⋅ L)
𝜕L

= 𝜎2𝜋R (3)

A balance between the electric and surface forces gives an op-
portunity to estimate the maximum length of the ferroelectric
fluid thread as a function of applied voltage. Combining Equa-
tions (2) and (3) yields 𝜎2R𝜋 = R2𝜋PUDC

Lmax
, which gives a linear

dependence between the voltage and the thread length: Lmax =
RP
2𝜎

UDC. This relation between the maximum thread length and
the appliedDC voltage for the higher voltage regime supports our
finding that threads collapse upon turning the voltage off.
The data on Figure 2a, also show linear dependence (see

dashed line) at voltages higher than ≈20 V, where the thread ra-
dius was found to be constant, R ≈ 10 μm. We can use the fitted
slope (Lmax/UDC ≈ 6 × 10−5 m V−1) to calculate the surface ten-
sion as 𝜎 ≈ RP

2( Lmax
UDC

)
≈ 10−5× 3 × 10−2

2 × 6 × 10−5
≈ 3 × 10−3 N

m
, which is plausi-

ble considering the reducing effect of the spontaneous polariza-
tion on the surface tension in ferroelectric nematics.[56]
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At low voltages, the radius of the bridge decreases with increas-
ing length, therefore only the volume can be considered constant.
In this case Equation (3) will be changed as Fsurf = − 𝜕(𝜎 ⋅ A)

𝜕L
=

− 𝜕(𝜎 ⋅ V∕L)
𝜕L

≈ 𝜎
R2𝜋
L
. Combining this with Equation (2), the mini-

mum voltage needed to overcome the Plateau-Rayleigh limit can
be estimated as Fsurf (L = 2R𝜋) = 𝜎

R
2
≈ PUthR

2𝜋

4R𝜋
≈ PUth

R
4
. This

provides Uth ≈
2𝜎
P
≈ 2 × 3 × 10−2N∕m

3 × 10−2C∕m2
≈ 2 V .Within the experimen-

tal and theoretical errors, this is comparable to the U ≈ 3 V that
begins visibly stabilizing the thread (see Figure 2).
Due to the thinning along the thread the polarization is also in-

homogeneous, leading to an inhomogeneity of the electric field,
that is parallel to the filament only in the center line and has
increasing normal component at increasing distance from the
center line. This means the ferroelectric polarization of filament
will have some small normal component as well, leading to line
charges. This may also influence the limit of the aspect ratio of
the filament, which can be determined by the analysis of peri-
odic thickness variation that in ferroelectric fluids leads also to
periodic bound charges as discussed by Jarosik et al.[49]

The hanging bridge suspended by its end points separated by L
in a horizontal DC voltage has a catenary shape that can be deter-
mined from the balance of the weightmg and 2(F+ Fsurf) × sin𝜃,
where 𝜃 is the angle between the horizontal and the cable tangent
at the support (see Figure 5d). The main contribution to the ten-
sion is electrical, therefore, we can neglect the surface term as it
was shown even for water with higher surface tension, lower per-
mittivity, and no spontaneous polarization.[28,32] Neglecting also
the dielectric term according to the above arguments, leads to the
relation h = L ⋅ (sec𝜃−1)

ln[(1+sin 𝜃)∕(1−sin 𝜃)]
between the sag h and 𝜃 as, and

sin𝜃 = 𝜌gLs
PE

between 𝜃 and the applied electric field, where ϱ is

the mass density and Ls =
2Ltan𝜃

ln[(1+sin𝜃)∕(1−sin𝜃)]
is the sagged length

of the bridge measured along the tangent line.[32] These provide

that sin𝜃 ≈ 1.3×103kg∕m3 × 10m∕s2 × 10−3m

3×10−2 C∕m2 × 2 × 104 V∕m
< 0.03, indicating negligible

sagging in agreement with our experiments (see Video S2, Sup-
porting Information).
In square wave AC electric fields, the sagging remains simi-

larly small, but an additional periodic axial flow can be observed
leading to a similar push-pull effect observed in bent-core ferro-
electric smecticmaterials.[13] Such an effect is related to the linear
electromechanical (analogous to the piezoelectric effect of crys-
tals with absence of centro-symmetry) and will be discussed in a
separate study.
The vertical damped driven vibration is observed under low-

frequency longitudinal sinusoidal electrical fields is mainly due
to the weight of the thread that is not balanced by the electric
tension during the sign inversion of the electric field, leading
to a periodic vertical force as shown in Figure 5d. The threads
shown in Figure 3 can be described by an elastic modulus of Y ≈

273 Pa. As it was measured after the sign inversion of 50 V DC
field, this modulus is provided by the ferroelectric stress F

R2𝜋
≈

PE ≈ 3 × 10−2 C
m2

× 5
3
× 104 V

m
≈ 500Pa. Considering that soon af-

ter the sign inversion the polarization is not uniform, this value is
in fairly good agreement with our observations, supporting our
theory that mainly the ferroelectric stress is responsible for the
string formation. The reason for the coupled oscillation is not
completely clear yet. It is again likely related to the longitudi-

nal electromechanical effect that will be the subject of a future
study.

4. Conclusion

We have described freestanding slender fluid filaments of a
room-temperature ferroelectric nematic liquid crystal. They are
stabilized either by internal electric fields of bound charges
formed due to polarization splay or by external voltage applied be-
tween suspending wires. We found that the slenderness ratio can
exceed 100. Without external electric fields, the fluid ferroelectric
filament becomes unstable in time due to ionic screening of the
bound charges.
The electric stabilization is similar to those observed in dielec-

tric fluids such as water, except that the voltages required are
three orders of magnitude smaller in ferroelectric nematic ma-
terials than in dielectric fluids. Additionally, the stabilization can
be done by low-frequency AC voltages that lead to transversal cou-
pled damped vibrations. From the fitting of these vibrations, we
were able to verify the ferroelectric tension and the viscosity of
the material.
The equilibrium shape and size of the filaments are deter-

mined by the balance between the electrostatic and interfacial
forces in a purely static case, while in a case involving dynam-
ics and flow of the material, viscous forces also play a role.
The observed effects with electrically suspended ferroelectric

fluid bridges are not only unique and novel but also provide re-
producible measurements of the ferroelectric polarization. In ad-
dition to their fundamental scientific merits, they may also prove
to have practical applications. One possibility is their use in nano-
fluidic devices as suggested for the water channels.[57] Advan-
tages of using ferroelectric nematic materials instead of water
include the three orders of magnitude lower voltages and the
non-volatile nature of the FNLCmaterials. The axial field-induced
bridging can also be used in micron-size logic devices, switches,
and relays, just to name a few possibilities.

5. Experimental Section
For the studies a room-temperature ferroelectric nematic liquid crystal
mixture FNLC 919 was chosen from Merck. It had two nematic phases
N and N1 above the NF 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,[58] and showed a polarization peak without giving its value. All mea-
surements were carried out at room temperature in the ferroelectric ne-
matic phase. Filaments and electrically stabilized threads were prepared
with a custom-made setup where the length of the bridges or filaments
was controlled by micro positioners. To capture videos in a high frame
rate, a Photron Mini AX100 fast camera was used. For electric field sta-
bilized threads metal wires with three different diameters (80, 200, and
400 μm) were used. As a voltage source, a Tiepie Handyscope HS5 device
with an FLC Electronics F1020 amplifier was used. The current measure-
ments were carried out by a Stanford Research Systems SR570 low-noise
current preamplifier. For measurements without electric fields, glass rods
were chosen to prevent the flow of charges through the fibers. To deter-
mine the director orientation, a small percentage (less than 0.1 wt.%) of
dispersed orange 3 (Sigma–Aldrich) dichroic dye was added to the FNLC
919 liquid crystal, and a single-color LEDwith a peak wavelength of 458 nm
was used for sample illumination. Microscopic observations were carried
out by using a Leica DMRX polarizing optical microscope equipped with
a FLIR BFS-U3-32S4C-C camera.
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Statistical Analysis: In each measurement, the reproducibility and re-
liability of the observations were tested. The captured videos and data
were evaluated by custom-made Python programs based on the OpenCV
library.[59] During the evaluation related to image processing, the images
were converted into binary images than the contour finding method of
OpenCV was used to find the contour of the filaments for further calcula-
tions. In the case of measurement with an oscilloscope eight times aver-
aging of the instrument was used to increase the signal/noise ratio.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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