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Abstract: Liquid-crystal columns were prepared and observed under microgravity aboard sub-
orbital TEXUS rocket flights. The microgravity phase of each flight lasted for approximately six
minutes. We tested structures in different liquid-crystalline mesophases. In the isotropic and nematic
phases, the Rayleigh-Plateau instability led to the collapse of the columns. However, in the smec-
tic A and C mesophases, it was found that the columns survived the extension to slenderness
ratios (length/diameter) of over 4.5 (and in one case, more than 6). The liquid-crystalline material
in the millimeter-sized columns was macroscopically disordered. Thus, regular shell-like internal
layer structures that stabilized the columns can be excluded. Instead, the reason for their persistence
was the yield stress of the material, which is quite different for the different mesophases. In the
columnar mesophase, the cylindrical bridge even survived the strong deceleration when the rocket
re-entered the atmosphere. During the breakup of the filaments, the neck thinning dynamics were
determined.

Keywords: smectic liquid-crystals; Rayleigh-Plateau instability; TEXUS suborbital rocket;
microgravity

1. Introduction

Bridges of a liquid are narrow channels that connect two solid supports or liquid
reservoirs. They are surrounded by another fluid. In the absence of external forces, they
usually have axially symmetrical shapes. A special case that has a particularly simple
geometry is that of liquid cylinders that span between two lateral supports. These bridges
are only stable when their slenderness ratio α = L/D (the axial extension L divided by
the diameter D) is below a critical value αc. This was previously described by Joseph
Plateau in the mid-19th century [1]. He pursued earlier ideas of Felix Savart [2]. He
found in experiments a critical slenderness ratio very close to the value π, which he had
derived from a theoretical analysis. Rayleigh described the decomposition of jets into
droplets by this instability [3,4]. A liquid cylinder with a constant volume and length can
reduce its surface area by a variation of its radius when the slenderness ratio is larger
than αc (Rayleigh-Plateau limit, RP); thus, the surface tension drives the decomposition of
elongated liquid bridges. This process is now called the Rayleigh-Plateau instability and
the collapse of bridges above the stability limit has been studied in experiments (e.g., [5–7])
and numerical simulations (e.g., [8,9]).

When liquid bridges are prepared under normal gravity conditions, their stabil-
ity is influenced not only by the surface tension but also by additional forces that are
caused by the weight of the liquid [10–13]. They lead to a further destabilization of liquid
bridges below the critical slenderness ratio. There are several ways to compensate for
these gravitational forces. Firstly, a density-matched immersion fluid can be used around
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the bridge to compensate for these forces with buoyancy [14–17]. The second option is
the exploitation of microgravity platforms, such as suborbital rockets, space shuttles or
the ISS, which provide different experiment times and different levels of microgravity [18].
Langbein et al. [19,20] studied oscillations in liquid columns during the D-2 Spacelab mis-
sion. Martinez et al. [21,22] performed experiments on liquid columns onboard a TEXUS
rocket (TEXUS 33), during which a controlled gravity offset was generated to test the sta-
bility of the bridges. DiLisi et al. [23] conducted experiments on parabolic flights under
varying microgravity conditions and established a relationship between the bond number
and the slenderness ratio α at the point of collapse of the liquid bridges. The third option is
the application of magnetic field gradients to compensate for the weight of vertical liquid
bridges [24].

Some complex liquids can form filaments with slenderness ratios that are well above
αc = π. Liquid-crystalline order can support the stability of these structures. While nematic
fibers experience a similar instability as those formed by isotropic liquids [25] with prac-
tically the same critical slenderness ratio, several experiments have proven the existence
of thin stable filaments in higher-ordered liquid-crystalline phases, particularly in the smec-
tic liquid-crystalline phases of so-called bent-core mesogens [26–34]. The fluid inside these
mesogenic filaments is characterized by a molecular layer structure that stabilizes thin fibers
with micrometer-sized diameters and lengths of up to the millimeter range [26]. Figure 1
shows this arrangement. The wrapped layer structure, in turn, is induced or stabilized by
the surface alignment of the mesogens. These filaments are small enough to neglect their
weight with respect to the forces that are related to the surface tension. The bond number
Bo = ρgr2/σ (where r is the filament radius, ρ is the mass density, g is the gravitational
acceleration and σ is the surface tension) is of the order of only 10−2, even when such thin
filaments are in air.

Figure 1. A smectic microfilament with the proposed stabilizing layer arrangement [26,29] for filament
diameters that are between several nanometers and a few dozen micrometers. In our macroscopic
columns, the layer structure was disordered and this stability mechanism was not present.

Long stable filaments can also be observed in columnar liquid-crystal phases [35,36].
Again, their stabilization requires the existence of a well-ordered internal structure. As
a consequence, the diameter of such filaments is restricted to a few hundred smectic layers,
but bundles of filaments may reach thicknesses of up to hundreds of micrometers. Thicker
filaments usually contain multiple defects and a disordered layer arrangement, so the
stabilizing effect of the molecular layers is lost.

A special type of stable filaments are smectic A structures that form in the isotropic
melt of the same material [37–40]. Such filaments are observed in binary mixtures of certain
smectogens with dodecyl alcohol.

Several studies have been devoted to investigating the stability of macroscopic liquid-
crystal cylindrical bridges (i.e., those with thicknesses of millimeters). These bridges are
completely different from microscopic filaments as they do not contain well-ordered in-
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ternal layer arrangements. During the preparation of these structures, multi-domain
bulk samples are formed. For macroscopic bridges that are in the millimeter range and
above, gravitational forces can no longer be neglected with respect to the surface tension.
Thus, experiments on these bridges need to be performed under particular conditions.
Mahajan et al. [17] placed the columns in a nearly neutrally buoyant environment. The
columns were drawn from the commercial smectic material octyl cyanobiphenyl (8CB)
in water (H2O) and mixtures of H2O and deuterated water (D2O). The density mismatch be-
tween the liquid-crystal columns and the embedding liquid was controlled by the titration
of heavy water into the pure H2O. Since the smectic material had a density that was slightly
lower than that of H2O, a certain deformation of the cylinder structures was reported in all
experiments. In the nematic phase, the critical slenderness ratio was found to be close
to that of an isotropic fluid, but in the smectic A phase, a stable cylindrical bridge with a
slenderness ratio α of approximately 3.88 was reported. The authors could exclude that this
stabilization was related to a well-ordered internal structure and instead attributed it to a
certain yield stress. The density mismatch at the point of collapse of the bridge was used
to calculate the yield stress, which was found to be about 1.7× 10−3 N/m.

The purpose of the present study was to investigate macroscopic liquid-crystalline
columns in different mesophases under microgravity conditions. Four different materi-
als were employed to prepare columns of variable lengths. We observed the stability of
the bridges and recorded their collapse dynamics in order to demonstrate the role of meso-
gen structures in the macroscopic stability of the bridges. The microgravity platforms
chosen for our experiments were two suborbital rocket flights.

One of the aspects of this study was a description of the rupture process of the liquid-
crystal columns. For isotropic liquids, there is a broad range of literature that has described
the breakup of liquid columns or jets. A review of this phenomenon has been provided by,
e.g., Eggers and Villermaux [41]. In particular, the decomposition of long fluid filaments
has been studied experimentally by Tjahjadi et al. [5]. Schulkes [8] investigated the de-
composition of columns of finite length and an aspect ratio of 3. In that work, a vertical
force was considered in the axial direction, corresponding to a non-zero bond number. A
dimensional analysis was used to predict the scaling of the minimum bridge diameter Dmin
with τ0.66, where τ is the time until breakup [42,43]. Chen [44] reported experiments and
numerical results for droplet pinch-off under gravitational forces and compared the results
to the predicted scaling law. Li and Sprittles [9] discussed the distinction between two
separate regimes using the Ohnesorge number, which compares the viscous length scale
to the dimensions of the system.

The breakup of liquid-crystalline bridges has been investigated in a few previous pub-
lications. Verhoeff and Lekkerkerker compared the behavior of lyotropic bridges of gibbsite
suspensions [45]. They found that the neck thinning crucially depends on the internal struc-
ture of the nematic bridges, which is determined by the director anchoring at the nematic–
isotropic interfaces and the splay elastic constant. These parameters played a role in that
study because the structures were much thinner than the bridges described in our paper.
Porter et al. [46] investigated bridges in the isotropic, nematic and smectic phases and
found a single exponent power law τγ in the isotropic and smectic phases, which was con-
trasted by two exponents in nematic bridges. These start to pinch-off with large exponents
(γ > 1) and undergo a transition to lower exponents (γ ≈ 0.66) during a sub-millisecond
interval before the breakup. Within this interval, the neck widths were in the range of a few
micrometers, a length scale where one may expect flow alignment in the waist region.
Savage et al. [47] compared lyotropic lamellar bridges and thermotropic smectic bridges.
In the smectic material, γ was found to be approximately 0.6 when the samples did not
receive special treatment before the pinch-off. However, pre-shearing (twisting) the bridges
before the breakup changed this situation and the thinning showed considerable deviations
from a power law scaling.

We note that in most of the experiments that focused on breakup dynamics, cameras
with frame rates of more than 10,000 fps were employed. The details of the final period
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immediately before the breakup that were reported in those studies were not accessible
with the recording technique that was available in the present study onboard suborbital
rockets.

A geometry of general interest is that of the breakup of nematic and isotropic bridges
in thin cells during the heating or cooling of mesogenic samples across the nematic–isotropic
transition [48,49]. During the growth of droplets in the emerging phase (immediately before
their mutual coalescence), bridges in the evanescent phase are formed between them. In
these structures, breakup is not necessarily related to a flow of the material out of the bridge,
but rather to the melting or crystallization of material at the interface. Therefore, these
bridges are less relevant within the context of the present report.

2. Setup and Materials

The experiments were performed using identical setups onboard two suborbital rocket
flights: TEXUS 52, which was launched on 27 April 2015, and TEXUS 55, which was
launched on 31 May 2018 from the Esrange Space Center near Kiruna, Sweden. Both
rockets reached altitudes of approximately 260 km, which provided experiment times
in microgravity of about 360 s in each flight. The experimental setup consisted of three
chambers, which were thermostatted individually. Each chamber held two devices to draw
the liquid or liquid-crystal columns, so six columns could be prepared during each flight.
Figure 2 shows a sketch of one of those devices. Initially, before launch, the material
was vacuum-filled into a movable cylindrical hull that had a fixed bottom, as sketched
in the figure. The inner diameter of the hull was 3.0 mm. The top of this fluid cylinder was
closed using a fixed metal cap, which served as the upper support for the emerging bridge.
During the microgravity phase, the hull was slowly moved downward (with drawing
speeds between 25 µm/s and 120 µm/s). Column pairs that shared the same chamber
experienced the same temperature and drawing speed protocols. During the experiments,
the columns were illuminated with uniform white light from a diffuse source. The images
were captured at frame rates of 100 fps (TEXUS 52) and 50 fps (TEXUS 55) using one camera
per chamber. The spatial resolution of the images was 25 µm/pixel.

Figure 2. Sketch of the TEXUS 52/TEXUS 55 liquid-crystal bridge experiment. The liquid or liquid-
crystal (the bright bluish column) is initially encapsulated by a cylindrical metal hull with an inner
diameter of 3 mm. This shell is pulled away from the opposing support of the bridge and a fast
camera captures images of the free column at rates of 50 or 100 frames per second.
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Table 1 lists the details of the 12 experiments, including the materials that were used,
the temperatures in the chambers and the drawing protocols. The chemical compositions
and phase sequences of the mesogens are presented in Table 2. All mesogenic materials were
purchased from SYNTHON CHEMICALS.

Table 1. Materials, temperatures and drawing protocols: TX52/n (n = 1. . . 6) represent
the experiments that were performed onboard TEXUS 52, and TX55/n represent those per-
formed onboard TEXUS 55. The label ↑ indicates that the columns were only expanded,
whereas ↑↓ marks experiments in which the columns were expanded first and shortened later.
Temperatures were kept constant, except during TX55/1,2 in which a phase transition was triggered
within the bridges.

Experiment Material Temperature
(◦C) Phase Modus

TX52/1 ST00552 44 SmC ↑
TX52/2 ST02890 44 SmA ↑
TX52/3 ST00552 52 SmA ↑
TX52/4 ST02890 52 Iso ↑
TX52/5 ST00552 60 Nem ↑
TX52/6 ST04524 60 M2 ↑

TX55/1 ST02890 46.5→ 53 SmA→Iso ↑
TX55/2 ST02890 46.5→ 53 SmA→Iso ↑
TX55/3 ST00554 53 SmC ↑
TX55/4 ST00552 53 SmA ↑
TX55/5 ST00554 53 SmC ↑↓
TX55/6 ST00552 53 SmA ↑↓

Table 2. Chemical compositions and phase sequences of the materials that were used in the micro-
gravity experiments. The transition temperatures are given in ◦C. The mesophases are labeled as
SmC (smectic C), SmA (smectic A) and Nem (nematic). M1 and M2 represent modulated smectic
phases [50].

Sample Chemical Formula and Phase Sequence

ST00552 2-(4-n-Hexyloxyphenyl)-5-n-octylpyrimidine
Cr 27.5 SmC 44.5 SmA 57.5 Nem 65 Iso

ST00554 2-(4-n-Decyloxyphenyl)-5-n-octylpyrimidine
Cr 32 SmC 59.5 SmA 65.5 Nem 69.5 I

ST02890 4-n-Nonyl-biphenyl-4′-carbonitrile, 9 CB
Cr 42 SmA 47.5 Nem 49.5 Iso

ST04524 2,3,6,7,10,11-
Hexakis[dodecyloxy]triphenylene

Cr 55 M1 58 M2 63 Iso

In one of the chambers onboard TEXUS 55 (TX55/1 and TX55/2), the temperature was
initially kept constant at 46.5 ◦C for 150 s and then ramped up by +0.037 K/s to reach 53 ◦C
by the end of the experiment. In all other experiments, the temperatures were kept fixed.
The drawing protocols for the six chambers (three per flight) are shown in Figure 3. In
the TX52 experiments, the columns were initially drawn quickly (100 µm/s) until the aspect
ratio reached about 0.7 αc. Thereafter, the drawing speed was lowered to 25 µm/s. In
the following TX55 experiments, uniform drawing speeds of between 50 µm/s and 70 µm/s
were chosen.

The difference between our experiments and previous experiments (e.g., [17]) was that
the complete columns were already present inside the hull at the start of the experiments
in our study. There was no need to supply liquid-crystal material through an injection
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channel in one of the supports; thus, the material in the columns was free from flow when
the columns were drawn.

Figure 3. The drawing protocols for the columns in the six experiment pairs. The time counted
from the start of the hull motion, which was initiated after entry into the microgravity phase. The dis-
tance L was measured from the fixed top to the upper rim of the hull that enclosed the fluid cylinders.
The horizontal green line indicates the critical aspect ratio αc.

3. Results

The 12 experiments were designed so that different liquid-crystalline phases of the same
material could be compared, i.e. (TX52/1, TX52/3, TX52/5, TX55/4,6) in one set and
(TX52/2, TX52/4, TX 55/1,2) in another set. Two additional materials were included
for comparison. In three pairs of experiments, two materials in different mesophases were
compared using the same temperature and drawing protocols: (TX52/3 and TX52/4),
(TX55/3 and TX55/4), and (TX55/5 and TX55/6) In four of these 12 experiments, some
unwanted complications affected the outcomes. In two experiments (TX52/3 and TX52/4),
an annulus at the upper holder detached from the support and the columns were asym-
metrically deformed from the beginning of the experiments. We use the terms “upper”
and “lower” to refer to the fixed and moving supports of the columns for simplicity, even
though in microgravity, there are strictly no upper or lower column ends. Of these two ex-
periments, TX52/3 remained stable throughout the microgravity phase. In the experiment
with the nematic material (TX52/5), the fluid wetted the hull and the column collapsed
before reaching the critical length. In one experiment (TX55/2), an air bubble was present
inside the smectic column, but this did not affect the stability.

3.1. Stability Limits

The column that was drawn in the isotropic phase (TX52/4) developed an axially
symmetric deviation from the beginning of the experiment. The reason for this was
a technical issue, which was related to the unintended detachment of a ring from the upper
support. The column wetted this ring and consequently developed an instability [51] that
led to the final pinch-off being at a length of 6.8 mm, which was long before the stability
limit αc for a liquid cylinder was reached. Figure 4 shows snapshots that were taken 50.5 s,
0.5 s and less than 10 ms before the pinch-off. Bezdenejnykh and Meseguer provided
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the following stability limit for a bridge between two disks with a radius ratio of K and a
bond number of zero:

αc = π

[
1−

(
3
2

)4/3( 1
2π

1− K
1 + K

)2/3
]

(1)

For K = 1.5, a value of αc = 2.6 is obtained. This value is 15% higher than the experi-
mental value in TX52/4, which was in reasonable agreement with the predicted value.

Figure 4. The isotropic bridge of ST02890 (TX52/4) at different times before pinch-off (α = 2.26± 0.03),
where δt is less than 10 ms. Because of a technical issue, the bridge was asymmetric and had a base
diameter that was 1.5 times larger than the top diameter. The image sizes are 8 mm × 11 mm.

The nematic column (TX52/5) was expected to have stability properties similar to the
isotropic column, but because of the (unintended) wetting of the hull, the nematic column
lost stability much faster than expected. It pinched off at a total length of about L ≈ 1.73 D.
For the estimation of the stability threshold, this experiment was not useful; however,
the observation of the pinch-off process itself was nevertheless instructive. Figure 5 shows
the initially cylindrical nematic column at the start of the wetting process and the shape
that was observed 0.25 s before the pinch-off. Here, a comparison to Equation (1) is
not appropriate because the nematic material crept down the moving support. Note
that the thin filament that formed before the breakup was nearly transparent. This was
obviously caused by a flow-induced alignment of the nematic material near the neck. In
a non-oriented column, the scattering at the inner domain boundaries causes the nematic
column to appear dark in the transmitted light. When the material becomes uniformly
aligned (with the director close to the axial orientation), the optical transmission noticeably
increases.

(a) (b) (c)

Figure 5. The nematic bridge of ST00552, 17 s before pinch-off (a), 0.25 s before pinch-off (b) and less
than 10 ms before pinch-off (c), (α = 1.73). The nematic material started to wet the hull approximately
40 s after the start of the experiment in µg, which led to the instability of the cylinder radius and
the premature pinch-off. The image sizes are 8 mm × 9 mm.
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The smectic A and C columns all survived their passage through the RP stability limit
αc without noticeable changes in the radial shapes. The yield stress stabilized the cylindrical
columns [17]. However, the 9CB column in SmA (TX52/2) developed an instability because
the hull was slightly wetted by mesogenic material, so the base diameter of the column was
about 10 % larger than the top diameter. The pinch-off finally took place at an extension
of α ≈ 4.4, which was reached 320 s after the start of the experiment.

The comparison with ground experiments under normal gravity with the same setup
and materials clearly demonstrates the necessity of microgravity for the preparation of
long, stable columns. The details of the ground experiments that were performed using
the TX55 materials are presented in Appendix A. The bond number in these experiments
was approximately 10. All of the bridges broke up at aspect ratios that were well below π.

3.2. Bending under Lateral Acceleration

The free fall of the rocket capsule finally decelerated when the rocket re-entered
the atmosphere. The setup experienced sideways forces that bent the surviving columns.
These lateral inertial forces acted almost perpendicularly to the column axes (the capsule
had turned to a nearly horizontal orientation). The velocity of the rocket at this point
was about 1.8 km/s. These inertial forces finally led to the rupture of the bridges in
the SmA and SmC phases. In the columnar phase (TX52/6), the cylinder even survived
the strong deceleration when the rocket re-entered the atmosphere. Figure 6 shows three
bridges at 0.5 s before the ST00552 columns ruptured. The deflections within the final
3 s before rupture are shown in Figure 7. The uncontrolled acceleration changed its sign
approximately 1.2 s before the columns broke up.

(a) (b) (c)

Figure 6. Smectic bridges during the deceleration phase: ST00552 in SmC at 44 ◦C (a) and in SmA at
53 ◦C (b). The inertia pulls the middle of the columns in a direction perpendicular to their axes. (c)
shows the columnar material in the M2 phase at the same instant and acceleration. The aspect ratios
are α = 4.6 (b) and 4.75 (a,c). The image sizes are 8 mm × 16 mm.

The acceleration that led to the bending of the SmA and SmC columns can be esti-
mated using a simple model that takes into account the inertial forces and surface tension
of the materials. This surface tension is of the order of σ ≈ 0.025 N/m [52]. We neglect
the influence of the yield stress on the lateral bending and assume an adiabatic bending,
i.e., the columns are deformed to establish states of near-equilibrium at any instant when
the inertial forces increase. Furthermore, we assume that the deformation can be described
as a lateral displacement of slices with circular cross-sections, as shown in Figure 8. The
lateral forces result from an acceleration a in the direction of the displacement s of the



Crystals 2022, 12, 1092 9 of 16

slices. We model this using a potential of Ei = mas. The total energy of the bridge is then
calculated using:

E =
∫ `/2

−`/2

(
πDσ

√
1 + s′2 +

π

4
D2ρa s

)
dx (2)

where x is along the vertical column axis, ρ ≈ 103 kg/m3 is the mass density of the material
and s′ is the derivative ds/dx. By solving the Euler–Lagrange equation, we find that
the columns bend in the shape of circular arcs:

s2 + x2 = R2
0, R0 =

4σ

aDρ
. (3)

Figure 7. Deflection of two columns with aspect ratios of between 4.5 and 4.75 during the decelera-
tion of the TX52 rocket (we measured the lateral displacements of the columns at their maximum
deflections relative to the initial straight columns).

Figure 8. The model of the column deformation under the action of inertial lateral forces. Each slice
has a circular cross-section.

The deflection maximum ds = s− s0 is found by a proper choice of s0 that satisfied
the boundary conditions at the supports, i.e., ds(±`/2) = 0. From the deflections shown
in Figure 7 and the column lengths we determined the radii of curvature and the related
accelerations shown in Figure 9. The ruptures occurred at a lateral acceleration a of the order
of 2/3 g.
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Figure 9. Inverse radius of curvature (1/R0) and the corresponding lateral acceleration a, as calculated
using Equation (3). During the final 300 ms before rupture, the deformation was already asymmetric
and this model did no longer apply.

Note that the inertial forces were neglected because the actual acceleration of the col-
umn material was only of the order of mm/s2 and less. Moreover, the yield stress is too
small to have a measurable influence. Even though the assumptions in this model are
rather crude (the cross-sections did not remain exactly constant), the above calculation
provides a certain estimation of the column stability under sideways forces.

3.3. Rupture Dynamics

We can group the rupture events into three different scenarios. The first is the rupture
of straight columns when they are melting into the nematic phase. This was explored in
the TEXUS 55 experiments 1 and 2 with ST02890, which had identical materials (9CB) and
temperature protocols. The details of the thinning are shown in Figures 10 and 11. The
total bridge length was fixed at α = 4 during the whole rupture process, i.e., the material
simply redistributed axially as in the classical RP instability. This situation is comparable
to the simulations performed by Schulkes [8]. When the width Dmin of the column neck is
plotted as a function of the time until breakup, one finds that both rupture processes can
be scaled satisfactorily using the power laws Dmin ∝ (t0 − t)γ. However, the exponents
differ substantially. The reason for that is not clear because the experimental conditions
were practically identical. Perhaps the melting conditions were not defined well enough or
the thinning depended on too many parameters, which meant that an evaluation of the dy-
namics was not useful in these experiments. We also note that the pinch-off of TX55/2
occurred earlier than that of TX55/1, already 30 s after the temperature was ramped up,
when the material entered the nematic phase. TX55/1 pinched off 55 s later, when the
temperature was 2 K higher. Our main conclusion is that the melting of the smectic layer
structure has an immediate effect on the bridge stability, but the measurement of a scaling
exponent requires the improvement of the experiment.
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Figure 10. The pinch-off of ST02890 during the transition from smectic A into the nematic phase at an
elongation of α = 4. When the material melted, the stability provided by the yield stress was lost:
The column started thinning in the center and finally pinched off (image sizes were 5 mm × 5 mm);

Figure 11. The pinch-off of ST02890 during the transition from smectic A into the nematic phase:
Thinning of the neck diameter Dmin as a function of time to pinch-off at t0. The dashed lines mark
(t0 − t)γ for the given exponents. Evidently, both graphs yielded qualitatively different γ values,
even though the experimental conditions were the same.

However, the breakup of the columns in all of the other TX 55 experiments yielded
the same exponents γ = 0.66 ± 0.02, irrespective of the different breakup scenarios
(see Figure 12). Note that the time scale for TX 55/4 (Figure 12d), which broke without any
external acceleration, was nearly one order of magnitude slower. This led to a modification
of the bridge neck. As in the nematic column, we observed that the material became
transparent in the central filament. This was evidence that the smectic material had enough
time to exhibit shear-induced alignment, as in the nematic column that is shown in Figure 5.
For the isotropic material in TX52/4 (Figure 4), the exponent could not be determined
because the final phase of the rupture was too fast for the frame rate of the available camera.
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e)

Figure 12. Some smectic bridges during breakup: (a) ST00554 column of L = 6.0 mm in SmC;
(b) ST00552 column of 6.0 mm in SmA; (c) ST00554 column of 18 mm in SmC. These three columns
were broken up by sideways acceleration during the re-entry of the rocket. (d) The pinch-off
of an ST00552 column in SmA under zero gravity conditions without acceleration (two rows). The
time scale of the rupture was much longer, yet the same power law was found. Image sizes were
5 mm × 5 mm. The time δt of the last image in each series was within 20 ms before the pinch-
off. (e) A summary of the thinning dynamics of the four experiments. The dashed lines indicate
Dmin ∝ (t0 − t)0.66.
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Note that in previous studies on 3D liquid-crystalline bridges [46,47], cameras with
higher temporal resolutions were used. This was not possible within the spatial restrictions
of our TEXUS rocket experiments. Therefore, no statements on details during the final
milliseconds before breakup could be made here.

4. Summary and Outlook

Table 3 summarizes the outcomes of all 12 microgravity experiments. The microgravity
experiments provided new insights into the characteristics of smectic columns and allowed
for a comparison of the macroscopic mechanical behaviors of different liquid-crystalline
phases. The time frame that was set by the suborbital rocket missions was enough to prepare
the experimental structures and study both the static properties and breakup dynamics.
The microgravity quality during the suborbital flights is perfect for these experiments and
exceeds that during parabolic flights by far. The high acceleration during the launch poses
no problems for the preparation of the experiments since the material is confined in a hull
during that phase.

Table 3. A summary of the outcomes of the experiments.

Experiment Material Phase Result

TX52/1 ST00552 SmC Stable until re-entry
at α = 4.75

TX52/2 ST02890 SmA Wetted hull: breakup
at α = 4.4

TX52/3 ST00552 SmA Stable until re-entry
at α = 4.6

TX52/4 ST02890 Iso Asymmetric: breakup
at α = 2.26

TX52/5 ST005520 Nem Wetted hull: breakup
at α = 1.73

TX52/6 ST04524 M2 Stable even after
re-entry

TX55/1 ST02890 Nem Breakup after melting
at α = 4

TX55/2 ST02890 Nem Breakup after melting
at α = 4

TX55/3 ST00554 SmC Stable until re-entry
at α = 6.5

TX55/4 ST00552 SmA Air bubbles: breakup
at α = 3.82

TX55/5 ST00554 SmC Stable until re-entry
at α = 2

TX55/6 ST00552 SmA Stable until re-entry
at α = 2

In absence of gravity, yield stress can stabilize cylindrical columns with diameters
of a few millimeters and with lengths that exceeded 1.4 times the RP limit in smectic A
and smectic C materials. In one experiment, a stable smectic A column with an aspect
ratio of α > 6 was obtained. Melting the smectic material into the nematic phase led
to the destabilization and breakup of the columns with α = 4 > π.

Fast optical imaging allowed us to obtain data on rupture dynamics under micro-
gravity and bridge deflections at the onset of lateral acceleration of the order of 0.1 to 1 g.
The neck thinning during the final phase of pinch-off could be described satisfactorily
using a power law, i.e., Dmin ∝ (t0 − t)γ. The exponents for ruptures in the smectic A
and C phases agreed satisfactorily with a value of 2/3 that was proposed in the literature
for isotropic liquids, and with values that were previously reported for smectic bridges [47].
Ruptures during melting of stable smectic columns into the nematic phase could also be
described using a potential law thinning, but the exponents differed even under identical
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experimental conditions. The most probable reason for this was that the local conditions
at the neck were not defined well enough during the melting process.
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Appendix A

A test run was performed under normal gravity conditions before the actual rocket
experiment, using identical setups and materials as in TX55. Figure A1 shows the bridges
immediately before breakup. The bond number Bo = ρgr2/σ (where σ ≈ 0.025 N/m,
r = 1.5 mm and ρ ≈ 103 kg/m3) was approximately 10. All of the filaments in the smec-
tic A and C phases became unstable well before the critical value αc = π for a zero bond
number (no gravity) was reached. Under gravity conditions, the columns were top-down
asymmetric from the beginning of the experiment and the pinch-off occurred in the upper
section at a distance of nearly L/3 from the upper support in all cases.

Figure A1. Smectic bridges under normal gravity conditions in the same setup and with the same
materials as in the TX55 flight, in a test run before the rocket launch. Each image shows the respective
bridge within the last 20 ms before pinch-off. The TX55/Gn labels refer to the chambers of TX55/n.
The scale bars mark 1 mm.

Table A1 summarizes the outcomes of all of the ground experiments. In TX55/G1
and G2, the smectic material wetted the bottom support, which led to an additional
destabilization of the bridges. Since the columns were drawn with a continuous speed
of 0.1 mm/s in this experiment, the critical threshold for destabilization was not accessible.

Table A1. Ruptures under normal gravity conditions with a bond number of approximately 10.

Experiment Material Phase α at Breakup

TX55/G1 ST02890 SmA 1.14
TX55/G2 ST02890 SmA 1.51
TX55/G3 ST00554 SmC 2.33
TX55/G4 ST00552 SmA 2.35
TX55/G5 ST00554 SmC 1.81
TX55/G6 ST00552 SmA 1.845
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