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Anchoring-mediated stick-slip winding of cholesteric liquid crystals
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The stick-slip phenomenon widely exists in contact mechanics, from the macroscale to the nanoscale. During
cholesteric-nematic unwinding by external fields, there is controversy regarding the role of planar surface
anchoring, which may induce discontinuous stick-slip behaviors despite the well-known continuous transitions
observed in past experiments. Here we observe three regimes, namely, constrained, stick-slip, and sliding-slip,
under mechanical winding with different anchoring conditions, and measure the corresponding forces by the
surface force balance. These behaviors result from a balance of cholesteric elastic torque and surface torque,
reminiscent of the slip morphology on frictional substrates [T. G. Sano et al., Phys. Rev. Lett. 118, 178001
(2017)], and provide evidence of dynamics in static rotational friction.

DOI: 10.1103/PhysRevE.109.044701

I. INTRODUCTION

In broad soft matter areas, including turbulence [1], micro-
and nanofluidics [2], and yield stress materials [3], boundary
conditions are important for material properties and perfor-
mance. Similarly, in liquid crystals, surface anchoring also
plays a crucial role in the order parameter, the temperature of
the nematic-isotropic phase transition [4], and the response of
molecules to external fields [5], especially in confined geome-
tries such as liquid crystal displays. With strong anchoring,
there exists a critical threshold voltage that orients the nematic
molecules, called the Fréedericksz transition [6], below which
molecules are still. However, there is a debate about whether
planar anchoring affects the cholesteric-nematic unwinding
transition by external fields.

Decades ago, it was predicted [5,7] and proven [8–11]
that magnetic or electric fields can continuously unwind
cholesterics to nematics, but the situation with different
planar anchoring conditions was not explicitly addressed
by experiments. Some studies [7,12,13] suggested that the
continuous cholesteric-nematic transition is only applicable
for bulk samples in which the surface anchoring is negligible.
By varying the anchoring strength in confinement, rich
behaviors, such as stick-slip or stepwise transitions, were pre-
dicted to happen under external stimuli [7,13–27], including
temperature, light, stress, and magnetic and electric fields. In
particular, a recent study [28] reported that if the easy axis on
one surface rotates, chiral nematics may show three regimes,
including free twist, stick-slip, and constrained winding, as
a balance of twist elastic torque and surface torque [20,28–
30]. Although some evidence of discontinuous transitions has
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been presented [12,31–37], different mechanisms were still
discussed, probably due to the experimental precision and
the complexity of surface anchoring, and none of the models
could be directly applied to explain the observations in
this work.

Here, we use surface force balance (SFB) to simulta-
neously measure the optical and mechanical responses of
cholesterics along the helical axis under various boundary
conditions. Desiccated cholesterics were confined between
two freshly cleaved muscovite mica surfaces that were glued
onto crossed cylinders. In the beginning, a strong planar an-
choring was obtained, but anchoring strength decayed over
time mainly due to the adsorption of water from the ambi-
ent environment [38,39]. Therefore, three different regimes
were observed during experiments, resulting from the decayed
frictional surface torque. Furthermore, the hysteresis of twist
transitions was observed during the retraction and approach of
surfaces in all three regimes.

II. RESULTS

A. Three regimes

Cholesteric layers with a layer thickness of half pitch
p = 122 nm were compressed in the SFB [40] (Fig. 1(a) and
Fig. S1 in the Supplemental Material [41]) with a cylinder
radius of R. The thickness of a layer (or an integer layer) men-
tioned in the following text refers to a π rotation of molecules,
i.e., half pitch p. With time evolution, three regimes of the
measured force profiles were observed [Fig. 1(b)]. In the first
regime, the force generated by the constrained cholesterics
initially started from zero and increased with increasing strain
to 65%, peaking at 14 mN/m before the surface jumped into
the contact position, and all the cholesterics were squeezed
out together. In the second regime, stick-slip jumps of the
surface occurred after the force accumulated to 1.5 mN/m
with about 30% strain, and finally, the surfaces jumped to
contact. The number of jumps corresponded to five integer
layers and a noninteger layer (less than a π rotation) since the
easy axes on mica surfaces were not parallel [40]. Sometimes,
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FIG. 1. Forces measured in the surface force balance (SFB). (a) Schematic diagram of cholesterics confined in the crossed cylinders with
radius R. (b) Force profiles of three regimes, i.e., I: Constrained (red); II: Stick-slip (black): and III: Sliding-slip (blue), during the approach
of the surface as the anchoring strength decreases. (c) Force profile (red, light gray) in the first regime fitted by elastic forces (black, dark
gray) calculated by Eq. (4) with K22 = 3.8 pN. (d) Force profile (black, dark gray) in the second regime fitted by elastic forces (red, light gray)
calculated by Eq. (4) with various integer layers (numbers) and K22 = 6 pN. The slope of the straight blue line in (c,d) is the spring constant
of the cantilever spring that connects to the surface dF/dD = k = 125 N/m.

multiple-layered jumping events were observed in this regime
(Fig. 1(b) and Fig. S2 [41]). In the last regime, the surface
jumped periodically with a wavelength equal to the half pitch
without a large deformation of cholesterics, and the last few
layers were difficult to squeeze out (i.e., the final layers re-
sisted the surface approach with larger forces compared to the
previous layers, which will be discussed in Sec. III), resulting
in large forces. It is worth noting that there was a constant
background force of around 1 mN/m in this regime.

B. Free energy

In cholesterics, the free energy per unit area is formed
by the elastic energy and the anchoring energy from both
surfaces. The anchoring potential is not a well-defined term;
thus, a general parabolic form is given below,

G =
∫ D
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2

)2

, (1)

where D is the closest surface separation between two crossed
cylinders; K22 is the twist elastic constant; φ′ = ∂�

∂D = �
D is

the molecular rotation rate at a distance D with a total twist
angle �, which is constant for a uniform sample; W is the

anchoring strength; �0 is the original twist angle; and q0 is
the natural molecular rotation rate at relaxation. By ignoring
the anchoring energy with a strong boundary, the free energy
becomes
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With a strong anchoring, the twist angle � ≈ �0 = q0Dn
0

keeps the original rotation rate at a starting distance Dn
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n layers. Thus, the free energy Gn and the generated force F
with Derjaguin approximation are written as
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Figure 1(c) shows that the match between the experiment
and theory [Eq. (4)] is good, indicating that the anchoring
strength in the first regime is strong. The slope of the jump-in
is comparable to the spring constant, which manifests that the
spring instability dominates the jumping process [40]. The
elastic deformation almost without dissipation [42] works like
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an ideal spring, neglecting the effect of gravity at the micro-
and nanoscale. This deformation, which can last for more than
1 h without dissipation if the surface stops moving (Fig. S3
[41]), is truly elastic rather than viscous.

In the second regime, the force profile can also be fit-
ted by the harmonic elastic forces calculated using Eq. (4)
with various layers of cholesterics [Fig. 1(d)]. The cross-
ing points of the harmonic forces fall on distances equal to
the integer number of quarter pitch (Fig. S4 [41]). Notably,
the jumping distances are smaller than theoretical values,
which could be due to the expansion of dislocation defects
that store elastic energy. The effect of defects is discussed
in Sec. SII of the Supplemental Material [41] (including
Refs. [5,7,10,12–29,31–35,37,40,42,43–62]). In the first and
second regimes, two values of K22 were used to fit the experi-
mental data, which will be discussed in the next section.

III. DISCUSSION

A. Decayed anchoring strength

The compression ratio that cholesterics can sustain with
time decreases from the first to the third regime, indicating a
decrease in anchoring strength after the adsorption of water
from the ambient environment [38,39]. In the third regime,
surfaces are difficult to compress to contact, which supports
the assumption that surfaces change with time. There are
several possible reasons why a hard wall is encountered before
contact. Firstly, the adsorbed water dissolves and accumulates
potassium ions from mica surfaces to the contact position,
which increases the electrostatic repulsion. Secondly, liquid
crystal molecules grow epitaxially with time [63]. Thirdly,
contaminants from the ambient air adsorb to the surface.

These three regimes emerge with the change of anchor-
ing strength. Considering the longer timescale, more regimes
might appear. For example, if the adsorbed water changes the
direction of the easy axis on the mica surface [38,39], the
behaviors could be different. Finally, if the mica surfaces be-
come totally homeotropic, the pitch axis will be parallel with
the surface, causing fingerprint textures and more isotropiclike
optics.

B. Surface torque

The measured forces follow the twist elastic theory very
well with manual input of the twist angle, but three different
regimes varying with anchoring strength are obtained, namely,
constrained, stick-slip, and sliding-slip. What is the mech-
anism that determines the critical threshold of the jump in
different regimes?

When cholesterics are confined between two plates, the
elastic torque is balanced by the surface torque, which in-
cludes the surface anchoring and surface viscosity [28–30].
For strong anchoring, molecules deviate very slowly from the
easy axis; thus the torque from surface viscosity is negligible.
However, at mediate anchoring, molecules slide to a deviated
angle with a larger speed; therefore, both surface anchoring
and surface viscosity balance with elastic torque. The torque
balance can be written as

K22

(
∂�

∂D
− q0

)
= W
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2
− γs

∂�

∂t
, (5)

where W is the anchoring strength, γs is the surface viscosity,
and t is the time.

With strong anchoring, the surface viscosity and anchoring
deviation are neglected here. The elastic torque �e is mainly
balanced by the anchoring torque �a,
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For a more rigorous calculation that considers anchoring
deviations, the surface distance D in Eq. (6) is calculated as

D = K22�

K22q0 + W �0−�
2

. (8)

At the critical torque threshold �c, the critical twist angle
�c and critical surface distance Dc are calculated below:

�c = �0 − 2�c

W
, (9)
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)
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q0W
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K22q0

. (10)

Figures 2(a) and 2(b) show that there exists a threshold
constant of the compression ratio, about 35% and 75% in
the first and second regimes, respectively, for the surface to
sustain the elastic stress at a certain anchoring condition, no
matter how many layers are compressed. This constant ratio
manifests that there is a threshold anchoring torque �c that
is analogous to the breakaway friction torque [64], a concept
from rotational friction. When the anchoring is strong, the
frictional torque can sustain a large elastic torque, such that
cholesteric layers will not jump until the threshold is reached.

The anchoring torque in the first and second regimes is
plotted in Fig. 2(c), where the first regime and second regimes
fall on two slopes of calculation based on Eq. (7) with twist
elastic constant K22 = 3.8 and 6 pN, respectively. The twist
elastic constant should be a consistent value across regimes.
Here, however, we treat K22 as the only fitting parameter of
Eqs. (4) and (7), taking all unknown factors into account. Then
the fitting parameter K22 is compared with the reported value
[47] of 6.18 pN. If the force profile in Fig. 1(c) is carefully
examined, one can see that the slope at small compression is
actually higher than the calculation with K22 = 3.8 pN and
can be better fitted by 6 pN (Fig. S6(a) [41]). Therefore, the
force profile in the first regime can be fitted by two values of
K22. The larger value is the material property [47], while the
smaller one comes from unknown factors. This force devia-
tion may be because mica surfaces on cylindrical lenses are
not large enough, such that at small compression, the forces
mainly generated near the contact position are free from the
effect of mica areas, but at the large compression, mica areas
start to limit the force responses, producing smaller forces.
From the fitted elastic constant, we can estimate the effective
coverage of mica on lenses is two-thirds.

C. Constrained regime

From Fig. 3(a), the slope and intersection obtained from
the trend line are used to calculate the anchoring strength by

044701-3



WEICHAO ZHENG PHYSICAL REVIEW E 109, 044701 (2024)

FIG. 2. Compression ratio of cholesteric layers at the critical jumping distance. (a) First regime. (b) Second regime (premier jumps).
(c) The data in the first and second regimes fall on two blue lines that are theoretically calculated by Eq. (7) with K22 = 3.8 and 6 pN,
respectively.

Eq. (10). Therefore, we obtain the critical anchoring torque
�c ≈ 0.23 mN/m and anchoring strength W ≈ 0.15 mN/m
with K22 = 6 pN and half pitch p = 122 nm. The deviated
angle on one surface can be calculated �0−�

2 ≈ 0.49π , where
�0 is the original twist angle and � is the instant twist
angle, which means the molecules on each surface devi-
ate around 90◦ from the easy axis at the jump threshold.
Notably, no mathematical solution was found with the Rapini-
Papoula potential [5], but the anchoring potential with other
forms may also be feasible. For example, if the anchoring
torque is 1

2W �0−�
2 differentiated from the anchoring energy

1
2W ( �0−�

2 )
2
, the anchoring strength will be 0.3 mN/m, but

the critical torque and deviated angle are independent of the
form of the anchoring potential. The exact anchoring poten-
tial could be further confirmed by optical observation of the
deviated angle [65]. With the obtained anchoring strength
and deviated angle, the measured forces in the first regime
[Fig. 1(c)] can be better fitted by the elastic force by taking
into account the anchoring energy (Fig. S6(a) [41]).

D. Stick-slip regime

Similarly, the critical anchoring torque �c ≈
0.0148 mN/m, the anchoring strength W ≈ 0.0073 mN/m,

and �0−�
2 ≈ 116.4◦ for the second regime were calculated

from the slope and intersection in Fig. 3(b). These values
were used to predict the positions where consecutive jumps
occur, as shown in Fig. 3(c). The critical jumping distances
fit the experimental data very well. However, the measured
forces [Fig. 1(d)] are worse fitted by the elastic theory
considering the anchoring energy [Fig. S6(b) [41]]. It is as
if the surface torque is correct but the composition of the
torque is not a pure anchoring torque. Possibly, the surface
viscosity may start to become important in this regime with
medium anchoring strength. Alternatively, the two-thirds
coverage of mica on the lenses may cause slip on this regime
after water adsorption, since the premier critical compression
ratio [Fig. 1(d)] is similar to the compression ratio where K22

changes from a larger value to 3.8 pN in the first regime, as
shown in Fig. 1(c). Last but not least, the surface torque may
be balanced by the viscoelastic torque in the stick-slip regime.

In the second regime, no defects are observed stretching
on the surface during either approach or retraction, indicating
that the defects are in the bisector of surfaces and the polar
anchoring strength [55] is larger than 2

√
3
8 K33B ≈ 0.4 mN/m,

where K33 = 27.5 pN is the bend elastic constant, and B is the
dilation term. It seems reasonable that the azimuthal anchor-
ing strength is one or two orders of magnitude smaller than

FIG. 3. Calculation of the anchoring strength. The critical jumping distance Dc as a function of the original distance D0 in (a) the first
regime and (b) the second regime (including all the stick-slip jumps); the blue line is the linear trend line. (c) Fitting the force profile
(black, upper) in the second regime by Eqs. (4) and (10) with K22 = 6 pN and the critical surface torque and anchoring strength obtained
from (b).
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FIG. 4. Hysteresis of the twist angle in three regimes. The noninteger layer has been deducted to eliminate the difference of easy axes
among different experiments. (a) First regime. The twist angle during the jump process is assumed to keep a constant compression ratio but
decrease the total twist angle. (b) Second regime. (c) Third regime. The deviation of the anchoring angle is ignored in all three regimes.
(d) Three regimes. (e) Approach profiles of I–III three regimes. (f) Retraction profiles of I–III three regimes. Thin and thick lines following the
direction of the arrow are approach and retraction profiles, respectively. The red, black, and blue lines denote the three regimes, respectively.

the polar anchoring [66]. Then the polar anchoring strength in
the first regime would be very large.

E. Sliding-slip regime

For weak anchoring, the anchoring torque is negligible
[29]. Therefore, the elastic torque is mainly balanced by the
surface viscosity. As a result, the surface viscosity can be
estimated as γs = 1.83 × 10−4 Pa s m, and the correspond-
ing viscous force is about 0.8 mN/s at a distance D0 =
1000 nm (see Sec. SIV of the Supplemental Material [41]),
which is very close to the background force in the third
regime [Fig. 1(b)]. This background force may be related to
the commonly observed background forces with liquid crys-
tals in the SFB [48,61] (see Sec. SIV of the Supplemental
Material [41]).

In fact, the discontinuous twist transition has been
attributed to surface anchoring by most past studies
[7,12–29,31–35], among which only some [20,28,29,32] used
the concept of surface torque to explain the mechanism. How-
ever, many of them [14,16–18,22–26,33,35] differentiated the
anchoring energy G with respect to the twist angle ∂G/∂�,
which is actually the form of torque. The surface torque has
long been adopted to describe the surface forces imposed on
liquid crystals [5,67–72], but this concept does not seem to be
widely used in the liquid crystal community. In a recent study

[37] explaining the discontinuous transition with the energy
barrier from dislocation defects, the integrating range of the
equations for calculating the nucleation energy should not be
the same for different layers (see Sec. SII of the Supplemental
Material [41]). Therefore, the conclusions about the energy
barrier may require reassessment.

F. Hysteresis

Figure 4 shows that hysteresis of the twist angle be-
tween retraction and approach exists in all three regimes
and decreases with time evolution. The twist angles can
be further confirmed by the 4×4 matrix simulation [40,62]
(Fig. S7 [41]). In particular, multiple-layer jumping events oc-
cur during both approach and retraction [Figs. 4(a) and 4(c)].
Figure 4(f) shows that the retraction profiles are the same in
the first two regimes and a delayed jump resulting from the
viscous stretch on the surface (see Movie S1 and Sec. SIV
of the Supplemental Material [41]) is observed in the third
regime. Notably, the twist angle profile during the approach in
the third regime is coincident with the profile during retraction
in the first two regimes, as shown in Fig. 4(d), indicating
negligible anchoring torque during the approach. Most of the
jumping points occur at integer quarter pitch distances, but
more uncertainties are observed at small distances.
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The noninteger layers were deduced in three regimes, as-
suming no change in the direction of the easy axis. Indeed,
the twist angle profiles in the first and second regimes over-
lay with each other during retraction [Fig. 4(f)], confirming
the same anchoring direction. Regarding the third regime,
retraction profiles cannot be compared with the others because
of the viscous stretch on the surface. However, the simulation
in Fig. S7 [41] did not consider the anchoring transition but
can still fit the data very well, indicating no change of the easy
axis. The possible first-order anchoring transition on mica
[38] is either 60◦ or 90◦, which can be easily detected by
the simulation [40,62]. During approach, the forced anchoring
transition may accompany stress-induced anchoring devia-
tion and viscous stretch, resulting in jumps. This situation
is more complicated and no clear evidence was observed in
this work. Furthermore, the simulation is not sensitive enough
to distinguish anchoring deviation in highly compressed lay-
ers [62]. Overall, the anchoring transition may require more
investigation.

During retraction and approach, the mechanical responses
are very different, showing hysteresis, which can be under-
stood by analogy to fracture in solid materials during tension
and compression. However, given the complexity of the anal-
ogy from solids to liquid crystals, this topic will be discussed
in a separate paper.

IV. CONCLUSION

In conclusion, three regimes were observed in cholester-
ics during mechanical compression in the SFB. The elastic
torque of cholesterics is balanced by the surface torque, which
consists of anchoring torque and viscous torque. In the con-
strained regime with strong anchoring, the anchoring torque
dominates, while the viscous torque dominates in the sliding-
slip regime with weak anchoring. In the stick-slip regime, both
anchoring torque and viscous torque as well as mica coverage
are possible to affect the stick-slip. This study provides a
method based on the critical surface torque to measure strong
anchoring strength and deviation. The surface torque, i.e.,
frictional torque in rotational friction, elucidates the dynamics
of static friction [73,74], as evidenced by the deviation of the
anchoring angle and the hysteresis of the twist angle. This
study sheds light on the understanding of boundary effects on
permeative flows [75,76], friction [77], yield stress materials
[3,78], adhesions, and biomechanics.

V. METHODS

A. Materials

The nematics (QYPDLC-036, similar to BL036 from
Merck) and the chiral dopant (R2011, right-handed) were
purchased from Qingdao QY Liquid Crystal Co., Ltd.
(Chengyang, Qingdao, China). Cholesterics were mixed with
62.4 wt % nematics and 37.6 wt % chiral dopants, resulting in
a pitch length of about 244 nm. The small pitch well fits the
typical measuring range of 0–1000 nm in the SFB.

B. Sample preparation

Cholesterics were dried in a Schlenk line (60 ◦C) overnight
before the experiments. The muscovite mica surfaces with
a thickness of 3.3 µm were glued onto cylinders (radius of
1 cm) in the SFB. The chamber of the SFB was purged with
dry nitrogen for 1 h before injecting the sample. Some phos-
phorus pentoxide was left in the chamber as the desiccant.
The experiments lasted for several days to obtain decayed
anchoring strength.

When cholesterics were put on a freshly cleaved mica
surface, a strong planar anchoring was obtained. The liquid
crystal molecules on the surface pointed toward a single di-
rection, called the easy axis. As mica is a natural crystal [5],
the strong planar anchoring status was assured and confirmed
by our previous cholesteric study [40] and the other study
with nematics [38]. By increasing the humidity, the anchor-
ing direction on mica may change by 60◦ or 90◦ within the
azimuthal plane [38], but a clear transition was not observed
in this work.
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