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We report localized electroconvection (EC) discovered in nematic liquid crystals (NLC), which resembles 
life-like angleworms (AW) and centipedes (CP) in nature. In the presence or absence of superposed 
noise on an ac field, such localized EC patterns are self-organized. We investigated their spatial and 
dynamical features in terms of the spontaneous formation and evolution of patterns. In a planarly-
aligned NLC cell, the AWs are discovered in the conduction (f < fcd) and dielectric (f > fcd) regimes which 
are divided by a characteristic frequency fcd. Moreover, in a homeotropically-aligned NLC cell, two 
types of the CP (i.e., single CP and couple CP) are discovered slightly before fcd. Considering the director 
field of NLC in the noise and/or ac fields, we explain the emergence of these noticeable dissipative 
structures that are not conventional wholly-occupying patterns in systems but localized ones, and that 
are not stationary but regularly dynamical. It is crucial to consider the redistribution of electric charges 
through additional noise effects or disclinations of NLC.

Liquid crystals are highly useful materials, and are now found in high-performance smart displays1. They are 
also an attractive system for studying the formation and evolution of patterns in nonequilibrium dissipative 
systems2. AC-driven electroconvection (EC) in nematic liquid crystals (NLC) has been extensively investigated 
to understand nonequilibrium physics over the last six decades 1–4 since Williams domains were observed in 
NLC5. The EC turned out to be an electrohydrodynamic instability by Carr and Helfrich67. The electric potential 
difference between a thin NLC layer drives EC in an anisotropic fluid (i.e., NLC) through the Coulomb force 
acting on the positive and negative charges that are inhomogeneously distributed by the anisotropy of electric 
and visco-elastic properties due to rodlike molecules. It is similar to the temperature difference that drives 
Rayleigh − Bénard convection in (usual) isotropic fluids through buoyancy to the lighter fluid and through gravity 
to the heavier one resulting from the density variation8. In fact, the EC provides a wide variety of dissipative 
structures from regular normal rolls (NR) to spatio-temporal chaos, from stationary waves to traveling waves 
(TW), and from wholly-occupying to localized patterns49–1112. These various ECs are generated by secondary 
instabilities 9–1112 with the primary Carr − Helfrich instability67. In particular, localized EC patterns were 
observed in low conductivity cells9, in laser-induced systems10, and in two superposed ac fields with different 
frequencies11.

In principle, the director and velocity fields in EC are governed by the torque balance for the director and 
the momentum balance in the Navier − Stoke’s equation, respectively. In general, the director n is defined by 
the locally averaged orientation of the rodlike molecules of NLC (n ≡ − n; |n|= 1)1,3. For EC, a rest state can be 
destabilized by applying an ac voltage V (t) = E(t)d =

√
2V cos 2πft across an NLC layer (typically, thickness 

d = 10–100 µm) sandwiched between two parallel electrodes [E(t) // ẑ], as shown in Fig. 1a. Accordingly, at a 
critical voltage Vc, well-ordered NR (i.e., a kind of Williams domains) with a wave number kNR parallel to the 
initial director n0 (//x̂) is observed under a polarizing microscope3,4. For the low-frequency conduction regime 
(f < fcd), one finds that Vc ∝ (1 + 4π2f2τ2

σ)/[ζ2 − (1 + 4π2f2τ2
σ)], in which τσ (= ε0ε⊥/σ⊥) and ζ2[= (1−σ⊥ε||/

σ||ε⊥)(1 + α2ε||/η1εa)] denote the charge relaxation time and the Helfrich parameter including viscous properties 
(α2 and η1) and dielectric anisotropy (εa = ε||  −ε⊥) 1–67. Here, fcd indicates a characteristic frequency dividing the 
conduction (f < fcd) and dielectric (f > fcd) regimes3,4, as shown in Fig. 1b.

The typical EC evolution from a primary EC (i.e., NR or oblique rolls depending on the ac frequency f < fTW) 
to the so-called dynamic scattering mode (DSM) is well understood4,13,14; it includes irregular dynamics such 
as defect chaos1617. Furthermore, for higher f (i.e., fTW < f < fcd), TW arises at Vc and also evolves into the DSM413 
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Fig. 1.  (a) Experimental setup. The periodic rods between two parallel transparent electrodes indicate the 
director n of a nematic liquid crystal (NLC), and the circles indicate vortices of electroconvection (EC). (b) 
Sketch of threshold voltage Vc with respect to various noise intensity VN. The well-established Carr–Helfrich 
threshold for EC [(i) for VN = 0] smoothly shifts to higher voltages [(ii) for 0 < VN < VN

*] by increasing VN
1234, 

and then remains only in the dielectric regime for high intensity VN [(iii) for VN > VN
*]; here, VN

* indicates a 
characteristic intensity determining a transition between the conduction and dielectric regimes. The pattern 
evolution [NR (normal roll) → AW-cond → DNR (dielectric normal roll) → AW-diel → DSM (dynamic scattering 
mode)] is found by increasing VN (along the thick arrow), as shown in Fig. 3; here, AW-cond and AW-diel 
indicate angleworm-like patterns (AWs) in the conduction and dielectric regimes, respectively [i.e., Fig. 3(g) 
and 3(j)]. Moreover, a prewavy pattern (PW) can be overlapped with traveling waves (TW), providing the 
background of the centipede-like pattern (CP) (Fig. 5(c)).
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(Fig. 1b); regular dynamics can be determined as a phase velocity or Hopf frequency18–2013,21. For much higher 
f (> fcd), on the other hand, a different EC called pre-chevrons [or dielectric NR (DNR)], which is characterized 
by kDNR much larger than kNR, is observed at Vc, and then it develops into chevron patterns by increasing V; one 
can confirm that Vc ∝ f1/2 3,422,2324.

In this paper, we present two life-like EC patterns resembling angleworms (AW) and centipedes (CP), which 
move like real ones. Note that they are spontaneously formed in order of micro-scale by using nano-scale elements 
(i.e., molecules of the present NLC used in this study). Moreover, they are clearly localized in space; this should 
be distinguished from usual EC patterns that are wholly-occupying the active area S of the cell (S = 1 cm × 1 cm 
in this study). In particular, animating AW and CP are examined by considering the TW. The dynamics of AW 
and CP requires an AC field with a frequency within a specific range (fTW < f < fcd), where TWs induce moving 
rolls through a Hopf instability (Fig. 1b); if needed, additional noise superposed on the ac field is introduced. 
In addition, the AW is compared with the so-called “worms (or solitons)” reported previously as localized EC 
patterns in one-21,25 and two- 9–1113 dimensional systems. The evolution process through self-organization occurs 
by collaborative equilibrium and nonequilibrium effects. In fact, the CP arises on the brink of EC extremely close 
to an equilibrium state. Although the present AW and CP are far from animating real creatures, they indicate 
possible emergence of a world showing highly organized-dissipative structures in nature26,27.

We aim to show the AW and CP by analyzing their director fields, and to reveal their formation mechanisms. 
Our study suggests that such a dissipative system (e.g., EC) plays a crucial role in the formation and evolution of 
patterns into complex structures out of simple aggregations of molecules. Such emergence of localized patterns 
should be distinguished from phase transitions between homogeneous states in conventional equilibrium 
systems 28 , and from the pattern evolution between nonequilibrium states that are wholly-occupying in systems 
2–4. Thus, our findings may help understand the formation and evolution of countless patterns in nature and be 
a useful means of self-organization in nanotechnology.

Materials and methods
A typical thermotropic NLC, p-methoxybenzylidene-p-n-butylaniline (MBBA), was used in this study1,3. The 
NLC was injected into two types of sample cells: a planarly-aligned director cell with n0 = (1,0,0) at z = 0 and 
z = d (Fig. 2a), and a homeotropically-aligned director cell with n0 = (0,0,1) at z = 0 and z = d; see Fig. 4a below. 
The details of the two cells are described in Table 1. As shown in Fig. 1a, the shadowgraph method was used 
for optical observations and measurements for EC3,4; if needed, a polarizer (P), an analyzer (A), and a quarter-
wave plate (Q) were used in a polarizing microscope, which were set to be parallel, perpendicular, and π/4 to 
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Fig. 2.  Planarly-aligned cell for V < Vc (a), the director field of EC for V > Vc (b), and an AW pattern at an 
ac voltage V = 62 V (f = 30 Hz) above a threshold voltage Vc and additional noise intensity VN = 54 V (c). The 
director field and vortices in (b) are well known in previous studies 1–4,32,50. In principle, the AW in (c) is a 
localized dissipative structure evolved from NR (Fig. 3(a)); see the successive evolution into such AWs in Fig. 3.
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the x axis, respectively2324. In the PQA condition referred to in this paper, the light propagates successively 
along the route: light source → lens → P → cell → Q → A → lens → CCD camera (Fig.  1(a)); if the A is replaced by 
another P, this is referred to as the PQP. In particular, the PQA and PQP conditions uncover clockwise- and 
counterclockwise-twisted directors along the z axis2324. Moreover, if needed, the PA and PP conditions without 
the Q in the route were used, which are referred to as the (usual) crossed nicol and parallel nicol29. Furthermore, 
an additional noise voltage was used, which was superposed on the ac voltage V(t); it was characterized by its 
intensity VN =

√
< ξ2(t) > for which ξ (t) was Gaussian white noise12,33. The patterns and their dynamics 

were observed using computer-controlled image software (Scion Image) together with a charge-coupled device 
(CCD) camera (Sony, XC-75) with a rate of 30 fps mounted on a polarizing microscope (Olympus, ML9300);
the velocities of AWs and CPs was measured using the soft for dynamic image analysis. All observations and
measurements were carried out at a fixed temperature (T = 25 °C). The details of the experiment were described
in our previous papers131224.

Results
Angleworms (AW) in a planarly-aligned cell

	(i) Evolution process to AW in the presence of noise

A typical NR (kNR // n0 // x̂) was observed in the planarly-aligned cell (Fig.  2(a)). In the absence of noise
(VN = 0), the NR was well-organized in the entire cell (Fig.  3(a)). When using the additional noise of VN, a 
locally-occupied structure resembling an AW was observed as shown in Fig. 2c. Obviously, it originates from EC 
(i.e., NR), providing a similar wave vector kAW that smoothly increases with VN

12. In addition, Fig. 2b shows the 
director field and two vortex pairs of the NR, which is a typical figure of EC in the xz plane 1–4. However, note 
that the director field and vortices are locally limited in the AW (Fig. 2(c)).

To see the process of pattern formation of the AW, the successive change of the patterns is displayed in Fig. 3; 
the early stage of the pattern evolution was already reported from a different viewpoint12,34. By increasing VN [at 
fixed values of ε = [V2 − Vc

2(VN)/Vc
2(VN)] ≈ 0.1 and f = 30 Hz], a typical NR (Fig. 3(a)) gradually evolves into AW 

(Fig. 3(g)) via transient patterns (Fig. 3(c)–(f)) after a fluctuating Williams domain (or defect chaos) (Fig. 3(b)), 
and finally, the AW develops into turbulence (Fig. 3(l)). In this evolution process, noise plays a crucial role in 
the localization of EC12,34. The electric charges may begin to be redistributed from those of the conventional 
NR by the additional noise effects, and they may be reinforced by increasing VN. In other words, the noise may 
cause a difference of the threshold voltages (Vc) between the inside and outside of the localized EC regions 
by the rearranged charge distribution. In the present case, Vc for the inside is lower than that for the outside; 
this indicates that the electric conductivity σ in the EC regions is higher than that in the EC-free region13. In 
other words, charges may be abnormally accumulated in the EC regions by the noise field. Therefore, owing 
to the sufficient localized-charge redistribution, the AW can be realized (Fig. 3(g)) via transient patterns due 
to insufficient localization of charges (Fig.  3(c)–(f)); obviously, the pattern evolution was determined in the 
conduction regime (f < fcd) (Fig. 1(b))3,4.

	(ii) AWs in the conduction and dielectric regimes

On the other hand, upon increasing VN [> 70 V] further, the noise field leads EC to the dielectric regime (f > fcd)34; 
see a DNR (Fig. 3(i)) distinguishable from the NR (Fig. 3(a)) (kDNR  ≫kNR) and note the coexistence of the AW 
and DNR in Fig. 3h. After a transition from the conduction regime (f < fcd) to the dielectric regime (f > fcd) by 
the noise, the AW disappears for a moment (Fig. 3(i)), and then immediately reappears (Fig. 3(j)); finally, the 
so-called DSM (Fig. 3(l)) is realized through increasing the number of AWs (Fig. 3(k)). The pattern evolution 
(Fig. 3(i)–(l)) was observed over the course of time (about 30 s) at a fixed VN = 70 V (and ε ≈ 0.1 and f = 30 Hz). 
In comparison with the AW in the conduction regime (Fig. 3(g)), the length of AW in the dielectric regime 
(Fig. 3(j) and (k)] is shorter on average while the widths are almost the same.

The noise-induced pattern evolution can be explained as shown in Fig. 1b; the Carr–Helfrich threshold curve 
Vc (f < fcd, VN = 0) smoothly shifts to higher voltages by increasing VN, and then it appears to lose its conduction 
regime (f < fcd) for sufficiently high VN causing fcd → 0 [(iii) in Fig. 1(b)]; in other words, Vc remains only for the 
dielectric regime (f > fcd) in the case of high VN (> VN

* ≈ 63 V in this study). With increasing VN (along the thick 
arrow) in Fig.  1(b), the pattern evolution [NR → AW-cond → DNR → AW-diel → DSM] (Fig.  3) is found by the 
noise-induced charge redistribution; here, AW-cond and AW-diel indicate AWs in the conduction and dielectric 

Cell

Conductivity
(10−7Ω
−1 m−1)

Dielectric 
constant Cell thickness (µm) ± 5%

σ// σ⊥ ε// ε⊥ d

P 0.90 0.61 4.1 4.5 50

H 6.3 5.4 4.5 5.3 25

Table 1.  Two sample cells: the planarly-aligned cell (P) with n0 = (1,0,0) and homeotropically-aligned cell (H) 
with n0 = (0,0,1); see their corresponding director fields illustrated in Figs. 2a and 4a. The values were measured 
at T = 25 °C.
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regimes, respectively, and correspond to the AWs in Figs. 3(g) and 3(j). Both AWs appear to be conduction EC 
by charge redistribution, although EC-free and DNR regions are set as backgrounds for AW-cond and AW-diel, 
respectively. Details of the AWs such as their lengths and widths will be examined in a future study.

	(iii)	  Traveling AW

Fig. 3.  Pattern evolution from NR (a) to AW (g), and to turbulence (DSM) (l) by increasing VN (= 0–70 V) 
superposed on V(t) [at fixed values of ε = (V2 − Vc

2(VN)/Vc
2(VN)) ≈ 0.1 and f = 30 Hz]; (a) VN = 0 V, (b) 5.5 V, 

(c) 18 V, (d) 23 V, (e) 25 V, (f) 35 V, (g) 54 V, (h) 63 V, and (i) 70 V. At a fixed value of VN = 70 V (ε ≈ 0.1 and 
f = 30 Hz), the pattern [(i)] evolves into turbulence [(l)] via transient patterns [(j) and (k)] with time (during 
30 s). Note that the wholly-occupying NR in the cell [(a) and (b)] is destabilized by increasing VN [(c)–(f)] 
and sufficiently localized EC (i.e., AW) is clearly observed for appropriately large intensity VN [(g) and (h)]. 
However, a different EC arises by increasing VN [(i)]; that is, the noise gives rise to a dielectric EC called DNR 
that coexists in (h); see the magnified DNR in (h). After the DNR (i.e., pre-chevrons) without AWs [(i)], AWs 
reappear on the DNR [(j)] and the number of AWs increases [(k)]; finally, it develops into turbulence [(l)] with 
the generation of a huge number of AWs. The turbulence appears to be indistinguishable from the so-called 
dynamic scattering mode (DSM). See also Fig. 1(b).
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On the other hand, the AWs actively move along the orientation of their length parallel to the initial director 
n0 (// x̂) if ignoring the slightly different orientation in Fig. 3g and k; for example, the velocity v of an AW 
was measured to be │vx│ ~ 5.0  µm/s = 0.1d/s and vy ≈ 0 at VN = 70  V (at ε ≈ 0.1 and f = 30  Hz), although it 
depends on V, f, and VN. Such motion may be explained by considering TW found at high frequencies near 
fcd (i.e., fTW < f < fcd), as shown in Fig. 1(b)18–2021; a characteristic frequency fTW is determined (fTW < fcd), and a 
Hopf frequency fH (∝ σ−1/2d−3) characterizing the dynamics of TW becomes nonzero (fH ≠ 0) for f > fTW unlike 
stationary NR (fH = 0) for f < fTW. In other words, the dynamic feature of the AWs may result from a Hopf 
instability 18–203536. In Fig.  1(b), by increasing VN, the threshold curve Vc(f) also shifts to the low-frequency 
side through decreasing fTW and fcd. For appropriately large VN, if the main ac frequency f (= 30  Hz in this 
experiment) becomes larger than fTW (i.e., f > fTW), the AWs become a localized TW13; that is, the superposed 
noise can cause such a Hopf instability in EC through the charge redistribution resulting in the variation of the 
threshold curve Vc(f). Moreover, regarding the motion of the AWs, they combined and divided randomly, but 
did not cross each other.

(iv) Comparison with similar AWs in other studies.
It is worth mentioning here similar AWs discovered by other researchers 9,1011. Dennin et al. reported 

localized TW states (worms) that are nearly equivalent to our AW in terms of the structure and dynamics 
including moving orientations9; although the worms were determined in the absence of noise, they could be 
induced and explained by coupled complex Ginzburg–Landau equations considering four modes (i.e., right- 
and left-traveling and stationary zig and zag rolls)18,1920; note that conductivity σ plays a crucial role for them, 
as for our AW. Moreover, Giebink et al. examined laser-induced EC pulses in the absence of noise that were also 
nearly equivalent to our AW from the same viewpoint mentioned above10; note that the laser-originated local 
conductivity variation for the pulses resulting from the change in temperature in the laser beam is replaced 
by the noise-induced charge redistribution for our AW. On the other hand, Éber et al. observed localized EC 
structures in two superposed ac voltages with different frequencies (in the absence of noise) 11; obviously, the 
orientation of the structures differs from that of our AW, worms, and pulses stated above; that is, the length 
direction of the former is perpendicular to n0 (i.e., k ⊥ n0) but that of the latter is parallel to it (i.e., k // n0); the 
two ac voltages with different frequencies may cause a complicated charge distribution that allows the structures 
to be formed. Obviously, these similar AWs as well as our AW show a common feature that EC regions with 
higher σ (and lower Vc) are separated from EC-free regions with lower σ (and higher Vc).

Centipedes (CP) in a homeotropically-aligned cell

	(i)	 Evolution process to CP in the absence of noise

In the case of the homeotropically-aligned cell (Fig. 4(a)), EC arises through two steps, as shown in Fig. 43738. The 

initial director n0 (// ẑ) first experiences the so-called Fredericks transition for V > VF (=
√

K33/ε0εa ~ 4 V for 
MBBA with the elastic constant of bending K33 ~ 7.5 × 10−7 dyn) (Fig. 4(b)), independent of f; then, EC arises for 
V > Vc > VF, dependent on f1,3. In principle, the Carr–Helfrich threshold Vc(f) is equivalent to that for the planarly-
aligned cell4; however, the wave vector k of the typical EC (i.e., the so-called soft-mode turbulence 37) has locally 
random orientations, which critically differs from that of the NR for the planarly-aligned cell (kNR // n0 //x̂)3738. 
In the first step (i.e., during the Fredericks transition), unexpected director fields appear, providing disclinations 
resulting from the arbitrary orientations of the tilting directors1,3. In other words, since the tilting orientations 
of the director in the xy plane cannot be uniquely determined at the Fredericks transition (Fig. 4(b)), many 
disclinations appear if one does not increase V with infinitely slow and small steps. In fact, such disclinations 
disappear after enough time for minimizing the Frank elastic energy [fe = −(1/2)ε0εa(E · n)2] for NLCs 
having negative εa (for MBBA)1,3. However, in the usual experimental time scale for EC (i.e., order of hours), 
each disclination may be topologically stable1,3, as dislocations do in normal crystals39.

Usually, the EC including disclinations is driven by a coupling effect between the convective mode (i.e., k) 
and the in-plane rotation mode of the director (i.e., C-director) that is defined by the projection of n in the xy 
plane37,38. Unusually, if one increases V slowly against active disclinations in the Fredericks state, EC can arise 
only around them, as shown in Fig. 4c and d; this is because the threshold Vc

* around disclinations is slightly 
lower than Vc outside them. Similar to the AW (Fig. 3(g)), the localized spaces around disclinations may have 
larger conductivity for Vc

* lower than Vc of the usual EC (Vc
* ≈ 105 V and Vc ≈ 112 V at f = 1 kHz); that is, unusual 

deformation of the director in disclinations may cause unusual charge focusing for EC; this point is similar to 
the noise-induced unusual charge distribution in the AWs. As a result, for Vc

* < V < Vc, a localized EC resembling 
CP in nature could be observed for the first time, as shown in Fig. 4d. Interestingly, the CP was determined as a 
couple, moving toward the same orientation and with the same velocity: e.g., vy = 5.99 µm/s in the case of Fig. 4d 
[V = 110 V (f = 1 kHz) > Vc

*]; note that the x and y axes are arbitrarily determined in the homeotropically-aligned 
cell not having the preferred initial director in the xy plane.

To better understand the couple CP, the pattern evolution process is displayed in Fig.  5a–c, which was 
obtained in the crossed nicol condition by increasing V (> VF). Figure 5a shows a kind of disclinations between 
two topological defects in the Fredericks state (VF < V < Vc

*) where the director cannot be defined, like a kind of 
singularity1,3; usually, defects are characterized by strength or winding number s in  Φ(r) = sα + β. Here,  Φ(r) 
denotes the orientation of the C(r)-director in the xy plane, and α = tan−1(y/x) and β is a constant. In general, 
s =  ± 1/2 and ± 1 in NLCs, as illustrated in Fig. 6140. The strength s is determined by the number of times that the C-
director rotates around each defect when the defect is encircled; i.e., ̧ dϕ = 2πs(s = ±1/2, ±1, ±3/2, ±2 · · · )
140. Figure 5a shows disclinations with s =  ± 1, providing four brushes around the defects. The dark brushes are 
called Schlieren textures, which are satisfied with the transmitted optical intensity I = I0 sin2(2ϕ)πnad/λlight 

Scientific Reports |        (2025) 15:42515 6| https://doi.org/10.1038/s41598-025-26532-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


in the crossed nicol condition; here, na and λlight indicate the anisotropy of refractive indices of the NLC and 
the wavelength of the incident light with intensity I0, respectively14041. For V > Vc

*, the two defects become the 
head or tail for the couple CP, and the two line-disclinations serve as their backbones, as shown in Fig. 5b. Many 
couple CPs were observed by a small increase in V (Fig. 5(c)). In addition, note that each couple of the CPs 
consists of two different CPs exhibiting different optical patterns; compare the left-handed CP with the right-
handed one in a couple in Figs. 4d and 5b; see below.

	(ii)	 Two types of CP

Moreover, a different type of CP was observed in another pattern evolution process (f = 700 Hz), as shown in 
Fig. 5d–f. In the crossed nicol condition, two defects providing two brushes characterized by s =  ± 1/2 (Fig. 5(d)) 
are determined, which should be distinguished from those with s =  ± 1 (Fig. 5(a)). Consequently, the single CP 
occurs as shown in Fig. 5e; moreover, the velocity was measured to be |v|= 10.9 µm/s at V = 82 V and f = 700 Hz. 
Similarly, many single CPs appear by a small increase in V (Fig. 5(f)). Note that the single CP is one of two CPs 
in a couple; optical patterns indicate that the right-handed CP in the couple (Figs. 4(d) and 5(b)) corresponds 
to the single CPs (Fig. 5(e)).

To obtain more information, the couple CP was observed in various optical conditions, as shown in Fig. 7. 
The two CPs that were indistinguishable in the parallel nicol condition (Fig. 7(c)) are clearly differentiated from 
each other in other conditions; see also Figs. 4d, 5b, and 5e. In fact, taking into account these optical images, the 
director field in the couple CP can be illustrated in the xz plane (Fig. 4(c)). In the left-handed CP in Fig. 7, the 
clockwise- and counterclockwise-twisted directors along the z axis are determined from their optical intensities, 
which are inverted in the PQA and PQP conditions (Fig. 7(a) and (b))2324. On the other hand, for the right-
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Fig. 4.  Homeotropically-aligned cell for V < VF ~ 4.0 V (a), Fredericks state with disclinations for VF < V < Vc
* 

(b), EC for V > Vc
* (c), and CP at V = 110 V (f = 1 kHz) (> Vc

* = 105 V) (d). The director field and vortices 
in (c) are well known in previous studies45032. Two CPs in each couple have different director fields from 
each other [(c)] and different optical patterns [(d)]. Note that the left-handed CP has a set of clockwise- 
and counterclockwise-twisted directors along the z axis. In contrast, the right-handed CP has bending 
deformations in the director fields; see also Figs. 7 and 8a.

 

Scientific Reports |        (2025) 15:42515 7| https://doi.org/10.1038/s41598-025-26532-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


handed CP, the director is found to have bending modulation without the twisting mode (Fig. 4(c)) and their 
optical intensities are not inverted in the PQA and PQP conditions (Fig. 7(a) and (b)]; accordingly, one finds that 
both sides resembling legs of the CP have equivalent optical intensities in each condition (Fig. 7). In addition, it 
is found that the single CP is the same type as the right-handed one in the couple CP, showing the same director 

Fig. 5.  Pattern evolutions from Fredericks state [(a)] to a couple CP [(b)] by increasing V (75–110 V at 
f = 1 kHz), and from the other Fredericks state [(d)] to single CPs [(e)] by increasing V (75–80 V at f = 700 Hz). 
Note that two types of CP exist; they are clearly distinguished by the so-called Schlieren textures with different 
numbers of brushes (i.e., four for the couple CP, and two for the single CP). By further increasing V [(c) at 
120 V and (f) at 82 V], many couple and single CPs were generated. All pictures were obtained in the crossed 
nicol condition. See also Fig. 1(b) for understanding a background pattern (i.e., PW) of the couple CP [(c)]. 
The scale bars are 100 µm.
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modulation; see the two single CPs in Fig. 5e, which are the same as the right-handed CP in Figs. 5b and 7d in 
the crossed nicol condition.

To compare the two types of CP, the director fields of the disclination structures before EC (i.e., VF < V < Vc
*) 

are illustrated as shown in Fig. 8. The couple CP is formed in a pair of twist-bend-directors as well as a pair 
of bend-directors (Fig.  8(a)); on the other hand, the single CP is formed only in a pair of bend-directors 
(Fig. 8(b)); both also contain the splay deformation around the defects. For the single CP, the comparatively 

Fig. 7.  Different optical images in four optical conditions: (a) PQA [crossed nicol with a quarter-wave plate 
(Q)], (b) PQP [parallel nicol with Q], (c) PN (parallel nicol without Q), and (d) CN (crossed nicol without 
Q); see also Fig. 1(a). Note that the left-handed CP shows different optical images in all conditions, and 
the images are inverted in PQA and PQP. This indicates that the left-handed CP has a set of clockwise- and 
counterclockwise-twisted directors along the z axis2324. The PN [(c)] cannot distinguish the difference of two 
CPs in a couple.

 

(a) (b)

(d)(c)

s = +1 s = –1

s = +1/2 s = –1/2

A

P

Fig. 6.  Schematic images in the xy plane for the director fields around topological defects providing typical 
Schlieren textures (s =  ± 1 and s =  ± 1/2 if β = 0) characterized by the C-director angle against the x axis [ 
Φ(r) = sα + β]. In principle, the Schlieren brushes are four at s =  ± 1 and two at s =  ± 1/2 in the crossed nicol 
condition; their dark optical intensity could be confirmed by I ∝ sin2(2ϕ), as shown in Fig. 5(a) and (b).
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simple disclination with s =  ± 1/2 (Figs. 5(d) and 8(b)) is determined; in contrast, for the couple CP, complicated 
disclinations with s =  ± 1   (Figs. 5(a) and 8(a)) and an additional twist deformation for one of the two CPs 
(Figs. 7 and 8a) are found; in Fig. 8a, the symbols (⊗ and ⊙) indicate clockwise- and counterclockwise-twisted 
directors along the z axis, respectively.

	(iii)	 Traveling CP and different background states

In principle, two opposite defects with s =  ± 1/2 or ± 1 attract each other like electric charges, and annihilate by 
combining with each other in the Fredericks state140; however, they can maintain the distance (i.e., the length) 
in the CPs and lengthen it by increasing V. This feature of the CPs in the nonequilibrium state is considerably 
different from that in the equilibrium state (i.e., Fredericks state). Moreover, the CPs randomly combine and 
divide with their movements, but cannot cross each other. In addition, the velocity of the single and couple CPs 
was measured to be │v│ ~ (0.2 – 0.4)d/s in the case of ε* = (V2 − Vc

*2/Vc
*2) ≈ 0.1; thus, the velocities of the AW 

and CPs are not so different from each other in the present study. As described for the AWs, the dynamic feature 
of the CP can also be explained as a Hopf instability for TW near fcd (Fig. 1(b)). In other words, the CP is also a 
kind of localized TWs for Vc

* < V < Vc and fTW < f < fcd. In the case of CP, the Hopf instability is induced only by 
high frequencies (> fTW) without the aid of noise, whereas that in the AWs may be done by the noise (Figs. 1(b) 
and 3). As the velocity is determined by the Hopf frequency fH (∝ σ−1/2d−3) 18–2021, it may be controlled by using 
different parameters σ and d. By superposing noise as was done for the AWs, the details of CP such as v as well 
as Vc, Vc

*, and fcd are varied; this will be examined in a future study.
It is also interesting to consider the difference of the backgrounds of both CPs in Fig.  5c and f. In the 

case of the couple CP in Fig.  5c [and also Fig.  5(b)], the so-called prewavy pattern (PW, or wide domains) 

Fig. 8.  The director fields (i.e., C-director in the xy plane) in Schlieren textures to generate a couple CP 
(Fig. 5(b)) (a) and a single CP (Fig. 5(e)) (b). These can be determined from the well-known typical Schlieren 
textures and director fields (Fig. 6). The couple and single CPs are generated on the background of the 
Fredericks state providing disclinations with strength or winding number s =  ± 1 and s =  ± 1/2, respectively. 
Note that the left-handed disclination in (a) has a set of clockwise- and counterclockwise-twisted directors 
along the z axis; see the corresponding symbols ⊗ and ⊙ in (a); the size of the symbols denotes amplitude of 
the twist angle at z = d/2.
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is faintly shown as a background pattern232442,4344. In general, the PW is characterized by the clockwise- and 
counterclockwise-twisted directors along the z axis2324, and also it appears near fcd as illustrated in Fig.  1b4. 
Thus, PW-superposed NR (called defect-free chevrons) appears in the case of no Hopf instability, whereas PW-
superposed TW arises by the Hopf instability; see the overlapped region of TW and PW in Fig. 1b. Accordingly, 
the present couple CP can be interpreted as localized PW-superposed TW. Moreover, the moving orientation 
of the couple CP is determined by the PW as done by the initial director n0 for the AWs; see the moving CP 
along the bands of the PW in Fig. 5c. On the other hand, the present single CP (without such a twist mode) in 
Fig. 5d has no background such as the PW. Therefore, which of single and couple CPs appears is determined by 
the presence or absence of twist modes such as the PW. Although both CPs have been observed for the first time 
and their director structures and dynamics have been examined in this study, many questions remain such as 
the dimensions of their sizes (especially, their lengths); their combination and separation are left for future study.

Pattern evolution from simplicity to complexity
In addition, in terms of successive evolution from simplicity to complexity, the pattern evolutions for the AW and 
CP are described in Fig. 9 and Table 2. Our study suggests that in appropriately nonequilibrium states not too far 
from equilibrium states, a variety of complexity can be realized; such behavior may provide insight into general 
mechanism of self-organization in nonequilibrium physical systems. In equilibrium states, homogeneous NLC 
states (Figs. 2(a), 4(a), and 9(a)) are realized; moreover, in nonequilibrium states very far from equilibrium, 
homogeneous turbulent states [e.g., Fig. 3(l)] are found2,414. However, in appropriately nonequilibrium states 
not too far from equilibrium, wholly-occupying periodic patterns [e.g., Fig. 3(a)] are formed by the well-known 
electrohydrodynamic instability 2–4; more interestingly, localized and animating patterns [e.g., Figs. 2(c) and 
4(d)] resembling living creatures in nature can be generated by specific conditions (e.g., additional noise-
induced or disclination-induced charge redistribution in this study). The macroscopic structures (Fig. 9(b) and 
(c)) in appropriately nonequilibrium states should be distinguished from the microscopic elements (Fig. 9(a)); 
moreover, the characteristic times differentiate the former from the latter, as seen in Table 2.

Finally, in the emergence of basic elements such as NLCs (Fig. 9(a)) for pattern evolution, although it is 
important to understand quantum physics and chemistry, the subsequent evolutions from the elements 
require different tools such as nonlinear and nonequilibrium physics dealing with the dissipative, macroscopic 
structures including patterns and rhythms28, which are essential for diversity observed in nature. In particular, 

Molecular (MBBA) EC (TW)

AW CP

Conduction regime Dielectric regime Single Couple

Size
λL ~ 25
λD ~ 4
 × 10−10 m

ℓx ~ 2d
ℓy ~ Sy
ℓz ~ d

Llength ~ 
Lwidth ~ 
Lz ~ 

2d–30d
2d
d

2d–10d
2d
d

6d–50d
2d
d

6d–50d
4d
d

Time scale 10−5 − 10−1 v ∝ σ−1/2d−2 |v| 0.1d /s 0.1d/s 0.4d/s 0.2d/s

Table 2.  Characteristic sizes and times of the structures in successive steps for the pattern evolutions into the 
angleworm (AW) and centipede (CP) patterns determined in the ac-driven EC system (with cell thickness d 
and active area S = Sx × Sy = 1 cm × 1 cm); see the definition of λL,D, ℓx,y,z, and Llength, width in Fig. 9.

 

(a) (b) (c)

couple centipede

single centipede

angleworm

Lz
Lwidth

Llength

ℓz

ℓx

ℓy

planarly-aligned NLC

homeotropically-aligned
NLC

λL

λD

Fig. 9.  Schematic view for successive evolutions to the localized EC (i.e., AW and CP). (a) The element of the 
present NLC (i.e., MBBA) in the planarly-aligned cell (Fig. 2(a)) and homeotropically-aligned cell (Fig. 4(a)), 
(b) a conventional EC [e.g., NR in Fig. 3(a)], and (c) the AW (Fig. 3(g)), single CP (Fig. 5(e)), and couple CP 
(Fig. 5(b)). See Table 2 for the characteristic sizes (λL,D, ℓx,y,z, and Llength, width).
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the localization of patterns and rhythms is very important for the evolution to complexity; note the difference 
between conventional EC (e.g., NR) and present ECs (i.e., AW and CP).

Discussion and conclusion
Two localized animating life-like patterns in the EC system of NLCs have been discovered, which are called 
the AW and CP in this study. They were observed in the planarly- and homeotropically-aligned director cells, 
respectively. They should be distinguished from the conventional EC patterns that are wholly-occupying the 
entire cells (e.g., NR, TW, PW, and DSM)4. The AW can be generated by additional noise causing inhomogeneous 
charge redistribution against normal charge distribution for EC. On the other hand, two types of CP were 
determined; the single and couple CPs were clearly distinguished from each other. Our results show that they 
can respectively evolve from disclinations having a pair of defects with two (s =  ± 1/2) and four (s =  ± 1) brushes 
in Schlieren textures14041. The dynamic features of the AW and CP can be explained by considering TW that 
arises near fcd dividing the conduction and dielectric regimes3,4. In particular, the AW and CP could be found 
in the overlapped regions of various instabilities such as TW, PW, and DNR; moreover, they show a common 
feature that EC regions with higher conductivity σ (and lower threshold Vc) are separated from EC-free regions 
with lower σ (and higher Vc); such a feature is consistent with similar AWs reported by other researchers 9,1011. To 
conclude, the noise- and disclination-induced charge redistribution causes the localization of EC and the shift to 
TW (f > fTW through a Hopf instability); moreover, two types of AW (i.e., AW-cond and AW-diel) are determined 
for the conduction (f < fcd) and dielectric (f > fcd) regimes by the additional noise intensity VN, and two types of 
CP are classified by the winding number s (i.e., single CP with s =  ± 1/2 and couple CP with s =  ± 1).

Novel successive pattern evolutions generating the AW and CP were observed by controlling the noise 
intensity or ac voltages; furthermore, their dimensions in each step of the evolution processes were discussed 
in terms of pattern evolutions from simplicity to complexity. However, the sizes of their lengths and widths 
were not fully explained; this topic will be examined in a future study. Moreover, future work will explore 
localized EC patterns under colored noise and non-Gaussian noise, which are expected to influence charge 
redistribution and pattern stability3033. We hope that this study will inspire researchers to exploit the evolution 
of complexity4546 and to apply the concept of self-organization to nanotechnology4748. In particular, we hope that 
the localization of patterns and rhythms will become an active topic in the study of nonequilibrium dissipative 
systems, contributing to a deeper understanding of diversity and complexity in nature4931.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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