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ABSTRACT. We study the self-propulsive motion of Janus rectangular rods with high aspect ratios ( ≥ 5 ), 

emphasizing the influence of morphological anisotropy on their dynamics. These metallodielectric rods self-propel 

via induced-charge electrophoresis (ICEP), moving perpendicular to their long axis. The pronounced anisotropic shape 

gives rise to distinct behaviors, including a discontinuous transition in translational mode, self-entrapment at small 

obstacles, and self-excited oscillations when trapped. Our findings highlight the pivotal role of shape in determining 

the motion and interactions of micro-scale active agents, with implications for the design and control of active matter 

systems and microengineered devices. 

 

 

I. INTRODUCTION 

Recent advances in particle synthesis have enabled 

the fabrication of diverse artificial microswimmers 

[1,2], offering unconventional approaches and new 

insights across multiple research fields. As smart 

microrobots, these microswimmers can transport and 

manipulate materials in microfluidic devices and 

MEMS systems [3,4]. In contrast to biological active 

agents such as microorganisms and animals, artificial 

microswimmers are physically and chemically well-

defined and designable, making them versatile tools 

for fundamental studies in active matter [1,2,5-7].  

For self-propulsion to occur, symmetry breaking is 

essential to establish a preferred direction of motion. 

Geometric anisotropy such as particle shape or patchy 

surface structure is often central to this process [1,8,9]. 

Shape also plays a crucial role in interparticle 

interactions such as hard body interactions, thereby 

linking it directly to both single-particle dynamics and 

collective behavior of microswimmers. Simulations 

by Moran et al. demonstrate that active Brownian 

particles with polygonal shapes exhibit rich 

nonequilibrium phase behaviors, including side-

number-dependent motility-induced phase separation 

[10,11]. Shape also plays a key role in biological 

active matter; for instance, crawling cells self-propel 

via contact forces with a substrate, where cell shape 

strongly influences force generation [12]. 

Experimental work has also highlighted the role of 

shape in active agents [13-18], though such works 

remain relatively limited compared with theoretical 

and computational investigations. 

Here, we investigate how shape influences the 

self-propulsive behavior of an artificial 

microswimmer fabricated by photolithography 

[19,20], focusing on pronounced uniaxial anisotropy. 

The microswimmer is self-propelled by induced-

charge electrophoresis (ICEP) [21-23], a propulsion 

mechanism well-suited for synthetic particles. ICEP 

utilizes electrical and/or morphological anisotropy of 

particles under applied DC or AC electric fields, 

offering precise control over propulsion through the 

field strength. Under AC fields, our swimmers 

translate perpendicular to their long axis. This 

propulsion direction contrasts sharply with that of 

agents in active nematics, a well-studied class of active 

matter systems [24-27]. In active nematics, elongated 

swimmers propel along their long axis, and the 

alignment between shape and propulsion direction is 

central to the emergence of nematic order and 

collective nonequilibrium behavior. 

We show that this simple yet highly anisotropic 

design gives rise to several distinctive behaviors. 

These include sideways propulsion of vertically 

oriented rods driven by torque balance, spontaneous 

shape-induced entrapment at small obstacles, and self-

excited oscillations under entrapment. These results 

demonstrate an intriguing coupling between swimmer 

geometry and force balance, highlighting how 

anisotropic shape can generate dynamical states not 

accessible in weakly anisotropic or spherical systems. 

 

 

II. METHODS 

Our swimmer is a metallodielectric Janus 

rectangular rod composed of an epoxy-based resin 

(SU-8) with a 25-nm-thick chromium (Cr) layer 

deposited on one width-length face (Fig. 1a). Unless 

otherwise noted, the rod width is fixed at 𝑤 =
2.0 μm ± 2% (coefficient of variation), and the height 

is ℎ = 1.4 μm ± 20%. The rod length 𝑙 ranged from 

5.0 to 80.0 μm ±2%, corresponding to aspect ratios  
(𝑙/𝑤) between 2 and 40 (Figs.1c-e). The rods were 

dispersed in a 0.1 mM aqueous NaCl solution and 
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sedimented to the bottom of the sample cell (Fig. 1b) 

[28]. 

To induce ICEP, we applied a square-wave AC 

voltage at a frequency 𝑓 = 1 kHz , orienting 

perpendicular to the bottom plane of the cell. The 

applied electric field strength was 𝑉p /100 [V/μm ], 

where 𝑉p [V] is the voltage amplitude and 100 μm is 

the spacing between the ITO electrodes confining the 

rod dispersion [28]. 

 

III. RESULTS AND DISCUSSIONS 

A. 𝑽𝐩-dependence of translational motion. 

We first describe the behavior of rods with length 

𝑙 = 40 μm  as a representative case. Before voltage 

application, the rods were randomly oriented with 

respect to their Cr-coated face, while their long axis 

remained parallel to the bottom plane. As 𝑉p gradually 

increased from zero, rods with their Cr face oriented 

either upward or downward rotated by 90°  around 

their long axis at a small 𝑉p (~0.1 V), aligning the Cr 

face perpendicular to the bottom plane. At this point, 

the rods initiated self-propulsion via ICEP. They 

translated in the direction of the SU-8 side, with 

velocity perpendicular to their long axis (Fig. 2a, left).  

In different from Janus spheres, the rods exhibited 

a discontinuous change in translational behavior at 

higher voltages. At a critical 𝑉p(≡ 𝑉p
up

= 1.6 V , 

corresponding to 𝑉p
2 = 2.56 V2  in Fig. 2b), the rods 

abruptly reoriented to stand upright, with their long 

axis aligned normal to the bottom plane [28]. During 

this transition, one end lifted off the substrate and 

moved faster than the other end, which remained in 

contact with the substrate (Fig. 2a, center). After 

reorientation, the rods continued ICEP propulsion. We 

refer to the state with the rod lying parallel to the 

bottom plane as the horizontal mode and the upright 

state as the vertical mode. Hereafter, the translational 

speed 𝑣 is defined as the steady-state value measured 

more than 10 s after changing 𝑉p, which is independent 

of the voltage history (Fig. S1 [28]). 

The speed–voltage relation in Fig. 2b shows a clear 

discontinuity in 𝑣 and pronounced hysteresis. In both 

modes, 𝑣 ∝ 𝑉p
2 , consistent with previous studies 

[22,23]. Upon decreasing 𝑉p after the transition to the 

vertical mode, the rod returned to the horizontal mode 

at a lower threshold (𝑉p
down = 1.0 V < 𝑉p

up
) , 

accompanied by an increase in speed. The 𝑣 − 𝑉p plots 

for rods with 𝑙 = 10, 20, 40,  and 80 μm  in Fig. 2c 

further demonstrate the length dependence: both the 

magnitude of the speed change at the mode transition 

and the hysteresis width (𝑉p
up

− 𝑉p
down) increase with 

𝑙. 
The trend of speed change becomes more 

pronounced in Fig. 2d (see Fig. S2 for 𝑉p
up

 and 𝑉p
down 

[28]). To compare the translational speeds in Fig. 2c, 

we plot the proportionality constant 𝑘i = 𝑣/𝑉p
2 , 

where i = h and v denote the horizontal and vertical 

mode, respectively. As shown, 𝑘h increases from ~1 

to 3 𝜇m/V2s with increasing 𝑙 and appears to saturate 

around 𝑙~40 μm. In contrast, 𝑘v decreases markedly 

with 𝑙, from ~1 to 0.2 𝜇m/V2s. Accordingly, the ratio 

𝑘v/𝑘h  decreases monotonically with rod length, 

reaching 0.07  at 𝑙 = 80 μm  (Fig. S2b [28]), 

highlighting the growing disparity between the two 

propulsion modes.  

To address the origin of the hysteresis, we 

qualitatively analyze the rod’s orientation in terms of 

the torques arising from gravitational, electric, and 

induced-charge electroosmotic (ICEO) effects. We 

assume the rod behaves as a conductor, since the 

electrical response of the metallic layer (chromium) is 

much stronger than that of the dielectric body (SU-8). 

Consider a thin rod of length 𝑙 and effective mass 𝑚 

in an electrolyte solution, where 𝑚 is defined as the 

product of the rod-solution density difference and the 

rod volume. Under an externally applied electric field 

of strength 𝐸 , the rod experiences two types of 
torques: an electric torque resulting from the induced 

electric dipole moment and a hydrodynamic torque   
generated by the surrounding ICEO flow. Both act to 

align the rod parallel to the electric field [32, 33]. 

When an AC electric field is applied, the magnitudes 

of these torques depend on the frequency. However, 

their dependences on 𝐸 and the rod-field angle 𝜃(0 ≤
𝜃 ≤ 𝜋/2) are identical, allowing the combined torque 

FIG 1. Samples. (a) Schematic of the rod 

geometry and dimensions. The Cr layer is shown 

in dark gray and the SU-8 body in green. (b) 

Schematic of experimental setup. (c-e) Optical 

microscopy images of dispersed rods with 𝑙 =
20, 40, and 80 μm, respectively. Longer rods in 

(d) and (e) exhibit slight bending toward the Cr-

coated side. Thick arrows indicate the direction of 

ICEP motion. Scale bars: 10 μm. 
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to be expressed as 𝑁e = −𝛼𝐸2 sin 𝜃 cos 𝜃, where 𝛼 is 

a positive constant. The gravitational torque, acting to 

align the rod horizontally when one end is in contact 

with the bottom surface, is given by 𝑁g =
1

2
𝑚𝑔𝑙 sin 𝜃, 

where 𝑔  is the gravitational acceleration and the 

electric field is applied normal to the horizontal plane. 

In the viscous limit, the angular velocity of the rod 

satisfies  

𝜁𝜃̇ = 𝑁g + 𝑁e = 𝛼𝐸2 sin 𝜃 (𝑘 − cos 𝜃) ,        (1) 

where 𝜁 is the viscous coefficient for rotation and 𝑘 =
𝑚𝑔𝑙

2𝛼𝐸2 ≡ (𝐸c/𝐸)2.  

Equation (1) qualitatively explains the observed 

bistability. When the electric field is weak (𝐸 ≤ 𝐸c), 

𝑘 ≥ 1 , and thus 𝜃̇ > 0  except 𝜃 = 𝜋/2  (and 𝜃 = 0 

when 𝑘 = 1), making the horizontal orientation (𝜃 =
𝜋/2) the only stable state. When the electric field 

strength increases beyond 𝐸c , 𝑘 < 1, leading to two 

stable orientations. For cos 𝜃 < 𝑘 , 𝜃̇ > 0 , and 𝜃 

increases toward 𝜋/2 , corresponding to horizontal 

orientation. For cos 𝜃 > 𝑘 ,  𝜃̇ < 0, and 𝜃  decreases 

toward 0 , corresponding to the vertical orientation. 

With further increases in 𝐸 , 𝑘  approaches zero, 

rendering the horizontal orientation unstable; the rod 

then switches to the vertical orientation in response to 

small perturbations such as thermal fluctuations or 

slight heterogeneities in the rods and substrate. When 

𝐸  decreases back, the vertical orientation becomes 

unstable as 𝑘  sufficiently approaches unity, and the 

rod returns to the horizontal orientation. This 

asymmetry in the 𝑘  values for the orientational 

transitions accounts for the difference in the electric 

field strengths (or voltages) required for the forward 

and reverse transitions. This simple model is for 

explaining the hysteresis, but not the length 

FIG 2. 𝑉p-dependence of translational modes. (a) Schematic of the translational mode transition. The left and 

right panels correspond to the horizontal and vertical modes, respectively. The center panel shows an overlaid 

microscopy image (8 s interval, ImageJ “Z Project” [29]) of a rod with 𝑙 = 20 μm at 𝑉p = 0.8 V (see Movie 1 

[28]). Scale bar: 10 μm. (b) Translational speed 𝑣 as a function of 𝑉p
2 for a rod with 𝑙 = 40 μm. Arrows indicate 

the direction of changes for increasing (0.0 → 3.0) and decreasing (3.0 → 0.0) 𝑉p. Gray lines represent linear fits 

for each mode. Filled circles denote translational states that remained stable for ≥ 50 s. Open circles denote 

unstable states that transitioned within 50 s, with speeds measured prior to transition. Data were collected over 

multiple cycles between the two modes. (c) 𝑉p-dependence of 𝑣 for rods with 𝑙 = 10 (blue circles), 20 (orange 

triangles), 40 (green squares), and 80 μm (purple diamonds). The data for 𝑙 = 40 μm are identical to (b). For all 

length except 𝑙 = 10 μm , the upper and lower branches correspond to the horizontal and vertical modes, 

respectively. For 𝑙 = 10 μm, 𝑉p
up

≅ 𝑉p
down ≅ 0.45 V; the left branch (𝑉p

2 < 0.2 V2) corresponds to the horizontal 

mode and the right (𝑉p
2 > 0.2 V2) to the vertical mode. Data were obtained over multiple cycles between the two 

modes. (d) Proportionality constant 𝑘h  and 𝑘v  for the horizontal and vertical modes, respectively. Each point 

represents the average over several rods (standard deviation ~30%). 𝑘v is calculated from speeds at particular 𝑉p 

between 2 and 4 V, while 𝑘h includes values obtained from linear fit of 𝑣 vs. 𝑉p
2. The curve with 𝑘v shows the 

fitted theoretical relation, 𝑘v ∝
1

1+𝜔2𝜏p
2  [21, 28]. The line 𝑘h = 3.0 𝜇m/V2s is derived from the analytical solution 

for a cylindrical rod [22]. 
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dependence of the orientational transition. 

Incorporating the 𝑙-dependence of the electric field–

induced torques into this framework is nontrivial, as 

discussed later. 

We next analyze the speed in the two translational 

modes within the framework of ICEP theory. The two 

modes—horizontal and vertical—correspond to 

distinct electrokinetic flow around the rod, and thus 

possibly to different ICEP propulsion mechanisms. 

In the horizontal mode, the speed agrees with the 

analytical expression for a symmetric 

metallodielectric Janus cylinder of infinite length 

aligning perpendicular to the applied electric field. 

The speed is given by 𝑣 =
4

3𝜋

𝜀𝑎

𝜂(1+𝛿)
𝐸2, where 𝜂 is the 

viscosity, 𝜀  the dielectric permittivity, 𝑎 the cylinder 

radius, and 𝛿 the ratio of the compact- to diffuse-layer 

differential capacitances [22, 23]. This yields 𝑘h =
3.0 𝜇m/V2s, shown as the horizontal line in Fig. 2d 

[28]. The asymptotic behavior of the experimental 𝑘h 

toward this analytical value with increasing rod length 

likely reflects the diminishing influence of finite-

length effects in longer rods. While the agreement is 

qualitative rather than quantitative owing to 

differences in rod geometry and boundary conditions 

(bulk vs. nearby a substrate), it nonetheless supports 

the relevance of ICEP theory to our system.  

In the vertical mode, however, the induced surface 

charge is localized around the rod ends [32], and finite 

length must therefore be considered. To our 

knowledge, no closed-form analytical expression 

exists for this geometry. Instead, we discuss the length 

dependence of the speed using the electro-osmotic slip 

velocity 𝑢s, assuming 𝑣 ∝ 𝑢s. In ICEP/ICEO theory, 

𝑢s ~ 𝑈0 =
𝜀𝐸2𝑙

2𝜂
 [21, 22]. Under  AC powering, the 

time-averaged slip velocity contains frequency-

dependent factor, 
1

1+𝜔2𝜏p
2  , where 𝜔 = 2𝜋𝑓  and 𝜏p =

𝜆𝑙/2𝐷  with 𝜆  the Debye screening length, 𝐷  the 

diffusion constant, and 𝜏p  the RC charging time for 

EDL formation against the induced surface charge 

[21]. These lead to 𝑘v ∝
𝑙

1+𝜔2𝜏p
2  [34]. Experimentally, 

however, the observed 𝑙 -dependence of 𝑘v  is better 

captured by the charging-time term alone, 1/(1 +
𝜔2𝜏p

2) (Fig. 2d) [28], suggesting that 𝑈0  becomes 

effectively independent of 𝑙. Such independence can 

be attributed to the saturation of slip velocity with 

particle size. Indeed, Gangwal et al. [23] reported that 

the speed of metallodielectric Janus spheres increases 

linearly with diameter 𝑑  for small 𝑑 , whereas it 

becomes nearly constant for 𝑑 ≳ 10 μm  under 

conditions comparable to ours. Since most of our rods 

are in this size range, such saturation can explain why 

the vertical-mode speed depends primarily on 

charging time rather than rod length. 

It is worth noting the size dependence of the EDL 

formation time, 𝜏p = 𝜆𝑥/2𝐷 , where 𝑥  is the 

characteristic length parallel to the electric field. For 

our rod dimensions, the maximum 𝜏p
−1 is 55 kHz ≫

𝑓  in the horizontal mode (𝑥 = 𝑤 = 2 μm), and the 

minimum 𝜏p
−1  is 1.4 kHz ≈  𝑓  in the vertical mode 

of 𝑥 = 𝑙 = 80 μm rod [28]; i.e., 𝑓 ≲  𝜏p
−1 for all rod 

lengths and orientations examined. In addition, the RC 

charging time of the cell, 𝜏cell, is estimated as 

𝜏cell
−1 = 1.1 kHz ≈  𝑓  for 𝑥 = 100 μm , indicating 

that the applied electric field itself is partially screened 

by the EDL on the ITO electrodes. 

These results demonstrate that competition 

between electric-field-induced and gravitational 

torques can produce strongly nonlinear translational 

behavior, owing to their distinct dependences on field 

strength and rod length. Notably, gravity, typically a 

minor factor in microswimmer dynamics [1, 2], is 

substantially amplified by the large aspect ratio. The 

observed dynamics further suggest the possibility of 

multistep transitions between translational modes in 

swimmers with multi-axis anisotropy, either in the 

conducting region or in the overall shape. 

Finally in this section, we discuss the effect of 

large induced potentials. Gangwal et al. [23] attributed 

velocity saturation to large induced surface potentials, 

with 𝜁i = 𝐸𝑑/2 ≅ 10 𝑉th for 𝑑 = 8 μm, where 𝑉th =
𝑘B𝑇/𝑒 = 26  mV is the thermal voltage, 𝑘B  is the 

Boltzmann constant and 𝑒 is the elementary charge. 

The slip-velocity scale 𝑈0  and the standard 

ICEP/ICEO theory assume small surface potentials 

(𝜁i ≲  𝑉th) and dilute electrolytes [21, 22], so 𝜁i of this 

magnitude is large enough to necessitate nonlinear 

corrections [21, 35, 36]. In our experiment, 𝜁i = 𝐸𝑙/2 

is two orders of magnitude larger than 𝑉th  for the 

vertical mode of 𝑙 = 80 μm rods, suggesting 

remarkable nonlinear effect. Nonetheless, our results 

show that 𝑣 ∝ 𝐸2(∝ 𝑉p
2), consistent with the standard 

theory, even for 𝑙 = 80 μm  (Fig. 2c). Although 

smaller exponents than 2 are generally expected and 

observed under such conditions [34, 35-37], the 

persistence of quadratic scaling suggests that the   
effective induced surface potential may be orders of 

magnitude smaller than 𝜁i = 𝐸𝑑/2 , as proposed 

previously and supported by the correction factor 

1/(1 + 𝛿) for our experiment [34, 35-37].  

We return here to the length dependence of the 

orientational transition. The proposed suppression of 

the scaling of 𝑈0 with 𝑙 would modify the functional 

form of the field-induced torque 𝑁e, and consequently 

its length dependence, particularly at small 𝜃 . 

Moreover, although the ICEO torque is expected to 

dominate over the electric dipolar torque for our rod 

lengths ( 𝑓 ≲  𝜏p
−1  [32, 33]), a reduction in the 

effective surface potential would weaken the ICEO 
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contribution and could alter this balance. For 𝜃~𝜋/2, 

the rectangular and asymmetric Janus geometry 

should be treated explicitly to obtaining accurate 

torques, rather than the thin-conductor approximation. 

Hydrodynamic effects associated with horizontal 

translation nearby a substrate should also be 

incorporated for a more complete description [38]. 

As discussed above, clarifying the role of 

nonlinear effects in the observed dynamics remains an 

important direction for future work. 

 

 B. Self-entrapment of horizontal-mode rods by 

small obstacles. 

We report the behavior of long rods (𝑙 = 40 and 

80 μm) in the horizontal mode upon collision with 

small obstacles. When a rod collides off-center with an 

obstacle, it initially undergoes rotation and 

substantially begins to oscillate as its center comes 

close to the obstacle (Figs. 3a, 3b, and S5a [28]). This 

behavior was observed for two types of obstacles: a 

dielectric SU-8 micropillar fabricated by 

photolithography (Fig.  3c) and a vertically oriented 

rod that had accidentally adhered to the bottom 

substrate (Figs. 3a, 3b and S5a [28]). 

This phenomenon can be understood as self-

entrapment of the rod by the obstacle, explained by a 

simple force-balance argument. Since the rods possess 

a thin metal layer along their entire length, they 

generate self-propulsive forces perpendicular to their 

long axis at every point along their length. Upon off-

center collision with an obstacle, the resulting 

asymmetry in force distribution produces a torque that 

drives rotation, causing the "longer arm" of the rod to 

move forward (Fig. 3b, counterclockwise rotation). As 

the rotation proceeds and the rod’s center approaches 

the obstacle, the torque gradually diminishes. Once the 

center aligns with the obstacle, the propulsive forces 

balance on both sides, halting the rotation.  

In active matter systems, accumulation or 

entrapment of active agents in geometrically distinct 

regions (e.g., wall corners) is well established [1]. Our 

findings reveal that even simple uniaxial anisotropy 

can induce geometric entrapment through their own 

propulsion, even against point-like obstacles. 

collide
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FIG 3. Self-entrapment and self-excited oscillation of horizontal mode rods. (a-d) Microscopy images. Panels (b) 

and (c) are overlaid images (4s intervals). (a) An 𝑙 = 40 μm rod approaches a small obstacle, here a rod vertically 

adhered to the substrate. (b) The rod in (a) exhibits rotation and oscillation upon collision [28]. (c) Oscillation of 

an 𝑙 = 80 μm rod around a cylindrical SU-8 micropillar with 4.0 μm diameter [28]. (d) Overlaid image of the 

oscillating 𝑙 = 80 μm rod, corresponding to the time regions labeled in (f) [28]; the same rod as in Fig. S5a [28]. 

(e) Trajectory of the rod’s center of mass over ~16 oscillation cycles, corresponding to the rod in (d). The origin, 
(𝑥, 𝑦) = (0,0), is defined as the time-averaged position over the cycles (in 150 s). The trajectory shows slight 

asymmetry. (f) Time evolution of the angle 𝜃 (black dots and solid line) and the signed distance 𝑑 of the rod’s 

center from the origin (blue dots and dashed line), corresponding to the rod in (d). 𝑡 = 0 marks the time when 𝑉p 

is changed. A schematic illustrates the definitions of 𝜃 and 𝑑. Applied voltages: 𝑉p = 1.0 V for (a) and (b); 2.0 V 

for (c); and 4.0 V for (d-f). Scale bars: 10 μm. 
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  The oscillation that follows the initial rotation is 

a self-excited oscillation of the self-propulsive rod. 

Such oscillatory behavior is typically observed in 

passive systems driven by external energy sources; 

here, however, the rod itself acts as a nonequilibrium 

open system. The rod tip traces an elliptical trajectory 

(Fig. 3c and S5a [28]), indicating that the oscillation 

involves both translational displacement and angler 

variation. Figures 3d-f show the temporal evolution of 

the rod’s orientation and center of mass. The center of 

mass follows a slender figure-eight trajectory (Fig. 3e). 

Figure 3f presents time series data of the rod’s angle 𝜃 

and the signed distance 𝑑 of its center of mass from 

the origin. Here, 𝜃 is defined as the clockwise angle, 

with the 150 s time-averaged orientation set to 𝜃 = 0°. 

𝑑  is defined as sign(𝑥 − 𝑦) × √𝑥2 + 𝑦2 , such that 

𝑑 < 0  in the top-left quadrant and 𝑑 > 0  in the 

bottom-right quadrant of Fig. 3e. A clear phase 

difference between 𝜃  and 𝑑  is evident in Fig. 3f. 

Figure 3d shows overlaid images of the rod at three 

representative time regions labeled A, B, and C in Fig. 

3f. When angular motion ceases (region A), variations 

in 𝑑 are pronounced, and the rod extends toward the 

top-left, as indicated by the sign reversal of 𝑑 . The 

asymmetry in arm lengths relative to the obstacle 

generates torque, inducing clockwise rotation and an 

increase in 𝜃 (region B). Simultaneously, the gradient 

of 𝑑 reverses. When the rod stops rotating (region C), 

it extends toward the bottom-right, and the resulting 

torque again drives rotational motion. Additionally, 

the 𝑑 − 𝜃 plots indicate that the oscillatory dynamics 

form a limit cycle (Fig. S5b [28]). 

Figure 4 illustrates the 𝑉p -dependence of the 

oscillation for an 𝑙 = 80 μm  rod. The temporal 

evolution of 𝜃  (Fig. 4a) exhibits relatively stable 

oscillation with minor fluctuations in amplitude and 

period. As 𝑉p increases, the period decreases, whereas 

the amplitude increases. This trend is quantified in Fig. 

4b, where the angular amplitude 𝐴𝜃 increases and the 

period 𝑝𝜃  decreases with increasing 𝑉p  (see also Fig. 

S5b [28]). Both quantities are history-independent and 

determined solely by 𝑉p , as demonstrated by the 

nonmonotonic voltage sequence in Fig. 4b (see also 

Fig. S6 and Table S1 [28]).  

 Several factors may contribute to the observed 

oscillation. First, as the rod orientation changes, the 

surrounding ICEO flow field may respond with a 

delay (cf. Fig. S1 [28]), producing asymmetry in the 

flow field and thereby coupling translational and 

rotational motion. Second, at sufficiently high 𝑉p, we 

observed that one end of an oscillating rod slightly 

lifted off the surface. Considering the arched shape of 

long rods, such out-of-plane deviations from strictly 

two-dimensional motion may also influence 

oscillatory dynamics. To elucidate the underlying 

mechanism, further studies are needed, including 

flow-field analysis using particle image velocimetry 

(PIV). Such measurements would directly clarify the 

origin of the rotation–translation coupling in the self-

excited oscillation and provide insight into the 

reorientation processes and short-time dynamics 

described in Sec. A and S2 [28]. 

 

 

IV. CONCLUSIONS 

We demonstrated that long rectangular dielectric 

rods with a thin metal layer along their long axis 

exhibit unique self-propulsive motion via induced-

charge electrophoresis. Their translational behavior 

undergoes a discontinuous transition between 

horizontal and vertical modes depending on the 

applied electric field strength. These two modes 

exhibit bistability, with both the velocity contrast and 

the bistable voltage range increasing with rod length. 

Additionally, long rods in the horizontal mode become 

confined by small obstacles through their own 

propulsion and subsequently exhibit self-excited 

oscillations. 

-20

-10

0

10

20

50 60 70 80 90 100
[s]

-20

-10

0

10

20

50 60 70 80 90 100

2.0

3.5

5.0

[V]

[d
eg

.]

(a)

0

5

10

15

20

25

0 10 20 30

[ ]

[s
],

 
[d

eg
.]

(b)

FIG 4. 𝑉p-dependence of self-excited oscillation of 

an 𝑙 = 80 μm rod. (a) Temporal evolution of 𝜃 at 

three representative voltage amplitudes: 2.0  V 

(red line), 3.5 V (blue crosses with line), and 5.0 

V (black open circles with line). 𝑡 = 0 indicates 

the time at which 𝑉p  was changed. (b) Angular 

oscillation amplitude ( 𝐴𝜃 ), averaged over 

observation periods exceeding 90 s , and 

oscillation period (𝑝𝜃 ), obtained from the peak 

frequency of the Fourier transformation of 𝜃(𝑡). 

𝑉p was changed sequentially as 2.0, 2.5, 4.0, 4.5, 

3.5, 5.0 V. 
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These distinct behaviors arise primarily from the 

rods' pronounced uniaxial shape anisotropy, which lies 

perpendicular to the propulsion direction. The vertical 

mode is stabilized by field-induced torque, while the 

horizontal mode is favored by gravitational potential, 

qualitatively explaining the bistability. The large 

difference in effective rod length parallel to the electric 

field between the two modes significantly modifies the 

ICEO slip velocity, leading to the observed speed 

disparity. Self-entrapment, in turn, emerges from 

shape-induced torque resulting from the asymmetry in 

rods’ arm length upon collision. 

Our study demonstrates a clear coupling between 

particle structure (large uniaxial anisotropy and Janus 

symmetry), the resulting force balance (field-induced 

and gravitational forces), and emergent dynamics 

(translational mode transition, self-entrapment, and 

oscillation). This structure–property–function cascade 

highlights new design principles for active matter and 

microscale engineering.  More sophisticated control of 

swimmer dynamics may be achieved by introducing 

multi-axis geometric anisotropy or applying additional 

external fields, such as magnetic fields, thereby 

inducing further distinctive nonlinear behaviors [50, 

51]. More broadly, anisotropy-driven properties and 

functionalities provide a versatile platform for 

exploring collective phenomena in active matter and 

may be harnessed for applications in particle transport, 

fluid mixing, and energy harvesting in microfluidic 

and MEMS devices. Shape thus emerges as a 

fundamental design parameter for enhancing the 

intelligence and functionality of micro-agents. 
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