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ABSTRACT
Successful construction of a simple sub-millimeter micromotor is reported, which operates under stationary direct current (DC) voltage, with
neither a fixed rotational axis nor contacting brush. The screw-shaped chiral rotor undergoes a spinning motion when stationary DC voltage is
applied using a pair of cone-shaped electrodes with a staggered arrangement. Analysis of the fluid motion revealed the occurrence of inward-
swirling flow in between the electrode tips, which generates a stable spinning motion under the DC voltage. This simple DC micromotor
could be beneficial for the advancement of microfluidics, microrobots, etc.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0169304

Microfluidics have been actively developed over the past sev-
eral decades, and further improvements are expected.1–4 Although
the generation of fluidic motion has been usually managed by con-
necting with an outer pumping system, it would be beneficial if a
micromotor below the size of sub-millimeter would become avail-
able. A continuous energy supply is needed to drive micro-objects
on the order of tens to hundreds of micrometers because viscos-
ity or dissipation becomes more significant than inertia for motion
in a microfluidic system, with a Reynolds number of Re≪ 1. This
serious frictional/viscous effect is different from the situation in cur-
rently available macroscopic electronic motors or other mechanical
machines. The significant viscous effect makes downsizing currently
available motors or pumps difficult. On the other hand, biologi-
cal systems use motile micro-machines such as flagella, cilia, and
other locomotive apparatus, which work smoothly through the dis-
sipation of chemical energy (e.g., ATP hydrolysis).5–8 Generating
artificial micromotors under a large viscous effect (Re ≪ 1) is

scientifically and technologically important, and several attempts
have been reported. Regarding the phenomenon of self-rotation
driven by direct current (DC) electrical potential in micro-scale,
Quincke rotation is well known.9–25 Quincke rotation means self-
rotation and/or rhythmic motions of solid particles of liquid drops
in liquids with weak electrical conductivity driven by a stationary
homogeneous DC electric field with a pair of planar/linear electrodes
arranged parallel. The underlying mechanism of Quincke rotation
has been interpreted in terms of instability of an induced dipole on a
particle/droplet surface, which relaxes through mechanical motion.
As the extension of the study on Quincke rotation, a directional vec-
torial motion was observed for micro-particles.9 Directional spin-
ning of chiral gear-shaped plastic particles was also reported.26 In
contrast to the parallel arrangement of planar or linear electrodes
for Quincke rotation, we found that a rhythmic back-and-forth
motion for a droplet is generated by adapting a pair of encounter-
ing needle shaped electrodes under stationary DC voltage.27–29 In
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FIG. 1. Schematic representation of the chiral micro-rotor system. (a) Dimensions of the chiral rotors (in μm) used in the present study. Their shapes are nominated as
Λ-screw and Δ-screw. The fabrication details are shown in the supplementary material, Figs. S1 and S2. (b) The experimental setup to generate fluidic motions under DC
voltage is shown. The micro-rotary motion system operates under a DC electrostatic field in a silicon oil solution containing 17% (v/v) DEPA. The solution height in the region
between the pair of the glass plates was ∼0.2 mm. Smooth and stable rotations were generated on the Λ-screw when electrode pairs were not aligned (out-of-line). (c) Top
views of the experimental system where electrodes are in a straight line (aligned) or offset (out-of-line). (d) Side view for either arrangement.
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addition, it has been found that orbital and spinning motions of
aqueous droplets and solid particles are generated by changing the
spatial arrangement of the needle-shaped electrodes.30–35 The mech-
anism on the generation of back-and-forth, orbital and spinning
motions has been discussed by considering the effect of dielectric
potential in addition to electric potential. As an extension of these
studies, here, we report the occurrence of a stable and smooth spin-
ning motion using screw-shaped particles with a chiral symmetry
break.

Our experimental design and setup are shown in Fig. 1. Con
e-shaped narrow electrodes (Unique Medial, Tokyo, Japan) are
shown in yellow. The chiral micro-rotors, Λ-screw and Δ-screw
[Fig. 1(a)], were fabricated with an epoxy-based SU-8 photoresist
(Micro-Chem, Westborough, MA, USA) using the photolithography
method (fabrication procedure is shown in Fig. S1). First, a sacrificial
layer was coated onto a silicon wafer of 10 cm diameter with Barrier-
Coat No. 6 solution (Shin-Etsu Chemical, Tokyo, Japan). On the
silicon wafer, the photoresist SU-8 3010 was coated as the first layer
with a thickness of 35 μm. A turbine blade design was patterned
on this layer using a UV mask aligner, MA-60F (Mikasa, Tokyo,
Japan). A second layer of SU-8 3050 was then coated at a thickness of
50 μm. The shaft portions were patterned onto the second layer with
the UV mask aligner. Rotors were developed and removed from the
sacrificial layer using an SU-8 developer (Micro-Chem). The devel-
oped rotors were washed with isopropanol and ethanol. Approxi-
mately 5.1 × 104 particles were obtained from a single silicon wafer
(Fig. S2).

The oil phase of the solution was prepared by mixing 100 μl
of silicone oil (KF-56, Shin-Etsu Chemical) with 20 μl of di
(2-ethylhexyl) phosphate (DEHPA) (97%, Sigma-Aldrich). The 1H
nuclear magnetic resonance (NMR) spectrum of the oil dispersion
with DEHPA, thus prepared, is shown in Fig. S3, indicating that
the molar ratio between DEHPA and water was 1:15. The chiral
micro-rotors were dispersed in the oil phase, followed by mechan-
ical agitation with a vortex mixer for ∼30 s. Oil solution containing
the micro-rotors (20 μl drop) was dripped onto a glass slide. Then
the micro-rotor was positioned between the electrodes in the man-
ner schematically represented in Figs. 1(b)–1(d). DC voltage was
applied using needle-shaped tungsten electrodes (Unique Medical).
These electrodes were placed at the same horizontal level with either
an aligned or out-of-line arrangement (discussed further below).
The distance between their tips was ∼200 μm, their height above
the glass plate surface, d, was 15 μm, and the insertion angle with
respect to the glass plate, θ, was 25○. The motions of the chi-
ral micro-rotors were observed using an optical microscope (IX71,
Olympus).

Figure 2(a) exemplifies the spinning motion of the Λ-screw
and Δ-screw chiral rotors. Both underwent a clockwise spinning
motion under the application of a stationary DC voltage of 100 V.
Figure 2(b) shows the spatiotemporal plot for the spinning motion
shown in Fig. 2(a). The upper plot indicates that the Λ-screw
micro-rotor stably spins by keeping its rotational axis in a fixed
position. In contrast, the position of the rotational axis for Δ-screw
rotor fluctuated, suggesting that the spinning motion was unstable.
Careful inspection of the spatiotemporal diagram of the Δ-screw
rotor indicates that the rotor tended to tilt, accompanied by a
positional fluctuation of its spinning center, as suggested by the

FIG. 2. Rotational motions of the chiral rotors under a DC of 100 V. (a) Time-lapse
images of the chiral rotors, Λ-screw (top panel) and Δ-screw (bottom panel). (b)
Spatiotemporal diagram of the rotational motions. The Λ-screw exhibited a smooth
rotary motion in contrast to the more erratic motion of the Δ-screw.

time-dependent fluctuation of the width of the standing cylinder in
the upper view.

Figure 3 shows the voltage dependence of the spinning motion
of the chiral micro-rotors, where the measurements were performed
with a stepwise 10 V increase, or decrease, in the applied voltage.
The Λ-screw micro-rotor began spinning at 90 V, and the spin-
ning frequency increased almost linearly as the voltage increased.
No hysteresis was observed when the voltage was decreased from
200 until 90 V. The spinning continued below 90 V and terminated
at 60 V, indicating the occurrence of hysteresis in such a voltage
region. Contrary to this, the Δ-screw micro-rotor required a greater
threshold to begin spinning than the Λ-screw (i.e., 150 vs 90 V for the
Λ-screw). When the voltage was decreased, the Δ-screw micro-rotor
stopped spinning below 100 V, a larger voltage than that for the
Λ-screw (60 V).

We measured the fluid velocity and vorticity to clarify the rea-
son why a stable spinning motion was generated with the Λ-screw
and not the Δ-screw. Observations of the fluid motion in the absence
of micro-rotors were performed with two types of electrode align-
ments, “aligned” and “out-of-line.” The particle image velocimetry
(PIV) analysis is shown in Fig. 4 [(a) velocity field, u⃗, and (b) vortic-
ity lines, ω = rot u⃗]. To obtain these profiles, the open-source code
PIVlab36 developed by MATLAB was employed. Liquid flow was
generated from the negative electrode side toward the positive elec-
trode side when the electrodes were “aligned” [Fig. 4(a), left]. On the
contrary, a single clockwise vortex was formed when the electrodes
were arranged as “out-of-line,” where compensation flow appeared
in from the side of the positive electrode toward the side of the
negative one [Fig. 4(a), right]. The difference between the flow
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FIG. 3. Mode bifurcation between the stationary and rotating states depending on the magnitude of applied voltage. Rotations were measured under increasing and decreasing
applied voltage and indicated the occurrence of hysteresis. Comparison between Λ-screw (a) and Δ-screw (b) indicates that Λ-screw exhibits rotational motion under lower
voltage than Δ-screw.

profiles for the electrode arrangements is highlighted in a vortex
representation [Fig. 4(b)]. In our previous studies,31–33,37 it has been
confirmed that silicon oil containing DEPHA causes flow from the
negative electrode to the positive one, through the effect of elec-
trophoresis of DEPHA as an anionic surfactant. In other words,
assemblies of DEHPA, or reverse micelles, are negatively charged
through contact with the negative electrode, and they move toward
the positive electrode, which causes the fluid flow shown in Fig. 4.
Under the experimental conditions of the present study, the oil
phase contained reverse micelles when the molar ratio between
DEHPA and water was 1:15, as indicated in Fig. S3. The nega-
tive charge of the surfactant molecules is considered to disappear
after coming in contact with the positive electrodes, and the result-
ing non-charging portion in the fluid is driven passively under
almost an incompressible condition. The apparent vortex flow, “out-
of-line” [right of Fig. 4(a)], was created due to the disparity of
the electrode arrangement. It is noted that the generated swirling
flow is characterized as a sink, div u⃗ < 0, with a clockwise rotation.
The apparent breakdown of the incompressible condition for the

sink-type vortex suggests the contribution of out of the plane flow;
in other words, mild upward flow is generated from the center of the
vortex. Based on the above-mentioned considerations, it becomes
evident that the stable spinning motion of the Λ-screw is attributed
to such a characteristic of the inward vortex flow.

In the present study, the stable spinning motion of a micro-
rotor was successfully performed using only a couple of needle-
shaped electrodes under a staggered out-of-line arrangement. Nei-
ther a spatially fixed axis nor any contact/brush with the electrodes
was required. It is expected that the DC voltage would be markedly
decreased through the downsizing of the experimental system under
a similar electrode arrangement. In relation to this issue, from the
study on the generation of rhythmic back-and forth motion under
DC voltage,28 it has been demonstrated that the threshold voltage
was decreased one order of magnitude from ∼100 to ∼10 V when
the distance between the electrode tips was decreased from 500 to
10 μm. Further trials to improve the experimental system by down-
sizing will increase the merit of micro-DC motors and contribute to
the advancement of microfluidics.
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FIG. 4. Particle image velocimetry (PIV) images for electrode arrangements: aligned (left) and out-of-line (right). (a) Velocity and (b) vorticity maps. The region of interest
was divided into squares of 150 pixels on the PIV map. The velocity field was calculated at the center of each square using the Fourier transform correlation. The numerical
analysis was performed using the PIVlab code, a piece of internal software of MATLAB.32 To visualize the flow profile on the video image, we have added small fragments
(below the size of 10 μm) of the mashed rotor into the solution.

See the supplementary material for additional information
concerning the detailed procedure of fabrication of rotors (Figs.
S1–S2). Figure S3 shows the IH NMR spectrum of the solution
used in the present study. Movies on the spinning rotors shown
in Fig. 2 are given as an mp4 file. VideoS4: Λ-screw spinning at
100 V (mp4). VideoS5: Δ-screw spinning at 100 V (mp4). VideoS6:
Λ-screw spinning at 200 V (mp4). VideoS7: Δ-screw spinning at
200 V (mp4).
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