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Wireless Electrohydrodynamic Actuators for Propulsion and
Positioning of Miniaturized Floating Robots

Hiroki Shigemune,* Kittamet Pradidarcheep, Yu Kuwajima, Yumeta Seki,

Shingo Maeda, and Vito Cacucciolo*

Autonomous soft robots require compact actuators generating large strokes and
high forces. Electro-fluidic actuators are especially promising, they combine the
advantages of electroactive polymers (low-power consumption, fast response,
and electrical powering) with the versatility of fluidic systems (force/stroke
amplification). EHD (electrohydrodynamic) actuators are electro-fluidic actuators
whose motion results from charges being induced and accelerated in a liquid.
They are extremely compact, silent, and low power (<10 mW). They have been
recently demonstrated in stretchable pumps and for the wireless propulsion of
simple floating robots. This study demonstrates simultaneous wireless propul-
sion (2.5mms ") and control of a 1cm sized robot using a single DC signal.
Voltage is applied between an electrode on the floating robot and a fixed one,
both exposed to a dielectric liquid. Results support the underlying physical
mechanism as EHD and characterize robot motion with different fluorocarbon
liquids and voltages between 400 and 1800 V. Path following is demonstrated
with a 3 x 3 array of electrodes. EHD actuators prove to be a simple, compact,
low power alternative to magnetic and acoustic actuators for wireless powering
and control of miniaturized robots, with applications in precision assembling at

combining the advantages of electroactive
polymers (EAPs) with the ones of hydrau-
lic/pneumatic systems. A number of differ-
ent physical mechanisms and actuators
architectures have been reported in the last
decade, in particular for powering soft
robots. HASELs and HAXELs replace the
dielectric elastomer in dielectric elastomer
actuators with a dielectric liquid."?
Electro-ribbons make use of a liquid menis-
cus to amplify the electrical forces required
for zipping.”! Electrohydrodynamic (EHD)
stretchable pumps transfer electrical
energy into a continuous stream of dielec-
tric liquid used in actuators or for thermal
management.m

Electro-fluidic actuators can be classified
as follows: 1) capacitive electro-fluidic
actuators and 2) resistive EHD actuators.
Capacitive actuators use a compliant capac-
itor configuration: electrical forces between

the micro/mesoscale, lab-on-chip, tactile displays, and active surfaces.

1. Introduction

Electro-fluidic actuators use hydraulic coupling to transfer elec-
trical forces. These actuators have high energy density and low
power consumption, are compact, silent, and extremely versatile,
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charges deform the system into a new
equilibrium configuration, which depends
on the applied voltage. Under a DC field,
charges do not flow (except for leakage cur-
rents). AC driving is required for continuous power generation.
Dielectric actuators, such as HASELS and HAXELS, zipping elec-
tro-ribbons, and devices based on dielectrophoresis and electro-
wetting are all capacitive electro-fluidic actuators."*! On the
contrary, resistive EHD actuators generate power through a con-
tinuous flow of charges.! Electrodes pairs are exposed to the
dielectric liquid. Ions are formed and discharged at the electrodes,
creating a continuous flow of charges. They work under DC fields.
Examples are ECF actuators, EHD conduction, and injection
pumps, including recently developed EHD stretchable pumps.'*”!
In a previous work, the authors reported a configuration where
one of the two electrodes in a pair is free to move, attached to
a floating robot, whereas the other is fixed to the liquid container.®!
Wireless propulsion of the robot is enabled by using a layer of
conductive liquid as electrical connection. Similarly, Chang
et al. reported electro-osmosis as a propulsion method for minia-
ture diodes.”) By applying an AC field to a conductive solution,
electro-osmotic flow is generated at the interface between each
diode and the water, producing forces that displace or rotate
the diodes. In this article, we move a step forward in wireless
actuators for floating robots using EHD. We present a configura-
tion where a floating robot is not only propelled but also positioned
and stabilized by means of resistive EHD forces (Figure 1a).

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH


mailto:hshige@shibaura-it.ac.jp
mailto:vito.cacucciolo@epfl.ch
https://doi.org/10.1002/aisy.202100004
http://creativecommons.org/licenses/by/4.0/
http://www.advintellsyst.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faisy.202100004&domain=pdf&date_stamp=2021-05-14

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

£ Conductive liquid .

E Density 1069 kg/m> Mobile robot

= Dielectric liquid

£ Density 1510-1660 kg/m*

w0

(b)
. Cross
i %

Top Bottom Side section

Marker  Acrylic Copper
plate electrode

Initial

position

(E 1 = /_IT

Density 1190 kg/m>  Step2 Flow movement Step3 Attractif)n

www.advintellsyst.com

Electrons

A=

Target
electrode

5mm 10 mm 10 mm

(©) Target electrode
GIIETRISN (at bottom, 1.6 kV)
(30 mm) /

0s

Acrylic plate 25s

Mobile robot

Initial
position

Figure 1. a) Schematics of the system. The mobile robot floats at the liquid-liquid interface between the top conductive liquid (density 1070 kg m>) and
the bottom dielectric liquid (density 1510 — 1660 kg m™>). The top conductive liquid is wired to the power supply and provides wireless electrical power to
the robot. b) The simple robot is made of a laser-cut acrylic plate with a copper tape electrode attached. The electrode is exposed to the dielectric liquid
and connected to the top conductive liquid. c) Top view of the setup in action. The initial position of the robot is 30 mm apart from the target electrode.
When the voltage is turned on, the robot moves on to the target electrode following a curvilinear trajectory. d) The device is propelled and attracted
onto the bottom electrode when the copper is attached (red trajectory). Without the copper, the propulsion still happens, but the attraction vanishes
(blue trajectory) (Supplementary Video S3, Supporting Information). e) The robot follows different trajectories by changing the polarity of the applied

voltage (Supplementary Video S4, Supporting Information).

In digital microfluidics, researchers use electro-fluidic
actuators to move liquid droplets on arrays of electrodes through
electrowetting.!'%'!! Wireless powering and control of miniatur-
ized robots has been demonstrated using magnetic fields."***!
Recent efforts demonstrated the deformation of soft-bodied
robots, built by dispersing magnetic powders into elasto-
mers.'®”! However, magnetic actuators require large, expensive
electromagnets and high electrical currents (=10 A), leading to
complex, high-cost, and energy-hungry systems.['’]

Acoustic fields can also be used to move and position objects
wirelessly. Acoustic levitation offers high precision and freedom
in selecting the object’s materials, but still requires a large num-
ber of ultrasonic transducers and generates low forces.®!

The actuators presented in this work rely on resistive EHD and
are based on a simple, compact hardware (Figure 1), which
requires very low power (<1mW) to operate. EHD actuators
include a wide variety of mechanisms, including charge injec-
tion, conduction pumping, electrowetting, and the Onsager
effect.®'” The actuators reported in this work are based on
charge injection EHD. The setup includes two vertically stratified
liquids in a container: one dielectric on the bottom and one con-
ductive on the top (Figure 1a). The buoyancy of the robot is
designed for floating at the interface between the two liquids.
The robot has an attached electrode, which is both electrically
connected to the top conductive liquid and exposed to the bottom
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dielectric liquid. Target electrodes (sized 10 mm x 10 mm) are
attached to the bottom of the liquid container.

Using a similar configuration (resistive EHD, stratified
liquids), the authors reported in a previous work the wireless pro-
pulsion of a robot.® In this article, we demonstrate for the first
time that such propulsion exists not only when the robot is over
the bottom electrode but also when the robot is distant from it.
We also report that the robot always moves toward the addressed
bottom electrode, until reaching it and stopping there in a stable
position.

We measured electrical currents below 1 pA, 10 times smaller
than in magnetic-driven systems. Although voltages are higher
for EHD compared to electromagnetic actuators (10° vs 10°V),
power consumption is still 1000 lower for EHD actuators
(1073 vs 10°W).

We characterize the motion of the robot for different values
of the applied voltage and different dielectric liquids. We also
show how the trajectory followed by the robot moving toward
the target electrode changes by changing the polarity of the
applied voltage. We further investigate the underlying mecha-
nism, pondering the relative contributions of resistive EHD
forces and capacitive electrical forces between the two electrodes.
Finally, we demonstrate the system in action by controlling the
trajectory of the robot through sequential activation of an array of
target electrodes.

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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2. Results and Discussion

Figure la shows the schematics of the system. A mobile robot
floats at the liquid-liquid interface between a conductive water
solution (on top) and dielectric liquid (on bottom). As dielectric
liquids, we tested two fluorinated hydrocarbons, Novec 7100 and
Novec 7300. Suitable liquids for EHD are good electrical insula-
tors (to allow high electric fields) and have low viscosity (to reduce
the fluidic impedance). Detailed criteria for selecting EHD
liquids are described in a patent by Yokota and colleagues.’*”
We selected Novec 7100 and 7300 as their properties make them
excellent EHD liquids (Figure S1, Supporting Information) and
in addition they have low toxicity and are widely available. The
actuators reported in this work can arguably work with other suit-
able EHD liquids as well.

An electrode is attached on the bottom face of the robot
(Figure 1b). One side of this electrode is exposed to the dielectric
liquid, the other side is connected to the top conductive liquid,
providing wireless electrical connection to the power supply.
A second electrode, called target electrode, is attached to the
bottom of the container. Applying a voltage between the conduc-
tive liquid and the target electrode induces an electric field in the
dielectric liquid. As the voltage overcomes a threshold of 400V,
the dielectric liquid gets ionized by charge injection in the prox-
imity of the negatively charged electrode. The ions being formed
are subject to electrophoretic forces generated by the charges
on the electrodes. These forces make the ions travel from the
negatively charged to the positively charged electrode, where
they discharge. The motion of ions generates fluid circulation
and the deformation of the liquid-liquid interface. (Figure S2
and Supplementary Video S1, Supporting Information). For
the action-reaction principle, opposite forces are generated on
the charges on the electrodes, including the electrode attached
on the robot. A combination of fluid circulation and reaction
forces propels the robot from its initial position on to the top
of the target electrode. The robot covers a gap of 30 mm in
43 s, at an applied voltage of 1.6kV (Figure 1c). In addition
to propulsion, these EHD forces position and stabilize the robot
over the target electrode. Figure 1d plots the trajectories of the
center of the robot with and without an electrode attached to it.
When an electrode is attached (red curve), the robot is propelled
and stabilized over the target electrode. When the electrode
is not attached (blue curve), the robot is still propelled, but
the attraction vanishes (Supplementary Video S3, Supporting
Information). Figure 1e shows the different trajectories followed
by the center of the robot when the polarity of the applied voltage
is reversed compared to the experiment in Figure 1d. The red
curve corresponds to positive voltage applied to the target elec-
trode and ground connected to the top conductive liquid. The
blue curve corresponds to reverse connection (Supplementary
Video S4, Supporting Information).

Figure 2a shows the container with a size of 150 mm x
51mm x 30mm that we used for the characterization experi-
ments. The robot initial positions respect to the target electrode
are marked with green tape: D1=15mm, D2=30mm,
D3 =45mm, D4=60mm, and D5=75mm. Figure 2b plots
x position over time for the mobile electrode starting at initial posi-
tions D1 to D5. It takes 46 s to reach the target electrode from posi-
tion D5 = 75 mm. The plot also shows the stabilization dynamics
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of the robot over the target. Figure 2c summarizes the reaching
time starting from different initial positions. The data show a qua-
dratic correlation between time and initial distance. Figure 2d
plots distance versus time using different dielectric liquids and
voltage values. The initial position is D3 =45 mm. We applied
1.2-1.6 kV for Novec 7300, and 1.2-1.4kV for Novec 7100, since
at 1.6 kV Novec 7100 presents electrical breakdown. The reaching
time decreases by increasing the voltage and is always shorter for
Novec 7100 than for Novec 7300, arguably due to lower viscosity
and higher permittivity of Novec 7100 compared to Novec 7300
(Figure S1, Supporting Information).*"

Figure 2e plots the average speed of the mobile electrode for
different applied voltages. As expected, higher voltage leads to
higher speed. For each voltage value, the speed is calculated
as the average of distance divided by time, over four trials, each
having the mobile robot starting from a different initial position.
With Novec 7300, the minimum voltage to observe robot motion
is 400V, whereas the maximum voltage before electrical break-
down is 1.8 kV. A 400 V is a relatively low voltage for electrostatic
actuators and, with low-power consumption, can be generated by
subgram electronics, enabling compact and portable systems.*?!
The driving voltage can be further reduced by decreasing the
height of the dielectric liquid.

Figure 2f shows an experiment to evaluate the stability of the
attraction between the robot and the target electrode. We tracked
the position of the center of the robot for a time of 50, finding
that it lies within a circle of 1.5 mm radius positioned over the
target electrode.

Figure 2g plots the electrical current flowing in the system for
different values of the applied voltage. During this experiment,
the robot is positioned over the target electrode. The extremely
low values (<50 nA) confirm the low power consumption to keep
the robot position (<0.05 mW). The current is calculated by mea-
suring the voltage drop in a 1 MQ shunt resistor connected in
series with the system. As a comparison, we measured the elec-
trical current also without the mobile electrode, obtaining even
lower values.

We conducted a qualitative experiment to assess the relative
contributions of resistive EHD and capacitive electrostatic attrac-
tion in the force driving the robot. We covered the target elec-
trode with a thin Kapton tape (25pm polyimide film and
40 ym silicone adhesive). The presence of the insulation on
one of the two electrodes is expected to nullify resistive EHD
forces, which rely on ion injection and discharging of ions in
contact with the electrodes. Capacitive electrostatic attraction
depends mostly on electric field and dielectric constant. As a con-
sequence, it is not significantly affected by the presence of the
insulating tape, given the low thickness of the tape compared
to the gap between the electrodes (65 pm vs 5 mm) and similar
dielectric constants (3 for tape and 7 for liquid). With voltages up
to 3.5 kV, we qualitatively observed that the attraction toward the
target electrode vanished completely with Kapton tape insulation
(Figure S3, Supporting Information), confirming the dominant
role of resistive EHD forces in this system.

We demonstrate the ability to control the trajectory of the min-
iaturized robot by sequential activation of a series of target elec-
trodes (Figure 3 and Supplementary Movie S5, Supporting
Information). Figure 3 (top) shows the schematics of the experi-
ment. The robot is tested in a squared container with an array of

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 2. Experimental setup and results. a) Top view of the container with the different green square markers representing the initial positions D1 to D5
of the robot during the experiment. The distance between the centers of two adjacent markers is 15 mm. b) Time evolution of the x position of the center
of the robot starting from different initial positions. Voltage is applied at time zero. c) Plot of reaching time starting from different initial positions. The
more-than-linear correlation results from the EHD driving force being inversely proportional to the distance squared. d) Displacement in time of the
mobile electrode with different values of the applied voltage and different dielectric liquids. The reaching time is lower with Novec 7100, having lower
viscosity and higher permittivity, even at lower voltage. Data in graphs (b-d) acquired with motion analysis at 15 Hz and plotted without further proc-
essing. e) Average speed of the robot for different values of applied voltage. Liquid is Novec 7300. The minimum voltage to drive the robot is 400 V.
The dot at 2200V (zero speed) represents an electrical breakdown. Data points represent average over four trials and error bars represent standard
deviation. f) Trajectory of the center of the mobile robot while on the target electrodes, in 50 s time with voltage applied. g) Electrical current by varying the

voltage, with and without the mobile robot.

3 x 3 target electrodes attached on the bottom. We activate one
electrode at-a-time in predefined sequences to draw trajectories
correspondent to the letters I, S, and T. The robot is always
electrically connected to the ground through the top conductive
liquid. The robot follows the defined trajectory, always moving
toward the addressed electrode. The stability and accuracy of
the positioning is influenced by the flow of liquid in the con-
tainer. Reducing the size and increasing the number of electro-
des will enable more accurate control of the path of the robot.

3. Conclusion

In conclusion, we propose a novel approach to wirelessly propel
and position floating mini robots using resistive EHD at the
interface between two stratified liquids. Advantages of this
approach compared to the use of magnetic or acoustic fields
include the use of simple DC electric fields with thin, flat

Adv. Intell. Syst. 2021, 3, 2100004 2100004 (4 of 6)

electrodes, without complex wiring and electronics, low current
and low power consumption, powering, and stable positioning
with just one signal. We demonstrated the proposed concept
using a simple mobile floating robot. We characterized the per-
formance of the system in terms of response time, workspace,
speed, current, and power consumption. We finally demon-
strated the trajectory control of the robot by sequential activation
of an array of target electrodes.

This work is a first proof of concept for the use of resistive
EHD for the wireless powering and positioning of mobile robots.
Integration and scalability drawbacks need to be addressed
before using this system in application scenarios. The current
configuration can only work on a horizontal plane due to the
stratified conductive and dielectric liquid. Electrodes degradation
and stability over time needs to be evaluated. Future develop-
ments include the miniaturization of the robot, the use of denser
arrays of target electrodes driven by compact multichannel
electronics, and including embedded sensors and computation.

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 3. Demonstration of trajectory control with the mobile robot. Top schematics show the top view and side view of the system. The 3 x 3 squared
target electrodes with 10 mm side each are attached at the bottom of a squared container. By addressing the target electrodes in series, the robot motion

follows an I, an S, and a T trajectory (red lines).

One can imagine multiple robots that collaborate in complex
tasks, coordinated by a central unit or acting based on local
robot—robot interactions. The extreme simplicity of our wireless
EHD actuators compared to electromagnetic and acoustic tech-
nologies makes it a good candidate for application in soft
machines. Acrylic plastic and copper electrodes can be replaced
by elastomers and conductive elastomers (i.e., a mixture of elas-
tomer and conductive particles) without affecting the functional-
ity of the system. The applications of this technology are broad
and include precision assembling at the micro/mesoscale,
lab-on-chip, tactile displays, and active surfaces.

4. Experimental Section

Fabrication of Liquid Container: The rectangular container had internal
dimensions of 150 x 51 x 30 mm. The frame and base were fabricated
using a 3D printer (Form 2, formlabs). The conductive liquid was an aque-
ous solution of sodium chloride, 1.7 m.

Mobile Robot: Figure 1b consists of a hull made of a laser-cut acrylic
plate, an electrode made of copper tape bonded to the bottom of the hull,
and with a side in contact with the conductive liquid on top.

Dielectric Liquids: Novec 7100 and Novec 7300 were purchased by
Hayashi Rikagaku Corp. and used without additional treatment.

Power Supply: HEOPT-20B10 produced by MATSUSADA Precision
Corp.
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