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Abstract—Microscale actuation holds transformative potential
across various fields by enabling precise and minimally invasive
actions, however downsize actuators while keeping relative large
actuation range is challenging. Electrohydrodynamics (EHD)
forces, arising from electric field-fluid interaction, can greatly de-
form fluid surface at microscale, yet there is a lack of knowledge
regarding the modeling, control, and specificity which hinder
their use in microactuator designs. This work, aims to design,
model and open-loop control a droplet driven by EHD, focusing
on its application in fluid joints (i.e. two solids link together by
a liquid droplet) based microactuators. The model merges an
energy-based steady-state hysteresis with linear dynamics, using
the steady-state inverse as an open-loop controller to control the
droplet’s height. For a selected design, both steady-state and
dynamic models were fitted using a 3L droplet of glycerin and
the control strategy was tested. The model accurately predicts
the stable droplet position, while the control strategy maintains
a height error under 14 ym, a motion amplitude of 150 xm, and
high repeatability. This work contributes to the advancement of
microscale actuation by presenting a model and open-loop control
strategy for EHD-driven droplets, facilitating practical use as a
microactuator for fluid joints in microrobotic applications.

Index Terms—Microrobotics, Electrowetting, Electrohydrody-
namics, Control, Fluid Joints, Open-Loop Control

I. INTRODUCTION

ICROSCALE robot actuation is important to enable

precise, minimally invasive actions at the microscale,
leading to advancements in medicine, manufacturing, envi-
ronmental monitoring, and more. This small scale actuation
is challenging due to the shifting dominance of physical
laws depending on the system scale. This variability in the
predominant forces complicates the downsizing of macro-
actuators such as motors. In particular, in the microworld (size
< 1 x 1072 m), surface tension forces become predominant.
This predominance of surface tension forces makes them at-
tractive for microrobotics applications such as microassembly
[1], pick-and-place grippers [2]-[4], and microrobot displace-
ment [5], [6], to name a few.

To actuate capillary forces, five principal approaches have
been identified [7], by controlling the pressure difference
between the liquid and the environment [8], [9], controlling
the volume of the meniscus [4], [10], generating a flow inside
the meniscus [11], [12], acting on the contact angle [13], [14]
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and using a volume force on the fluid to change the shape of
the meniscus [15], [16].

The use of electric fields to change the contact angle,
which is based on ElectroHydroDynamics (EHD) effects,
offers interesting advantages with low power consumption
[17]. Unlike magnetic actuation, electric actuation embeds the
actuation principle within the device, reducing the size of the
device and increasing its compactness (the ratio between the
actuator range of motion and actuator size) [18]. Additionally,
it offers the potential for internal sensing by utilizing the
electrodes to measure the electrical properties [19], which can
improve the accuracy of the actuator by providing feedback.
Furthermore, this actuation not only provides the possibility
of symmetrically deforming a droplet as in [20] where a
microgripper with a gripped object floating on it is presented,
but complex 3D shapes can also be achieved as demonstrated
in [13], where a droplet with a plate on its surface is deformed
in 3D to obtain a rotary motion. However, it also presents
several challenges, such as modeling and control, in particular
due to the nonlinear and hysteresis behavior of the wetting-
dewetting cycle.

Incorporating theoretical models for actuator response
proves beneficial in the design process, offering predictions of
system behavior before fabrication and enabling precise con-
trol during actuation. EHD actuation has been well modeled
to predict the change in the contact angle as well to analyze
the stability position of the droplet. For instance, in [21], the
stability position of the droplet is assessed by maximizing the
capacitance, treating the droplet as a complete plate electrode
and a grounded device, although not considering surface
changes and hysteresis in the contact angle. In [22], the droplet
dynamics is investigated and a non-linear model based on the
contact angle is derived. In [23], a model of the steady-state
behavior of a droplet driven by EHD, accounting for contact
angle hysteresis, is successfully tested.

However, existing models are limited, typically focusing on
predicting either droplet stability or changes in the contact
angle individually. These models are constrained by specific
electrode shapes, and the effectiveness of control strategies
remains unverified. Moreover, proposed devices often func-
tion as proofs of concept without accompanying control
strategies. Consequently, microactuator designers require the
development of models that provide the freedom to alter
electrode shapes to achieve the desired behavior. Additionally,
as demonstrated in [24], droplets can serve as actuated fluid
joints. Nonetheless, before integrating them into complex
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Fig. 1. Schematics of a droplet actuated by Electrohydrodynamics forces
along with the proposed model. (a) The droplet is in its non-powered stable
position, where A;, and A represent the liquid-gas and solid-liquid areas,
6 is the initial contact angle, h is the height, R is the radius of the droplet,
and d is the thickness of the dielectric layer. (b) When a voltage is applied,
the droplet’s shape changes, and both the contact angle and the height of the
droplet are reduced. C; and C3 denote the capacity of the model, and U is
the applied voltage. (c) Top view of the EHD device with the droplet on the
surface and z, y represent the position of the droplet. (d) 3D illustration of a
typical EHD device device.

devices, it is crucial to effectively model and control isolated
droplets. Additionally, key attributes for actuators in micro-
robotics include motion repeatability and predictability. The
actuator’s steady-state and dynamic responses are crucial for
understanding system behavior, facilitating automation and
control, and ensuring effective microrobot performance in
designated tasks.

In this work, we propose a model to design and predict
the steady and dynamic behavior of a droplet driven by EHD
actuation, with focus in the application to fluid joints control.
In addition, we propose an open-loop control strategy based on
the inverse model of the steady-state response for the height
of the droplet. We present the design process of the actuators,
as well as the characterization and extraction of their most
important characteristics required for a control model. This
design provides 1D deformation, which can serve as both a
linear actuator as well as a fluid joint by placing an object
in the surface of the droplet. Moreover, it offers self-centering
behavior of the droplet. Additionally, we validate the proposed
control strategy through experiments to test its functionality
and accuracy.

This article is structured as follows. Section II describes
the principle of EHD actuation. Section III presents the
characterization of devices driven by EHD, including steady-
state and dynamic modeling, and then the experimental results
are presented and discussed. Section IV covers the open-loop
control strategy and presents the corresponding experimental
results. Finally, Section V concludes the article.

II. PRINCIPLE OF ELECTROHYDRODYNAMICS ACTUATION

Electrohydrodynamics (EHD) can be considered as the
dynamics of a fluid in an electrical field [25], and the forces

exerted on the liquid by the electric field can be described by
the Korteweg-Hemholtz body force density [26]

dp

where p and € are the mass density and the dielectric constant
of the liquid, respectively, py is the free electric charge density
of the fluid, € is the vacuum permittivity, and F the electrical
field. The last term of the equation describes electrostriction
and can be neglected for incompressible fluids, as in our study.
By examining this equation, we can identify two extreme
scenarios. In the first scenario, the liquid is dielectric (py = 0
and Ve # 0) this phenomenon is known as dielectrowetting
(DEW) [27], with the forces being volume forces. The second
scenario when the liquid is a perfect conductor (p; and
Ve are zero within the bulk, and py = p, at the surface,
also Ve # 0 at the interface due to the inhomogeneity of
permittivity of the two different mediums), it is referred as
electrowetting (EW) [26] and with the forces being superficial.
Additionally, the electrical properties are frequency-dependent.
Thus, the actuation dominance by either EW or DEW, or a
combination of both, is determined by the liquid properties
and the frequency of the applied signal.

This effect can be observed in liquid droplets in devices
such as the one illustrated in the figure 1. The device consists
of a droplet placed on a dielectric layer covering two sets of
electrodes, which generate the electric field by being powered
with a voltage source. When the switch is turned on (Figure
1 (b)), an electric field is generated which impact the droplet
shape. This results in a change of the wetting between the
liquid droplet and the surface described by the contact angle
0.

A particular characteristic of this type of device is that, when
a voltage is applied, the droplet can move on the substrate due
to unbalanced forces over the triple contact line, where the
liquid-solid-air interfaces intersect. This is an issue to make an
actuator where only the height of the droplet change while its
center remain at the same position, and therefore must be taken
into account. In addition, EHD actuation presents nonideal
behavior for control, such as contact angle hysteresis. The
contact angle hysteresis is defined as the difference between
the advancing and receding contact angles and it is mainly
attributed to surface roughness and chemical heterogeneities
[28]. This behavior occurs in EHD when the transition between
wetting and dewetting regimes (and vice versa) results in a
hysteresis of the contact angle () value with variation of the
applied voltage (U).
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III. DESIGN AND CHARACTERIZATION OF EHD ACTUATED
DROPLET DEVICE
Characterization of the device includes the stable droplet
positioning, steady-state and dynamic droplet height changes
with the voltage applied, and models and experimental setup
to validate them.

A. Experimental setup

The experimental setup included two cameras with dedi-
cated microscope objectives for top and side views, recording
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Fig. 2. Schematics of the experimental setup. It consists of side and top view
cameras and a voltage signal generator.
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Fig. 3. The static model predicts the drop center position and its height. U
is the voltage applied, z4,y4 are the coordinates of the droplet, xs,ys are the
coordinates of the stable position of the droplet and A is the droplet height.

images on a computer at 30 fps, as shown in Figure 2.
To actuate the system, two sinusoidal signals with identical
amplitudes and a 180-degree phase shift were generated using
a computer and a DAQ (Data Acquisition) board.

The fluid used for the fluid joints influences its performance.
Due to the use of air-solid-liquid interfaces, the EHD actuation
only enables the reduction of contact angle, making higher
initial contact angles preferable. In addition, the output force
of the device is proportional to the surface tension of the
fluid [29], while the evaporation rate is crucial to prevent the
reduction of the droplet size and ensure repeatability [30].
Glycerin was used as working fluid to mitigate evaporation
and to have a high surface tension and initial contact angle.
The deposition of 3 ul droplets was carried out using a
droplet dispenser. To minimize volume changes resulting from
the hygroscopic nature of glycerine, we waited overnight to
reach equilibrium before conducting experiments, resulting in
a stable mixture of glycerin and water with a high surface
tension and contact angle. After data acquisition, data analysis
was performed using pyDSA software [31], where the height
of the droplet was determined by approximating the shape of
its side view as an ellipse.

The electrode fabrication process begins with a glass sub-
strate in which a Cr/Au (15/200 nm) layer was deposited by
evaporation and patterned by lithography. Then a layer of pure
CTL-809L Cytop® was deposited by spincoating (3000 RPMs
during 20 seconds) and baked at 200° during 1 hour, obtaining
a 900 nm thick layer.

B. Static Behavior

To model horizontal position and the height of the droplet,
we propose an energy-based model (Figure 3), which takes

as inputs the applied voltage and the position of the droplet,
and, through energy minimization, provides the stable droplet
position and droplet height for a given geometry of electrodes.

1) Static Model: Let’s consider the device in Figure 1,
which consists of two arrays of electrodes: one with voltage
U and the other grounded, covered by a dielectric of thickness
d. The droplet is considered as a spherical cap of perfect
conductor liquid, implying the electrowetting regime, and its
position is determined by the coordinates of its center, x4
and yg (as defined in Figure 1(c) ). The perfect conductor
assumption is valid when the dielectric constant of the fluid
exceeds that of the dielectric layer. For glycerine-cytop, this
ratio is greater than 20, and for water-cytop, it is greater than
35.

The energy of the system is calculated as the sum of the
interfacials energy, the electrical energy and the energy due to
the pinning of the contact line:

E= Esurf + E;m'n + Eelec. ()

The first term is calculated as Esy, 5 = (Vo1 —"sg) Asi+719 414,
where 75, vig, As and A;, are the solid-liquid, liquid-
gas interfacial tensions, the solid-liquid and the liquid-gas
surface areas respectively. Moreover, assuming the droplet is
a spherical cap, the surface energy can be written using the
geometry of the droplet (Fig. 1, [32]):
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with f(0) = (2 + cosd)(1 — cosd)?.
The electrical energy E.;.. is calculated as the difference
between the storage of energy of the capacitor and the given
energy of the power source [33], Egee = —1/2CU 2 where
C is the capacitance of the system and U the voltage applied.
This capacitance was approximated by considering the system
as two electrodes connected to a voltage source U, covered by
a dielectric layer with thickness d and the droplet placed over
it, as shown in Figure 1 (b). This configuration was simplified
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as two parallel plates capacitors in serie (C; = Al% in
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series with Cy = Ago—d), where € and ¢, are the permittivity
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of free space and the (ﬁelectric constant of the dielectric layer,
and A; and A,, are the two electrode areas covered by the
droplet, respectively. Here it is important to notice that both
areas depends on the geometry of the electrodes, the radius
and position of the droplet, (A1(r, 24, yaq), A2(r, zq4,yq)). In
addition to the ideal model described above, the constants
ng” and C7° have been incorporated into the electrical
energy model for both the advancing and receding regimes.
These constants compensate for the simplifications we have
made and allow the extension of the model for an alternative
voltage source using the root mean square value, Uy Addi-
tionally, they consider different sensitivities to voltage changes
during the advancing and receding regimes. This leads to the
derivation of equation (4).

adv
—€Q€q Cg 2 . .
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Eelee = 2d 1/Alcv_l—ecl/A2 (4)
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if U decreases.
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Finally, the pinning energy F,;, was calculated in a sim-
ilar way as in [23]. This involves dividing the actuation in
the advancing and receding regime, whether the voltage is
increasing or decreasing, and also dividing each regime into
two parts, whether the triple contact line is moving or not.
To identify the regime in which the triple contact line is
either moving or not, two voltage thresholds, Awu; and Aus,
were defined—one as the voltage needed to switch from
dewetting to wetting regime and viceversa respectively, as
shown in equation (5). The advancing regime is when the
droplet spreads on the surface and thus the voltage U increases.
In this regime, at the beginning when the voltage is increasing,
the triple contact line is pinned because of static friction force
fer [23], and the contact angle remains unchanged due to
the spherical cap hypothesis. This means that in this regime
the change in electrical energy is equal to the pinned energy
(faAsi = AE.ec). When the change in the voltage reaches
the value Aug, the static friction force f.; reaches it maximum
Cpin» and the triple contact line begins to move triggering the
second stage of the advancing regime. The receding regime is
essentially the opposite of the advancing regime; in this case,
the voltage is decreasing and the droplet dewetting. At the
beginning when the voltage starts to decrease, the triple contact
line is pinned and the contact angle remains unchanged. Once
the voltage decrease up to the value AUs, the triple contact
line begins to recede.

fea A, if U increases and AU < Auy.

5. _ Cpindsl, if U increases and AU > Aug. 5)
e —faAg, if U decreases and AU < Aus.
—cpindsgy, if U decreases and AU > Aug.

The accuracy of the model is affected by the assumption of
a spherical cap in Equation (3), which can lead to errors for
droplets with radius close to or larger than the capillary length
(2.2 mm for glycerin). Additionally, errors in determining the
volume of the droplet directly affect height calculation with a
relative error proportional to the volume error. Also the output
forces can be influenced by changes in the volume of the
droplet.

With this model defined, we can distinguish the two cases
in Figure 3, one to analyze the stable position of the droplet
and the other to obtain the change in the height of the droplet
due to the voltage applied when it is in a stable position.

a) Case I: Droplet stable position: In the first case, if
we assume the droplet shape remains approximately constant
with the voltage, the terms E,,,; and E,;, can be treated as
a constant. Then, for the energy minimization , we only need
to focus on extremes of the function:

1
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The energy is minimized when this function is maximized (see
(4)). As the shape of a droplet is approximated as a spherical
cap, the function F; depends on the position (x4,%4) and the
radius (r) of the droplet’s footprint, as well as the geometry
of the electrodes. Therefore by computing F, for different
position, we can thus deduce the stable position z4, yq of the
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Fig. 4. Electrodes design and model validation. (a) Schematics of the
electrodes design, red and blue indicates different polarities. (b) Simulations
of the models. (c) Non-powered electrodes with droplets placed near the center
of the electrodes. (d) Electrodes being actuated, in the top case the droplet
moves to the side and in the bottom case, the droplets moves to the center.

droplet as well as the region where the droplet will converge
to this stable position when the current will be applied.

b) Case II: Droplet height: In the second case, we
assume that the center of the droplet is at a known stable
position and that the droplet remains a spherical cap, but its
height can be changed by the electric field. The height of the
droplet for a given voltage can be calculated by minimizing
the equation (2). In this case, all the terms, Fqyurfaces Epins
and Fej.. must be calculated. Then, by finding the minimum
energy, it is possible to determine the equilibrium value of
6 for a given droplet volume and applied voltage. Finally,
through geometry, h can be calculated.

To compute the energy and find the value of 6 that
minimized it, the analytical equation can be obtained if the
areas A; and A, and therefore F, have an analytical form.
Since it is difficult to find the analytical equation for general
electrodes designs, we calculated the values of the function
Iy, numerically, as well as the derivative of the energy. This
approach not only enables us to compute the energy without
requiring an analytical equation for the electrode shape, but
also provides greater flexibility in designing electrodes and
exploring various shapes using the proposed model.

2) Droplet centering: We investigated several electrode
designs, but for simplicity, the results of only two of them
are presented in Figure 4(a). We validated the centering
model by comparing the prediction of the model with the
experimental results. To calculate the function F;, we have
set a fixed droplet size and the position of interest as the
center of the electrode. Then we calculated the areas covered
by the droplet, A; and A, in the position of interest and
also when the droplet was moved from the center a distance
in the x and y directions. With these values, we calculated
the function F, for different droplet positions and plotted
the values on a surface graph, which is shown in Figure 4
(b). There we can see that for the top design the stables
positions (maximums of F}) are located in the surroundings
and for the bottom design, the stable position is in the center.
The experimental results of these designs with powered and
nonpowered electrodes are presented in Figures 4 (c) and (d),
and confirm the model predictions.
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Fig. 5. Change in droplet (glycerine water mixture) height for a 40 V;.;, s step
at various frequencies and top view of the stable centering electrode chosen
in this work, black color corresponds to the gold.

3) Actuator motion range and signal frequency depen-
dence: As we showed in Section II, the electrohydrodynamic
response of a fluid depends on the frequency of the input
signal, therefore, the dependency of the range of motion must
be explored. Notably, the driving frequency is expected to be
dependent on the fluid rather than the size of the drop, due
to the frequency-dependent electrical characteristics generally
present in fluids. To characterize electrode actuation, shown in
Figure 5, we measured droplet height changes while applying a
square signal with a high voltage of 40 V,.,;,s and a low voltage
of 0 to the electrodes, with frequencies ranging from 0 to 20
kHz. The results are presented in Figure 5, where the error
bars correspond to the standard deviation of the measurements.
In this figure, we can see that at frequencies below 100 Hz
the change in height is lower than 20 pm, then in the region
between 100-5000 Hz the change in height is between 70-80
pm. Beyond 5000 Hz, the change in height decrease as the
frequency increase. Therefore, the frequency range of 100-
5000 Hz appears to be a suitable range to set the input signal
frequency. In addition to the frequency dependence of the
motion range, the mechanical resonance of the droplet must be
taken into account. Despite the absence of resonance in Figure
5, the measurements were performed using a constant voltage
and the resonance frequencies vary with 6 [34], and thus with
the applied voltage. Therefore, to mitigate resonances, we set
a working frequency of 200Hz.

Additionally, the motion range will be affected when ex-
tracting forces using this device. To do so, it is necessary to
connect the droplet with another object or plate where the
forces will be applied. The size and shape of the connected
object influence both the motion range and the output forces.
This influence can be analyzed by simulating the fluid joint
using Surface Evolver software [35]. For the case of using a
circular plate as a connected object, it is possible to find that
the larger the plate, the higher the forces, leading to forces of
the order of hundreds of micronewton for plates of radius close
to or greater than 1 mm. However, adding an object to the drop
deforms it, and thus influences its height. Consequently, larger
plates also result in lower equilibrium positions and reduced
range of motion.
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Fig. 6. Steady-state response of the system measured with two side view
snapshots and model prediction (scale bar, 500 pm). The horizontal axis
represents the voltage applied in Vi s, the vertical axis denotes the height
of the droplet, and arrows indicates the evolutionary directions.

4) Steady-state response: Once the signal frequency was
established, the static response of the system with the elec-
trodes of Figure 5 was characterized. For this purpose, the
height of the droplet was measured when applying 3 cycles of
voltages ranging from 0-60, 0-45 and 0-30 V;.,,,5, with a slope
of 2 V/s. The results are depicted in red in Figure 6.

We can observe that there is a threshold of 20 Vi,
required to initiate the actuation process, and the contact angle
evolution to the applied voltage clearly exhibits a hysteresis
behavior. This hysteresis is attributed to the contact angle
hysteresis [23]. Additionally, the height of the droplet achieved
falls within the range of 1150 to 1000 pm, representing a
change in height of 13%. It is noteworthy that the advancing
and receding curves are consistent across all three cycles.

The measured data of the first cycle, the bigger from 0 to
60 V,.ms, was used to fit the energy model and determined
the values of C’gd”, Cy%, Cpin, in equations (4) and (5), and
the equilibrium contact angle 6y. The fitted parameters are
C’gd“ = 1.756, Cg°“ = 1.66, 6p = 97.16° and cpi,, = 0.001,
and the data and the fit model are shown in black in Figure 6.

It confirms that the model matches the behavior of the
steady-state response of the droplet’s height. Additionally, the
largest deviations of the model prediction are located at low
and high voltages in the receding regime of the curve, and at
voltages between 20 and 35 V,,,s in the advancing regime.
This error may arise from the assumption of the droplet as a
spherical cap and the assumption that the liquid is a perfect
conductor. Furthermore, the errors at low voltages indicate
that there is a voltage thresholds in the receding part. This
is consistent with the observations made in [36] and the
model could be improved to take into account this threshold
by changing U in equation (4) by U — Uy, where Uy, is the
voltage threshold. However, those deviations are less than 10
pwm, and represent only 6.7% of the full range of actuation.

The static model predicts the droplet center stable position
and its height; however, it does not capture the dynamics,
which is the goal of the dynamic model presented in the next
section.
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Fig. 7. Time response in the wetting and dewetting process with corresponding droplet height vs. time data. The top signal represents the actuation signal
during the advancing and receding regimes. The vertical axis is the height and the horizontal axis is the step time in seconds. In all the cases tested, 90%
of the steady state value is reached in less than 0.22 seconds. (a) Time response for a square signal with a low constant value of 0 Vs and a high value
varying from 0 to 60. (b) Time response for a square signal with a high constant value of 60 V;.,,s and a low value ranging from O to 60.

C. Dynamic Behavior

1) Dynamic model: The dynamics of a droplet driven by
EHD is non linear and the behavior is highly dependent of the
viscosity of the liquid, where the regimes can be dominated
by the viscous effect or by the inertia, called overdamped or
underdamped regimes respectively [22].

As the liquid used for the experiment has a high viscosity
(glycerine), it can be considered that it behaves in the over-
damped regime [37] (Reynolds number =~ 5 x 1073 << 1).
In this regime, the time constant 7 it is also non linear, and
depends on the size of the droplet, viscosity, and the changes
in contact angles (voltage applied [22]), and also the contact
line pinning [38]. In this work, to reduce the complexity of
the model, we propose to model the dynamics of the height
of the droplet as a first order system with a constant 7 . This
model has the time response to a step given by equation (7),
and the transfer function (8) where 7 is the time constant, h,
is the steady state value and ¢ the time.

Gs) = —

Ts+1

2) Dynamic response: The dynamics of electric field-driven
droplets is complex and can differ depending on whether the
droplet is wetting or dewetting, as well as its dependence
on the contact angle. Therefore, the dynamic response in the
wetting and dewetting regimes were explored separately and
for several types of voltage signal and ranges.

To characterize the dynamic response of the system within
our range of actuation, two types of staircases with variable-
amplitude signals were employed as input. The first signal

h(t) = hes(1 — e/t | (7, 8)
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Fig. 8. Normalized data of the time response to different step inputs in
the wetting and dewetting regime. The red line shows the identified model
response. The data was normalized by the initial and the steady state value
hn(t) = (h(t) = ho)/(hss — ho).

maintains a constant low value of 0 V, while the high value
of the signal increases from O to 60 V in steps of AU = 2.5
Vims. The advancing and receding regimes are shown at the
top of Figure 7a. The second signal maintains a constant high
value of 60 V, while the low value of the signal decreases from
60 to 0 V in steps of AU = —2.5 V.., With the advancing
and receding regimes shown at the top of Figure 7b.

The dynamic response of each signal was separated into
receding and advancing regimes. The results are shown in
Figure 7. In these figures, we can see that all the curves show
an overdamped behavior. Moreover, in all the cases tested,
90% of the steady-state value is reached in less than 0.22
seconds, which is compatible with our goal of using droplets
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Fig. 9. Schematics of the control loop proposed. The input is the desired
height of the droplet hg, the controller is the inverse of the static model,
which provides the voltage U to reach the desire value, and the output is the
actual value of the height of the droplet h.

actuated by EHD as fluid joints.

Finally, all these curves were normalized with the height
change and the data were fitted to the first-order model
proposed in equation (7), obtaining a time constant (7 in
Equation 8 ) of 0.027 seconds. The results are shown in Figure
8. In this figure it is noted that some cases present a slower
dynamics. This error in the model can be attributed to the
assumption that 7 is constant, as it is influenced for voltage
applied. One way to mitigate this would be by considering its
value depends on the voltage T = 7(U(t)). However, almost
95% of the data falls within the 10% error band.

IV. OPEN LOOP HEIGHT CONTROL

Having developed models of the droplet, we explore open-
loop control in this section. To control the height of the droplet,
an open loop control system as in Figure 9, was utilized and
implemented as in Figure 2. The input of this control loop
is the desired height, hg, and the output the actual height of
the droplet h. As controller, an inverse model of the static
hysteresis presented in section III-B1 was used. This controller
provides the voltage necessary to reach the desired height. The
model inversion was made by separating firstly in advancing
and receding regimes, and then by using linear interpolation
on a set of points calculated using the direct model.

As set points, 20 values were randomly defined between
1000 and 1150 pm. The voltages necessary to reach these
set points were then calculated by inverting the previously
proposed model. Each set point was maintained for a duration
of 5 seconds and this experiment was repeated six times. In
Figure 10, the results of the open-loop control are presented,
along with the error between model and visual feedback, and
three snapshots of the actuation. In addition, a video of the
actuation is attached to the article. In the top plot of the
figure, the model simulation is shown in red, and the measured
data is presented in black. Since the data measurements
were conducted multiple times, the dotted line in the figure
represents the mean, while the shaded areas denote the error
band, calculated as the standard error of the measurements.

We can see that the data measure successfully follows the
set points with a steady-state error less than 14 um (9.3% of
full range). Also, we can notice that the biggest errors in the
steady state are when the height is high, which means when the
voltage is low, and the droplet moves in the receding regime.

This agree with the model fitting where we can see in Figure
6, that biggest errors in the fitting are at low voltages in the
receding regime. Regarding the transient response, we can see
that there is an important difference with the model when the
height is high, showing slower dynamics. This is due to the
linearity of the model which does not take into account that
the dynamic response changes with the height of the droplet.
Additionally, the fact that this experiment has been performed
several times and that the same response has been obtained,
demonstrates the repeatability of the process.

V. CONCLUSIONS

In this work, we modeled, designed, characterized, and
successfully demonstrated an open-loop control of a droplet’s
height driven by electrohydrodynamics forces. The model
proposed consisted of a steady-state model and a linear first-
order dynamics. The steady-state model was based on the
energy of system taking into account the surface and electrical
energy, and also considering the pinning of the contact line.

The droplet positioning prediction was successfully tested
using several electrodes designs. Moreover, using a 3 uL
droplet of glycerine a selected device was characterized when
a voltage is applied in the electrodes. Through the character-
ization of the actuator motion range and its signal frequency
dependence, the signal frequency was set at 200 Hz.

The system exhibited an hysteresis loop response and a
range of actuation of 150 um was reached with a voltage of
60 V,..,s. The device achieves approximately ten times greater
actuation range compared to electrothermal MEMS of similar
size, as in [39], and devices with comparable actuation ranges
in conventional electrothermal MEMS requires sizes ten times
larger [40]. The actuator designed in all tested cases reaches
90% of the steady value in less than 0.22 seconds and without
overshoot. The proposed model was fitted with experimental
data and inverted using linear interpolation. In the open loop
control, we used the inverted model as a controller. Finally,
the model and control proposed was tested using randomly
generated set points and we found that the maximum error in
the height was less than 14 pm, which means less than 10%
of its maximum range, and verify that the proposed models
enables to control the droplet in open loop. Furthermore, a
repeatable actuation of more than 100 times was verified.

In future work, the accuracy and robustness of the control
system can be improved by using visual feedback and closed-
loop control. The strength of using capillary forces is that its
effects govern the droplet physics down to sub-micrometer
scale. Therefore, miniaturization of the proposed actuator
and its control model while guaranteeing a large actuation
range compared to the size is straightforward. For this, future
work will focus on downscaling the proposed system while
increasing in relative actuation range by reducing the size of
the electrodes and the volume of the droplet. Moreover, thanks
to the already embedded electrodes, impedance measurement
can be explored to integrate actuation and measurement in one
compact device.

This droplet height control system is the first step toward
the use of fluid joint based linear actuators or to actuate singles
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Fig. 10. Results of the open-loop height control of 20 randomly generated setpoints, conducted six times. The red line represents the model prediction, the
dotted black line illustrates the measured data, with its shadow indicating the standard deviation, and the solid black line represents the mean error of the
model. The following images provide side-view snapshots of the actuation, with lines representing the set point and the electrode surface (scale bar, 500 pm).

platforms or parallel robots with micrometric dimensions.
Moreover, this control approach can be used in a mirror plate
driven by droplets as in [17]. In the near future, this type of
actuator will be applied to drive a parallel robot with three
fluid joints.
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