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Abstract: In this paper, we present different microelectromechanical systems based on electrostatic
actuators, and demonstrate their capacity to achieve large and stepwise displacements using a coop-
erative function of the actuators themselves. To explore this, we introduced micro-stepper actuators
to our experimental systems, both with and without a guiding spring mechanism; mechanisms with
such guiding springs can be applied to comb-drive and parallel-plate actuators. Our focus was on
comparing various guiding spring designs, so as to increase the actuator displacement. In addition,
we present systems based on cascaded actuators; these are converted to micromechanical digital-
to-analog converters (DAC). With DACs, the number of actuators (and thus the complexity of the
digital control) are significantly reduced in comparison to analog stepper-actuators. We also discuss
systems that can achieve even larger displacements by using droplet-based bearings placed on an
array of aluminum electrodes, rather than guiding springs. By commutating the voltages within these
electrode arrays, the droplets follow the activated electrodes, carrying platforms atop themselves
as they do so. This process thus introduces new applications for springless large displacement
stepper-actuators.

Keywords: cooperative electrostatic actuators; long stroke; large displacement; stepper actuators;
spring-less actuators; EWOD; digital microfluidics; liquid bearings; MEMS; SOI

1. Introduction

To start, a definition of “long-stroke microactuation” is needed, as its definition varies
depending on the point of view. In some applications, the required actuation range is
comparable to the spatial dimensions of springs or other key components; in others,
it can be up to about 10 times higher. The travel range is usually limited from a few
micrometers up to a few tens of micrometers. Consequently, we define “long stroke” as
actuations of a few hundred micrometers or more. This violates the common assumption
that micromechanical springs or cantilevers can exhibit only a “small” deflection and stay
within the proportional range. Consequently, there are very few examples in the literature
of long-stroke microactuators being based on silicon-based MEMS. However, in most long-
stroke systems the moving payload is limited to, e.g., a mirror or a platform that has to
be moved.

Concerning the use of electrostatic comb-drive actuators to achieve large displace-
ments, Grade et al. [1] varied the length of their electrodes and used springs in an initially
bent configuration, thus achieving displacements of up to 150 pm at less than 150 V; how-
ever, electrostatic lateral instability (see below) appears with any larger displacement [2].
Zhou et al. [3] used tilted folded-beams, increasing the lateral stability; compared to a con-
ventional serpentine spring, the achieved displacement of their microactuator was almost
double, increasing from 33 pm to 61 um. Lateral stability also improved with the place-
ment of symmetrical and tilted serpentine springs on both sides of the actuators [4]. The
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combination of multiple comb-drive actuators allowed not only bi-directional deflection,
but also deflection in preferred (as well as orthogonal) directions [5]. Xue et al. [5] built an
XYZ microstage for 3D atomic force microscopy (AFM), wherein the comb-drive actuators
were guided by folded flexure springs, achieving a maximum deflection of 50.5 um at
80.9 V. A deflection of 245 um at 120 V was achieved by Olfatnia et al. [6] using a bending
mechanism based on a clamped paired double parallelogram (C-DP-DP).

Parallel-plate actuators were our second basic type of electrostatic actuators, which
can achieve a continuous displacement that is usually only stable up to 1/3 of the electrode
distance, although numerous investigations are aimed at controlling deflection beyond this
pull-in effect [7]. Nonetheless, this “digital” switching also offers opportunities for stepwise
actuation at relatively low voltages. Additionally, coating the electrodes with an isolating
layer (e.g., SiN or SiO,) can prevent current flow, should the electrodes touch. Legten-
berg et al. [8] insulated curved electrodes with silicon nitride and reported an experimental
electrode tip deflection of 30 um at 40 V. Preetham et al. [9,10] used both bent and insulated
electrodes, achieving peak-to-peak deflections of 19.5 um and forces of 43 uN at a voltage
of £8 V [9]. In another study [11], long, flexible, and electrically insulated electrodes (in
combination with cascaded cantilevers of varying stiffness) achieved deflections of more
than 62.5 pm at a voltage of less than 30 V. In another [12], a cascaded mechanism was
introduced, comprising similar actuators with long and flexible electrodes; these actuators
were arranged in a chain and connected using mechanical springs. The electrode distance
of each actuator increases, such that their 16-step actuator displaced up to 230.7 & 0.9 ym
at54 V.

For MEMS applications, electrostatic forces have a significant advantage compared
to, e.g., thermal or magnetic actuation; this is because their lack of a permanent current
flow results in a higher energy efficiency, charge transfers being only required for a change
in their position, or to compensate for the small leak of currents that may discharge the
electrodes. For this reason, long-stroke electrostatic actuation is widely used in MEMS;
e.g., in THz systems [13], for optical switching [11], in capacitors [14], micromirrors [15],
relays [16], and biomedical systems [17]. The electrostatic actuators benefit from their fast
response to electrical signals [1,18] and their suitability for harsh environments [9]. Their
use in underwater [9] and close-to-body systems for haptic sensing [19] requires electrostatic
actuators that can achieve large displacements, short switching times, and a high reaction
force at low voltages. Depending on its application, a mechanical spring can define an
initial position, and allow a reset of the microsystem back into this position. In contrast,
springless actuators are adequate in those applications that require the preservation of a
stable position after actuation.

Long-stroke electrostatic actuators face the principal challenge that electrostatic forces
fade with increasing stroke. In microsystems, the moving part (rotor) is usually held in
place with solid springs that exhibit an almost linear increase in restoring forces. This
can be overcome by using a freely moving rotor that has been clamped with additional
actuators, a so-called inchworm-like actuation, which has been successfully demonstrated
in studies [20-22]. For this inchworm-like actuation, the challenge lies in the precise
measurement of its rotor position.

In this study, we present our investigation into non-inchworm cooperative electrostatic
actuators with long stroke, stepwise displacement. Two main concepts are discussed:
firstly, different combinations of spring-guided electrodes, and secondly, concepts based
on liquid bearings, using virtual springs caused by surface tension effects. Section 2
is devoted to spring-based actuators, wherein we have primarily focused on the main
challenges to achieving high and step deflections with the use of electrostatic spring-based
actuators, in addition to presenting systems using long-stroke parallel-plate and comb-
drive actuations. Section 3 is about spring-less long stroke/infinite stroke actuators with
electrostatic actuation, wherein liquid microdroplets act as virtual springs. Section 4 shows
a summary and an outlook.



Actuators 2023, 12, 150

30f22

2. Cooperative Spring-Based Long-Stroke Electrostatic Actuators
2.1. Electrostatic Vertical Attracting and Tangential Forces

With the rise in the use of microactuators, the importance of electrostatic forces has
become apparent. The “small” gaps in microsystems, in combination with the Paschen effect,
allows for the use of electrical field strengths far above the values achievable in macroscopic
systems before causing an electrical breakdown.

A limiting factor for long-stroke electrostatic actuators is the small level of force,
which decreases rapidly as the gap between the actuated electrodes increases. Electrostatic
forces are proportional to the (already quite small) constant of vacuum permittivity; e =
8.854 x 10’12{;‘—;. The material-related relative permittivity ¢, is almost 1 for gaps filled
with gases, and typically <100 for common polar liquids (about 80 for water). Therefore,
electrostatic actuators play no role in macroscopic actuation, and their being considered
“long-stroke” depends on the point of view. For this paper, we have defined “Long-stroke”
as meaning approximately 100 um.

The electrostatic force is usually calculated from the directional derivative F = — %—Ig
of the energy stored in a capacitor:

1
W= 5cu2 1)

Generally, common electrostatic actuators use either the vertical attracting force or
the tangential force, both being always present between the plates of a capacitor. With
the vertical attracting force, the parallel-plate actuators achieve stable displacements up to
1/3 of the electrode distance, as shown in Figure 1a. The displacement of the comb-drive
actuators is based on the tangential force caused between two not fully overlapping plates
(Figure 1b). Unfortunately, both forces do not exhibit a linear force—deflection graph that
pairs well with linear guiding springs.

F~% F=p-A F = const. F =~ const.
d A=ab j A=2d - b :Z A=d-b
] P
1 1 1
pNESOSrEZ side instability p~EgogrEz pNESO(ST —1)E?
(a) (b) (©)

Figure 1. Overview of electrostatic actuators with tangential and vertical attracting forces. The
electrostatic pressure and the relevant areas A for integration are given, respectively.

A normalized expression with respect to the electrode area is introduced here, compa-
rable to an “electrostatic pressure” p, that is also commonly used in dielectric elastomer
actuators [23]. Additionally, the voltage is replaced by the local electrostatic field E = %,
where d is the shortest relevant distance between the electrodes, as fringing fields are
initially neglected here.

With b being the out-of-plane width, this results in:

e  Vertical parallel-plate actuation:

1 A . 1
F, = 580&@“2' normalized : pey ~ ESOS;’EZ @

e Tangential parallel-plate comb actuation:

b 1
F = £osrall2, normalized : pet ~ §£0£,E2 3)
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e  The relevant normalization area is given using the gap area in the direction of move-
ment: A = b-2d, and for standard “dry” actuators with gas-filled gap d, the dielectric
constant ¢, is almost 1. As the area to which the pressure applies does not change
with actuation, the resulting force is constant as long as both plates do not fully over-
lap. Additionally, a tangential actuation of dielectrics, particularly liquids, can be
approximated in a similar way. In this case, any dielectric (dielectric constant &, > 1)
is drawn into an air-filled (e, =~ 1) capacitor (see Figure 1c). Here, the calculation of
the electrostatic pressure results in a quite similar formula: p, jiguig ~ %so(sr —1)E?;
note that this electrostatic pressure is usually much larger due to the factor (¢, — 1)
and will be used for the springless long-stroke actuation.

e The electrostatic pressure is proportional to E2.

2.2. Guiding Mechanisms for Long-Stroke Actuators

Two important parameters for the design of cooperative long-stroke microactuators
are the required load and the force at the maximum stroke. Whereas solutions for large
forces at small stroke scales are well known, a long stroke is much more difficult, as most
of the microactuators make use of rigid springs and the force of the spring increases with
the size of the stroke. Furthermore, to guarantee a translational displacement, the springs
have to exhibit anisotropic spring constants. However, the stiffness’ in all other directions
directly influences the achievable stroke of the actuator system. Guiding springs with
optimized designs should provide a low spring constant in the actuated direction, but a
strong guidance both in the other spatial directions and with respect to parasitic rotational
movements. Therefore, the reaction force Fy and stiffness cy in the direction of deflection
must be low, but the stiffnesses in all other directions need to be much higher. The selectivity
S is a suitable parameter for this demand:

§ = Chirx @)
Cx

A high selectivity is naturally provided with clamped beams [24], as shown in
Figure 2a. However, actuators guided by clamped beams achieve only small displace-
ments due to the strongly non-linear force-displacement characteristic (FDC) increasing
sharply with displacement [25]. Figure 2b shows serpentine springs (also called folded
or meander springs), which exhibit a constant low spring stiffness in deflection direction,
and are therefore often used for guiding electrostatic actuators. Serpentine springs allow
deflection in one direction, only. Due to their sharply decreasing selectivity in line with
deflection, the serpentine springs tend to exhibit significant lateral instability when guiding
long-stroke actuators [26]. Even the smallest unbalances during fabrication can cause a

rotation due to uncompensated torque in the cantilevers.
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Figure 2. (a) a clamped-clamped beam, (b) a serpentine spring, (c) a triangular spring.

Further common spring geometries for in-plane deflection include the M-shaped
springs with non-linear, asymmetric force-displacement characteristics [27]. An advanced
geometry is provided for both triangular and sinusoidal springs [28]. The triangular springs
(Figure 2c) have an almost linear force-displacement characteristic with a high selectivity,
achieving large deflections in both positive and negative x-directions. These springs are
highly variable in appearance, as the number of spring segments (1), the length L of each
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beam, and the inclination angle « can be varied. The triangular springs can be transferred
to sinusoidal springs. The sinusoidal shape reduces the local stress appearing at the kink
from one beam to the next and thus reduces the risk of rupture [28].

Figure 3 compares the cx- and cy- stiffness of a triangular and a serpentine spring. Both
springs exhibit the same stiffness and selectivity in idle mode. With increasing stroke, the
stiffness cx quadratically increases for the triangular spring, while it remains constant for
the serpentine spring. The stiffness cy shows a sharp drop for the serpentine spring, while
it remains almost constant for the triangular spring. The selectivity S resulting from (4)
decreases much faster for the serpentine spring than for the triangular spring.
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Figure 3. Comparison of the triangular and serpentine springs: (a) stiffness, (b) selectivity (COMSOL
Multiphysics solid-state simulation results), (c) spring reaction force Fy serp and Fy .

Figure 3c shows the force reaction of both springs. The spring force Fy of a triangular

spring in the x-direction has been approximated for an even number of beam elements
ng [28]:

12AEl,
L(~1+ng)(AL2(~1+np)* cos(a)*+12Iz sin(a)”
+ 144AE12(71+HB)
5LLprojp? (4817 (—1+np)” cos(a)” +AL2 (1—8np-+4n3 ) sin(a)” )

©)

23, npe{2,4,...}

Here, Lpyoj is the projected length of the triangular spring, Iz the second moment of
area, E the Young’s modulus and the area A is the product of the beam length L and the
substrate depth. From (5), the force F, 1; depends on the displacement via the factors x and
x3. Consequently, the force-displacement characteristic has both a linear and a non-linear
component. According to [28], the linear part of the force Fy i jinear is described as

-1
ng — 1)°L3cos?(a ng — 1)L sin?(a
Fx,tri,linear =X <( B 1)2EIZ ( ) + ( B %A ( ) ,TIBG{Z, 4,.. } (6)

The linearity of the triangular spring increases with increasing angle of inclination
«. With an increasing number of beams, the linearity of the spring decreases; however,
the selectivity increases in the ratio S ~ ”213 [28]. Lse, describes the region in which the
force-displacement characteristic deviates by a maximum of 5% from a linear curve. Ls, is
presented in Figure 3c and approximately described as follows [28]:

5%:

5L2c0s%(a) <481Z(n3 —1)% + AL2(1 — 8np + 4n3) tan? ()

,ngef{2,4,... 7
12 AL2(ng —1)% + 12I,tan? («) ) et J @

In addition to the above springs, bi-stable curved springs (with their negative spring
rate [29,30], as shown in Figure 4) should be highlighted for use in electrostatic actuation.
These springs can achieve high deflections, but their force-displacement characteristic is
nonlinear. These guiding mechanisms can even achieve constant force responses [31,32].
Springs that directly apply a constant force are space saving, and a simple alternative to the
complex force-feedback systems that are often used to control the actuator force [33,34].



Actuators 2023, 12, 150

6 of 22

Boudaoud et al. [35] used a comb-drive actuator guided by bending beams clamped on
both sides, connected to a complex capacitive force sensor. Such constant force mechanisms
(CFM) achieve a constant output force at specific deflection levels by applying an external
force, such as a voltage [36,37]. In the constant force region, the stiffness of such springs
is ideally 0 N/m. A constant force can also be achieved by means of, e.g., buckling a
spring mechanism [37-39], which results in increased deflections and reduced switching
voltages [40].

b) ‘

numerical model
NE| " analytical model .
H ® measurement .
7%;120-‘ o et
w
g gol - Imﬁﬁmii;ii{i'{ﬁ’iiiiﬁi'*-?i"'w'i{ﬁif{
L o
3
40 %
0 -~l

0 10 20 30 40 50 pm 70

1 w2

Qy displacement o~

Figure 4. Constant-force mechanisms: (a) Setup, (b) the constant force characteristics resulting from
a mechanical anti-spring with the negative spring rate F.y, and (c) a spring with the linear spring
rate Fsy combined with a spring with bi-stable spring rate Fcy resulting in a constant force Fg;4, as
presented in [39].

The electrode shape can also be used to generate constant forces or to realize large
displacements. There are several approaches for special comb drive finger designs, such
as those in [25,41]. Engelen et al. presented a finger shape, providing a constant available
force that is up to 1.8 times larger than using a straight finger design, and reducing the
actuator size [42]. By varying the shape and length of the comb-drive fingers, the comb-
drive actuators can achieve larger displacements, as demonstrated by Grade et al. in [1].
In [43] it is shown that comb drives with variable-gap profiles can be designed to deliver
specific driving force profiles.

2.3. Electrostatic Comb Drives for Long-Stroke Actuation

Tangential electrodes appear to be ideal for long-stroke actuators; their force does not
depend on the geometry in direction of movement as long as the two electrodes do not
overlap completely. The total force can easily be increased using comb-drive actuators with
a reasonable number of fingers, while the parallel-plate forces simply cancel out due to
their opposed direction. A decrease in the lateral distance d increases the force, allowing
for a dense comb array and, thus, higher forces. Theoretically, the stroke seems to be almost
“infinite” as long as the two electrodes completely overlap. The most critical limiting effect
results from the increasing overlap and thus the resulting parasitic vertical forces.

However, as a closer view shows, this is an incomplete picture of events. The use
of comb-drive actuators is in fact limited by two main properties: On one hand, the
electrostatic force stays constant over the complete travel range while the retracting force
of the springs increases with the stroke, which results in an increased driving voltage.
On the other hand, the area at which the parallel-plate forces are acting increases with a
larger overlap. For comb-drives, where the tangential derivative is important, this seems
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a) moving electrodes (rotor) b)

to be less critical. Unfortunately, the well-investigated side instability depends on dl—z and
any unavoidable small asymmetries from fabrication cause a deflection to one of the two
electrodes, which in turn leads to the moving part sticking to their current position [7,26].
The side-instability is significantly influenced by the guiding spring. Legtenberg et al. [26]
have demonstrated that serpentine springs work well for long strokes thanks to their low
stiffness cx. The characteristic displacement of the voltage-dependent displacement is
shown in Figure 5. Lateral pull-in due to lateral instability occurs in Figure 5c. However,
the stiffness of serpentine springs in off-axis direction decreases with increasing deflection,
as shown in a long-stroke system (Figure 6a), causing lateral instability in the comb-
drive actuator.
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Figure 5. Experimental voltage-dependent displacement of a comb-drive actuator (a) after applying a
voltage, (b) further increase in the voltage and displacement, (c) sudden pull-in due to lateral instability.

b) 200

e ® serpentine

A triangular

displacement
g

500 um 200 m
0 20 40 60 80 100 V 120
voltage

rotor bond contact

Figure 6. (a) Microscopic image of a characterized comb-drive actuator with a triangular spring,
(b) characterization result comparing the displacement of comb-drive actuators.

Within the stable region of the comb-drive actuator, the vertical forces on the left and
right of the electrodes cancel out:

negtp(x +x neptp(x + x
E, = 0 F( 20) L2 _ Meote( 20)u2 ®)
2(d+y) 2(d+y)

The unstable electrode deflection starts as soon as the first derivative of the electrostatic
force orthogonal to the deflection direction exceeds the stiffness of the spring cy. The
opposing forces of the electrodes no longer cancel out, meaning that the rotor approaches
the stator, blocking further deflection in the x-direction:

2neqt
(> Bl ) o
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a) y
x

Fst
.@I x| Fq

The voltage Usgy at which the lateral instability occurs depends on the stiffness cx and
¢y and thus the selectivity S, as well as on the actuator geometry:

d%c c X2 x d%c X2 x
U2 = X 21 -0 _ —O = x 28 70 _ 70 10
SL™ 2eoten \/ Cx + a2 d 2e0tpn + a2 d (10)

The maximum stable displacement xs; depends on the electrode spacing, the initial
overlap, and the selectivity of the spring. For a spring with very high selectivity (c, > cx),
the maximum deflection reaches:

c X 1 X
SRUTEES R w
X

According to (11), the deflection increases in line with increasing spring selectivity
S [26]. Therefore, the springs presented in Figure 3 are suitable to fulfil this requirement.
Figure 6a shows a microscopic image of a fabricated actuator with triangular springs.
Figure 6b shows the voltage-dependent displacement of two comb-drives: The deflection
of the actuator with serpentine springs was approximately quadratic to the applied voltage
(x ~ U?), the maximum deflection was limited to 103 um and 70 V whereas the actuator with
triangular springs achieved a maximum deflection of 145 pm at 104 V, an increase of more
than 40%. Furthermore, the voltage-displacement characteristic remained almost linear.

2.4. Large Displacements Based on Parallel-Plate Actuators
2.4.1. Electrostatic Parallel-Plate Actuators

Comb-drive actuators usually exhibit a low force, and their displacement requires
an active position control. In contrast, parallel-plate actuators allow for a high reaction
force. However, the displacement of parallel-plate actuators is limited by the electrode
distance dj, as shown in Figure 7a. With respect to long-stroke actuation, the attractive
force between two parallel-plate electrodes seems to be less suitable, as > usually needs to
be much smaller than the area of the electrodes. This would result in an increased size of
:;‘42 for a reasonable force at d = dy, but approaching an infinite force for a vanishing gap
d—0.

b) F,, o) x
dy

instable i

range | °

do
stable 3 - %
*

range |*
X u pull-in u

Figure 7. (a) Setup of an electrostatic parallel-plate actuator, (b) exemplary force—displacement
characteristic curve, (c) exemplary electrode displacement depending on the applied voltage.

The characteristic force-displacement curve of a parallel-plate actuator operating
against a linear spring is outlined in Figure 7b. It does not allow control of the posi-
tion across the whole range of the gap dy. As the electrodes move closer together (with

x = dy — d), the electrostatic force increases with F ~ (ﬁwith lim %)2 = o0, theoreti-

1
do—d) d—dg (do—
cally approaching an infinitely high electrostatic force.
Assuming a rotor guided by a simple linear spring would result in a non-linear
behavior, the restoring mechanical force Fs counteracts the electrostatic force F.| between

the electrodes. At a displacement of d = 1dy, the mechanical spring force can no longer
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a) electrode

balance the steeply increasing electrostatic force; at this point, F,; = Fs, % = %5 applies.

Pull-in occurs, the movable electrode is abruptly pulled towards the counter electrode,
(dp —d) — 0, as depicted in Figure 7c. With A being the surface and c the linear spring
constant, the pull-in voltage Upuyin is simply identified as follows:

Ut > 1] o (12)
pull=in =/ 57¢ e, A

Despite this, the pull-in condition allows for a very efficient low-voltage high-force
actuator by means of the cascaded stiffness of the springs, as demonstrated in [11]; it can
thus achieve a stable “digital” behavior (undeflected/fully deflected at U = 0/U = Upy1-in)-
For this purpose, the electrodes are electrically insulated (e.g., using SiO;,) to prevent a
short when the electrodes contact. Here, the bending-plate actuators are combined with
triangular/serpentine springs (see Section 2.2) as shown in Figure 8. As known from [44],
the stator features electrodes which connect to a rigid cantilever, and the rotor features
thin electrodes which connect to the actuated platform, guided by flexible springs. The
cascaded stiffness is part of the specific design, as the thinnest cantilevers bend at the start
of the process, then becoming more and more attracted, and finally end up fixed to the
stiffer cantilevers.

S}zring ¢ rotor b)

electrode

cantilever stator
Figure 8. Schematic of the bending-plate actuator: (a) setup, (b) completely pulled-in actuator.

The switching speed is limited by squeeze film damping, as the air within the gap
between the electrodes has to be squeezed out; a process that is accelerated by higher forces
at higher voltages [45]. During pull-in, the stiff cantilever also slightly bends the distance b
towards the electrodes, which reduces the displacement of the bending-plate actuator x,
(Figure 8b). Therefore, it is not only the spring stiffness cs, but also the cascaded cantilever
thicknesses that strongly influences the pull-in voltage [44]. For the actuator shown in
Figure 8, the pull-in voltage is described as follows [11]:

| 2Eg;C3d3
Upill—in >\ 55— 13
pull—in = 27808rL4 (13)

Using insulating layers prevents an electrical short during actuation. The high field
strengths across thin electrical insulation bear the risk of self-charging of the dielectric,
which can result in a permanent static charge. The worst-case scenario here would be
that the actuator is unable to release after switching off the voltage. Replacing the DC
voltage with an AC voltage reduces the risk of permanent charging but increases the power
consumption as a frequency-dependent AC current is required to charge and discharge the
electrodes. It has to be noted that the AC frequency needs to be significantly higher than
the mechanical resonance of the system to prevent a parasitic resonant excitation of the
mechanical system. For DC actuation, the required permanent electrical power is almost
close to zero after charging only once. Alternatively, an electrical short can be prevented
using local spacers or pull-down resistors [12].
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a) Pull-in actuator a;

2.4.2. Electrostatic Parallel-Plate Actuators with Multiple Stable Steps

To achieve long-stroke actuation, systems based on cascaded actuators are our objec-
tive. An effective way to achieve such systems is to stack bending-plate actuators with
stepwise increasing gaps and connecting springs c; [12,44,46]. From the initial position
(Figure 9a), the actuation starts by applying a voltage to the first actuator a;, after which the
system moves for X,ctuator,1 and the gap at actuator a, decreases. By additionally applying a
voltage to the second actuator a, the system displaces again, now for the distance Xactuator,2-
When all three actuators aj, ap and a3 are activated, the system reaches X,ctyator3- The
required voltage does not increase; aj—a3 operate at the same pull-in voltage.

a b C d
) C g ) T X actuator,1 ) T X actuator,3

£,

4

e
3

E 3 E
Lo | )| L F

3 : .;;[ £ o3 % £a,
= = < =

Figure 9. An actuator with three steps: (a) initial position, (b) the first actuator a; is activated and

3
= )
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e/,
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1| T
[

w

=

the resulting system displacement is Xactyator,1, () the actuators a; and a; are activated, the system
displacement being Xactuator2, (d) all actuators aj, a and a3 are activated, resulting in the system
displacement X,ctyator,3-

For large displacements at low voltages, the stiffnesses of the guiding cg and connecting
springs c; are crucial parameters. The influence of the spring stiffness on the total system
displacement x,.,4tor; depending on the activated actuators a; [12] is described as follows:

Xi
n—i 1
ot Q)

For this study, an actuator in line with Figure 9 was realized and evaluated. The
actuators were sequentially activated. Figure 10 shows the resulting displacement due to
the step-by-step activation of the actuators. The red dots mark the actuators with an applied
voltage. In [12], we present the evaluated experimental displacements as well as the dy-
namic switching behavior, showing eigenfrequencies between 90 Hz (avg. ¢g = 2.90 N/m)
and 139 Hz (avg. cg = 0.17 N/m), depending on the stiffness of the guiding spring. A video
of the stepwise displacing actuator is available at https:/ /etit.ruhr-uni-bochum.de /mst/
forschung/projekte/marie/ accessed on 28 March 2023.

Juri <mn (14)

Xactuator,i =
cg- (

b) Pull-in actuators a; + a, ¢) Pull-in actuators a; — a3 d) Pull-in actuators a; —ay e) Pull-in actuators a; — as

X % 1 4 Lo | Ve l

Figure 10. Displacement of the stepwise actuator; the voltage is applied to (a) actuator a;, (b) actuator
a; and ay, (c) actuators aj to az, (d) actuators aj to ag, (e) all actuators.
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2.4.3. Digital-to-Analog Converting Actuators (DAC)

For the step-like long-stroke actuators presented in Section 2.4.2, the step count was
equal to the number of actuators, resulting in a complex system wiring. In this section, we
present digital-to-analog converters (DACs) where the number of addressable positions
increases exponentially with the number of [47]. A true mechanical DAC converts a binary
input code into an analog mechanical output displacement proportional to the analog
value of the input code. Thus, the control and wiring of true DACs is significantly less
complex than for conventional actuators (for N bit N actuators, as compared to 2V ac-
tuators). In-plane microelectromechanical DACs based on electrostatic actuators have
been demonstrated; Toshiyoshi et al. [48] and Sarajlic et al. [47] presented DACs based
on comb-drive actuators, and achieved maximum binary encoded displacements of up to
5.8 um at 150 V and 8.6 um at 45 V, respectively.

The DAC for long-stroke operation, shown in Figure 11a, consists of three ‘bits” [49-51].
Each ‘bit’ features guiding springs cg;, connecting springs c.;, and two actuators (a; down
and ailup). Here, a; yp/down represents a Boolean variable associated to the ith slider of the
DAC, which can be either set to a value of 1, if a voltage is applied, or 0 for a non-active
actuator. Therefore, the slider is either displaced upwards, when activating the upper
actuator (a;yp = 1 and a; gown = 0, Figure 11d), or downwards, when activating the lower
actuator (a;up = 0 and a; gown = 1, Figure 11b). In our first attempt, the two actuators
of each bit were linked by a rigid slider, so each actuator can be individually set in an
up or down position, resulting in a mere 2° = 8 positions. In our second approach, each
‘bit’ could address four different states: 0-0, 1-0, 0-1 and 1-1. In Figure 11d, the upwards
actuator a; ,, has been activated and position 1-0 is thus shown. In Figure 11b, position 0-1
is depicted by activating the downwards actuator a; g4own. When activating both actuators
simultaneously (a;up = a;down = 1), the intermediate position 1-1 is achieved, as shown
in Figure 11c. In position 1-0, the bit achieves its largest displacement, in position 1-1 an
intermediate displacement and in position 0-1 the smallest displacement [52]. Position 0-0
is an undefined state not suitable for actuation.

a) !} XpAc b) position 0-1
AN CEE " ™
— T azvnghl — —
[
— —J | ¢ o
b e 3—/\;/\—5

AN AN

T a 1,right
= — l a 1,left
777
connecting
Spring Cei ~ AN\
fa
40, right
777 777 A0 left

guiding
spring Cy;

Figure 11. (a) Setup of a 3-bit DAC; a single bit in (b) position 0-1, (c) position 1-1, (d) position 1-0,
adapted from © [2023] IEEE. Reprinted, with permission, from [L. Schmitt, X. Liu, A. Czylwik and M.
Hoffmann, “Large Displacement Actuators with Multi-Point Stability for a MEMS-Driven THz Beam
Steering Concept,” Journal of Microelectromechanical Systems, 2023], [52].

With N = 3 connected bits, the resolution of the DAC subsequently increased from
23 = 8 to 3% £ 27, as presented in Figure 12a. Bit 0 proved to be the least significant bit (LSB).



Actuators 2023, 12, 150

12 of 22

The displacement of the LSB resulted in a partial deformation of the connecting springs
cc1 and cp. As the output of the most significant bit (MSB) is not connected to a further
spring, the entire MSB displacement resulted in the DAC displacement. Therefore, the
impact of each bit on the final system displacement appears to add up along the chain of
the connecting springs. The DAC resolution can be enlarged by adding more sliders, such
that a combination of, e.g., four or five sliders would result in a resolution of 3% = 81or
3° £ 243, respectively. By adding more bits to the DAC, the overall DAC displacement
xpac increased, too. As the DAC is a mechanically connected system, the stiffness of the
springs and actuators is important for the linearity of the actuation and a large stroke,
which has also been investigated by Sarajlic et al. [47]. The DAC stiffness is important for
large displacements when connecting the DAC to a mechanical leverage, which results in
an increased DAC displacement (experimentally, up to 234.5 pm, as shown in [53]).

Bit 1 N
[ Pos. | Bit2 | Bit 1] Bit 0 [l Pos. | Bit2 | Bit 1] it 0 IS 10
1 01 041 01 5 11 11 10 : . i
T ST T el e o e M m : 1\-71;'\'/'&5"'65 ..................... rpm g
L2001 == B T 0 sm -8 S
3 01 01 10 7 111 10 11 =Y = | el " =
A I — I A e S
4 01 14 01 18 14 10 10 < 1 || 0 Tt " 50
5 150 e 5
5 01 11 11 19 10 01 01 1o L I r6 2
» = 7 y ¥ ¥ - DAC L s i
6 01 11 10 20 10 01 11 c -.- ] vY <
i = L 2 % o < —
7 01 10 01 2 10 01 10 & 100 " vvvv 4 %
8 01 10 11 2 10 11 01 g . vy )
] - u v v )4 <
9 01 10 10 23 (10 11 11 & 50| o B vy Lo A
10 11 01 01 24 10 11 10 % "L vYY Ylv displacement DAC =
vt [ 24 ) ) (7]
1 111 01 11 25 10 10 01 o 0 N ® displ. DAC with leverage 0 5
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Figure 12. (a) Presentation of the 27 positions in logical order addressed by the 33 DAC, (b) Simulated
displacement of a 3-bit DAC with a 3% resolution: the DAC performs a binary encoded stepwise
displacement that is finally enlarged using a mechanical leverage (an amplification ratio of ~40) to a
stepwise and large mechanical displacement. Experimental results are shown in [51-53].

A video of the mechanical DAC is available at https://etit.ruhr-uni-bochum.de/mst/
forschung/projekte /marie/, accessed on 28 March 2023.

3. Springless Long Stroke/Infinite Stroke Actuators
3.1. Actuator Concept

As demonstrated before, a limiting factor for long stroke lengths is the solid spring.
With optimized designs, the range can be extended, but for displacements in the mm or
even cm range, solutions with non-rigid bearings are better suited. A promising alternative
is the use of liquid bearings: surface tension in droplets in the micro-range provides a
roller bearing and a virtual spring between two surfaces at the same time, although several
constraints have to be fulfilled. The calculation of the spring constant is different from
rigid cantilever systems, and the properties of the surfaces as well as of the liquid and their
mutual interaction all have an important impact. Nonetheless, the actuation of droplets by
applying electrostatic fields is a well-known approach (e.g., in digital microfluidics [53,54],
where the movement and manipulation of single droplets is a common application). Es-
pecially in medicine and biotechnological applications, microfluidics continues to attract
more and more attention. Digital microfluidics (DMF) in particular enables the realiza-
tion of lab-on-a-chip applications [55]. Unlike in conventional microfluidics, individual
droplets are manipulated in DMF. This technology allows for transport, separation, as
well as improved mixing and merging processes of the smallest liquid volumes [53]. In
combination with other analytical tools, for example, new types of point-of-car platforms
can be developed [56]. In addition to the very small volumes that can be processed, the low
power consumption and the lack of need for valves and pumps are further advantages of
DMEF [57].
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For cooperative long-stroke actuators, the droplets become part of a liquid roller
bearing or “wheel”, as well as of the actuator itself: three or more droplets are tethered to a
moving platform, e.g., a small substrate, while the actuation is induced using the on-chip
travel path.

Electrowetting on Dielectrics (EWOD) is probably the best-known method of actuation
in DMF systems [56,57]. EWOD describes the behavior of a conductive or polar liquid
on an electrode isolated using a dielectric when a potential difference is applied between
them; basically, the fluid is electrically connected. The applied voltage results in a change
in the contact angle between the substrate and the drop, which can be described using the
Young-Lippmann equation:

€084 ;12
cos(0) = cos(6p) + 27, u (15)

Here, 6 is the contact angle between liquid and solid surface at U = 0; ¢g is the
permittivity of vacuum, and ¢; is the permittivity of the dielectric layer; d is the thickness
of the dielectric, vy, is the surface tension of the liquid, and U is the applied voltage.

The electrostatic force acting on the droplet can be derived from the change in the
energy within the capacitors, or more generally, using the Maxwell stress tensor, see [58,59].

At microscale level, surface effects such as surface tension dominate, such that drops
can also be used as liquid bearings in microsystems. In [60], a MEMS micromotor was
realized based on such a liquid bearing. In [61], a liquid motor was presented using EWOD,
with a droplet serving as a liquid bearing. A further application of EWOD with liquid
bearings is shown in [62], wherein four drops carried a micromirror. Changing the contact
angle between the drop and the support tilted the mirror, but the mirror was not moved
‘in plane’.

The system for long-stroke actuation presented in this study used a combination of
lateral droplet transport and the properties of microdroplets as liquid bearings. It consisted
of a movable platform resting on four droplets. There were no solid springs connecting the
platform with the substrate. The platform was instead moved laterally on a long scale by
applying electric fields between planar electrode arrays on the substrate, whereby the drop
itself was not in direct contact with an electrode.

Two different shapes of electrode arrays consisting of interdigital electrodes have
been investigated so far; one had trapezoidal boarders, and the other one had sine shaped
boarders, as shown in Figure 13. The interdigital structures ensured an increased contact
line between the droplet and the neighboring electrode. The gap between the two electrodes
was set to be about 20 um. This system was designed for a drop with a contact area radius
of 600 um, corresponding to a drop of, e.g., DI water with a volume of 1.2 uL, and a contact
angle of 120° in air. This demonstrator used DI water, but other polar fluids are also
suitable, e.g., low-vapor pressure polar fluids such as ethylene glycol (e, = 37) and glycerol
carbonate (¢, = 110).

a)

| 690 um
1
1000 um
1
1200pm
1

=
=h=

Figure 13. Size and dimensions of (a) trapezoidal shaped electrodes and (b) sine shaped electrodes.

The five finger electrodes on the side of the structure are not relevant for the long stroke actuation.
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The electrodes were realized using lithographically structured aluminum on silicon,
with a 2 pm thermal S5iO, layer to insulate the electrodes. The dielectric layer consisted
of 110 nm Al,O3, deposited using atomic layer deposition (ALD). To achieve a reliable
hydrophobic surface with a contact angle >90°, a 1% fluoropolymer solution (FluoroPel
PFC1601V-FS) was applied by means of spin coating (Figure 14).

|:| FluoroPel 1601V-Fs
Y ano,

M -

M s

s

(N

W
Figure 14. Schematic structure of the actuator system.

The moving platform was a 220 um thick silicon chip, likewise coated with fluoropoly-
mer. The hydrophobic coating was locally removed from the contact areas where the
droplets were to be attached as bearings.

3.2. System Modelling

For an approximated model describing the dynamic behavior of the long-stroke
actuator for precise motion control, the system is decomposed into the four droplet bearings
suspending the actuator platform. The elastic behavior of the droplets is represented by the
spring constant c. A single droplet can be described using the mechanical analogy depicted
in Figure 15.

Fa
[«
mmr

—> mpg

Fy (_FS

Figure 15. Mechanical analogy for droplet modelling.

The platform mass mt was connected to the bottom mass mp, corresponding to the
droplet mass, by a linear spring with the stiffness c. In combination with the quadratic
air friction force Fj, this enabled the emulation of the droplets ringing behavior. The air
friction within the model is given as follows:

Fp = sign(p)drp” (16)

where p denotes the velocity of the top mass and dt denotes the friction coefficient. The
combination of the nonlinear friction force Fs and the linear friction force Fy reflects the
interaction at the interface between droplet and chip. This allowed us to incorporate the
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adhesion of the droplet, inhibiting the movement below a certain actuation voltage in the
model. These friction forces are modelled as

.2
_r
F; = Hoe “Tatan(ap) (17)
Fy = dap (18)

where p denotes the velocity of the bottom mass and Hy and v are calibration coefficients
to the behavior of the maximum (force) of the nonlinear friction force Fs. The calibration co-
efficient « allowed us to adjust the gradient of Fg for a non-moving droplet. The electrostatic
force Fg can be derived by means of differentiating the electrostatic energy of the droplet
when applying a voltage U, with respect to the position of the droplets base, modelled as
the position of the bottom mass mp, as discussed before. From the FEM-simulation, we
derived electrostatic forces up to 9.85 uN for a single droplet.

Using the aforementioned forces, a model for the droplet behavior can be deduced,
including unknown parameters such as the spring stiffness c. Such parameters can only be
identified using experimental data. The simulation result with these identified parameters
for a single droplet (alongside of the used experimental data, as well as the error e between
simulation and measurement) are depicted in Figure 16.

0 /\ AV AV V2V DN N N N N

—0.2
—04 /

0 20 40 60 80 100 120 140

p [mm]

30

20

10

e [um]

-10

0 20 40 60 80 100 120 140
()

time [s]

Figure 16. Simulation results (red, solid) and measurement data (black, dashed) for a single droplet (a)
when combined with the simulation error ¢ (b); when the error is in the single-digit percentage range.

The whole actuator was considered as a platform, inextricably connected to the four
suspending droplets. To derive a dynamic model, the platform with side length 2a was
attached at each corner to the four corresponding top masses of the mechanical analogy
depicted in Figure 15. Taking only the translational degree of freedom along the electrode
array into account, the governing differential equations can be derived using the Lagrangian
formalism. Considering the positions p; of the respective droplet base and p the position
of the platform as generalized coordinates, and the friction and electrostatic forces as non-
conservative forces of a Lagrangian formalism, a set of governing differential equations
can be derived. Reformulating these equations using the state vector
] T

x=[p1PLP2P2P3P3P4PaPp (19)
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results in a system of first-order differential equations typically used for simulation or
control applications:

x
gy (Fe1 (x1, V1) = FS,1(X2)2— dixy — k1 (x1 +a—x9))
X
ﬁﬂ(FE,z(xs, W) — Fs,z(x4)4— dyxy — ko (x3 +a — x9))
x
= %(FE,S(J%/ V3) = Fs,a(xa)é— daxg — k3 (x5 +a — x9)) (20)
x
%M<FE,4(X7/ V4) - F5,4(x8)8— dyxg — k4(JC7 +a— X9))
kl(xl+ﬂ7x9)+k2(x3+“*"9)+k3("520*7‘9)”4(967*!1*369)*Sigﬂ(xw)dpx%o
- Mmp+mt,1+mo+mr3+mr4 ]

where the friction coefficient d, incorporates the friction of the platform and all dr;. To
reflect the behavior of an existing actuator, the parameters of the system model (20) had to
be determined. This was achieved using a system identification approach, as described for
a single droplet in [63].

3.3. Experimental Results
3.3.1. Coordinated Droplet Actuation for Moving Platforms

The droplets were positioned on the electrodes by means of applying a voltage on the
required electrodes. Figure 17a shows the four liquid bearings in their initial position. To
ensure a smooth movement of the platform, all drops needed to be actuated synchronously.
For this purpose, the neighboring electrode in front of the drop was switched on, so that
the electrostatic force pulled the drop into the field. In this configuration, reproduceable
droplet movements can be achieved at voltages as low as U =20 V [64].

a) b) )

transition velocity [mmy/s]
a
2

o 10 v::age v 30 40
Figure 17. (a) four droplets in their initial positions on the two electrode arrays; (b) four droplets on
the electrode arrays serving as liquid bearings, carrying a 220 pum thick silicon platform; (c) Transition

velocity of one single liquid bearing without a payload between two electrodes, as a function of the
applied voltage.

Figure 17b shows a cross-sectional view of the platform on four droplets. The drops
were slightly deformed by the weight of the platform, resulting in a modified contact
surface.

A stable movement with the payload of the platform could be achieved at 40 V.
A video of the moving platform is available at https:/ /etit.ruhr-uni-bochum.de/mst/
forschung/projekte/kommma-raeumliche-aktorik/, accessed on 28 March 2023. The speed
of the moving platform depended strongly on the switching period of the electrodes.
For a switching time of 85 ms at 42 V, the speed v of the platform was approximately
5.5 mm/s. The demonstrator platform allowed a maximum distance of 1500 um (Figure 18).
Theoretically, the stroke of this actuator system is infinite and determined only by the
number of control electrodes.
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Figure 18. (a) Actuation scheme for every liquid bearing. Five control electrodes were switched on

(red) sequentially for 85 ms at 42 V;(b) voltage input timing sequence.. First period guaranteed a
stable initial position of the moving platform. (c) Platform displacement in x-direction. Displacement
was measured at the front side of the platform (cf. Figure 19).

Measurement point of the
high-speed camera

Figure 19. Three positions of the moving platform at 40 V with a switching period of t = 100 ms.

3.3.2. Multistability

Unfortunately, the described scheme exhibited a disadvantage: if no voltages are
applied, the droplets on the non-wetting surface tend to roll off the electrode area if there is
any kind of tilt of the electrode substrate. Therefore, it is necessary to “fix” the droplets
in their positions. This also allows us to achieve a multi-stable behavior. Such a multi-
stable step-like behavior of the platform system was achieved using mechanical barriers
introduced into the system in places where the droplet was intended to stick. In a first
attempt, photoresist piles were created on the electrode structures (Figure 20). Four of these
trapezoidal photoresist structures featured a barrier to hold the droplet in a stable position
even when no voltage is applied, or if the chip is tilted.

=
<

Figure 20. Physical photoresist barriers with a height of approximately 9 um. Neither the five
segmented finger electrodes to the side nor the electrodes in the center of the structure are relevant
for the long stroke actuation.
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Here, the dielectric Al,Os-layer had a reduced thickness of 60 nm. The photoresist is
applied on this dielectric, featuring a height of approx. 9 um. Subsequently, the completed
structure is hydrophobically coated with FluoroPel PFC1601V-FS by means of spin coating.
The hydrophobic state is shown in Figure 21.

b)

w

Figure 21. (a) Droplet above the photoresist barriers; (b) droplet after placement on the hydropho-
bic structures.

Figure 22 shows four droplets without load that are moved synchronously by means
of applying 25 V to the control electrodes. The increased voltage (compared to 20 V in [64])
is needed to overcome the additional barriers. Figure 23 shows the setup with barriers, four
liquid bearings and the platform on top. In this case, the platform consisted of a 100 um
thick glass substrate, likewise coated with FluoroPel, and the droplets stuck locally to the
platform. Again, two electrodes had to be activated simultaneously to move the platform.
A voltage of 35 V was applied to the activated electrodes for 500 ms. The platform was
able to move step-by-step. The forward movement is shown in Figure 23. The use of
mechanical barriers to create multi-stable states for the drop-based long-stroke actuator
was thus successfully demonstrated. These energy states can easily be adjusted using the
height and shape of the barriers.

Figure 22. Four droplets moved synchronously from one stable position to the next. (a) Four droplets
positioned between the photoresist barriers; (b) initial movement of the droplets; (c) four droplets
reaching the next stable position, as defined by the photoresist structures.
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Figure 23. (a) Starting position of the platform on four liquid bearings, which are positioned between
the photoresist barriers (top view); (b) initial moving of the platform; (c) liquid bearings of the
platform reaching the next stable position, as defined by the photoresist structures.

4. Summary and Outlook

This contribution provided an overview of non-inchworm long-stroke actuators and
presented some recent improvements based on evolved spring concepts for common
electrostatic actuator systems and a spring-free system with liquid bearings. Such systems
have allowed us to integrate step-like actuators with an theoretically infinite stroke length.
It should be noted that all systems require actuation voltages <100 V. This voltage range can
easily be supplied using surplus up-conversion from low voltages. As almost no current
is needed, the power consumptions of these systems is low, and high-impedance voltage
sources create no safety risk. Our own unpublished work has shown that such actuators
can be powered using RFID or NFC systems.

Electrostatic actuation for long-stroke application can facilitate yet further improve-
ments. Such solutions strongly depend on the constraints of the system environment, and
requires both careful design and a selection of the spring-actuator system that is far more
meticulous than the comparatively simple basic principles of electrostatic force effects.
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