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Preface

The smart coupling of distributed microactuators to a cooperative synergetic actuation system
creates new functionalities to address complex tasks comprising combinations of force, displacement,
and dynamics that have not been possible until now. Combining similar microactuators in
microactuator arrays enables the control of time and spatially resolved actuation patterns, while
the combination of microactuators based on different transducer principles even allows for novel
process chains across different functional levels, as well as several length scales. Thus, operating
many actuators in a coordinated way will generate new synergy effects like bi-/multistability and
multistage performance. Thereby, different functional levels could be triggered selectively depending
on external stimuli like temperature, as well as electrical and magnetic fields. Further synergies will
open up through the intrinsic sensing of various system parameters.

This Special Issue collects selected research papers in the field of cooperative microactuator
devices and systems. Different contributions originate from the Priority Program KOMMMA
(Cooperative Multistage Multistable Microactuator Systems) of the German Science Foundation. This
interdisciplinary program addresses the various challenges of cooperative microactuator systems by
bringing together research groups in the different research areas of microactuators, microsystems,
material science, system simulation, control, and systems engineering. The Special Issue covers a
broad range of research topics, including piezoelectric, electrostatic, magnetic, shape memory, and
dielectric elastomer principles, as well as combinations thereof. New concepts for the modeling
and simulation of the multiphysical properties of the microactuator systems are presented with an

emphasis on techniques of compact modeling via model order reduction.

Manfred Kohl, Stefan Seelecke, and Stephan Wulfinghoff
Editors
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Abstract: Having benefited from technological developments, such as surface micromachining, high-
aspect-ratio silicon micromachining and ongoing miniaturization in complementary metal-oxide—
semiconductor (CMOS) technology, some electrostatic actuators became widely used in large-volume
products today. However, due to reliability-related issues and inherent limitations, such as the pull-in
instability and extremely small stroke and force, commercial electrostatic actuators are limited to
basic implementations and the micro range, and thus cannot be employed in more intricate systems
or scaled up to the macro range (mm stroke and N force). To overcome these limitations, cooperative
electrostatic actuator systems have been researched by many groups in recent years. After defining
the scope and three different levels of cooperation, this review provides an overview of examples
of weak, medium and advanced cooperative architectures. As a specific class, hybrid cooperative
architectures are presented, in which besides electrostatic actuation, another actuation principle is
used. Inchworm motors—belonging to the advanced cooperative architectures—can provide, in
principle, the link from the micro to the macro range. As a result of this outstanding potential, they
are reviewed and analyzed here in more detail. However, despite promising research concepts and
results, commercial applications are still missing. The acceptance of piezoelectric materials in some
industrial CMOS facilities might now open the gate towards hybrid cooperative microactuators
realized in high volumes in CMOS technology.

Keywords: cooperative actuators; electrostatic actuator; inchworm motor; electrostatic motor;
microsystems; micromachining; MEMS; gap-closing actuator

1. Introduction

Electrostatic actuation is an actuation principle that is widely used in billions of com-
mercial devices and products today, e.g., the actuation of the so-called primary excitation
in MEMS (microelectromechanical systems) angular rate sensors (gyros), which are based
on the Coriolis effect, is provided in most commercial devices electrostatically [1,2]. The
successful emergence of electrostatic actuators is based on several key factors: the actua-
tion principle does not rely on specific materials, and thus, electrostatic actuators can be
realized with standard CMOS-processes, while taking full advantage of the technological
advancement therein, such as the ongoing miniaturization and creation of high-aspect-
ratio (HAR) microstructures, e.g., by using deep reactive-ion etching (DRIE) [3]. The
feasibility of electrostatic actuators also benefited from the development of the so-called
surface micromachining [4].

Additionally, the basic actuation cell is a simple capacitor, usually with one electrode
fixed and the other electrode anchored via a tethered suspension to the substrate. The
energy density of an electrostatic actuator and the corresponding forces can be simply
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derived from the change of energy stored in that capacitance. For a parallel-plate arrange-
ment, the stored energy W in the capacitance C is given by Equation (1), where U is the
voltage potential applied across the electrodes, ¢, and ¢, are the relative and vacuum
permittivities, respectively, d is the distance between the electrodes, and a and b are the
overlapping dimensions of the capacitor’s electrodes. The acting forces can be calculated
by the corresponding derivatives in respect to distance and actual overlap.

W= %Cu2 = %MOUZ% 1)

However, the so-called z-movement capability (change of d) is very limited due to
decreasing forces for larger distances d (1/d?), and due to the pull-in effect for small
distances. Furthermore, without considering special effects, e.g., provided by fringe fields,
electrostatic actuation is unidirectional, i.e., the forces in respect to Equation (1) are always
directed to maximize the electrostatic energy stored in the capacitance. In the case of a
comb-drive-like setup, this means that the force is directed to achieve a complete overlap
of opposing “fingers” of the interlaced combs. Therefore, upon electrostatic actuation, a
counter force starts building up in the mechanical suspensions of the movable or deformable
electrode, which will drive the movable part back to the starting position once the potential
between the electrodes is switched off. Based on Hooke’s law, these restoring forces
are linearly increasing with the deflection of the suspending beams. Thus, the restoring
actuation forces are depending on the beam geometry and material properties (Young’s
modulus), and therefore are fixed for a given design. As discussed in several examples in
Section 3, an important feature of cooperation is to achieve bidirectional operation, where
the movement back to the starting position can be actively controlled.

Further advantages of electrostatic actuation are high energy transfer efficiency (low
power consumption), fast response time and high resonance frequencies of most minia-
turized spring-mass systems, allowing a fast dynamic operation [5]. Additionally, the
electrostatic effect shows low temperature dependence and allows high operation tempera-
tures when using suitable materials such as poly-Si and metals.

An early implementation of electrostatic actuation was the force feedback loop and
self-test function integrated in the 1990s in the MEMS accelerometer ADXL50 from Analog
Devices [6]. In consumer electronics, an example is projectors that are realized by the
so-called digital micromirror device (DMD) from Texas Instruments (TT), which can be even
integrated into smart phones such as Samsung’s 18530 Galaxy Beam [7].

Different to most other actuation principles, miniaturization increases the performance
of electrostatic actuation by virtue of the scaling [8] and Paschen’s laws [9], whereby the
former allows efficient actuation with relatively large force and energy density on the
microscale (in respect to dimensions of electrodes and distance between them), and the
latter provides larger breakdown voltages, which allows greater electric field strengths, in
smaller gaps between electrodes.

However, electrostatic actuation also has certain limitations and drawbacks, such
as low (absolute) force (typically uN), small stroke (typically um), inclination to stiction,
vulnerability to dielectric charging and—based on a planar design architecture and resulting
mostly uniaxial movements—limited aptitude for “3D-operation” and more complex
actuation tasks and movements, such as motors.

To overcome the inherent displacement limitation of electrostatic actuation, over the
past few decades, many researchers have proposed various mechanisms that accumulate the
repeated, short actuation steps of an electrostatic actuator into much longer displacements.
Such mechanisms are typically called motors, which are in principle capable of indefinite
motion, at least in one degree of freedom. For this purpose, some new motor concepts
specifically suited for electrostatic actuation have been proposed, e.g., the so-called scratch
drive actuator (SDA) [10], as well as other, already known concepts, such as the inchworm
motor, have been adapted to electrostatic actuation [11]. Typically, these electrostatically
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driven motors make use of cooperation between different actuators and/or structures
within the system.

In this review, we first provide definitions for cooperative electrostatic actuators and
for different levels of cooperation. We will then present examples of cooperative electrostatic
actuation principles and systems for each cooperation level. As a specific class, hybrid
cooperative systems are presented, where electrostatic actuators are cooperating with
actuators using other actuation principles. After a discussion, where we compare different
cooperative architectures, we conclude the findings and try to present an outlook for future
developments in this field. Being part of the Special Issue on “Cooperative Microactuator
Devices and Systems”, this review focusses on electrostatic cooperative actuation systems.
Other principles will be considered in other contributions in that Special Issue.

2. Methodical Approach: Definition of Cooperative Electrostatic Microactuators

So far, no generally accepted definition or classification of cooperative microactuators
is available. This holds especially true for cooperative actuator systems using electrostatic
actuation as their base. In this review paper, cooperative electrostatic microactuator systems
are defined by the following conditions or properties:

e Different actuators—at least one using electrostatic actuation—are integrated to form
a cooperative, synergistically operating system, which generates new functionalities,
and thus can also fulfill complex tasks that are impossible to achieve by the individual
actuators found within the system (e.g., a larger force, a longer stroke, or a complex
travel path).

The scale of functional structures in these actuators is in the order of um.

The actuators are placed in a closely spaced arrangement to allow interaction between
them and provide synergy of the individual microactuators and integration on a single
chip, e.g., monolithic integration.

We distinguish “pure” electrostatic cooperative microactuator systems, i.e., those
made up exclusively of electrostatic microactuators, from hybrid cooperative microactuator
systems, in which, in addition to electrostatic actuation, other actuation principles or effects
are used, e.g., to accomplish bistability or even multistability.

To structure this review paper, we are proposing, within the given definition, a classifi-
cation based on system architecture and degree of cooperation. Three levels of cooperation
are defined and presented:

Weakly cooperative architectures (Section 3.1):

e systems, where the cooperation is derived by the integration of independent, not
coupled actuators through the electronic control system;

e  avery limited number of cooperating actuators (2—4), where the cooperation is based
on simple mechanical coupling structures of these actuators.

Medium cooperative architectures (Section 3.2):

e  some actuators (2-5) with strong interaction using smart mechanical coupling (e.g., cou-
pling activated by actuation itself) to allow, e.g., complex 3D-trajectories;

e architectures which are already providing by cooperation the base for integration in
even more complex cooperative actuation systems.

Advanced/strongly cooperative architectures (Section 3.3):

e  cooperative sub-architectures are integrated and combined into complex systems;
e  huge numbers of coupled actuators integrated into a functional system.

This structure can also be viewed as somewhat indicative of the chronological order,
given that early and even commercialized examples of weakly cooperative electrostatic
actuator systems were introduced in the 1990s, whereas strongly cooperative systems are
still a topic of fundamental research.

In a further section, Section 3.4, we present concepts, where electrostatic actuators are
combined with other actuation principles. This section is called ‘Hybrid System Architectures’.
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An early example of a cooperative microactuator system with weak cooperation be-
tween the actuators is the DMD [12]. Here, a typical system features more than a million
independent mirrors that are working in parallel to cooperatively create an image. The
cooperative image creation is provided by the control logic, which individually addresses
each single micromirror (pixel) without any coupling of the independent micromirrors.
An example of medium cooperative architecture is xyz-stages, which allow out-of-plane
movement even with a planar structural design, by using specific hinges. Finally, coopera-
tive microactuator systems with advanced cooperation between distributed actuators are,
e.g., electrostatic inchworm motors, whereby different actuators are working cooperatively
to create a single step in a long sequence of a step-like motion, thus allowing very large
travel ranges (several mm instead of um) and, by combining many driving units in a
cascaded system, also large forces (mN instead of pN). The quality of such cooperative
electrostatic microactuators is therefore called, in this review, “strong”, because the success-
ful functioning of such systems needs not only addressability of each actuator within the
system, but also coordinated action of the different coupled actuators, since they depend
on each other. Additionally, such devices are able to carry loads or create relatively large
forces and provide larger travel ranges.

Electrostatically driven microactuators using direct cooperation between the actuators,
or cooperation at a system level, are described in several research papers. However,
compared to the field of electrostatic actuation in general, the number of research papers is
rather limited, and for the most part, even the papers listed in this review are not focusing
on “cooperation” or cooperative aspects specifically, and do not pronounce the cooperative
or coupling character of the described actuator systems. For this reason, a systematic
search of related publications by keywords is difficult, and the search results provided are
unreliable. For instance, a search on Google Scholar combining the single words and the
full phrase “cooperative electrostatic actuation” provides only 10 results, most of them
fulfilling the given definition. However, combining the keywords actuator, electrostatic
and cooperative with the phrase “cooperative electrostatic”, gives 74 results in Google
Scholar, from which only 11 are relevant in respect to the given definition (and even not
providing the papers presented in this review!). On the other hand, a general search with
the keywords “electrostatic”, “microactuators” and “cooperative” provides 1720 results,
but many of them are not relevant in respect to the given definition of cooperation.

Similar results are found for a search on science direct: When using the three keywords

”oou

“electrostatic”, “actuator” and “cooperative”, 1198 results are provided. However, only
104 results are found, when using the keywords “electrostatic”, “microactuators” and
“cooperative”. These results are almost uniformly spread over the last 20 years. In contrast,
an advanced search combining those three keywords in the text with the criteria that
these are also used in the title or abstract fields provides only one result. By reducing the
keywords needed to be found in either of those fields to “electrostatic” and “actuator”,
22 search results are found.

Therefore, a simple keyword-based search on “cooperative microactuators” is not
reliable. Instead, we analyzed papers dealing with miniaturized electrostatic actuators
in general, but with some special features, for example, in respect to motion (e.g., fea-
sibility to provide not only unidirectional movement), stroke (>>um) and force (>>uN).
For this review, about 140 papers were identified according to the above definition of
cooperative electrostatic actuation systems. From these, 82 are presented in more detail
or referenced in this review. The selected papers are representing basic principles and
concepts of cooperation.

Whenever possible, we try to introduce, as examples of a given cooperation category
or method, those publications where that specific idea was first presented before referencing
more recent papers.
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3. Design Principles and Architectures of Cooperative Electrostatic Microactuators
3.1. Weakly Cooperative Architectures

As we established in the aforementioned classification, this Section reviews actuator
systems that exhibit a form of cooperation, but on a weak level, from one perspective
or another. Examples of such systems are those that have actuators with little to no
coupling or physical dependence among them, such as the independent optical actuators
that collectively create an image or drive a multi-channel switch. Additionally, systems
that consist of only few actuators and that have only simple and passive coupling elements,
and those that cascade identical actuators to increase their displacement range or force, will
also be reviewed in this section.

3.1.1. Cooperation by Control Logic

As already mentioned, a well-known example of this kind is the DMD [12], in which
more than a million mirrors can be individually actuated and work in parallel to cooper-
atively create an image. The cooperative image creation is provided by the control logic,
which individually addresses each single micromirror (pixel) and drive it to assume one of
two states: on or off. Thus, the cooperative quality is similar to a microelectronic device,
such as static or dynamic random-access memory (SRAM or DRAM) chips, where millions
to even billions of basic unit cells (typically consisting of six transistors) are controlled for
particular functions. In that respect, we call the quality of cooperation of such types of
cooperative microactuator systems “weak”.

Another early example belonging to this type of cooperative actuation systems was
presented by Liu et al. [13]. In this solution, an array of mirrors is arranged vertically by
micro latches on micro platforms that can be tilted electrostatically. Hence, upon selective
excitation, the micro platforms are pivoted to bring their respective mirrors into the paths of
light beams. In this way, a 4 x 4 optical switch is realized. The arrangement of the 16 mirror
platforms can be seen in Figure 1. An exceptional feature of the surface micromachined
device is the pronounced out-of-plane movement, which is created by means of electrostatic
actuation in combination with suitable pivoting joints for the tilting plates on the substrate
(draw-bridge beams). In the absence of a driving voltage, the tilting plate is in the up-
position, and it moves downwards by applying a voltage between the plate and an electrode
on the substrate beneath it. In 2002, a similar solution for a 16 x 16 switch was presented
by the American company OMM Inc. (San Diego, CA, USA) [14].

20-Mar-01 WD24 .3mm 20.0k¥ x3

Figure 1. 4 x 4 optical fiber switch. Each of the 16 elements can be addressed separately to provide the
needed switching combination [13] (Reproduced with permission from SNCSC. All rights reserved).
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These examples belong to the group of quasi loadless actuators as the actuation only
has to overcome the restoring counterforce provided by the suspensions of the movable or
deformable structures. This is typically the case for microactuator systems used for optical
applications, e.g., optical switching. A review about optical switches, which are mostly
electrostatically actuated, and not entirely using cooperative architectures, is provided
in [15].

3.1.2. Cooperation through Passive Mechanical Coupling Structures

Other actuation systems with weak cooperation are those, where the cooperation
of few actuators (2—4) is provided by mechanical coupling structures, which are passive
and simple, in most cases spring-like structures or freestanding stiff beams. One purpose
for such cooperation is to achieve an actively controlled movement of the actuators back
to the non-powered state position by electrostatic actuation, rather than being passively
moved back by the elastic counterforce built up in the actuators’ beam suspensions, thus,
as a consequence, not being entirely dependent on the beam geometry and materials’
properties. Another purpose is to extend uniaxial linear actuators to planar movements,
i.e., two-degree-of-freedom movements (2-DoF).

A bidirectional mode within a 2-DoF actuation system was presented in [16,17], where
two groups of opposing comb drives are cooperatively acting together (one for the x-
direction and one for the y-direction) to move a xy-stage, to serve, e.g., as a scanning unit
for an integrated atomic force microscope (AFM). A schematic of that set-up is shown in
Figure 2. The cooperation between each of the two opposing comb drives is provided by
the long freestanding beams connecting the opposing comb drives. These beams are stiff
in the direction of the intended electrostatic actuation and allow a (soft) bending in the
perpendicular direction. Thus, the length of the beam together with specific stabilizing
structures for the movable parts of the comb drives allow a reasonable decoupling of the x
and y movements, e.g., 35 dB for a beam length, width and thickness of 600 um, 2 pm and
4 um, respectively. Several comb structures are placed in parallel, similar to a muscle fibril
(sarcomere). Therefore, the authors in [16] called this design, which reduces the driving
voltage, sarcomere actuator.

I | | | I | I Freestanding

anchored to I I I I I I structures
substrate
\ N /

I—IIIIII—I

I—IIIIII—I

Figure 2. Bidirectional movement is obtained by two opposing comb drives for each axis. By axially
loaded long beams, the forces are transmitted to the opposite drive, while the long beams allow
bending in respect to forces in a perpendicular direction, thus providing decoupling of the movements
in the two axes. Black: structures anchored to the substrate, grey: freestanding structures; adapted
from [17].
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(a)

Recently, a similar sarcomere design was presented as a three-dimensional (3D) poly-
mer interdigitated pillar electrostatic (PIPE) actuator for large forces [18]. With a 3D printed
array of parallel as well as stacked comb drives the authors claimed to achieve a work
density close to that of a human muscle and a force of around 100 N at 4000 V.

The simple approach of cooperation by connecting beams for bidirectional electrostatic
actuation is a quite often used design, e.g., a similar actuation principle was employed
in [19]; however, it was combined with self-sensing for accurate nanopositioning.

Furthermore, more sophisticated examples of this type of mechanical coupling of
structures will be discussed in Section 3.2.

3.1.3. Cascaded Systems

An early concept of a cascaded system was presented by Minami et al. [20]. The
basic driving unit, the so-called distributed electrostatic microactuator (DEMA), consists
of two long wave-like insulated electrodes. Due to the wave-form of the electrodes, a
large electrostatic force at those locations with a small gap is obtained, which deforms the
wave-like structure easily at locations with a wider gap and therefore also provides a large
deformation of the driving unit as a whole. By connecting many driving units in series
(long DEMA), the total deformation is increased; on the other hand, by connecting many of
the wave-formed electrode pairs in parallel, a force amplification is obtained (see Figure 3a).
For a miniaturized DEMA, a displacement of 28 um at 160 V was measured and a force of
6.3 uN at 200 V was simulated by the finite element method (FEM) [20].

Fixed comb fingers

Connection frame

Stroke direction
—

anchor

1st stage 2nd 3t 3rd stage

movable comb fingers

(b)

Figure 3. Cascaded electrostatic actuator designs: (a) due to a wave-like electrode shape, the structure
is easily deformable by an electric potential, by long waves, large deformation is achieved (serial
cascading), by parallel wave-like structures, force is increased, adapted from [20]; (b) design of
a serially cascaded 3-stage comb-drive actuation system, where the 3 stages are connected by a
deformable frame structure, adapted from [21].

Another cascaded electrostatic actuation system was proposed by Chiou et al. [21] to
overcome the side stability limitation (side pull-in) and extend the stable traveling range
of comb-drive actuators by a serially cascaded multi-stage configuration. The three-stage
cascaded system architecture is achieved by a connection frame. The first stage is fixed,
whereas the second and third stages are movable. Within each stage, one part of the comb
drive is fixed, while the other one is movable and can follow the frame deformation. The
connection frame was made out of 455 nm thick poly-Si. For the comb structures, a four-
metal-layer process with tungsten as vias/contacts was used, thus providing a capacitance
height of around 6 um. The total stroke of the cascaded actuator system is the sum of
strokes of the first, second and third stages. Therefore, with the 3 x cascaded system shown
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in Figure 3b, the stable traveling range was extended by 200% compared to a single actuator.
However, the side pull-in instability of the cascaded system, relative to its size, is the same
as that of a single stage. A total displacement of 10.1 um was reported at 125 V. However,
due to residual stress in the layers, the movable structures showed a slight out-of-plane
bending which caused an unbalance between the stroke contributions of the 3 stages. Such
cascaded comb drives are often combined with bidirectional electrostatic actuators using
opposing comb drives, as the one shown in Figure 2.

Recently, a serially cascaded system with three gap-closing parallel-plate actuators
was presented by Schmitt et al. [22,23]. The single actuators are linked by connecting
beams. The specific step-like movement of the total system is obtained by a special design
of the electrode gaps, which are increasing from the first to the third actuator in the row,
and a defined sequence of powering the actuators with the smallest-gap actuator first,
such that the gaps of subsequent actuators are decreasing when preceding actuators are
activated. In this way a successive pull-in of the actuators in the row is achieved. Guiding
sinusoidal-shaped springs guarantee a pure translational movement. The system also
allows a bidirectional movement and strokes of up to 35 um at 50 V, with intermediate
steps of 6.9 and 19.4 um.

Another interesting cascaded design approach was presented in 2015 by Con-
rad et al. [24]. The basic actuation cell is an electrostatically actuated leverage structure,
many of which are placed periodically on a bendable cantilever; thus, we assign this
concept under cascaded systems. In this novel approach, the so-called nano electrostatic
drive (NED), the actuation by electrostatic forces is combined with a bimorph leverage
mechanism to achieve an actuation distance larger than the gap separation between
electrodes. The actuator cell has top and bottom electrodes separated by a submicron
gap. The asymmetrical compliance of these two mechanical elements, combined with a
certain non-planar topography of the gap and electrodes, make up a robust mechanical
leverage system capable of producing controllable, repeatable, out-of-plane deflections.
Moreover, so-called V- or A-shaped electrodes will result in a cantilever bending in the
upward or downward direction, respectively. It was demonstrated that a non-optimized
cantilever design having a total length of 4 mm and V-shaped actuator cells with a gap
of 200 nm achieved a total deflection of 272 nm (136% of the gap) at a driving voltage of
45 V. The authors simulated tens to hundreds of micrometers of beam deflection for a
cantilever beam length of 2 mm. The high potential of this novel cooperative system will
become more evident when a recent, more elaborate inchworm motor system based on
the NED actuator is discussed in Section 3.3.

3.2. Medium Cooperative Architectures

Following the classification presented in Section 2, medium cooperative architectures
are characterized by specific and sophisticated coupling, or active joints between actuators,
e.g., for achieving controlled movements with complex 3D trajectories. Additionally,
cooperative actuator systems and principles providing bistability and stepping mode are
presented here.

3.2.1. XYZ Stages and Multi-DoF Systems

A challenging design aspect for xyz-stages in particular, and for multi-degree-of-
freedom (multi-DoF) movements in general, is the inherent mechanical coupling across
the different movement directions. This is usually addressed by specially designed flexure
structures that guide the deflection caused by a certain actuator along its corresponding axis,
while limiting its influence in other directions, such that efficient, controllable actuation
with a tolerable level of cross-coupling is achieved. Additionally, in different applications,
also different degrees of coupling between the actuators are allowed or needed; thus,
different approaches of coupling/decoupling the motion into the different directions are
discussed in this section.
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A very early example of an actuation system with such smart mechanical coupling
of the actuators is the xyz-stage presented in [25], which is shown in Figure 4. The basic
actuation units are defined by four groups of electrostatic SDAs, an actuation unit that
in itself represents a cooperative subsystem, as we will show in Section 3.2.3. Here, each
group consists of nine SDAs that are integrated in an actuator plate. The four plates are
cooperating to control the position of a central stage, on which four micro-Fresnel lenses
have been integrated, through special mechanical couplings that link together each pair of
plates that are opposite to one another. The xyz-movement of the central stage is created
by appropriate actuations of the opposing plate actuators. To achieve the required xyz-
movement, the system needs, in addition to the four in-plane suspended actuator plates,
special hinges (so-called polarity hinges) as well as supports (sliding joints) to create the
large out-of-plane motion, e.g., an upward movement (case (b) in Figure 4b) is obtained,
when the two opposing plates are actuated in opposite directions, and as a result, a critical
force is produced at the hinges, which results in a redirection of the planar forces into the
z-axis. Once the stage is in the up-position, it can be moved in the x or y directions by
an equal actuation of the corresponding pair of opposing plates into the same direction
(case (c) in Figure 4b). Therefore, the z-movement as well as the xy-movement are the
result of cooperation of the (planar) actuators. A lateral movement up to 120 pm and a
vertical movement even up to 250 um with a resolution of 27 nm was reported with the
shown setup.

X-axis Microlens  Side Support
Platform Plate

Actuators

(a) (b)

Figure 4. Surface micromachined xyz stage, where the movement in the 3 axes is a result of a
cooperative action of 4 actuator plates, each holding a group of electrostatic scratch drive actuators
(SDA), in combination with a special hinge design, by which the central movable xyz stage is
connected to the actuating plates [25]: (a) a SEM image of the fabricated device in the “up position”;
(b) schematics showing the initial position of the central stage and two opposing actuator plates
(top), and the cooperative actions by the actuator plates to achieve the movements indicated by
the groups of three arrows (middle and bottom) (Reproduced with permission from IEEE. All
rights reserved).

In spite of the title, the “hybrid electrostatic microactuator” presented in [26] is
a pure electrostatic system combining vertical comb driving (VCD) and parallel-plate
driving (PPD) to realize xyz-movements. The VCD and PPD work together to pull the
moving parts of the actuator downwards from an elevated position, which is a result
of internal stress in the used structural layer (Ni). The main advantage of the approach
presented by Hailu et al. in [26] is that the design can be realized with only one structural
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layer for both, the VCD and PPD. Even though the VCD and PPD are driven by the
same voltage, we count the approach among medium cooperative architectures since the
movements of the cooperating actuators are very different, and the system function is
relying also on a suitable mechanical stress in the structural layer and special, so-called
curve-up beams, which are deformed by the VCD and PPD. For that, the VCD and
PPD movements are coupled to the curve-up beams through appropriately designed
serpentine springs.

Another approach for realizing a xyz-stage was proposed by Ando [27], where a
xyz-movement is obtained by three stages, which are all driven by independent comb-drive
actuators and connected by suspensions, some of which are purposefully designed as tilted
leaf springs. The out-of-plane movement is a result of the tilt angle of the leaf springs
relative to the substrate. To achieve a certain position in the working space, a cooperative
action of the three stages (i.e., certain combination of the corresponding electrostatic forces)
is required, where the proper relation between the forces depends on the tilt angle of the
leaf springs. However, even though most parts of the xyz-stage were fabricated by Silicon-
On-Insulator (SOI) technology and surface micromachining, the most critical and important
structure for the out-of-plane movement, the tilted leaf springs, was fabricated by focus
ion beam scanning electron microscopy (FIB-SEM), which is not suitable for upscaling the
fabrication. The stroke is also very limited (1.0 pm for x, 0.13 um for y, and 0.4 pm for z at
100 V). Additionally, due to the strong coupling of the three movements, an independent
control of the x, y and z positions is not possible.

Therefore, to achieve arbitrarily controllable xyz-movements, mechanically less cou-
pled stages can be advantageous. Such a design was presented by Liu et al. [28], where
two opposing groups of coupled comb-drive actuators provide the xy-movement and a
parallel-plate actuator causes the independent vertical actuation, which is decoupled by
long tethering beams. By this straightforward design, movements of about £12.5 um at
an applied actuation voltage of 30 V in the x and y directions and 3.5 um at 14.8 V in the z
direction were achieved, with a cross-axis coupling of less than 0.3 pm.

Another approach with a direct actuation for the z-movement by a dedicated comb-
drive actuator in a 3-DoF micromanipulator with gripping function was presented in [29].
The structures were etched by DRIE in a high-aspect-ratio micromachining (HARM) process,
where two DRIE steps were employed to etch trenches of two different depths, especially
needed for the z-movement (staggered electrodes to provide electrostatic attraction in the
z-direction). The stages are connected by two sets of linear springs allowing movements in
the x and y directions and a torsional spring for the z-movement. However, the strokes of
the micromanipulator in the xy-plane were only around 1 um (at 20 V), while the out-of-
plane displacement was characterized by an angle of 0.043° at 50 V. The total displacement
of the gripper was 5.93 pm at 50 V.

The design of a decoupled dual-axis actuation MEMS microgripper is presented in [30].
By allowing a controlled and independent xy-movement of a so-called actuation arm
relative to a sensing arm, which is equipped with electrostatic sensing combs, a gripping
mode and a sensing mode are obtained. Therefore, we assign this design to a multi-DoF
system. Here, two perpendicularly aligned planar comb-drive actuators were suspended
by special folded leaf flexures (FLF). This design allowed a decoupled movement of the
microgripper arm towards its (sensing) counterpart from a lateral movement of that arm
to conduct defined shear tests of the gripped objects. However, only FEM simulations
were presented to prove the decoupling effect of the FLFs in the x and y directions. The
simulation showed that an applied input force of 100 uN on the gripping arm in the X-axis
(the gripping direction) results in 15.05 um and 0.1 um deflections of the arm in the x and y
axes, respectively (i.e., around 0.6% of cross movement to the Y-axis); on the other hand,
when the same force is applied in the Y-axis, it results in 0.04 um and 14.65 um deflections
in the x and y axes, respectively (i.e., around 0.2% of cross movement to the X-axis). The
Multi-User MEMS Process based on SOI (SOIMUMPs) was suggested for fabrication.
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However, a strong coupling between comb drives operating in the x and y directions
can also be utilized to provide rotational as well as linear movements. By the cooperative
action of two perpendicularly aligned comb drives, which are connected by linking arms,
Muthuswamy et al. obtained a rotational motion by appropriate driving (cooperation) of
the two comb drives. The rotational motion was then transferred to a linear translation by a
rotating gear [31], e.g., with a radius of 36 pm of the rotational motion, a linear translation
of 227 pum for every cycle of activation of the x and y drive actuators was reported.

The electrostatic actuation in the presented examples so far is based on attractive
electrostatic forces. However, with a suitable design of cooperation, it is also possible
to create repulsive electrostatic forces, as demonstrated first in [32], and later utilized
by He et al. [33]. The uplifting movement of a central plate in the work of He et al. is
provided by a rotational out-of-plane displacement of moving electrodes, as a result
of repulsive, upward directed electrostatic forces and the counterforces of anchoring
springs. The repulsive forces are created by a special electrode design with four, so-called
repulsive-force rotation driving units that cooperatively actuate the central plate from
four directions. Each driving unit consists of a moving comb electrode that is placed
above an aligned, fixed comb electrode and both are powered with the same potential
(V2). Additionally, both of them are interleaved with another unaligned, fixed electrode
that is powered with a different potential (V1) (see Figure 5). Due to the resulting
equipotential field lines surrounding these electrodes (Figure 5c) a repulsive force acting
on the movable electrode is obtained. He et al. achieved a static out-of-plane movement
of 86 um at 200 V by the design principle shown in Figure 5a. By combining the upward
movement with a 2D tilt movement of the central plate of +1.5°, points on the surface
of that plate can define xyz trajectories, e.g., to realize a vector display. Devices were
realized by the surface micromachining foundry process: the three-layer Polysilicon
Multi-User MEMS Process (PolyMUMPs).

Besides direct levitation, another advantage of repulsive forces compared to attractive
forces is that the actuation is not limited by pull-in. This was utilized by Schaler et al. to
realize a 2-DoF micromirror with large tilt angle, which was fabricated in a printed-circuit-
board-like process by stacking multiple (4-8) thin-film actuator layers of stainless steel foils
that were attached to Kapton foils [34]. With eight layers and at 2000 V, a displacement of
around 1.5 mm was reported. Details of the design are discussed in [35]. It is worth noting
that this device and the PIPE actuator system mentioned in Section 3.1 [18] are the only
devices in this review not to be realized in Si- or SOI-based microtechnology.

3.2.2. Bistable Cooperative Systems

Bistability is an important property to provide reliable and well-defined motion
between two stable (secured) positions for an actuator. Examples for which bistability is an
essential feature are switching and valve systems. As a result of bistability, bistable actuators
do not require a voltage input to maintain either of the two stable positions. Bistability can
be actively introduced in microplates or arched microbeams by electrostatically induced
deformation. The basic design for such a microbeam or a microplate is shown in Figure 6.
Bistability criteria for different designs of microplates were derived in [36,37]. In a recent
paper, the effect of in-plane internal stresses on the bistability criteria of electrostatically
pressurized, clamped microplates is investigated theoretically using reduced order model
and FEM simulation [38]. Bistability occurs in a specific range of transverse pressure created
in the beam or plate.

11
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Figure 5. Out-of-plane actuation using repulsive electrostatic forces. Four, so-called repulsive-force
rotation driving units are cooperating to lift a central plate: (a) without applied voltage; (b) with
the same voltage applied at the four driving units. The repulsive forces on the moving electrodes
are provided by an electrode design, where the moving electrodes are powered with the same
potential V2 as opposing aligned, fixed electrodes, while this stack of electrodes is interleaved
with a third set of unaligned, fixed electrodes that has a different potential V1; (c) equipotential
field lines; (d) corresponding flux lines [33] (© IOP Publishing. Reproduced with permission. All
rights reserved).
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Figure 6. An arched microbeam is driven electrostatically to a 2nd stable position, adapted from [39]
(© IOP Publishing. Reproduced with permission. All rights reserved).
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However, compared to the theoretical work on bistability in electrostatic actuation
systems, only a few realizations have been published. An example of a bistable system
using cooperative interaction of two electrostatically activated membranes was presented
by Wagner et al. for the realization of a microvalve [40]. Two silicon membranes, which are
buckling up due to an intrinsic compressive stress, are defined over two curved cavities. The
curved surfaces of the cavities define two separate electrodes, with which the membranes
can be pulled down onto the cavities” surfaces. The two cavities are pneumatically coupled
by a channel. Therefore, when one membrane is actuated and moves towards its cavity’s
surface, air is pressed out of this cavity and pressurizes the other cavity, thus pushing
up the other membrane, which then closes the inlet valve opening. By the electrostatic
activation of this membrane and deactivation of the previously activated one, the valve is
opened again. The use of two pneumatically coupled membranes allows the closing and
opening of the valve (bidirectional movement) without a need for applying a voltage across
the fluid in the microfluidic system.

An example of a bistable microbeam system, where the bistability was obtained by an
applied mechanical clamping force, was presented in [41]. Here, employing pre-stressed
beams (Euler beams) made the mechanical spring system (folded beam structure) bistable.
This bistable structure behaves like a toggle lever, where two opposing electrostatic comb-
drive actuators provide the forces to actuate the structure between its bistable positions via
the central toggle-point. In this case, two opposing comb drives are activating the toggle
lever by driving the so-called toggle point over its instable, central position. Figure 7a
shows schematically the mechanically loaded, and thus bistable folded beam structure,
while Figure 7b shows a snapshot during the operation of the device, which is realized in
SOI-technology. The forces and the stroke are defined by the beam design and the external
mechanical load. According to simulation and experimental data, forces of about 50 uN
at the two bistable positions and a total stroke of 200 pm between these positions are
possible with the shown layout. By combining the bistable toggle lever and the electrostatic
actuation, the needed stroke of the two opposing electrostatic comb drives is only slightly
larger than half of the distance between the two bistable end positions (i.e., about 100 pm).

II

(a)

Figure 7. A bistable actuator system, where the bistability is introduced by an external mechanical
load acting on a folded beam structure, and the switching between the two bistable positions is
performed by electrostatic comb-drive actuation: (a) schematic illustration of the so-called toggle
lever principle, where the bistability is introduced by a mechanical force F. By two opposing comb
drives, electrostatic forces Fes are obtained in the “upwards” or “downwards” directions [41]; (b) the
fabricated bistable switch while in the upper position, which shows the upper electrostatic combs are
maximally overlapped, whereas the lower electrostatic combs are almost fully pulled away from one
another (this is a snapshot from a video by Markus Freudenreich).

A similar approach for realizing a bistable operation was proposed by Kwon et al. [42],
where a bidirectional actuation by means of a single comb drive of a particular electrode
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design was achieved. In this design, both the fixed and moving comb electrodes had a
spade-like form, i.e., the tip part of a comb’s finger is broader than the rest of it. As discussed
in the introduction, electrostatic forces induce motions that always aim to increase the
capacitance between the electrodes. Therefore, depending on the actual position of the
broader part of the spade-like, movable electrode relative to that of the fixed counter
electrode an “inward” or “outward” directed movement of the movable comb electrode
is electrostatically induced to switch the movable electrode to either of the two stable
positions defined by a set of chevron-type springs. The inward and outward directed forces
are transferred to a shuttle, which is suspended by this set of chevron-type bistable springs.
By applying a sufficiently high voltage pulse, either an inward or an outward force is
created to overcome the restoring forces of the suspension setup, such that the moveable
comb switches from one stable position to the other. Thus, the successful bistable operation
is a result of a cooperation between the purposefully designed spade comb drive and
chevron-type springs. The bistable microactuator was experimentally tested, where a pulse
input of 55 V successfully drove the system between two stable positions with a stroke of
around 65 um and a duty time of 0.32 ms. As such, its performance is similar to that of
the bistable switch described in [41]. This device was also fabricated using SOI-technology.
Hence, the height of the spade electrodes was defined by a device layer thickness of 80 um.

3.2.3. Cooperation through Activated Joints Allowing Stepping Mode

Another architecture of cooperation is based on joints, which can themselves be acti-
vated by an actuation, e.g., to actively couple different actuators or actuation actions, to
obtain a stepping-like movement by a cyclic activation of the joints, combined with “propul-
sion” actuations within each cycle. Therefore, these actuation systems enable the realization
of even more complex cooperative systems, which will be described in Section 3.3.

An early approach towards a stepping motor employing this concept came in the
form of the so-called SDA, which was first investigated by Akiyama et al. [10,43]. In this
section, we focus on the basic structure of a SDA, which consists of a polysilicon plate with
a “scratching” bushing at one of its ends (Figure 8a).

The SDA structure is defined by surface micromachining on a Si-substrate with an
insulating film as a passivation coating as well as a suitable “gliding /scratching” surface.
The cooperative action that produces a stepping-like movement is provided by different
functional elements within the SDA, combined with an appropriate sequence of applied
electrical potentials, as shown in Figure 8a. By applying a potential between the plate and
the substrate, the deformable plate bends towards the substrate in the first phase of the
increasing potential by pull-in, in such a way that the free end of the plate is pulled down
onto the surface. Thus, the contact area of the previously free end provides a mechanical
grip to the substrate’s surface. At the same time, friction forces between the bushing and
the substrate’s surface prevent a movement of the bushing tip, as a result, the bushing
creates a warp in the plate and an elastic strain energy is temporarily stored in the deformed
plate, in the so-called priming phase. By further increasing the driving voltage, both the
contact area between the plate and the insulated substrate (directly proportional to the
“clamping” force of the plate to the surface) and the elastic strain in the rest of the plate
increase. Finally, at a certain stepping voltage the bushing is pushed forward (scratches)
by the built-up elastic energy, while the previously free, left end of the plate remains still
because it is “electrostatically clamped”. When turning off the potential, the left end of the
plate is de-clamped and the stored elastic energy is released (at least so far as no stiction
is occurring). As a result, the now again-free left end of the plate is pulled towards the
bushing. Thus, the SDA moves in a step-like movement over the surface. In [43], the SDA is
suspended with torsional beams to a frame-like anchored structure (not shown in Figure 8a)
in order to transfer the step of the SDA structure to the higher-level system. Step sizes of
10-80 nm depending on the bushing height (1-2 um) and applied peak voltage (30-200 V)
were reported [10].
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Figure 8. Basic concepts for electrostatically driven stepper motors: (a) Cross-sectional schematic of a
scratch drive actuator (SDA) (adapted from [44]). The SDA consists of an electrostatically deformable
plate and a bushing, and is suspended typically by torsional beams to an anchored frame structure,
to which the movement of the SDA is transferred. The frame structure is not shown. (b) Cooperative
actuation scheme of a shuffle motor showing the driving sequence of the back and front clamps and

the deformable actuator plate (adapted from [45]).

In 1997, Akiyama et al. [46] integrated a single SDA into a more complex mechanical
system. By connecting the SDA via a link frame to a buckling beam, the movement of
the SDA is transmitted to the beam structure, which then changes the deformation of
a pre-buckled beam (out-of-plane movement) and thus can be used for the actuation of
macrosystems. By the link frame, the steps of the SDA were successfully transferred to
a buckling beam, where the relation of SDA displacement and deflection of the buckled
beam is depending on the beam geometry and can be therefore adjusted (e.g., different
deformation, gear amplification and force transmission are possible). The authors reported
a 10 uN force and 100 pm displacement in the z-direction. This is therefore an example
of cooperation between one simple actuator (SDA) and a suitable mechanical structure
to provide new functions, such as the capability of achieving defined xyz-movements of
originally planar actuation architectures or deformation or force amplification.

Liet al. [47] estimated the forces generated by spring-loaded SDAs from the maximum
achieved spring deflection. The stiffness coefficient of the employed box springs was
determined by FEM analysis. With an applied voltage of 200 V, forces of 250 uN and
850 uN were estimated for one-plate and four-plate SDAs, respectively, thus proving the
concept of a force amplification by cooperative action of four SDAs. Additionally, modeling
approaches and theoretical grounding attempts concerning the performance characteristics,
dynamics and force estimation of SDA implementations can be found in [48-50].

Linderman et al. [44] optimized the driving signal as well as the geometry of SDAs
by analytical modeling. Moreover, they implemented SDA actuators in large arrays to
form a rotary motor driven by nine SDAs, and a tethered robot made up of 188 SDAs
that are driven in parallel, thereby proposing a more advanced cooperative architecture.
The robot was capable of pushing a (2 x 2 x 0.5) mm? silicon chip over a distance of
8 mm. Additionally, more robots could be assembled on a ceramic stage to achieve multiple
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degrees of freedom and bidirectionality. Thereby demonstrating that by integrating a large
number of cooperative SDAs, the system performance can be improved considerably. In
addition to the xyz-stage introduced in Section 3.2.1 (Figure 4) [25], other applications, in
which SDAs were implemented can be found in [51-53].

Even though the basic structure of a SDA and the cooperation therein looks simple,
the specific performance is depending on many parameters, which cannot be controlled
directly by driving conditions or geometrical design parameters, e.g., the friction between
the SDA and the substrate surface is very sensitive to surface roughness and humidity.

These limitations are overcome with another design of electrostatically activated step-
ping mode, the so-called shuffle motor, which was first presented by the MESA Research
Institute, University of Twente. The schematic actuation cycle is shown in Figure 8b. Here,
two poly-Si layers were used for an electrostatically driven stepper motor: The first thin
layer defines the actuator plate, and the thicker one defines the frame, to which the plate
is suspended at two ends. The two ends can be clamped to the substrate (electrostatically
activated friction) individually by electrostatic forces between the clamps and the surface.
In between the clamping activations, the deformable plate is also electrostatically deformed,
creating a strain in the plate, which then pulls the not clamped end towards the clamped
one [45,54]. Different from the SDA, the concept provides balanced and well-defined clamp-
ing conditions at both ends of the deformed plate. Therefore, the shuffle principle allows
the design of more complex inchworm-like motors, which will be discussed in Section 3.3.2.

Another type of stepping mode is obtained by means of an oblique mechanical impact
that is transferred from an electrostatically driven resonant structure working as a so-called
converter to a circular microrotor, as presented in [55], where two different designs were
described, the so-called bi-modal and mono-modal angular vibromotors. Due to the oblique
design, by vibration of the converter beams, the rotor, as a passive element, is actuated by
tangential friction in combination with a normal impact transfer. In the bi-modal mode, the
converter beam can be operated at two primary modes of excitation, which are produced by
two separate comb drives that are connected by a bi-modal flexure with the converter beam.
Through a pointer tip at the end of the converter beam, the linear oscillation of the converter
is transferred to a rotational movement of the microrotor. As the bi-modal converter can
be operated at two different primary modes of vibration, it is possible to actively choose
the contact sides at which the conversion takes place, and thus the direction of rotation
of the rotor. Furthermore, the rotor turning speed can be tuned by adjusting the phase
between the driving primary modes, the voltage applied to the combs or the frequency.
Thus, a cooperative action of the comb drives and the activated friction is utilized. In the
mono-modal vibromotor, two opposing converters are cooperating to actuate the rotor. In
this way, the cooperative action is similar to the linear drive shown in Figure 2.

A similar approach of oblique impact transfer was used by Daneman et al. to realize a
linear microvibromotor [56]. Here, the impact of four comb resonators was transferred to a
slider, which was placed between the impact arms at an angle of 45° to each of them. Two
opposing impact arms were used for each direction, thereby accomplishing a bidirectional
drive of the slider. A travel range of more than 350 um was achieved.

3.3. Advanced (Strong) Cooperative Architectures

In this section, cooperative actuator systems consisting of usually many actuators,
which have individual excitations for each of them and strong interactions among them,
e.g., those featuring hand-over actions, will be reviewed. Inchworm motors are an evident
example of such systems; thus, a particular review of their development over the years is
provided. This section will be concluded with an overview of recent systems that exhibit
even more elaborate cooperative systems, mainly those integrating many inchworm motors
for robotic applications.
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3.3.1. Microtransportation Systems

The research in the fields of micromanipulation and microtransportation has increased
considerably in recent years, partly to cope with the needs of other emerging miniatur-
ization technologies, such as in a micro-assembly application or a micro total analysis
system (u-TAS). Consequently, as mentioned previously, microgrippers [30] and microma-
nipulators [29] have been proposed. Another noteworthy contribution to this field is the
micro transportation system (MTS) by Pham et al. [57]. Their micro conveyor system is
an exhibit for cooperative actuation, which comprises many linear and rotational comb-
drive actuators that use the ratchet mechanism to drive so-called microcars in straight and
curved paths. The system, which consists of several types of modules: a straight module,
a turning module, and a separation module (an actuated Tjunction), is fabricated using
SOI-technology with a device layer of 30 um and a buried oxide layer of 4 um. A construc-
tion similar to these modules (but of a different actuator design) is shown in Figure 9a. The
comb-drive actuators and microcars have sidewalls in the shape of saw teeth, which make
up the ratchet mechanism. The comb electrodes are driven with DC-biased sinusoidal
signals with Vpc = % Vpp, which results in a reciprocating motion of the ratchet racks
along the direction of the channel they form. Moreover, a microcar has sliding joints and
serpentine springs that allow the microcar’s width to vary while being propelled forward.
The racks opposite to one another in a channel move with 180° phase shift. As a result,
one ratchet rack on one side pushes the microcar forward, while the rack on the other side
slides over. If the applied driving voltage is larger than a certain critical value, in the case
of the straight module, both ratchet racks will move the car during the actuation cycle,
albeit one ratchet actuator moves it by the electrostatic force, while the opposite one uses
the restoring elastic force of its deflected beams. The curved-path modules have only one
actuated side. Results of successful runs of the straight movement were reported, where
a voltage (Vpp) of 150 V was applied with frequencies ranging between 5-40 Hz, which
corresponded somewhat linearly to microcar velocities ranging between 54-512 um/s.

Later the same group proposed another design for the MTS, in which the same types
of transportation modules were included (Figure 9a); however, in this design, the actuators’
ratchet racks had an inward reciprocating movement that “squeezes” the microcar (also
referred to as the ‘micro container’) [58]. Moreover, the microcar exhibited a more elaborate
design, which instead of the ratchet racks it had in the previous design, was now fitted
with two pairs of ‘anti-reverse wings’ and ‘driving wings’ (Figure 9b). The latter pivoted
off a spring-supported rotational joint, which when squeezed, rotate backward to generate
a reaction force to push the microcar forward, at the same time, the anti-reverse wings
serve as a ratchet mechanism and prevent the backward movement of the microcar. A
variable travelling velocity of up to 1 mm/s of the microcar was reported, and within a
certain applied voltage window (140-160 V) smooth and stable movement through all three
types of modules was demonstrated. The system was also fabricated using SOI-technology,
with one photolithography mask for a DRIE etch, followed by vapor-phase hydrofluoric
acid release. A close-up view of the fabricated microcar can be seen in Figure 9c. Here, a
sophisticated cooperation of many actuators and elaborately designed structures, including
the microcars, was demonstrated.
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Figure 9. A micro transportation system (MTS): (a) a schematic overview of the MTS with all the
different types of modules it contains; (b) a schematic view of a micro container inside a straight mod-
ule, which also shows the driving circuit connections; (c) a SEM close-up of a fabricated microcar [58]
(Reproduced with permission from IEEE. All rights reserved).

3.3.2. Inchworm Motors

The inchworm motor is another cooperative mechanism, the history of which goes
back to the 1960s, as the survey by Galante et al. showed [59]. This motor system integrates
several actuators to generate large displacements by adding up small steps through a
scheme of repeated clutch-drive actuation. The main motivation behind the early proposi-
tions of these motors, which typically made use of piezoelectric actuators, was producing
high-precision positioning devices, e.g., for precise machining or in scanning electron
microscopy. Recently, this linear actuator mechanism has established a strong foothold
in the electrostatic realm after increasingly being the subject of research from the 1990s to
this day. In this section, many of the contributions made over these years will be viewed,
generally in a chronological order; however, as some of the inchworm motors belonged to
certain sub-groups, e.g., the shuffle motor (introduced in Section 3.2.3), once introduced, the
development of such a group will be viewed as a whole. The electrostatic inchworm motors
can be classified, similarly as per the survey by Galante et al., according to their setup into
a “walker” type, or a “pusher” type. The former refers to a scheme in which the propulsion
actuator is embedded in and moves along with the shaft, whereas the latter indicates that
the shaft is driven by a separate, stationary propulsion actuator. From a technological
perspective, inchworm motors can also be classified into bulk micromachined/crystalline
silicon (c-5i), surface micromachined/poly-5i and SOI/c-5i.
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In 1995, several different electrostatic inchworm motors were introduced [60-62]. The
one proposed in the pioneering work of Lee and Esashi [60] featured a thick (~200 pm),
suspended rotor having the shape of a ladder with tightly spaced steps, which is fabricated
by bulk micromachining technology. The rotor is sandwiched with a separation of few
micrometers between two fixed plates, made of pyrex glass, which are equipped with
strips of thin-film conductors that define the stator electrodes. The electrodes have a certain
grouping and a phase shift configuration and use the alignment force component to drive
the rotor in one of two directions, hence it is a pusher-type mechanism. Here, the motor had
an inchworm-motion type of actuation based on four phase voltages with a step distance of
1.5 pm. The authors claimed to have achieved a force of few mN and a speed of 13 cm/min
with 100 V driving voltage at a frequency of 1.4 kHz.

Yeh et al. [61] proposed another stepper motor of the pusher type to drive articulated
3D polysilicon robotic limbs made by surface micromachining. To generate large forces, the
motor was designed with comb-drive, gap-closing actuators (GCAs). In one version, the
motor had four comb drives, two situated on each side of a shuttle. Every comb drive is
fitted with a shoe-like structure that could clamp to the shuttle electrostatically (Figure 10).
The two comb drives that are opposite to one another cooperate to propel the shuttle by a
specific clamp-drive sequence in one direction. Thus, bidirectional actuation is achieved
by having another pair dedicated to the opposite direction (not shown in Figure 10). A
comb drive is able to pull the shuttle a distance of 2 um, which is the gap between the comb
electrodes. Figure 10 shows a schematic of the sequence of operation for one half of an
inchworm cycle, which is a typical sequence for such a pusher-type inchworm motor. It
was estimated that the force generated by the motor was about 6.5 uN while being driven
at 35 V. Additionally, the shuttle was moved by a distance of 40 pm by 10 full inchworm
cycles before an anchoring spring was broken.
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Figure 10. Pusher-type inchworm motor cycle: (1) Left shoe clamps to shuttle. (2) Left shoe pulls
clamped shuttle by a step displacement (the gap distance in this case, 2 um). (3) Right shoe clamps
to shuttle, to hold it. (4) Left shoe detaches from shuttle to return to its original, idle position. The
second half of the cycle then continues with reversed roles of the shoes. The comb-drive, gap-closing
actuators that pull the shuttle and a 2nd pair of shoes for the opposite movement direction are no
shown. Adapted from [63].

As briefly discussed in Section 3.2.3, the shuffle motor principle was firstly proposed,
also in 1995, by a group from the MESA research institute [62], which is another type of
polysilicon surface micromachined linear motor that could be considered as a subclass
of inchworm motors. The concept of operation shown in Figure 8b indicates that it is of
the walker type. After an improved design of the motor, fitted with anti-sticking bumps
to overcome the initial sticking problems, and supported with a comprehensive model
description, a successful implementation of the motor was realized using three polysilicon
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layers [45]. The motor provided a high resolution displacement with a step size of about
85 nm and a maximum reach of 43 um. A force of 43 + 13 uN was achieved with 25 V
and 40 V of driving voltages for the bending plate and clamps, respectively. It is worth
noting that the clamps had to be driven by AC voltage to avoid sticking, which in turn
increased the slipping and reduced the effective generated force. A displacement speed of
100 um/s with a driving cycle frequency of 1160 Hz was attained. The attractive features of
a shuffle motor, such as inherent bidirectionality, very high precision positioning capability
and theoretically unconstrained movement, have garnered a great deal of attention and
investigation [64-66]. Furthermore, Sarajlic et al. [67], using trench isolation technology, had
further developed the shuffle motor into a 2-DoF planar motor with drastically improved
performance characteristics, such as a larger force (0.64 mN) at moderate operating voltages
(up to 45 V), an adjustable nanometer-resolution (step size of 41-63 nm), and a cycling
frequency of up to 80 kHz.

In 2006, Sarajlic et al. [68] also proposed the “contraction beams micromotor”, which
is fabricated using surface micromachining and trench isolation technologies as well, and
has a built-in mechanical transformation that is similar to the shuffle motor. However,
rather than contracting a plate to the substrate, an array of pairs of electrically isolated
beams are contracted to one another, such that the pulled-in contraction is transformed in
the same plane, contracting the clamping electrodes by a much smaller distance (a step
of 10 nm) with a measured large force (0.49 mN) at an actuation voltage of 60 V. This
mechanism reduces some drawbacks resulting from contracting the shuffle motor’s plate to
the substrate, namely, the unwanted induced frictional force at the inactive clamp electrode,
and the compromising moment that reduces the clamping force of the activated one.

In 1997, Tas et al. [69] proposed an inchworm motor fabricated with a single-mask
surface micromachining process. However, this motor is of the pusher type, and it employs
an actuator mechanism similar to Yeh's [61], where a pair of shoe-like structures pull a shuttle
sandwiched between them. In this design, two shoes are driven by two cooperative driving
units, each consisting of two comb-drive GCAs that have separate actuation beams, which
make a right-angle joint at the shoe; one beam clamps the shoe to the shuttle and the other
pulls it. The sequence of operation is similar to the one shown in Figure 10, except that the
clamping force is frictional rather than electrostatic. The 5 um high polysilicon structure
generated an estimated force of 3 uN in a maximum step size of 2 pm and a total displacement
of 15 um at a driving voltage of 40 V with one cycle of operation per second. However, the
asymmetric, parallel spring suspension of the shuttle, combined with a single-sided clamping
during propulsion was a limiting factor of the deflection and resulted in a reduced clamping
force and an increased slipping as the shuttle moved forward. In the same year, Baltzer
et al. [70] proposed a similar inchworm motor with twice the amount of driving units, which
provided a double-sided clamping (gripping) of the shuttle during propulsion. The driving
units had an in-line design, such that the clamping and driving GCAs were both integrated
on a single rigid beam, which had a folded-beam suspension on one end and engaged the
shuttle by the other end. Two variants of the motor were presented, one was fabricated
using two polysilicon layers and featured a suspended shuttle that also managed a maximum
displacement of 15 um, and the other one had a suspension-free shuttle with tighter clearances
that required three polysilicon layers, which achieved a total displacement of 110 um, being
limited only by design. The driving units for both variants were identical. Depending on the
applied voltage (15-40 V), the motor could achieve a stepping motion both before and beyond
the pull-in point, with the former allowing more exact positioning. The calculated force at an
applied voltage of 20 V was >1 uN.

At the beginning of the 21st century, an evolution in the fabrication of such inchworm
motors was taking place, marked by the many works that sought the use of crystalline
silicon (c-5i) as the building material, in particular with SOI-technology, to fabricate these
motors in HAR actuator form. An early example of this development is a pusher-type
inchworm motor proposed by Yeh et al. [11], a group that had previous contributions of
inchworm motors fabricated with surface micromachining, e.g., [61,63]. The motor had

20



Actuators 2023, 12,163

two driving units on one side of a shuttle. The unit consisted of a clutch GCA array, which
when activated, brings a frame that encloses another “drive” GCA array in contact with a
shuttle to drive it. At the time, their work had pushed the envelope of force generation for
such motors by achieving a force of 260 uN with an applied voltage of 33 V. The higher
force density was achieved primarily by the higher aspect ratio actuators (up to 25:1).
One demonstrator was fabricated out of a 50 um thick device layer, limited by the elastic
restoring forces of a suspended shuttle, it managed a maximum displacement of 80 pm
in 2 um steps. Another, 15 pm thick demonstrator was driven at a frequency of 1 kHz
(theoretical limit was 1.4 kHz) and achieved an average speed of 4 mm/s. To guarantee a
sufficiently robust transfer of forces to the shuttle and reduce slippage as much as possible,
this motor featured interdigitating teeth as a mechanical clutching interface between the
driving units and shuttle. Nevertheless, when driven at frequencies higher than 1 kHz,
the authors reported some slipping between the clutch and shuttle. It is worth noting that
despite using bare silicon teeth for mechanical clutching, motors were operated for more
than 20 million cycles, corresponding to 13 h of active operation.

Using driving elements that serve as clamp and propulsion actuators at the same time
has been tried before, such as the so-called design A in [71], but unsuccessfully. In 2013,
Penskiy et al. [72], proposed an inchworm motor design that merged the traditional clamping
(or clutching) and driving mechanisms into one movement. Using an inclined, flexible arm,
fitted with a teethed small block at its end, the unidirectional movement of a comb-drive
GCA, which is perpendicular to the shuttle, is transformed to a simultaneous clutching
and pushing of the shuttle. In this respect, the design is also reminiscent of the linear
vibromotor [56], presented previously in Section 3.2.3. To balance the lateral forces, the shuttle
is sandwiched between a pair of comb drives that is driven simultaneously, which together
with another pair actuate the shuttle consecutively to cause the typical inchworm pushing
sequence. Figure 11 shows a SEM image, presenting the layout of the inchworm motor, which
achieved a maximum shuttle velocity of 4.8 mm/s at an actuation frequency of 1.2 kHz with a
step size of 2 um, and a force of 1.88 mN at a driving voltage of 110 V.

Figure 11. SEM image of the electrostatic inchworm motor that uses an inclined, flexible arm to both
clutch and push a suspended shuttle simultaneously, which was proposed by Penskiy et al. [72].
The blue and green dashed lines distinguish the two pairs of GCAs. The GCAs of a single pair are
driven in parallel, and the two pairs are driven consecutively to drive the shuttle to the right (© IOP
Publishing. Reproduced with permission. All rights reserved).

In 2021, Narimani et al. [73] presented a highly modular, pusher-type inchworm
motor based on the NED actuator concept, which has been previously introduced in
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Section 3.1.3 as an example of a cascaded actuator system. However, instead of an out-of-
plane cantilever deflection, here the S-shaped NED actuators have an in-plane deflection to
provide the shuttle propulsion mechanism. A stack of NED actuators makes up a driving
block, which can have one of two fixed deflection directions depending on the layout of
the NEDs within. Hence, the system also features bidirectional actuation. The shuttle is
sandwiched between pairs of NED blocks, which clamp to it electrostatically. The shuttle
is suspended by four serpentine flexures. The motor system is realized by c-Si on an SOI
wafer using typical HAR silicon micromachining processes, such as DRIE, in addition to
atomic layer deposition (ALD) to form insulation islands between the NED electrodes.
A maximum shuttle displacement of about 1 mm was achieved with a maximum step
deflection of 11.8 um, by applying 150 V and 130 V for electrostatic clamping and NED
driving, respectively. It was estimated that a single NED block with 36 S-beams is capable
of producing a maximum force of 0.8 mN.

The authors of this review are also working on a bidirectional, multistable inchworm
motor system of the pusher-type, which is based on the cooperation of two actuator
subsystems, the mobility transmission electrodes (MTE) and the actuation unit cells (AUC),
as shown in Figure 12 [74]. Some details about the system’s design concept can also be found
in [75]. The purpose of the MTE is to provide multistability to a shaft, whereas the AUC
engages the shaft to push it. The modular design of the system aims at providing scalable
displacements (several mm) and force capacities (tens of mN). The shaft is composed of
two sliding beams that are initially interlocking a central, stationary holder via mechanical
suspension springs. The MTEs, placed at both sides of and parallel to the sliding beams,
provide electrostatic forces to pull them apart and release them from the stationary holder.
When the shaft is freed by the MTEs, the outer shafts’ teeth become clutched by those of
the AUCs, and a linear movement can be realized by a sequential actuation scheme of
the AUCs, which are divided into groups. The AUC is a 2-DoF actuator that is able to
both clutch with the main shaft as well as actuate it in either one of the two directions
along the shaft. It is worth noting that the multistability feature is a unique capability of
this inchworm motor that is rarely found in other inchworm motor realizations, which
necessitates the cooperation of another distinct subsystem: the MTE. The multistability in
this context is the ability of the shaft to assume multiple positions along its displacement
range that are stable in the absence of power. It is of a discrete nature, since it is defined
by the inner teeth of the shaft, which in turn defines the stable, interlocked positions the
shaft could have with the stationary holder. Furthermore, the shaft is envisioned to be fully
untethered by employing proper guiding structures, such as mechanical stoppers and a
covering plate, for constraining sideways and out-of-plane deflections, respectively.

3.3.3. More Elaborately Cooperative Systems

An example of an even more sophisticated implementation of inchworm motors, which
highlights the potential of such cooperative systems, is the contribution from Hollar et al.
in 2003 [76]. This work had integrated essentially the same design of the inchworm motor
found in [11] into a 2-DoF robotic leg, which is shown in Figure 13a. Both works emerged
from the same research group. In addition to SOI technology, joints and crossover beams
were fabricated by polysilicon-based micromachining. With a total displacement of 400 um
and shuttle speeds of up to 6.8 mm/s, improvement of the performance characteristics of
the motor was apparent. However, more noteworthy was accomplishing the bidirectional
actuation necessary for this application, which was demonstrated in two ways. The simpler
approach, that is reversing the control sequence of the inchworm motor and using the
elastic restoring force to drive the shuttle, which was enough for driving the robot leg, or by
introducing biasing comb drives that determine the actuation direction of the drive GCA,
a mechanism that provides equal forces in both directions but complicates the operation
with the two additionally required signals. As a result, the latter was only demonstrated by
a test structure (Figure 13b) but not implemented in the robot.
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Figure 12. A 3D schematic of a bidirectional, multistable inchworm motor, which has three pairs (A, B
and C) of actuation unit cells (AUC) that are distributed at both sides of two connected sliding beams
that make the motor shaft. The AUC is a 2-DoF actuator that can both clutch and bidirectionally drive
the main shaft. The shaft’s beams are pulled together by suspension springs that interlock a central
stationary holder at idle states. When activated, the mobility transmission electrodes (MTE) release
the shaft from the holder and allow it to slide in either of the two indicated directions (magenta
arrows) by the cooperative actuation of the pairs of AUCs.

(b) (©)

Figure 13. Examples of more elaborately cooperative systems for robotic applications that are based

on inchworm motors: (a) a SEM image of a 2-DoF robotic leg, where each DoF (hip or knee) is driven
by an inchworm motor (not fully shown). The leg can be seen folded down and touching the bottom
of the die package [76]; (b) a SEM image for an implementation of a bidirectional inchworm motor
using biasing actuators. The so-called left/right arrays are comb-drive GCAs that bias the frame of
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the drive GCA one way or the other, to allow either forward or reverse drive actuation [76] (Re-
produced with permission from IEEE. All rights reserved); (c) a so-called inchworm-of-inchworms
motor topology implemented ina 5.0 x 6.4 mm? jumping microrobot, which primarily consists of:
(a) electrostatic inchworm motors, (b) pinions with 10:1 force amplification factor, (c) energy storing
serpentine springs, (d) a main shuttle, and (e) a foot. (adapted from Figure 1 in [77], reprinted with
the permission of the author and the Transducer Research Foundation).

Following the novel implementation of the flexible, inclined arm to drive the inch-
worm motor’s shuttle that was proposed by Penskiy et al. in 2012 [72], several more
complex cooperative systems have used this optimized design and made it somewhat
of a blueprint for more advanced inchworm motor implementations, such as a so-called
‘inchworm-of-inchworms” motor topology with force amplification for a jumping micro-
robot by Greenspun et al. (Figure 13c) [77]; a MEMS airfoil actuator by Kilberg et al. [78];
another jumping microrobot by Schindler et al. [79]; an aerodynamic control of miniature
rockets by Rauf et al. [80]; a microgripper with 15 mN of force and 1 mm of displacement
by Schindler et al. [81]; and a remarkable, intricate realization of a cooperative electrostatic
actuation in the form of a multichip terrestrial robot developed by Contreras [82]. In the
latter, each leg of the six-legged robot had a 2-DoF planar silicon linkage, featuring rotary
joints, that is operated by two separate inchworm motors. The construction of the robot legs
is similar to the one found in [83]. Therefore, the multichip robot has 12 motors, 6 linkages
and 12 degrees of freedom in total. The robots walking was demonstrated after externally
supplying it with power and control signals via connected wires [82].

In Appendix A, a table listing some of the electrostatic linear motors reviewed in this
paper, with comparison of their operational and performance characteristics as well as the
technology used for their fabrication, is given.

3.4. Hybrid System Architectures for Cooperative Actuation Systems

The cooperative microactuator systems presented so far are driven purely electro-
statically and the three subsections were addressing the different level of cooperation of
these systems. As a last type of electrostatic cooperative actuation systems, hybrid system
architectures that combine electrostatic actuation with other types of actuation principles
are reviewed in this section. The examples cover different levels of cooperation, including
even inchworm implementations. This Section is also a kind of link to other review papers
of the Special Issue on “Cooperative Microactuator Devices and Systems”, which describe
cooperative microactuators using purely other actuation principles. In this section, we will
begin by introducing the motivation for and benefits of such hybrid cooperative actuation
systems. The specific examples present architectures in which electrostatic actuators are
cooperating with thermal (electrothermal, allotropic phase transformation and thermal
pneumatic), piezoelectric and electromagnetic actuators.

One purpose for such hybrid cooperative systems is to introduce a bidirectional mode,
where for one direction, the common electrostatic actuation is used, while the movement in
the opposite direction is triggered or performed by a separate principle. Another motivation
for hybrid cooperation actuator systems is to bring bistability into the system, which is in
many cases a precondition for a reliable function of such systems. Additionally, such hybrid
cooperative systems can overcome the inherent constraints of pure electrostatic actuators,
which are in most architectures, as previously discussed, the limited stroke and force.
Furthermore, hybrid systems are also used for closing the gap between micromachined,
electrostatic MEMS actuators and the “macro-world” tolerances, e.g., those of the standard
machining techniques.

In many hybrid actuator systems, the additional non-electrostatic actuation principle
is just supporting the action of the primary electrostatic actuator, especially by bringing
the electrodes close together, such that the electrostatic actuation can take over or be used
for a hold function with very little power consumption. Early examples were shown
for radio frequency (RF) MEMS switches based on a variable capacity, where additional
actuation principles work in series with the electrostatic actuation to allow a lower driving
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voltage for electrostatic switching, by reducing the gap between the movable and fixed
electrodes with the extra actuator [84]. In this way, hybrid systems help to overcome
the limitations due to the scaling law discussed in chapter 1, which requires even with
very sophisticated, deformable electrodes, such as those shown in Figure 3a, at least at
some locations, electrode distances in the range of pm and below. With the support of the
additional non-electrostatic actuators, the typical problems of pure electrostatic actuation,
such as stiction upon pull-in and dielectric charging can be overcome, while keeping its
advantage of low power consumption, e.g., for high frequency switching.

For example, in [84], an additional thermal actuator was integrated to support the
primary electrostatic actuation. This approach was analyzed further with suitable models
in [85], where the concept of a bidirectional actuator that combines electrostatic actuation
with thermal actuation was presented as a so-called electrothermomechanical (ETM) actua-
tion. By an appropriate beam design, it was possible to achieve a bidirectional movement,
in this case provided by the cooperative action of electrostatic and electrothermal forces.
The layout allowed active control of the different states by changing the potential boundary
conditions. However, the reported stroke of the bidirectional actuator was only about
+1.5 um.

A similar approach of combining electrothermal and electrostatic actuations is de-
scribed in [86]. Here, by a 2nd metalization layer, a bidirectional switching is already
obtained with the electrothermal actuation alone, whereas the electrostatic actuation pro-
vides the holding state with a low-power consumption. The layout is a standard cantilever
supported by four beams, which are realized with the two separate metalization layers.
Two beams are dedicated for downward movement and the other two for upward move-
ment. The electrostatic “holding electrode” (membrane) is formed by the 2nd metalization
layer. A thermal switching time of 47 us was reported; however, it required an electric
current of 0.23 A, whereas the measured electrostatic switching time was 4.5 pus at an
applied voltage of 15.4 V; therefore, the electrostatic switching time was 10X shorter than
its thermal counterpart. The total power consumption was 3.24 pJ per switching cycle.

Another concept of cooperative actuation using thermal principles was proposed
in [87], where many SDAs, similar to those described in Section 3.2.3, are connected to a
shape-memory alloy (SMA) wire to achieve a 3D movement of a catheter by combining
the rotational movement provided by the highly integrated electrostatic SDAs (array of
1430 SDAs to create a reasonable torque) with a macro flexure movement by the SMA wire.
SMAs make use of the allotropic phase transformation within certain materials, such as
Ti-Ni, which was used in [87].

A cooperation of a current-driven thermopneumatic actuation with an electrostatic
actuation for a microvalve is described in [88]. Here, the fluid on the inlet side of the
microvalve is heated up by a suspended resistor grid. The rising pressure pushes the valve
diaphragm towards the valve seat. However, the final closure of the outlet valve is provided
by an electrostatic pull-in movement. An electrostatic latch at the outlet opening is also used
to detect the pull-in state of the diaphragm, such that the electric power of the pneumatic
actuator can then be reduced or even turned off. The motivation for the cooperative design
of the valve was achieving a large throw (i.e., large travel distance for closing the outlet
valve to provide large flow in the open state), a low leak rate (especially critical with
particles in the fluid larger than, e.g., 30 um, if only electrostatic actuation is provided), a
power reduction (compared to an exclusively thermopneumatic-driven actuator) and a
fast response time. However, in the presented layout, complete electrostatic latching was
not achieved. The authors suggested several design changes to reach electrostatic latching;
however, no functional device was presented to the best of our knowledge.

In [89], a piezoelectric support of an electrostatic RF MEMS variable capacitor for RF-
switching was proposed. Here, a thin film of lead zirconate titanate (PZT) was embedded in
a sacrificial layer process. The piezoelectric actuator supports the pull-in-type electrostatic
actuation to increase the capacitance and allows a lower switching voltage (pull-in voltage
is considerably reduced), while keeping the pull-out voltage almost constant, which is
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important to maintain high restoring forces. Thus, by lowering the operation voltage,
stiction and dielectric charging are reduced in the hybrid design.

Hybrid concepts with piezoelectric actuation have also been employed for realizing
inchworm motors. For example, in 2004, Toda et al. [90] presented a proof-of-concept,
hybrid inchworm motor for extended out-of-plane actuation. It utilized in-plane electro-
static forces to alternately clamp a moveable platform to either a driver plate or stationary
structures (holders). When clamped to the driver plate, which is driven in the Z-axis by an
external piezoelectric actuator, the platform gains a small elevation, then the platform is
clamped to the holders to maintain the gained elevation, while the driver plate, i.e., the
PZT actuator, is reset to the initial position to start a new cycle. Although the system
was realized by a 50 pm thick device layer of an SOI wafer, the motor could only achieve
about 0.5 um of elevation in 10 actuation cycles. Later in 2007, Toda et al. [91] proposed
another hybrid inchworm motor combining electrostatic actuation for clutching a slider and
piezoelectric actuation for pushing it. The operation and the realized system are shown in
Figure 14. The system consists of two electrostatic clutching units (A and B) and a PZT-stack
actuator. Unit A is stationary, while unit B is fixed to one side of the PZT actuator, whose
other side is fixed to the substrate; hence, unit B can be translated back and forth. Therefore,
the PZT actuator can drive the slider in a bidirectional manner, while it is clamped by unit
B (see Figure 14a). This cooperative inchworm motor features a power-free clutching by the
actuation units A and B, which is achieved by mechanically prestressing the tether beams
that suspend the clutching structures in these units. This prestressing results from inserting
a slider of a width that is slightly larger than the space available between the clutching
structures, which are driven by the movable electrodes of four opposing comb drives on
both sides of the slider. This provides a zero-power latching and thus a secure operation.
The PZT actuator created a defined step size of 59 nm/cycle and a large force to overcome
the residual friction when powering the electrostatic clamps. By FEM, a clutching force of
4 x 4 mN = 16 mN was simulated, where the basic clutching force of 4 mN is a result of
the attractive electrostatic forces (40 mN), the repelling bending forces of the tether beams
(20 mN), and a friction coefficient of 0.2 ((40 — 20) mN x 0.2 = 4 mN). The MEMS part
consists of ¢-Si, which is fabricated using a SOI-process.

A hybrid actuation system with cooperation of electromagnetic and electrostatic
actuators for a miniaturized contactless levitation system was presented by Poletkin et al.
in 2015 [92]. Two coils provide induction based forces, one for levitation, the other for
stabilization of the levitated proof mass during levitation. The electrostatic forces provided
by two different electrode arrangements take over additional functions. Firstly, under pull-
in, the electrostatic actuation works oppositely to the electromagnetic levitation force. This
means that by keeping a certain levitation height even with increased induction current, a
larger voltage can be applied. Therefore, the electrostatic force will change the effective
stiffness of the contactless electromagnetic suspension. Additionally, electrostatic forces are
used for vertical and angular actuation of the proof mass. 3D microcoils obtained by means
of a wire bonder were assembled on a Pyrex substrate, whereas the electrostatic actuators
were realized on a Si wafer with DRIE etching of both sides of the wafer. Currents for
electromagnetic actuation of 100-130 mA provide levitation heights between 30-189 pm.
The measured stiffness of the angular stiffness changed by electrostatic actuation by more
than a factor of 2 (from 0.9 x 1078 Nm/rad to 0.4 x 10~8 Nm/rad). Model descriptions
of that system considering both, inductive and electrostatic forces were later provided
in [93,94].

A similar concept was also presented in 2015 by Sari et al. [95]. Electromagnetic
levitation and stabilization are cooperating with an electrostatic propulsion drive of the
levitated object. However, here Lorentz forces through an alternating current were used
to generate electromagnetic forces. Therefore, electromagnetic and electrostatic actuators
could be realized on one silicon wafer.
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kit e
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Figure 14. An inchworm microactuator realized by the cooperation of 8 electrostatic comb drives and
a PZT-stack for a bidirectional stepping mode [91]: (a) one cycle of an inchworm motor operation,
where at (0) all the clutches (red and blue squares) are pressing on the central long slider, in (1) unit A
is released from the slider, in (2) the PZT actuator pulls unit B and the slider to the right (one step), in
(3) with still engaged PZT actuator, unit A is clamped to the slider, while unit b is released and in
(4) the PZT actuator is turned off so that unit B is moved back, while the slider is latched by unit A;
(b) the fabricated system (MEMS part out of c-Si); (c) tethered clutches connected to a group of comb
drives (© IOP Publishing. Reproduced with permission. All rights reserved).

4. Discussion

While the possibility of even 3D-like motion by planar, surface micromachined struc-
tures was already shown by researchers more than 20 years ago [13,25], none of these have
been commercialized due to their sophisticated mechanical function, especially the needed
hinges to provide the out of plane motion. Therefore, we conclude that a key point to
cooperative electrostatic microactuators is how to create bistability and even multistability
in such systems. However, only a very limited numbers of papers were found, where
functional, electrostatically driven bistable microactuator systems were presented. Ongoing
research on the theory and models of electrostatic bistable systems, which is documented,
e.g., by several actual papers describing the bistability conditions in arched microbeams
or microplates, shows that this is still a topic of fundamental research. We conclude that
especially snap-in and snap-out is a critical aspect and hard to control by electrostatic
actuation under the pull-in regime.

Due to these limitations, which hold especially true for pure electrostatic cooperative
actuator systems, hybrid systems could in theory be expected to play an important role for
large force applications and for providing bistability. However, such hybrid systems, which
combine different types of actuation principles, have their own technological challenges,
and it is much more difficult to create a system model of them compared to pure electrostatic
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actuators systems. Additionally, with the integration of another actuation principle, which
needs specific materials (piezoelectric, SMA, magnetostrictive), the big advantages of
electrostatic actuation systems, namely, the CMOS compatibility and scalability for high
volume production, are lost. This is not the case for electrothermal actuation. If there are
only a few papers dealing with hybrid systems in general, there are, of course, even fewer
combining electrostatic and electrothermal actuation. We conclude that a disadvantage of
the cooperation of electrostatic and electrothermal actuators is the very different driving
principle (voltage versus current driven) and the very large difference in power and reaction
time, which make this concept practically not feasible. This conclusion is supported by
the fact that most work on hybrid actuation systems was published already more than
10 years ago. Additionally, we observe a lack of continuity in the proposed concepts as
mostly only one paper has been published by the according groups. We conclude that
despite of interesting features, hybrid systems are sophisticated to realize and to scale
up for commercialization and are also not reliable. Even the rather simple—and due to
integration in a standard surface micromachining process, also scalable—approach of the
piezoelectric actuation cooperating with the electrostatic actuation presented in [89], by the
research team of Toshiba, did not pave the way to a commercial product, as today, Toshiba
uses a pure electrostatic actuation principle for RE-MEMS variable capacitors [96].

Although electrostatic actuation in principle has large force capability when the gap
between the electrodes is reduced, numerous problems and challenges arise when using
this gap reduction effect. Besides stiction and viscous damping within small gaps, such
systems are very sensitive to environmental conditions, especially humidity and pollution.
Additionally, on a submicrometer scale of distances or gaps, also severe technological
challenges occur, such as surface roughness of side walls (defining the electrode surface
and thus the homogeneity of electric field for driving), which have a strong influence on
the devices” performances.

Other challenges for the realization of cooperative electrostatic actuator systems are
related to technological aspects, e.g., in DRIE, which is typically used for the realization of
HAR microstructures, the limited anisotropy and several other limitations such as notch-
ing [97] have to be overcome for improving the reliability and for further miniaturization.
Additionally, as a result of miniaturization, the surface to volume relation is also increasing.
Therefore, the overall systems’ properties are mostly defined by the surfaces within such
systems, which are hard to control and exposed to major external influences. This is a severe
challenge in respect to system reliability, especially when such systems should provide
large forces.

Electrostatic motors are examples of strong cooperative architectures, which can
overcome the limitations of a stand-alone electrostatic actuator. From their inception, the
primary challenged constraint was, especially at first, the inherently limited travel range.
Later, the generation of larger forces was also aimed for by many researchers. The high
resolution displacement provided by small defined steps can also be a major advantage for
high precision positioning applications, which is especially characteristic of some inchworm
motor types. Here, we will discuss some of the pros and cons of the different realizations
of linear electrostatic motors, with a special focus on the inchworm motors.

The early works on inchworm motors in the mid-1990s were mainly based on poly-5i
and typically generated forces in the range of few to some tens of uN. The force density was
small, especially in the absence of any unique mechanical leverage. With the establishment
of SOI wafer technology, which provides the easily releasable thicker c-Si structures, accom-
panied by the more optimized HAR silicon micromachining processes, e.g., the DRIE, better
performance characteristics could be achieved. For instance, upgrading from a thin poly-Si
structural layer to a thicker c-5i device layer of a SOI wafer enlarged the force capacity
substantially and solved an adhesion problem between contacting surfaces in [11], which
could have been the result of having larger restoring forces by the now stiffer springs, or
the reduced adhesion by virtue of the larger DRIE sidewall roughness, as reasoned by
the authors.
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It is worth noting, however, that some electrostatic motor types that have appealing
characteristics have almost exclusively been fabricated in thin poly-Si layers, e.g., SDA
and shuffle motors. These motors, in addition to the contraction beams motor, which
are based on orthogonal mechanical conversion of force or deflection, have exceptionally
high capacity for precision positioning with typically reported step resolutions between
10-80 nm [47,67,68], and could be driven at high frequencies (up to 80 kHz) [67,68]. Ad-
ditionally, some of these walker-type inchworm motors can be built without a need for
guiding rails or mechanical suspensions [44,67], which imposes less constraints on the
maximum travel range and direction when compared to pusher-types that usually in-
clude suspended shuttles. This also makes the former more suited for realizing multi-DoF
and planar motors [53,67]. Furthermore, surface-micromachined motors out of poly-Si
could more readily accommodate untethered shuttle configurations in their monolithic
fabrication, which lends itself to achieving longer travel distances [70].

Nevertheless, they also have some inherent drawbacks and have shown some typical
shortcomings. SDA and shuffle motors rely on a certain frictional component with the
substrate in order to function properly. They also require insulated electrodes, and as
a result, the dielectric insulation is prone to trap charges (dielectric charging), which
influences the friction profile and consequently the device behavior during operation [65].
It could also cause stiction leading to device malfunction [54], or even permanent sticking,
which led to destruction upon repositioning in [44]. Furthermore, the typically thin bending
plate in these motors imposes an inherent limitation on the maximum generated force due
to the induced plate stretching that occurs beyond a certain force level [65]. Additionally,
the efficiency of these devices, by design, is subject to question. For instance, large friction
forces caused by adhesion forces between inactive clamps and the substrate have been
reported [45]; moreover, the bending plate’s deflection towards the substrate in a shuffle
motor, causes unwanted friction at the released clamp site, which opposes the motor’s
shuffling motion, and introduces a moment at the activated clamp site, which could
significantly reduce its clamping force [68]. In addition, in standard surface micromachined
motors, the thickness of the functional layer (poly-Si or thin c-Si device layer) is typically
an order of magnitude smaller than HAR motors made out of such SOI wafers that have
thicker device layers (e.g., >10 um), this is a substantial drawback for applications that
engages mesoscale loads, where the fabrication and force transfer become much more
challenging. This conclusion is inferred from the prevailing trend witnessed in recent years
towards HAR inchworm motors for applications involving a micro-macro transfer of force
and displacement [77-82,98].

The use of interlocking structures such as teeth, jaws, pawls, etc., is another easily
observable trend in recent years, especially in contributions that aimed for a large force
capacity [11,74,77-82,98]. This trend was needed in HAR devices as a means for a reliable
transfer of forces between the different parts of an inchworm motor, which solved a
clutch slipping problem as reported in [11], for instance. These structures produce an
impact-induced mechanical wear resulting from the colliding surfaces, which generates
less uniformly distributed mechanical loads that lead to higher loading surface stresses, at
teeth edges, for example. This is a kind of wear that is additional to other kinds that are
associated with the rubbing of sliding planar surfaces found in all types of electrostatic
motors, of which the adhesive wear was reported to dominate (as opposed to the abrasive
and corrosive kinds of wear) [99]. Although some authors have reported relatively long
life spans of their systems with reliable outcomes [11], it is well-understood that the wear
in these systems, and the microparticles contamination and debris produced by their
operation, have led to rapid loss of efficiency even after a short operation time [82], and
sometimes complete device failure [100].

Many of the proposed inchworm motors rely on the passive restoring elastic forces of
suspension springs to reset the actuated body, e.g., a shuttle, to its initial position, thereby
lacking the capacity of bidirectional positioning. This has been overcome in some other
inchworm motors that inherently provide a bidirectional movement mechanism, such as
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the shuffle motors [62], the contraction beams motor [68], the multi-phase, alignment-based
motors [60] and the PZT-based hybrid inchworm motor in [91]. Others have a built-in
bidirectionality in the design of the propulsion actuator by having double the amount of
driving electrodes [70,74], or introducing a biasing mechanism for presetting the direction
of propulsion, with a reported minor influence on the force density [76]. On the other
hand, other motors achieved bidirectionality by duplicating the unidirectional cooperative
actuators for the opposite direction [61]. An approach that could be viewed as the least
efficient utilization of space, should this perspective be critical, e.g., for achieving high force
density motors. The NED-based inchworm motor in [73], has two oppositely oriented pairs
of unidirectional NED-blocks; however, when one pair of NED-blocks is used to drive the
shuttle in a certain direction, the other is used momentarily to hold the shuttle while the
former recovers from deflection; therefore, there is an overlap of inherent and duplicate-
based bidirectional designs. It is worth noting that the reported successful bidirectional
actuation through reversing the control sequence of the inchworm motor in [76] could be a
viable option for many other inchworm motors that have suspended shuttles, albeit the
generated driving force will not be equal in the two directions.

Though electrostatic linear motors largely perform the same task, depending on their
type and configuration, their cooperation-based operation and control entail different levels
of complexity, e.g., the number of individual actuators in the system and the number of
required control signals. When we compare some of the motors presented in this review
from this perspective, we find that SDAs are among the simplest motors to control, since
aside from the ground electrode, they are driven in parallel using one signal per direction,
regardless of how many SDA plates are integrated in the motor. To remedy the dielectric
charging issue, SDAs have been driven with AC signals of alternating sign, whether in
pulse [10], square [46], triangular or sinusoidal form [50]. Sometimes to keep them in
a primed position for optimized performance, SDAs have also been driven with a DC-
bias [44]. On the other hand, inchworm motors, especially the walker-type, conventionally
need three control signals to perform a complete cycle, two for the clamping electrodes and
one for the driving electrode. This configuration is true for shuffle and contraction beams
motors, which typically also uses bipolar, modulated AC potentials to avoid dielectric
charging [45]. By reversing the sequence of these signals these motors can move in the
opposite direction. The multi-phase, alignment-based motor in [60] used four AC signals to
drive the four-phase motor, which are also used for both directions of actuation. Moreover,
pusher-type inchworm motors typically require four signals (two for each driving unit: one
for clutching/clamping and one for driving) to actuate the shuttle in one direction [11,69].
However, concerning the required added complexity to achieve bidirectionality, the motor
configuration discussed in the previous paragraph plays a decisive role. Naturally, the
duplicate-based bidirectionality will require double the amount of control signals, i.e., eight.
While motors that have integrated bidirectional electrodes in their basic driving units,
require one additional signal for each driving unit; thus, some require six different signals
for two driving units [70], while others require nine signals for three groups of actuation
unit cells, with one more signal to achieve multistability, making the total ten signals [74].
Similarly, the biasing mechanism proposed by Hollar et al. [76] required two additional
signals for predetermining the direction of actuation, bringing the total to six signals for
each inchworm motor. However, due to this added complexity, the authors preferred the
reverse control approach to accomplish a bidirectional drive of their robotic leg, which
required a total of eight signals to drive both, the hip and knee inchworm motors. On
the other hand, by virtue of the double-purposed driving units, as discussed previously,
the NED-based motor requires only four signals to accomplish a bidirectional drive [73].
Another noteworthy novelty in this regard is the control simplification that accompanied
the combination of the clutch and driving mechanisms into one movement by an inclined
arm, which resulted in a successful unidirectional inchworm motor movement that requires
only two input signals [72].
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5. Conclusions and Outlook

Despite the ubiquitous electrostatic microactuators that are found and used today in
billions of commercial products and devices, systems and commercial examples of highly
cooperating electrostatic microactuators are rare, e.g., the micromirror device of TI has
a relative simple design architecture with isolated microactuators (electrostatically tilted
micromirrors), where the cooperation is basically provided through the driving electronic
circuit (CMOS drive logic) and the individual excitation capability within the chip. As
such, it is a somewhat “weak” cooperation facilitated on the system level by the capability
to drive each of the more than 1 million micromirrors individually to produce an image
pattern. Additionally, all micromirrors are actuated in the same way (tilted electrostatically
by around £10°).

We explain the lack of commercial products using strong cooperative electrostatic actu-
ator systems by the planar character of surface micromachining, which, on the other hand,
is a prerequisite for the success story of electrostatic actuators in consumer applications.

To overcome the critical wear and microparticles phenomena, when using mechan-
ically interlocking structures, well-grounded research into the durability of these force-
transfer mechanisms in HAR actuators with experimentally based solutions, e.g., using
functional anti-wear coatings deposited by atomic layer deposition, would be a highly
beneficial endeavor for improving the efficacy of these systems in the future.

Just recently, W. Fang reported that thin piezoelectric films, in particular aluminum
nitride (AIN) and PZT, have been established in foundries and equipment suppliers in
Taiwan’s strong semiconductor industry, thus allowing the integration of these materials
in CMOS processes [101]. This might be a game changer, especially for hybrid coopera-
tive actuation systems, as piezoelectric and electrostatic actuators can be monolithically
integrated in a large scale production.

The progress of miniaturization towards the nanotechnology will open the path
towards controlled gaps in the range of some 10-100 nm, and thus enable much more
powerful devices than reported so far. In any case, due to the different challenges, further
research is needed to provide reliable cooperative systems, e.g., for large force applications.
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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

39



Actuators 2023, 12, 150

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 pm 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 S5iO,) 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 um
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.
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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; eg =
8.854 x 1071245 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 pm.

The electrostatic force is usually calculated from the directional derivative F = — %—‘g
of the energy stored in a capacitor:
Lo
W= 3 cu (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 t A=a-b _ A=2d-b I_——IEA/ A=d-b
e 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, = Esosrﬁuz, normalized : pey ~ Eeoe,Ez 2)
e  Tangential parallel-plate comb actuation:
b , ) 1 5
F = eosrgu ,normalized : poy ~ §€0€rE 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, jizuig ~ eo(er —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 ¢y 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:

_ Cijitx

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.

b) L, 0)

H ' a8 f
C]/ Ll C 1g C.
lCy
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F

lCy L
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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 (1g), the length L of each
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stiffness ¢,

F xtri —

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 cy quadratically increases for the triangular spring, while it remains constant for
the serpentine spring. The stiffness ¢y 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
np [28]:

12AEL,

5%:

L(—

1+4np) (ALZ(—l—',-nB)2 cos(a)2 4121 sin(a)?
4 144AEI(—1+np)
5LLprojnp? (4817 (—1+ng)* cos(a)*+AL2 (1-8np-+4n} ) sin(a)”)

©)

23 nge{2,4,...}

Here, Ly 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, + 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

(ng —1)%L3cos? ()
12E1,

(ng — 1)L sin?
EA

-1
14
Fx,tri,linear =X ( ( ) > , 7’1]36{2, 4,.. } (6)

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

(

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].

481, (np — 1)* + AL2(1 — 8np + 4n3)tan? («)
AL2(ng —1)% + 12Itan? («)

5L2cos?(a)
12

), nge{2,4,...} ?)
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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
(CEM) 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
NEL ® analytical model .
H ® measurement .
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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 Fy 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 d% 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.
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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:

_ neotp(x + ;CO) U2 — negtp(x + ;CO) U2 (8)
2(d+v) 2(d+y)

el

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:

2negtp(x + x
cy > U NEN0) 2 ©)
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The voltage Ug; 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:

5 d<cy

2 c x2 x d%c ¥ x
U2 — 2 20 M) B gy 70 10 10
SI™ 2eotpn Cx + a2 d 2eotrn + 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:

gy X gl X
Yt =dyf5 o5 =355 (11)

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 dy, 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 4> usually needs to
be much smaller than the area of the electrodes. This would result in an increased size of
L‘% for a reasonable force at d = dj, but approaching an infinite force for a vanishing gap
d—0.
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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 = dgy — d), the electrostatic force increases with F ~ ——with lim —L— = oo, theoreti-
(do—4d) d—dy (do—d)

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 = 1dj, the mechanical spring force can no longer
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=
=

balance the steeply increasing electrostatic force; at this point, F,; = Fg, % = aa% applies.
Pull-in occurs, the movable electrode is abruptly pulled towards the counter electrode,
(dg —d) — 0, as depicted in Figure 7c. With A being the surface and c the linear spring
constant, the pull-in voltage Upy.in is simply identified as follows:

u S 8cd8
pull=in = 1/ 57¢ e, A

(12)

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.

a) electrode : t b
) spring c5  "Ofor )
u
) * L i
"¢ | M
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]:

| 2E5;C3d3
Upuil—in > \| == 13
pull—in = 27808;1,4 (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 Xactuator,1 and the gap at actuator a, decreases. By additionally applying a
voltage to the second actuator ap, the system displaces again, now for the distance X,ctyator2-
When all three actuators aj, ap and a3 are activated, the system reaches xactuator3- The
required voltage does not increase; aj—a3 operate at the same pull-in voltage.
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Figure 9. An actuator with three steps: (a) initial position, (b) the first actuator a; is activated and
the resulting system displacement is Xactyator,1, () the actuators a; and a; are activated, the system

displacement being Xactuator,2, (d) all actuators ag, ap and a3 are activated, resulting in the system
displacement X,ctyator,3-

For large displacements at low voltages, the stiffnesses of the guiding c¢g and connecting
springs c; are crucial parameters. The influence of the spring stiffness on the total system
displacement X;cp010r,i depending on the activated actuators a; [12] is described as follows:

all fiiri <n (14)

Xactuator,i = — 7 . 1~
v (5 )
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. ¢g = 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.

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

Figure 10. Displacement of the stepwise actuator; the voltage is applied to (a) actuator aj, (b) actuator
a; and ap, (c) actuators aj to ag, (d) actuators aj to ay, (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 2N 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 cy;, connecting springs c;, and two actuators (a; down
and ai,up). Here, a; 4p/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 (ajup = 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 23 = 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; 4owrn. When activating both actuators
simultaneously (a;yp = 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.
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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).
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The displacement of the LSB resulted in a partial deformation of the connecting springs
cc1 and cqp. 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*=8lor
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]).
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Figure 12. (a) Presentation of the 27 positions in logical order addressed by the 3% DAG, (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 DMEF. 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:

€0€d ;12
cos(6) = cos(6y) + u 15
(0) (60) 2, (15)

Here, 6) is the contact angle between liquid and solid surface at U = 0; ¢ 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 pL, 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)

1 690 pm
1
1000 pm
1
1200 um
|

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 um thermal SiO, 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,

N -

M so,

[ s

'en

\\J
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

F B —
E FS

Figure 15. Mechanical analogy for droplet modelling.

The platform mass mt was connected to the bottom mass mjp, corresponding to the
droplet mass, by a linear spring with the stiffness c. In combination with the quadratic
air friction force Fa, 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

Nrs{o

F = ngiz’T atan (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 F5 for a non-moving droplet. The electrostatic
force Fy 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.
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Figure 16. Simulation results (red, solid) and measurement data (black, dashed) for a single droplet (a)
when combined with the simulation error e (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

Xx=[pLPLP2P2P3P3PaPapP (19)
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a)

results in a system of first-order differential equations typically used for simulation or
control applications:

X2
iy (Fea (v1, V1) = Fsj(x2) — dixa — ki (x1 +a — x9))
X4
s (FE2(x3, V2) — Fsp(x4) — doxs — ka(x3 +a — xo))
. X6
r= L (Fg(xs,V3) — Fs3(x6) — daxe — k(x5 +a — x9)) (20)
mpz \" E ’ /
X8
%M(FE,4(X7/ Vi) — Fsa(xg) — daxg — ka(x7 +a — x9))
X10
kl(xl+u—X9)+k2(x3+a—x9)+k3(x5—u—x9)+k4(x7—u—x9)—sign(xlg)dpx%o
L Mp~+mT,1 Mt +MmT3+Mmt4 -

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].

b) <)

500 um

transition velocity [mm/s]
2
2

o 10 v;gge 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 um 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 f = 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 pm. 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;O3-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)

B

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 pm
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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Abstract: Fraunhofer EMFT’s research and manufacturing portfolio includes piezoelectrically actu-
ated silicon micro diaphragm pumps with passive flap valves. Research and development in the
field of microfluidics have been dedicated for many years to the use of micropumps for generating
positive and negative pressures, as well as delivering various media. However, for some applications,
only small amounts of fluid need to be pumped, compressed, or evacuated, and until now, only
macroscopic pumps with high power consumption have been able to achieve the necessary flow
rate and pressure, especially for compressible media such as air. To address these requirements, one
potential approach is to use a multistage of high-performing micropumps optimized to negative
pressure. In this paper, we present several possible ways to cascade piezoelectric silicon micropumps
with passive flap valves to achieve these stringent requirements. Initially, simulations are conducted
to generate negative pressures with different cascading methods. The first multistage option assumes
pressure equalization over the piezo-actuator by the upstream pump, while for the second case,
the actuator diaphragm operates against atmospheric pressure. Subsequently, measurement results
for the generation of negative gas pressures down to —82.1 kPa relative to atmospheric pressure
(19.2 kPa absolute) with a multistage of three micropumps are presented. This research enables
further miniaturization of many applications with high-performance requirements for micropumps,

achievable with these multistage systems.

Keywords: silicon; micro diaphragm pump; vacuum; negative pressure; microfluidic; multistage

1. Introduction

This article presents a technique for generating negative pressures via serially con-
necting piezoelectric silicon micromembrane pumps. The development of micropumps
for various applications has aimed to generate high-pressure differences using different
operating principles while minimizing the system’s size and energy consumption. Through
cascading several pumps, the entire system can be significantly reduced in size while
maintaining performance, allowing for the implementation of complex MEMS systems in a
compact package.

High positive pressures are, for instance, required for the bubble-tolerant, safe, and
reliable delivery of fluids in medical applications such as insulin dosing or the delivery of
pain medication [1]. Further potential areas of operation for micro-compressors include
fuel cells [2] as well as micro-coolers, such as those for electronic devices [3]. The generation
of low to high vacuum levels is a key technology for many industrial applications and
processes, whereby often only a relatively small volume has to be evacuated [4]. Due to
leakages or degassing over the lifetime of a device, vacuum sealing is not possible for all
applications. Examples are portable miniaturized gas analysis systems for the investigation
of gas mixtures in different industries [5] as well as electron optical systems for scanning
electron microscopes with multiple beams [6] or micro degassing systems. The various
systems have diverse requirements regarding the pressure level to be achieved along with
the necessary flow rates [7]. The scientific community has demonstrated an interest in
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micro vacuum technologies for various applications, as seen in programs such as DARPA’s
Chip-Scale Vacuum Micro Pumps (CSVMP) [8].

Coarse vacuum is defined as pressures below 0.1 kPa absolute and is typically gener-
ated using mechanical pumps, starting at atmospheric pressure. For pressures below this,
physical principles such as ion getter pumps are used to achieve high vacuum. Typically,
a combination of mechanical pumps and physical pump principles are used to generate
high vacuum. The development of mechanical MEMS micro-pumps for generating coarse
vacuum is motivated by two factors:

1. The first factor motivating the development of mechanical MEMS micro-pumps for
generating coarse vacuum is the high-power consumption of conventional mechanical
pumps required to achieve coarse vacuum. Depending on the evacuated volume,
such pumps require between ~50 W up to several kW of electrical power and weigh
2 kg or more [9]. In many cases, these vacuum pumps have to operate perpetually.
In contrast, a MEMS system with cascaded piezo micromembrane pumps requires
less than 1 W of power. However, it is worth noting that the evacuated volume is
significantly smaller compared to mechanical vacuum pumps.

2. In addition to use cases for high vacuum, there are also applications that require
portable systems with low absolute pressures. One example is the ion mobility
spectrometer (IMS), which requires absolute pressures of about 10 kPa or below [10].
Another potential area of operation is the re-calibration of gas sensors on a portable
device, where it is advantageous to apply an absolute pressure of approximately
20 kPa to the gas sensor [11]. Furthermore, several portable and battery-powered
sensor systems that require vacuum are available, but no commercially available
solutions exist in terms of compact size, weight, and energy consumption to enable
handheld devices.

Actuation mechanisms for MEMS vacuum pumps are diverse and can be classified
into two main categories: mechanical and non-mechanical. Mechanical mechanisms are
divided into micro blowers and diaphragm pumps with valves. Micro blowers exploit
a fluidic resonance effect at high frequencies and achieve an overpressure of 60 kPa [12];
nevertheless, there is no specification for the minimum negative pressure. Diaphragm
pumps with valves include membrane pumps such as electrostatically actuated [13-15] or
piezoelectric-driven [16,17] pumps, rotary pumps [18,19], and ejector-driven pumps [20,21].
Non-mechanical mechanisms are based on diffusion or ion-sorption. These various mecha-
nisms are extensively researched. Non-mechanical pumps, such as ion-getter pumps [22,23],
Knudsen pumps [24,25], and others, have also been introduced and are aimed towards
micro vacuum pump applications.

The limitations of existing piezo-driven MEMS micropumps to achieve strong negative
pressures rely on the weak compression ratio of those pumps (ratio between the stroke
volume of the actuator to dead volume in the pump chamber). As the maximization of
the stroke volume is given according to the actuator properties [26], the reduction of dead
volume is limited by both the tolerances of the manufacturing processes as well as the
nature of piezo physics, as 85% of the stroke is provided towards the pump chamber
bottom. In this approach, a silicon MEMS for dead volume reduction via accurate etching
and bonding technologies (silicon fusion bond) is applied. Furthermore, a pretension
method (Figure 1) to avoid the drawbacks of piezo physics and without bending of the
pump chip is used. With that, a compression ratio which is not yet known for MEMS
micropumps is achieved, which is an important precondition to generate a large under
pressure with air.

The operating conditions and achieved pressures of numerous micropumps with
different actuation principles are very inhomogeneous [7]. Pressure requirements for certain
applications are very high and, thus, not achievable with only one micropump; therefore,
the combination of several pumps in a series is a promising and straightforward solution.
Cascades with electrostatically driven micropumps are shown from Besharatian et al. with
2 to 24 stages with different configurations, where the minimal pressure of 24 stages is
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reported as ~97 kPa absolute [27-30]. Kim et al. report on 2, 4, and 18 stages with a
maximum pressure difference of 17.5 kPa [14]. A piezo-driven two-stage micropump for air
compression is published by Le at al. [31]. Non-mechanical Knudsen micropumps based
on diffusion (thermal transpiration) for vacuum generation with 1 to 3 stages achieved
46.6 kPa absolute pressure in 1 stage [32]. Another Knudsen pump with 48 stages and a
minimum pressure of 6.6 kPa absolute is presented [24].

.conventional” pretensed pretensed
micropumps micropump micropump
) piezo mounting micropump operation
piezo

~~.without pretension with pretension U < 0 (supply mode)

- L
LA A A ]
\"I

silicon
dead volume

/)y
=
.

U > 0 (pump mode)

Figure 1. Schematic cross section of micropumps with reduced dead volume Vj due to an electric
pretension of the piezo during the gluing process. The dead volume Vj (green) is defined as that
volume, which remains in the pump chamber, if the actuator is in its lowest position.

The design of the micropumps as well as the pump cycles of each pump in the
multistage is discussed in the beginning. The focus of the design section is to explain the
actuator properties including stroke volume and blocking pressure with the pump cycle
in a p-V diagram in order to approximate the suction pressure Prmin,gas- AAS mentioned
previously, a single pump cannot achieve coarse vacuum due to the compression ratio
limitation of MEMS pumps. Therefore, in addition to optimizing a single pump, the
cascading of micropumps is chosen as a method to enhance negative pressure.

Based on the design of a single micropump, two different possibilities of cascading are
modelled and simulated, including coupling effects, to explore the possibility to achieve
smaller absolute pressures. In this publication, two different methods of cascading with
silicon micro diaphragm pumps are introduced. The design and simulation of the system
is demonstrated using piezo-driven silicon micropumps with passive flap valves. Both
cascading methods are applicable for overpressures as well as for negative pressures. In the
pressure-balanced method, the generated pressure of the upstream pump also acts on the
actuator of the adjacent stage. In the case of serial connection without pressure compensa-
tion, the atmospheric pressure applies to the actuator diaphragm of each cascading stage. In
an ideal scenario, each pump of the cascade is optimized for the specific position according
to its particular geometric properties. Finally, measurements with realized systems of two
and three stages of 7 x 7 mm? piezo-actuated silicon micro-membrane pumps with similar
design parameters are presented and compared to the simulation.

2. Materials and Methods

This section provides a detailed overview about the micropump design and simulation
including different multistage setup options for micropump systems.

2.1. Micropump Design Optimized for Small Absolute Pressures

The micropumps in this study are made of three silicon layers and a PZT disk lead
zirconate titanate (from PI Ceramics, type PI 151) acting as a piezoelectric actuator that is
glued on top of the diaphragm (Figure 2). The silicon layers are structured using double-
sided lithography and anisotropic KOH etching. A cross section with relevant design
parameters is shown in Figure 3, and a detailed SEM image of a part of the micromachined
valve seat is presented in Figure 4. The top layer forms the actuation diaphragm, which
includes the pump chamber, while the two bottom layers form passive cantilever check
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valves. When a negative voltage is applied to the piezoelectric actuator, the diaphragm
moves upwards and expands the pump chamber, resulting in gas being sucked from the
inlet valve into the pump chamber, known as the supply mode. Conversely, a positive
voltage leads to a downward movement of the actuator, compressing the gas in the pump
chamber and causing fluid flow through the outlet valve into the outlet periphery, which is
called the pump mode.

piezo diaphragm outlet inlet

micro pump: top view micro pump: bottom view

Figure 2. Top and bottom view of the 7 x 7 x 0.7 mm? silicon micropump chip with mounted PZT
and visible inlet and outlet ports.

h v

pk *

width of ._. flap (inlet and outlet)
valve seat opening (length /, width b,
(width b_,.,) (width b,,.,)  thickness {,)

Figure 3. Cross section of the micropump with pretensed diaphragm explaining relevant design
parameters. h; is the pump chamber height, Tj is the diaphragm thickness, T}, is the piezo actuator
thickness, R is the piezo actuator radius, and R; is the diaphragm radius.

Figure 4. SEM image of silicon valve sealing lip (width bs.st = 3 um) to reduce surface contact area
with the silicon flap in order to reduce sticking. In the right bottom corner, there is the opening. At
the edge of the valve seat the compensation structures to protect convex corners during KOH etching
are shown.

The micropump design is optimized towards a large compression ratio, which is
defined as the ratio between the maximum stroke volume AV, to the dead volume V| of
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the micropump. In order to reduce the dead volume, the PZT is mounted using a specific
pretension method, depicted in Figure 1 [26]. As a result, it is possible to reduce the pump
chamber height to a minimum value of 1 um. Table 1 shows all design parameters of the
micropump used for the simulation.

Table 1. Simulation parameters including material data, design geometries, fluid properties, and
electrical parameters. All experiments used air as fluid.

Description Symbol Value Unit
Y, 1.6 x 101 Pa
Silicon Material Parameter v 25x 1071 1
ag; 3x10°° 1/K
Yy 6.7 x 1010 Pa
. . . XPiezo 6x107° 1/K
Piezoelectric Actuator Material Parameter o 21x10-10 m/V
C 2x107° F
-6
Micropump Fipk Ix 10_5 m
Geometry Parameter Ta 7x 10 3 m
Ry 3.15-10™ m
—4
Piezo Geometry Parameter 1];’; 21..8542 1100_ 3 2
. . Po 1.013 x 102 kPa
Environment Properties T 20 oC
. : 13 kg/m?>
Fluid Propert P &
tid broperties 7 1.823 x 105 Pas
. . Uy 225 \%
Operation Properties U ~60 v

Both passive silicon check valves (inlet valves and outlet valves) have a cantilever
(length I, = 800 um, width b, = 460 um, thickness t, = 15 um, opening bype, = 390 pum)
above a square valve seat (width of the valve seat bso = 3 pm). Although a hard-hard seal
is achieved between the flap and valve seat, only relatively small leakages (0.06 mL/min
at 50 kPa) can be observed when negative pressure is applied. This is due to the polished
surfaces of the flap and valve seat, which have a roughness below 1 nm. Next, no plastic
deformation behaviour or fatigue can be observed due to the excellent properties of single-
crystal silicon. The silicon flap valves are capable of withstanding pressures of up to at least
200 kPa in both directions. At very small positive pressure differences (with our design,
below 3.7 kPa), the flow resistance is dominated by laminar gap flow; at higher pressure
differences (above 3.7 kPa), the flow resistance is dominated by orifice flow. The behaviour
and properties of the passive check valves made of silicon have been previously discussed
in [33] and are not further discussed in this paper.

2.2. Pump Cycle of Micropumps Operated with Gases

The relation between the displaced volume V and the pressure p inside the pump
chamber in dependence to the voltage U can be approximated as a linear behaviour,
depicted in Equation (1). Neglecting the piezoceramic hysteresis and assuming Kirchhoff
plate theory, the simplified formula is denoted [26]:

V(U ) =Cplp—po) — Ce(Uy —U) +Vo=Cplp—po) +AV+Vo ()

V(p,Us) = Cp(p —po) + Vo ()

The coefficients C, and Cy, are derived analytically in [26,34] and assuming round
geometry for piezo as well as diaphragm. It should be mentioned that C, as well as
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Cp are extended analytically expressions shown in the annex of reference [28]. They
depend on the thicknesses (T, Ty) and radii (Rg, Ry) of piezo and diaphragm as well as
Young’s moduli (Yy, Yp) and Poisson ratio v of the silicon diaphragm. Additionally, C}, is
direct proportional to the transverse piezo coefficient d3;. This coefficient describes the
relative lateral shrinking of the piezo ceramics, if an electrical field is applied in vertical
direction. The transverse piezo coefficient d3; as well as Cy. is always negative. The voltage
stroke U, — U_ multiplied with —CF represent the maximal actuator stroke volume AV
without back pressure. The thermal expansion coefficients of silicon ag; and piezo apj,,
are necessary to estimate the vertical shift of the actuator diaphragm with a changing
temperature. This temperature change influences the dead volume Vj and occurs either
during the manufacturing process (e.g., if the glue is hardened at a higher temperature) or
during operation (if the pump is not operated at ambient temperature).

AV = —Cg(Uy — U-) 3)

The primary obstacle for using piezo-driven MEMS pumps as vacuum pumps is
optimizing the compression ratio through increasing the stroke volume and decreasing the
dead volume. To illustrate this challenge, we propose a p-V diagram in which the x-axis
represents the absolute pressure in the pump chamber and the y-axis represents the volume
of the pump chamber, which is enclosed by the actuation diaphragm and check valves.
This diagram clearly illustrates the significant impact of both the stroke volume and dead
volume on the target parameter py,;y gas-

With that, the pump cycle is described in a p-V diagram, depicted in Figure 5. Linear
behaviour for the negative voltage U_ and the positive voltage U, is assumed. The
calculated dead volume Vj of the micropump consists of the remaining pump chamber
volume, when the diaphragm is at the lower returning point as well as a certain dead
volume from the flap valves. The model assumes an operation of the micropump at
atmosphere pressure pg with a rapid voltage switch between U_ and U4 with a certain
operation frequency f. A is the starting point of the cycle with a positive electrical voltage
U, and assuming a stable actuator position after the end of the supply mode. While the
actuation voltage decreases, the gas inside the pump chamber is compressed rapidly, for
instance, during a time range of 1 ms. As depicted in the p-V diagram (Figure 5), the
pump follows according to its equation of state compressing the gas volume until the
actuation characteristics of state B is reached. During that short time no significant flow
through the valve occurs, resulting in a maximum over pressure Pmax,gas achieved via the
compression. The outlet valve opens and gas flows during a longer time scale towards the
outlet, representing the pump mode. Figure 5 depicts this situation during the pressure
and volume decrease from state B to state C. At state C, the pump outlet valve is pressure
balanced with the periphery and the entire stroke volume is pumped to the outlet, assuming
a neglectable leakage flow through the inlet valve. It is considered a stable position after
the end of the pump mode.

Defined by the operation frequency at t = T/2 = 1/(2f), the negative voltage U_ is
applied rapidly, resulting in an upward movement of the diaphragm towards state D.

The pump chamber volume is increasing, so the gas is expanding to a minimum
pressure. The corresponding pressure py,in, ¢qs results in a gas flow through the opened inlet
valve inside the pump chamber. This phase is named supply mode, until the inlet valve is
pressure balanced and state A is reached. The pump cycle is now completed.

The volume difference between the two actuator positions A and C is defined as stroke
volume AV. Without back pressure, the pump cycle transports this volume from the inlet
to the outlet. An operational frequency f causes the pump cycle to be repeated, which is
assumed to be sufficiently small to perform the entire stroke with a stroke volume AV. The
result is an average flow rate of Q = AV-f achieved by the pump. The remaining volume
in the pump chamber and the valve unit is defined as dead volume V}. It is calculated with
the diaphragm actuator in its lowest position at U4 (Figure 5). The compression ratio € can
be defined as the ratio between the maximal stroke volume AV and the dead volume V.
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isothermals

- PV=pV,
T\ PV =Epyav+Vy)

U— Vip) = C, (P -py) +V, +AV
actuation characteristics

MR =Co-p)

I . dead volume V,
!: ] i »

p=0 Po P
'O.‘m'; gas pw;

Figure 5. p-V diagram of the pump cycle of a micropump operating at atmosphere pressure pg
pumping gas.

Combining the actuator characteristics with the isothermals according to Figure 5, the
pressures Piax,gas and Py gas can be calculated analytically, depicted in Equations (4) and (5).

Copo— Vo + \/(CpPO +Vo)? +4C,poAV
2C,

4)

Pump mode : puax,gas =

Cppo — Vo — AVyay + \/(cppo — Vo — AV)? —4CupoVy

Supply mode : pyin,gas = (5)

In order to achieve the smallest possible absolute pressure, it is important to minimize
the dead volume V) and to maximize the stroke volume AV. It should be mentioned that
the hyperbolic shape of the isothermals has a larger gradient at smaller pressures. With that,
a given volume stroke is achieving a smaller pressure stroke at the supply mode compared
to the pump mode:

Po — Pmin,gas < Pmax,gas — PO 6)

In this investigation, isothermal equations of state are assumed. In reality, the be-
haviour can be adiabatic or polytropic, in which case the fundamental conclusion is un-
affected. With adiabatic behaviour, the radian is actually smaller, which causes higher
pressure peaks.

Hysteresis occurs when the piezo is driven in big signal mode. When the external
electrical field applied to the PZT is changed, the atoms react through displacing the load
on a very short timescale (less than one microsecond), which is referred to as effect 1.
However, the Weiss domains also change their size on a much slower timescale (above
one millisecond and longer), referred to as effect 2. This second effect is associated with
energy losses. Piezo creeping is a known effect that occurs after a step voltage is applied
to the PZT. Initially, the piezo changes about 97% of the stroke immediately (due to effect
1), while the remaining 3% occurs on a logarithmic timescale (due to effect 2) and can take
several seconds to achieve the full stroke [35].

To account for these effects, the micropump was operated continuously at a frequency
of 100 Hz. This frequency is sufficiently low to avoid inducing piezo heating due to
hysteresis losses. Heating of piezo ceramics are not observed until operating frequencies
reach several kHz, and such high frequencies result in stroke loss, allowing the piezo
creeping effect to be ignored. Additionally, because the voltage always starts and ends at
the same level, the actuator is in a defined position.
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2.3. Simulation of Performance Parameters of a Single Micropump

Through combining the input parameters from Table 1 and the theoretical explanation
provided in the previous Section 2.2, we have calculated the output parameters for a single
micropump, as shown in Table 2.

Table 2. Simulation of performance parameters of a single micropump optimized for low pressure
applications.

Description Symbol Value Unit
AV 149 nL
APplock 922 kPa
Performance parameter Pax,gas 189.5 kPa
Pmin,gas 413 kPa
. Vo 84 nL
Design parameter ¢ 1.79 1
. . h 11.58 pum
Simulation output he 0.96 pm

This micropump is optimized for low-pressure gas applications due to its high com-
pression ratio € (stroke volume: AV = 149 nL, dead volume: V; = 84 nL). To minimize
the dead volume, it is crucial to cycle the actuation diaphragm in close proximity to the
pump chamber bottom, resulting in a small value of h . The symbols h_ and h describe
the distances from the pump chamber bottom to the actuator in the diaphragm centre
at negative and positive voltage, respectively. Absolute actuator positions are calculated
via considering additional effects such as the different thermal expansion coefficients of
silicon and PZT («gs; and apj,,,, respectively), the influence of the mounting voltage, and
the operating temperature of the micropump (room temperature) in the simulation.

The most relevant outcome of the simulation is a pyiy gas 0f 41.3 kPa (absolute pressure),
which would outperform the state of the art for a single stage micropump. Ideal valves
with no leakages as well as ideal bending of the actuator diaphragm are assumed; the real
Pmin,gas is not expected to achieve that value.

2.4. Cascading Micropumps to Achieve Small Absolute Pressures

In this section, different methods for cascading micropumps in a series to enhance the
performance of a single micropump and achieve lower absolute pressures are investigated.
In order to achieve vacuum pressures, the outlet of stage 7 + 1 is connected to the inlet of
stage n (Figure 6). Three different methods to cascade pumps are discussed:

e  Cascading without pressure balance, where the micropumps are “just connected” in
a series;

e  Cascading with pressure balanced outlet, where the reference pressure above the piezo
of stage n + 1 is connected to the achieved pressure of stage #; and

e  Cascading with pressure balanced inlet, where the reference pressure above the piezo
of stage 1 is connected to the achieved pressure of stage #.

It needs to be demonstrated which concept is most promising to achieve the smallest
absolute pressure.
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cascading methods
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Figure 6. Different methods of cascading micropumps with 3 stages each to achieve vacuum pressure
in the blue framed chamber compared to atmosphere pressure pg. In the just serial connected case
(case 1), the actuators of every stage are working against atmospheric pressure. Pressure balanced
outlet (case 2a) shows a housing on top of the actuator connected to the micropump outlet to a
achieve a pressure balance between outlet and actuator. In the pressure balanced inlet (case 2b), the
housing is connected to the micropump inlet of each stage.

2.4.1. Under Pressure with Micropumps: Just Serially Connected (Case 1)

Fluidic capacitance reduces at pressures below atmosphere pressure. Considering that
every added stage after the initial atmosphere stage with the same stroke volume result
in a smaller gain in under pressure. Especially if the absolute pressure is getting closer to
vacuum, the gradient of the isothermals increases dramatically. For this situation a very
high compression ratio (high stroke volume AV and small dead volume V) is crucial to
progress towards vacuum pressures.

The reduction of the actuator starting position of the stage 2 diaphragm due to the
under pressure achieved at stage 1 does not result in an analogous reduction in dead vol-
ume, as the actuation diaphragm gets in contact with the pump chamber bottom (Figure 7).
Furthermore, the stroke volume is reduced due to this touch down. In summary, a serial
connection alone without pressure balancing is not useful to achieve small absolute pressures.

volume
in pump \ \

chamber Vﬁ Loy \

Dead

diaphragm — volume

touching
pump chamber
bottom

-~
-

V=0 T 1

> p
=0 pressure in
p / \ Pringas. pump chamber

pmm gas,3 pmm,gasZ

Figure 7. Pump cycles of 3 consecutive stages for serial connection of micropumps, just serial
connected without pressure compensation.

2.4.2. Under Pressure with Micropumps: Pressure Balanced (Case 2)

Cascading the micropumps via pressure balance ensures a constant dead volume
as well as a constant stroke volume at higher stages to achieve negative pressure. The
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drawbacks regarding a reduction of the actuator stroke volume through touch down can
be avoided (Figure 8). The increased fluidic capacitance due to the high gradients of
the isothermal state equations are limiting the progress towards vacuum. However, it is
evident that micropumps have to be pressure balanced if a small absolute pressure has to
be achieved.

Stroke

volume

AV,

Dead

volume
Vo

"""""" T T ! > p

V=0 / / \ pm.'m gas .‘po ’Om'lx gas, 1 ‘Dma'x gas,2 pmex gas,3 pressure

p=0 in pump
p”m gas.3 pmm gas,2 atmOSphere pressure chamber

Figure 8. Pressure-balanced configuration of a multistage of three micropumps to achieve nega-
tive pressure.

It is assumed that all micropumps of the multistage have the same design properties
and the actuation signal is the same. In the following section, simulations are carried out to
calculate the negative pressure of these configurations.

2.5. Simulation of a Pressure-Balanced Multistage Micropump for Negative Pressure

Based on the input parameters of the micropump (Table 1), the coefficients C, and
Cp are calculated using the analytical expression in the annex of ref. [28]. The stroke
volume AV is calculated using Equation (3), and the dead volume Vj is calculated using the
geometry of the pump chamber, if the actuation diaphragm is in the lower position. Finally,
the theoretical negative pressure py,in ¢qs Of the micropump is calculated using Equation (6).
In this approach, the simulation of stage 2 takes the pressure of stage 1 pn,gas,1 as @ new
reference pressure for stage 2 (instead of atmospheric pressure pg). The pressure pyin gas,2
achieved at stage 2 is used as a reference pressure for stage 3. To calculate the actuator
position for the pump cycle, the parameters from Table 1 are used. According to Figure 9, a
minimum pressure Pyin¢as,1 Of 41.3 kPa absolute for stage 1 is calculated. Stage 2 results
N a Prin,gas, amount of 15.6 kPa, and for stage 3, a theoretical value pyiy gas3 = 5.7 kPa
is derived. As the gradient of the isothermals increases at small absolute pressures, an
expansion of a volume AV during the supply mode results in a smaller pressure decrease
per stage.

It is important to mention that no valve leakages are being considered in this sim-
ulation. Furthermore, ideal symmetric bending of the piezo-diaphragm is assumed. In
addition to that, the electrically pretensed mounted actuator removes nearly all volume
from the pump chamber during pump mode. In reality, due to inhomogeneities in the
piezo ceramics, such as gas bubbles after sintering and inhomogeneous powder mixing
before sintering, the bending curve of the actuators shows deviations from the symmetric
bending curve. This results in an increased dead volume and reduced compression ratio.
As a result, the experimental values of pin,gas,1, Pmin,gas,2 @0d Pinin,gas 3 are expected to not
achieve the same performance compared to these simulation results.
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Figure 9. Simulation result of a multistage with three pressure balanced silicon micropumps. All
micropumps are identical in design, and have the same stroke volume and dead volume.

3. Measurements

In the following section, measurements with piezoelectric actuated silicon micromem-
brane pumps to achieve vacuum pressures are conducted. The results of initial tests
using single pumps and subsequent measurements using various multistage combinations
are presented.

3.1. Stackable Housing Concept for Pressure-Balanced Micropump

Three micropumps were selected and assembled into micropump modules for carrying
out the measurements. The modules, which can be stacked, include the micropump, sealing,
and electrical connections, as shown in the picture on the right-hand side of Figure 10.
The pump outlet is connected to a channel that leads directly to the unstructured bottom
side of the module, while the inlet and the free space above the pump device are also
connected. A silicone seal is integrated into the top side of the module to ensure an
air-tight fluidic connection to the next module. The left-hand side picture of Figure 10
shows an example stack of three cascaded pump modules used for the measurements.
The micropumps achieve the lowest pressure at the application or sensor 1 connector, and
air is pumped from the application connector through the modules to the ambience or
discharge connector.

Ambience

not connected Discharge

Sensor 2

Sensor 1
Application

Micropump
modules

Figure 10. Micropump module in stackable housing with silicone sealing (right) and stack of three
cascaded micropump modules including connectors to pressure sensors (left).

During the measurements of the stacked modules, the micropumps were actuated by a
piezo amplifier connected to a waveform generator. Differential pressure sensors connected
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to the two left connectors were read out with an analogue-to-digital converter module
from National Instruments and a measurement software. The data were recorded with a
sampling rate of 1 Hz and the pumps were assembled and tested as seen in Figure 11.

set-up used in this study

pressure balanced outlet pressure balanced inlet
A12 B22 D32
single
tests _P;
low pressure stage 2 stage 1
cascade 1
(2 pumps) Erﬁ‘fll E=rAl
_h )
A12 B22 D32

(3 pumps) —

Figure 11. Different setups used in this study for single-pump tests of micropumps A12, B22, and
D32 and multistage tests with two and three micropumps.

3.2. Minimum Gas Pressure for Single Pumps

As explained in Section 3.2, the separated silicon pump chips are assembled to pump
modules (Figure 10). The modules with integrated pumps B22 and D32 are pressure
balanced to the inlet pressure, so the actuator pressure is balanced to the minimum air
pressure achieved by the respective micropump. Meanwhile the module with pump
A12 is pressure balanced to the outlet atmosphere pressure. Figure 11 depicts those
configurations schematically.

As a first standard characterization, the static actuator stroke of the separated pumps
is measured. The piezoelectric actuator is pressure balanced to atmosphere pressure.
Figure 12 illustrates the stroke from —80 V to 300 V. With a particular actuation voltage
between 200 V and 230 V, the bottom of the pump chamber bottom gets touched by all
actuators with a comparable stroke.

stroke / um
A

R
N O
[ ¢

-100 0 100 200 300 400
voltage /V

e Al2 e B22 e D32

Figure 12. Static actuator stroke of the selected three micropumps (A12, B22, D32). Actuator dimen-
sions are depicted in Table 1. (PZT from PI Ceramics, type PI 151).
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The absolute displacement of the actuator is mainly influenced by the actuation voltage
and the pressure difference between the top and bottom side of the diaphragm. Therefore,
the upper actuator position at minimum voltage during supply mode is stable for inlet
pressure-balanced pumps. For outlet pressure-balanced pumps, the lower actuator position
at positive voltage during pump mode is stable.

Figure 13 shows the time-dependent pressure which the single pump modules achieve
while evacuating air from a test volume connected to a pressure sensor. The sensor measures
the differential pressure regarding the atmosphere. After a certain time of 250 s, the pump
B22 achieved a pressure pin gas,522 0f —50 kPa (according to 51.3 kPa absolute), the pump
D32 achieved pyin,gas,p32 = —47 kPa (according to 54.3 kPa absolute), and pump A12
achieved pyin,gas, a12 = —35 kPa (according to 66.3 kPa absolute).

minimum inlet pressure with air (single pumps

-10
-20
-30
-40
-50

-60
0 50 100 150 200 250 300

Time/s

rel. pressure / kPa

e A12 e B22 e D32

Figure 13. Measurement results of py,;; ¢os from the selected three micropumps (A12, B22, D32).

As shown in Figure 13, none of the micropumps were able to achieve the theoretically
simulated value of 41.3 kPa absolute pressure (equivalent to —60.0 kPa relative to atmo-
spheric pressure). Nevertheless, the performance required to achieve a negative pressure
of approximately —50 kPa is much better than that of other piezo-driven micropumps
with passive check valves, and even better than that of the best micro blowers. It can be
assumed that the different performance from pumps B22 and D32 compared to pump D32
can be explained partly by leakage losses of the valve. The gradient of the characteristics in
the beginning is proportional to the stroke volume AV. As the micropump A12 shows a
smaller gradient, it can be assumed from this measurement that the stroke volume of pump
A12 is also much smaller compared to the pumps B22 and D32. Those three micropumps
are cascaded and characterized in the following section.

3.3. Minimum Gas Pressure for a Multistage of Two Micropumps (Pressure Balanced)

In the following measurement, depicted in Figure 14, the micropumps D32 and B22
are deployed in the multistage. The pressure sensor measurement data show the py;; ¢as Of
pump D32, used for stage 1, as well as pump B22, employed in stage 2. After approximately
4 min, the pressure level of —73 kPa is reached, which corresponds to 28.3 kPa absolute
pressure. The measurement begins at ambient pressure of around 100 kPa and drops
exponentially below the application pressure.
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minimum inlet pressure with air (stack of 2 pumps)

rel. pressure / kPa

0 100 200 300 400
time /s

e after B22 e after B22 & D32

Figure 14. Time- and pressure-dependent cascaded micropumps. Two cascaded micropumps
(B22, D32) achieve an absolute pressure of 28.3 kPa.

3.4. Minimum Gas Pressure for a Multistage of Three Micropumps (Pressure Balanced)

Figure 15 depicts the measurement after including micropump A12 to the cascade,
forming a three-micropump pressure-balanced multistage. Pump D32 is used for stage 1,
B22 for stage 2, and A12 is utilized for stage 3. Although the single-pump performance of
A12 is significantly lower compared to B22 and D32 (Figure 13), an improvement of the
minimum vacuum gas pressure Py, s to a level of 19.2 kPa absolute is achieved.

minimum inlet pressure with air
(stack of 3 pumps)

-20
-40
-60

-100
0 100 200 300 400

time/s

rel. pressure / kPa

e after B22 & D32 e after A12. B22 & D32

Figure 15. Minimum air inlet pressure measurement result in dependence of time with a multistage
of three micropumps. D32 in stage 1, B22 in stage 2, and A12 for stage 3 achieved an absolute pressure

of 19.2 kPa in approximately 200 s.

4. Discussion and Outlook

The single micropumps achieved low absolute gas pressures pyin ¢qs 0f 51.3 kPa,
54.3 kPa, and 66.3 kPa. Although this result is superior compared to the state of the art, in
theory, a value of 41.3 kPa absolute should be feasible. The multistage configuration with
two micropumps achieved an absolute gas pressure piy g5 0f 28.3 kPa, and the multistage
configuration with three pumps reached an absolute gas pressure pyy g5 of 19.2 kPa.
Although, to our knowledge, this is the first time for a mechanical micropump device to
generate such a low absolute gas pressure. Theoretically, an absolute gas pressure pyin,gas 2
of 15.6 kPa and, for stage 3, an absolute gas pressure py;in¢as,3 0f 5.7 kPa, are calculated.
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4.1. Discussion

The difference between simulation and measurement can be partly explained in a

qualitative way using the following reasons:

Model simplifications: The pressure-balanced configuration model assumes no in-
fluence of the pump actuation characteristics through generating negative pressure.
This assumption is not true, as the negative pressure generated by the pump lifts the
diaphragm upwards away from the pump chamber bottom. As a result, the dead
volume of the micropump increases and the compression ratio decreases. This effect
reduces the ability to achieve high negative pressures.

Tolerances in material properties: In the PZT ceramics calculation, a homogeneous
material and a homogenous d3; coefficient is assumed. This assumption is inaccurate
due to trapped bubbles during the sintering process as well as inhomogeneous powder
mixing that may occur in the PZT ceramics production process. Considering that, the
bending characteristics of an actuation diaphragm are not symmetric. This influence
may reduce the actuator stroke volume and increase the dead volume. Both parameters
have a significant influence on the compression ratio, which is the key parameter to
achieve low gas pressures.

Valve leakages: The passive silicon flap valve forms a hard-hard seal between the valve
cantilever and valve seat. Although the silicon flap valve is accurately placed above
the valve seat and the sealing surface is polished silicon without plastic deformations
during bonding, there exist several possibilities for gaps at the valve seat leading
to leakages:

1. After removing a sacrificial layer (nitride/oxide) of 150 nm in the valve manu-
facturing process, there is an initial gap between cantilever and valve seat.

2. As the valve seat has a squared shape due to KOH etching (Figures 3 and 4),
the corners of the cantilever can bend upwards in the opposite direction from
the valve seat, resulting in additional remaining gaps.

Both issues are a source of additional leakages, reducing the vacuum pump performance.

Squeeze film damping: The micropump has been operated at a frequency of 100 Hz.
In order to reduce the micropump dead volume, the pretension of the diaphragm was
adjusted so the diaphragm nearly touches the pump chamber bottom (a distance below
1 pm was envisaged). This is important to reduce the dead volume Vj. However,
at these small pump chamber heights, squeeze film damping occurs, and the time
available for supply mode and pump mode might not be sufficient to push the gas
out of the region between diaphragm and pump chamber bottom, which reduces the
effective stroke volume.

4.2. Outlook

This study discussed how to design a micropump assembly to achieve low gas pres-

sures. For further improvements in the direction of coarse vacuum, the following steps
are envisaged:

Reduce leakages of the microvalves: Different design modifications to reduce both
discussed gaps in hard-hard sealing are realized.

Optimize valve bending at small absolute pressures: Mechanical cantilever valves open
and close according to the pressure difference generated by the actuator movement. In
a multistage with multiple micropumps upstream, just a few kPa of pressure difference
is available to open the valve. In an optimized version of this multistage configuration,
every stage has its own valve geometry adapted for each pressure regime.

Research in physical properties at small absolute pressures: With very small remaining
gap heights in the micrometer range, the leakage rate is not only defined by the
convection with Navier-Stokes equations, but also by self-diffusion. The theory
describing the gas leakages of microvalves has to be extended in order to optimize the
design of the valves adapted for these self-diffusion properties.
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e Model adaption: The model will be extended with an implementation of the actuator
diaphragm lifting effect for the pressure-balanced micropump due to the generated
negative pressure.

e  Actuator optimization: Another potential optimization strategy involves adapting the
micropump design as well as the actuation voltage for the individual stages. Especially
for stages closer to the vacuum, micropumps with large compression ratios and a
reduced blocking pressure are advantageous. The design of the piezo-diaphragm
actuator has a trade-off between stroke volume (proportional to the compression ratio)
and blocking pressure. Both applications rely on micropumps optimized for these
requirements. For these optimizations, the p-V diagram provides a guideline.
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Abstract: Surface-bound 3D micro-magnets are fabricated from photoreactive copolymers filled
with magnetic nanoparticles by maskless 3D writing. The structures are generated by 2-photon
crosslinking (2PC), which allows direct writing into solid films of composites consisting of magnetic
particles and a photoreactive elastomer precursor. With this strategy, it is possible to directly write
complex, surface-bound magnetic actuator structures, which generates new opportunities in the
fields of microfluidics and bioanalytical systems. Compared to the common 2-photon polymerization,
in which the writing process takes place in a liquid resin, the direct writing based on the 2PC method
takes place in a solid polymer film (i.e., in the glassy state).

Keywords: micro-actuators; two-photon lithography; two-photon crosslinking; photoreactive polymers;

micro-magnets

1. Introduction

Micro-actuators are very interesting systems both from an academic as well as from an
application-oriented point of view as they allow the generation of large fields of actuators
which can work in concert. They can be used to generate coordinated and cooperative
movements and, thus, allow the development of novel devices and systems [1,2]. Such
systems are particularly attractive for microfluidic pumping and mixing and even more
so for complex active stimulation of biological systems, including those that involve cell
stimulation [3]. A strong inspiration for the design of micro-actuators has frequently been
ciliated organisms in nature, which use the movement of tiny hairs to move liquid. Many
different methods have been developed to mimic such ciliated organisms using micro-
actuators and actuator fields, frequently called artificial cilia [4-7]. These synthetically
generated actuators react to different external stimuli, e.g., to electrostatic [8], light [9,10],
piezo [11] and magnetic actuation [6,12-15]. Magnetic actuation is particularly suitable
because the process can be well controlled and the weak interaction of magnetic fields with
biological materials usually causing only minor perturbations [16,17]. Magnetic micro-
actuators generally consist of magnetic particles which are incorporated in elastomers. In
most cases, mask- or mold-based processes are employed to form the magnetic microstruc-
tures [14,18,19]. Published work on artificial cilia shows that high pumping efficiencies
and controlled particle transport can be achieved by actuation with an external magnetic
field [20,21]. In addition to mold-based processes, a mask-based two-color lithography
process based on C,H insertion crosslinking has recently been described for the generation
of magnetic microflaps, which have been incorporated into microfluidic chips. These
actuators achieved average flow velocities of hundreds of pm/s, which shows that effective
pumping rates can also be achieved with such a materials system [14,22,23].

Micro-molding [24] and mask-based techniques are standard technologies and allow
the generation of large actuator fields. However, they are limited when it comes to the
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generation of more complex geometries that vary locally, which is required in more de-
manding applications, such as when cooperative action is needed. Molding processes, for
example, cannot produce undercut or other complex structures, such as spherical objects,
where demolding is difficult or even impossible. Further, in such processes, it is difficult
to implement local variations in the chemical composition or mechanical properties of the
actuators, e.g., produce structures with variations in stiffness. Additionally, for all design
changes of the structure, a new mold needs to be generated which makes complex studies
with frequent structural redesign tedious. In contrast to this, a direct writing process allows
the flexible selection of 3D designs for actuators, giving full control in the manufacturing of
complex and eventually cooperative actuator systems.

A direct writing process that has received much attention in recent years is 2-photon
lithography [25-27], in which high-resolution microstructures are usually written by
2-photon polymerization using a femtosecond laser [28-32]. In such processes, the 2-photon
activation is used to locally initiate a polymerization reaction leading to the formation of
polymers or a polymer network in the illuminated volume element (voxel) [33]. A variety
of freely swimming micro-actuators generated using 2-photon polymerization has been
described. Such systems are of great interest, especially in the field of medical micro-
robots [34-36]. Recent publications have also considered the writing of surface-attached
magnetic micro-springs using 2-photon polymerization, which could be moved with the
help of a magnetic field. In this process, 2.1 wt.% Fe304 nanoparticles were introduced in a
monomer resin [37,38].

Recently, a new technique in 2-photon lithography called 2-photon crosslinking has
been introduced, which represents an attractive alternative to the commonly used 2-photon
polymerization process [39]. In this method, copolymers are used which are equipped
with a photochemically reactive group and can be simultaneously crosslinked and surface-
bonded by 2-photon excitation in the glassy state using C,H insertion chemistry [39].
Compared to 2-photon polymerization, several layers of different polymers can be applied
on top of each other, resulting in a multifunctional material [40]. This technique uses no
monomeric compounds, which is very attractive from a safety point of view for working
in an optics laboratory. Additionally, as the polymer can be thoroughly purified before
use, the final structures are monomer-free, which is very important for any biological or
biomedical application. Quality control with respect to the contents of residual monomers
in additive manufacturing processes based on polymerization reactions is difficult to ensure
as only single objects are generated. This is potentially a serious problem as the monomer
content depends very strongly on the details of the conditions under which the writing
process is performed [39,41].

Following up on this concept, we present here a novel method for the direct writing
of micro-magnets using 2-photon crosslinking (2PC), based on a photoactive elastomeric
copolymer with magnetically embedded nanoparticles. A schematic illustration of this
process is shown in Figure 1b,c. As described, the process is based on 2-photon absorption
in a small volume around the focal point (voxel), which eventually leads to formation of a
polymer network via a C,H insertion crosslinking (CHic) reaction. The very same reaction
leads to a surface-attached layer if the surface of the substrate is first decorated with an
alkyl silane layer [40-43]. The non-crosslinked polymer is easily removed using a suitable
solvent, and the written microstructures remain on the surface as they are covalently linked
to the substrate. We will also show how the resulting layers can be actuated using a rotating
magnet which is operated below the substrate and discuss the resulting deflections of the
micro-actuators based on simple Euler-Bernoulli beam theory [44,45].
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Figure 1. (a) Molecular structures of the copolymer P(nBA-AAHAQ), and the triethoxy anthraquinone
silane (TEA-silane) used for a covalent attachment to the glass slide. (b) Schematic representation of
the 2-photon crosslinking process. The femtosecond laser triggers a C,H insertion crosslinking reaction
within a small volume (voxel) in the solid, nanoparticle containing, polymer layer. The formation of a
polymer network and the incorporation of the nanoparticles result in the writing of three-dimensional
structures from bottom to top. (c¢) By developing in a suitable solvent (e.g., toluene /butanol), the
non-crosslinked polymer chains are washed out and the micro-actuators are obtained.

2. Materials and Methods

Materials: 2-Amino-3-hydroxyanthraquinone was purchased from TCI, Germany. All
other chemicals were purchased from Sigma Aldrich, Germany. Dimethyl acrylamide
and n-butylacrylate (nBA) were purified by filtration through basic aluminum oxide and
distillation. 2,2'-Azobis(2-methylpropionitrile) (V70; Fujifilm Wako Chemicals Europe,
Neuss, Germany) was recrystallized from ethanol. All other chemicals and solvents were
used as received.

Photoreactive monomer: 2-Amino-3-hydroxyanthraquinone (2.39 g, 10.0 mmol, 1.0 eq)
was dissolved in an inert gas atmosphere in 1,4-dioxane (100 mL). A solution of acrylic acid
chloride (0.68 mL, 0.72 g, 8.0 mmol, 0.8 eq) in dioxane (20 mL) was added while stirring at
0 °C. After complete addition, the reaction mixture was heated for 6 h to reflux. Afterwards
the reaction solution was filtered and the filter cake was taken up in ethanol (3 x 150 mL)
and heated to reflux. The solid product was filtered off and dried under vacuum, resulting
in a yellow product with a yield of 84% (1.97 g, 6.7 mmol).

'H-NMR (250 MHz, DMSO-d6, 6): 5.80 (dd, ] = 2 Hz, 10 Hz, 1H), 6.35 (dd, ] = 2 Hz,
17 Hz, 1H), 6.87 (dd, ] = 10 Hz, 17 Hz, 1H), 7.63 (s, 1H, Ar-H), 7.82-7.94 (m, 2H, Ar-H),
8.10-8.22 (m, 2H, Ar-H), 9.05 (s, 1H, Ar-H), 9.81 (s, 1H, OH), 11.71 (s, 1H, NH).

I3C-NMR (250 MHz, DMSO-d6, §): 112.51 (C3), 119.90 (C6), 126.71 (C5), 127.34 (C11),
127.49 (C14), 128.84 (C17), 130.77 (C13), 132.51 (C12), 133.09 (C1), 133.96 (C16), 134.15 (C8),
134.88 (C9), 135.17 (C2), 153.38 (C4), 164.92 (C15), 182.36 (C7), 182.75 C10).

Photocurable copolymer: The copolymer was synthesized via free radical polymer-
ization with 92.5 mol% nBA and 7.5 mol% 2-amino-3-hydroxyanthraquinone (AAHAQ)
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at 30 °C with the V70 initiator. Reaction time: 24 h, yield 70%. The AAHAQ content was
determined to be 7.4% according to NMR spectroscopy based on the integration of the sig-
nals due to the aromatic protons (7.6-7.9 ppm). According to the GPC data, the molecular
masses of the obtained copolymers were My, = 93.000 g/mol and My = 241.000 g/mol,
so that the polymers carried, on average, approximately 70 AAHAQ repeat units per
polymer chain.

Magnetic resin: The photo-cross-linkable magnetic composite was obtained by mixing
25 puL of commercial Fe3O4 superparamagnetic ferrofluid (EMG 905 containing oleic acid
as stabilizer, Ferrotec, NH, Bedford, MA, USA) in a solution of 100 mg photocurable
copolymer P(nBA-7.5%AAHAQ) in 0.975 mL toluene to obtain a homogenous dispersion.

Fabrication process of the micro-actuators: For the fabrication of the magnetic micro-
actuators, glass slides (22 x 22 mm, 170 um thick) were first silanized with a 50 mM
triethoxy anthraquinone silane ((TEA)-silane) in toluene. The synthesis of the TEA-silane
was carried out according to [39]. The solution (100 puL) was applied to a glass slide and
spin-coated at 1000 rpm for 30 s. For the surface attachment, it was heated to 120 °C for
30 min and the non-attached silane was washed out with toluene. To obtain a polymer
nanoparticle layer of about 80-100 um, 50-100 puL of the dispersion described above was
drop-cast onto the treated glass slide. The toluene was slowly evaporated over 2 h at room
temperature to avoid bubble formation. As soon as the layer had solidified, the remaining
toluene could be removed by heating to 100 °C for 1 h. A 100 um thick glassy polymer
composite layer with approx. 10 wt.% nanoparticles was obtained. After completion of the
2-PC process, the substrates were placed in n-butanol and developed for at least 2 h, thus
washing out the unreacted polymer.

Design of the micro-actuators: The beam-like micro-actuators were designed to have
a height of 60-75 pm and a length of 20 um. The thickness varied from 3 pm to 8 pm
depending on the structure. The distance between two adjacent bars was 80 pum.

Direct writing of the magnetic micro-actuators: All structures were designed using
Solidworks or Think3D computer programs to generate a stereolithography file (stl.). The
2-photon lithographs were performed using the Nanoone setup (UpNano GmbH, Vienna,
Austria). It was equipped with a Ti-sapphire laser having a wavelength of 780 nm and a
laser power of 500 mW. This printer uses a galvanometer scanning method. The generated
stl. files were loaded into the Think3D version 1.7.3 software (Nanoone, UpNano GmbH,
Vienna, Austria). For writing, a 20x magnification lens with 0.7 NA was used. Printing
was performed in bottom-up mode and the lens was immersed into water. Slicing was set
to 0.5 pm and hatching to 0.15 pm; a laser power of 15 mw and a scan speed of 100 mm/s
were used.

Magnetic actuation and optical microscopy: A rotating permanent magnet was used
to actuate the structures. This magnet had a field strength of 1.4 T (N42). The magnet was
rotated by a motor at 30 rpm installed 1.5 cm below the stage of an optical microscope.
With the help of a magnetometer, a maximum field strength of 130 mT was measured at the
sample position. In this way, the structures could be made to move by the gradient of the
magnetic field strength which ranged from 0 to 130 mT.

SEM: To prevent collapse, the structures kept in ethanol were dried using a critical
point dryer (Leica EM CPD300, Wetzlar, Germany). The parameters chosen for the CPD
were a cooling temperature of 10 °C, CO, in medium velocity, 16 exchange cycles, a critical
temperature of 38 °C, and gas out medium velocity. Subsequently, scanning electron
micrographs (5 kV, 0.1 nA) could be obtained using an FEI Scios 2 HiVac (Thermo Fisher,
Waltham, MA, USA). The samples were gold-sputtered with a Cressington Sputter Coater
108auto. The images were taken at a 45° angle.

3. Results and Discussion

The material systems for the generation of the micro magnetic structures by 2-photon
crosslinking processes consisted of superparamagnetic particles and a copolymer, which
was composed of a matrix component and a photoreactive unit for crosslinking. As pho-
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toreactive group 2-amino-3-hydroxyanthraquinone (AAHAQ) developed by Schwirzle
et al. was chosen, which exhibits pronounced 2-photon absorption due to its designed elec-
tronic structure (i.e., conjugated 7-system, planarity, donor and acceptor groups) [39].
Briefly, the photoreactive group AAHAQ was obtained in a one-step synthesis from
2-amino-3-hydroxyanthraquinone and acrylic acid chloride. The desired P(MBA-AAHAQ)
copolymer (see Figure 1a) was prepared by free radical polymerization of N-buylacrylate
(nBA) and AAHAQ at 30 °C using a low-temperature initiator (2,2'-azobis(4-methoxy-2,4-
dimethylvaleronitrile (V70).

For the incorporation of the nanoparticles, particular attention must be paid to the com-
patibility of the particles and the copolymer. N-butylacrylate is a suitable soft component
and an attractive component for biological applications, especially cell experiments [46].
Due to the hydrophobic nature of the nBA polymer, hydrophobically coated (i.e., oleic acid
stabilized) iron nanoparticles were chosen, to allow sufficient miscibility. The copolymer
and the nanoparticles were dispersed in toluene to form a homogeneous dispersion, which
was stable between 0-20 wt.% content of nanoparticles. In order to obtain comparable
results, in the following, we focus on dispersions with 10 wt.% nanoparticles.

For attaching the forming structures to the surfaces, a triethoxy anthraquinone silane
(TEA-silane, see Figure 1a) was prepared and a self-assembled monolayer was formed on
the glass surface. For the writing process, the dispersion was drop-cast onto the substrate
to form a thin film of about 100 um. Upon 2-photon illumination, the chromophore in
the copolymer was excited into a triplet state and the polymer crosslinked through C,H
insertion reactions (CHic). At the same time, the crosslinker units in those voxels in direct
contact with the silane monolayer were also excited and attached to the forming network, so
that the entire forming structure became covalently bound to the glass substrate. Moreover,
the crosslinker molecules could probably also insert into the C,H bonds of the oleic acid
molecules on the surface of the Fe;O4-nanoparticles, thus firmly binding the nanoparticles
into the network. After writing the latent 3D image into the film, it was developed using
n-butanol, a theta-solvent for the polymer. If a good solvent, such as toluene, was chosen
instead, the structures formed became too strongly swollen, so that, in some cases, the
swelling pressure became so great that they were torn off from the surface and the yield
of perfectly formed structures was lower than that in the case where a solvent for the
polymer was used as the developer, which was still capable of dissolving the polymer,
but was of lower solvent quality. The micro-actuators were then transferred to ethanol in
which the actuation took place. To dry the structures, i.e., for SEM imaging, in the case
of high-aspect-ratio structures, critical point drying with CO, was employed. Since no
meniscus formed during the drying process, a collapse of the structures was completely
prevented, and large fields of perfectly shaped actuators were obtained.

To characterize the movement of micro-actuators written with the 2PC process, simple
beam structures were investigated. A 20x water immersion objective with 0.7 NA was used
for writing the micro-actuators. The writing parameters chosen for this material were a
laser power of 15 mW, a writing speed of 100 mm/s, a hatching distance of 0.15 pm and a
slicing distance of 0.5 um. These parameters were used for all experiments described in this
paper. Figure 2a shows a schematic representation of the deflection of the micro-actuators.
A permanent magnet (N42) was rotated with a speed of 30 rpm under the micro-actuators,
which responded to the gradient of the field lines. The magnetic flux density B in the y- and
z-directions at the actuator position as a function of the rotation angle is shown in Figure 2b.
The micro-actuators experienced a maximum magnetic flux density of 130 mT, which led to
the desired deflection of the beams. Figure 2d shows the resulting deflection of the beams
under investigation. The actuators not deflected are shown in the upper part of the figure,
and the maximum deflected actuators are shown in the lower part of the figure. The beams
shown here were printed with a width of 20 um, a thickness of 3 um and a height of 70 um.
In ethanol, the micro-actuators swelled by a factor of 1.2 but remained firmly attached to
the substrate as they were covalently bound there. The actuator fields were practically free
of defects, illustrating the high reproducibility of this manufacturing technique. Figure 2c
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shows scanning electron microscope images that demonstrate the high resolution of the beam
structures. As the specimens dried, they de-swelled, causing a slight decrease in volume. The
drying process was also the reason for the slight rounding of the structures at the edges.
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Figure 2. (a) Schematic representation of the deflection of beam structures by a rotating permanent
magnet. (b) Graphical representation of the magnetic flux density B as a function of the rotation angle
of the permanent magnet (N42). The permanent magnet was placed at a distance of 1.5 cm between
the center of the magnet and the sample position. (c¢) Scanning electron microscopy images of the
beam structures after critical point drying. (d) The corresponding light microscopic images of the
written beam structures in the undeflected (top) and maximally deflected states (bottom). In the field
shown, 49 structures (one printing field) were written in 6 min.

2PC allows for a rather simple variation of the actuator dimensions or aspect ratios. We
have investigated the latter and compared our results to simple theoretical predictions using
the Euler-Bernoulli beam theory [45]. The written beams have one end fixed to the surface
and one free end. By neglecting the torsional motions, a simple cantilever model can be used.
Since the nanoparticles are homogeneously distributed in the beam, a uniformly distributed
volume load can be assumed. For simplification, this volume load is projected onto a line
load q, which is shown schematically in Figure 3a. Thus, the model used now corresponds
to a cantilever with a uniformly distributed load. The aim is to determine the maximum
deflection at the free end of the beam as a function of the beam structure, i.e., the beam height.
An expression for the maximum deflection of the beam can be obtained by integrating twice
the ordinary differential equation of the deflection curve. Here, it is assumed that the system
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is in the linear elastic range (Hooke’s law) and the equation is therefore only valid for small
deflections. For the maximum deflection 6 of the beam the following formula is obtained:

_qht

)
8

‘E-I

Thus, the maximum deflection of a beam depends on the fourth power of the height of
the beam. The dependence of the deflection on the Young’s modulus E reflects the material
properties. The area moment of inertia I involves the structural properties of the beams
and can be described according to:

b-a®
==
12

In this expression, the moment of inertia of the area is linearly related to the width
b and depends on the cube of the thickness a of the beam. However, changing the width
or thickness would also increase the load because the nanoparticles are homogeneously
distributed throughout the volume. Since the equation uses the uniformly distributed line
load, increasing the thickness or width will not increase the load in the equation. Therefore,
in order to obtain the proper dependency of these parameters on deflection, the increase
in load due to a change in width or thickness must be projected onto the linear load, as
shown in Figure 3b,c. As a result, the deflection ¢ is independent of the width and inversely
proportional to the square of the thickness.
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Figure 3. (a) Schematic representation of a cantilever beam with a uniformly distributed load and the
resulting deflection. The position of the maximum deflection is shown by the green line. Schematic
representation and light microscope images of beams which were (b) varied in height, increasing the
height from 60 to 75 pm in 5 um steps, and (c) varied in thickness, increasing the thickness from 5 to
8 um in 1 pm steps. The not-deflected structures are shown on the left and the deflected structures on
the right. (d) Zoomed-in image showing the deflection of a beam with a height of 65 um.
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To verify the results obtained from beam theory, the deflections were determined
using light microscopy images (Figure 3b,c). For better visualisation of the actuation,
Figure 3c shows a zoomed-in image of the deflection of a beam with a height of 65 um;
in the supporting information videos of the actuation process are shown in Figure 3b,c.
(Movies S1 and S2). The obtained deflections were plotted against the respective height
h or thickness a. These were then fitted as functions of h and a. Figure 4 shows the fit
curves obtained. A good agreement between the measured deflections and the calculated
dependencies (solid lines) can be seen. Even for larger deflections in the range of 10 um
(>10% of the height of the structure), the measured deflection agreed well with theory,
demonstrating that the simple beam theory is suitable to describe the deflection behavior.
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Figure 4. Plot of the deflection against (a) the height and (b) the width of the beam. The height was
fitted proportional to h* and the thickness anti-proportional to a? according to beam theory.

4. Conclusions

Two-photon crosslinking of a composite consisting of a precursor of an elastic polymer
and superparamagnetic particles allows direct writing of flexible 3D micro-magnets of
almost any three-dimensional shape with high resolution. A unique feature of this method
is that the magnetic micro-actuators are not printed from a liquid monomer containing
solution, but from a polymer in the glassy state. This allows the writing of complex
systems and large arrays of micro magnets in a very simple way in one step with high yield.
Additionally, simple beam theory can be used to predict the deflection behavior of such
architectures as a function of actuator dimensions and mechanical properties.

We believe that these findings pave the way for writing of cooperative actuator fields,
which allow, among other things, controlled pushing of particles by combinations of
movable and non-movable actuators, as well as the generation of metachronal waves and
multicomponent micro-actuators.

Supplementary Materials: The following supporting information can be downloaded at: https:

/ /www.mdpi.com/article/10.3390/act12030124 /s1, Movie S1: Support_Figure3_1.gif, Movie 52:
Support_Figure3_2.gif.
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Abstract: This paper provides an overview of techniques of compact modeling via model order
reduction (MOR), emphasizing their application to cooperative microactuators. MOR creates highly
efficient yet accurate surrogate models, facilitating design studies, optimization, closed-loop control
and analyses of interacting components. This is particularly important for microactuators due to
the variety of physical effects employed, their short time constants and the many nonlinear effects.
Different approaches for linear, parametric and nonlinear dynamical systems are summarized. Three
numerical case studies for selected methods complement the paper. The described case studies
emerged from the Kick and Catch research project and within a framework of the German Research
Foundation’s Priority Program, Cooperative Multistable Multistage Microactuator Systems (KOMMMA).

Keywords: model order reduction; finite element method; microactuators; multiphysics; MEMS

1. Introduction

Microactuators are the hidden facilitators of everyday life and enable devices ranging
from smartphones, printers and automotives to industrial facilities. Similar diversity is
found in the physical effects deployed for actuation, ranging from shape memory alloys to
electrostatics. In general, these devices convert energy into mechanical motion. However,
regardless of the specific design, the manufacturing of microactuators requires designated
processes and takes several months. In addition, the built hardware usually cannot be
repaired or modified; it can only be replaced. For these reasons, a device should be engi-
neered to the highest extent possible prior to production. Another level of complexity is
added in the case of cooperative microactuators due to the higher number of actuators and
potential cross-coupling. Therefore, reliable models are crucial for this task as they allow
us to study excitations, to design control schemes and to optimize the design. Numerically
investigating these models is a challenging process due to their computational complex-
ity, nonlinearities and the small time constants inherent to microactuators. This issue is
addressed by methods of compact modeling, which aim for computationally efficient yet
accurate surrogate models. This methodology is applicable to various physics, nonlinear-
ities and coupling as found in cooperative microactuators. Focusing on microactuators
and their potential cooperation, this paper provides an overview of a prominent branch of
compact modeling: methods of model order reduction (MOR). MOR generates significantly
smaller surrogate models on the basis of large-scale dynamical systems as arising from,
e.g., the finite element method (FEM). It has been widely applied in the simulation of
microelectromechanical systems (MEMS) and to enhance traditional simulation tools [1].
To reduce a dynamical system, it is projected onto a low-dimensional subspace that captures
most of its dynamics. In a physical sense, the state vector, e.g., a displacement field, is
approximated by a linear combination of inherent patterns, also known as modes, shapes
or the reduced basis.
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1.1. State of the Art: Projection-Based Linear Model Order Reduction for Microactuators

Extensive research has investigated this linear MOR process [2] and several methods
have been proposed [3]. These methods mainly differ in how they identify the patterns,
i.e., how the reduced basis and the projection are computed. More specifically, a reduced
basis may be a local or global approximation, may guarantee certain system-theoretic
properties or may be limited to original systems of small dimension due to the method’s
computational complexity. All these reductions can be nested sequentially to combine
different methods. The interested reader is referred to [4] for an intuitive overview and
to [5-7] for a comprehensive handbook covering methods and a variety of applications.
The following paragraphs consider the most established classes of these methods, namely
modal truncation, substructuring, balanced truncation, Krylov subspaces and proper orthogonal de-
composition (POD). Special emphasis is placed on applications to microactuators to provide
starting points for interested readers.

One of the oldest methods is modal truncation [8]. Well established in structural dy-
namics, it approximates displacements via the superposition of vibration modes. Unlike
many other methods, these modes are not purely numerical constructs but have actual
physical meaning: when excited with an eigenfrequency, the device vibrates in the cor-
responding eigenmode. This reduced basis forms a global approximation and leads to a
diagonal reduced order model (ROM), which allows for even faster computations. The
consideration of modal derivatives qualifies the concept as nonlinear MOR [9,10]. Modal
truncation has been widely used for MEMS, e.g., for electromechanic RF microswitches
with geometrical nonlinearities [11] and fluid structural interactions [12]. Further examples
include micromirror arrays [13] and MEMS gyroscopes [14-17].

Another early branch of MOR from structural mechanics is substructuring [18,19],
which includes Guyan reduction or static condensation [18], Craig-Bampton reduction [20]
and component mode synthesis [21-23]. The general idea is to decompose the domain into
substructures, which are reduced individually. These reduced substructures might be
collected in a library and coupled to represent a full system. Hence, this methodology is
well suited for cooperative microactuators as it emphasizes coupling. For each substructure,
only the degrees of freedom (DOFs) not contributing to the coupling interfaces are reduced.
Therefore, the corresponding ROM’s DOFs comprise two sets: the reduced coordinates
and all interface-related DOFs of the original substructure. As a result, large ROMs are
required for good accuracy [24]. This concept has been applied to MEMS to investigate
gas sensors [25], the failure modes of RF microswitches [26], electrothermomechanical
microgrippers [27] or gyroscopes [28].

A noteworthy system-theoretic method is balanced truncation [29-32], which guaran-
tees an optimal global reduction and, as a rather distinctive property, features an a priori
error bound. Based on the control-theoretic concepts of controllabilty and observability,
the system is transformed into a balanced realization. The transformed states are sorted by
their Hankel singular values, which can be interpreted as the states’ energies. Truncating
insignificant states achieves the reduction. While this method ensures desirable properties,
it carries high computational costs and is therefore limited to small models [33]. Conse-
quently, little research has investigated purely balanced truncation for MEMS, e.g., for a
gyroscope [34]. Instead, it has often been applied as a second reduction step in combination
with, e.g., Krylov-subspace-based methods [35,36].

Methods based on Krylov subspaces [37-39] are among the most efficient and often the
only choice for large-scale models [40]. They are also known as rational interpolation or
moment matching and utilize the concept of transfer functionsThey ensure that the Taylor-
expanded transfer functions of both the original and the reduced model match for the first
r moments. Hence, a corresponding reduced basis forms a local approximation around an
expansion point sg in the frequency domain. The default expansion point of s = 0 focuses
on the steady-state behavior, while dynamic responses require higher expansion points.
Specialized variants have been proposed, e.g., for second-order systems [41] or for the opti-
mal choice of expansion points [42]. This class of methods has been deployed in numerous
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MEMS-related research articles, especially due to its synergy with high-dimensional FEM
models. Examples include simple microstructures [43], electro-thermal MEMS [44—48],
thermomechanical microgrippers [27], piezoelectric devices [49-51], electromechanical
actuators [52], electromagnetic systems [53,54], gyroscopes [55] and accelerometers [56].

Another approach to the construction of a reduced basis is data-driven methods such
as POD. Based on simulated data, POD finds a reduced basis via statistical methods that
cover the variance in these data. While this reduced basis is limited to its training, it is
easy to implement. In addition, it is commonly used for nonlinear systems as concepts
from system theory might be inapplicable. An early application of POD to microactuators
investigated a microswitch with squeeze-film damping [43]. Further examples include
MEMS beams [57,58], resonators [59] and micromirrors [60].

Please note that it is also possible to create parametric ROMs [61,62] to conduct effi-
cient design studies. Parametric influences might originate from, e.g., material properties
or geometry. A parameter’s effect is usually either captured by an affine expression [63,64]
or approximated by interpolation [65]. Additionally, the reduced basis needs to be ex-
tended to capture parametric changes. This methodology has facilitated the design process
of microswitches [66], RF resonators [64], gyroscopes [64,67,68], anemometers [67], mi-
crothrusters [63,68] or thermoelectric generators [48].

1.2. State of the Art: Projection-Based Nonlinear Model Order Reduction for Microactuators

However, all these methods of projection-based MOR are limited to linear systems. In
the case of nonlinearities, they cannot reduce the nonlinear terms or are not even applicable
at all. This poses a major bottleneck because MEMS are often subject to nonlinear effects,
ranging from large deformations, electrostatic forces, hysteresis for piezoelectric devices
or shape memory alloys, to mechanical contact. A remedy is provided by additionally
approximating the nonlinear forces in an efficient way. This second approximation step is
also known as hyper-reduction. The following paragraphs briefly introduce relevant hyper-
reduction methods, such as an approach for systems with few nonlinearities, the trajectory
piecewise-linear (TPWL) approximation, polynomial tensors, discrete empirical interpolation
method (DEIM) and energy conserving mesh sampling and weighting (ECSW). The first two
methods are explained in detail in Section 2.3 and applied to numerical test cases in Section 3.
Please note that while these methods achieve great results, they require individual treatment
for each model and are often limited to load cases considered in their training. Another
common challenge is to obtain the data needed from commercial simulation software, often
limiting the choices.

An approach for systems with few nonlinearities is to transform them into artificial in-
puts [24,69]. This method is straightforward to implement, preserves the physical meaning
and does not rely on training data. Further, larger numbers of nonlinearities can be lumped
into fewer terms to achieve compatibility. However, this approach is limited to nonlineari-
ties that depend on a single or a few DOFs at most, e.g., to one-dimensional electrostatic
forces or mechanical contact. MEMS-related applications range from RF switches [69] and
scanning-probe data storage [24] to electromechanical beam actuators [52].

The TPWL approximation is a robust method for general nonlinear systems [70].
A combination of linearized systems sampled along a training trajectory approximate a
nonlinear system. The combination weights depend on the reduced state and change
throughout the simulation. Therefore, a TPWL-approximated system is still nonlinear,
but the corresponding terms are few and are efficient to evaluate. While the approach
is robust and only requires easily obtainable data, its accuracy strongly depends on the
weighting scheme and the sampling strategy. Furthermore, it relies on data generated
by extensive simulation of the original model. The main work proposing this approach
featured an electromechanical MEMS as a case study [70]. Later work reduced thermal
actuators [71], thermal switches [47,72,73] or solenoid actuators [74] based on TPWL.

Polynomial tensors are another intuitive approach for hyper-reduction. The concept
is to approximate the reduced nonlinear forces by a Taylor expansion [75,76]. However,
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the Taylor series’ coefficients are tensors of increasing order and, thus, the method quickly
becomes inapplicable due to the amount of entries. Therefore, polynomial tensors effectively
only suit nonlinearities that can be approximated by low-order Taylor expansions. One such
nonlinearity is St. Venant-Kirchhoff materials, which describe linear—elastic systems at large
deformations [4]. This method may be deployed to incorporate geometrical nonlinearities
into substructures, as introduced in Section 2.2. A direct application to MEMS is found for
an electromechanical actuator with squeeze-film damping [75].

A commonly used hyper-reduction method is the DEIM [77], which evaluates only
a few of the original nonlinearities. These evaluated nonlinearities serve as weights for
precomputed force patterns to approximate the whole nonlinear force vector. The ap-
proximated force vector is subsequently projected back onto the reduced space. Hence,
the nonlinear vector is approximated by a reduced force basis with state-dependent weights.
This scheme does not ensure stability and leads to asymmetry [4]. Constructing the reduced
force basis and choosing the subset of nonlinearities to evaluate are data-driven processes
and rely on training data, limiting the prediction quality. Applications to MEMS or to
models featuring the same physics comprise electrothermal microgrippers [78], MEMS
switches [79] and transistors [79].

A recently introduced hyper-reduction method is the ECSW procedure [80-82]. This
approach considers the virtual work of the reduced forces over all finite elements. A subset
of elements is determined so that the combination of their weighted energies approximates
the original total work. The weights compensate for the energies of the numerous excluded
elements [81]. This approach has similarities to the transfer of loads from a fine FEM
mesh to a coarser one [81]. In contrast to the DEIM and many other hyper-reduction
methods, stability and symmetry are preserved. Furthermore, the reduced force vector is
approximated directly, instead of approximating the full vector and subsequently projecting
it to the reduced space [81]. Again, training data are needed and this limits the prediction
quality, even though there is some robustness. To our knowledge, this method is yet to be
extended to the microactuator community.

1.3. Alternatives to Projection-Based Model Order Reduction

While projection-based MOR achieves highly efficient and accurate surrogate models
and also preserves the original model’s structure, alternative methodologies exist. These ap-
proaches are also suitable to obtain compact models of microactuators and vary drastically
in their complexity and performance. Commonly deployed methodologies for compact
modeling are look-up tables, meta-modeling, generalized Kirchoffian network (GKN) and machine-
learning-based or data-driven approaches. Please note that these techniques can often be
combined with MOR, e.g., to update a nonlinear stiffness matrix via a look-up table [17] or
to approximate nonlinear forces via artificial neural networks (ANNs) [83,84].

Look-up tables are the most basic solution and consist of precomputed outputs for
sampled input combinations. While they are robust and easy to implement, they strongly
depend on the sampling strategy and, potentially, an interpolation scheme. Furthermore,
they are unsuitable for dynamical systems and drastically lose accuracy as the number of
parameters increases.

Meta-modeling or response surfaces extend the previous approach of look-up tables with
regression analysis [85]. While they also require several sampled solutions of the original
models, they achieve higher accuracy and some extrapolation quality. However, their
performance depends on how well the basic function matches the relation to be modeled.
Usually, they are not deployed to approximate dynamical systems but relations between
design variables and outputs for design optimization.

A prominent branch of compact modeling is GKNs, which transfer the concept of
electrical Kirchoffian networks to other physical domains [86]. Therefore, a microactua-
tor might be represented by a network of lumped elements. This methodology covers
multiphysical problems as well as nonlinear effects while preserving the basic structure
of the original model. Another advantage is the physical meaning of all components and
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the computational efficiency, but accuracy might be sacrificed due to the lumped nature.
Furthermore, it requires expert knowledge to divide a structure into lumped elements and
to fill them with an appropriate mathematical model. Applications to microsystems are
common [87] and include capacitive MEMS transducers [88] and acoustic ultrasonic MEMS
transducers [89], as well as magnetic, electric and acoustic transducers [87].

A novel and promising branch is machine-learning-based and data-driven approaches.
This includes methods such as ANNSs [90] or data-driven MOR via operator inference [91-93].
These methods have in common that they rely on vast amounts of training data. In the context
of simulation, these data are easy to obtain without noise or outliers and are available from
commercial software. Solving the original model numerous times to obtain data and subse-
quent training leads to high computational costs. In addition, some methods require expert
knowledge to adjust the hyperparameters or choose architectures. Furthermore, the struc-
ture of the problem and the physical interpretability might not be preserved. Nevertheless,
this class of methods is suitable for a wide range of problems and synergizes well with
simulated data.

1.4. Outline of the Article

This paper reviews the methodology of MOR and emphasizes its application to
microactuators. The aim is to further establish MOR in the microactuator community.
Therefore, a brief methodological overview tailored to the microactuator community is
provided. References for different actuators are intended as starting points for interested
readers. Moreover, three extensive case studies demonstrate the potential of MOR.

The remainder of the paper is structured as follows. Section 2 provides the theory,
describing the process from the numerical modeling of microactuators to reduced order
models. Subsequently, Section 3 applies the theory from Section 2 to three microsystem-
oriented case studies, covering several physics and nonlinear effects. Finally, Section 4
summarizes this work.

2. Compact Modeling by Means of Mathematical Model Order Reduction

This section describes how to derive a highly efficient surrogate model as illustrated
in Figure 1. The starting point is a mathematical model given by the governing partial
differential equation (PDE). Spatial discretization via, e.g., the FEM leads to an accurate but
large-scale system of n ordinary differential equations (ODEs), as described in Section 2.1.
Subsequently, MOR constructs a highly efficient surrogate model, i.e., an ODE system of
the same form, but with much smaller dimensions r << n, as described in Section 2.2.

Physics & Reduced Order
y System of n ODEs System withr < n
Geometry ODES

5= M, %+ E k. + K.x, = Bu
y=Cx,

) ¢

Figure 1. Workflow of MOR-based compact modeling. Starting from a microsystem and its governing

physics, the FEM assembles a high-dimensional dynamical system. This system is then reduced by
methods of MOR, resulting in a surrogate model of drastically smaller dimensions.

2.1. Mathematical Modeling of Microactuators

Physical laws dictate the behavior of all microactuators. At the continuum level, these
laws can be described by mathematical models (PDEs), which usually comprise two com-
ponents: conservation laws and constitutive relations. The former arise from the universal
conservation of quantities, such as energy or mass; the latter introduce experimentally con-
firmed material relations. This concept applies to numerous physical domains, including
structural, thermal, acoustic and electric, as well as to their multiphysical coupling. This
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section deploys linear elastic dynamics as an example, since it is relevant to all microac-
tuators. The governing PDE is Newton's second law, which is denoted by the following
second-order PDE for time-independent density:

V-o+ f=pi (1)

Here, o is the stress tensor, f the body force per volume, p the density and x the
displacement vector. The relevant constitutive relation is Hooke’s law given by

c=Ceg, ()

where C is the stiffness tensor and ¢ is the strain tensor. The following strain—displacement
equation from infinitesimal strain theory completes the mathematical description:

£ = % [Vx + (Vx)T] G)

While the above equations provide the complete mathematical model, they can only
be solved analytically for the most basic scenarios. An established approach to finding a
remedy is numerical methods such as the FEM. The FEM subdivides the computational
domain into smaller subdomains called finite elements and approximates the solution
with element-wise polynomial shape functions. Mathematically, this spatial discretization
converts the initial PDE into a system of linear ODEs X in the form of
Z_{Mx+Ex+Kx—Bu , @

y=Cx+Du

where M, E and K € R"*" are the system matrices and x € R” is the state vector. In
contrast to Equations (1) and (3), x comprises numerous nodal displacements at different
positions and not continuous displacement functions. The input vector is denoted by
u € RP, the user-defined output vector by y € RY. The inputs are distributed by B € R"*P
and the outputs are computed from the state vector by C € R7*". The feedthrough matrix
D € R7*? includes the direct effect that inputs may have on outputs. As the system is
linear and all matrices remain constant over time, it is referred to as linear time-invariant.
Systems of this form are common in control theory and several concepts for further analysis
apply. One such concept is the transfer function H(s), which is an equivalent system
representation. It relates Laplace transformations of input and output functions

Y(s) = H(s) U(s), ®)

where s is the complex frequency variable. For the system in Equation (4), the transfer
function is given by

H(s) = C(M+SE+K)  B+D. ©)

2.2. Projection-Based Linear Model Order Reduction

Although numerical methods such as the FEM are capable of solving sophisticated
multiphysical problems, they suffer under high computational costs. These high com-
putational costs arise from the fact that FEM-generated dynamical systems reach large
dimensions up to 10°...108. Therefore, these models’ dimensions impede efficient de-
sign studies and prevent application in control circuits, especially considering the small
time scales of microactuators. A well-established approach to tackling this challenge is
projection-based MOR [94], which creates surrogate models of the same structure but
significantly smaller dimension. These surrogates enable fast prediction, more extensive
analysis options, parametric investigations and feedback control.
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The basic idea behind MOR is to decompose the solutions into patterns. Restricting
the solution space to the most important of these patterns results in a low-dimensional
surrogate model. These patterns are also known as modes, shapes or reduced basis vectors.
In a mathematical sense, the state vector x becomes a linear combination of predefined
patterns as illustrated in Figure 2. After orthonormalizing the r most important patterns
for numerical reasons, they are assembled as columns of a projection matrix V. € R"*". The
reduced state vector x, € R” comprises the weights of all these patterns. Omitting most
patterns as they barely contribute introduces an approximation error x,, and it holds that

x=Vx,+ xg. (7)

=V x,

[ [ [*ra
X = |Vq %] VU3 xr,Z

Xr3

Figure 2. General idea of MOR: approximating the state as a combination of few relevant patterns.
In this example, the state corresponds to the deformation of an electrostatic beam actuator and
it is approximated by three eigenmodes. Here, the color indicates deformation magnitude. The
Eigenmodes are assembled as columnvectors V. The corresponding weights are collected within the
reduced state vector x,. In general, the specific vectors in V depend on the method chosen for MOR.

However, substituting this approximation into the system in Equation (4) results in an
overdetermined system, which also includes an approximation error. To obtain a unique
solution and to eliminate the error from the equation, the system is projected onto V along
null(WT € R"™™"). The pattern-based approximation in Equation (7) and an appropriate
projection reduce the system in Equation (4) to

M, Er K, B,
—— —— —— —~~
s WIMV % +WTEV %, + WIKV x, = WB u ®)
r 7
y=CV x,+Du
Cr

where M,, E;, K, € R, B, € R"™*? and C, € R7*" are the reduced system matrices. These
reduced matrices only need to be computed once and can be subsequently deployed in
applications. Please note that the inputs # and outputs y remain unchanged. This ROM con-
tains multiple orders of magnitude less ODEs than the original FEM system in Equation (4)
as r < n. As aresult, all subsequent computations are significantly faster. Specific methods
to construct the reduced basis are presented and discussed in Section 1, including modal
truncation, substructuring, balanced truncation, Krylov subspaces and POD.

2.3. Projection-Based Nonlinear Model Order Reduction

In general, real-world physics are nonlinear. In some cases, the nonlinearities barely
contribute within the operating conditions of interest, and a linear model provides sufficient
accuracy. However, the field of MEMS features several potential nonlinear effects, such
as large deformations, electrostatic forces, hysteresis for piezoelectric devices or shape
memory alloys or mechanical contact. Therefore, nonlinear approaches are inevitable for
microactuators. In mathematical terms, a nonlinear problem depends on its solution. Hence,
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the solution process follows an iterative scheme until convergence criteria are eventually

satisfied. Due to these iterations, nonlinearities significantly inflate the omputational

demands. Considering a system X,; as in Equation (4) but with nonlinear restoring forces

f(x) € R" leads to

an:{Mx+Ex+f(x) Bu 9
y=Cx+Du

Such a nonlinear system as in Equation (9) entails two great challenges for projection-
based MOR. Firstly, many methods to identify reduced bases introduced in Section 2.2
leave their range of validity. Most of the related research deploys the POD because it does
not rely on system-theoretic concepts, which might only be defined for linear systems. The
second challenge is that the nonlinear term cannot be reduced: approximating the state by
patterns and projecting the system as in Equation (8) leads to

an,r =

F@ﬁ+EL+W”WM%JMI 0)

y=Cx,+Du

Evaluating the nonlinear term W7 f(V x,) requires us to project the reduced state
vector x; into the original high-dimensional space, evaluating the full set of nonlineari-
ties, and then project them back onto the reduced space. Obviously, this process is less
efficient than evaluating the original model, especially with respect to the iterative solu-
tion scheme. A well-established approach is an efficient approximation of the nonlinear
term, which is also known as hyper-reduction [95]. In preparation for the numerical case
studies in Sections 3.2 and 3.3, an approach for systems with few nonlinearities [69] and
the TPWL [96] approximation are described.

If a system has only a few nonlinearities, a robust and straightforward approach is
to isolate them and to handle them as additional inputs [24,69]. In mathematical terms,
the nonlinear term is decomposed into

f(x) = Kx—Brup(Cx), (11)

where Br is an additional input matrix that distributes nonlinear forces scaled by the
nonlinear inputs ur (C x). To evaluate the nonlinearities in #r, only a small subset Cxof
the full state vector is required. Hence, this approach performs best when the nonlinearities
depend on only a few DOFs, which is the case for, e.g., electrostatic forces or simple
mechanical contact. Inserting this decomposition into the system in Equation (10) gives

M%+E”+KMZWWBBALNQM} (12)

B* —_———
b

u*(é, x,)

where B; collects the input matrices and u*(C; x,) summarizes the inputs. Even though
this system is still nonlinear, the relocation into inputs enables the use of linear MOR
methods [69]. Another noteworthy advantage is that the approximation is not limited to
training data. In the case of a higher number of nonlinearities, they can be condensed
by grouping schemes to require significantly fewer nonlinear evaluations. Although this
step introduces another approximation, it minimizes the computational demand. Specific
grouping schemes are, e.g., to approximate distributed electrostatic forces by a single
lumped force [69] or by a force distribution scaled by a single nonlinear term [52].

An early and reliable approach for general nonlinear systems is the TPWL approxi-
mation [70]. The idea is to approximate a nonlinear system by a combination of linearized
systems that are sampled along a training trajectory. The weights of each system depend on
the reduced state and change in the course of the simulation. Due to these state-dependent
weighting scheme, the TPWL-approximated system still contains nonlinearities, but they
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are few and are efficient to evaluate. The nonlinear force vector is expressed as a weighted
sum of N linearizations and reads

N
fx) = Y- (wil) (~fi+Ki %)) (13)
i=1

where the subscript i indicates the i sampling point, w;(x) the state-dependent weight
and f; and K; the linearization. Please note that the sampled systems are linear and,
therefore, can be reduced by methods of linear MOR. However, a global reduced basis
for all systems is required to achieve compatibility. Combining the approximation in
Equation (13) with the system in Equation (10) results in a TPWL-reduced system given by

K,
ir fir
N —— .
" . N ~— 1
Mo+ Bt ) (wx) WK V) = \§5 () W) B, MR
=l i=1 ~~
K (xr) w

By (xr)

The remaining nonlinear terms are the N weights w;(x,), which only depend on the
reduced state vector x;, according to Algorithm 1. First, the distance between the current
state and the sampled states is computed. Based on the minimum distance m, preliminary
weights ); are calculated. To obtain the final weights, these are normalized by their sum.

Algorithm 1 Weighting scheme for TPWL.

fori=1,...,Ndo
d; ||xr _xr,iH

m 4= min;—; N d;
fori=1,...,Ndo
. _gli
w; <— e B
N A,

S+ )Y w;
fori=1,...,Ndo
w;

w; 4
: S

3. Exemplary Applications of MOR to Microactuators

This section introduces three numerical case studies of different physical domains with
both linear and nonlinear setups. The first case study in Section 3.1 describes the linear MOR
of a piezoelectric chip actuator based on earlier work [97]. The multiphysical coupling gives
rise to a unique challenge as it potentially introduces instability to the corresponding ROMs.
Applying the designated methods preserves or reintroduces stability. Section 3.2 presents
the second case study, which reduces an electromechanical microactuator as demonstrated
in [52]. This device corresponds to a cantilever beam actuated into electrostatic pull-in.
Electrostatic forces and mechanical contact render the model nonlinear. A novel third
case study in Section 3.3 reduces a geometrically nonlinear beam model via TPWL. The
modeled actuator is the same as in Section 3.2, but the FEM model is coarser and exclusively
composed of three-dimensional elements. All case studies deploy Ansys® Academic Research
Mechanical, Release 2022 R2 for FEM modeling to compute reference solutions and to obtain
system matrices. The process of MOR either uses Model Reduction inside Ansys [98] by
CADFEM® and/or a Python-based implementation [99,100].

3.1. Piezoelectric Chip Actuator

This numerical case study investigates the PA3JEA piezoelectric chip actuator and is
based on earlier work [97] that contains a more detailed description. Figure 3 depicts the
actuator and its symmetry-exploiting FEM model. The ceramic coating houses 33 piezoelec-
tric layers. The modeled geometry excludes the interdigitated silver electrodes since their
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effect on the system is insignificant. However, their electrical behavior is included and the
electrical potentials of each electrode layer are coupled. Further, the cathodes are grounded.
Therefore, the model is composed exclusively of THP51 ceramic [97]. Mechanical boundary
conditions prevent rigid body motion and vertical deformation of the actuator’s base. The
load case considered is a force acting vertically at the top surface’s center. The vertical
displacement at this position and the voltage at the anode constitute the desired outputs.
This model comprises 3395 nodes and corresponds to a system of 9892 differential algebraic
equations (DAEs).

Figure 3. The PA3JEA piezoelectric chip actuator and its symmetry-exploiting FEM model [97].

MOR of piezoelectric devices introduces two additional challenges: the potential loss
of stability and rounding errors sensitive to the chosen unit system. The first challenge is to
preserve the original system’s stability. Instability translates into a potentially unbounded
output for a bounded input and, thus, renders reduced systems useless. Methods to
preserve or to reintroduce stability are Schur after MOR [101], MOR after Schur [101], MOR
after implicit Schur [102] and multiphysics structure-preserving MOR [38,49,101]. They differ
in their approach and vary significantly in their computational efficiency. Recommended
methods are either Schur after MOR or multiphysics structure-preserving MOR. The
second challenge is the chosen unit system as it affects the matrices” condition numbers,
especially for multiphysical studies. For this reason, preliminary studies are recommended
to determine the best-conditioned setting in order to minimize rounding errors.

The original system of DAEs representing the FEM model in Figure 3 is reduced in
several settings to compare the four stability-preserving algorithms. All reductions deploy
Krylov subspaces to compute the reduced basis. Further, all reduced order models are
evaluated in a harmonic analysis in a frequency range of 0 kHz to 500 kHz for a unit force.
The settings to be varied include the expansion point and the reduced model’s dimension.
The former comprises the values 0 Hz, 250 kHz and 500 kHz, while the latter is either set
to 60 or 120. This setup results in six different combinations, which are evaluated for all
four algorithms.

A comparison of the anode’s voltage for a reduced dimension of 60 and an expansion
point of 0 Hz is shown in Figure 4. As the curves cannot be distinguished, the figure is
extended by corresponding relative errors. In general, the relative error barely surpasses
107, but increases towards higher frequencies due to the low expansion point. The least
accurate but most efficient method is Schur after MOR. The best accuracy is achieved by
multiphysics structure-preserving MOR.
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Figure 4. Response of the anode’s voltage to a harmonic unit force computed by the FEM for reference
and four reduced order models stabilized by different algorithms (left). The corresponding relative
errors allow more detailed conclusions (right). This evaluation is one of six setups to compare the
four stability-preserving algorithms [97].

Figure 4 compares the methods in one of the six settings and only for one of the two
outputs. The remaining information is summarized in Figure 5. This plot condenses the
frequency-dependent relative errors as in Figure 4 into a single number by taking the
average magnitude. Although this procedure strongly depends on the chosen frequency
range, it is constant for each combination and, therefore, constitutes a valid procedure.
The findings coincide with the ones for Figure 4. In addition, it can be observed that the
mechanical output is approximated significantly better than the electrical one.
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Figure 5. Comparing the average relative error magnitude for both outputs and all six reduction
settings. Multiphysics structure-preserving MOR achieves the best accuracy. MOR after Schur
benefits most from increasing the reduced dimension. In general, a central expansion point leads to
the best approximation quality [97].

The times required for each method with respect to the original model’s dimension are
given in Figure 6. For a more detailed analysis, both the total time and the MOR-exclusive
part are given. The absolute time demand as well as the scaling with model dimension
vary significantly between the methods. Schur after MOR is the most efficient method,
taking the least amount of time and scaling well with larger dimensions. In contrast, MOR
after Schur is limited to small-sized models, as it leads to dense system matrices and high
computational costs. Multiphysics structure-preserving MOR and MOR after implicit Schur
perform similarly, but require more time than Schur after MOR in their stability-preserving
computations. All computations were performed on an Intel® Core™ CPU 4 x 3.0 GHz
and 64 GB RAM.
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Figure 6. The four method’s computational times vs. the original model’s dimension #n. Dashed lines
correspond to elapsed time due to MOR, whereas full lines provide the total demand [97].

In conclusion, MOR significantly reduces the dimension of the original model and,
thus, introduces significant computational benefits. Further, all four methods preserve
the original model’s stability and even the worst achieved accuracy suffices for most
applications. However, Schur after MOR and multiphysics structure-preserving MOR are
the methods to recommend as they are efficient and reliable. In the case of large-scale FEM
models, the recommendation narrows down to Schur after MOR. Further information can
be found in [97].

3.2. Electromechanical Beam Actuator

The subject of this numerical case study is a single actuator of the cooperative mi-
crosystem shown in Figure 7. An extensive description of this study is available in [52]. The
design has been developed within the Kick and Catch project [52,103] and deploys multiple
cooperating actuators to rotate a freely moving body. The overall goal is a multistable,
quasistatic micromirror.

C[ Initial |5 [ Kick | & [ Flight |5 | Cateh ]:

L S e e e il

p Spherical Cap
1 Beam-Actuator

-,

Figure 7. The Kick and Catch actuator system [103] (left) and its operating principle (right). On the

left, the indicated spherical cap rests on the four electrostatic beam actuators and is deflecting an
incident light ray. As illustrated on the right, these beam actuators are actuated into pull-in to launch
the spherical cap. After a free flight phase, the sphere is caught and rests stably. Consecutive flight
phases allow for a high deflection angle.

One of the four electrostatic microactuators with mechanical contact constitutes the
numerical case study. This actuator is highly representative because its physical principles
are commonly found in a large class of microactuators. Figure 8 presents the actuator’s
design, which is composed of three sections: a beam tip, an electrode and a compliant
meander spring. The actuator is mounted 10 pm above its counter electrode, which attracts
the beam when voltage is applied.
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Figure 8. The electrostatic beam actuator and its symmetry-exploiting FEM model side by side.
From left to right, the beam comprises three sections: a tip for leverage, an electrode area marked
in red and a compliant meander spring that enables the pull-in motion. The electrode is subject to
electrostatic forces, which are nonlinear because they depend on the beam’s deformation [52].

In terms of FEM, the actuator is a linear mechanical system as in Equation (4) and
of dimension n = 25,134. Lumped transducer elements below the electrode introduce
electrostatic forces and mechanical contact. Due to the lumped nature, a nonlinear force
acts on every node of the electrode area. These nonlinear forces depend on the node’s
out-of-plane displacement x; and read

fk :fekl +fckont

with: fb = S0k 12
2 (xx+8o) (15)
v Jknlxe+gol if (xx+g0) <O
fcont -
0 else.

Hence, the force on node k is composed of an electrostatic part 5 and a contact
force fX .. The electrostatic force is based on permittivity ¢, the node’s effective area Ay,
the initial gap go and the applied voltage V. The contact force has a penalty-based structure
and, thus, occurs upon penetration. Its magnitude depends on the amount of penetration
and the contact stiffness kj,.

This setup is well suited for the nonlinear MOR technique for systems with few non-
linearities. As the nonlinearities only depend on a single DOF, they can be evaluated with
acceptable computational costs. Furthermore, the out-of-plane displacement of adjacent
nodes barely deviates. Therefore, the nonlinear forces can be grouped to reduce the number
of nonlinear computations. Each group summarizes its nodes’ effective areas and their
contact stiffness, respectively. In addition, a representative displacement per group is deter-
mined. This grouping procedure drastically reduces the number of nonlinear computations
and can be achieved by geometric groups [69] or by clustering [52].

For the model in Figure 8, the linear part is reduced by a Krylov-subspace-based
approach to a dimension of r = 100. Further, the nonlinear forces on the electrode are
summarized into six groups by two approaches: geometric grouping and agglomerative
clustering. The resulting two reduced order models are evaluated for a transient load
case, which applies a step voltage of 30 V. As a result, the beam is actuated into pull-in
within less than 400 pis. To assess the two methods” accuracy, the vertical tip displacement
is tracked and compared to an FEM reference solution. This comparison is presented in
Figure 9, in which the contact event is highlighted. Both reduced order models excellently
match their reference and even provide convergence after the contact event. Although the
behavior after contact differs, it cannot be compared as the FEM solution fails to converge.
The speed-up factor due to MOR and the two grouping schemes is more than 250, reducing
from 784 s for the FEM analysis to less than 3s on an Intel® Core™ CPU 4 x 3.0 GHz and
64 GB RAM. These computational times only indicate the efficiency, because the evaluation
did not use the same solver but a less optimized one.
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Figure 9. Vertical displacement of the actuator’s tip after applying a step voltage of 30V, computed
by two reduced order models and the FEM for reference [52].

3.3. Geometrically Nonlinear Beam Actuator

Depending on the load case, analysis of the beam actuator in Section 3.2 requires us to
consider large deformations. These geometrical nonlinearities are common for microactua-
tors and, in contrast to Section 3.2, render the whole system nonlinear. This novel numerical
case study deploys a static and purely mechanical load case of the isolated beam actuator
shown in Figure 8. A new FEM mesh of the homogenized actuator geometry results in a
system of n = 843 ODEs. A downward force on the beam’s tip is gradually increased up to
500 uN in steps of 10 uN.

Two methods are combined to reduce this setup: POD to construct the reduced basis
and TPWL to handle the nonlinearities. Both rely on sampled quantities of the original
model: the former requires samples of the state vector, the latter linearized system matrices.
TPWL dynamically composes the current set of system matrices from a pool of linearized
matrices. State-dependent weights quantify the difference between the current state and
previously sampled ones. Figure 10 visualizes this procedure, illustrating selected states as
deformations of the beam. Please note that TPWL can also be applied independently of
MOR. Hence, this study compares the TPWL-approximated original model and its reduced
version to the FEM reference solution. As a result, sources of deviation can be identified
more clearly.

Linearization state

Trajectory /— Valid region for linearization

Deformation

7

1 I Relative load

Figure 10. TPWL approximates a nonlinear system as a weighted sum of linearized ones. These
linearizations are obtained at different states along the trajectory. States correspond to physical
deformations, of which three are illustrated. The color corresponds to deformation magnitude.
The linearized models are valid in the vicinity of the respective linearization states, as indicated

by circles.

The specific TPWL approximation uses a weighting parameter of f = 250 and 11 uni-
formly distributed samples. The process of MOR via POD decomposes 51 snapshots
obtained from the FEM reference solution. The 25 most dominant left-singular vectors form
the reduced basis as the remaining singular values barely contain additional information,
as illustrated in Figure 11. Therefore, they are truncated, resulting in a reduced dimension
of r = 25.
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Figure 11. Descending singular values of the FEM study’s 51 snapshots, normalized by the largest
singular value. The reduced basis of left-singular vectors is truncated at » = 25 indicated by the
vertical line.

The TPWL-approximated model and its reduced version are then evaluated for the
same 51 load steps as the original model. The output quantity assessing their performance
is the beam’s tip displacement analogous to Section 3.2. Figure 12 provides the results
and the relative errors of this analysis. Both models match the reference solution as the
relative error barely surpasses 10-2. As with most interpolation-based methods, the error
peaks between samples. The reduction step introduces negligible additional errors when
compared to the TPWL approximation. Both methods are computationally more efficient
and reduce the original solution time of 1.157s per load step to 36.68 ms and 443.7 ps,
respectively. Therefore, the reduced order model is faster by a factor of more than 2500.
Please note that the FEM analysis uses a more optimized solver. The study was conducted
on an Intel® Core™ CPU (4 x 3.0 GHz) and 64 GB RAM.

0.00 'b\\ @ sampling point 1072 3 A\
J— N
— 0051 FEM 107N o AN
£ ~ TPWL NN A AR
£ LN I S I I D W N I~ NP IV N e Y I O
= -0.10 A ) +++ TPWL + POD o 1 A A
= | | W] { |
[ . s s M A1 L -
2 -0.15 =) g 10 A 1 VRN T
o . o { 1 \ \ i H \
§ 0201 R W e R
g - g ! - i)\
= B -
3 0254 ~ g 1077 t
E N =
| t -5 |
§ 0301 - 10
£ . ]
& _pas | - 10-? TPWL to FEM
\_ ——- TPWL + POD to FEM
—0.40 9 1071%3 —— TPWL + POD to TPWL
! : : T . . . :
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
Normalized load Normalized load
(a) (b)

Figure 12. (a) Comparison of the vertical tip displacement computed by the TPWL-approximated
model, its reduced version and the FEM for reference. The plot also indicates sampling positions
for TPWL. (b) In addition, the relative errors are shown, including the deviation of the TPWL-
approximated model and its reduced version to the FEM reference solution. Further, the error
between the two TPWL approximations is provided. In general, the minimum error coincides with
the sampling positions and reaches maximum values in between. The coarsely sampled TPWL
approximation is the main source of deviation, in contrast to the excellent match that MOR achieves.

Both the TPWL approximation and its reduced version achieve noteworthy compu-
tational benefits while losing less than 1% accuracy for this case study. This deviation
predominantly originates from the TPWL approximation, while MOR to a dimension of
only 25 induces a negligible error. Please note that a more sophisticated sampling strategy
improves the accuracy and may even require fewer samples. Furthermore, the weighting
scheme’s settings bear potential for optimization and promise better accuracy at the cost of
several parameter studies. However, the aim of this numerical study is to demonstrate the
basic principle and its potential, without application-dependent finetuning.
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4. Conclusions and Outlook

Cooperative actuators often lead to more complex models than their independent
counterparts. As a result, the model dimensions grow and limit the potential for design
studies or closed-loop control. This work emphasizes the solution that MOR provides to
this challenge. This methodology generates highly efficient surrogate models, as demon-
strated in three numerical case studies, reaching speed-up factors of more than 250 and
excellent accuracy. The gain in efficiency facilitates extensive parameter studies and design
optimization. Furthermore, numerous physical effects, parametric influences and even
nonlinearities can be considered with appropriate MOR methods. Reduced order models
can be coupled to investigate interactions within systems. In addition, they can be con-
veniently combined with different model types, such as look-up tables, lumped element
models or neural networks. The reduction process also preserves the model’s structure
but encrypts the original model, protecting intellectual property when sharing models.
Another advantage is more sophisticated closed-loop control, which becomes more feasible.
However, MOR requires extra work and designated tools. Although several commercial
solutions exist, consistent tool chains are rare. One reason is that most MOR methods are
intrusive and need to access the underlying mathematical model. Nevertheless, the exten-
sive literature on microsystem-related MOR suggests its potential for this field of research,
accelerating if not enabling several applications.

Alternatives to MOR include look-up tables, meta-models, GKNs and data-driven
approaches such as operator inference or ANNs. While look-up tables and meta-models are
easy to implement, they are based on solutions of the original model. Therefore, the number
of full samples grows exponentially with the number of parameters, often leading to coarse
sampling. In addition, they are better suited to model relations between input parameters
and outputs, rather than dynamical systems. However, these two approaches are robust
and require significantly less expert knowledge. GKNs represent an original system as an
equivalent network of lumped elements and are a viable alternative to projection-based
MOR. They preserve the original model’s structure and physical meaning, while being
capable of multiphysics and nonlinear effects. Moreover, they are established in the field of
microactuators. This technique requires expert knowledge and is less accurate and flexible
than MOR, e.g., regarding additional outputs. Data-driven approaches such as operator
inference or ANNSs are suitable for numerous tasks, but their prediction quality is limited to
scenarios included in their training. They do not preserve physical meaning or the structure
of the original problem, but work well with simulated data without noise or outliers.

Current trends of MOR include their combination with data-driven approaches such as
ANNS. This synergy enables highly efficient training on reduced data or grey-box models
incorporating physical knowledge. The former approach uses MOR to drastically reduce
the dimensions of training data, which leads to faster training, easier networks and the
more efficient tuning of hyperparameters. The latter concept extends linear ROMs with
ANN s to include parametric influences or nonlinear effects, e.g., by updating matrices for
parametric changes or nonlinearities. The potential is yet to be exploited and diffused into
the microactuator community.
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Abbreviations

The following abbreviations are used in this manuscript:

ANN  artificial neural network

DAE differential algebraic equation

DEIM  discrete empirical interpolation method
DOF degree of freedom

ECSW  energy conserving mesh sampling and weighting
FEM finite element method

GKN generalized Kirchoffian network
MEMS  microelectromechanical system

MOR  model order reduction

ODE ordinary differential equation

PDE partial differential equation

POD proper orthogonal decomposition
ROM  reduced order model

TPWL  trajectory piecewise-linear
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Abstract: Novel miniature-scale bistable actuators are developed, which consist of two antagonisti-
cally coupled buckling shape memory alloy (SMA) beams. Two SMA films are designed as buckling
SMA beams, whose memory shapes are adjusted to have opposing buckling states. Coupling the
SMA beams in their center leads to a compact bistable actuator, which exhibits a bi-directional snap-
through motion by selectively heating the SMA beams. Fabrication involves magnetron sputtering
of SMA films, subsequent micromachining by lithography, and systems integration. The stationary
force—-displacement characteristics of monostable actuators consisting of single buckling SMA beams
and bistable actuators are characterized with respect to their geometrical parameters. The dynamic
performance of bistable actuation is investigated by selectively heating the SMA beams via direct
mechanical contact to a low-temperature heat source in the range of 130-190 °C. The bistable actuation
is characterized by a large stroke up to 3.65 mm corresponding to more than 30% of the SMA beam
length. Operation frequencies are in the order of 1 Hz depending on geometrical parameters and
heat source temperature. The bistable actuation at low-temperature differences provides a route for
waste heat recovery.

Keywords: bistability; bistable actuation; shape memory actuator; antagonistic coupling; waste
heat recovery

1. Introduction

Bistable mechanical systems exhibit the unique property of two stable equilibrium
states characterized by local minima of potential energy [1]. The stable positions are
retained without power supply and, thus, power consumption is only required upon
switching between the positions. When subjected to specific stimuli or loading conditions,
a snap-through buckling motion can occur resulting in a rapid transition between the
stable states. Bistable microactuators are basic components in engineering applications,
such as micro-electro-mechanical systems (MEMS) [2—4], microfluidics [5], and constitute
key building blocks in emerging digital mechanical microsystems based on multistable
microactuation [6].

In the past, bistable mechanisms have been developed consisting of compliant beams
and plates, e.g., [7,8]. In this case, bistable actuation relies on the design of the movable
compliant structures and the method of external loading. In particular, an external force
needs to be applied to trigger the snap-through of the bistable structures. Considerable
effort has been devoted to the design and fabrication of bistable MEMS devices including
microvalves [9], micro-switches and relays [10-12], as well as fiber-optic switches [13].
In recent years, the development of smart materials such as shape memory [14,15] and
piezoelectric materials [16,17] has led to the development of bistable mechanisms that do
no longer rely on an external load but utilize their intrinsic transducer properties to induce
bistability. Thus, novel smart bistable actuators have been developed making use of an
extended range of stimuli including electrical [18,19], magnetic [20,21], thermal [22], and
coupled fields [5,23].
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Among the thermally responsive actuators, shape memory alloy (SMA) actuators
are of special interest as they can convert small amounts of heat into mechanical work
output in a narrow temperature interval. Depending on the SMA material, shape recovery
can be induced well below 200 °C, enabling the conversion of low temperature waste
heat. Due to the high power/weight ratio and ease-of-micromachining, film-basedSMA
actuators have been widely implemented in microsystems, e.g., [24,25], and in robotics,
e.g., [26]. The drawback of an external triggering force in conventional bistable systems
can be avoided by the design of buckling SMA actuators with a predefined shape that is
memorized by thermo-mechanical treatment (memory shape) and the use of the intrinsic
thermally induced shape-recovery force [27]. As the one-way shape memory effect can
only cause one-way snap-through behavior, a reset mechanism is required. Although the
two-way shape memory effect could be implemented to switch between the stable states,
the recovery stress upon cooling is much lower compared to the one-way shape memory
effect and, thus, the switching force might be too low in most cases.

In the following, we present the design, fabrication, and characterization of novel
miniature-scale bistable actuators consisting of two antagonistically coupled buckling SMA
beams. In order to enable flexible downscaling, the fabrication technology is based on
SMA films that are deposited by magnetron sputtering and micromachined by lithography.
Thermal actuation is performed by direct mechanical contact between the SMA beams and a
low-temperature heat source. The stationary and dynamic performance of the actuators are
investigated to assess the influence of geometrical parameters and heat source temperature.

2. Material Characterization

The base material for this study was Tis3.9Nizp.4Cuys.7 films of 15 pm thickness fabri-
cated by magnetron sputtering and subsequent crystallization by rapid thermal annealing
at 700 °C for 15 min [28,29]. The phase transformation between austenite and martensite
state of the films was investigated by differential scanning calorimetry (DSC). Therefore,
the temperature of a SMA test sample was ramped at a constant cooling and heating rate of
10 °C/min. Figure 1a shows a DSC measurement indicating that the phase transformation
occurred in the temperature range between 30 and 70 °C. The tangential method was
used to determine the critical phase transformation temperatures, i.e., martensite start
and finish temperatures; Ms = 41.9 °C and My=31.9 °C, as well as the austenite start and
finish temperatures; A; = 58.6 °C and Af =70.3 °C, respectively. In a martensitic state at
a temperature below M, the SMA film could be deformed easily by mechanical loading.
When the SMA film was heated above Ay, the remanent strain after loading could be reset
and, thus, the SMA film restored its initial memory shape.
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Figure 1. (a) Differential scanning calorimetry (DSC) measurement of a TiNiCu film of 15 um thickness;
(b) stress—strain characteristics of a TINiCu tensile test specimen at different maximum strain in the range
of from 1.5 to 3.5% at a low strain rate of 103 /s at room temperature; (c) stress—strain characteristics of
a TiNiCu tensile test specimen at different temperatures in the range of from 23 to 80 °C at a strain
rate of 1073 /s.

A tensile test set-up was used to investigate the stress—strain characteristics of TiNiCu
test specimens with the dimensions length I x width w of 15 x 2 mm?. Therefore, the strain
was ramped step-wise and stress was monitored within a sufficiently long time interval to
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allow for quasi-stationary conditions. A temperature chamber was utilized for control of the
ambient temperature. Figure 1b shows the stress—strain characteristics at room temperature
(23 °C) at a strain rate of 1073 s~! for a maximum strain up to 3.5%. As the SMA film was in
a martensitic state, the stress—strain characteristics show the typical nonlinear quasi-plastic
behavior, reflecting the accommodation of martensite variants into the external load. After
reaching the strain limit and subsequent load release, a remanent strain occurred depending
on the maximum strain, which could be reset by heating above Ay. Figure 1c shows the
corresponding stress—strain characteristics at elevated temperatures. When the specimen
was heated from ambient temperature to 60 °C, partial phase transformation occurred
resulting in an initial increase in the slope of the stress—strain curve and a reduction in
remanent strain. At 80 °C, the strain was fully reset upon unloading and the length of the
sample returned to the initial state due to the reversible-stress-induced martensitic phase
transition. Taking the difference in stress between martensite (23 °C) and austenite (80 °C)
at 2% strain, a maximum shape recovery stress of about 150 MPa was determined. At larger
strain, stress-induced martensite causes a stress plateau (Figure 1c) and, thus, the shape
recovery stress saturates and does not increase further.

3. Actuator Design and Fabrication

Buckling beam structures are an effective way to design bistable devices, but they
require an external force to overcome the energy barrier between the two stable states. Here,
we design buckling SMA beams with a predefined memory shape to utilize the intrinsic
thermally induced shape recovery force instead of an external force. Figure 2 shows the
layout of the bistable SMA actuator, which is sketched in its two equilibrium positions. The
major components were two SMA beams of TiNiCu, whose memory shapes were adjusted
to be opposing buckling states, a spacer separating the SMA beams, and two heat sources
located above and below the SMA beams. When SMA beam 1 came into contact with
heat source 1 (Figure 2a), it was heated selectively and transformed from martensite to an
austenite state. Due to the shape memory effect, SMA beam 1 returned to the opposing
buckling state and, therefore, pushed SMA beam 2 towards heat source 2. This motion
was supported by the snap-through motion towards the second equilibrium position. In
this case, SMA beam 2 came into contact with heat source 2 (Figure 2b) and was heated
above its Ay temperature, while SMA beam 1 cooled back down below its My temperature.
Consequently, the actuator was reset to its initial state, where the actuation cycle started
again. Alternately heating the SMA beams resulted in an oscillatory snap-through motion.

(b)
(a)

Substrates

Heat source 1
SMA beam 1
Spacer
SMA beam 2

Heat source 2 First equil

Figure 2. Layout of the bistable SMA actuator. At sufficiently high temperature of the heat sources 1
and 2 an oscillatory motion occurs between the two equilibrium positions shown in (a,b).

Figure 3 illustrates the shape setting and assembly process of the bistable actuator.
Flat SMA beams were placed in customized molds and deformed in opposite bending
directions as shown in Figure 3a. Subsequent heat treatment was performed in a tube
furnace in constraint condition for 30 min at 465 °C to obtain pairs of SMA beams with
opposing buckling memory shapes. By setting the geometrical parameters of the mold, the
heat treatment resulted in a pre-deformed shape that matched the specific mold with spacer
length s and pre-deflection h. Figure 3b shows a photo of an SMA beam before and after
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the heat treatment. The SMA beams were fabricated by micromachining the magnetron-
sputtered TiNiCu films using optical lithography. The width of the SMA beams was 1 mm
and the distance between the two clamping sides of each SMA beam was 10 mm. The
spacer height was adjusted to 3 mm, which enabled sufficient thermal isolation between
the SMA beams.
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Figure 3. Shape-setting and assembly process of the bistable actuator. (a) Schematic of heat treatment
in a vacuum tube furnace; (b) photos of the SMA beam before and after heat treatment; (c) schematic
assembly process; (d) photo of the bistable SMA actuator. Heat sources 1 and 2 are not shown for
clarity. Legend: s—spacer length, h—pre-deflection.

Bistable actuators were fabricated by coupling the pairs of SMA beams in their center
by a spacer. As illustrated in Figure 3c, the assembly process started with bonding the
spacer on SMA beam 2 (i). Then, both SMA beam 2 and the attached spacer were then
mounted on milled PCB board 2 and fixed by rivets (ii). Subsequently, a PEEK plate was
positioned on PCB board 2 (iii), while SMA beam 1 was mounted on PCB board 1 (iv). The
final assembly is sketched in (v). The PEEK plate between the two PCBs was designed to
prevent short circuits and to reduce heat transfer between the SMA beams. A photo of the
bistable SMA actuator is shown in Figure 3d without heat sources.

4. Stationary Force-Displacement Characteristics
4.1. Monostable SMA Actuators

A series of monostable SMA actuators consisting of a single SMA beam with buckling
memory shape were investigated for different spacer lengths s and pre-deflection h. There-
fore, the center of the SMA beam was deflected in out-of-plane direction under quasi-static
loading conditions using a tensile test system to characterize the force-displacement char-
acteristics in a martensite and an austenite state. The single SMA beam shows monostable
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behavior as it adopts one stable deflection after heating. Figure 4a illustrates the measure-
ment setup. A spacer of length s was attached at the beam center, which complied with
the interface of the load cell of the tensile test system. In a martensitic state, the measure-
ment of force Fy started in the undeflected state of the SMA beam center at displacement
z = 0. Therefore, F; denotes the mechanical loading force of the tensile testing machine
required to deform the SMA beam at room temperature in martensitic condition. This
deformation was partly elastic and partly quasi-plastic due to reorientation of martensite
variants. The shape recovery force F4 was determined by the mechanical loading force
required to deform the SMA beam in austenitic condition after Joule heating to austenitic
state. By comparing the resistive and ambient heating conditions shown in Figure S1 in the
Supplementary Information, we conclude that an electrical power of >430 mW is required
to increase the average temperature above Ay temperature.

In this case, the measurement started in fully deflected state at maximum displacement
of the SMA beam center, which depends on the pre-deflection k. The forces Fj; and F4 were
determined whilst increasing and decreasing displacement using displacement-control
under quasi-stationary conditions, respectively.

Typical force-displacement characteristics of a monostable SMA actuator are shown
in Figure 4b for the case of spacer length s and pre-deflection & of 4 and 1mm, respectively.
In a martensitic state, the force Fj; pointed in a negative z-direction acting against the
force of the load cell (positive direction). It initially increased strongly with increasing
deflection until a maximum was reached. When further increasing the deflection, the
force decreased up to a minimum and then increased again. After release of the applied
deflection load near the maximum displacement, the SMA beam stayed quasi-plastically
deformed due to the self-accommodation behavior of the martensite variants. Figure 4b
also shows that the course of shape recovery force F4 in the case of the memory shape
corresponds to the deflected state at 2 mm displacement. Therefore, F4 was zero at 2 mm
and pointed in a positive z-direction acting against the force of the load cell (negative
z-direction). F4 increased during decreasing displacement and exhibited a large maximum
followed by a shallow minimum. For all displacements, F4 was larger compared to Fy,,
in this case indicating that any deflection of the SMA beam in a martensitic state could be
reset by an SMA beam in an austenitic state. In particular, the sum of positive force F4 and
negative force Fy; (F4 — Fy) stayed positive for all displacements except for the maximum
displacement close to the memory shape. This result has important consequences for
coupled SMA beam systems, as it indicates that selective heating of one of the two SMA
beams always causes a sufficiently high shape recovery force at any deflection to induce
a snap-through motion back to the corresponding memory shape. In particular, bistable
snap-through should occur between the two stable deflection states when heating the two
SMA beams alternately. Figure 4b also indicates that two coupled SMA beams may only
show bistability for those geometrical parameters, for which the force minimum in an
austenitic state is larger compared to the force maximum in a martensitic state.

Figure 4c shows the effect of spacer length s on the stationary force-displacement
characteristics of monostable SMA actuators for a pre-deflection / of 1 mm. In a martensitic
state, the maximum force increases from 67 to 98 mN when increasing the spacer length
s from 3 to 5 mm. At the same time, the force minimum also increases from 11 to 22 mN.
Again, the SMA beams stay quasi-plastically deformed after the release of the deflection
load near the maximum displacement. In an austenitic state, the maximum force increases
from 129 to 184 mN with s increasing from 3 to 5 mm, while the force minimum F4 rises
from 80 to 106 mN. These trends of maximum and minimum force values are summarized
in Figure 4d. When increasing spacer length s, the difference in force minimum in an
austenitic state F4(min) and the force maximum in a martensitic state F;(max) decrease
and eventually becomes negative between 5 and 6 mm. At a spacer length s of 6 mm,
Fyi(max) exceeds F 4(min), indicating that the shape recovery force is no longer sufficient
to induce a snap-through motion back to the memory shape and, thus, the coupled SMA
beam system is not bistable.
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Figure 4. (a) Schematic of force-displacement measurement of monostable SMA actuators.
(b) Force—displacement characteristics of a monostable SMA actuator with an SMA beam in a
martensitic state Fys (blue) and in an austenitic state F4 (red) with the memory shape correspond-
ing to the deflected state at 2 mm displacement. The combined force F4—F); is shown in black.
(c) Force—displacement characteristics for different spacer lengths s at a pre-deflection /2 of 1 mm.
(d) Summary of maximum/minimum forces in martensitic and an austenitic state Fj;(max)/Fys(min)
and F4(max)/F4(min), respectively, determined from (c). (e) Force-displacement characteristics
for different pre-deflections / at a spacer length s of 4 mm. (f) Summary of maximum/minimum
forces in a martensitic and an austenitic state Fy;(max)/Fys(min) and F 4(max)/F 4(min), respectively,
determined from (e). The arrows in (b-e) indicate the direction of loading by the load cell.
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Figure 4e shows the effect of pre-deflection 1 on the stationary force—-displacement
characteristics of the monostable SMA actuators for a spacer length s of 4 mm. In a
martensitic state, the maximum force F);(max) increases from 79.1 to 107.7 mN when
increasing pre-deflection & from 1 to 2 mm, while the minimum force in an austenitic state
F(min) increases from 91.1 to 115.1 mN. Thus, Fj;(max) remains below F4(min) in the
investigated parameter range, as summarized in Figure 4f, indicating that the coupled SMA
beam system displays bistable performance in all cases.

The effects of the parameters s and / on the maximum and minimum forces of single
SMA beams show a similar trend and, thus, add up. Figure S2 summarizes the effects of all
parameter combinations of s and & in the Supplementary Information.

4.2. Bistable SMA Actuators

In the following, we investigate the performance of a series of bistable actuators for
different spacer lengths s and pre-deflections /. The center of the coupled SMA beams is
deflected in the out-of-plane direction under quasi-static conditions using a tensile test
system. Force—displacement characteristics were determined by selectively heating one
SMA beam and measuring the resulting net-force F,, at discrete displacement steps by
controlling the travel distance of the load cell. The measurement setup shown in Figure 5a
illustrates a case in which SMA beams 1 and 2 are in a martensitic and an austenitic state,
respectively. In this case, F,; points in a positive direction in the first equilibrium position at
zero displacement. Similarly, F, points in a negative direction in the second equilibrium
position at maximum displacement, when the states of SMA beams 1 and 2 are reversed.

The upper part of Figure 5b shows the force—-displacement characteristics of bistable
SMA actuators for the case illustrated in (a) for different spacer length s at a pre-deflection
h of 1 mm. For small-enough spacer lengths s in the range of 3 to 5 mm, F,, decreases and
passes through a minimum. Then, it strongly increases to a maximum and finally decreases
to zero at the second equilibrium position of the actuator. The minimal net force decreases
with increasing s and eventually becomes zero for spacer lengths s exceeding 5 mm. In
particular, for s = 6 mm, F,, decreases to zero after a small displacement of 0.3 mm, indicating
that the actuator cannot reach the second equilibrium position. Evidently, the actuator is no
longer bistable when the spacer length s becomes too large. This performance is in line with
the course of the combined forces of the monostable actuator Fo—Fy; displayed in Figure 4b
and the trend of maximum and minimum force values summarized in Figure 4d. We
conclude that the shape recovery force becomes too low to induce a snap-through motion
back to the memory shape and, thus, the coupled SMA beam system looses bistability at
large spacer lengths. A similar performance is observed in the lower part of Figure 5b, in
which the states of SMA beams 1 and 2 are reversed. In this case, the actuator starts at the
second equilibrium position, whereby F,, drives the actuator towards the first equilibrium
position at zero displacement.

Figure 5c shows the effect of pre-deflection & on the stationary force—displacement
characteristics of the bistable SMA actuators for a spacer length s of 4 mm. Again, the upper
part displays the case wherein SMA beams 1 and 2 are in martensitic and an austenitic state,
respectively. When increasing / from 1 to 2 mm, the maximum displacement increases to
3.6 mm. This large bistable actuation stroke corresponds to more than 30% of the SMA
beam length. F, decreases but stays positive, indicating that the actuators display bistable
performance in all cases. A similar performance is observed during actuation in the reverse
direction in the lower part of Figure 5c. This performance is in line with the course of the
combined forces of the monostable actuator F4-Fys displayed in Figure 4e,f, showing that
the shape recovery forces dominate the forces in a martensitic state at all displacements.
The effect of all parameter combinations of s and # on minimum net-forces F,(min) is
presented in Figure 6, providing an overview of their combined effect on bistability.
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Figure 5. (a) Schematic of force-displacement measurement of bistable SMA actuators for the case of
selectively heating SMA beam 2. (b) Force-displacement characteristics for different spacer length s
at a pre-deflection 1 of 1 mm. The upper panel shows the case of selectively heating SMA beam 2
to an austenitic state keeping SMA beam 1 in a martensitic state, and in the lower panel vice versa.
(c) Force—displacement characteristics for different pre-deflections / at a spacer length s of 4 mm.
The upper panel shows the case of selectively heating SMA beam 2 to an austenitic state keeping
SMA beam 1 in a martensitic state, and in the lower panel vice versa. The arrows in (b,c) indicate the
direction of loading by the load cell.
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Figure 6. The combined effects of spacer length s and pre-deflection / on the minimum net-force
Fj(min) of the bistable SMA actuator. The limit of bistability is reached when F;(min) becomes zero,
as indicated by the solid line.
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5. Dynamic Actuation Performance

In addition to direct Joule heating of the SMA beams, thermal actuation via direct
mechanical contact of the SMA beams to a low-temperature heat source is an attractive
alternative. In the following, we investigate the performance of a bistable SMA actuator,
which is driven by additional heat sources above and below the SMA beams, as sketched in
Figure 2. The spacer height in between the SMA beams of 3 mm enables sufficient thermal
isolation. This has been verified by electrical resistance measurements of both beams, in
which the electrical heating power correlates with the average temperature of the beams,
as shown in the new Figure S1 in the Supplementary Information. Figure 7a presents the
typical time-resolved switching performance of a bistable SMA actuator with spacer length
s and pre-deflection / of 5 and 1 mm, respectively. The time-resolved displacement was
determined using a laser displacement sensor. The heat sources were set to 160 °C using
temperature sensors attached to the heat sources and closed-loop feedback control. In this
case, an oscillatory snap-through motion of about 1 Hz occurred, reflecting the periodic
heating and cooling of the two antagonistic SMA beams. The time constants required for
heating 7, and for switching between equilibrium positions 7, were determined to be 0.21
and 0.36 s, respectively.
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Figure 7. (a) Typical time-resolved switching performance of a bistable SMA actuator with a spacer
length s of 5 mm and pre-deflection / of 1 mm at a heat source temperature of 160 °C. (b) Switching
time Ty, heating time 7y, and frequency for different spacer lengths s at & = 1 mm. (c) Switching time
Tsw, heating time 7, and frequency for different pre-deflections i at s = 5 mm. (d) Switching time
Tsw, heating time 1y, and frequency for different heat source temperatures at s =5 mm and & = 1 mm.

The dynamic performance depended on the spacer length s, pre-deflection /1, and
heat source temperatures. When the spacer length s was increased from 3 to 5 mm, the
switching time Ty, remained almost unchanged, while the heating time 7, decreased from
0.5 to 0.36 s, as shown in Figure 7b. The increasing spacer length resulted in a larger
contact area between the SMA beam and the heat source, which allowed for enhanced heat
transfer and, thus, reduced the time required for phase transformation from martensite
to austenite. Therefore, the frequency of the oscillatory motion increased by about 20%.
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Figure 7c illustrates the time-resolved switching performance of the bistable actuator,
when increasing the pre-deflection / from 1 to 2 mm at a spacer length s of 4 mm and
temperature of heat source of 160 °C. As h increased from 1 to 2 mm, the switching time
Tsw increased from 0.21 to 0.35 s. The slight increase in heating time from 0.39 to 0.41 s
was due to the change in beam length. The oscillation frequency decreased from 0.88 to
0.66 Hz, while the actuation stroke increased by a factor of 2. Despite the larger stroke, the
switching speed of the SMA beams increased due to the larger net force F;,. The higher
switching speed ensured that there was only a minor decrease in frequency. Figure 7d
summarizes the effect of increasing the heat source temperature on the dynamic response of
the bistable SMA actuator. When the heat source temperature increased from 132 to 180 °C,
the switching time 7y, remained almost constant, while the heating time decreased from
0.79 t0 0.26 s. The higher temperature of the heat source enhanced the heat transfer between
SMA beam and heat source, while the contact area and contact force remained about the
same. The reduced heating time to induce the phase transformation caused an increase
in the frequency of the oscillatory motion by about a factor of 2. The optimal temperature
range is 160-180 °C. Below 160 °C, heating times increase substantially until no oscillation
is observed below 132 °C. Above 180 °C, the oscillation frequency decreases again due to
overheating caused by limited heat transfer. Consequently, continuous oscillation is lost
above 190 °C.

6. Conclusions

We present the design, fabrication, and performance of miniature-scale bistable SMA
actuators which consist of two antagonistically coupled buckling SMA beams. The SMA
beams were fabricated by magnetron sputtering, lithography, and a dedicated heat treat-
ment to set their memory shapes to adopt opposing buckling states. Coupling the SMA
beams in their center leads to compact bistable actuators, which exhibit a bi-directional snap-
through motion between two equilibrium positions by selectively heating the SMA beams.

The stationary performance of the actuators is strongly affected by the spacer length
and pre-deflection of the SMA beams. The stationary force-displacement characteristics of
monostable SMA actuators consisting of a single SMA beam with buckling memory shape
reveal minimal shape recovery forces in an austenitic state F 4(min) and maximal forces in
a martensitic state Fj;(max), which pose important constraints on the design of bistable
coupled SMA beam systems. Bistability is only achieved if the F4(min) of one SMA beam
exceeds the Fpj(max) of the antagonistic SMA beam at any displacement to enable a snap-
through motion in between the corresponding memory shapes. This result is confirmed by
the stationary force-displacement characteristics of the bistable SMA actuators showing
bistable switching in between two equilibrium positions only for spacer lengths up to 5 mm,
where the net force of the coupled SMA beams stays positive throughout the displacement
range. We demonstrate that this condition is no longer fulfilled at a larger spacer length
of 6 mm, where the net force decreases to zero after a small displacement and, thus, the
actuator cannot reach the second equilibrium position. Increasing the pre-deflection of the
SMA beams from 1 to 2 mm gives rise to an enhanced actuation stroke by a factor of 2, while
the bistable performance is retained. The presented bistable SMA actuator can be operated
thermally through direct heat transfer at mechanical contact between the SMA beams and
a heat source, which is an effective means to convert low-temperature waste heat below
200 °C into mechanical energy. We present dynamic measurements of thermally driven
bistable SMA actuators operating at frequencies of up to 1.1 Hz and actuation strokes of up
to 3.65 mm, corresponding to more than 30% of the SMA beam length. This performance
provides an interesting route for the design of novel thermal bistable actuators that are
driven by waste-heat at low-temperature differences.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/act12110422/s1, Figure S1: Normalized electrical resis-
tance of the monostable SMA actuator determined under Joule heating conditions (yellow). For
comparison, the normalized electrical resistance of the SMA film material was determined under am-
bient heating conditions (blue) in a thermostat. Normalization was performed using the expression
(R = Ryin)/ Riax — Ryyipy). Comparing both measurements indicates that an electrical power of
>430 mW was required to increase the average temperature above Ay temperature; Figure S2: The
combined effects of spacer length s and pre-deflection / on the minimum and maximum forces of
monostable SMA actuators in martensite (Fj;(min), Fys(max)) (a) and austenite condition (F 4 (min),
F4(max)) (b) as well as on the corresponding force difference F4(min) — Fys(max). Both parameters s
and h affect the forces in a similar way and, thus, both effects add up.
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Abstract: We present the design, simulation, and characterization of a magnetic shape-memory
alloy (MSMA) film actuator that transitions from bistable switching to resonant self-actuation when
subjected to a stationary heat source. The actuator design comprises two Ni-Mn-Ga films of 10 um
thickness integrated at the front on either side of an elastic cantilever that moves freely between
two heatable miniature permanent magnets and, thus, forms a bistable microswitch. Switching be-
tween the two states is induced by selectively heating the MSMA films above their Curie temperature
Tc. When continuously heating the permanent magnets above Tc, the MSMA film actuator exhibits
an oscillatory motion in between the magnets with large oscillation stroke in the frequency range of
50-60 Hz due to resonant self-actuation. A lumped-element model (LEM) is introduced to describe
the coupled thermo-magnetic and magneto-mechanical performance of the actuator. We demonstrate
that this performance can be used for the thermomagnetic energy generation of low-grade waste heat
(T < 150 °C) with a high power output per footprint in the order of 2.3 pW/ cm?.

Keywords: bistable actuator; thermomagnetic generator; energy harvesting; energy conversion; heat
transfer; ferromagnetism; Heusler alloys; magnetic shape-memory alloys; Ni-Mn-Ga; thin films

1. Introduction

Magnetic shape-memory alloys (MSMAs) are multifunctional materials that offer
both thermal shape-memory, magnetic properties, as well as various multiferroic coupling
effects [1]. The unique features of MSMAs are due to pronounced magnetic ordering
and large magnetocrystalline anisotropy, resulting in an energetically preferred orienta-
tion of magnetic moments. In addition, MSMAs undergo a first-order martensitic phase
transformation, which involves a large abrupt change in both the structural and magnetic
properties. The phase transformation proceeds in a reversible manner, enabling a thermal
shape-memory effect as well as superelasticity. The presence of coupled ferromagnetic and
metastable ferroelastic (martensitic) domains in MSMA materials gives rise to multiferroic
coupling effects, such as magnetic field-induced reorientation and magnetic shape-memory
effect [2]. A prominent example is the Heusler alloy Ni-Mn-Ga [2—4], which is ferromag-
netic at room temperature. Metamagnetic SMAs, such as the quaternary Heusler alloys
Ni-Mn—-X-Y (X = Ga, In, Sn; Y = Co, Fe, Al), are non-magnetic or antiferromagnetic in the
martensitic state at low temperatures and undergo an abrupt change of magnetization with
narrow hysteresis at the first-order transformation to the austenitic state [5].

Due to these properties, MSMAs exhibit different modes of combined sensing and
actuation capabilities [6,7]. As a consequence, MSMA actuators may be designed as a
single piece of material but may still perform various functions. This option is particularly
interesting for applications in small dimensions, where the effect size, multifunctionality,
and ease of fabrication are important factors. Previous approaches to the development
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of miniature-scale MSMA actuators include the thinning of bulk single crystals to foil
specimens [8,9], the deposition of MSMA films [10-12], as well as 3D printing [13]. So far,
several actuation mechanisms have been exploited at miniature scales. MSMA linear actua-
tors have been developed using the magnetic field-induced reorientation effect in single
crystalline Ni-Mn—-Ga [14-17]. A bidirectional microactuator has been developed consist-
ing of a polycrystalline Ni-Mn—Ga double-beam cantilever, which generates antagonistic
bending forces near a miniature permanent magnet due to an electrical current-induced
transition between ferromagnetic martensite and paramagnetic austenite. Thus, pulsed
heating causes fast oscillatory motion of the cantilever in microscanner applications [18].
The abrupt change of magnetization in the first-order phase transformation in metamag-
netic SMA films has been considered in [19,20] to enable thermally induced switching of
magnetic forces.

Another field of application of MGSMA actuation is thermomagnetic generation (TMG)
at miniature scales [21-25]. Film-based TMGs have been developed using metamag-
netic [22] and ferromagnetic SMA films [23-25]. The MSMA film actuator was integrated
at the front of a freely movable cantilever near a heatable permanent magnet serving at the
same time as the magnetic field and heat source. In this case, due to the large surface-to-
volume ratio, rapid heat transfer is achieved through direct mechanical contact between
the MSMA film and heat source, enabling a short duration of the thermal duty cycle in the
order of the mechanical eigenoscillation. When heating the permanent magnet above the
Curie temperature Tc, this performance gives rise to resonant self-actuation, which is char-
acterized by a large cantilever deflection and a high oscillation frequency [24,25]. Recent
demonstrators based on Heusler alloy films of Ni-Mn-Ga showed oscillation frequencies in
the order of 100 Hz. By integrating a pick-up coil at the cantilever front, electrical power
densities of up to 120 mW/cm? have been generated [24,25].

In this investigation, we extend this approach by integrating two MSMA film actuators
on opposite sides of the cantilever front and using two heatable permanent magnets above
and below the cantilever to form a bistable actuation system. Bistable systems are of
special interest both for actuation, as energy is only consumed in case of switching, and
for energy harvesting, as the power output could be enhanced by the additional bistable
forces. A lumped-element model (LEM) is presented to determine the magneto-mechanical
performance of the new actuator design as a function of the MSMA film temperature, which
complements the experimental study of the dynamic mechanical actuator performance.

We demonstrate that the MSMA film actuator shows bistable switching between two
stable end positions due to thermally induced switching of magnetic latching forces, which
transitions to resonant self-actuation in between the end positions when continuously
heating the permanent magnets above Tc. We report on large oscillation strokes in the
order of 20% of the cantilever length at oscillation frequencies of 50-60 Hz, which allows
for thermomagnetic generation with a power per footprint of up to 2.3 uW/cm?,

2. Material Properties

Sputtering is the most favorable deposition method to obtain thick films on a large
scale, as is required for MEMS technology [6,12]. The resulting film structure depends on
various parameters including the substrate, deposition temperature, sputtering power, and
annealing conditions. Consequently, the as-prepared films can exhibit a polycrystalline
structure [26-28] or an epitaxial relation to the substrate [10,29]. A process has been de-
veloped for the fabrication of freestanding polycrystalline Ni-Mn-Ga films showing 10 M
martensite at room temperature [26,30]. Here, the MSMA films are fabricated by magnetron
sputtering with the target composition of Nigg 5MnygGay; 5. Film deposition is performed
on polyvinyl alcohol (PVA) substrates that can be dissolved after sputtering. A sputtering
power of 200 W is used and the sputtering time is adjusted to obtain a homogenous film
thickness of 10 um. Argon gas flow is maintained at 230 mm?® s~!, and the substrate
temperature is kept at 50 °C. Under these conditions, the as-deposited films are amorphous
and require heat treatment to adjust the crystal structure and phase transformation proper-
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ties. The effect of heat treatment on the performance of polycrystalline Ni-Mn-Ga films is
described in [26]. The final composition after heat treatment of 10 h at 800 °C is determined
by the inductive plasma method to be Nis; 4Mnyg 3Gagg 3.

Our investigations showed that the sputtering power can be used as a means to
control the chemical composition of the films. Therefore, the Ni and Mn contents of the
films decrease with increasing sputtering power for both targets, whereas the Ga content
increases. However, little change in composition is observed for different heat treatment
temperatures between 650 and 1000 °C and heat treatment times between 1 h and 10 h. A
temperature-dependent measurement of the electrical resistance is shown in Figure 1. The
measurement reveals the typical features of a first-order martensitic phase transformation,
namely, a jump-like drop upon heating and a hysteresis upon subsequent cooling. The finish
temperatures of the martensitic and austenitic transformations, Mf/ Af, are determined to
be —20/25 °C. The measurement also exhibits a characteristic kink at 98 °C due to the
ferromagnetic transition. Typical temperature-dependent magnetization characteristics are
shown in the Appendix A (Figure Al). When heating the Ni-Mn-Ga films above T, the
magnetization drops to zero, which will be used in the following to control the magnetic
attraction forces.
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Figure 1. Four-wire electrical resistance measurements of the Ni-Mn-Ga films fabricated by mag-
netron sputtering. Legend: Ajy—austenite start/finish temperature, M —martensite start/finish
temperature, T—Curie temperature.

3. Layout and Operation Principle

The bistable actuator comprises two MSMA films that are mounted at the tip of a
free-standing cantilever on either side, as shown in Figure 2a. Furthermore, two perma-
nent magnets are arranged above and below the cantilever, providing magnetic fields to
magnetize the MSMA films and magnetic field gradients to induce magnetic attraction
forces on the MSMA films. These magnetic forces can be varied in a wide range by increas-
ing/decreasing the temperature of the MSMA films above/below their Curie temperature
T,. The magnets are placed at an angle on both sides of the cantilever to achieve maximum
contact. The coupling of the elastic and magnetic forces, F,; and F,, in the system is illus-
trated schematically in Figure 2b. This coupling gives rise to bistable performance, i.e., the
system can adopt two stable deflection states, whereby external energy is required to switch
between these states. When providing sufficient external energy in the form of mechanical
vibration, for instance, the cantilever tip would oscillate between the two deflection states.
Here, we consider the supply of thermal energy.
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Figure 2. (a) Schematic of the bistable MSMA film actuator consisting of a free-standing cantilever, a
tip mass, and an MSMA film on both sides of the cantilever allowing for two stable end positions;
(b) schematic of the film actuator system and the elastic and magnetic forces, F,; and F, that act
on the freely movable cantilever causing bistable performance. Switching between the two stable
deflection states requires external energy E,y;.

One operation mode is bistable switching by the selective heating of the MSMA films.
At room temperature, the MSMA films are in a ferromagnetic state and, therefore, the
cantilever is attracted to either of the two permanent magnets. Any asymmetry results in a
preferred initial deflection state. Selective heating of the MSMA film being in contact with
its corresponding magnet above T, causes a reduction in magnetization and a decrease in
the magnetic attraction force F;;, until it drops below the restoring force of the cantilever
F.;. In this case, the contact is released and the cantilever deflects back towards its initial
straight position. Due to inertial forces, the cantilever overshoots and is attracted to the
opposite permanent magnet. Due to symmetry, resetting occurs when selectively heating
the opposite MSMA film.

The second operation mode is a thermally induced oscillation between the two de-
flection states. In this case, both MSMA films are heated alternately in a periodic manner,
which is easily accomplished by continuously heating the permanent magnets and main-
taining their temperature above T.. Then, the heating of the MSMA films occurs by direct
contact with the heated magnets. Periodic heating and cooling of the MSMA films cause an
oscillatory motion of the cantilever, as long as the thermal energy supply is maintained.

The cantilever is fabricated by laser micromachining of a CuZn film of 20 um thickness.
The inertial forces in the system are adjusted by providing additional tip masses on either
side of the cantilever. The two MSMA films of Ni-Mn-Ga are attached on top of the
respective tip masses, allowing for thermal decoupling from the cantilever beam. A photo
of the final device is presented in the Appendix A.

4. Lumped Element Modelling of Performance

A lumped element model (LEM) in Matlab SIMSCAPE 2022b is introduced to describe
the coupled magneto-thermo-mechanical coupling within the device and to optimize the
performance parameters. If a small lateral displacement of the cantilever is neglected, the
bending motion of the cantilever can be assumed to be one-dimensional. Thus, a spring
mass damper system can be used to represent the dynamic motion of the microactuator. At
the miniature scale, the gravitational force on the system can be neglected as well. Thus,
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the effective net force F;.; acting on the movable masses mi of the cantilever tip is described
by the force balance as follows:

2
Fuet = cx +kx + Y mix; + Fy (1)
i=1

whereby mi is approximated by

mj = 3 agMeant + M i 2

The parameters ¢4+ and m i represent the masses of the cantilever and the magnetic
SMA films, respectively. ¢ and k denote the damping coefficient and the spring constant of
the structure, respectively. The attraction force between the magnetic SMA films and the
permanent magnets is denoted by F,,;, which is a function of both position and temperature.

ani
ox;

Thereby, V};, denotes the volume of the MSMA films that are magnetized by the ap-
plied field of the permanent magnet. Mr; is the magnetization of the films as a function of
temperature and magnetic field, which is mapped experimentally as a function of the posi-
tion of the two films. The position dependencies are used to determine the magnetic field
gradients aai’l‘_" analytically [31]. Since there are two magnets, the magnetic fields and field
gradients are superimposed to calculate the resulting magnetic field at a given position.

The heat transfer at contact and the thermal dissipation during actuation are mod-
eled by using thermal equivalent circuits. A Cauer model is utilized for representing
different components of the device as a combination of thermal resistance and thermal
capacitance [32]. Figure 3 shows a schematic of the thermal network of the bistable mag-
netic SMA microactuator device. The overall impedance of the system governs its heat
intake and dissipation. This is given by Equation (4), where Zy, is the overall thermal
impedance of the device, Ry ) is the thermal resistance, and Cy,;) (i=1,2,3 ... n) is the
thermal capacitance of the individual components, respectively. In order to obtain the
thermal gradient within the individual components, each component is represented by a
combination of several thermal resistances and capacitances with a resolution proportional
to the number of resistances and capacitances representing one component. Depending
on the dimensions of each component and thermal properties, the heat flow and dynamic
temperature change are obtained [32].

Fmi = VmMTi (3)

(4)

Coupling both the thermal circuit model and the mechanical spring damper model
allows for the time-resolved simulation of the thermal performance, as well as the
dynamic actuation of the bistable device. In order to compare different multistable
nonlinear systems and quantify their stability, a model-based description of the involved
energies is appropriate. This allows the determination of available stable states at the
energy minima and the energy barrier that needs to be overcome in order to switch
between the states.
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Figure 3. Thermal lumped element model of the bistable MSMA film actuator. Both MSMA films reject
most of the heat transferred during contact with the heat source into the cantilever by conduction.

Thus, the cantilever acts as the main heat sink. A minor fraction of the heat is dissipated by convection
to the ambient air during actuation.

5. Resonant Self-Actuation

When continuously heating the permanent magnets above T, the cantilever undergoes
an oscillatory motion, which is governed by the interplay of magnetic attraction, elasticity,
inertia, and damping forces. In particular, the dynamics of heat transfer have an important
influence on the oscillation performance. If heat transfer from the heated magnet to the
MSMA film is slower than the duration of the cantilever eigen oscillations, the cantilever
will rest at the magnet and possibly perform damped eigen oscillations until the magnetic
attraction force decreases enough after a sufficient heating time of the MSMA film to retract
from the magnet. On the other hand, if the cooling of the MSMA film is too slow to be
attracted to the magnet surface, it will undergo chaotic oscillations without touching the
magnet until the attraction force of one of the magnets is sufficiently large. In the optimum
case, however, matching the time constants of heat transfer and mechanical oscillation
will lead to resonant self-actuation [33]. In the present actuator design, the dimensions
of the MSMA films are adjusted for a sufficiently large surface-to-volume ratio, and the
eigenfrequency of the moving mass is tuned to meet the matching conditions. Once the
coupled thermo-magneto-mechanical cycles are balanced, resonant self-actuation occurs,
which is characterized by a continuous periodic oscillation with large strokes and high
frequencies. Figure 4a shows the simulated time-resolved deflection of the cantilever tip in
resonant self-actuation mode. The corresponding time-resolved changes in the MSMA film
temperatures are shown in Figure 4b.
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Figure 4. (a) LEM simulation of the time-resolved deflection of the cantilever tip of the bistable
MSMA film actuator in resonant self-actuation mode; (b) time-resolved temperature change of the
MSMA films 1 and 2 during resonant self-actuation.

Due to the symmetry of the bistable MSMA film actuator, the cantilever tip performs
equal deflections in positive and negative directions. As the MSMA films are heated
alternately while in contact with the permanent magnets, they undergo separate thermal
cycles with a phase shift of 180 degrees for each mechanical cycle. The experimental results
on the time-dependent performance of the bistable MSMA film actuator are presented in
Section 7. Due to the constraints of the experimental setup, time-resolved measurements of
the actuator deflections were not possible. Therefore, the simulation model was validated
using temperature-dependent electrical measurements (see Section 7).

6. Transition from Bistable Switching to Resonant Self-Actuation

Once the permanent magnets are continuously heated above T, the bistable MSMA
film actuator undergoes a transition from bistable switching to resonant self-actuation. Next,
this transition is analyzed via LEM simulations of the evolution of magnetic attraction
forces and the corresponding potential energies.

The magnetic attraction forces acting on the MSMA films 1 and 2 (F;;1 and F,;5) result
in an effective force <F> acting on the cantilever tip. Figure 5a shows the simulated change
in the effective magnetic attraction force <F> versus cantilever deflection during the initial
oscillation cycles before the MSMA film actuator reaches stationary operation conditions. In
the first actuation cycle, the microactuator switches from the initial stable state at —0.5 mm
to the second stable state at 0.5 mm, where it rests until selective heating of the MSMA film
at contact with the magnet causes the microactuator to switch back to the initial position in
the second actuation cycle. Within the first 16 cycles, the system transitions from the initial
bistable switching mode to the resonant self-actuation mode. Thereby, the effective force
maxima <F,> at the permanent magnets decrease from +6.5 mN to about 2.5 mN. This
reduction is caused by an increase in the average temperatures of the MSMA films until
they reach stationary values. Figure 5b shows the magnetic attraction forces F;;1 and Fy,
as well as the resulting effective magnetic force <F> under stationary operation conditions.
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Figure 5. (a) LEM simulation of the effective magnetic attraction force <F> on the cantilever tip of
the bistable MSMA film actuator versus deflection of the cantilever tip during the initial phase of
operation for the selected actuation cycles as indicated. Stationary operation conditions are reached
after about 16 actuation cycles; (b) simulated course of magnetic attraction forces F;;1, Fi2 and the
resulting effective magnetic force <F> in stationary condition.

Figure 6 shows the corresponding simulated changes in the potential energies, whereby
the total potential energy comprises the contributions of the elastic potential energy of the
cantilever and the magnetic potential energies of the two magnetic subsystems. Figure 6a
depicts the change in the total potential energy versus deflection of the cantilever tip during
the initial oscillation cycles before the MSMA film actuator reaches stationary operation
conditions. The dotted line in Figure 6a indicates the symmetry of the total potential energy
in the initial state. In the simulation, the initial position is at zero deflection in the center be-
tween the permanent magnets, where the potential energy shows a pronounced maximum
of about 10 pJ. In addition, two potential minima occur at the surfaces of the two permanent
magnets, which correspond to the two stable deflection states of the actuator. Without a
continuous supply of thermal energy, the MSMA film actuator would deflect towards one
of the two deflection states and rest. The continuous supply of thermal energy during the
contact between the MSMA films and their respective permanent magnets strongly affects
the potential energies. Within the first 16 cycles, the maximum potential energy decreases
considerably to less than 3 pJ. Simultaneously, two pronounced potential energy minima
evolve on either side of the actuator center, whereby they become increasingly pronounced
and propagate towards the actuator center until they become stationary at about £2 um.
This reduction is caused by an increase in the average temperatures of the MSMA films,
which affects the magnetic forces (Figure 5) alike.

Figure 6b shows the potential energies of both magnetic subsystems, the elastic energy,
and the resulting total energy versus deflection once stationary conditions are reached. In
this case, the total energy exhibits two energy minima well apart from the maximum possi-
ble deflection states and a small energy barrier in the actuator center, which is sufficiently
low to enable continuous oscillation. Continuous oscillations occur as long as the kinetic
energy of the moving mass exceeds the barrier height. Therefore, a critical upper limit of
the elastic potential energy exists, above which the energy barrier becomes too high for
resonant self-actuation.
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Figure 6. (a) LEM simulation of the total potential energy versus deflection of the cantilever tip of the
bistable MSMA film actuator during the initial phase of operation for selected actuation cycles as
indicated. Stationary operation conditions are reached after about 16 actuation cycles; (b) simulated
course of potential energies of both magnetic subsystems, the elastic energy, and the resulting total
energy in stationary condition after the sixteenth cycle.

7. Bistable Thermal Energy Harvesting Based on Resonant Self-Actuation

The bistable MSMA film actuator is highly attractive for thermal energy harvesting, as
the operation mode of resonant self-actuation enables an optimum conversion of thermal
energy into kinetic energy of mechanical eigenoscillation. By integrating two pick-up coils,
1 and 2, next to the MSMA films 1 and 2, respectively, instead of the tip masses, a symmetric
energy harvester design is obtained. The core of the pick-up coil is made of copper to allow
thermal conduction between the MSMA film and the cantilever. The outer sides of the coils
are made of brass. The dimensions of the Cu core and brass layers are tailored for optimum
heat transfer, following the guidelines given in [33]. To simulate the energy harvesting
performance, the LEM is extended to include the electromagnetic coupling of the movable
pick-up coil following the approach in [34]. In this case, the time-dependent performance
of the bistable MSMA film actuator can be determined via LEM simulations and electrical
measurements, which allows the validation of the simulation model.

Figure 7a,b show experimental and simulated electrical performance characteristics
of the bistable thermal energy harvester, respectively, for a heat-source temperature of
150 °C. The output current is determined by connecting the two pick-up coils in parallel.
The output occurs in pairs of large and small peaks due to the changing direction of the
magnetic field gradient in the actuation center. The simulation model reproduces the
current amplitude and frequency of the bistable MSMA film actuator very well. Further
experimental and simulation results on the electrical current output at higher heat source
temperatures of 160 and 170 °C are presented in the Appendix A (Figure A2), which further
validate the LEM simulations. The achieved average power of a single device is 0.23 uW at
a heat source temperature of 150 °C and a load resistance of 1000 Ohms, which corresponds
to a power per footprint of about 2.3 uW /cm?.
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Figure 7. Performance of the bistable thermal energy harvester for a heat source temperature of
150 °C. (a) Experimentally determined electrical current in the pick-up coils connected in parallel;
(b) corresponding LEM simulation.

8. Conclusions

A bistable magnetic shape-memory alloy (MSMA) film actuator is presented consisting
of two Ni-Mn-Ga films at the front, on either side of a freestanding cantilever located
between two heatable miniature permanent magnets. By selective heating of the MSMA
films, the actuator operates as a bistable switch, whereby the cantilever can be switched
between two deflection states at the two magnets. Continuous heating of the permanent
magnets above their Curie temperature T, gives rise to a thermally induced oscillation
between the two deflection states. We demonstrate that the cantilever oscillation can be
optimized by matching the time constants of the heat transfer and mechanical oscillation to
achieve resonant self-actuation. A lumped-element model (LEM) is presented to determine
the coupled thermal and magneto-mechanical performance of the bistable MSMA film
actuator. Using LEM simulations, we investigate the transition from bistable switching to
the resonant self-actuation mode. At low MSMA film temperatures, the magnetic potential
of the system is higher compared to the elastic potential, and thus, the system rests in a
stable deflection state at one of the two magnets. Once the MSMA film temperatures exceed
T, during contact with the permanent magnets, the actuator starts oscillating between the
heated magnets. Therefore, the average temperature of the MSMA film increases, resulting
in a decrease in magnetization, and a corresponding decrease in the magnetic attraction
force and in the magnetic potential energy. Under stationary conditions, the total energy of
the system exhibits two energy minima separated by a small energy barrier in the actuator
center, which is low enough to enable continuous oscillation. In resonant self-actuation
mode, the large oscillation stroke in the order of 20% of the cantilever length and high
oscillation frequency at 50-60 Hz enable thermal power generation of 2.3 uW/cm? at a heat
source temperature of 150 °C.
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Appendix A

Appendix A.1. Simulation Parameters

Table Al. Summary of LEM simulation parameters. The parameters depend on the MSMA material
and the detailed operation conditions of the TMG device. Table Al also shows specific values used
for LEM simulation of a TMG demonstrator device using Ni-Mn-Ga films of 10 pm thickness with a
Curie temperature T, of 371 K.

Parameter TMG Device Based on a Ni-Mn-Ga Film Reference
Length of each MSMA film 2 mm This work
Width of each MSMA film 2 mm This work
Thickness of each MSMA film 10 um This work
Density of each MSMA material 8020 kg/ m? [35]
Length of the cantilever beam 5mm This work
Width of the cantilever beam 2mm This work
Thickness of the cantilever beam 20 pm This work
Density of cantilever material 8500 kg/ m? [36]
Length of bonding layer 2 mm This work
Width of bonding layer 2 mm This work
Thickness of bonding layer 10 um This work
Density of bonding layer 1250 kg/m3 [37]
Young’s modulus of cantilever material (E) 1 x 10" N/m? [38]
Contact stiffness beam-magnet (Keont) 1 x 10* N/m This work
Structural damping (c) 1.12 x 1075 Ns/m This work
Impact damping (Ccont) 0.1 Ns/m This work
Thermal conductivity of MSMA material 232 W/mK [39]
Specific heat capacity of MSMA material 490 J/kgK [39]
Thermal conductivity of cantilever material 109 W/mK [40]
Specific heat capacity of cantilever material 400 J/kgK [36]
Thermal conductivity of bonding layer 0.225 W/mK [37]
Specific heat capacity of bonding layer 2100 J/kgK [37]
Area of thermal contact 4 mm? This work
Max. Conductive heat transfer coefficient (Kcong) 8400 W/m?K This work
Max. Convective heat transfer coefficient (Keony) 120 W/m2K This work
Remanent magnetic field 1.07T This work
Number of turns of coil 800 This work
Area of coil 1.96 x 107° m? This work
Electrical resistance of coil (internal resistance) 250 O This work
Electrical load resistance 400 O This work
Operation temperature 423K This work
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Appendix A.2. Experimental Performance Characteristics

Magnetization , M, (arb. unit)

150 200 250 300 350 400
Temperature (K)

Figure A1. Typical low-field magnetization versus temperature curve of the investigated Ni-Mn-Ga
films with two different thicknesses of 5 um (1) and 0.4 um (2) M, adapted from [41].
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Figure A2. Performance of the bistable thermal energy harvester for heat source temperatures of
160 and 170 °C. (a,c) experimentally determined electrical current in the pick-up coils connected
in parallel, (b,d) are the corresponding LEM simulations. The simulation model reproduces the
amplitude and frequency of the bistable MSMA film actuator very well, while the small peaks due to
the changing direction of the magnetic field gradient are less pronounced.
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Magnet 1
Cantilever
MSMA film1
Coils
MSMA film 2
Magnet 2

Figure A3. Experimental setup with the bistable MSMA film actuator shown in front view (a) and
side view (b). It consists of a free-standing cantilever, two pick-up coils, and MSMA films 1 and 2 on
both sides of the cantilever.
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Abstract: This article presents the formulation and application of a reduced-order thermomechanical
finite strain shape memory alloy (SMA)-based microactuator model for switching devices under ther-
mal loading by Joule heating. The formulation is cast in the generalized standard material framework
with an extension for thermomechanics. The proper orthogonal decomposition (POD) is utilized for
capturing a reduced basis from a precomputed finite element method (FEM) full-scale model. The
modal coefficients are computed by optimization of the underlying incremental thermomechanical
potential, and the weak form for the mechanical and thermal problem is formulated in reduced-order
format. The reduced-order model (ROM) is compared with the FEM model, and the exemplary mean
absolute percentage errors for the displacement and temperature are 0.973% and 0.089%, respectively,
with a speedup factor of 9.56 for a single SMA-based actuator. The ROM presented is tested for
single and cooperative beam-like actuators. Furthermore, cross-coupling effects and the bistability
phenomenon of the microactuators are investigated.

Keywords: microactuators; shape memory alloy; thermomechanics; reduced-order modeling; proper
orthogonal decomposition

1. Introduction

Since the discovery of shape memory alloys (SMAs), they have been used in various
applications. For example, as orthodontic appliances, in mobile phones, valves, space
robotics and microactuators [1,2]. Their frequent use in these applications stems from their
unique properties, namely the super-elasticity and the shape memory effect [3-6]. SMA-
based microactuators are in increased demand [7,8] because they have a high mechanical
strength and work density, which results in lightweight structures that can repeatedly
generate large forces with small device sizes [9,10]. SMA-based actuators have the disad-
vantage of low actuation speed caused by the latency of thermal cooling, which is strongly
size-dependent. Song et al. [11] proposed a smart soft composite actuator that is capable of
large deformations with fast bending actuation. Stachiv et al. [12] proposed an approach to
use SMA in combination with an elastic substrate as tunable active layer. Samal et al. [13]
investigated the bending stiffness and radius of curvature of polymethyl methacrylate
(PMMA) and NiTi SMA composites upon application of an external thermal load. The
discussed actuator in this paper is based on a concept explored by Winzek et al. [14]. They
investigated a combination of SMA and polymer that leads to the actuator behaving in a
bistable manner.

These SMA-based actuators usually undergo transformation due to a thermal loading
during their operation. Therefore, it is necessary to understand the complex, nonlinear
thermomechanical behavior of the SMA-based actuator, which makes the numerical imple-
mentation challenging [15].

The shape memory and super-elastic effect occur in SMAs due to a phase transfor-
mation between austenite and martensite, which is induced by thermomechanical load-
ings [9,16-18]. SMA models can be developed based on a continuum thermodynamics
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framework. In this work, we take into account the thermomechanical potential devel-
oped by Yang et al. [19] and assume a potential including internal variables [5,17,20].
Sielenkdmper et al. [21] extended the SMA potential formulation from Sedlak et al. [22]
to the finite strain case, which was developed for small-strain SMA modeling. It captures
the super-elasticity and shape memory effect, as well as the volume change due to phase
transformation, which is found in some SMAs [23]. Frost et al. [24] also developed a ther-
momechanical model for SMAs within the framework of generalized standard materials
that could predict the martensite transformation and its localization. Solomou et al. [25]
proposed a coupled thermomechanical SMA-based actuator model that is capable of simu-
lating heat transfer and convection effects in the actuator. There, the constitutive equations
for SMAs from Lagoudas’ model [10] are used to predict the coupled thermomechanical
response of an SMA beam.

It is often time-consuming to perform an experimental investigation for the design
optimization of new components [26]. For nonlinear multiphysics problems, such optimiza-
tions are usually perceived by numerical simulations [27,28], which might have millions of
degrees of freedom (DOF), and can thus be computationally expensive [29] and also require
a continuously evolving discretized model for nonlinear problems [30-32]. Performing
simulations using an FEM model sometimes becomes unfeasible when performing hun-
dreds of simulations for different, varying parameters such as different loading conditions,
different values of Young’s modulus and Poisson’s ratio to design a new structure [26,33].
Therefore, we need a reduced-order model to reduce the computational cost with respect to
solving parametrized nonlinear partial differential equations (PDEs) [32]. Different model
order reduction techniques that perform well in reducing the computational time while
preserving model accuracy have been utilized. Model order reduction (MOR) is a class of
techniques to approximate a higher dimensional system by a low-dimensional model [26].
POD has been utilized by many researchers as a basis for MOR techniques [34-36].

Reduced-order modeling for a compact FEM model could speed up the investigation
process significantly while keeping a certain level of model accuracy. Vettermann et al. [37]
developed a strategy for coupled thermomechanical problems with nonlinear boundary
conditions for faster simulations of machine tools. Ummunakwe et al. [38] developed
a reduced-order thermomechanical model for packaged chips using Krylov subspace
methods with excellent model accuracy.

JinXiu et al. [39] used POD to analyze transient heat conduction problems and pro-
posed a fast reduced-order model that could interpolate and extrapolate the field variable
at an unknown time. Jia et al. [40] proposed a reduced-order thermal model for a multifin
field effect transistor, which provides accurate solutions. Bikora et al. [41] developed a
low-order model to predict the thermal deformation in reticles for extreme ultraviolet
lithography, which is based on a large-scale thermomechanical FEM model. Hernandez
et al. [42] worked on a thermomechanical reduced-order model for machine tools that pre-
dicts the thermal response in a frequency range and also predicts the coupling between the
mechanical and thermal responses. Das et al. [43] proposed a thermomechanical reduced-
order model using POD to simulate the thermomechanical processes that occur during the
fabrication of photovoltaic cells.

The objective of this paper is to develop a fast and reliable reduced-order model
for the FEM model developed by Sielenkdmper et al. [21]. The novelty of this ROM is
the application to the coupled thermomechanical potential, which was first considered
by Yang et al. [19]. First, samples of snapshots are generated from high-fidelity FEM
solutions for different parameter sets. This so-called offline computation is computationally
expensive. Subsequently, a reduced basis that could best represent the full snapshot matrix
is obtained from the snapshots through statistical tools. Then, the most significant modes
contained in the reduced basis are used to predict the overall behavior of the nonlinear
SMA actuator model.

The article is organized as follows: The second section provides, in compact form, all
necessary equations for the thermomechanical SMA-based model. Then, a reduced-order
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model is presented. Section 3 presents the application of the ROM to different examples.
Finally, Section 4 concludes the paper, along with suggestions for future work.

We used bold letters for first- and second-order tensors, as well as tensor-valued
functions such as P, and light face letters for scalars and scalar valued functions such as T.

2. Modeling of the Thermomechanical SMA-Based Actuator

This section briefly presents the mathematical formulation for the SMA-based actuator
model.

2.1. Continuum Model

Within a continuum body with reference configuration By, the displacement vector
u of a material point with reference position vector X at time ¢ is defined as the differ-
ence between the current and reference position vectors x and X, respectively (u(X,t) =
x(X,t) — X). The deformation gradient F describes the mapping of infinitesimal line
elements from the reference to the current configuration and can be expressed as

F = Grad(x(X,t)) 1)

In the reference configuration, the linear momentum balance for a body By can be
written as
DivP + pgb = 0, 2

where b is the body force, pg is the reference mass density and P is the first Piola—Kirchoff
stress tensor. The boundary conditions are u = i on 9By, and ¥ = PN on 9B, with the
given traction vector # and the external normal N in the reference configuration.

We consider the free energy density (with respect to the reference configuration)
¢ = ¢(C, T, Z), which depends on the right Cauchy—Green tensor C = FTF, the absolute
temperature T and an array of internal variables Z. Inserting this function into the Clausius—
Planck inequality and using Coleman and Noll’s reasoning, we can write

IR,

“or T T or ®)

where s denotes the entropy density per unit reference volume.

We assume a scalar dissipation potential for the isothermal case (the nonisothermal
case is discussed below, see Equation (7)) ¢(Z, Z) to depend on internal variables Z and
the rate of the internal variables Z. For general standard dissipative solids, the rates of the
internal variables are identified by solving Biot’s equation

9 , 9¢

5z 3720 @)

where d¢/9Z in general denotes a subdifferential. We obtain the dissipation density as

oPp(Z,Z) ..
D=—"——F—" L1 5
°Z ®)
Then, the balance of energy with Fourier’s law, for simplicity taken as Q = —«xGradT,

where « is the heat conductivity and Q is the heat flux vector in the reference configuration,
can be represented as
Ts = —Div(kQ) +w+ D, (6)

where w represents the heat source density. The Dirichlet boundary condition for the
thermal partis T = T on dByr. The Robin-type boundary condition is given as Q - N =
a(T — T,) on 0Byq. Here, a is the heat transfer coefficient and T; is the ambient temperature.
Neumann-type boundary conditions are not considered.
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Consider the following rate potential for the nonisothermal case in its time-discrete
format for the material modeling of the SMA (compare Yang et al. [19]).

$(C, T,Z) — (e Tsn)+At<p( zz) @)

where e, and s, are the internal energy density and entropy density at time £, respectively.
Z is a numerical approximation of the time derivative of Z. This means that any Z satisfying
limp;_,0Z = Z is admissible. A typical example is Z = AZ/At. Additionally, At¢ is
denoted as ¢ and is assumed homogeneous of degree one in its first variable in the
following. Note that the major difference of the dissipation potential in the nonisothermal
case compared with the isothermal case is the factor T /T, in the first argument.

The temperature and the displacement vector are the unknown state variables. Fourier’s
heat conduction law is assumed along with dissipative terms. Both state variables are
coupled through the following time-discrete potential

At AtT
ian =1 — (en — T5,) + Ppp — K—ZT ||GradT||2+K 2 HGradTnHz, (8)
n

n

where the last two terms in Equation (8) represent the heat conduction in the body. The
integral form of the incremental potential is expressed as follows:

zxAt

nA_/ pdV — / FoudS— /pob wdV — / T—Tn)2d8+/ At wdv. )
By Bot 3By 2Th By T

Now, the state variables and internal variables are obtained by solving the following

saddle point problem
A0, 50 T o

Here, k, = {u : u = it on 9By, } is the set of admissible displacement values fulfilling
the Dirichlet boundary conditions on the boundary 9By, and k7 = {T: T = T on 9By}
is the set of admissible temperatures that fulfill the Dirichlet boundary conditions on the
boundary 0Byr.

The weak form of the quasi-static linear momentum balance can be obtained by
applying a variation of the potential with respect to the displacement:

Sulln :/ P:6F dV—/ b ou dS—/ pob - 6udV, (11)
By 9B By
where JF and du are the variations of the deformation gradient and displacement vector,

respectively. In the same way, the weak form of the energy balance can be obtained by the
variation with the temperature T as follows:

5THA:/ <(gl£+sn+ —¢a(Z, Z))

n At(s—ZKHGrad(Tn)HZ—G-gw STAV — txg(T — T,)6TdS = 0. (12)
Tn Tn BoQ n

(T) - Grad(éT)

It can be easily verified that Equations (11) and (12) yield Equations (2) and (6), as
well as the corresponding boundary conditions in the limit At — 0, which proves the
consistency of the time-discrete potential with the time-continuous theory.

Furthermore, the variation of the potential with respect to the internal variables yields
the nonisothermal form of Biot’s equation, which represents the stationarity condition with
respect to the internal variables:

9 o
YA 37 + Ataz > 0. (13)
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67IIp = ) Opm
=1

2.2. Reduced-Order Modeling

After solving a fully resolved FEM model for a wide range of certain parameter values,
snapshots (i.e., the model state variable vectors) are stored in a snapshot matrix. After
applying POD on the snapshot matrix, a reduced basis that can best represent the solution
in terms of a few displacement “modes” ;(X) (i = 1,...N,) and temperature modes
Xi(X) (m =1,...Nr) is obtained. The reduced solution for the displacement vector with
the mode coefficient xi(t) can be expressed using this reduced basis as

Nll

Ny
(X, t) = Zﬁi(t)tpi(X); Gradui(X, t) ZCIGradtp( ). (14)
i=1

i=1

Likewise, the reduced solution for the temperature can be expressed via the modes as:

Nt
X, t) =Y pum(H)xm(X); GradT(X,t) Z i (t)Grady, (X), (15)
m=1

where the subscript N, and Nt represent the number of modes selected for displacement
and temperature calculation, respectively. Furthermore, it(X, t) and T(X, t) are the reduced
approximations of the displacement vector and temperature that depend on the position
vector X and time ¢.

Now, the aim is to obtain a weak formulation of the thermomechanical model but with
a reduced number of dimensions, which therefore can be solved faster. The major novelty
in this work is to combine the MOR-scheme described above with the incremental ther-
momechanical potential (Equation (9)). This enables a further performance enhancement,
as the existence of a potential automatically ensures a symmetric tangent, which in turn
enables the use of more efficient linear equation solvers compared with the nonsymmetric
case. Furthermore, the potential-based formulation may be useful for the formulation of
advanced nonlinear equation solvers and when mathematically analyzing the reduced-
order model, which is beyond the scope of the work at hand. The weak form for the linear
momentum balance in reduced-order format is given as

N, .
5:01\ = 5@3[ T:gidV — bop.dS — b dv} (16)
280 1:21 / g / P, / pob - P,

u
Ri

where T = FSFT is the Kirchhoff stress tensor, S = F~!P is the second Piola—Kirchhoff
stress tensor and g? is the symmetric part of G;F ~1, with G; = Grady;(X).
Likewise, the weak form of the energy balance can be expressed as

[ [07p oA 7Ty /
5711y = ./BO< e Grad&T) dv /a o ST 0TAS LwsTdV. (17)

After rearranging and inserting Equation (15), it reads

a7'[A At a7IA aT[A
/ ((87" T, )Xm+ d0GradT Wm>dV /BBOQ oT KmdS |,

R,

where W, = Gradyx(X) and 7, = aAt(T — T,)%/ (2Ty).
The square bracket terms in Equations (16) and (18) are the residuals for the mechanical
and thermal subproblems, respectively. Now, we can linearize both subproblems with

(18)
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respect to the DOFs ¢; and py;, to obtain the tangent moduli required for the global Newton
scheme. Subsequently, the global residual vector and global tangent moduli are expressed as

Kuu KuT
KTu KTT

Ru

R = RT

, (19)

7

where K is symmetric as a result of the potential-based formulation.

3. Results and Discussion

This section presents the results obtained from MOR. The constitutive models (in
particular the SMA model) are taken from Sielenkdmper et al. [21]. For the material
properties of SMA and PMMA, see Table 1 and Section 4.3.2, respectively, in [21]. The FEM
model is solved using the finite element program FEAP [44], and the snapshots for the
displacement and the temperature are stored. These snapshots are then used in the MOR
scheme, which is written in FORTRAN. The visualization of the results is carried out in
Paraview [45].

A bistable microactuator beam is investigated, which is made up of three layers: an
SMA NiTiHf layer, a molybdenum layer, and a PMMA layer, as shown in Figure 1. To
achieve bistability, the polymer layer plays a very important role. On the one hand, if the
polymer layer is too thick, it will make the actuation speed slower with a higher energy
consumption. On the other hand, if it is too thin, it will not be able to hold its shape.
At t = 0, we assume the initial conditions to be given by zero displacements and room
temperature at 20 °C. At the left face, Dirichlet boundary conditions are applied for the
displacement, and for the temperature, where a constant value of 20 °C is considered.
Initially, thermal eigenstrains are introduced, as described in [21], such that the actuator
would be stress-free at 500 °C (annealing temperature). Joule heating is cyclically realized
by a heat source applied to the molybdenum and SMA material in the beam. A sine function
is used to model the magnitude of the heat source (see Equation (Al) in Appendix A).

Figure 1. Dimensions of the actuator assembly, which is clamped at the left side. The red layer is
polymer, blue is SMA and gray is molybdenum.

The heat convection is realized by applying a Robin-type boundary condition to the
top and bottom faces of the actuator. The heat convection term at the remaining air enclosed
surfaces is neglected. The bistability actuation principle of the presented actuator depends
upon the difference in the coefficients of thermal expansion (CTE) between the layers, the
shape memory effect and the difference in volume between the austenite and martensite
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phases. To achieve this bistability in the actuator, a heating cycle is applied as follows. From
the annealing temperature (500 °C), the actuator cools down and the polymer stiffens when
the glass transition temperature Ty is reached. Upon further cooling, austenite transforms to
unoriented (twinned) martensite. Then, the actuator is heated (this is where the simulation
actually starts) just until the glass transition temperature T; of the polymer is reached,
which softens the PMMA layer and causes martensite to twin, and thus the actuator to
relax. Then, cooling down will lock the position of the actuator in place due to the polymer
stiffening below T, which makes the actuator take its first stable state at room temperature.
Again, heating the actuator above the austinite finish temperature will bend it up due to
SMA phase transformation, and then cooling to room temperature will lock this position,
because the polymer hardens before the martensite finish temperature, obtaining the second
stable state at room temperature. The tip displacement difference between the two stable
states is called the bistable stroke, as shown in Figure 7 (see Section 3.3). A typical aim
is to maximize the bistable stroke while keeping the actuator small, which comes with a
low power consumption [21]. We utilized trilinear elements with reduced integration and
hourglass stabilization for all materials for the FEM computations. We refer to [21] for more
information on the fully resolved FEM model.

3.1. Single SMA Actuator

We consider here a single actuator for one heat load cycle with appropriate boundary
conditions for reduced-order modeling and simulation. For this example, the training
data are obtained for different values of Young’s modulus and Poisson’s ratio, replacing
the molybdenum layer by solving the full-order model as shown in Table 1. No external
force is applied for all the examples, only Joule heating is performed. The snapshots are
collected for one heat load cycle. One cycle in which the maximum temperature succeeds
the austenite finish temperature (Ay) is enough to observe the actuation behavior of our
bistable actuator. We acquire 150 snapshots that represent the solution obtained through
Equations (16) and (18), respectively. We determine solutions for a wide range of parameter
values, as mentioned in Table 1. In total, we collect 1350 snapshots for different material
properties. The larger our snapshot matrix, the more accurately we can determine the
optimal reduced basis.

POD [34-36] is utilized separately to obtain the reduced bases for the displacement
and temperature. The model is trained in an offline computation phase. During the online
phase, we predict the actuator behavior using any value in the considered parameter
range. We minimize the thermomechanical potential (Equation (9)) with respect to the
mechanical degrees of freedom to obtain the residual equation for the displacement and,
simultaneously, we maximize the same potential with respect to thermal degrees of freedom
to obtain the residual equation for the temperature. Then, we obtain the modes which are
the global Galerkin ansatz functions for the state variables (displacement and temperature)
separately. In this sense, displacements and temperature are comparable and of equal
“value” or importance. Moreover, the snapshots calculated from FEM contain nonvanishing
Dirichlet boundary conditions for temperature (20 °C), which is technically realized by a
homogeneous temperature mode in addition to the other modes, which are normalized
by subtracting from all nodes of a given mode the temperature at the clamping position
(at x = 0), such that the modes are zero at that location. In the reduced-order model,
temperature Dirichlet boundary conditions are realized, for simplicity, through a penalty
approach in the form of a Robin-type boundary condition with very high heat transfer
coefficient. The material model developed in [21] was fitted to experimental tensile tests
performed at different temperatures and tensile loads. The FEM model predicts reasonable
results, and the dependency on the temperature is also captured accurately. Please see
Figure 2 in Curtis et al. [46]. In that paper, further experiments with bimorph beam
structures similar to the one in this manuscript are also discussed.
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Table 1. Parameter data set for training the reduced-order model for beam type trimorph actuator.

Parameter Set Set 1 Set 2 Set 3
E (MPa) 300 300 300
v 0.31 0.40 0.49
Set 4 Set 5 Set 6
E (MPa) 325 325 325
v 0.31 0.40 0.49
Set 7 Set 8 Set 9
E (MPa) 350 350 350
v 0.31 0.40 0.49

We use the following percentage error measure (Ej,) between FEM and MOR

1 N |uZMOR _ uiFEM|

e X 100%, (20)
1

Eper Nnd =
where uMOR is the displacement solution calculated using MOR, ufEM is the displacement
solution calculated for FEM and Ny is the total number of nodes taken for the error
calculation. The error measure used for the temperature is defined in analogy. In addition
to this global error measure, we use the local measures specified below.

Figures 2 and 3 illustrate the results for FEM and MOR for an “untrained” parameter
set, i.e., using values for E and v, which were not used when computing (see caption of
Figure 2) the snapshot matrix. These displacement and temperature graphs are obtained at
the left tip of the beam actuator, as marked in the Figure 2 with green circles. We consider
10 and 34 modes for the displacement computations based on the frequency graph of the
modes that were obtained after POD computations, as shown in Figure 4. The number of
temperature modes taken is equal to the number of displacement modes.

- T(K)
300.0 350.0 400.0

R e o

Figure 2. FEM and MOR result comparison for temperature for an “untrained” parameter set with 10
modes (E = 331 MPa and v = 0.35).
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Figure 3. FEM and MOR comparison for displacement and temperature for one heat cycle (left).
Temperature graph with 10 modes. Displacement graph with 34 modes (right).
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Figure 4. Eigenvalue graph for modes obtained after POD computation for the displacement and
temperature.

The total time to run the full-scale model for one complete heat cycle and for one
parameter value is ~132 s. Considering the three sets of values for E and v, this takes
~1188 s in total to train the MOR against these parameters in an offline stage. After training
the MOR against these parameters, the online computations are carried out for an untrained
set of parameters. These simulations are carried out on an Intel® Core™ i7-8850H CPU @
2.60 GHz with 32 GB RAM. The speedup factors obtained for this example are summarized
in Table 2.

Table 2. Speedup factor for the model considered for one parameter set and one heat load cycle.

. Displacement CPU Time Displacement
CPU Time FEM Modes MOR Speedup Error
132's 10 45s 29.33 2.489%
132s 34 14.2s 9.29 0.973%
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We also carried out the MOR computations for different untrained sets of parameter
values (E = 320 MPa and v = 0.38, E = 330 MPa and v = 0.33), and the displacement error
value is similar for these calculations (Eper = 0.98%, Eper = 0.971%).

3.2. Cross-Coupling between Actuators

The purpose of this analysis is to comprehend the cross-sensitivities and coupling
effects if two actuators cooperate, as well as to investigate the performance of the MOR
for a more complicated geometry. In confined spaces, actuating one microactuator that is
part of an array might have an influence on the other actuators for cooperative multistable
operation. These are unwanted effects that cause a loss of precision in the actuation. For
example, if there is a huge cross-coupling between the actuators, activating one actuator
through Joule heating will cause the neighboring actuators to actuate, which restricts
the design space of the actuator. These cross-coupling effects need to be understood
properly [47].

Two actuators are connected at the base to a molybdenum block. The bottom and
back-face of the molybdenum base are fixed. A zero Dirichlet boundary condition is applied
for the displacement at the fixed locations, and we have a nonzero Dirichlet boundary
condition at the back-face of the molybdenum block for temperature, which is 20 °C, and
the heat load is applied only at the left actuator. We investigate cross-coupling at different
distances d between the actuators using our developed ROM after training the model
against different size scales of the actuators. For this case, the snapshots are obtained
for the parameters shown in Table 3. The predictions are given for the untrained case of
dimensions, which are 500 x 150 x 24 pum. Figure 5 illustrates the simulation results for
the cross-coupling effect due to thermal load application for FEM and MOR.

Table 3. Parameter training data set for cross-coupling effect investigation.

Dimensions of

Scale One Actuator dq dy d3
LxWxT

mm 5x 1.5 x0.34 1 0.5 0.1

pm 5x15x0.34 1 0.5 0.1

nm 500 x 150 x 3.4 100 50 10

Figure 6 compares the FEM and MOR results for cross coupling sensitivities. The
MOR results generated for this graph are for 52 modes of displacement. The number of
temperature modes is taken to be equal to the number of displacement modes. These
graphs are obtained for the point at the right tip of the first actuator and the point at the
base of second actuator, as illustrated in Figure 5 with green circles. For this analysis,
actuating the left actuator has a minor influence on the neighboring actuator, i.e., the
sensitivity is not very high. When the temperature reaches 440 K at the left actuator, at
a distance of 100 micrometers between the actuators (see Figure 6c), the maximum rise
in temperature is 20 K, which is measured at the base of the second actuator, where the
maximum temperature is found. This increase in temperature is not enough to initiate the
actuation of the second actuator, because the temperature increase in the second actuator
has not yet reached T, of the PMMA and the phase transformation temperature of SMA.
The heat is transferred via conduction. The base that connects the two actuators plays
an important role as, if we use any material that has a higher conductivity, we may see
cross-coupling effects between the actuators.

For the displacement, the error for a small number of modes is large (see Table 4). By
enriching the basis with more modes, the error decreases. Table 4 summarizes this finding,
including the speedup factor for this example.
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Figure 5. FEM and MOR temperature results for cross-coupling effect investigation for an untrained
actuator geometry (500 x 150 x 24 pm).

Table 4. Speedup factors for the model considered for one parameter set and one heat load cycle at

d =100 pm.
. Displacement CPU Time Displacement
CPU Time FEM P Speedup P
Modes MOR Error
202's 10 12.2s 16.5 6.54%
202's 52 42s 4.8 1.29%
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Figure 6. Temperature and displacement graphs for different distances between actuators for the
investigation of cross-coupling effects: (a) Temperature prediction at d = 1000 pm. (b) Displacement
prediction at d = 1000 pm. (c) Temperature prediction at d = 100 pm. (d) Displacement prediction at
d =100 pm.
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3.3. Bistability

The term bistability describes the actuator’s ability to be able to hold two stable states
at room temperature, which is useful for energy efficient switching of microdevices [48].
We investigate the trimorph NiTiHf/Mo/PMMA-based microactuator’s bistable stroke
capabilities using the proposed reduced-order model. The resulting stable states at room
temperature are shown in Figure 7. This phenomenon was already discussed in Section 3.
Please see, respectively, Sections 4.3 and 3.4 in [21,46] for further details about the bistability
phenomenon.

For the bistability performance investigation, we apply two heat load cycles for
observing the two stable states of the actuator. We examine the actuator dimensions
of 10 x 5 x 0.19 mm3 with 10, 20 and 160 pm thicknesses for NiTiHf, Mo and PMMA,
respectively.

Figure 7 illustrates the bistability and shows the comparison of FEM and MOR results
for displacement and temperature. The first heat cycle heats the actuator just above the
polymers glass transition temperature T; and the second cycle just above the austenite
finish temperature of the SMA. The two stable positions at room temperature obtained
with the SMA-based actuator are depicted in Figure 7. Here, for the displacement and
temperature, using 10 POD modes, the FEM and MOR results agree well. The speedup
factor acquired for this analysis is 58.29, with 1061 s and 18.2 s for the FEM and MOR
computations, respectively.

: : : — ‘ 460
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MOR y-displacement e Y Stable state It
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Figure 7. MOR results for displacement magnitude at two different stable states (left): Bistable
positions for the selected actuator with FEM and MOR comparison (right).

4. Conclusions

A reduced-order model for a thermomechanical finite strain shape memory alloy actu-
ator is presented in this paper. Using POD, the reduced basis is obtained. The weak forms
of the mechanical and thermal problem are formulated in the reduced-order format. As a
major novelty, the reduced-order model is derived from an incremental thermomechanical
potential, which ensures a symmetric tangent, and thus allows for efficient solvers and may
enable a mathematical model analysis and the employment of enhanced solution methods.
The ROM is tested for a single actuator example, cross-coupling effects for two actuators
and bistability performance. It was shown from the numerical examples that the model
can predict the properties of a parameterized actuator model with controlled accuracy and
with less computational effort. The error can be reduced further if the snapshot matrix is
enriched with more offline computations.

The ROM developed in this paper still needs further improvement in predicting new
parameter values more accurately in less computational time. Therefore, we intend to
perform hyper-reduction, in which instead of using each integration point, a reduced set of
integration points is evaluated to reduce the computational time.
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Appendix A

For a geometry in millimeter scale as in for single actuator example 1, we realized the
heating of the actuator through the following sine function:

t At
w = 3107‘sin (0.1 (S + 6) ) - 0.6‘ = mWmm>?, (A1)
n
where £ is the simulation time in seconds, At is the time step size and T is the temperature

at t,,. For a geometry in micrometer scale as in example 2, we realized the heating of the
actuator through the following sine function:

w = 273460’sin <0.1 (; T 6)) - 0.6‘ % mWmm~—3, (A2)
n

In example 3, two heat loading cycles are applied, one just above the T, and the second
cycle above the austenite finish temperature to visualize the bistability phenomenon

A
Wy = 807’sin (0.1 (; n 6)) - 0.6‘ T—t mWmm 3, (A3)
n

w; = 1491‘sin (0.1 <; - 6)> - 0.6‘ % mWmm >, (A4)
n

where w, and w; are the upper and lower heat load cycles.
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Abstract: This paper presents results of the first phase of “Dielectric Elastomer Cooperative Mi-
croactuator Systems” (DECMAS), a project within the German Research Foundation Priority Pro-
gram 2206, “Cooperative Multistable Multistage Microactuator Systems” (KOMMMA). The goal is
the development of a soft cooperative microactuator system combining high flexibility with large-
stroke/high-frequency actuation and self-sensing capabilities. The softness is due to a completely
polymer-based approach using dielectric elastomer membrane structures and a specific silicone bias
system designed to achieve large strokes. The approach thus avoids fluidic or pneumatic compo-
nents, enabling, e.g., future smart textile applications with cooperative sensing, haptics, and even
acoustic features. The paper introduces design concepts and a first soft, single-actuator demonstrator
along with experimental characterization, before expanding it to a 3 x 1 system. This system is
used to experimentally study coupling effects, supported by finite element and lumped parameter
simulations, which represent the basis for future cooperative control methods. Finally, the paper
also introduces a new methodology to fabricate metal-based electrodes of sub-micrometer thickness
with high membrane-straining capability and extremely low resistance. These electrodes will enable
further miniaturization towards future microscale applications.

Keywords: dielectric elastomers; actuators; micro-system; cooperative

1. Introduction

Cooperative microsystems usually rely on silicon [1], fluidic [2], shape memory al-
loy [3], or piezoelectric transducers [4] to implement actuation. Despite their ease of
miniaturization, those solutions generally result in small strokes, low efficiency, and stiff
designs. Dielectric elastomers (DEs), consisting of thin and stretchable capacitors that
expand when subjected to high voltage, appear to be a suitable alternative technology
for cooperative microactuators [5-7]. They feature properties such as large deformations,
inherent flexibility, high scalability, high energy density and efficiency, as well as the ability
to work as actuators and capacitive sensors at the same time (self-sensing [8]). While
multistability is generally introduced in actuators to save energy, in the case of DEs (which
are already low-power actuators due to their capacitive nature), multistability can be used
in unconventional ways. For instance, a multistable biasing mechanism allows the mag-
nification of the system stroke by up to an order of magnitude compared to a linear bias

spring [9].

2. System Design

In order to achieve large strokes in dielectric elastomer membrane systems, Hod-
gins et al. [9] demonstrated the usefulness of so-called negative-rate bias springs based on
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stainless steel (NBS). This property can also be realized using soft silicone dome structures
(Figure 1a). Neu et al. [10-12] showed that, depending on the dome geometry, the negative
slope in a force—displacement curve can be tuned to match the corresponding dielectric
elastomer actuator (DEA) curves (Figure 1b,c). Coupled with a 50 um silicone film (Wacker
ELASTOSIL 2030) of 10 mm diameter, the resulting DEA-NBS system (Figure 1d) could
be shown to generate strokes of approximately 2 mm under various inputs while being
able to adjust to different curvature configurations, thus demonstrating the flexibility of
the approach.

——dome, inner radius =5 mm
03 ——dome, inner radius = 4 mm

dome, inner radius = 3 mm
——dome, inner radius =2 mm

——DE, 3kV
0.4 Dome. bestinner radius

0 2 4 6 8 0 2 4 6
Displacement (mm) Displacement (mm)
(b) (©)
R, iy
5 3
2 o R, ol
—_ — o
E &
E15 £18
g £
= 1o . L
[7] [0} = wl/ N
——Square-wave input 14 By Q/"p
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(d) (e) )

Figure 1. Silicone-based dome as negative-rate bias spring (a), load-deformation behavior (b,c), DE
actuator (d), DEA stroke (e), stroke for different bending radii (f).

The concept was then extended to a multiactuator configuration [13-15]. In order to
minimize fabrication and assembly efforts, future systems should ideally consist only of
one DE membrane. This, however, introduces potential coupling effects that first need to
be investigated for cooperative actuation. Figure 2a shows a 3 x 1 DEA system with carbon
black (CB)/polydimethylsiloxane (PDMS) electrodes screen-printed on the same silicon
membrane [16], which was subsequently characterized in a specifically designed test rig
(Figure 2b). The plots in Figure 2c illustrate that the actuator performance of the center
DE?2 is not affected by a simultaneous displacement of its neighbors, while DE2 is still
able to sense its own displacement as well as those of its neighbors through a capacitance
measurement (Figure 2d).

Deform via
linear motor

Constant
deflection

DE 2 at 0 kV 08 DE 2 at 2.7 kV 320 DE 1 capacitance
“|—DE1&3Mat —DE 183 flat —DE 1 being deformed
DE 1 &3 deflected DE1&3deflected __300 DE 2 being deformed
8 mm out-of-plane 0.6 8 mm out-of-plane 1
= -;280
= o
304 £
. Y S 240
= Uncoated silicone  DE electrod 02 02 &
DE electrode printed onto membrane electoce o220
area
a silicone membrane | 200
g 1 23 0 0
5 10 15 0 5 10 15 0 5 10 15
Displacement (mm) Displacement (mm) Displacement (mm})
(0) (d)

Figure 2. 3 X 1 DEA membrane w/CB/PDMS electrodes (a), test rig for coupling characterization (b),
center DE actuation properties unaffected by neighbor deflection (c), center DE sensing properties

capable of self-detection and neighbor detection (d).
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These features demonstrate the system’s potential for future cooperative behavior, as
illustrated by Figure 3a,b. Figure 3c shows an example of a simple wave propagation experiment.

Cross-sectional view

Dome-based biasing

3D rendering

(a)

Uncoated silicone film Electrode area

- . Uncoated silicone film

t=0.166s

active DE

(b)

Figure 3. 3 x 1 DEA membrane w/polymeric dome bias, schematic side view (a), 3 x 1 DEA
membrane w/ polymeric dome bias, full view (b), 3 x 1 DEA membrane w/polymeric dome bias,
simple wave propagation (c).

3. Modeling and Simulation

For a suitable choice of system geometries and materials, it is crucial to rely on
simulations of the mechanical and electro-mechanical behavior. Figure 4 shows a finite
element simulation performed with COMSOL [17,18], identifying the dome properties for
the above silicone bias system.

First dome prototype

COMSOLrendering

—DE, 0 kV

0.6 |—DE, 3.5kv

= =Dome, model
-Dome, experiment

© Targetdome points

]
| 0 2 4 6 8
e Wom  weer oo how s Bew  oew e Displacement (mm)
(b) (c)

Figure 4. Single element polymeric dome bias, FE mesh (a,b), electro-mechanical simulation of single
DEA system, experimental validation (c).

While Figure 4 illustrates the behavior of an individual dome-based DEA system, the
plots in Figure 5 are the results of an electromechanical FE simulation of the 3 x 1 system
above [19,20]. The simulation is able to reproduce the coupling behavior from Figure 2,
while also giving an estimate of the effect of spacing between individual DEAs.

Based on the above COMSOL approach, Croce et al. also developed a lumped-
parameter version of the model [21,22], which will allow for the computationally efficient
implementation of future cooperative control strategies (see Figure 6).
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Figure 5. 3 x 1 DEA system, FE mesh (a), electro-mechanical simulation of 3 x 1 DEA system, exper-

imental validation actuation (b), electro-mechanical simulation of 3 x 1 DEA system, experimental

validation sensing (c), electro-mechanical coupling effects (d).
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Figure 6. 3 x 1 DEA system, lumped-parameter model for computational efficiency (a,b), electro-
mechanical simulation of 3 x 1 DEA system, experimental validation actuation (c,d).

4. Electrodes

While the CB/PDMS electrodes from above have been successfully used for a number
of macro-scale applications, their miniaturization potential is somewhat limited due to
the resolution of the underlying screen-printing technology. To address this issue, Hu-
bertus et al. [23,24] developed a technology based on the sputter deposition of Ni-based
electrodes. One of the key features of the approach is pre-stretching the PDMS membrane
prior to the electrode deposition. Unloading of the membrane after sputtering then leads
to a strongly wrinkled surface; see the top left of Figure 7a. Operating the DE afterwards
in a strain range below the pre-stretch level unfolds the wrinkles, which, coupled with
the extremely low electrode thickness of <20 nm, does not impact the stiffness of the DEA
negatively (Figure 7a, top right), hence allowing for efficient actuation.
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Figure 7. Single element DEA with Ni-sputtered nano-scale electrode (a), strong adhesion between

electrode and silicone membrane (b), low resistance over large strain range (c), high cycle fatigue

with stable resistance behavior

(d).

153



Actuators 2023, 12, 141

Figure 7b displays the strong adhesion between the electrode and the PDMS membrane.
Furthermore, despite the low layer thickness, the electrode features a very small electric
resistance in the operation range up to the pre-stretch level (Figure 7c), remaining stable
over several million cycles (Figure 7d).

Additionally, the authors developed a highly efficient way of structuring the electrodes
on the DEA’s top and bottom sides (Figure 8a) to obtain desired shapes for a broad range of
target applications [25]. Tuning the wavelength and other laser operation parameters, they
could utilize metal and polymer absorption behavior (Figure 8b) such that top and bottom
electrode layers could be simultaneously removed with a single laser with high precision
from one side only (Figure 8c).

Starting point: silicone entirely 0.8 L?Se'.' trench
coated on both sides S - width: 10 um
"a_ B

Layers removed on both sides 204 ——Ni10nm
2 —— Ni10nm+C10nm
Removed on top-side 02 5 Wacker PDMS TS
Removed on Backside 9950 250 300 350 400 450 500 p—.
Wavelength (nm)
fa) () ©

Figure 8. Simultaneous two-side electrode structuring technique (a), based on optimal absorption
properties (b), high resolution suitable for future MEMS applications (c).

5. Conclusions and Outlook

The paper presented first steps towards future cooperative dielectric-elastomer-based
microactuator systems, detailing design, simulation, and system fabrication including
a novel electrode technology. Based on a fully polymeric approach without fluidics or
pneumatics, these systems (Figure 9a,b) will be suitable for, e.g., wearable and other mobile
applications in the future. They will be able to generate a multitude of complex cooperative
motion patterns such as self-organized transport processes for microconveyor systems or
wave propagation signals in wearable haptics devices, potentially combining these with
hapto-acoustic features [26,27]; see Figure 9c.

(a)

Sub-50 um DE Wearable wristband Micro-conveyor

10 nm thin film electrode

Micro-scale bi-stable biasing dome

(b) (©)

Figure 9. Future fluidics-free and highly flexible cooperative DEA-MEMS system (a,b), potential
applications in smart textiles or self-organizing microconveyor systems (c).

The next steps in Phase 2 of the DECMAS project will address a systematic study on
the miniaturization and subsequent fabrication of the developed system with sub-50 pm
PDMS membranes and microstructured Ni-sputtered electrodes. These steps will make use
of further simulations and will particularly develop novel cooperative model-based control
methods. In addition, an extension to a 3 x 3 design is planned to generate 2D arrays such
as the ones proposed in, e.g., [28].
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Abstract: This paper presents an overview of cooperative actuator and sensor systems based on
dielectric elastomer (DE) transducers. A DE consists of a flexible capacitor made of a thin layer
of soft dielectric material (e.g., acrylic, silicone) surrounded with a compliant electrode, which is
able to work as an actuator or as a sensor. Features such as large deformation, high compliance,
flexibility, energy efficiency, lightweight, self-sensing, and low cost make DE technology particularly
attractive for the realization of mechatronic systems that are capable of performance not achievable
with alternative technologies. If several DEs are arranged in an array-like configuration, new concepts
of cooperative actuator/sensor systems can be enabled, in which novel applications and features
are made possible by the synergistic operations among nearby elements. The goal of this paper is
to review recent advances in the area of cooperative DE systems technology. After summarizing
the basic operating principle of DE transducers, several applications of cooperative DE actuators
and sensors from the recent literature are discussed, ranging from haptic interfaces and bio-inspired
robots to micro-scale devices and tactile sensors. Finally, challenges and perspectives for the future
development of cooperative DE systems are discussed.

Keywords: dielectric elastomer (DE); dielectric elastomer actuator (DEA); dielectric elastomer sensor
(DES); cooperative actuator; micro-actuator; array actuator; soft actuator

1. Introduction

The development of cooperative systems, in which several entities (or agents) per-
form a complex task by sharing information with their neighbors and coordinating in a
decentralized fashion, represents an attractive and highly challenging goal for researchers
working in many areas [1]. Compared to centralized system architectures, the advantages
of cooperative solutions include ability to adapt to a great variety of configurations and/or
environments, modularity, robustness to failures and disturbances, and a reduced amount
of computational effort. The paradigm shift from centralized to cooperative architectures
has been made possible by recent technological advances in miniaturized actuators and
sensors [2], as well as by the development of reliable and communication paradigms [3]
and distributed control algorithms [4]. At the macro-scale, the introduction of cooperative
strategies has led to a number of novel concepts and applications, which range from the
intelligent management of smart grids [5] and sensor networks [6] to the coordination of
teams of autonomous vehicles [7], robots [8], and unmanned aerial vehicles [9], to mention
few examples. At the same time, cooperative concepts have also been successfully applied
to micro electro-mechanical systems (MEMS), leading to devices in which a complex global
task is accomplished via the cooperation of several micro-actuator units. Some relevant
examples include arrays of micro-actuators functioning as micro-conveyors [10-13], micro-
manipulators [14-16], micro-fluidic systems [17], and reconfigurable structures [18,19].

In macro-scale cooperative systems, the individual behavior of each agent is generally
well understood, and most of the technological issues are related to communication and
control strategies, as well as energy autonomy. In case of meso- or micro-scale cooperative
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devices, however, integration and miniaturization efforts also represent highly critical tech-
nological challenges [20]. Moreover, even though some authors succeeded in implementing
advanced control paradigms in cooperative micro-actuators [21-24], most such devices
are still controlled via centralized or open-loop methods, possibly due to the challenges in
miniaturizing the sensing, communication, and online processing units. As a result, the full
exploitation of the benefits of cooperative control in micro-actuator systems is still far from
being achieved. Examples of micro-actuator application areas that may benefit from new
features introduced by cooperative control methods include haptics [25,26], wearables [27],
and reconfigurable displays [28].

A potential means to enhance miniaturization while keeping the desired actuation/
sensing and cooperative functionalities consists of adopting highly integrated multifunc-
tional transducers based on smart materials. This term refers to active materials capable of
modifying their mechanical properties (e.g., geometry, force, stiffness) when subjected to
an external stimulus of electrical, magnetic, thermal, or chemical nature [29-31]. Thanks to
the so-called self-sensing operating mode, smart material transducers are able to work as
actuators and sensors at the same time, thus allowing to reduce cost and size of the final
device [32-34]. Even though most of the state-of-the-art cooperative micro-actuators are
driven by conventional technologies (e.g., silicon actuators, microfluidic valves), a number
of smart-materials-based prototypes have also been successfully developed. Some notable
examples include tactile displays made of shape memory alloy [35], piezoelectric unimorph
actuators [36], shape memory polymer flexile tactile displays [37], and artificial skins based
of stimuli-responsive hydrogel [38].

Among the many transducers that appear as potential candidates for the design of
cooperative micro-actuators, dielectric elastomers (DEs) represent a highly promising
alternative [39]. A DE consists of a flexible and highly stretchable capacitor made of
polymeric material. Thanks to their large deformability, design scalability, high energy
density and efficiency, and dual actuator/sensor behavior, DEs have become a popular
technology in various areas of mechatronics, including industrial actuators [40,41], soft
robotics [42,43], wearables [44,45], and artificial muscles [46,47]. Despite most of currently
developed DE-based devices are stand-alone systems that operate at the macroscopic
level [48], these active materials offer many opportunities for the development of innovative
small-scale cooperative applications [30,49]. In contrast to other types of cooperative
systems based on micro-valves and silicon MEMS technologies, the intrinsic flexibility and
large deformability of DE transducers open up new areas of applications, such as intelligent
wearables, smart skins, and bio-inspired soft robots.

The goal of this review paper is to provide an overview of recently developed coop-
erative actuator and sensor systems based on DE technology. Throughout this work, the
term cooperative is used to refer to those devices in which many DE units are arranged
in an array-like layout, resulting in a fully integrated system where the single elements
interact with each other to perform coordinated tasks of various complexity. Potential
examples include reconfigurable haptic displays, bio-inspired robots capable of coordinated
motion, conveyors of small objects, and wearable sensor surfaces for the detection of local
pressure distributions. After describing the basic operating principle of DE transducers
and presenting the most common types of DE actuator configurations, a wide variety of
cooperative DE systems from the recent literature is presented, focusing on both actuation
and sensing applications. Although most of the current cooperative DE systems are de-
veloped to operate at the macro-scale, examples of concepts that push the miniaturization
limits of the technology will also be highlighted.

The remainder of this paper is organized as follows. Section 2 describes the basic
operating principle of DE transducers and presents the most common types of actuator
configurations used in cooperative applications. A variety of cooperative DE actuators and
sensors from the literature are then reviewed in Section 3. Finally, Section 4 outlines future
perspective and possible new research directions for cooperative DE systems.
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2. Dielectric Elastomer Transducers

This section summarizes the basic operating principle of DE transducers. After de-
scribing the basic actuation and sensing principle of the transducer, the most common
types of DE layouts encountered in cooperative applications are presented.

2.1. Dielectric Elastomer Material and Operating Principle

A DE basically consist of a thin (typically 20-100 um) layer of highly elastic dielectric
material coated with compliant electrodes on both surfaces. Common materials used as
dielectric are acrylics [50], silicones [51], natural rubbers [52], synthetic rubbers [53], and
polyurethane [54], while the compliant electrodes can be manufactured via carbon-based
compounds [55] or thin metal films [56]. The first documented investigation of DEs is due
to Rontgen, who demonstrated their operating principle back in 1880 [57]. The effect was
then rediscovered more than one century after by Pelrine and coworkers [58], causing a
renovated interest in the technology by the smart materials research community. Over the
last two decades, DEs have generated a large amount of basic and applied research, which
led to the publications of the first standards in 2015 [59].

To understand the operating principle of a DE actuator (DEA), we consider the sketch
provided in Figure 1a in which an undeformed DE membrane is depicted. When an electric
voltage difference is applied between the electrodes, charges of opposite signs are stored
onto them. The combination of attractive electrostatic forces among charges of opposite
signs (i.e., between the two electrodes), and repulsive electrostatic forces among charges on
the same sign (i.e., on the same electrode) cause the DE membrane to reduce in thickness
and expand in area, as shown in Figure 1b. This electro-mechanical transduction principle
can be quantified via the following equation [58]:

o\ 2
OMax = —€0€YE2 = _€O€r<g) ’ 1)

where o1,y is the Maxwell stress, i.e., the compressive stress that arises as a consequence of
the applied voltage (cf. Figure 1b), €y and €, are the vacuum and DE relative permittivity,
respectively, while E is the electric field in the material and is given by the ratio between
applied voltage v and membrane thickness z. In order to practically understand the effect
of Maxwell stress in Equation (1) on the overall material response, Figure 1c reports an
example of (in-plane) force-displacement curves of a DE membrane for different applied
voltages [60]. As it can be seen, the application of the voltage results into a change of the
elastic force. This fact plays a key role when designing a DEA, as it will be discussed in
Section 2.2. Furthermore, it can be noticed that the DEA curves also exhibit nonlinearities
and a rate-dependent hysteresis because of the complex response of the elastomer.

Other than working as an actuator, a DE membrane can also be used in sensing
applications. With respect to the DE sensor (DES) layouts shown in Figure 2a,b, we can
express the electrical capacitance via the usual parallel-plate capacitor equation:

A;
Ci :Eoer?, iIO,l, (2)
i

where C;, A;, and z; represent the capacitance, surface area, and thickness of the DES when
being undeformed (i = 0, Figure 2a) and deformed by an external in-plane force (i = 1,
Figure 2b), respectively. Since the DE material is incompressible [39], the total volume of
elastomer remains constant in both states, i.e., zgAg = z1A;. Using this fact in conjunction

with Equation (2) leads to:
G_ (%) (A o
Co \z1/) \A/’

which implies that we can use the change in capacitance to detect geometric changes in the
DES membrane thickness or area. An example of experimental capacitance-displacement
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curve of a DES is shown in Figure 2¢, confirming the monotonic relationship between the
two quantities.
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Figure 1. Operating principle of a DEA, deactivated state (a), activated state (b), and example of
force-displacement characteristics for different applied voltages (c).
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Figure 2. Operating principle of a DES, undeformed state (a), deformed state (b), and example of

capacitance-displacement characteristics (c).
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In general, the performance of a DE are strongly dependent on the adopted material.
For instance, while acrylic elastomers are able to sustain reversible deformations up to
400-500% and exhibit a relatively low elastic modulus (on the order of 20 kPa), they are
also subject to high electro-mechanical losses which, in turn, results in inefficient and slow
operations [53,61]. On the other hand, silicone elastomers are more rigid (on the order
of 100-1000 kPa) and can sustain deformations up to 100%, but are significantly faster
(>50 times), exhibit smaller losses, and have a longer (>100 times) cyclic lifetime [62,63].
Another important aspect is represented by the compliant electrodes, which are used
to apply a high voltage. Since the elastomer can undergo very large deformations, the
electrode must also be capable of high stretchability and compliance, while exhibiting at the
same time low mechanical degradation and resistivity [56,64]. Commonly, these features
are achieved with carbon-based materials, such as carbon powder [65], carbon grease [66],
or carbon black [67], whose manufacturing can be systematically addressed via inkjet
printing [68], screen printing [55], or dip-coating processes [69]. While this process usually
results in electrodes thickness on the order of 5 um and sheet resistances of 50 k) /[, it
has recently been shown that ultrathin (10 nm) sputter-deposited metallic electrodes result
in a sheet resistance on the order of 0.5 k(2/0], and are able to withstand a strain up to
200% while remaining electrically conductive [70]. Nanoscale electrodes, in conjunction
with laser-structuring methods [71], open up the possibility of using DE transducers in
micro-scale applications.

2.2. Dielectric Elastomer Actuators Configurations

The Maxwell stress described by Equation (1) represents the main physical principle
that enables the use of DE in actuator applications. The main advantages of DEAs include
large deformations, high compliance and flexibility, low power consumption (on the
order of mW), high energy density and efficiency, broad bandwidth (from DC up to
several kHz), lightweight, and low cost [39]. The intrinsic multi-functionalities of DE
transducers makes it possible to use them as actuators and sensors at the same time, by
exploiting the so-called self-sensing mode. In this way, one can reconstruct the DEA
displacement [34,72-74] or force [75] via online processing of electrical quantities only
(e.g., electric voltage and current), and eventually use this information to implement a
sensorless control system [76-78]. Major drawbacks of DEA technology include the need
to generate a high voltage on the order of several kV (for membrane thickness within
the range 20-100 um) to produce a meaningful actuation. This, in turn, results into high
electric fields which are close to the breakdown strength of the material [79,80], negatively
affecting the lifetime of the device. In addition, the strong nonlinearities of the material,
in combination with the large deformations, makes their accurate modeling and control a
highly challenging task [81,82].

The high flexibility of DEAs makes it possible to generate a variety of layouts and
actuation modes [83]. It can be noted that the Maxwell stress principle shown in Figure 1
can be exploited to generate two different actuation modes, i.e., thickness contraction and
membrane expansion. Those two modes are exploited to develop different types of DEAs.

The thickness reduction mode can be naturally used to develop contractile actuators.
Since the absolute thickness reduction of a single DE layer is on the order of few microme-
ters, one generally achieves a macroscopic stroke by stacking together several layers, which
are then activated simultaneously with the same high voltage signal [84,85]. A sketch
showing the layout and principle of such actuators is reported in Figure 3a. Stack DEAs
allow to simply tune the actuation stroke and force by changing the number of layers
and the electrode surface areas, thus they appear as highly scalable. Other advantages of
this topology include high compactness and energy density. In general, stack DEAs are
preferred when one needs to generate higher forces rather than large stroke.
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Figure 3. Different types of DEAs: stack actuator (a), in-plane membrane actuator (b), out-of-plane
membrane actuator (c).

At the same time, the electrode area expansion mode can be also exploited as a means
for an actuation. In this case, differently from the stack actuator case, the motion is an
elongation rather than a contraction. Membrane DEAs can be further divided into two
sub-categories, i.e., in-plane actuators and out-of-plane actuators. On the one hand, when
an in-plane membrane DEA is electrically activated, its motion is always restricted to a
two-dimensional plane, see Figure 3b. Examples of in-plane membrane DEAs include
strips [86,87], uniaxial rolls [88,89], and lozenge-shaped [90]. On the other hand, the motion
of out-of-plane membrane DEAs is not constrained to a two-dimensional plane, thanks to
the adoption of design solutions that generate external forces directed orthogonally to the
elastomer, see the example in Figure 3c. Examples in this category include cones [91-93],
double-cones [91,94,95], and bending structures [96,97]. A wide variety of actuation pat-
terns can be realized through membrane actuators, depending on the type of geometry
and pre-loading condition to which the membrane is subjected. Membrane actuators are
preferred when one needs to generate a larger stroke, possibly in combination with a
complex motion pattern, even though stacking concepts can be used also in this case to
multiply the amount of force [98].

In order to generate a meaningful actuation stroke, a membrane DEA is usually
combined with a mechanical biasing system which provides a pre-load force. It is remarked
that the role of such a biasing system is fundamental in determining the performance of the
actuator [99], and can lead to an increase in stroke up to one order of magnitude given the
same DE membrane layout and applied voltage [86]. To understand why, we notice that at
equilibrium the force of the DE membrane and the one of the biasing system must be equal.
Graphically, such equilibrium condition can be obtained by plotting the biasing system
force-displacement curve on top of the DE membrane characteristics, and checking for
the corresponding intersection points. In particular, the intersections between the biasing
curve and the low /high voltage DE curve correspond to the equilibrium position when the
DE is deactivated/activated; thus, their inspection allows to readily estimate the stroke.
Figure 4 provides several examples of commonly adopted biasing systems, together with
the corresponding force-displacement curves for prediction of the stroke. As it can be seen,
conventional biasing solutions, such as hanging masses [88,100], linear springs [101,102],
pressurized air [103,104], or a second DE membrane [105,106] leads to a relatively small
actuation stroke. In contrast, the use of negative-stiffness types of springs results in a
significantly larger amount of stroke, since the resulting change in slope allows the biasing
system curve to fit between the two DEA characteristics (note that the slope of the biasing
curve appears as positive even though the stiffness is negative, since we are plotting the
bias curve with respect to the DE deformation, not the biasing one). In the literature, this
type of negative-stiffness biasing has been achieved in several ways, e.g., via bi-stable
beams [91,99], attracting permanent magnets [107], compliant [92] as well as spring-based
mechanisms [108], or buckling polymeric domes [109].
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Figure 4. Examples of biasing elements used in membrane DEAs: linear spring (a), pressurized
air (b), a second DE membrane (c), and negative-stiffness spring (d). In each case, the green segment
quantifies the resulting actuation stroke.

3. Dielectric Elastomer Applications in Cooperative Actuator and Sensor Systems

The unique combination of large strain, scalability, high energy density, low power
consumption, low cost, and self-sensing has made DE technology highly attractive for the
realization of cooperative actuator and sensor systems. A prototypical example of such
device is shown in Figure 5. Here, several DE elements are arranged in an array-like layout,
and can be operated either as actuators or as sensors (or, eventually, as self-sensing actuators
capable of executing both modes at the same time). The synergistic coordination among
the various taxels enables complex tasks that are not achievable with individual actuators.
Possible examples include wearable haptic interfaces capable of recognizing different
touch inputs from the user and sending them wave patterns accordingly, reconfigurable
displays, and micro-conveyors. Clearly, a system as the one in Figure 5 requires a synergistic
combination of system design, miniaturization, microfabrication, as well as modeling and
cooperative control to enable intelligent self-sensing operations.
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Figure 5. A prototypical example of cooperative DE actuator/sensor system.

3.1. Towards Meso- and Micro-Scale Dielectric Elastomer Actuators

Over the last two decades, progresses in DE micromachining [110-113] have made
possible to systematically scale size and accuracy of DEAs to the mm and sub mm scale [114].
As an example, Carpi et al. presented in [115] a bio-inspired lens having a size similar
to human eyes (7.6 mm diameter), and capable of actively adjusting its focal length of
about 26%, see Figure 6a. The same group proposed in [116] a hydrostatically coupled
bubble-like DEA for tactile displays, having a size of about 6 mm capable of producing
an out-of-plane displacement of 18% and stresses up to 2.2 kPa under a static actuation
at 2.25 kV. A similar concept was presented by Kim et al. in [117], in the context of a
button-like haptic actuator application. This completely transparent DEA is about 5 mm
large, and exhibits a stroke of ~1 mm when actuated via 3 kV. Hau et al. [118] presented a
high-speed micro-positioning stage consisting of 2 DEAs arranged in agonist-antagonist
configuration, shown in Figure 6b, which can produce a stroke of 40 pm with a maximum
error of 2 pm when operating at a frequency of 60 Hz. A method to fabricate miniaturized
DEAs embedded between gold electrodes was proposed by Soulimane et al. in [119],
resulting in a controllable actuation of 2 um. More DEA-based micro-fluidic actuators have
also been presented in [120-123].

It has been remarked how one of the main impediments to DEA miniaturization
is the high voltage needed to drive the elastomer. Equation (1) implies that, by either
increasing the material permittivity or reducing the membrane thickness, the same amount
of actuation stress can be obtained with a smaller input voltage [66]. By pursuing the
path of thickness reduction, several authors have developed DE micro-actuators capable of
operating below the 1 kV threshold. In [124], Ren et al. proposed a high-lift micro aerial
robot that weighs about 150 g and achieves a high lift-to-weight ratio of 3.7, see Figure 6c.
Actuation is provided by means of 20-layer DEA membrane with each layer being 10 pm
thick, which is operated via 630 V at a frequency of 400 Hz. In [125], Rosset et al. developed
and characterized a DEA micro-actuator based on a 30 um thick layer with compliant
electrodes based on metal ion implantation, which exhibits a displacement of ~100 um
when operated at ~500 V. A remarkable milestone in DEA miniaturization was achieved
by Poulin et al. [126], who developed a pad printing method to produce 3 um thick DEA,
which, in turn, can be operated at 245 V while maintaining an actuation strain on the order
of 7.5%. A picture of the resulting actuator is shown in Figure 6d.
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Figure 6. Examples of meso- and micro-scale DEAs: (a) All-polymer electrically tunable lens [115],

reproduced with permission from John Wiley and Sons, copyright 2011; (b) High-speed micro-
positioning stage [118], reproduced with permission from IEEE, copyright 2017; (c) High-lift micro-
aerial robot [124], reproduced with permission from John Wiley and Sons, copyright 2022; (d) 3 um
thick low-voltage actuator [126], reproduced with permission from AIP Publishing, copyright 2015.

All the devices and micro-actuators mentioned above, however, make use of DEAs
as stand-alone transducers. The subsequent sections will present cooperative systems in
which multiple DEA /DES units are combined together in an array-like fashion.

3.2. Cooperative Dielectric Elastomer Actuators
3.2.1. One-Dimensional Arrays

The simplest types of cooperative DEAs are represented by macro-scale one-dimensional
arrays. An example of such a system is the object of investigation of the DECMAS project,
which aims at developing fully polymeric intelligent arrays of DEA elements that can be
used, e.g., in intelligent wearables and soft robotics. The key elements of the DECMAS
project are the multi-stable polymeric domes shown in Figure 7a, which are used as biasing
elements for the individual DEA units. In this way, a large stroke can be obtained without
the need to use pressurized air or metal beams, making the overall concept significantly
easier to miniaturize while keeping it flexible [109]. The potential for miniaturization is also
enhanced by the adoption of ultrathin (10 nm) and highly stretchable sputter-deposited
metallic electrodes [70]. By means of model-based optimization, it was possible to optimize
the design of the biasing domes and, in turn, achieve a fully polymeric DEA capable of a
stroke on the order of 3 mm for an actuator with a radius of 20 mm [109], see Figure 7b.
Current research studies focus on the characterization [127] and modeling [82] of the
electro-mechanical coupling effects occurring when many of those elements are placed
onto a common elastic substrate in an array configuration (cf. Figure 7c), as well as on the
development of laser-structuring electrode techniques for enabling local activation of the
DEAs [71]. A picture of the first prototype of 1-by-3 actuator array is shown in Figure 7d.
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Bi-stable polymeric dome Fully-polymeric DEA unit

Figure 7. Fully polymeric DEA array developed in the context of the DECMAS project: (a) Bi-stable
polymeric dome; (b) Fully polymeric DEA unit; (c) Silicone membrane with a screen-printed 1-by-3
electrode layout; (d) First prototype of 1-by-3 actuator array.

Another example of a 1D array of DEAs was presented by Yu et al. in [128], reported in
Figure 8a. Here, a 1-by-4 array of DEAs, each one having a size of 160 mm x 135 mm and
characterized by a different pre-stretch, is used to achieve a broadband tunable resonator.
In particular, the amount of pre-stretch and applied DC voltage can be used to tune the
natural frequency of each DEA and, in turn, the attenuation bandwidth of each resonator.
The synergy among the four elements allows the combination of the attenuation bandwidth
of each individual DEA, leading to an increase in the effective bandwidth by a factor of
10, with a bandwidth tunability up to 14%. An untethered 1-by-10 array of feel-through
haptic elements was presented in [129], based on a 18 um thick silicone DEA membrane,
see Figure 8b. The device can be worn on the user’s fingertip, and can generate perceivable
vibrations up to 500 Hz when operated below 500 V. Lotz et al. presented in [113] a
fabrication technique for silicone-based miniaturized stacked DEAs, and used it to develop
a 1-by-8 array operating as a microfluidic pump, where every actuator contains 30 layers of
50 um each and has a total length of 40 mm. The periodic activation of the DEAs causes
the wall of the pump to undergo a periodic motion, which, in turn, propels the fluid at
a flowrate of 12 pL./min under a maximum pressure of 0.4 kPa. A similar actuator was
then used in [130] to develop a fluidic micro-mixer, shown in Figure 8c. Here, three 1-by-4
arrays of stacked DEAs were used to activate two pumping chambers and one mixing
chamber, distributed over a 33 mm x 25 mm layout. In [131], Schlatter et al. presented a
multi-material inkjet printing method for integrated and soft multifunctional machines,
and used it to develop a 1 DEA flexible peristaltic pump with six integrated actuators
capable of pumping up to 13.8 uL/min when operating at 1 Hz and 3.8 kV, see Figure 8d.
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Figure 8. Examples 1D DE arrays: (a) 1-by-4 tunable resonator [128]; (b) 1-by-10 untethered fee-
through haptic actuator [129], reproduced with permission from John Wiley and Sons, copyright
2020; (c) Fluidic micro-mixer based on three 1-by-4 arrays [130], reproduced with permission from
IOP Publishing Ltd., copyright 2018; (d) Flexible peristaltic pump with 6 integrated actuators [131].

3.2.2. Cooperative Bio-Inspired Robots

Different types of 1D array concepts have also been proposed for the development of
bio-inspired DEA conveyors. O'Brien et al. presented in [132] modeling and experimental
validation of a 1-by-4 array of acrylic-based bending DEA, with the aim of replicating the
generation of travelling waves generated by ctenophores. By implementing a coordinated
mechano-sensitivity concept, in which the motion of one element triggers the actuation of
the subsequent one via a capacitance measurement, the authors succeeded in propelling
tubes of various materials and sizes, i.e., a 13.9 g and 10.11 mm diameter Teflon tube and
an 18.63 g and 4.77 mm diameter brass tube. In [133], a different concept of cilia array
conveyor was presented based on a DE matrix and dielectric barium titanate nanoparticles.
A transportation experiment showed how the array of cilia can drive a cargo at an average
speed of 30 mm/min when operating at a frequency of 2.25 Hz with a voltage of 20 kV. A
compliant slug drive capable of generating travelling waves for object micro-transportation
by taking inspiration from the motion of invertebrate animals was presented by Schlatter
etal. in [131], see Figure 9a. The slug drive has an area of 25 cm? and contains 28 integrated
DEAs, each one having an area of 0.126 mm?. The authors showed how the slug drive
allows conveying a 15 mm long, 0.26 g plastic object, achieving a travelling speed of
6.1 pm/s when using a 3.5 kV, 0.2 Hz square wave driving signal.

The generation of travelling waves through cooperation of several DEAs has also been
used to achieve bio-inspired robotic locomotion. Zhao et al. [134] presented the design
of a soft creeping robot consisting of a 1-by-4 array of elliptic frames, which can deform
under high voltage application thanks to the use of DEAs. The cooperative activation of
each actuation unit allows each one of the four segments to switch between an elliptical
and a circular shape, leading to a forward peristaltic motion. Although the results are
preliminary, they show the high potential of cooperative DEAs for the achievement of
complex actuation patterns. An annelid-like peristaltic crawling robot based on a 1-by-4
array of acrylic DEAs operating in bending mode was proposed by Lu et al. in [135], shown
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in Figure 9b. The developed robot is 150 mm long, weights 8 g, and achieves a forward or
backward motion with a maximum speed of 11.5 mm/s and a maximum speed/mass ratio
of 86.23 mm/min-g thanks to the cooperative coordination of all the actuated segments.
A multi-segment annular soft robot driven by acrylic DEAs was presented by Li et al.
in [136]. The system layout corresponds to a circle with 6 DEA segments distributed along
its circumference, as shown in Figure 9c. The resulting actuator weights less than 1 g, has a
diameter of ~50 mm, and can achieve a variety of motion patterns (i.e., rolling, creeping,
and peristalsis) thanks to the synergistic activation of different combinations of DEA units.
Pfeil et al. [137] presented a bio-inspired worm-like crawling robot, consisting of a 1-by-3
serial connection of silicone-based cylindrical DEAs with additional textile reinforcement.
Relative elongations of 2.4% and generated forces of 0.29 N were achieved, which, in
turn, resulted into a locomotion speed of 28 mm/min. A bio-inspired robot capable of
mimicking the crawling motion of a caterpillar was presented in [138]. A 1-by-6 array of
DEAs is powered through a DE-based electronic oscillator, which automatically generated
the coordinated periodic signals that were needed to set the robot in motion. A speed up
to 50 mm /min is achieved with a driving voltage of 4 kV. A different concept of walking
hexapod robot is presented by Nguyen et al. in [139], also reported in Figure 9d. Here, a
silicone-based double-cone silicone DEA with a patterned electrode is used to generate
different motions of the robot legs. In particular, by activating different combinations of
electrode segments, translation along both in-plane axes as well as rotation of the robotic
leg can be achieved. By properly coordinating and synchronizing those three motion modes
on the six legs of the robots, the authors successfully demonstrated the ability of the robot
to move at an average speed of 30 mm/s (about 12 body lengths/min).

Slug drive micro-conveyor with 28 actuators 1-by-4 annelid-like crawling robot

Soft Actuators
(3 DOFs)

Figure 9. Examples of DEA bio-inspired robots: (a) Slug drive micro-conveyor with 28 integrated
actuators [131]; (b) 1-by-4 annelid-like peristaltic crawling robot [135], reproduced with permission
from IOP Publishing Ltd., copyright 2020; (c) 1-by-6 multi-segment annular soft robot [136], repro-
duced with permission from IOP Publishing Ltd., copyright 2018; (d) Multiple-degrees-of-freedom
walking hexapod robot [139], reproduced with permission from Elsevier, copyright 2017.

168



Actuators 2023, 12, 46

3.2.3. Two-Dimensional Arrays for Out-of-Plane Actuation

Two-dimensional cooperative DEA concepts, capable of operating both out-of-plane
and in-plane, have also been explored by several authors. Chen et al. [140] developed a
3-by-3 array of acrylic DEAs. Each actuator operates out of plane, is biased via pressurized
air at 2 kPa, and has a circular shape with a radius of 10 mm. A model-based design
technique is adopted to suppress the snap-through instability of the device, thus allowing
continuous actuation of each element. The authors showed that by modulating the high
voltage signals applied to each DEA, the array can be programmed to achieve different
desired configurations. An optically addressable and stretchable DEA matrix was presented
by Hajiesmaili and Clarke in [141], see Figure 10a. By integrating percolating networks
of zinc oxide nanowires into the soft elastomer array, the authors showed the possibility
of achieving a localized control of each DEA in a 6-by-6 array. A micro-actuator concept
for microfluidic is discussed in [30]. Here, a 7-by-7 array of DEAs operating in enhanced
thickness mode is presented, in which localized patterns of out-of-plane bumps can be
created upon electrical activation. A 9-by-9 array of DEA-based varifocal micro-lenses
was proposed by Wang et al. in [142]. The array, shown in Figure 10b, has a total size of
is 40 mm x 40 mm, while the diameter of each actuator element is of 1 mm. The DEA is
based on a 1 mm thick acrylic membrane, which is activated at 5 kV. The authors show
how the device enables tunability of the focal length from 950 mm to infinity. A concept for
enhancing the performance of cooperative DEAs through the use of a fractal interconnection
architecture was presented by Burugupally et al. in [143], see Figure 10c. Here, the authors
presented bi-dimensional arrays of various sizes in which DEAs are arranged alternatively
onto a common substrate. The actuators are based on a 100 pm thick acrylic DE membrane,
and undergo a radial expansion when activated. The most complex design comprises
25 actuators having a diameter of 1.8 mm each, arranged alternatingly on a square frame.
In-plane displacements on the order of 0.1 mm are achieved for a voltage of about 5 kV.

6-by-6 optically addressable matrix

Actuated

—

Actuated

9-by-9 array of varifocal micro-lenses Array of 25 actuators with fractal interconnects

[=0s " =i5]

()

Figure 10. Examples of two-dimensional DEA arrays operating out of plane: (a) 6-by-6 optically
addressable matrix [141], reproduced with permission from Royal Society of Chemistry, copyright
2022; (b) 9-by-9 array of varifocal micro-lenses [142]; (c) Array of distributed electrodes with fractal in-
terconnects architecture [143], reproduced with permission from IOP Publishing Ltd., copyright 2021.
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3.2.4. Two-Dimensional Arrays for in-Plane Actuation

While the previously discussed concepts of two-dimensional arrays operate out of
plane, several authors also investigated the possibility of generating a cooperative in-plane
actuation via DEA systems. A concept of a two-dimensional array of hollow DEA cylinders
is presented in [144]. By means of finite element simulations, the authors studied the
propagation of an acoustic wave, and confirmed that adjusting the DEA voltage enables
an effective tuning of the acoustic band gap of the device. No experimental validation
was presented.

A soft-wave handling system capable of transporting fragile and soft objects was
proposed by Wang et al. in [145]. The system consists of a 4-by-4 array of hydrostatically
coupled acrylic DEA units, each one having a diameter of 55 mm. By concurrent activation
of different DEA elements with phase-shifted 1 Hz sinusoidal waves, the authors were
able to generate a travelling wave that set a rolling ball in motion. Although the proposed
systems exhibit a high potential for future DEA-based conveyor systems, the authors
acknowledge the high losses of the adopted acrylic material as one of the limiting factor for
the actuator performance.

Akbari and Shea investigated the use of in-plane operating micro-arrays of DEAs to
provide in-plane mechanical actuation to cell cultures. The first generation of those devices,
shown in Figure 11a, is based on a 30 um thick silicone membrane consists of an 8-by-9
array of 0.1 mm x 0.2 mm DEA elements capable of a strain of 4.7% at 2.9 kV [146]. A
second generation of cell stretcher, always based on the same type of DE membrane, is
made of 0.1 mm X 0.1 mm DEA elements and can produce a strain of 37% when driven
at 3.6 kV [147]. An expanded view of the micro-actuator grid is reported Figure 11b.
Those devices represent some of the most remarkable examples of micro-scale cooperative
DEA systems.

First generation cell stretcher Second generation cell stretcher
with 0.1 mm X 0.2 mm micro-actuators with 0.1 mm X 0.1 mm micro-actuators

(b)

Figure 11. Examples of two-dimensional DEA arrays operating in plane: (a) First generation cell
stretcher based on a 8-by-9 array with of 0.1 mm x 0.2 mm micro-actuators [146], reproduced with
permission from IOP Publishing Ltd., copyright 2012; (b) Second generation cell stretcher based on
0.1 mm X 0.2 mm micro-actuators [147], reproduced with permission from Elsevier, copyright 2012.

3.2.5. Two-Dimensional Arrays for Haptics and Wearables

Two-dimensional cooperative DEAs have also found natural applications in the field
of haptics. Matysek et al. [148] presented a concept for a tactile display consisting of a
3-by-3 array of 1 mm x 1 mm DEA taxels. Each actuator is based on a stack of 25 um thick
silicone elastomer layers. Marette et al. developed in [111] a 4-by-4 array of independently
controllable circular DEAs, each one characterized by a diameter of 4 mm and a thickness
of 17 um. Each DEA produces a stroke of 0.25 mm when activated via a 1.4 kV driving
voltage, which is switched by using high-voltage metal-oxide thin-film transistors that can
be switched with a 30 V gate voltage. The tactile display operates under pneumatic bias
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at 50 mbar, and can still generate a stroke even when bent to a 5 mm radius of curvature,
as shown in Figure 12a. A bidirectional haptic display, which combines a 4-by-4 array of
DEAs with a 5-by-5 array of resistive sensors, was proposed by Phung et al. in [149]. The
device is 130 mm long x 130 mm wide x 13 mm high. The design is based on rigidly
coupled double-cone DEAs made of a 50 pum thick silicone elastomer, operated at a driving
voltage of 3.5 kV. The device reaches frequencies up to 300 Hz, providing 0.52 mm of
displacement and 0.6 N of normal force. The device can also measure normal forces up to 6
N and the position of touches, and use this information to control the corresponding tactile
actuator units. A 2-by-3 tactile display is presented in [150] and also shown in Figure 12b.
The device makes use of the liquid coupling between touch spot and DEA to transmit the
tactile sensation to the user. The radius of each actuator is 4 mm, while the radius of the
touching spot is limited to 1.5 m. A 90 um thick silicone film is chosen to fabricate the
actuators, operated up to a voltage of 7 kV. Displacements of about 240-120 pm at 3-10 Hz
are achieved, with forces large enough to simulate the sensation of touch.

4-by-4 low-voltage flexible tactile display 2-by-3 tactile display with liquid coupling

Single
HV bias cable

Commo
GND cable

P -
Bios resistors..

(a) (b)

Figure 12. Examples of two-dimensional DEA arrays for tactile displays: (a) 4-by-4 flexible array of
low-voltage actuators [111], reproduced with permission from John Wiley and Sons, copyright 2017;
(b) 2-by-3 tactile display based on liquid coupling [150], reproduced with permission from Elsevier,
copyright 2014.

In the area of wearables, Lee et al. [151] presented a textile-embedded haptic display
consisting of a 3-by-5 array of circular DEAs. Each actuator unit has a diameter of 20 mm
and is on the skin of the user via a cylindrical polymer indenter. The overall display has
a thickness of 7 mm and a weight of 60 g; thus, can be easily worn on the user’s forearm.
A multi-layered actuator design permits the use of driving voltages of 1 kV only, while
ensuring, at the same time, a bandwidth of 240 Hz. A wearable tactile communicator,
consisting of a 2-by-2 array of circular DEAs embedded in a wearable armband, is proposed
by Zhao et al. in [152]. Each actuator consists of a 10-layer silicone DEA with a hollow
cylindrical shape, having an outer radius of 5 mm. A free displacement of ~60 mm and
a blocking force of ~30 mN are obtained at a frequency of 300 Hz, considering a driving
frequency of 300 Hz.

3.2.6. Two-Dimensional Arrays for Refreshable Braille Displays

Several authors have also investigated the use of DE technology to develop refreshable
Braille displays. A 2-by-8 array concept for a refreshable Braille display was discussed
in [30]. Each Braille dot has a diameter of 1.5 mm and a relative spacing distance of 2.3 mm.
Actuation is provided by spring-biased circular DEAs having a diameter of 2 mm, each
one resulting in forces up to 25 g. Chakraborti et al. [153] developed a 2-by-3 Braille matrix
of refreshable dots. The actuation is provided by silicone-based thin-walled DEA tubes,
having outer and inner diameters of 0.51 mm and 0.94 mm, respectively, and a length of
20 mm. A steady displacement of 1 mm and a response time of 0.1 s are achieved with a
driving voltage of 1 kV. Qu et al. [154] also proposed a 2-by-3 refreshable Braille display
based on DEAs. The device operates under pneumatic bias, adopts 0.25 mm thick acrylic
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membranes as elastomer. The total size of the device is of 30 mm x 22 mm x 16 mm,
while the diameter of the single Braille dot is of 2 mm. An actuation displacement larger
than 0.6 mm is achieved for a biasing pressure of 4 kPa and a driving voltage of 3.25 kV.
The ability of this prototype in reproducing different letters is illustrated in Figure 13a. A
prototype of a 2-by-4 refreshable Braille display was presented by Frediani et al. in [155],
based on acrylic DEAs, see Figure 13b. Each actuator unit has the size of about 1.5 mm, and
is capable of out-of-plane displacements of ~ 750 pum. In this case, electrical insulation with
the user’s finger is achieved via hydrostatic coupling with a passive membrane, which acts
as a bias for the DEA.

2-by-3 pneumatically-biased Braille display
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2-by-4 Braille display with hydrostatically coupled actuated dots
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Figure 13. Examples of two-dimensional DEA arrays for refreshable Braille displays: (a) 2-by-3
pneumatically biased Braille display [154], reproduced with permission from John Wiley and Sons,
copyright 2020; (b) 2-by-4 Braille display with hydrostatically coupled actuated dots [155], reproduced
with permission from Elsevier, copyright 2018.

3.2.7. Three-Dimensional Reconfigurable Structures

All concepts presented so far permit the achievement of cooperative actuation by
means of an array of actuators distributed on a surface, all operating either in plane or out of
plane. Few authors have proposed more advanced concepts of cooperative reconfigurable
structures based on DE technology. An example of reconfigurable 3D meso-structured
driven by DEAs is introduced in [156]. The developed 3D meso-structures can be morphed
into several distinct geometries, which are based on 100 pum thick circular DEAs made of
acrylic materials. By combining theoretical and experimental studies, the authors are able
to develop a large variety (~30) of actuated 3D structures, one of which shown in Figure 14a.
Sun et al. presented in [157] an origami-inspired 3D folding actuator based on DEAs. The
actuation is based on bending elements driven by circular (~10 mm diameter) DEAs of
acrylic material, which are able to generate a bending angle of 120° and 90° when activated
with 5.5 kV and 4 kV, respectively. Those two types of bending are then used to develop
actuators capable of folding in pyramidal and cubic shapes, respectively, also shown in
Figure 14b. The authors demonstrated how the bending actuator can be used to develop
gripping and locking functions.
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Figure 14. Examples of three-dimensional DEA reconfigurable structures: (a) 3D reconfigurable meso-
structure [156]; (b) 3D origami-inspired folding actuator [157]; (c) Reconfigurable and latchable shape-
morphing structure [158], reproduced with permission from John Wiley and Sons, copyright 2020.

The idea of combining cooperative DE actuation and bi-stability was also explored
in the literature. In [158], Aksoy and Shea proposed a reconfigurable and latchable soft
structure that combines layers of DEAs and shapes memory polymers. Joule heating allows
reducing the stiffness of the shape memory polymers by two orders of magnitude. Actua-
tion of DEAs allows then the structure to bend along the selected soft axis, thus allowing it
to dynamically tune the orientation and location of soft and hard regions. Cooling down
the shape memory polymers causes them to become stiff again, thus permitting them to
lock in place the shape of the structure without requiring further DEA activation. This
mechanism allows the development of several types of complex shapes, as illustrated in
Figure 14c, which can be kept in place without requiring additional energy consumption.
Tip-bending angles up to 300° and blocking forces over 27 mN can be achieved with a
driving force of 5 kV. The authors then demonstrate how this concept allows the devel-
opment of grippers for grasping objects of various shapes. A similar principle was also
used by Meng et al. in [159] to develop a bending structure. Here, a bending angle of 50° is
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achieved with an activation voltage of 6 kV for the DEA, and a heating up to 50 °C for the
shape memory polymer.

3.3. Cooperative Dielectric Elastomer Sensors

Although the main focus of this paper is on actuators, in this section we present
a few relevant examples of DE applications in the area of cooperative sensors. In this
context, one usually leverages on the large deformations of DE transducers to reconstruct
large deformation or pressure patterns localized over a 1D or 2D region. An example of
a one-dimensional DES array was presented by Xu et al. in [160], shown in Figure 15a.
The device consists of a 1-by-4 array of silicone DES elements. By means of a capacitance
reconstruction method built upon a multi-frequency technique, the deformed element
within the array is detected using only a single-data acquisition channel.

A 2-by-2 array of silicone-based DESs was proposed by Zhang et al. [161], also reported
in Figure 15b. The sensor module allows the detection of the location and magnitude of
compressive forces applied on a surface area of 15 mm x 15 mm. By embedding an air
chamber in the sensor, the authors achieved an increase in sensitivity by a factor of ~20,
with a corresponding a detection range of 382 kPa. A further example of 2-by-2 DES array
suitable for tactile sensing applications was proposed by Ham et al. in [162]. The device has
a size of 10 mm x 10 mm x 3 mm and can conform to curved surfaces, such as a robotic
arm or a prosthetic hand. The sensor array has a dynamic range of 500 kPa in the normal
direction, can provide tactile information with a frequency up to 100 Hz, and is robust to
electromagnetic interference during contacts thanks to the use of active shielding. A further
example soft tactile sensor based on acrylic DE was presented by Kadooka et al. in [163].
The device comprises a DEA module, based on an unimorph-type structure that undergoes
a bending upon high voltage application, and three 2-by-2 arrays of DES element. The total
size of the device is 15 mm x 35 mm, while the area of each sensor is ~1.2 mm?, and the
footprint of each 2-by-2 element equals ~ 8 mm?. Dome-shaped bumps positioned over the
DES array permit the redistribution of tactile forces, allowing the proper scaling up of the
magnitude of the sensed load. The recorded resolution equals 27 mN for normal forces and
67 mN for shear forces, respectively, for a maximum applied force of 5 N.

Zhu et al. [164] proposed an example of a multi-modal sensor, consisting of a 4-by-4
array of silicone DES, see Figure 15c. A multi-layer structure was used, comprising a top
protection layer (0.1 mm thick), a first sensor layer (0.6 mm thick) used to measure the
applied pressor, a second underlying sensor array (2.4 mm thick) enabling localization
features, and a passive substrate (1.9 mm thick). A digital acquisition system was used to
identify the unique location of each taxel. A 4-by-4 DES grid was presented by Meyer et al.
in [165], shown in Figure 15d. The DES taxels were based on a 50 mm thick silicone mem-
brane on which four rows and four columns of electrode lines were screen-printed to enable
the eight required electrical connections. The resulting structure was a fully polymeric and
highly stretchable membrane, with 16 taxels each one having a size of 10 mm x 10 mm, for
a total array size of 65 mm x 65 mm. Different types of load distributions applied on the
grid, corresponding to out-of-plane displacements up to 4 mm, are effectively estimated
via a commercially available integrated circuit for capacitance estimation.

A similar sensor array concept was also proposed by Lee et al. [166], this time based
on a 5-by-5 grid applied on a silicone DE film with micro-pores, see Figure 15e. The
device size equals 33 mm x 33 mm, while the size of the single-sensing element equaled
5mm x 4.45 mm. The device allows reconstructing localized pressures below 0.02 kPa
with a high sensitivity of 1.18 kPa~!, and a fast response time of 150 ms. A further
example of a 5-by-5 DEs array was proposed by Kwon et al. in [167]. Due to the presence
of 3D micro-pores in the DES layer, the sensitivity of the device can be dramatically
increased while maintaining the large deformation features. The sensor is characterized
by a sensitivity of 0.6 kPa~! for pressures below 5 kPa, and has a maximum range of
130 kPa, which makes it suitable for tactile sensing applications. The effectiveness of the
sensor in detecting spatially distributed pressure patterns shaped as alphabetic letters
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is also demonstrated. Kyaw et al. [168] proposed a 5-by-5 array for a pressure-sensitive
electronic skin, shown in Figure 15f. Each electrode has a size of 3 mm x 3 mm, for a total
active sensing area of ~500 mm?. The device is able to sense pressures up to 40 kPa with a
sensitivity of ~0.01 kPa~!. Compared to silicone-based DES, the adopted Ecoflex material
is characterized by a higher accuracy due to a higher linearity in its response. A deformable
interface for human-touch recognition was developed by Larson et al. [169]. Here, a concept
is developed named Orbtouch in which a 5-by-5 soft array of DES is integrated onto a
deformable bubble-like structure. The overall circular membrane has a radius of 45 mm and
is 2 mm thick, while each taxel has a size of 5 mm x 5 mm, and spacing among neighboring
elements is also equal to 5 mm. A convolutional neutral network is used to classify the
sensing information from the various channels in the array, allowing, in turn, to localize
interactions with the interface with an accuracy of 97.6%. The authors showed the flexibility
and effectiveness of the concept by letting users play Tetris with it.

1-by-4 pressure sensor array 2-by-2 soft compression sensor

(b)

4-by-4 multi-modal sensor 4-by-4 soft sensor grid

r

(©

5-by-5 flexible pressure sensor

ITO
PET films

porous PDMS film

(e) )

8-by-8 tactile feedback display with spatial and temporal resolution

(8

Figure 15. Examples of arrays of DES: (a) 1-by-4 pressure sensor array [160], reproduced with
permission from John Wiley and Sons, copyright 2015; (b) 2-by-2 soft compression sensor [161],
reproduced with permission from IOP Publishing Ltd., copyright 2016; (c) 4-by-4 multi-modal
sensor for simultaneous detection of amplitude and location of touch pressure [164]; (d) 4-by-4 soft
sensor grid [165], reproduced with permission from SPIE, copyright 2020; (e) 5-by-5 flexible pressure
sensor [166], reproduced with permission from Elsevier, copyright 2016; (f) 5-by-5 pressure-sensitive
electronic skin [168], reproduced with permission from Royal Society of Chemistry, copyright 2017;
(g) 8-by-8 tactile feedback display with spatial and temporal resolution [170], reproduced with
permission from Springer Nature, copyright 2013.
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As a final example of more complex sensor layout, Vishniakou et al. [170] developed
a tactile feedback display with spatial and temporal resolutions based on an 8-by-8 array
of circular DES, reported in Figure 15g. The array is based on an acrylic elastomer and is
capable of distributed-pressure sensing with a spatial resolution of 3 mm. The same device
can also be operated as an actuator, exhibiting a maximum out-of-plane displacement of
~150 um under an applied voltage of 4 kV and a blocking force on the order of 10 mN. The
estimated sensitivity is of about 15 kPa.

4. Conclusions

This paper presented an overview of cooperative actuator and sensor systems based
on soft dielectric elastomer technology. DE transducers make it possible to develop co-
operative arrays of actuators with improved lightweight, flexibility, controllability, and
energy consumption compared to alternative technologies (e.g., pneumatics), thus enabling
applications such as wearable soft robots and sensors, haptic interfaces, or reconfigurable
structures. The provided overview showed how cooperative DE technology has allowed
the development of a variety of systems, which range from coordinated micropumps and
bio-inspired crawling robots to bi-dimensional reconfigurable structures, soft conveyors
haptic interfaces, refreshable Braille displays, and wearable tactile sensors. The surge of
publications in this field over the last few years suggests that the interest in cooperative DE
actuator and sensor technology will steadily increase in the near future.

Even though the presented prototypes have succeeded in showcasing the potential
of DE technology for a variety of applications, many practical limitations still exist. In
general, the corresponding taxel size is on the meso- (order of mm?) rather than micro-
scale, and only few prototypes succeeded in delivering actuation in the sub mm regime,
e.g., [146,147]. Therefore, additional effort in both design and manufacturing is still needed
to effectively scale the systems at the micro-scale level. Additionally, most current devices
are based on a limited number of elements per array, each one producing a relatively
small stroke compared to the potential DE large deformation. This is essentially due to
limitations in current microfabrication methods for both DE membrane and electrodes,
lack of bias systems suitable for miniaturization (e.g., pneumatic), as well as challenges in
miniaturizing the control and sensing electronics. In this sense, the multi-stable polymeric
domes presented in [109] may offer a great potential means for future miniaturization of
cooperative DEAs with large stroke. Finally, it is worth noting that almost the totality
of the current devices are controlled via centralized feedforward approaches rather than
by means of feedback cooperative strategies, without taking advantage of the DE self-
sensing functionalities. This may be partially due to the highly nonlinear and hysteretic
behavior of such materials, which complicates the design of control and self-sensing
algorithms. In principle, by properly exploiting self-sensing, each individual actuator unit
can autonomously reconstruct information on its current electromechanical state based
on simplified sensing hardware, i.e., local measurements of voltage and current, and use
this information to perform a desired cooperative task in a fully autonomous and fault-
tolerant way. Some examples include the generation of a specific shape, the propagation
of a dynamic motion pattern (e.g., a wave as in [132]), or the transportation of an object
on a path by avoiding damaged taxels. This concept, although highly attractive, is still
largely unexploited in current cooperative DE systems. As a result, the full potential and
intelligence offered by the technology are yet to be realized. Once those novel design and
control concepts are developed, it will be possible to develop the next generation of fully
autonomous, intelligent, and fault-tolerant DE cooperative micro-actuator/-sensor systems.
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