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A B S T R A C T

The smart coupling of microactuators to cooperative microactuator systems enables new functionalities like 
active bi- and multistability requiring no external force for switching between stable states. This review explores 
different concepts of cooperative microactuator systems combining microactuation based on either the same or 
different transducer principles. The transducer principles comprise electrostatic, magnetic, dielectric elastomer 
and shape memory effects as well as combinations thereof. Thereby, active bi-/multistable switching is achieved 
via selective control of the microactuators using diverse control signals based on thermal, electrical or magnetic 
stimuli. The combination of the microactuators in confined space gives rise to various coupling effects and cross- 
sensitivities that need to be considered. In the following, the engineering aspects of material properties, 
microsystems design and fabrication, as well as experimental and numerical characterization of system perfor
mances and dependencies on design parameters will be discussed. The presented microactuator systems will be 
assessed with respect to their energy characteristics and critical forces for switching. Their application potential 
will be highlighted.

1. Introduction

Miniaturization and increase of functionality are global trends in 
various fields of engineering and technology. As a consequence, novel 
smart devices and systems are being developed with increasing 
complexity comprising various sensors and actuators. Typical examples 
are lab-on-chip systems [1,2], RF MEMS devices [3] or optical mirror 
devices like the well-known digital mirror device containing millions of 
microactuators [4]. The development of actuators at different length 

scales strongly depends on materials and corresponding technologies. 
Silicon is the key material in microelectronics technology, but it is not a 
transducer material. Therefore, additional suitable materials need to be 
introduced to enable actuation, like metal or magnetic layers, piezo
electric or shape memory alloy (SMA) films. Up to now, various 
microactuators have been developed based on the integration and 
micromachining of different transducer materials. For recent reviews 
the reader is referred to [5–7]. Today, microactuators are in most cases 
single components, either integrated into systems, such as electrostatic 
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actuators in gyroscopes or scanning mirrors, or assembled into systems, 
such as micropumps in fluidic networks. Only few examples exist, where 
several millions of them are arranged in microactuator arrays like the 
digital mirror device consisting of many identical, though individual 
actuators that operate independently from each other. Cooperative 
microactuator systems are envisioned as a new generation of devices 
that use the synergy of different microactuators in order to enable 
enhanced system properties like multifunctionality, multistability and 
multistage performance. However, the emerging field of cooperative 
microactuator systems is still in its infancy [8,9]. It will be important to 
identify and systematically explore the synergy effects in cooperative 
microactuator systems and, at the same time, to understand and control 
the various coupling effects caused by the close vicinity of many trans
ducer materials and functional structures.

Bistable and multistable systems are characterized by two or more 
stable states separated by energy barriers. These systems have a large 
potential to save energy, since energy is only required when switching 
between the states. Each stable state represents a condition where in
ternal forces cancel each other out, bringing the system to a force 
equilibrium condition. The transition between these states occurs when 
an external stimulus disrupts the force equilibrium, leading to a 
controlled release of stored energy. The energy barrier plays a pivotal 
role in governing the stability and dynamics of the system, providing a 
critical threshold that must be overcome to transition between the stable 
states. Notably, the energy barrier that separates the stable states cor
responds to the minimum energy required for the transition. Under
standing and manipulating the energy barrier is fundamental to the 
design and optimization of bi-/multistability in various applications.

At the macroscale, bi- and multistable mechanisms have been 
explored extensively [10,11]. Generally, switching between stable states 
is accomplished either by overcoming the energy barrier by applying a 
sufficiently large external force or by actively changing the energy 
landscape itself. In the first case, the energy landscape is generated by 
passive compliant structures requiring external actuation to switch be
tween the stable states [12,13]. At the miniature-scale, this approach 
has been pursued, e.g., in the development of clamped membranes that 
can switch between two stable out-of-plane deflection states [14–16].

Upon further miniaturization to the microscale, the second approach 
of actively controlling energy levels is of special interest due to size 
constraints. Therefore, external actuators should be replaced by inte
grated actuation concepts. Following this approach, magneto-static 
latching has been explored [17,18]. By integration of ferromagnetic 
layers and miniature-scale permanent magnetic structures, bistable 
switches and bistable microvalves have been introduced [19,20]. Novel 
bistable actuators have been developed making use of an extended range 
of stimuli including electrical [21,22], magnetic [23,24] and thermal 
fields [25]. The use of smart materials such as shape memory [26,27] 
and piezoelectric materials [28,29] has led to the development of 
bistable mechanisms that no longer rely on an external load but utilize 
their intrinsic transducer properties to induce bistability. Compact sys
tems with active bistability have been realized, e.g., by designing 
compliant shape memory alloy (SMA) film structures that switch be
tween stable states by inducing the shape recovery force of the SMA film 
upon heating [30].

In the following, we present selected concepts of cooperative 
microactuator systems to generate active bi- and multistability. These 
concepts comprise different transducer materials and system architec
tures covering electrostatic, magnetic, dielectric elastomer and SMA 
principles, which enables various actuation mechanisms requiring 
dedicated microtechnologies for fabrication. Obviously, each concept 
has its own development environment and the characterization of sys
tem properties involves specific design parameters. Nevertheless, the 
different microactuator systems have in common that they all exhibit an 
energy landscape consisting of minima and energy barriers requiring 
critical forces to overcome. Therefore, this paper aims to assess the 
concepts of cooperative microactuators in terms of energy 

characteristics and critical forces taking into account system di
mensions. After a brief overview, each concept will be introduced and 
discussed with respect to energy and force characteristics as well as the 
governing design parameters to achieve bi- and multistability. This will 
allow for a direct comparison of the concepts with respect to energy 
barrier heights and critical forces as well as overall size.

2. Overview of concepts

Table 2.1 provides an overview of the concepts of cooperative 
microactuator systems presented in this review. Section 3 considers two 
cone-shaped DE actuators coupled with a bistable polymeric biasing 
element. In this case, electrostatic actuation is used for switching be
tween stable positions. A hybrid levitation microactuator is presented in 
Section 4, which combines electromagnetic inductive and electrostatic 
actuation. A proof mass is magnetically levitated using a two-coil 
configuration within the static electric field of a top and bottom elec
trode. The linear stiffness of the electromagnetic suspension is tunable 
by the electric field in a wide range. In particular, bistable behavior is 
observed by applying a critical pull-in voltage to either the top or bottom 
electrode, at which the stiffness becomes zero and the proof mass jumps 
towards either the electrodes. The nonlinearity of magnetic fields is used 
in Section 5 to achieve multistability of a permanent magnetic plunger 
that can freely move in out-of-plane direction. The stable positions are 
tailored using multiple thin rings of steel. Switching between these po
sitions is achieved by electromagnetic actuation.

In Section 6, a bistable microactuator is considered comprising two 
coupled SMA beams that are clamped at both ends and coupled in their 
center by a spacer. The SMA beams are designed to exhibit monostable 
behavior in heated (austenitic) state and to have different memory 
shapes being deflected in opposite out-of-plane directions. Thus, selec
tive heating of the opposing monostable SMA beams induces bistable 
behavior. Following the concept of origami structures, bidirectional 
folding SMA microactuators are designed as an antagonistic pair in 
Section 7, whereby their memory shapes are adjusted to opposite 
bending states in out-of-plane direction. Selective heating of the folding 
actuators allows to switch between two end positions, which remain 
after actuation due to the metastable properties of martensite variants. A 
trilayer system consisting of a polymer, SMA and silicon is considered in 
Section 8. SMA-Si bilayer composites allow for bi-directional actuation 
due to the bimorph effect, which is amplified by the large strain change 
in the SMA layer during martensitic transformation. Compact bistable 
actuators can be achieved by adding a third layer of a polymer to such 
composites having a glass transition temperature that falls in between 
the martensite and austenite phase transformation temperatures. 
Depending on the maximum temperature upon heating, the polymer 
layer stabilizes either the deformation in martensitic or austenitic state. 
Section 9 considers a freely movable liquid droplet on a hydrophobic 
surface that is pinned by an electrode pair with a predefined gap. Bi- and 
multistability occurs by applying an electrostatic force on either the 
front or back electrode pair to override the surface tension allowing the 
droplet to pass the gaps in forward or backward direction.

The presented concepts comprise a wide range of actuation princi
ples that are common to microsystems including electrostatic and 
dielectric elastomer effects, electromagnetic and shape memory effects. 
Bidirectional actuation can be obtained in antagonistic systems con
sisting of counteracting actuator pairs. Their actuation performance 
becomes bistable by combining them with a mechanically bistable 
membrane or a latching mechanism to introduce a biasing force with 
negative stiffness. Examples are presented in Sections 3, 6 and 7. Mul
tistable actuation can be realized by the multiple use of the same actu
ation principle in an array of cooperating microactuators. Examples 
include stacks of thin ring-shaped magnets and steel plates (Section 5) 
and arrays of electrode pairs on a hydrophobic surface (Section 9). 
Another option to develop bi- and multistable systems is the combina
tion of two different actuation principles, whereby one type of actuators 
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could be used, e.g., for switching and the other for fixation. One example 
is the combination of magnetic actuation for levitation and fixation of 
the position of a proof mass (Section 4), while electrostatic actuation is 
used for tuning the stiffness of the electromagnetic suspension and 
switching between stable states. Similarly, the bimorph shape memory 
effect can be used for switching between states in austenitic and 
martensitic state, while the fixation of the end position can be achieved 
by using the glass transition in an additional polymer layer (Section 8).

3. Bistable dielectric elastomer (DE) actuator

DEs are usually designed as actuators by either exploiting their in- 
plane deformation or by mechanically biasing a single membrane 
along a direction, which is usually chosen as perpendicular to the 
membrane plane. This describes a monostable actuator that can vary its 
one and only stable equilibrium point through electrical actuation. 
Existing literature reports their use for applications such as artificial 
muscles [46], haptics [47] and high-lift micro-aerial robotics [48], as 
well as in microactuators for tunable lenses [49], Braille displays [50] 
and positioning stages [51]. If the mechanical biasing system is designed 
in a suitable manner, the resulting actuator can be made bistable, and 
the transitioning between the equilibria can be controlled via an electric 
voltage input. Building on related previous works exploiting coopera
tiveness [31,52] and bistability [53], this section presents the 

description and a static simulation study of such type of actuator.

3.1. Geometry and layout

A bistable DE actuator can be obtained starting from a pair of agonist 
DE membranes coated with conductive electrodes that are both pre- 
stretched over their planar directions and mechanically displaced 
orthogonally to their plane in opposite directions. A possible physical 
realization of such system is shown in Fig. 3.1 and consists of two cone 
DE membranes rigidly connected along the outer diameter, and pre- 
tensioned out-of-plane against each other via a rigid spacer. The cen
ters of the membrane are subsequently connected with a bistable 

Table 2.1 
Overview of concepts of cooperative microactuator systems to generate active bi- and multistability.

Sect. Actuation principle Layout Bi-/multistable mechanism Dimensions 
[mm3]

Ref

3 Dielectric elastomer (DE) effect Coupling of antagonistic monostable DE beams with a 
bistable polymer beam

50 x 3 x 5 [31,32]

4 Magnetic (Inductive Hybrid) levitation Combined magnetic-electric force instability 10 x 10 x 2 [33–35]

5 Electromagnetic Multiple magnetic latching within a stack of thin ring- 
shaped ferro-magnetic plates

11.5 x 11.5 x 
10.5

[37,38]

6 Shape memory effect Antagonism of coupled monostable SMA beams 10 x 1 x 2 [39]

7 Shape memory effect Antagonism of coupled SMA cantilevers 10 x 22 x 0.14 [40,41]

8 Combined shape memory bimorph and glass 
transition effect

Fixation of shape memory bimorph deflection through 
polymer glass transition

1 x 0.015 x 
0.023

[42–44]

9 Electrostatic Multiple electrostatic force instability (n – number of 
electrodes)

1 x 1 x 2n [45]

Fig. 3.1. Schematic layout of double cone DE actuators coupled with a bistable 
polymeric biasing element: (a) section view, (b) two stable states of a curved 
buckling beam, (c) cross-section layout of the bistable actuator with charac
teristic geometrical dimensions.
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mechanical element, such as a pre-compressed beam exhibiting buckling 
instability, as shown in Fig. 3.1(b). This bistable element serves the 
purpose to increase the overall range of the actuator and can addition
ally make the overall system bistable. When a voltage is applied to either 
of the DE membranes, the central part displaces along its orthogonal 
direction, thus generating an out-of-plane stroke as can be seen in the 
actuation cycle of Fig. 3.2. By considering a fixed choice for the geo
metric parameters of the DE membranes, the resulting behavior (and, in 
turn, the bistability property) of the system is influenced by both 
geometrical parameters of the biasing system, such as length l, width b, 
and height-to-thickness ratio h/t, as well as material parameters. Here, 
PET is considered as a well-suited material for DE-based systems with 
characteristic dimensions in the mm range.

3.2. Actuation mechanism

When one of the DE membranes is electrically activated, the result
ing Maxwell stress induces an equivalent in-plane softening within the 
membrane because of its stiffness being partially employed to counter
balance the electrical Coulomb forces. This causes the biasing system to 
overcome the forces exerted by the membrane until a new equilibrium 
state is achieved, thus resulting into a stroke. In stationary conditions, 
once the actuation voltage of a membrane reaches a threshold value, the 
system quickly displaces. During buckling, the system is only balanced 
by inertial and viscoelastic forces until it reaches the new stable equi
librium point. In dynamic applications, the bandwidth of typical DE 
actuators ranges from DC up to a few kHz [54], while actuation 
exploiting bi-stable buckling can be sustained up to driving frequencies 
on the order of 102 Hz [55]. Theoretical actuation efficiency values can 
reach up to 90% under optimal conditions [56], while experimental 
studies reported values of up to 60% when including charge recovery 
electronics and up to 18% otherwise [57]. Fig. 3.3 shows the static 
input-output behavior of a demonstrator system in terms of voltage 
applied to the membrane and relative displacement of the central point 
of the structure. Referring to the layout of Fig. 3.1(c) for the charac
teristic geometrical quantities, the simulated system considers a fixed 
DE geometry where the membrane has an external diameter D = 5 cm 
and an internal contact diameter d = 2.44 cm, both after a 10% 
pre-stretch. The membrane is 20 μm thick and the maximum applied 
voltage to each DE is 1.8 kV. The buckling beam is of length l = 48.7 mm, 
width b = 4 mm, thickness of 0.5 mm and out-of-plane pre-deflection h =
6.8 mm. Because of the existence of multiple equilibria in a working 
region of the system, its characteristic is fundamentally hysteretic. 
Additionally, due to the asymmetric force-displacement relation of 
buckling beams, the working range of the system is also asymmetric.

3.3. Force and energy results

Fig. 3.4(a) and (b) show, respectively, the matching between the 
forces of the biasing system and the total force of the double cone DE 
under different actuation voltage combinations, as well as the energy 
landscape of the resulting combined system under the same actuation 
conditions. It is readily observed that the shape of the bias curve allows 
for an overall system featuring two stable equilibria, represented by the 
two minima of the stored energy of the system without electrical actu
ation. When either of the two DE membranes is actuated, the stable 
equilibria gradually collapse in a single point, which is unique 
depending on which DE membrane is actuated. The system thus be
comes monostable, presenting a single stable equilibrium also according 
to its energetic description. Switching from state A1 to state B1 via A2 
requires a minimal switching force of about 350 mN, while the energy 
barrier to be overcome is about 2.85 mJ. Switching in opposite direction 
requires a higher switching force of about 970 mN and the corre
sponding barrier height is about 0.59 mJ. For the non-optimized geo
metric actuator design, the energy efficiency to switch to the opposite 
bistable position while causing the beam to buckle and store energy is 
approximately 20% while accounting for both electrical losses and 
viscoelasticity. During switching, a power input of at most 300 mW is 
required to perform the jump in 10 ms while as much as 240 mW are lost 
in damping forces and electrical losses.

3.4. Bistability region

The design of the biasing system requires careful tuning for its force- 
displacement characteristic to match the DE ones in the right way as to 
realize a normally bistable mechanism. It is well documented in the 
literature how a stress-free curved beam can be made monostable or 
bistable by changing geometric dimensions, such as the height-to- 
thickness ratio, or even boundary conditions [58]. In this setup, how
ever, even a bistable bias can result in an overall monostable system, 
based on how the beam and the membrane forces add up. Fig. 3.5 shows 
the region in which, for a fixed DE membrane choice, the system is 
normally bistable normally monostable or electrical actuation does not 
lead the system to a desired monostable configuration. It should be 
noted, however, for a different choice of the DE setup, the region will 

Fig. 3.2. Example of actuation cycle. From top left, clockwise: 1st stable state, 
actuation of DE1, deactivation of DE1 and 2nd stable state, actuation of DE2.

Fig. 3.3. Hysteretic actuation cycle of a bistable double cone DE actuator with 
direction of motion in the branches where bistability is affected. The geometric 
parameters of the DE membranes are: External diameter D = 5 cm, internal 
diameter d = 2.44 cm, thickness tm = 20 μm. The geometrical parameters of the 
biasing system are: length l = 48.7 mm, width b = 4 mm, height-to-thickness 
ratio h/t = 13.6.
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look similar but with a slightly different shape depending on the 
magnitude of the forces in play.

4. Bistable inductive levitation microactuator

A hybrid levitation microactuator implemented by means of 
combining electromagnetic inductive and electrostatic actuation dem
onstrates dramatically increased operational capabilities, such as dy
namic tuning of the stiffness components, linear and angular positioning 
of a proof mass (PM) with adjustable dynamics, as well as operation as 
the bistable micro-actuator [33,59–65]. Early concepts of magnetic 

levitation can be found, e.g., in [66]. The advanced application of such 
actuators requires the comprehensive study of the pull-in phenomena, 
which finally defines their operating regimes [59,65,67,68]. In partic
ular, the linear pull-in actuation in the bistable inductive levitation 
micro-actuators is discussed. The effect of the design parameters of the 
device on its actuation mechanism, which is characterized by its force 
and energy performance, is analysed below.

4.1. Geometry and layout

The layout of the bistable inductive levitation microactuator is 

Fig. 3.4. (a) Force versus displacement curves of both biasing element (black), sum of the DE membrane forces under different voltage actuations (dashed blue, red 
and yellow) and relative points of equilibrium A1, A2 and B1, B2; (b) static stored energy landscape of the system described by summing all the forces of the 
components (b). The dimensions are the same as in Fig. 3.3.

Fig. 3.5. Working regions of the system while varying length l (a) and width b (b) of the beam. The green dots represent the stable equilibria at low voltage for 
correct design choices of the beam (full black lines). The behavior of the system depending on the length and width of the stress-free curved biasing beam is 
summarized in (c).
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shown in Fig. 4.1. A typical two-coil configuration, consisting of stabi
lization and levitation one, arranged to provide stable levitation of a 
conducting disc-shaped PM, is considered. Worth noting that a PM 
having other shapes such as square, pentagon, hexagon one can be also 
stably levitated by this coil configuration [69]. The PM is magnetically 
levitated within the static electric field generated by the top and bottom 
electrodes. In the general case, it is assumed that the potentials that are 
applied to the top and bottom electrodes are different and denoted by u1 
and u2, respectively, as shown in Fig. 4.1. The equilibrium point co
incides with the origin O, which lies on the y axis of symmetry. The 
location of the origin is characterized by the following parameters: h is 
the spacing between the bottom electrode plane and the origin, hl is the 
levitation height, which is estimated as the distance between the planes 
formed by the upper turn of the coils and the origin (The point C is lying 
on the crossing of the y axis and the upper turn coil plane). The 
displacement of PM is characterized by the generalized coordinate y. 
The mass of PM is denoted by m. The radius of PM, rpm, is larger than the 
radius of the levitation coil, rl, but less than the stabilization one, rs. 
Hence, the following inequality rs > rpm > rl holds.

It is assumed that the PM is levitated stably between the top and 
bottom electrode pairs at the middle. Also, the area of each electrode is 
the same and denoted by AE. For further discussion, the set of dimen
sionless parameters is introduced. Namely, κ = h/hl is the spacing 
parameter, which characterizes the distance between the electrode pairs 

and the PM. βi = ε0AEu2
i /
(

mgh2
)

, i = 1,2, is the dimensionless square 

voltage, where ε0 is the permeability of free space and g is the gravita
tional acceleration. ξ = 0.5hl/rl is the design parameter and λ = y /h is 
the dimensionless displacement of the PM. Worth noting that, for all 
known micro-fabricated prototypes of actuators published in the liter
ature, the parameter ξ is less than 0.25. The micromachining prototype 
of such an actuator was first reported in [34]. The prototype is charac
terized by the following parameters: the weight, mg, is 3.7 μN; the 
levitation height, hl, is 150 μm; the spacing, h, is 100 μm; the radius of 
the levitation coil, rl, is 1 mm. Hence, the dimensionless parameters are 
κ = 0.666 and ξ = 0.075.

4.2. Actuation mechanism

Two operation modes of the actuator according to subsequences of 
energizing the electrode pairs can be recognized. Namely, operation 
mode I is characterized by energizing the top or bottom electrode pair 
separately, while in operation mode II both electrode pairs are energized 
simultaneously.

The bistable actuation mechanism performed in operation mode I is 
as follows. Energizing either the top or bottom electrode pair selectively 

generates the electrostatic force, which moves the PM toward to the 
energized pair. Simultaneously, the electric field produces the negative 
stiffness reducing the stiffness of the magnetic suspension. Upon 
applying a certain value of the voltage to the electrode pair the resultant 
stiffness becomes zero. Note that the voltage and the displacement of PM 
corresponding to this state are called the pull-in voltage and the pull-in 
displacement, respectively. Hence, when the pull-in voltage is applied to 
the electrodes, PM moves to the electrodes in a jump. Once the voltage is 
released, PM resets to its origin by means of gravity and the electro
magnetic force.

The general behavior of operation mode II is studied in [70,71]. 
Here, we consider the particular case that both electrode pairs are 
energized by the same voltage u1 = u2 = u [35]. In this mode, the linear 
stiffness of the electromagnetic suspension at the equilibrium point can 
be adjusted in a wide range or completely eliminated by controlling the 
strength of electric field. Once the pull-in voltage is applied to the 
electrodes and the stiffness becomes zero, PM moves from its origin to 
the top electrodes in a jump. Subsequently, PM experiences monostable 
behavior shifting below the origin. Upon eliminating the stiffness by 
applying the second pull-in voltage, PM moves toward the bottom 
electrode pair in a jump.

4.3. Force and energy results

The force- and energy-displacement curves and their evolutions 
depending on the square voltage β are shown in Fig. 4.2 for operation 
mode I. In particular, Fig. 4.2(a) presents the dimensionless force- 
displacement curves for the square voltage β1 in a range from 0 to 0.5 
and β2 in a range from 0.4 to 0.7. The design of the actuator is charac
terized by the following parameters, namely, κ = 1.0 and ξ = 0.2. The 
dimensionless force F is represented as the ratio of the resulting elec
tromagnetic force acting on the PM to its weight. An analysis of Fig. 4.2
indicates that the PM has one stable equilibrium point at λ = 0 when the 
electrodes are uncharged (β1 = 0). Hence, the electromagnetic force 
acting on the PM increases monotonically in the negative displacement 
range and decreases in the positive one. The dimensionless energy- 
displacement curve exhibits a minimum for β1 = 0 corresponding to a 
stable state as shown in Fig. 4.2(b).

When the top pair of electrodes is energized and the applied voltage 
β1 is less than the pull-in one, then the force has two equilibrium points, 
S+

i and U+
i , which satisfies the stable and unstable states, respectively. 

The energy curves have the corresponding minimum and maximum 
value, respectively, as seen in Fig. 4.2(b). Due to the fact that electro
magnetic force generated by the electric current in the coils is decreased, 
the force curves have the minimum values between the points S+

i and 
U+

i . Then the equilibrium points are merged into the bifurcation point 
B1, when the applied voltage reaches the pull-in one as shown in Fig. 4.2
(a,b). Beyond the pull-in voltage, the actuator has no equilibrium state 
and moves toward the energized electrodes. Similar to the positive range 
of displacement, the actuator experiences the bistable mechanism in the 
negative range of displacement, when the bottom pair of electrodes is 
energized. The only difference is that the force curves have maximum 
values between two equilibrium points S−

i and U−
i , due to the increasing 

value of the electromagnetic force.
Note that to convert the dimensionless force and energy into corre

sponding units, the following equations can be used, namely, for elec
tromagnetic force, F = mgF and for energy, E = mghE. As an illustrative 
example let us consider the prototype having parameters mentioned 
above, but it is assumed that hl = h = 400 μm to fit the requirement for 
ξ = 0.2. Hence, the maximum electromagnetic force acting on the PM 
for negative range of displacement becomes Fmax = 3.7⋅2.176 = 8.0512 
μN (β2 = 0.4) and the energy barrier for bistable actuation in the 
negative range is EB = 3.7⋅400⋅10− 6⋅1.5651 = 0.0023 μJ (β2 = 0.608) 
(see Fig. 4.2). For positive range of displacement, we can write Fmin =

1.0 μN (β2 = 0.09) and EB = 7⋅10− 4 μJ (β1 = 0.215) (see Fig. 4.2). The 

Fig. 4.1. Schematic layout of the bistable inductive levitation microactuator: i 
is the AC electric current; u1 and u2 are applied voltages to the electrodes; h is 
the spacing between the bottom electrode plane and the origin O; hl is the 
levitation height estimated from the plane of the upper turn of the coils.
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energy barrier can be decreased by decreasing the spacing parameter 
and locating the electrodes closer to the PM, for instance, if κ = 0.1 then 
EB = 7.4⋅10− 6 μJ for both ranges of displacement.

4.4. Bistability region

The regions of monostable and the bistable behavior of the actuator 
for both operation modes are presented in bifurcation diagrams shown 
in Fig. 4.3. The diagrams are built for different design parameters κ and ξ 
in terms of the dimensionless voltage and displacement. They map the 
distribution of centre and saddle points characterized stable and un
stable equilibrium state, respectively, as well as show the bifurcation 
points where the bistable actuation occurs.

For operation mode I, the bifurcation diagrams for the actuator 
characterized by the following design parameters, namely, κ = 1.0 and ξ 
= 0.2 are shown in Fig. 4.3(a). As seen from the figure, monostable 
actuation is limited by the bifurcation points B+

1 and B−
1 in positive and 

negative range of the displacement, respectively. These two points are 
defined by the pull-in voltages (

̅̅̅
β

√ +

1 and 
̅̅̅
β

√ −

1 ) and pull-in displacements 
(λ+1 and λ−1 ), where the actuator experiences bistable actuation. The pull- 
in voltage for negative range is larger than for positive one (

̅̅̅
β

√ −

1 

>
̅̅̅
β

√ +

1 ). Also, the range of displacement for monostable actuation in the 
negative range of displacement is larger than for the positive one (λ−1 
> λ+1 ). Decreasing the spacing parameter κ leads to decreasing in the 
range of displacement for monostable actuation and its pull-in voltages, 
see Fig. 4.3(a). In a particular case, when κ tends to zero, the pull-in 
displacement has the tendency to be λ+ = λ− ≈ 1/3 for both ranges, as 
well as the pull-in voltage, which can be approximately estimated as 

follows: 
̅̅̅
β

√ −
=

̅̅̅
β

√ +
≈

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ4/27(1 + 1/[ln4/ξ + 2])

√
.

For operation mode II, the actuator having the following design 
parameters, namely, κ = 1.0 and ξ = 0.07 are considered. Its bifurcation 
diagrams are depicted in Fig. 4.3(b). As seen from the figure, there are 
two bifurcation points B1 and B2. The PM keeps the original position till 
the pull-in voltage determined by the point B1 in the diagram is applied 
to the electrodes. Beyond this point the actuator experiences the 
monostable regime limited by the second bifurcation point B2. Similar to 
operation mode I, decreasing the spacing parameter κ leads to 
decreasing in the range of displacement for monostable actuation and its 
pull-in voltages as well, see Fig. 4.3(b). Once κ tends to zero, two 
bifurcation points merge into one point as shown in Fig. 4.3(b).

4.5. Dynamic actuator performance

The inductive levitation microactuator can be executed in both, 
bistable and monostable, operation mode with high performance. 
Thereby, the time for bistable switching can vary in a wide range from 
milli to nano seconds, which can be adjusted through design parameters 
such as the spacing parameter κ, the applied actuation voltage 

̅̅̅
β

√
and 

friction reduction via controlled vacuum. Its energy and power perfor
mance can be significantly enhanced by carefully designing the micro
actuator’s geometry, materials, and excitation strategies, for instance, 
by reducing the coil diameter [72] and incorporating a magnetic core in 
the coils [73]. The energy efficiency of pull-in actuation from the origin 
to one of the electrode pairs can be estimated by the dimensionless en
ergy values associated with the bifurcation points, namely, B1 and B2 
(see Fig. 4.2(b)). For the considered design, the energy efficiency of the 

Fig. 4.2. (a) Force-displacement, (b) energy-displacement of the bistable system: B1 and B2 are the bifurcation points for the positive and negative range of 
displacement, respectively; S+

i and S−
i (i = 0,1,2) are the stable equilibrium points for the positive and negative range of displacement, respectively; U+

i and U−
i (i =

1,2) are the unstable equilibrium points.
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pull-in actuation towards the top pair of electrodes is around 0.7, while 
towards the bottom pair it is around 0.4. The power efficiency of this 
design is estimated to be 0.9 as reported in [74]. This makes the pro
posed actuator concept well-suited for applications requiring low-power 
and high-precision actuation, such as the precise and energy-efficient 
cooperative movement of components in micro-robotic systems. The 
demonstrated bistable actuation can be utilized in MEMS-based optical 
systems including tunable lenses and beam-steering mirrors. Addition
ally, the proposed microactuator can enhance the performance of 
micro-inertial sensors through incorporating tunable stiffness and 
bistability.

5. Multistable magnetic lift actuator

Magnetic actuators are accessible, fast, and allow for contactless 
actuation, e.g., for levitation [71,75]. However, these devices continu
ously consume energy. As an alternative, the nonlinearity of magnetic 
fields can be exploited to design multistable actuators. Applications for 
multistable magnetic actuators include bistable magnetic switches [76], 
energy harvesters [77], multistable valves, [78,79] and grippers [80]. In 
general, these concepts are based on a movable, magnetic object that can 
be kept in a stable position in the vicinity of a permanent magnet. With 
an increased number of permanent magnets, more resting positions are 
achievable. However, only few miniaturized or microsystems with more 
than two stable positions have been investigated. An example of an 
actuator showing three resting positions is presented in [81]. In the 
following, we describe an actuator concept with so far three stable 
resting positions providing explicitly the potential for an arbitrary 
number of equilibrium positions. Here, a permanent magnetic plunger 
that can freely move in an out-of-plane direction is kept stable by mul
tiple thin steel rings in the outer actuator structure. Varying their 

vertical position shapes the energy barriers and allows to tailor the 
stable positions [36]. Additional stable positions might occur at the 
limits of the plunger’s motion: if the total vertical force at such a position 
pushes the plunger against the limiting object, mechanical contact in
troduces another stable position. This work investigates how the steel 
rings’ positions affect the magnetic force and the energy potential with 
respect to the displacement. The actuator is specifically designed for 
flexible reconfigurability and the possibility of creating additional stable 
positions. Switching between these positions is achieved by electro
magnetic actuation. The actuation coil further provides the advantage to 
be also useful for self-sensing of the plunger position similar to [82], 
which is the basis for feedback control. Note that in contrast to other 
typical miniaturized magnetic systems [83,84], the magnetic actuation 
is included in the design and not supplied by external magnetic fields.

5.1. Geometry and layout

The basic components of the setup are the magnetic plunger, which 
consists of a spherical neodymium magnet (3 mm diameter) and a ferrite 
rod (7.5 mm length, 0.75 mm diameter), three thin steel rings (20 µm 
thickness) for shaping the energy barriers, and a coil (3 mm diameter, 1 
mm length) for electromagnetic actuation, see Fig. 5.1. The plunger is 
guided by both, the guiding structure at the base of the setup, and the 
Teflon bearing within the circuit board at the top. The actuation coil is 
wound around the Teflon bearing enclosing the ferrite rod. Stacks of 
phenolic paper are used as spacers to adjust the vertical position of the 
steel rings, and therefore also the resting positions of the plunger. 
Depending on the position of these rings, there are up to three resting 
positions: the upper and bottom positions, where the plunger is in 
contact with either the bearing or the base structure, and the middle 
position, in which the plunger is kept by an equilibrium of frictional, 
gravitational, and permanent magnetic forces.

5.2. Actuation mechanism and performance

To switch between the different stable positions, short electric cur
rent pulses are applied to the actuation coil. Due to the use of a per
manent magnet, the plunger can either be pulled upwards or pushed 
downwards, depending on the sign of the input current. The amplitudes 
and lengths of the input signals are chosen based on the starting and 
desired final position, since less current is needed for a transition into 
the middle position, or when switching from a higher to a lower posi
tion, as we do not have to work against gravity. In general, more effi
cient and robust actuation signals can be found by model-based 
feedforward control, as presented in [85]. This is achieved by parame
terizing the input current and using simulation-based, numerical opti
mization. Suitable dynamic models for simulation can be obtained using 
finite element modeling and subsequent techniques for model order 
reduction as in [86–88].

Fig. 4.3. Bistable and monostable regions: (a) bifurcation diagram for the 
operation mode I; (b) bifurcation diagram for the operation mode II (u1 = u2 =

u).

Fig. 5.1. Design of the multistable actuator with a freely moving, magnetic 
plunger [36]. Three stable resting positions are achieved by steel rings and 
contact with the base structure.
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The frequency of actuation can be extracted from the transient po
sition measurements [36]. Transition times between stable positions 
range from 20 ms to 40 ms for downward and upward transitions, 
respectively. Therefore, the actuator achieves a frequency of ca. 25 Hz. 
However, successive actuation cycles heat up the coil and limit the 
operation time. Note that a larger coil increases actuation frequency and 
active cooling the number of consecutive cycles.

5.3. Force and energy results

The permanent magnetic force Fpm acting on the plunger depends on 
its vertical position z and the configuration of the steel rings. To achieve 
the resting position at the top of the actuator, i.e., in contact with the 
Teflon bearing, the position of the third steel ring is set to the maximum 
height z3 = 7 mm, directly below the circuit board. In this section, we 
investigate the effect of the remaining steel rings’ vertical positions z1 
and z2 on the multistability of the actuator. The measured and simulated 
force- and energy-displacement characteristics are shown in Figs. 5.2 
and 5.3, whereby Fig. 5.2(a,b) shows the results for the initial design 
with z1 = 2 mm and z2 = 3.5 mm. In this case, three energy minima are 
present at 1, 1.8 and 3.3 mm. The gravitational force causes a direction- 
dependent switching performance. The energy barriers in between the 
energy minima are determined to be 1.8 and 1.7 µJ in upward (+) di
rection, while they are 2.2 and 1.3 µJ in downward (-) direction. The 
corresponding switching forces are 1.3 and 1.6 mN in upward (+) di
rection (5.2 and 3.8 mN in downward (-) direction). Varying the two 
steel rings’ positions changes these characteristics. This can be used to 
adjust the middle resting position and to tune energy barriers. The 
number of stable positions as well as their origin may change, consid
ering the force-displacement characteristic and mechanical contact. A 
FEM-based study investigates 91 design variations, varying the rings’ 
positions between 0 mm and 6.5 mm in steps of 0.5 mm. Some variations 
occur twice as the two steel rings are interchangeable. In such a case, 
only one variation has been computed. Fig. 5.3(a,b) presents a subset of 
these 91 force- and energy-displacement characteristics, varying only 
one steel ring’s position while the other is fixed at z1 = 0 mm. We find 
for all values of z2 at least one stable position. However, for some z2, we 
do not find an additional stable position at z = 0 mm, as the magnetic 
force overcomes the gravitational force. In contrast, for z2 = 1.5 mm or 
2 mm we observe a stable bottom position as the gravitational force 
exceeds the magnetic force. Similarly, only z2 = 4 mm and 4.5 mm 
feature a stable top position.

The energy efficiency can be estimated from measurements of the 
coil current for transition and the force stroke characteristic [36]. The 
former is actuated for 32 ms with a constant current of 0.48 A. With a 
resistance of 14 Ω, the electrical work amounts to 0.1 J. The estimation 
of the mechanical work relies on the integrated force stroke curve, 
resulting in an energy stroke curve. For an energy barrier of 2.2 µJ, the 
efficiency is 2.2 µJ/0.1 J = 22 ppm. However, note that independent of 

the duration, maintaining this position does not consume any further 
energy, even for moderate disturbances.

5.4. Multistability region

It has been demonstrated that the rings’ positions are critical for the 
number and positions of the stable resting positions. In this section, we 
further investigate the parameter regions for which the design is mono-, 
bi-, or tristable. Based on the 91 force-displacement characteristics in the 
previous section, the number of stable positions and their composition 
can be derived.

These results are condensed into stability maps. Fig. 5.4(a) provides 
the total result, emphasizing the mono-, bi-, or tristability offered by the 
design space. Fig. 5.4(b) focuses on purely magnetic contribution, while 
Fig. 5.4(c,d) are dedicated to stable top and bottom positions due to 
mechanical contact, respectively. To design an actuator with the desired 
number and location of stable resting positions, an approach similar to 
[38] may be used: By superimposing the force contribution of a single 
steel foil on the plunger, a rough estimate of the overall 
force-displacement characteristic can be obtained. This concept has also 
been validated for a macroscopic setup using patterns of cylindrical 
magnets [89]. Numerical optimization can then find the required steel 
foil positions by minimizing the deviation between the approximated 
and desired force characteristic. It should be mentioned, however, that 
intermediate resting positions may not be reached without a more 
complex actuation mechanism, such as robust feedforward or feedback 
control. In [38], the dynamic transition between the stable positions at 
different weights of the plunger was investigated for a given configu
ration. It was shown that an additional weight of 70 mg on top of the 
initial plunger weight of 126 mg still resulted in three resting positions. 
However, no trivial actuation signal achieved a direct transition from 
the top position to the middle position without an undesired, large un
dershoot to the bottom position and a subsequent rebound.

6. Antagonistic bistable SMA beam actuator

The combination of SMA beams allows for the development of 
antagonistic SMA beam actuators that exhibit bidirectional deflection as 
well as active bistability [39]. In order to understand the complex 
thermo-mechanical performance of coupled SMA beams, a finite 
element investigation is conducted using a coupled thermomechanical 
SMA constitutive model developed in ABAQUS. In the following, we 
characterize the force-displacement and energy-displacement responses 
of single SMA beams with out-of-plane memory shapes in martensitic 
and austenitic states and, subsequently, the antagonistic coupling of two 
such SMA beams with oppositely deflected out-of-plane memory shapes, 
one being in martensitic and one in austenitic SMA state. Thereby, we 
analyze the influence of the major geometrical parameters on the 
bi-directional course of forces and energies versus displacement, namely 
the spacer length S and pre-deflection h, and explore the parameter 
range that supports bistable behavior. SMA actuators showing active 
bistability without the need for external loading offer great potential for 
switching applications at small scales such as microvalves, micro
positioning systems, microrobotic and biomedical devices owing to their 
ability to provide large actuation strokes and forces with stable me
chanical states, along with their compatibility with microfabrication 
techniques and responsiveness to thermal stimuli [90–92].

6.1. Geometry and layout

The layout of the bistable actuator consists of two SMA beams with 
memory shapes being deflected in opposite out-of-plane directions. As 
sketched in Fig. 6.1, the SMA beams are coupled in their center by a 
spacer. The SMA beam ends are attached to two base parts made of a 
thermally insulating material. In addition, there are two heat sources 
placed at the top and bottom side of the coupled SMA beams. There are 

Fig. 5.2. Force-displacement and energy-displacement characteristics of the 
multistable actuator with highlighted stable positions: (a) measured and 
simulated results of the vertical force on the plunger for a single configuration 
(z1 = 2 mm, z2 = 3.5 mm); (b) corresponding potential energy characteristics; 
Lower and upper resting positions are achieved due to contact forces.
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seven geometrical parameters including L– beam length, w– beam 
width, t– beam thickness, r– bending radius near the spacer, R– bending 
radius at the beam ends, and h– initial out-of-plane deflection. Thereby, 
the length S and the deflection h as well as the bending radii r and R are 
considered as adjustable geometrical parameters. At low bending radius 
R, a straight section appears between the two curved sections. As the 
bending radius R increases, the length of this straight section decreases 
until it reaches to zero in the tangential limit of Rtan. In the simulation 
model, we assume the SMA material parameters of a Ti53.9Ni30.4Cu15.7 

film as described in literature [30]. The SMA beam thickness is 50 µm. 
The lateral beam dimensions are 10 × 1 mm². Furthermore, the spacer 
height is 2 mm to ensure sufficient thermal insulation between the SMA 
beams.

6.2. Actuation mechanism

Selective heating of the SMA beams is performed by solid-solid 
contact between the SMA beams and planar heat sources centrally 

Fig. 5.3. Results of the numerical parameter study with highlighted stable positions: (a) simulated force-displacement characteristics for the lower ring fixed 
at z1 = 0 mm and varying positions z2 of the middle ring; (b) corresponding potential energy characteristics. Lower and upper resting positions are achieved due to 
contact forces.

Fig. 5.4. Stability regions for mono-, bi-, and tristability with respect to the steel rings’ positions considering the overall result as well as the contributions of in
dividual effects. White area indicates symmetry as the two rings are interchangable: (a) stability considering all effects; (b) stability due to the magnetic force- 
displacement characteristic; (c) stability due to a magnetic downwards force and mechanical contact at the bottom position; (d) stability due to a magnetic up
wards force and mechanical contact at the top position.
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located at the top and bottom side of the SMA beams. Fig. 6.1 shows one 
of the stable equilibrium positions, in which SMA beam 1 is in its 
memory shape, while SMA beam 2 is deflected downwards in opposite 
out-of-plane direction compared to its memory shape. While in contact 
with heat source 2, the temperature of SMA beam 2 increases until it 
reaches the temperature range of martensite-austenite phase trans
formation, in which the memory shape begins to recover. The shape 
recovery force FA2 pushes SMA beam 1, which is still in martensitic state, 
upwards whereby it causes an opposing force FM1. At sufficiently large 
displacement in z-direction, a dynamic snapping motion occurs driving 
the system towards the upper stable equilibrium position. Alternating 
heating of the antagonistic SMA beams causes bi-directional self-actu
ation of the actuator between two stable positions without the need for 
an external force. This mechanism suggests that the coupling force 
FC2=FA2-FM1 should be positive in the entire displacement range to 

obtain bistable behavior of the antagonistic SMA beams. A similar cri
terion exists for the downward motion after selectively heating SMA 
beam 1. Since the force direction of the martensitic SMA beam is 
opposite of the austenitic one, the force of this beam is subtracted from 
the shape recovery force to calculate the coupling force. As the energy 
considerations are independent of direction, the energies of austenite 
(EA2) and martensite (EM1) are added to calculate total coupling energy 
of the system. Given that the proposed coupling energy (EC2) is exactly 
corresponding to the defined coupling force (FC2), it is concluded that for 
the bistable antagonistic system, the coupling energy should have only 
one minimum corresponding to the only one zero value of coupling 
force.

6.3. Force and energy results

The bistability of the antagonistic SMA beam actuator is investigated 
based on the force and energy characteristics of the SMA beam in 
austenite and martensite state. Fig. 6.2(a,b) shows the effect of spacer 
length S on the displacement characteristics in positive (+z) direction of 
coupling force FC2=FA2-FM1 and coupling energy EC2=EA2+EM1, in 
which the actuator starts from an initial position near zero displacement 
with SMA beams 1 and 2 being in martensitic and austenitic, respec
tively. Based on the criterion of positive coupling force FC2, it is 
concluded that bistable behavior of the antagonistic beam actuator is 
obtained only for spacer lengths S of 4 and 5 mm. For smaller and larger 
spacer lengths, i.e. S = 3 mm and S = 6 mm, FC2 becomes zero at in
termediate positions causing the actuator to stop moving before reach
ing the equilibrium position (stable state 1). Similarly, moving from an 
initial position near maximum displacement in negative displacement 
direction towards stable state 2 requires selective heating of SMA beam 
1 to austenitic state, while SMA beam 2 is in martensitic state (not 
shown).

The force-displacement characteristics allow to determine energy 
efficiencies of actuation between stable positions. The work output of a 

Fig. 6.1. Schematic layout of the bistable actuator consisting of two antago
nistically coupled SMA beams that are clamped at both ends and deflected out- 
of-plane in the beam center. FM and FA denote the opposing forces of the SMA 
beams, one being in austenitic and one being in martensitic state. The 
geometrical parameters are introduced in the text; adapted from [39].

Fig. 6.2. The effect of spacer length S on the coupling force FC2 (a) and coupling energy EC2 (b) versus displacement in positive (+z) direction from initial position to 
stable state 1. The SMA beam geometries are w = 1 mm, t = 50 µm, L = 10 mm, h = 1 mm, r = 0.8 mm and R=Rtan. Bistable switching behavior occurs when the 
coupling force FC2 stays positive in the entire displacement range. In this case, only one energy minimum occurs at zero force. Energy minima are indicated by 
colored circles.
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single SMA beam actuator is in the order of 0.5 mJ. The heat input 
required to induced the phase transformation is estimated to be about 
100 mJ for a TiNi-based alloy assuming typical values for heat capacity 
and transformation enthalpy [39,93]. The corresponding energy effi
ciency of 0.5% is rather low compared to non-thermal actuation 
mechanisms as most of the input energy is required to induce the phase 
transformation. The power input to induce phase transformation of a 
single SMA beam actuator within 0.5 s is about 200 mW, while the 
power output is in the order of 1 mW. Different approaches have been 
pursued to increase efficiency such as reducing the thermal mass while 
maintaining actuator stiffness and taking advantage of pulsed actuation 
[94]. Bistable actuation is another important concept to increase effi
ciency as power is only required for transitioning between the stable 
states. Generally, direct Joule heating of SMA actuators is mainly suit
able at miniature scales, in which thermal masses are low.

Fig. 6.3 shows a finite element simulation of the force-displacement 
and energy-displacement characteristics of an antagonistic SMA beam 
actuator with spacer length S of 4 mm. Unlike the analysis of single SMA 
beams in austenite or martensite state and of their coupled performance 
in one loading step, the analysis of the fully coupled antagonistic SMA 
beam actuators requires two initial simulation steps to adjust the 
coupling of the two SMA beams and to reach one of the stable states as 
the starting position [39]. Active bistability occurs between the two 
stable states in upward (z increase, yellow line) and downward (z 
decrease, red line) direction, respectively. Switching between the two 
states is achieved as long as the minimal switching force between the 
stable states does not become zero. From Fig. 6.3, the minimal switching 
force is determined to be about 5.7 mN. The energy barrier depends on 
the displacement direction being about 95 mJ in upward (+z) direction 
and 5.6 mJ in downward (-z) direction. The asymmetry between the 
energy states is caused by the initial conditions to adjust the coupling of 

the two SMA beams for bistable actuation.

6.4. Bistability region

By performing FEM simulations for different geometries of antago
nistic SMA beam actuators, we identify three distinct regions as shown 
in Fig. 6.4. There are two regions #1 and #2, in which the SMA beam 
actuator is monostable, and a bistable region. By increasing the spacer 
length S for a given pre-deflection h, the peak force of the opposing 
martensitic SMA beam strongly increases. Consequently, the required 
force of the austenitic SMA beam must increase as well to maintain 
bistability, which is no longer achievable at large S values. Conversely, 
reducing the spacer length S decreases the maximum stress of the SMA 
beam and, thus, the maximum force generated by the austenitic SMA 
beam eventually becomes insufficient. This analysis reveals that bistable 
behavior occurs at intermediate spacer lengths S for a given pre- 
deflection h. The bistability region can be characterized by defining 
the stability ratio SR, which is given by the ratio of Rtan (Fig. 6.1) and the 
bending radius of the beam center r (SR=Rtan/r). Then, the different 
bistable and monostable regions can be determined by the lower and 
upper limiting values SR1 and SR2, respectively. For the investigated 
antagonistic SMA beam actuators, we find SR1 and SR2 to be 2.5 and 6.5, 
respectively. Their dependencies on geometrical parameters allow to 
determine critical values of predeflection h for the different monostable 
and bistable regions. As described in [39], we obtain two functions for 
the monostable regions #1 and #2, which are shown in Fig. 6.4 by red 
lines.

6.5. Dynamic actuator performance

The primary focus of this investigation is on the stationary perfor
mance of the antagonisitic bistable SMA actuator, which is strongly 
affected by geometrical parameters. Under stationary conditions, the 
actuator performance can be predicted for applications at sufficiently 
low frequency when keeping stable positions over longer times. The 
cooling time required for transformation back to martensite depends on 
the thermal mass as well as the cooling mechanism of heat conduction as 
well as active/passive heat convection. If heat-induced switching occurs 
more rapidly compared to the cooling time, heat will accumulate and 
cause incomplete phase transformation, resulting in reduced or even loss 
of bistable performance. An interesting option, besides direct Joule 
heating of the SMA beams, is thermal actuation via direct solid-to-solid 
contact of the SMA beams with a low-temperature heat source. Dynamic 
measurements of thermally driven bistable SMA actuators using a heat 
source of 160 ◦C exhibit an oscillatory snap-through motion at fre
quencies up to 1.1 Hz due to periodic heating and cooling of the 
antagonistic SMA beams [30]. In this case, the time constants required 
for heating and for switching between equilibrium positions are deter
mined to be 0.21 and 0.36 s, respectively.

Fig. 6.3. Force versus displacement (a) and energy displacement (b) of an 
antagonistic bistable SMA beam actuator. The SMA beam geometries are S = 4 
mm, w = 1 mm, t = 50 µm, L = 10 mm, h = 1 mm, r = 0.8 mm and R=Rtan. 
Bistable switching between the two stable states occurs by crossing the energy 
barrier in between. The energy minimum of stable state 1 is higher than of 2 
due to an asymmetry between the two states caused by the initial procedure to 
couple the two SMA beams; adapted from [39].

Fig. 6.4. Region of bistability and monostability of the antagonistic SMA beam 
actuator indicated in green and red colour, respectively [39].
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7. Bistable SMA folding microactuator

Miniaturized folding actuators based on shape memory alloys (SMA) 
allow bending motion on mm and µm-scales enabling future applications 
of scalable origami-inspired structures [95–99]. Preliminary work has 
shown that miniaturized folding actuators based on SMAs have prom
ising work densities and bidirectional folding behavior [40,41,
100–102]. Such devices may be designed as an antagonistic pair of SMA 
beams that exhibit an intrinsic bistability without the need for an 
external load to trigger the bistability. Bistable SMA folding micro
actuators could be used for handling of objects in microrobotics and 
micromanipulation in medical applications improving minimal invasive 
surgery. The microactuators could also be combined to novel 
origami-inspired re-programmable microsystems enabling applications, 
e.g., in smart surfaces, adaptive optics and photonics. The following 
sections present their concept, fabrication and the effect of design 
parameters.

7.1. Geometry and layout

The bistable SMA folding microactuator consists of two counter
acting SMA double beams that connect two rigid tiles as illustrated in 
Fig. 7.1(a). The SMA beam structures are lithographically micro
fabricated from pre-annealed cold-rolled TiNi films having a thickness t 
of 20 µm, while the tiles are laser-cut from polyimide. Both SMA double 
beams are heat-treated individually to adjust their memory shape at an 
angle of ±180◦. Subsequently, they are bonded to the tiles by hybrid 
integration using epoxy adhesives. The distance L between the tiles is 
2000 µm and the intrinsic weight m of each tile is 97.5 mg. Cu-Sn 
microwires are electrically connected to the contact pads to power the 
SMA beams by Joule heating. SMA wing structures between the beam 
and pads increase temperature homogenization in the beam [103]. By 
selectively heating the antagonist and protagonist, the microactuator 
switches between two stable states as illustrated in Fig. 7.1(c,d). As 
illustrated in Fig. 7.1(b), the design parameters for tuning bistability 
include the SMA beam geometry as well as the shape-set angle ΘShapeSet 
and tile mass m.

7.2. Actuation mechanism

The actuation in the SMA double beams is caused by the one-way 
shape memory effect, which is based on a martensitic phase trans
formation [104]. While in unheated condition, the microactuator is in 
planar state, whereby both SMA beams are undeflected and the 

corresponding bending angle is 0◦. By selective heating one of the 
counteracting SMA double beams above the austenitic transformation 
temperature, it deflects towards its memorized folded state and thereby 
deforms the opposing unheated SMA double beam. Consequently, the 
attached tile folds until it reaches its maximum folding angle Θmax. Here, 
the torque of the protagonist being in austenitic state equals the torque 
of the antagonist being in martensitic state and the external load. After 
Joule heating and subsequent cooling to room temperature, the folding 
SMA microactuator relaxes and reaches the angle Si, which is charac
terized by the meta-stable configuration of martensite variants of the 
SMA material. Depending on which of the two counteracting double 
beams is selectively heated, the maximum folding angle Θmax, the 
meta-stable angle Si and corresponding torque equilibria are reached in 
both, positive and negative, deflection directions. Thus, the SMA folding 
microactuator achieves bistability without the need for an external load. 
In this design, however, the maximum angle is limited by the torque 
balance [40,105]. In addition, asymmetries in deflection angles may 
occur due to fabrication tolerances. Therefore, an additional magnetic 
latching mechanism may be implemented to enhance the angular range 
and to stabilize the end positions [106].

7.3. Torque and energy barrier

The bistability of the SMA folding microactuator is investigated by 
simulating the bending of an individual SMA double beam with the 
geometry as defined in Section 7.1 in both martensitic and austenitic 
state. For this purpose, a finite element (FE) model has been developed 
to describe the coupled thermomechanical performance. Here, the 
model is used under isothermal conditions below the martensite finish 
and above the austenite finish temperatures. The FE code Abaqus 
Standard is applied, with a user-defined material library (UMAT) that 
includes the constitutional thermomechanical behavior of the SMA 
material, as detailed in [107]. During the quasi-static simulations, ki
nematic control of the rigid top surface of the actuator is achieved by 
stepwise increasing its orientation angle from the shape-set initial po
sition (here − 180◦) to the fully unfolded position (+180◦). The two 
bottom legs of the actuator are kept fixed, whereas all other degrees of 
freedom are allowed to relax in each step. The resulting torque to deform 
the structure for each discrete angle is determined as the reaction torque 
of the simulation step. The torque and energy of a coupled pair of 
antagonistic SMA actuators is derived from the combination of the 
simulated torque-angle response of the individual actuator at both 
austenite and martensite temperature. 

Fig. 7.1. (a) Layout of the bistable SMA folding microactuator consisting of two counteracting SMA double beams (protagonist and antagonist) that are bonded to 
rigid tiles. (b) Enlarged layout of an SMA double beam with tile mass m and geometric beam dimensions thickness t, width w, length L, and bending radius r. (c) First 
stable state triggered by the protagonist SMA double beam. (d) Second stable state triggered by the antagonist SMA double beam.
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TCoupled = TProtagonist− A − TAntagonist− M (7.1) 

By numerically integrating TCoupled over the angle range, the coupling 
energy ECoupled is calculated to investigate the bistability behavior of 
antagonistic SMA microactuators: 

ECoupled = EProtagonist− A + EAntagonist− M (7.2) 

Fig. 7.2(a,b) display the torque-angle characteristics of two indi
vidual SMA double beams with opposing bending directions and of the 
corresponding coupled beam system. Two metastable positions S1 and S2 
are identified, at which the resulting torque of the protagonist and the 
antagonist microactuator becomes zero. The switching torque Tsw is 
determined from the increase of torque at the metastable positions when 
actuating the opposing SMA beam. In the present case, Tsw is determined 
to be about 8.7 Nµm. The deflection of protagonist and antagonist versus 
temperature diagram in Fig. 7.2(c) shows a clear hysteresis with meta
stable points S1,2 at room temperature. By integrating the torque over 
the angle, the energy of the coupled system is calculated, as illustrated in 
Fig. 7.2(d). It is observed that the energy minimum shifts between the 
positive and negative angular range, depending on which of the two 
counteracting double beams is selectively heated – protagonist or 
antagonist. The energy barrier is determined in the absence of heating 
by the energy difference at the intersection of the energy-angle char
acteristics at zero degree to be about 2.6 µJ.

The torque-angle characteristics allow to determine the energy effi
ciency to induce the bending motion. The mechanical work of a single 
SMA folding actuator is in the order of 20 to 45 µJ. In experiments we 
observe a complete phase transformation and corresponding termina
tion of the folding motion after about 100 ms at an electrical DC pulse of 
375 mW resulting in an electrical input energy of 37.5 mJ. The corre
sponding energy efficiency is 0.12%. Most of the electrical input energy 
is required to induce the phase transformation. Additional electrical 

energy is consumed for heating the electrical contacts and the non- 
moving SMA parts of the microactuator. Therefore, bistable actuation 
is important to save energy as power is only required for switching be
tween the stable positions.

7.4. Mono- and bistable behavior

Modifying the design parameters of the SMA folding microactuator 
affects its bistability behavior [108–110]. Fig. 7.3 shows a parametric 
simulation study comprising different bending radii of 100, 200 and 300 
µm and film thicknesses of 5, 10 and 20 µm. It is evident that smaller 
bending radii result in elevated energy barriers as well as larger 
maximum angles and bistable angles. As visualized in Fig. 7.3(a), a 
barrier of 0.6 µJ and a maximum angle of about 100◦ are observed for a 
bending radius of 100 µm at a width of 300 µm and a thickness of 5 µm. 
Obviously, bistability is lost for a bending radius larger than 300 µm. For 
increasing thickness, the energy barrier increases while the angle shows 
a maximum at a beam thickness of 10 µm. In this case, an energy barrier 
of 1.9 µJ and an angle of about 130◦ are observed as shown in Fig. 7.3(b). 
At larger beam thickness, the energy barrier further increases to 2.6 µJ at 
a thickness of 20 µm and a bending radius and width of 100 µm, but the 
maximum angle decreases again to 60◦ due to the increasing stiffness of 
the antagonist beam. Below a thickness of 5 µm, no energy barrier exists 
and, thus, the system is not bistable. The angular range and bistability 
depend on external forces. The effect of an external weight on the 
maximum angle has been studied experimentally for actuation perpen
dicular to the gravitational field [41].

7.5. Dynamic actuator performance

The speed of bending motion depends on the heating power required 

Fig. 7.2. Simulated mechanical performance of the bistable SMA folding microactuator with beam length L, width w, bending radius r, and thickness t being 2000 
µm, 100 µm, 100 µm, and 20 µm, respectively. (a,b) Torque-angle characteristics of individual SMA double beams with opposing bending directions and of the 
corresponding coupled beam system. Either the protagonist or antagonist is heated above Af, while the opposing double beam’s temperature is below Mf. The 
switching torque Tsw is indicated. (c) Deflection versus temperature of the coupled beam system when selectively heating the protagonist and antagonist as indicated. 
The maximum angles Θmax1,2 and meta-stable positions S1,2 are indicated. (d) Energy-angle characteristics of the coupled beam system when selectively heating the 
protagonist and antagonist. The energy barrier EB is indicated.
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to induce the phase transformation to austenite. For a folding SMA 
actuator with dimensions of 2 × 0.1 × 0.02 mm3, for instance, the time 
constants for switching between the end positions can be as low as 100 
ms. However, the cooling rate required for reverse transformation limits 
the actuator’s dynamics. This performance is governed by heat con
duction and the forced heat convection self-induced by the folding 
motion. The frequency of reversible folding and unfolding is thus limited 
to about 1 Hz.

8. Trimorph PMMA/SMA/Si microactuator

The co-integration of silicon (Si) microstructures with micro
actuators has made significant advancements in various MEMS appli
cations requiring active control, such as switching and tuning functions 
in mechanics and photonics applications. In particular, switching and 
tuning of optical signals in waveguide structures for next-generation 
communications systems demands for ultra-small scale actuators with 
high efficiency and large displacements [111]. Shape memory alloy 
(SMA) actuators meet those demands by offering high work density and 
scalability to nanometer dimensions. SMA actuators based on sputtered 
thin-film NiTiHf and NiTiCu in combination with Si technology have 
been demonstrated to produce large strokes in the order of several 
percent of actuator size [112,113]. The ultrasmall footprint of SMA/Si 
nanoactuator allows to combine with photonic components like wave
guide structures in switching applications [114] and tunable wave
guides as a key component in plasmonic modulators and plasmonic 
photodetectors [115]. By adding a third layer of polymer to such com
posites opens up the prospect of bistable actuation at the nanoscale [43,
116–118]. In the following, PMMA/SMA/Si trimorph microactuators 
are introduced and their functional properties are discussed with respect 
to their bistable behavior.

8.1. Geometry and layout

The trimorph microactuator design follows a beam cantilever layout, 
in which one end is fixed, and the other end is freely movable as shown 
in Fig. 8.1(a). It comprises three layers that are stacked on one another: a 
Si layer, a SMA layer of NiTiHf, and a PMMA layer. When subjected to a 
heat stimulus, the trimorph microactuator generates a bending moment 
based on stress states between three different layers resulting in two 
different stable states, as illustrated in Fig. 8.1(b). For direct Joule 
heating, a double-beam cantilever layout of these microactuators can be 
used as described in [118,119].

8.2. Actuation mechanism

The performance of the trimorph microactuator relies on the 
superimposing effects of differential thermal expansion, the shape 
memory effect, and differences in stiffness between the austenite and 
martensite phase [43]. For the bistability mechanism, we use a PMMA 
layer with glass transition temperature (Tg) that falls in between the 
martensite and austenite phase transformation temperatures (Ms and As) 
of the SMA as illustrated in Fig. 8.2(a). Assuming the trimorph micro
actuator is initially in stable state 2 (S2), depicted in Fig. 8.2(b), 
switching to stable state 1 (S1) requires the heating cycle up to T2, in 
which the microactuator is heated above the austenite finish tempera
ture (T2 > Af ). This enables the polymer to soften and conform to the 
deflected shape of the composite. Upon cooling below Tg and the 
martensite finish temperature Mf , the SMA layer transforms from 
austenite into unoriented martensite and the polymer hardens, thereby 
preserving the shape of state 1. To revert to stable state 2, the trimorph 
microactuator is heated to an intermediate temperature of T1 (Tg < T1 <

As), causing the polymer to soften once more. Further cooling below Mf 

is associated with reorientation of martensite variants, which relaxes the 

Fig. 7.3. Parametric simulation study to investigate the bistable response of the SMA folding microactuator at fixed beam length L of 2000 µm. (a) Energy barrier EB 
and maximum folding angle Θmax versus bending radius r at constant thickness t and width w of 5 µm and 300 µm, respectively. (b) Energy barrier EB and maximum 
folding angle Θmax versus thickness t at constant bending radius r and width w of 100 µm.

Fig. 8.1. Layout of a trimorph microactuator consisting of a PMMA/SMA/Si composite. (a) Beam cantilever with a length of 1000 µm, width of 15 µm and 
thicknesses of PMMA/SMA/Si layers of 20/0.5/2 µm. (b) Superimposed stable states 1 (S1) and 2 (S2) and resulting bistable stroke.
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internal stress and allows the microactuator to return to its initial shape.
Although various binary and ternary NiTi-based thin films have been 

explored for use in microactuators, TiNiHf SMAs are particularly suit
able for this investigation due to their high transformation temperatures 
and large thermal hysteresis, which satisfies the conditions for bist
ability. In this study, transient simulations are conducted on a PMMA/ 
TiNiHf/Si cantilever composite, starting from initial conditions of zero 
displacement and room temperature (20 ◦C). Dirichlet boundary con
ditions are applied at the fixed end, and thermal eigenstrains are initially 
induced using established methods [42] to achieve stress-free conditions 
at the annealing temperature of 500 ◦C. Joule heating is cyclically 
applied via a heat source acting on both the Si and TiNiHf layers of the 
beam cantilever. Heat convection on the top and bottom surfaces of the 
actuator is modeled using Robin-type boundary conditions, while con
vection on the remaining enclosed air surfaces is neglected [42,44].

8.3. Force and energy results

The bistability of the trimorph actuator is investigated by evaluating 
the energy barrier that is required to switch between two stable states. 
Fig. 8.3(a) illustrates the force-displacement behavior for the actuator 
with a cantilever length of 1000 µm, width of 15 µm, and PMMA/SMA/ 
Si thicknesses of 20/0.5/2 µm. To switch from stable state 1 (S1) to state 
2 (S2), the temperature is raised above the austenite finish temperature 
Af , resulting in a combination of thermal expansion differences within 
the composite and phase transformation of the SMA. Below the glass 
transition temperature Tg and As, the composite remains stiff, exhibiting 
a typical bimorph effect and therefore a steep increase in force behavior. 
Once the temperature is above Tg, the PMMA layer softens, and as the 

temperature continues to rise, the displacement increases from 12 µm to 
53 µm, where the maximum force is reached. Further heating results in a 
maximum displacement of about 72 µm. Upon cooling back to room 
temperature, the PMMA transitions to its rigid state below Tg, effectively 
locking the structure in the bent position at 72 µm. Thereby, the force 
drops to zero.

The trimorph microactuator exhibits a work output of approximately 
0.25 nJ. To achieve this, the heat energy supplied must account not only 
for the phase transformation of the TiNiHf layer but also for the glass 
transition of the PMMA layer. For PMMA/SMA/Si thicknesses of 20/ 
0.5/2 µm, the total thermal energy input required is estimated to be 2.4 
µJ, resulting in an energy efficiency of about 0.01%. Therefore, the 
microactuator requires approximately 1.3 µW of input power to induce 
phase transformation within 1.8 s. The output power is around 0.05 nW, 
yielding a power efficiency of 0.005 %. The energy efficiency is lower 
compared to other actuation techniques. However, the bistable concept 
allows the microactuator to consume energy only when switching be
tween its two stable states.

8.4. Bistability region

For bimorph SMA/Si actuators, the optimal thickness ratio has been 
studied and experimentally verified in previous work [118] to achieve a 
maximum deflection change. By adding the third layer PMMA to the 
device, there exists an optimal ratio of PMMA to SMA thicknesses to 
achieve a maximum bistable stroke, as shown in Fig. 8.4(a). If the 
polymer layer is too thin, it cannot hold the large deflections resulting 
from the SMA phase transformation. In contrast, if the PMMA layer is too 
thick, the composite becomes too stiff, leading to reduced bistable 
strokes. For a SMA layer thickness of 0.5 µm, a maximum bistable stroke 
of about 62 µm is achieved at a PMMA layer thickness of 20 µm.

The energy barrier is estimated by considering the work required to 
transition the trimorph cantilever beam between the stable states using 
Bernoulli’s beam theory under elastic and plane strain conditions. The 
results obtained for different SMA and PMMA thicknesses are summa
rized in Fig. 8.4(b). The maximum of the energy barrier occurs between 
20 and 25 µm, while the stroke maximum shifts to larger PMMA thick
nesses for increasing SMA thickness. In particular, for a large SMA 
thickness of 2 µm, the stroke maximum is reached at about 40 µm. For 
ease of fabrication, the PMMA thickness should be as small as possible. A 
maximum stroke is achieved, e.g., for the layer thicknesses of SMA and 
PMMA of 0.5 µm and 20 µm, respectively. In this case, the energy barrier 
is about 72 pJ.

8.5. Dynamic actuator performance

The dynamic performance of the trimorph PMMA/SMA/Si 

Fig. 8.2. (a) Schematic of interlaced polymer and SMA stiffness at different temperatures of a trimorph PMMA/SMA/Si microactuator. (b) Transient temperature 
cycles for bistable switching and its displacement characteristics of a trimoph microactuator with cantilever length of 1000 µm, width of 15 µm and PMMA/SMA/Si 
layer thicknesses of 20/0.5/2 µm.

Fig. 8.3. Force-displacement curve of a trimorph PMMA/SMA/Si cantilever 
during heating-induced switching from stable state 1 (S1) to stable state 2 (S2).
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microactuator is governed by the heating and cooling rates achievable 
within a single actuation cycle. The simulated actuation cycle takes 
about 1.8 and 3.2 s of heating and cooling time, respectively. Thus, the 
operation frequency is approximately 0.2 Hz. The low frequency is due 
to the low thermal conductivity of the PMMA layer, making heat transfer 
inefficient. The PMMA layer must undergo a glass transition for 
switching between stable states, which reduces the actuation speed. 
Additionally, the PMMA layer dissipates heat much more slowly than 
the SMA layer, leading to prolonged cooling times.

9. Droplet-based multistable microactuator

Droplet-based microactuators are of special interest as they allow to 
realize almost “unlimited” throw. The droplets are moved by liquid 
dielectrophoresis. This effect is often mistakenly called electrowetting 
on dielectrics (EWOD), but originally, EWOD requires an electrical 
contact to the conductive liquid, while dielectrophoresis keeps the fluid 
completely isolated. The liquid can be either conductive or exhibit a 
high dielectric constant such as polar liquids (water, glycerol carbonate 
and others, see e.g. [120]). Inherently, a dense but thin isolation layer 
between the actuating electrodes and a hydrophobic coating is required, 
see e.g. [121] while a hydrophilic surface allows polar liquids to stick to 
the surface (permanent wetting). This can be used to move a platform on 
liquid bearings, see Fig. 9.1, [45,122]. The droplets are fixed by a small 
gap in the hydrophobic coating on the hydrophilic chip surface (Fig. 9.1
(a)). In this setting, a glider made of a e.g. silicon platform situated on 
those liquid bearings [123] can be actuated by electric forces. The 
complete simulation requires a complex model as this actuation prin
ciple is somewhere between open “digital microfluidics” as droplets are 
moved on a plain electrode field, and segmented flow, as the fluid is 

moved in a channel-like structure between glider and electrode array. 
The gap between glider and the electrodes is defined by the interaction 
of the weight of the glider and the surface tension of the liquid as well as 
electrostatic forces [124]. To cover the overall dynamics of a droplet 
movement, a lumped parameter model as proposed in [125] can be 
utilized. An overview of fundamentals on actuate liquids can be found in 
[126].

Further applications of droplet-based multistable microactuators 
include microfluidic circuits and the manipulation and storage of bio
logical substances, particularly for future medical diagnostics and lab- 
on-a-chip systems [127–129]. Future applications also include freely 
moving platforms as shown in Fig. 9.1, but on large planar electrode 
arrays for transportation or reconfiguration. In this case, the droplets act 
as roller bearings that are self-actuated.

9.1. Geometry and layout

Generally, liquids tend to form droplets with a minimal surface 
(spheres). Any deformation from this energy-minimal state requires 
external forces, e.g. gravitational force (own weight and external load 
from glider) or electrostatic forces [130]. The relationship of the 
different effects can be estimated by dimensionless characteristic 
numbers [131]. The gravitational force in relation to the surface tension 
is given by the Bond number: as long as the Bond number Bo (with Δρ 
the difference of the densities, the surface tension of the liquid, g the 
gravitational constant and R the radius of the droplet) is small Bo <<1), 
the liquid forms an almost perfect spherical droplet. 

Bo =
Δρ
γ

gR2 (9.1) 

Fig. 8.4. Parametric study of SMA and PMMA layer thicknesses of the trimorph PMMA/SMA/Si microactuator. (a) Bistable stroke; (b) energy barrier required for 
switching between the stable states.

Fig. 9.1. (a) Schematic of a glider (grey) with two droplets (blue) fixed at local hydrophilic patterns within the hydrophobic coating (green); (b) electrode array; (c) 
realized glider with droplets on electrode array.
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For Bond numbers Bo > 1, the droplet deforms under its own weight. 
Bo gives an estimation for the upper limit of the droplet size. For Bo ≅ 1, 
a careful investigation must be performed as deformation and retracting 
surface tension are in the same order of magnitude. The external weight 
of the glider can be considered by an additional term in the Bond 
number: 

Bo (glider) =
Δρ
γ

gR2 +
mgl g
γ R

(9.2) 

with mgl: mass of the glider (for a glider with droplets ¼ of the total 
mass).

On the other hand, electrostatic forces influence the shape of a 
droplet: derived from the Bond number, a similar characteristic number 
is defined for the interaction of electrostatic forces and surface tension, 
the “electric Bond number” BOe depending on the dielectric constants 
ε0εr and the absolute value of the electrical field E. 

BOe =
ε0εr

γ
|E|2 R (9.3) 

Here, the electrostatic force must exceed the retracting surface ten
sion. Within a homogenous electrostatic field, the droplet is expanded in 
the direction of the electrodes for BOe > 1 .

For small Bond numbers Bo, the weight can be neglected and the 
droplet is mobile in all three normal directions. As suitable liquids 
exhibit reasonable dielectric constants (for water εr ≈ 80), the liquid is 
pulled into an electrical field; the most stable state is achieved when the 
liquid is situated within the area of highest field strength.

For droplet-based microactuators, the liquid should have a low vapor 
pressure and a high permittivity. A suitable long-term stable liquid is 
glycerol carbonate, a non-toxic, non-flammable, polar and non-volatile 
organic fluid with a melting point of − 69 ◦C and a permittivity 
around 80. Compared to water, it has a slightly lower surface tension 
(57⋅10–3 N/m vs 73⋅10–3 N/m for water). As depicted in Fig. 9.2, water 
and glycerol carbonate have similar bond numbers Bo and BOe. For 
droplets below 1 mm, both liquids exhibit Bond numbers well below 1. It 
should be mentioned, that BOe scales with the applied electrical field; 
the printed curve represents a comparably low electrical field of 10 V/ 
mm.

Due to the required hydrophobicity of the contact area, the droplet 
follows gravitational forces and drips down from an inclined surface as 
soon as the retracting electrostatic force is smaller than the gravitational 
force. A permanently multistable system needs additional barriers such 
as pillars on the surface. If the gap d between the pillars is smaller than 
the diameter of the droplet, it cannot pass through the gap: the 
retracting surface tension inhibits this. If an additional electrostatic 
force is applied, the droplet can squeeze through, as. the electrostatic 
force increases the internal pressure of the liquid at the tip since the 

pressure correlates to the radius of the droplet. This can be calculated by 
the Laplace pressure which describes the internal pressure in a droplet: 

δp = pin − pout = 2
γ
R
= γ

dA
dV

(9.4) 

For a deformed droplet, this pressure is given by 

δp = pin − pout = γ
(

1
R1

+
1
R2

)

. (9.5) 

It is obvious, that the smaller radius (here R1) dominates and in
creases the pressure compared to a perfect, undeformed sphere. Pinning 
at the edge appears as long as the contact angle ΘC is not exceeded by the 
angle resulting from the Laplace pressure at the gap d, Θ < ΘC. For a 
completely dewetting surface, the critical Radius R is given by R1 ≤ d/2. 

The required pressure is given by pin − pout ≫ γ
(

2
d

)

for a large droplet (R 

>> d). For a droplet only slightly larger than the gap d (2R ≈ d), the 

required pressure becomes pin − pout ≈ γ
(

4
d

)

. A rough estimation of the 

electrical field strength |E|2 for this limit case results from 

BOe =
ε0εr

γ
|E|2 R > 1 (9.6) 

for a gap d with a width of approximately 2R of the droplet. 

|E|2 >
γ

ε0εr

2
d

(9.7) 

The estimated local field strength of glycerol carbonate (GC) and 
water is depicted in Fig. 9.3 for droplets with a radius R between 20 µm 
and 1 mm and a gap width of approximately 2R. When the gap and/or 
droplet size decreased the internal pressure increases, and the strength 
of the applied electrical field must be raised accordingly.

9.2. Actuation mechanism

The capacitance and thus the stored energy can be increased by 
increasing the dielectric constant within the capacitor: fluids move into 
the capacitor as their dielectric constant is higher than that of air, an 
effect frequently used to propel droplets. Here, droplets are connected to 
a movable platform (glider) in a hydrophilic area. They are restrained to 
a small, non-hydrophobic area while the remaining parts of platform 
and raceway are hydrophobic. Therefore, the droplets are both the 
moving part of the actuator and the bearing for the platform 
simultaneously.

Multistable actuation is achieved using alternating pairs of elec
trodes. While one pair of electrodes is switched off, the next one is 
addressed. This forces the fluid to move into the next semi-stable posi

Fig. 9.2. Bond number and electrical Bond number versus droplet radius (between 20 µm and 1 mm) for glycerol carbonate (GC) and water; BOe assumes an 
electrical field strength of 10 V / mm and scales with increasing voltage.
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tion. The number of semi-stable states is given by the number of elec
trode pairs. For example, Fig. 9.4 is computed for a system with six 
electrodes and therefore three electrode pairs and three stable states. 
The stable stroke depicted in Fig. 9.4 is given by the length of the used 
electrodes, while the height of the energy barrier is determined by the 
capacitance change ΔCE which is related to the droplet size and the 
electrode geometry (about 0.5 mm wide, with a droplet of about 1 mm). 
This state is stable as long as the dedicated electrodes are switched on. 
Therefore, this is a semi-stable condition.

As the capacitance CE of a pair of electrodes depends on the position 
of the droplet, the electrostatic energy of the system also changes with 
the droplet position. To determine the capacity dependency of the sys
tem, finite element simulation can be performed for different positions. 
As an alternative, measurement data for an existing electrode can be 
used to train a neural network to approximate the capacitance. Using the 
formula for the stored energy E in a capacitor CE: E = 0.5 CEV2, the 
energy of the system can be calculated for a given actuation voltage V, 
harnessing the neural network to compute the capacitance CE. As an 
actuated system is stable at the position with the minimum negative 
energy, Fig. 9.4 shows the energy results for an electrode design with 
trapezoidal intersection area and the resulting energy barriers for the 
stable positions. By differentiating the electrostatic energy, the force 
displacement characteristic depicted in Fig. 9.4 can be computed.

If the electrodes of a tilted array are switched off, the glider moves 
following gravitational forces on the dewetting layer as the energy 
barrier caused by the electrical field is now missing. By introducing 
additional barriers (pillars) forming chambers around the electrodes, 
this effect can be effectively suppressed. When situated between a set of 
pillars, the droplet bending radius relaxes and the droplet reshapes into 
a sphere. In contrast, the intermediate situation with a bone-shape 
droplet is unstable: the droplet will follow any asymmetry and retract 
into one of the chambers. Therefore, it can be concluded that the 
diameter of each drop should contact at least two electrodes, see Fig. 9.5. 

To initiate the movement, the next electrode can be activated (Fig. 9.5
(c)).

The two characteristic numbers Bo and BOe allow to estimate the 
behavior of the system and to determine some principal requirements 
for the layout. With respect to a permanent multistability, pillars are a 
suitable way to counteract “gravitational effects” that occur from the 
required hydrophobic coatings. Pillars with surface angles below the 
local contact angle of the droplet successfully prevent it from moving. 
This effect is well-known from applications in “digital microfluidics”, e. 
g. in electronic paper, but has also been used for optical switches [132].

The additional pressure pes caused by electrostatic forces is required 
to achieve a surface angle exceeding the contact angle. This enables the 
droplet to pass through the gap between the pillars. Main geometrical 

Fig. 9.3. Estimated local field strength for glycerol carbonate (GC) and water for droplets with a radius R between 20 µm and 1 mm and a gap width of approx. 2R.

Fig. 9.4. Force-displacement (a) and energy-displacement (b) results for a droplet-based microactuator with three electrode pairs (for metastable actuation, without 
pillars). The electrode width is assumed to be 0.5 mm at an actuation voltage 1 V. The waved gap between the electrodes is a few µm.

Fig. 9.5. Schematic of multistable droplet actuation. (a) Stable position of the 
droplet in between pillars (orange). The droplet is hold by the applied voltage 
between the electrodes shown in red and green color. The surface angle is 
smaller than the contact angle. (b) Start of movement through the gap by the 
applied voltage between the electrodes shown in red and green color. The 
surface angle approaches the contact angle of liquid and surface. (c) A second 
potential difference ΔU is applied to increase the electrostatic pressure pes that 
pushes the droplet into the next stable position by reducing the radius R1.
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parameters are the ratio between the gap and the diameter of the droplet 
as well as the angle of the pillars. As soon as the ratio nears ≥1 (droplet 
size larger than the gap), the required voltage is minimized. The angle at 
the pillars in combination with the sphere radius defines the required 
pressure difference and thus allows to adjust the switching voltage with 
respect to geometrical as well as fluid parameters. For a detailed and 
more precise simulation of the required voltages in a 3D system with 
spherical droplets, a numerical simulation is required, but the given 
simple assumptions fully describe the principle of operation. The elec
trostatic force scales with 1/R: smaller droplets and/or gaps require 
higher electrostatic fields while the upper limit is given by Bo ≈ 1.

In a comparable system, the force of the droplet actuators was 
calculated by FEM simulations to be 9.85 µN over a distance of 500 µm 
taking into account air resistance and the interface between the droplet 
and the chip [122]. It should be noted, that the formation of a droplet 
and its deformation are comparable to a mechanical spring. Therefore, 
most of the spent electrical energy is stored within the droplet and 
released after switching off. The corresponding mechanical work was 
about 4.9 nJ. In this case, the electrical energy supplied to the system 
was about 6.3 nJ considering the applied voltage of 42 V and a capac
itance in the range 5.5 - 7.2 pF [125]. The corresponding energy effi
ciency is estimated to be as high as 78 %, which can be attributed to the 
low energy losses due to heat, friction, and viscosity compared to other 
microactuator principles [133]. Here, it should also be noted, that sig
nificant parts of the capacitance are caused within the electrodes 
(electrode on isolated substrate).

9.3. Multistability region

For droplet-based systems, there are two types of multistability: On a 
plain electrode array, the droplet is stable on two neighboring electrodes 
with a potential difference (see Figs. 9.1, 9.4) as long as a voltage is 
applied. Without voltage, the sphere may displace due to gravitational 
forces as soon as the electrode array is even slightly tilted. A true mul
tistable region is achieved by introducing “pillars” as shown in Fig. 9.5. 
The droplet will stay inside the cavity within in the restraining pillars as 
long as the diameter of the drop is larger than the gap between two 
pillars. During actuation a voltage is applied at electrodes across the 
pillars (Fig. 9.5 (b,c) and the electrostatic force on the droplet is able to 
overcome the barrier. The required energy level depends on the ratio of 
the droplet diameter vs. pillar gap width which should only be about 10 
% higher than 1 to overcome the restoring surface tension. Unlike 
intuitive expectations, smaller droplets generally require higher field 
strength than larger droplets. With diminishing droplet size the surface 
to volume ratio increases which results in increasing surface tension as 
well as a markedly raised effect of evaporation even from low-vapor 
pressure solvents like GC. A detailed calculation of energies for the 
multistable system is difficult as also the shape and the surface energy of 
all surfaces need to be considered.

9.4. Dynamic actuator performance

The main focus of this investigation is the steady-state performance 
of the droplet-based multistable microactuator based on EWOD. Owing 
to the small masses of the droplets, the time constants of the micro
actuators are small, typically in the range between 2 and 100 ms [125]. 
High droplet velocities of 6 mm/s are achieved over a distance of several 
mm [122]. Taking into account the droplet size, the viscosity and surface 
tensions of the liquid, electrode geometries, and mechanical overshoot 
of the droplet, the corresponding frequencies can reach several hundred 
Hz. It should be noted, that the spring constant of a droplet increases 
with decreasing droplet diameter (surface tension) while the mass de
creases. Bond and electrical Bond number both decrease with scaling the 
droplet.

10. Results and discussion

This review addresses recent developments of active bi- and multi
stable microactuator systems. Active bi-/multistability means that no 
external force for switching between states is required. Instead, coop
erative microactuators are used to actively control energy levels and, 
thus, to trigger force instabilities and corresponding switching events. 
This approach is of special interest at miniature scales as size constraints 
and energy minimization become critical. Generally, various actuation 
principles can be exploited to achieve this functionality. However, each 
principle involves specific transducer materials and system architec
tures, which impose constraints on fabrication and miniaturization. 
Furthermore, the close vicinity of transducer materials and functional 
structures causes various coupling effects that need to be understood. 
Therefore, it is important to assess the different approaches in terms of 
bi-/ multistable performance and to evaluate the effect of design pa
rameters as well as specific limitations. Here, we present selected ex
amples of bi-/multistable microactuator systems covering various 
principles including the shape memory effect, dielectric elastomer (DE) 
effect, magnetic and electrostatic principles as well as combinations 
thereof. Thereby, we assess the different concepts with respect to their 
energy characteristics and critical forces taking into account system 
dimensions.

The basic requirements for achieving bi- and multistability can be 
summarized as follows: 

- Stable deflection states are characterized by energy minima that are 
separated by an energy barrier.

- The energy barrier should be high enough to stabilize the deflection 
states, but it should allow for switching between stable states.

- The corresponding latching force should be sufficiently low or it 
should be controllable that it can be overcome by the switching 
force. In this respect, the maximum switching force poses a limit to 
the latching force.

- The switching force must not change its sign in between stable states. 
Therefore, the minimum force of the force-displacement character
istics becomes a critical metric, which characterizes the reliability of 
switching with respect to external forces. Bi-/ multistability is lost if 
the switching force becomes zero in between the stable states.

Table 10.1 gives an overview on the performance metrics of the 
presented bi-/multistable microactuator systems. The overall di
mensions of these demonstrators are in the mm range. Bi- and multi
stability are achieved by making use of instabilities caused by nonlinear 
force versus displacement characteristics. This performance is obtained, 
e.g., by compliant structures of smart materials like DE membranes 
(Section 3) and clamped SMA beams (Section 6). However, compliant 
structures require sufficiently high aspect ratios, which poses a chal
lenge to their fabrication and limits their miniaturization to µm di
mensions. Another option is using magnetic force instabilities that occur 
at large magnetic field gradients (Section 5), which can be generated by 
miniature permanent magnets or miniature coils. This concept is further 
extended in Section 4 to achieve magnetic levitation and to use the force 
instability of a superimposed electric field. Realization of these concepts 
is challenging as well, as large magnetic fields are difficult to realize at 
small scales and miniaturization is limited therefore. In this respect, the 
use of electrostatic actuation principles is attractive. As discussed in 
Section 9, electrostatic actuators can be scaled to micrometer di
mensions due to precise fabrication of electrodes and droplet sizes can 
reach tens of µm. Another option is the use of material nonlinearities. 
SMA materials are well known to exhibit highly nonlinear stress-strain 
characteristics in martensitic state [104], which are exploited in Sec
tions 6, 7 and 8. Applying a sufficiently large stress causes reorientation 
of martensite variants, which are metastable and, thus, gives rise to 
quasi-plastic deformation, which can be recovered on demand by 
heating to the austenite state. Therefore, SMA beam cantilevers adopt 
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metastable deflection states (Section 7). As martensite variants may 
form at various length scales down to the nanometer scale, this mech
anism has a particularly high miniaturization potential [112]. SMA 
bimorph cantilevers may require an additional latching mechanism to 
withstand the reset force of the substrate layer. This is achieved in 
Section 8 by making use of the glass transition of an additional PMMA 
layer.

Depending on the object (mass, size, geometry) under consideration 
for switching, the requirements on switching force and energy barrier 
may vary considerably as can be inferred from Table 10.1. The DE beam 
actuators need to be designed sufficiently large and a high voltage is 
required to generate a large enough switching force. In both cases, the 
antagonistic coupling of the beam actuators gives rise to an asymmetry 
of the energy landscape and, thus, direction-dependent switching forces. 
The DE beam actuators form a base unit for multistable switching arrays 
as shown in Fig. 10.1, which enable the development, e.g. of soft con
veyors or conformable multi-unit tactile displays [52].

Compliant structures of smart materials like DE membranes (Section 
3) or clamped SMA beams (Section 6) give rise to relatively large barrier 
heights and, thus, large stability with respect to external forces. The 
characteristics of switching force FSW and energy show a highly 
nonlinear course in between the stable states. In particular, a force 
minimum occurs at intermediate positions between the stable states, 
which is considered to be the critical switching force that must not 
become zero to enable bistability. The critical switching forces are in the 
mN range. The clamped SMA beams need to be designed with a suffi
ciently large pre-strain to achieve active bistability, which can be 
adjusted by the spacer length S and pre-deformation h.

The antagonism of coupled SMA cantilevers in the origami-inspired 
microactuator system (Section 7) is characterized by a barrier height 
of a few µJ. Due to the antagonistic coupling of the beam actuators the 
performance also depends on the switching direction. Depending on the 
mass of the tiles, the low barrier height may not provide for sufficient 
stability against external forces. Therefore, an additional latching 
mechanism may be required. One option is the integration of additional 
magnetic microstructures to enable magnetic latching. By the integra
tion of a soft-magnetic layer of NiMnGa with ferromagnetic transition at 
about 98 ◦C, the magnetic latching force can be controlled by Joule 
heating, which opens up the option of reversible latching and, thus, 
folding and unfolding on demand [106]. Here, the critical torque to 
overcome the latching torque is about 8.7 µNm in unheated metastable 
state. This torque is well exceeded by the switching torque generated 

upon selective heating the protagonist/antagonist beam to austenitic 
state. The presented system consisting of two tiles is the basic building 
block of multistable origami-inspired microactuator systems. One 
example is a microactuator system consisting of four tiles as shown in 
Fig. 10.1, in which each tile can switch between an upwards or down
wards deflection state allowing for different metastable 3D shapes, e.g. a 
table or a pyramid [106]. Further miniaturization and parallelization to 
coupled multistable arrays of sub-micron tiles enables the development 
of re-programmable micromatter that can adapt various 3D shapes on 
demand.

The deposition of an additional polymer layer with a glass transition 
onto a bimorph SMA microactuator is an interesting approach to tune 
the energy barrier in a large range. As shown in Section 8, the PMMA 
layer in glassy state gives rise to an energy barrier of about 72 pJ, which 
is sufficient to maintain the deflection of the SMA bimorph. On the other 
hand, it is soft enough above the glass transition to enable the defor
mation of the SMA bimorph in austenitic state and the reset motion in 
martensitic state. Consequently, a low force of a few µN is sufficient for 

Table 10.1 
Overview on the performance metrics of the presented bi-/multistable microactuator systems. The critical switching force Fsw denotes either the maximum force of the 
force-displacement characteristics required to overcome a latching force or the minimum force of the force-displacement characteristics if a force minimum occurs in 
between the stable states. The direction dependencies of Fsw and energy barriers EB are indicated.

Sect. Bi-/multistable mechanism Dimensions (mm3) Design parameter (s) Critical switching force Fsw (mN) Energy barrier EB (µJ)

3 Coupling of antagonistic monostable DE beams with a 
bistable polymer beam

50 × 3 × 5 Beam length l, 
beam width b

+ direction: 970’’

− direction*: 350’’
+ direction: 590 
− direction: 2.850

4 Combined magnetic-electric force instability 10 × 10 × 2 Coil height hl, 
Coil radius rl

+ range: 0.001 
− range: 0.008

+ range: 0.0007 
− range: 0.0023

5 Multiple magnetic latching within a stack of thin ring- 
shaped ferro-magnetic plates*

11.5 × 11.5 × 10.5 vertical positions of steel 
rings z1 and z2

+ direction: 
Fsw1,2 = 1.3, 1.6 
− direction: 
Fsw1,2 = 5.2, 3.8

+ direction: 
EB1,2= 1.8, 1.7 
− direction: 
EB1,2 = 2.2, 1.3

6 Antagonism of coupled monostable SMA beams 10 × 1 × 2 Spacer length S, 
Pre-deflection h

+ direction: 5.7’

− direction: 5.7‘
+ direction: 5.600 
− direction: 95.000

7 Antagonism of coupled SMA cantilevers 10 × 22 × 0.14 Beam thickness t, 
bending radius r

± direction: 8.7’’’ ± direction: 2.6

8 Fixation of shape memory bimorph deflection through 
polymer glass transition

1 × 0.015 × 0.023 PMMA layer thickness + direction: 0.0047 + direction:72⋅10–6

9 Multiple electrostatic force instability 
(n – number of electrodes)

1 × 1 × 2n Bond numbers BO and BOe, 
droplet diameter vs. gap size

± direction: 10–6 ± direction:8⋅10–7

* Tristable actuator system.
’ Minimum force of the non-linear force-displacement characteristics between the stable equilibrium positions.
’’ Minimum switching force at 1.8 kV.
’’’ Torque in (mN⋅mm).

Fig. 10.1. Multistable microactuator systems based on the presented bistable 
microactuator concepts: (a) Multistable 1-by-3 DE microactuator array [52]; (b) 
multistable origami-inspired microactuator system consisting of four tiles 
interconnected by antagonistic SMA folding beams. The left / right photo shows 
the system with all tiles deflected downwards without / upwards with magnetic 
latching [106]; (c) distributed solenoid micro-coil system for multistable levi
tation and transportation [134,135]; (d) photograph of a droplet-based 
microoptical switch. The overall size of the fluidic chip is 4.5 × 12 mm2 [132].
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switching between stable states. These results indicate that further 
miniaturization of this concept is an interesting approach to realize 
compact bistable microswitches [43].

The magnetic actuator system is characterized by barrier heights in 
the range of a few µJ and critical switching forces of a few mN (Section 
5). Depending on the choice of design parameters, also intermediate 
positions are stabilized and, thus, tristable performance is possible. The 
built-in asymmetry of the actuator system causes a direction-dependent 
switching performance. By adding more ferromagnetic layers, the sys
tem may be further extended to multistable systems for digital 
positioning.

The lowest energy barriers are present in the electrostatic micro
actuator system (Section 8). Here, a barrier height in the order of pJ is 
sufficient to trap a droplet with a radius in the order of 500 µm. 
Consequently, the switching of their position requires forces only in the 
nN range. The energy barrier can be tuned by the ratio of droplet 
diameter and gap size in between pillars. The concept of droplet-based 
microactuation has been combined with silicon photonics to establish 
a non-volatile fiber optic switch as shown in Fig. 10.1, which enables 
new applications ranging from datacenters over core networks to access 
networks.

Similarly, barrier heights and switching forces are low in the case of 
magnetic levitation of small masses having a weight of a few µN (Section 
5). Recently, distributed micro-coil systems have been developed to 
enable for multistable levitation and transportation of miniature objects 
[134,135].

In dynamic applications, the switching time and frequency are 
additional important metrics. Depending on the actuation principle, 
typical frequencies range from 1 Hz in case of SMA-based micro
actuation, about 25 Hz for millimeter-size magnetic lift actuation and 
100 Hz in the case of DE actuation. Electrostatic and inductive levitation 
microactuators my reach 1 kHz and more. The energy efficiency of 
actuation between stable positions is in the order of 0.5% in the case of 
SMA-based microactuation and even less in the case of magnetic lift 
actuation. Electrostatic and droplet-based microactuators reach the 
highest efficiencies in the order of 70 and 80 %, respectively.

11. Conclusions

This review presents selected concepts of cooperative microactuator 
systems to generate active bi- and multistability requiring no external 
force for switching between stable states. Switching between stable 
states is achieved via selective control of the microactuators in order to 
tune energy levels and, thus, to trigger force instabilities and corre
sponding switching events. This approach is of special interest at mini
ature scales due to size and power constraints. The presented concepts 
comprise different transducer materials and system architectures 
covering electrostatic, magnetic, dielectric elastomer and SMA princi
ples. At first, each concept is introduced and typical performance 
characteristics are presented. The influence of key design parameters on 
the bi-/multistable performance characteristics is discussed. In many 
cases, asymmetries caused by the design or fabrication result in a di
rection dependence of the bistable performance. Depending on the ob
ject (mass, size, geometry) under consideration for switching, the energy 
landscapes and corresponding energy barriers vary considerably from pJ 
(droplet microactuator systems and magnetic levitation) to mJ (SMA 
and DE actuator systems). Consequently, the switching forces cover the 
range from nN to mN, respectively.

The presented results reflect the breadth of new concepts that have 
been developed in recent years. These concepts enable digital mechan
ical positioning of various objects with a wide range of switching forces. 
Current research pursues two major trends. One trend is in further 
miniaturization from mm dimensions down to the µm range. Among the 
presented concepts, electrostatic and shape memory microactuator 
systems have a particularly high downscaling potential as can be 
inferred from the fundamental scaling laws of electrostatic and shape 

recovery forces, as the force density increases for decreasing size ac
cording to F/V ~ r-1 [104]. Furthermore, the deposition and micro
machining of metal and SMA films is well established in MEMS 
technology allowing to fabricate micro and nano-scale structures 
thereof. The second trend is the increase of functionality through par
allelization of bistable microactuator systems in one or two directions, 
which leads to advanced multistable microactuator arrays. This will 
open up new options in the emerging fields of digital micromechanical 
systems, digital microoptics and digital microfluidics as well as 
reprogrammable micromatter that can adapt its 3D shape on demand.
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