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Micromechanical Piezoelectric Actuators for Implementing Large Forces and

Deflections

Description

Embodiments of the present invention relate to a MEMS (micro-electromechanical sys-
tem). Some embodiments relate to micromechanical piezoelectric actuators for imple-
menting large forces and deflections. Further embodiments relate to a MEMS speaker for
generating sound waves within the audible wavelength spectrum. Further embodiments

relate to a system or a regulation unit regulated operation of a MEMS loudspeaker.

In recent years, miniaturized actuators have increasingly gained importance and have
become indispensable in many fields of application. By using suitable designs as well as
drive arrangements (electrostatic, electromagnetic, thermoelectric, piezoelectric) it is pos-
sible to implement actuators having very different properties which cover a broad range of

applications.

However, there is a fundamental problem in creating large forces at large deflections — a
property that is essential, in particular, in the field of fluid displacement and MEMS loud-
speakers. This is due to the fact that actuators having large deflections require low spring
rigidities, whereas high spring rigidities tend to be required for transmitting large forces.
An exception to this is constituted by electrodynamic drives only, which can create com-
paratively large forces and strokes even at low spring constants since the force is created

by means of the magnetic field.

In particular in acoustics, the majority of all structural components therefore are based on
electrodynamic drives. A classic example are precision-engineered loudspeakers for mo-
bile phones wherein sufficiently large strokes and forces for air displacement are generat-

ed by means of a moving coil which moves within a permanent magnetic field.

Disadvantages of these conventional electrodynamic loudspeakers are the high power
consumption of approx. 1 watt due to the low efficiency as well as large acoustic distor-

tions. A further disadvantage is the relatively large structural height of 3-4 mm.

By means of MEMS technology, said disadvantages (low efficiency, large structural

height) can be overcome. However, there are no MEMS loudspeakers on the market, but
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merely a series of publications by research laboratories. In the US 2013/0156253 A1 and
in literature [Shahosseini et al., Optimization and Microfabrication of High Performance
Silicon-Based MEMS Microspeaker, IEEE Sensors journal, 13 (2013)273-284], an elec-
trodynamic MEMS loudspeaker is described which, however, requires hybrid integration of
a permanent magnetic ring. The concept of piezoelectric MEMS loudspeakers was pre-
sented in US 7,003,125, US 8,280,079, US 2013/0294636 A1 and in literature [Yi et al.,
Performance of packaged piezoelectric microspeakers depending on the material proper-
ties, Proc. MEMS 2009, 765-768] and [Dejaeger et al., Development and Characterization
of a Piezoelectrically Actuated MEMS Digital Loudspeaker, Procedia Engineering 47
(2012) 184 — 187]. Therein, however, the piezoelectric materials such as PZT, AIN or ZnO
have been directly applied onto the loudspeaker diaphragm, so that the properties of the
drive and of the diaphragm are linked. A further piezoelectric MEMS loudspeaker compris-
ing a plate-shaped body that is deflected out of the plane in the manner of a piston shape
via a diaphragm and several actuators is presented in US 2011/0051985 A1. Digital
MEMS loudspeakers based on arrays with electrostatically driven diaphragms, which
however, can produce sufficiently high sound pressures only at high frequencies are de-
scribed in US 7,089,069, US 2010/0316242 A1 and in literature [Glacer et al., Reversible
acoustical transducers in MEMS technology, Proc. DTIP 2013].

The present invention is based on the object of providing a concept which enables imple-

menting large forces and deflections in MEMS at the same time.

This object is achieved by the independent claims.

Advantageous further developments are indicated in the dependent claims.

Embodiments of the present invention provide a MEMS comprising a diaphragm, a stroke
structure (lifting structure) coupled to the diaphragm, and at least two piezoelectric actua-
tors coupled to a plurality of mutually spaced-apart contact points of the stroke structure
via a plurality of mutually spaced-apart connecting elements, the at least two piezoelectric
actuators being configured to cause a stroke movement (lifting movement) of the stroke

structure so as to deflect the diaphragm.

In accordance with the concept of the present invention, the MEMS (microsystem) com-
prises, for exciting a diaphragm, a stroke body (lifting body) and at least two piezoelectric

actuators, the at least two actuators being connected to a plurality of mutually spaced-
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apart contact points of the stroke structure via a plurality of mutually spaced-apart con-
necting elements. Due to the fact that the MEMS comprises at least two piezoelectric ac-
tuators connected to the stroke structure via a plurality of connecting elements, it is possi-
ble to transmit large forces and deflections to the diaphragm via the stroke structure at the
same time. Due to the fact that the plurality of connecting elements and, thus, also the
plurality of contact points are mutually spaced apart, it can be ensured or guaranteed that
the stroke structure performs the stroke movement in a reproducible and uniform manner
and does not deviate, for example, from a desired direction of the stroke movement, as

would be the case, for example, in the event of tilting modes occurring.

Further embodiments relate to a MEMS loudspeaker comprising a diaphragm, a stroke
structure coupled to the diaphragm, and at least two piezoelectric actuators coupled to a
plurality of mutually spaced-apart contact points of the stroke structure via a plurality of
mutually spaced-apart connecting elements, the at least two piezoelectric actuators being
configured to cause a stroke movement of the stroke structure so as to deflect the dia-
phragm. The connecting elements are configured to be flexible. Thus, they can deform in

a reversible manner.

According to the above description, the stroke structure thus comprises several contact
points. They are mutually spaced apart, in particular, in the transverse and/or longitudinal
directions of the actuator. Each of said contact points has one connecting element at-
tached therein which flexibly, or elastically, connects the respectively associated actuator

to the stroke structure.

In accordance with the concept of the present invention, the MEMS loudspeaker (mi-
crosystem) comprises, for exciting a diaphragm, a stroke body and at least two piezoelec-
tric actuators, the at least two actuators being connected to a plurality of mutually spaced-
apart contact points of the stroke structure via a plurality of mutually spaced-apart con-
necting elements. Due to the fact that the MEMS loudspeaker comprises at least two pie-
zoelectric actuators connected to the stroke structure via a plurality of connecting ele-
ments, it is possible to transmit large forces and deflections to the diaphragm via the
stroke structure at the same time. Due to the fact that the plurality of connecting elements
and, thus, also the plurality of contact points are mutually spaced apart, it can be ensured
or guaranteed that the stroke structure performs the stroke movement in a reproducible

and uniform manner and does not deviate, for example, from a desired direction of the
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stroke movement, as would be the case, for example, in the event of tiltihng modes occur-

ring.

Thus, what is proposed is a MEMS loudspeaker for generating sound waves within the
audible wavelength spectrum which comprises a diaphragm, a stroke structure coupled to
the diaphragm, and at least two piezoelectric actuators by means of which a stroke
movement of the stroke structure can be caused for deflecting the diaphragm. The piezoe-
lectric actuators are connected to a plurality of mutually spaced-apart contact points of the

stroke structure via a plurality of mutually spaced-apart and flexible connecting elements.

It is advantageous for the connecting elements associated with one of the two actuators to
be mutually spaced apart in the transverse direction of the actuator and/or of the MEMS

sound transducer.

It is advantageous for the diaphragm to be connected to the stroke structure at a front end
of the stroke structure in a direct manner, and/or for the piezoelectric actuators to be con-
nected to the stroke structure on at least one side face of the stroke structure, in particular
on two opposite side faces, in an indirect manner, namely via the connecting elements. In
a cross-sectional view of the MEMS loudspeaker, the front end of the stroke structure is
thus oriented in the z direction, i.e. in the stroke direction (lifting direction). The side faces
of the stroke structure, in contrast, are aligned in the transverse direction, i.e. perpendicu-

larly to the stroke axis (lifting axis).

In an advantageous further development of the invention, several mutually spaced-apart
connecting elements are connected to several mutually spaced-apart contact points of the

at least two piezoelectric actuators.

Moreover, it is advantageous for each of the at least two piezoelectric actuators to be
connected to at least two mutually spaced-apart contact points of the stroke structure via

at least two mutually spaced-apart connecting elements.

In addition, it is advantageous for the stroke structure to be coupled to the diaphragm via
a plurality of regions — i.e. in several regions. Said regions are preferably arranged with
the diaphragm along at least two straight lines or curves that are at least partially spaced-

apart from one another.
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It is advantageous for the stroke structure to be coupled to the diaphragm via a plurality of

regions that are arranged in a distributed and/or mutually spaced-apart manner.

Similarly, it is advantageous for the stroke structure to comprise a plurality of mutually
connected beams, each of which is coupled to the diaphragm at least partially at a front
end. Thus, the stroke structure includes several beam-shaped parts. The latter are prefer-
ably arranged in a mutually perpendicular manner in a top view. In addition, the stroke

structure is preferably configured to be in one piece.

It is advantageous for the at least two piezoelectric actuators to be implemented as bend-

ing beams (cantilevers). Thus, they are preferably implemented in a rectilinear manner.

Moreover, the actuators preferably comprise a fixed end, which is directly connected, in
particular, to the carrier substrate, and a movable end that is preferably indirectly con-
nected to the stroke structure — namely via the at least one flexible, or elastic, connecting

element.

It is advantageous for the actuator to have a larger width than length.

In addition, it is advantageous for the at least two piezoelectric actuators to be arranged,
in a cross-sectional view of the MEMS loudspeaker, within a first plane in an idle position,
or zero position, for the diaphragm to be arranged within a second plane spaced apart
from the former in the stroke direction, and/or for the stroke structure to extend in the
stroke direction, starting from the diaphragm, in the direction of the second plane, in par-

ticular as far as or beyond the latter.

It is advantageous for at least one of the connecting elements to comprise or to be imple-
mented, at least partially, as a spring element. The connecting element may thus deform
in a flexible, or elastic, manner. As a result, the maximum stroke of the diaphragm may be
increased as compared to the maximum actuator stroke since the diaphragm can flexibly

oscillate beyond the actuator stroke due to the spring element.

In order to be able to avoid tilting of the diaphragm it is advantageous for the spring ele-
ment, in particular each one, to include at least one flexion spring element, at least one
torsion spring element, and/or a combination of at least one flexion spring element and at

least one torsion spring element, or to be implemented in this manner.
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It is advantageous for the piezoelectric actuators to comprise, in a cross-sectional view of
the MEMS loudspeaker, a fixedly clamped first end and a movable second end, respec-

tively, along their longitudinal axes.

Moreover, it is advantageous for the flexion spring element to extend in the longitudinal
direction, and/or for the torsion spring element to extend in the transverse direction, of the

piezoelectric actuator.

Furthermore, it is advantageous for the flexion spring element and the torsion spring ele-
ment of a connecting element to be rotated by 90° in relation to each other in a top view of
the MEMS loudspeaker.

Also, it is advantageous for the flexion spring element to be directly connected to the ac-
tuator and/or to be formed in one piece with same. Moreover, it is advantageous for the
torsion spring element to be arranged, in the direction of the flux of force, between the

flexion spring element and the stroke structure.

It is advantageous for the diaphragm to comprise a rigid region and a flexible region. Pref-
erably, the stroke structure is coupled to the rigid region of the diaphragm, the rigid region

of the diaphragm being formed, in particular, by an extended stroke structure.

In an advantageous further development of the invention, the MEMS loudspeaker com-
prises at least one piezoelectric position sensor. The latter is preferably configured to pro-

vide a sensor sighal dependent on the deflection of the diaphragm.

In addition, it is advantageous for at least one of the piezoelectric actuators to be config-

ured as a piezoelectric position sensor.

Similarly, it is advantageous for the MEMS loudspeaker to comprise at least four piezoe-
lectric actuators, two of the at least four piezoelectric actuators being configured as piezo-
electric position sensors. In addition, said at least four piezoelectric actuators are prefera-
bly arranged symmetrically with respect to a center of gravity of the MEMS loudspeaker in
such a manner that the two piezoelectric actuators configured as piezoelectric position
sensors and the remaining piezoelectric actuators each are arranged symmetrically with

respect to the center of gravity of the stroke structure.
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It is advantageous for the MEMS loudspeaker to comprise at least one stack of two mutu-
ally insulated piezoelectric layers, one of the two layers forming the at least one piezoelec-
tric sensor, and the other one of the two layers forming one of the at least two piezoelec-

tric actuators.

Moreover, it is advantageous for the two mutually insulated piezoelectric layers to com-

prise different materials.

Advantageously, the piezoelectric position sensor and one piezoelectric actuator of the at

least two piezoelectric actuators are formed by a common piezoelectric layer.

In addition, it is advantageous for the MEMS loudspeaker to comprise at least one piezo-
resistive or one capacitive position sensor that is configured to provide a sensor signal

dependent on the deflection of the diaphragm.

It is also advantageous for the stroke structure to comprise a plurality of stroke bodies
and/or for at least two stroke bodies of the plurality of stroke bodies to be connected to

onhe another via an extended stroke body.

It is advantageous for the MEMS loudspeaker to comprise a cavity. The latter is preferably
configured at least partially by a carrier substrate of the MEMS loudspeaker, which carrier
substrate has the shape of a frame, in particular. Moreover, the cavity is preferably ar-
ranged on that side of the diaphragm which faces the actuators and/or the stroke struc-

ture.

It is advantageous for the carrier substrate and the stroke structure to be formed of the

same material and/or of the same base body.

Preferably, the stroke structure is directly connected to the diaphragm. In addition, it is
advantageous for the stroke structure to be indirectly connected to the at least one actua-
tor. The indirect connection between the stroke structure and the actuator is preferably

configured by means of the flexible and/or elastic connecting element.

It is advantageous for the actuators to be spaced apart from the diaphragm in the stroke

direction, or z direction.
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In addition, it is advantageous for the actuators and the diaphragm to be aligned in a mu-

tually parallel manner in their neutral positions.

Further embodiments relate to a MEMS loudspeaker for generating sound waves within
the audible wavelength spectrum with a diaphragm. The diaphragm is preferably attached,
in its edge region and/or in the z direction, to a substrate frame such that it is able to oscil-
late. The substrate frame is preferably made of silicon. In addition, the MEMS loudspeaker
preferably includes a cavity. Also, the MEMS loudspeaker includes a stroke structure cou-
pled to the diaphragm. The stroke structure thus is attached to the diaphragm in a prefer-
ably direct and fixed manner, in particular on a side of the diaphragm which faces the
cavity. Preferably, it is only in a subregion of the diaphragm that the stroke structure is
connected to the latter in a two-dimensional manner latter. The MEMS loudspeaker in-
cludes at least one piezoelectric actuator by means of which a stroke movement of the
stroke structure can be caused for deflecting the diaphragm. Thus, the actuator is directly
or indirectly connected to the stroke structure, in particular via at least one elastic, or flexi-
ble, connecting element. In addition, the actuator is indirectly coupled to the diaphragm,
namely via the stroke structure. The cavity of the MEMS loudspeaker is arranged on the
stroke-structure side of the diaphragm. Preferably, the cavity is at least partially configured
by a hollow space of the substrate frame. In addition, the diaphragm preferably extends

across one of the two openings of the substrate frame.

The MEMS loudspeaker comprises at least one position sensor configured to provide a
sensor signal dependent on the deflection of the diaphragm. Thus, the position, or deflec-
tion, of the diaphragm is directly and/or indirectly detectable by means of the position sen-

sor, i.e. in particular indirectly via the stroke-structure position.

The position sensor and/or the actuator are arranged, preferably in the z direction, inside
the hollow space and/or at the second opening, facing away from the diaphragm, of the
hollow space. The stroke structure extends preferably in the z direction, starting from the

diaphragm, at least as far as the actuator and/or the position sensor.

Embodiments of the present invention provide for a MEMS loudspeaker comprising at
least two piezoelectric actuators connected to a plurality of mutually spaced-apart contact
points of the stroke structure via a plurality of mutually spaced-apart connecting elements,

the at least two piezoelectric actuators being configured to cause a stroke movement of
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the stroke structure so as to deflect the diaphragm. The connecting elements are prefera-

bly configured to be flexible. Thus, they can deform in a reversible manner.

It is advantageous for the actuator to be operable in a regulated manner as a function of
the sensor signal by means of a control means provided for this purpose. To this end, the
diaphragm is deflected via the actuator, and/or its position or deflection in the z direction is
detected by means of the position sensor. The electronic input signal detected by the po-
sition sensor is conveyed to the control means. On the basis of this input signal, the con-
trol means determines the actual position, or actual deflection, of the diaphragm. To this
end, it takes into account, in particular, the elastic oscillation properties of a connecting
element, which preferably connects a free end of the in particular beam-shaped position
sensor to the stroke structure. As a function of this detected actual position of the dia-
phragm, the control means determines a desired target position of the diaphragm and/or
an electronic output signhal dependent thereon. The output signhal is conveyed to the actua-
tor, which deflects the diaphragm accordingly. During and/or at the end of the deflection
movement, the actual position of the diaphragm is detected again via the position sensor
and is possibly again and/or iteratively readjusted, or adjusted, in accordance with the

above description.

In an advantageous further development of the invention, the MEMS loudspeaker com-

prises at least one piezoelectric and/or capacitive position sensor.

It is advantageous for the position sensor to be integrated in the actuator. Thus, the actua-
tor and the position sensor form a unit, or an actuator/sensor element. Thus, the deflection

of the actuator can be directly detected via the position sensor.

Moreover, it is advantageous for the sensor electrodes of the integrated position sensor to
be configured as two-dimensional (flat) or interdigital electrodes and/or to be electrically

insulated from the actuator electrodes.

In this respect, it is advantageous for the piezoelectric position sensor and the piezoelec-

tric actuator to be configured by a common piezoelectric layer.

Furthermore, it is advantageous for the common piezoelectric layer to comprise a sensor

area forming the position sensor and an actuator area forming the actuator, which is elec-



10

15

20

25

30

35

-10 -

trically insulated from the former, in particular, the sensor area preferably taking up a

smaller surface area as compared to the actuator area.

Alternatively, it is also advantageous for the piezoelectric position sensor and the piezoe-
lectric actuator to be configured by a separate piezoelectric layer, respectively. In this re-
spect, the actuator thus preferably comprises a stack of at least two mutually insulated
piezoelectric layers, at least part of the one layer of which forms the at least one piezoe-
lectric position sensor, and at least part of the other layer forms the at least one piezoelec-

tric actuator.

Moreover, it is advantageous for the stack to be oriented in the direction of the stroke axis,
so that the piezoelectric layers are arranged one above the other. Alternatively, it is ad-
vantageous for the stack to be oriented transversely to the stroke axis, so that the piezoe-

lectric layers are arranged adjacently to one another.

In addition, it is advantageous for the two mutually insulated piezoelectric layers to com-
prise different materials, preferably the layer forming the actuator consisting of PZT, and

the layer forming the position sensor consisting of AIN.

As an alternative to the integrative solution it is also advantageous for the position sensor
and the at least one actuator to be separate from each other. The position sensor and the
associated actuator are thus configured by two mutually separate, or individual, compo-

nents and/or piezo elements, in particular bending beams.

Also, it is advantageous for the MEMS loudspeaker to comprise several actuators, at least
one of which can be used as a position sensor. The position sensor thus comprises es-
sentially the same physical features as compared to the actuator. As a physical distin-
guishing feature, they are preferably configured in a mutually mirror-inverted manner only.
The actuator used as an actuator and the position sensor used as a position sensor thus
differ from each other merely by a functional feature since the actuator is actively de-
flectable by applying a voltage, and the position sensor in contrast is able to generate a
voltage by the passive deflection. Here, the voltage generated via the direct piezoelectric
effect, which voltage is approximately proportional to the deflection of the stroke structure,
can preferably be tapped via an actuator electrode and/or be evaluated by the control

means provided for this purpose.



10

15

20

25

30

35

-11 -

Similarly, it is advantageous for several actuators and/or position sensors to be arranged
opposite one another in pairs, the MEMS loudspeaker preferably comprising at least four
piezoelectric actuators arranged symmetrically with respect to the center of gravity of the
stroke structure, and/or two of the at least four piezoelectric actuators being configured as

piezoelectric position sensors.

It is advantageous for the at least one actuator and/or position sensor to be connected to
the stroke structure via at least one, in particular flexible, connecting element. Thus, the
actuator and/or the position sensor is indirectly connected to the diaphragm via the at

least one interposed connecting element and via the interposed stroke structure.

Similarly, it is advantageous for the MEMS loudspeaker to comprise preferably at least
two piezoelectric actuators which are connected to a plurality of mutually spaced-apart
contact points of the stroke structure via a plurality of mutually spaced-apart connecting

elements.

Moreover, it is advantageous for the diaphragm to be connected to the stroke structure at
a front end of the stroke structure in a direct manner, and/or for the piezoelectric actuators
and/or position sensors to be connected to the stroke structure on at least one side face of
the stroke structure, in particular on two opposite side faces, in an indirect manner via the

connecting elements.

It is advantageous for the plurality of connecting elements that are mutually spaced apart
in particular in the transverse direction of the MEMS loudspeaker to be connected to a
plurality of mutually spaced-apart contact points of the at least two piezoelectric actuators

and/or position sensors.

Also, it is advantageous for each of the at least two piezoelectric actuators and/or position
sensors to be connected to at least two mutually spaced-apart contact points of the stroke

structure via at least two mutually spaced-apart connecting elements.

It is advantageous for the stroke structure to be coupled to the diaphragm via a plurality of
regions arranged with the diaphragm along at least two straight lines or curves that are at

least partially spaced-apart from one another.
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Also, it is advantageous for the stroke structure to span, perpendicularly to a direction of
the stroke movement, a surface area which corresponds to at least 30 % of a surface area

of the diaphragm.

It is advantageous for the stroke structure to be coupled to the diaphragm via a plurality of

regions arranged in a distributed manner.

Similarly, it is advantageous for the stroke structure to comprise an | structure, an L struc-
ture, an H structure, an X structure, an O structure, or a cross-shaped structure within a

sectional plane which runs perpendicularly to a direction of the stroke movement.

It is advantageous for a lever arm disposed between one of the points of application of
force of the stroke structure to the diaphragm and a nearest location point of a diaphragm
suspension to be half the size, at the most, of a lever arm of the at least two piezoelectric

actuators.

Moreover, it is advantageous for a cross-sectional area of the stroke structure that is per-
pendicular to a direction of the stroke movement (z direction) of the stroke structure to be
smaller than a sum of piezoelectrically active actuator areas and/or position sensors of the

at least two piezoelectric actuators.

It is advantageous for the stroke structure to comprise a plurality of mutually connected

beams, each of which is coupled to the diaphragm at least partially at a front end.

Similarly, it is advantageous for the actuator and/or the position sensor to be configured
as a bending beam. Also, it is advantageous for the at least two piezoelectric actuators

and/or position sensors to be configured as bending beams.

Also, it is advantageous for the stroke structure to be symmetrical and/or for the at least
two piezoelectric actuators and/or position sensors to be arranged symmetrically with re-

spect to a center of gravity of the stroke structure.

It is advantageous for the plurality of mutually spaced-apart contact points of the stroke
structure to be arranged symmetrically with respect to the center of gravity of the stroke

structure.
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Also, it is advantageous for the at least two piezoelectric actuators and/or position sensors
to be arranged within a first plane in an idle position, for the diaphragm to be arranged
within a second plane spaced apart from the former in the stroke direction, and/or for the
stroke structure to extend in the stroke direction, starting from the diaphragm, in the direc-

tion of the second plane, in particular as far as or beyond the latter.

It is advantageous for at least one of the connecting elements to comprise a spring ele-
ment and/or to be configured as such. Also, it is advantageous for the spring element, in
particular each spring element, to include at least one flexion spring element and/or at

least one torsion spring element.

Also, it is advantageous for the piezoelectric actuators and/or position sensors to com-
prise, in a cross-sectional view of the MEMS loudspeaker, a fixedly clamped first end and
a movable second end, respectively, along their longitudinal axes, and/or for the flexion
spring element to extend in the longitudinal direction, and/or for the torsion spring element
to extend in the transverse direction, of the piezoelectric actuator and/or position sensor.
Advantageously, the flexion spring element is configured such that it is bendable about its
transverse axis. Advantageously, the torsion spring element is configured such that it is

bendable about its longitudinal axis.

It is advantageous for the flexion spring element and the torsion spring element of a con-
necting element to be rotated by 90° in relation to each other in a top view of the MEMS

loudspeaker.

Similarly, it is advantageous for the diaphragm to extend in parallel with a first surface and
a second surface of the MEMS loudspeaker, the diaphragm being configured to separate,
when the MEMS loudspeaker is used as intended, the first surface and the second sur-

face of the MEMS loudspeaker from each other in a fluidic and/or gas-shaped manner.

It is advantageous for the diaphragm to comprise a rigid region and a flexible region, the
stroke structure being coupled to the rigid region of the diaphragm, the rigid region of the

diaphragm preferably being formed, in particular, by an extended stroke structure.

Similarly, it is advantageous for the stroke structure to comprise silicon and/or to be pro-

duced, with the substrate frame, from the same base body.
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Also, it is advantageous for the stroke structure to comprise at least three portions ar-
ranged to form an H-shaped stroke structure, so that the stroke structure is H-shaped
within the sectional plane that runs perpendicularly to the direction of the stroke move-

ment of the stroke structure.

It is advantageous for a first piezoelectric actuator of the at least two piezoelectric actua-
tors to be arranged, outside the H-shaped stroke structure, along a first portion of the
three portions of the stroke structure, and for a second piezoelectric actuator of the at
least two piezoelectric actuators to be arranged, outside the H-shaped stroke structure,
along a second portion of the three portions of the stroke structure, the first portion and

the second portion of the stroke structure extending in parallel with each other.

It is advantageous for a third piezoelectric actuator of the at least two piezoelectric actua-
tors to be at least partly arranged, inside the H-shaped stroke structure, along a first side
of a third portion of the three portions of the stroke structure. Also, it is advantageous for a
fourth piezoelectric actuator of the at least two piezoelectric actuators to be at least partly
arranged, inside the H-shaped stroke structure, along a second side, located opposite the
first side, of the third portion of the stroke structure, the third portion extending perpen-

dicularly to the first portion and the second portion.

Also, it is advantageous for the first piezoelectric actuator to extend at least over the entire
first portion of the stroke structure and to be connected to at least two of the mutually
spaced-apart contact points of the first portion of the stroke structure via at least two of the
mutually spaced-apart connecting elements, the second piezoelectric actuator extending
at least over the entire second portion of the stroke structure and being connected to at
least two of the mutually spaced-apart contact points of the second portion of the stroke

structure via at least two of the mutually spaced-apart connecting elements.

Also, it is advantageous for the first piezoelectric actuator and a fifth piezoelectric actuator
of the at least two piezoelectric actuators to be arranged, outside the stroke structure,
along the first portion of the stroke structure, the second piezoelectric actuator and a sixth
piezoelectric actuator of the at least two piezoelectric actuators being arranged, outside

the stroke structure, along the second portion of the stroke structure.

It is advantageous for the first piezoelectric actuator and the fifth piezoelectric actuator to

be each connected to at least one of the mutually spaced-apart contact points of the first
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portion of the stroke structure via at least one of the mutually spaced-apart connecting
elements, the second piezoelectric actuator and the sixth piezoelectric actuator each be-
ing connected to at least one of the mutually spaced-apart contact points of the second
portion of the stroke structure via at least one of the mutually spaced-apart connecting

elements.

Also, it is advantageous for the first portion to be subdivided into a first segment and a
second segment, the first piezoelectric actuator being arranged along the first segment of
the first portion and being connected to the first segment of the first portion via the respec-
tive connecting element, the fifth piezoelectric actuator being arranged along the second
segment of the first portion and being connected to the second segment of the first portion
via the respective connecting element; and wherein the second portion is subdivided into
a first segment and a second segment, the second piezoelectric actuator being arranged
along the first segment of the second portion and being connected to the first segment of
the second portion via the respective connecting element, the sixth piezoelectric actuator
being arranged along the second segment of the second portion and being connected to

the second segment of the second portion via the respective connecting element.

It is advantageous for the third piezoelectric actuator and a seventh piezoelectric actuator
of the at least two piezoelectric actuators to be at least partly arranged, inside the stroke
structure, along the first side of the third portion of the stroke structure, the fourth piezoe-
lectric actuator and an eighth piezoelectric actuator of the at least two piezoelectric actua-
tors being at least partly arranged, inside the stroke structure, along the second side of

the third portion of the stroke structure.

Similarly, it is advantageous for the third portion to be subdivided into a first segment and
a second segment, the third piezoelectric actuator being arranged along a first side of the
first segment of the third portion, the fourth piezoelectric actuator being arranged along a
second side, located opposite the first side, of the first segment of the third portion, the
seventh piezoelectric actuator being arranged along a first side of the second segment of
the third portion, the eighth piezoelectric actuator being arranged along a second side,

located opposite the first side, of the second segment of the third portion.

It is advantageous for the stroke structure to comprise several stroke bodies and/or for at

least two stroke bodies to be connected to each other via an extended stroke body.
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What is further proposed is a regulating unit for operating a MEMS loudspeaker in a regu-
lated manner. The regulating unit includes a MEMS loudspeaker in accordance with the
above description, it being possible for the mentioned features to be present individually
or in any combination. Moreover, the regulating unit includes a control means configured
to control a piezoelectric actuator of the MEMS loudspeaker. The MEMS loudspeaker
comprises at least one piezoelectric position sensor configured to provide the control
means with a sensor sighal dependent on the deflection of a diaphragm of the MEMS
loudspeaker, and the control means is configured to control the at least one piezoelectric
actuator of the MEMS loudspeaker in a regulated manner on the basis of the sensor sig-

nal.

It is advantageous when the actual position of the stroke structure during operation can be
continuously determined by means of the position sensor and can be regulated by means

of the control means by controlling the at least one piezoelectric actuator.

It is advantageous for the stroke structure to comprise several contact points. These are
mutually spaced apart, in particular, in the transverse and/or longitudinal direction of the
actuator. Each of said contact points has one connecting element attached to it which
flexibly, or elastically, connects the actuator associated in each case to the stroke struc-

ture.

It is advantageous for the MEMS loudspeaker to comprise, for exciting a diaphragm, a
stroke body and at least two piezoelectric actuators, the at least two actuators being con-
nected to a plurality of mutually spaced-apart contact points of the stroke structure via a
plurality of mutually spaced-apart connecting elements. Due to the fact that the MEMS
loudspeaker comprises at least two piezoelectric actuators connected to the stroke struc-
ture via a plurality of connecting elements, it is possible to transmit large forces and de-
flections to the diaphragm via the stroke structure at the same time. Due to the fact that
the plurality of connecting elements and, thus, also the plurality of contact points are mu-
tually spaced apart, it can be ensured or guaranteed that the stroke structure performs the
stroke movement in a reproducible and uniform manner and does not deviate, for exam-
ple, from a desired direction of the stroke movement, as would be the case, for example,

in the event of tilting modes occurring.
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It is advantageous for the piezoelectric actuators to be connected to a plurality of mutually
spaced-apart contact points of the stroke structure via a plurality of mutually spaced-apart

and flexible connecting elements.

It is advantageous for the connecting elements associated with one of the two actuators to
be mutually spaced apart in the transverse direction of the actuator and/or of the MEMS

sound transducer.

It is advantageous for the diaphragm to be connected to the stroke structure at a front end
of the stroke structure in a direct manner, and/or for the piezoelectric actuators to be con-
nected to the stroke structure on at least one side face of the stroke structure, in particular
on two opposite side faces, in an indirect manner, namely via the connecting elements. In
a cross-sectional view of the MEMS loudspeaker, the front end of the stroke structure is
thus oriented in the z direction, i.e. in the stroke direction (lifting direction). The side faces
of the stroke structure, in contrast, are aligned in the transverse direction, i.e. perpendicu-

larly to the stroke axis (lifting axis).

In an advantageous further development of the invention, several mutually spaced-apart
connecting elements are connected to several mutually spaced-apart contact points of the

at least two piezoelectric actuators.

Moreover, it is advantageous for each of the at least two piezoelectric actuators to be
connected to at least two mutually spaced-apart contact points of the stroke structure via

at least two mutually spaced-apart connecting elements.

In addition, it is advantageous for the stroke structure to be coupled to the diaphragm via
a plurality of regions — i.e. in several regions. Said regions are preferably arranged with
the diaphragm along at least two straight lines or curves that are at least partially spaced-

apart from one another.

It is advantageous for the stroke structure to be coupled to the diaphragm via a plurality of

regions that are arranged in a distributed and/or mutually spaced-apart manner.

Similarly, it is advantageous for the stroke structure to comprise a plurality of mutually
connected beams, each of which is coupled to the diaphragm at least partially at a front

end. Thus, the stroke structure includes several beam-shaped parts. The latter are prefer-
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ably arranged in a mutually perpendicular manner in a top view. In addition, the stroke

structure is preferably configured to be in one piece.

It is advantageous for the at least two piezoelectric actuators to be implemented as bend-

ing beams (cantilevers). Thus, they are preferably implemented in a rectilinear manner.

It is advantageous for the at least one actuator and/or position sensor to comprise a fixed
end, which is directly connected, in particular, to the carrier substrate, and a movable end
that is preferably indirectly connected to the stroke structure — namely via the at least one

flexible, or elastic, connecting element.

It is advantageous for the actuator to have a larger width than length.

In addition, it is advantageous for the at least two piezoelectric actuators to be arranged,
in a cross-sectional view of the MEMS loudspeaker, within a first plane in an idle position,
or zero position, for the diaphragm to be arranged within a second plane spaced apart
from the former in the stroke direction, and/or for the stroke structure to extend in the
stroke direction, starting from the diaphragm, in the direction of the second plane, in par-

ticular as far as or beyond the latter.

It is advantageous for at least one of the connecting elements to comprise or to be imple-
mented, at least partially, as a spring element. The connecting element may thus deform
in a flexible, or elastic, manner. As a result, the maximum stroke of the diaphragm may be
increased as compared to the maximum actuator stroke since the diaphragm can flexibly

oscillate beyond the actuator stroke due to the spring element.

In order to be able to avoid tilting of the diaphragm it is advantageous for the spring ele-
ment, in particular each one, to include at least one flexion spring element, at least one
torsion spring element, and/or a combination of at least one flexion spring element and at

least one torsion spring element, or to be implemented in this manner.

It is advantageous for the piezoelectric actuators to comprise, in a cross-sectional view of
the MEMS loudspeaker, a fixedly clamped first end and a movable second end, respec-

tively, along their longitudinal axes.
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Moreover, it is advantageous for the flexion spring element to extend in the longitudinal
direction, and/or for the torsion spring element to extend in the transverse direction, of the

piezoelectric actuator.

Also, it is advantageous for the flexion spring element to be directly connected to the ac-
tuator and/or to be formed in one piece with same. Moreover, it is advantageous for the
torsion spring element to be arranged, in the direction of the flux of force, between the

flexion spring element and the stroke structure.

It is advantageous for the diaphragm to comprise a rigid region and a flexible region. Pref-
erably, the stroke structure is coupled to the rigid region of the diaphragm, the rigid region

of the diaphragm being formed, in particular, by an extended stroke structure.

In an advantageous further development of the invention, the MEMS loudspeaker com-
prises at least one piezoelectric position sensor. The latter is preferably configured to pro-

vide a sensor sighal dependent on the deflection of the diaphragm.

In addition, it is advantageous for at least one of the piezoelectric actuators to be config-

ured as a piezoelectric position sensor.

Similarly, it is advantageous for the MEMS loudspeaker to comprise at least four piezoe-
lectric actuators, two of the at least four piezoelectric actuators being configured as piezo-
electric position sensors. In addition, said at least four piezoelectric actuators are prefera-
bly arranged symmetrically with respect to a center of gravity of the MEMS loudspeaker in
such a manner that the two piezoelectric actuators configured as piezoelectric position
sensors and the remaining piezoelectric actuators each are arranged symmetrically with

respect to the center of gravity of the stroke structure.

It is advantageous for the MEMS loudspeaker to comprise at least one stack of two mutu-
ally insulated piezoelectric layers, one of the two layers forming the at least one piezoelec-
tric sensor, and the other one of the two layers forming one of the at least two piezoelec-

tric actuators.

Moreover, it is advantageous for the two mutually insulated piezoelectric layers to com-

prise different materials.
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Advantageously, the piezoelectric position sensor and one piezoelectric actuator of the at

least two piezoelectric actuators are formed by a common piezoelectric layer.

In addition, it is advantageous for the MEMS loudspeaker to comprise at least one piezo-
resistive or one capacitive position sensor that is configured to provide a sensor signal

dependent on the deflection of the diaphragm.

It is also advantageous for the stroke structure to comprise a plurality of stroke bodies
and/or for at least two stroke bodies of the plurality of stroke bodies to be connected to

one another via an extended stroke body.

It is advantageous for the MEMS loudspeaker to comprise a cavity. The latter is preferably
configured at least partially by a carrier substrate of the MEMS loudspeaker, which carrier
substrate has the shape of a frame, in particular. Moreover, the cavity is preferably ar-
ranged on that side of the diaphragm which faces the actuators and/or the stroke struc-

ture.

It is advantageous for the carrier substrate and the stroke structure to be formed of the

same material and/or of the same base body.

Preferably, the stroke structure is directly connected to the diaphragm. In addition, it is
advantageous for the stroke structure to be indirectly connected to the at least one actua-
tor. The indirect connection between the stroke structure and the actuator is preferably

configured by means of the flexible and/or elastic connecting element.

It is advantageous for the actuators to be spaced apart from the diaphragm in the stroke

direction, or z direction.

In addition, it is advantageous for the actuators and the diaphragm to be aligned in a mu-

tually parallel manner in their neutral positions.

Embodiments of the present invention will be explained in more detail with reference to

the accompanying Figures, wherein:

Fig. 1a shows a schematic cross-sectional view of a MEMS, in accordance with an

embodiment of the present invention;
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Fig. 2a

Fig. 2b

Fig. 3a-d

Fig. 4a-f

Fig. Sa-f

Figs. 6a-f

Figs. 7a, b

Fig. 8

Fig. 9a

Fig. 9b
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shows a schematic top view of the MEMS shown in Fig. 1a, in accordance

with an embodiment of the present invention;

shows a schematic cross-sectional view of a MEMS in the activated state, in

accordance with an embodiment of the present invention;

shows a schematic cross-sectional view of the MEMS in the idle state, in ac-

cordance with an embodiment of the present invention;

show schematic cross-sectional views of four different embodiments of the

piezoelectric actuators of the MEMS;

show schematic top views of six different embodiments of the stroke structure
of the MEMS;

show schematic top views of eight different embodiments of arrangements of

the piezoelectric actuators in relation to the stroke structure of the MEMS;

show schematic top views of six different embodiments of the connecting ele-
ments of the MEMS;

show schematic top views of two embodiments of a piezoelectric actuator with

an integrated position sensor;

shows a schematic cross-sectional view of a MEMS, in accordance with an

embodiment of the present invention;

shows a schematic cross-sectional view of a MEMS having a diaphragm with
an extended stroke body, in accordance with an embodiment of the present

invention;

shows a schematic top view of the MEMS shown in Fig. 9a and having the
diaphragm and the extended stroke body, in accordance with an embodiment

of the present invention;
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Fig.

Fig.

Fig.

Fig.

10a

10b

11a

11b

12a

12b

13a

13b

14a

14b

15a
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shows a schematic cross-sectional view of a MEMS having a flexible dia-

phragm, in accordance with an embodiment of the present invention;

shows a schematic top view of the MEMS shown in Fig. 10a and having the
flexible diaphragm, in accordance with an embodiment of the present inven-

tion;

shows a schematic cross-sectional view of a MEMS having a flexible dia-

phragm, in accordance with an embodiment of the present invention;

shows a schematic top view of the MEMS shown in Fig. 11a and having the
flexible diaphragm, in accordance with an embodiment of the present inven-

tion;

shows a top view of a CAD model of the MEMS, in accordance with an em-

bodiment of the present invention;

shows a perspective view of an FEM simulation of the MEMS shown in Fig.

12a, in accordance with an embodiment of the present invention;

shows a top view of a CAD model of the MEMS, in accordance with an em-

bodiment of the present invention;

shows a perspective view of an FEM simulation of the MEMS shown in Fig.

13a, in accordance with an embodiment of the present invention;

shows a top view of a CAD model of the MEMS, in accordance with an em-

bodiment of the present invention;

shows a perspective view of an FEM simulation of the MEMS shown in Fig.

14a, in accordance with an embodiment of the present invention;

shows a top view of a CAD model of the MEMS, in accordance with an em-

bodiment of the present invention;
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Fig. 15b  shows a perspective view of an FEM simulation of the MEMS shown in Fig.

15a, in accordance with an embodiment of the present invention;

Fig. 16a  shows a top view of a CAD model of the MEMS, in accordance with an em-

bodiment of the present invention;

Fig. 16b  shows a perspective view of an FEM simulation of the MEMS shown in Fig.

16a, in accordance with an embodiment of the present invention;

Figs. 17a-c show schematic cross sections of the MEMS following various process steps
of a method of producing the MEMS; and

Fig. 18 shows a schematic view of a system comprising a MEMS and a control means
for controlling the at least two piezoelectric actuators of the MEMS, in accord-

ance with an embodiment.

In the following description of the embodiments of the invention, elements which are iden-
tical or have identical functions will be provided with identical reference numerals in the

Figures, so that their descriptions in the various embodiments are interchangeable.

Fig. 1a shows a schematic cross-sectional view of a MEMS 100 in accordance with an
embodiment of the present invention, while Fig. 1b shows a schematic top view of the
MEMS 100 shown in Fig. 1a. The MEMS 100 comprises a diaphragm 102, a stroke struc-
ture 104 coupled to the diaphragm 102, and at least two piezoelectric actuators 106_1 to
106_n (n = 2) coupled to a plurality of mutually spaced-apart contact points 110_1 to
110_m (m = 4) of the stroke structure 104 via a plurality of mutually spaced-apart connect-
ing elements 108_1 to 108_m (m = 4), the at least two piezoelectric actuators 106_1 to
106_n (n = 2) being configured to cause a (uni- or bidirectional) stroke movement of the

stroke structure 104 so as to deflect the diaphragm 102.

In embodiments, the at least two piezoelectric actuators 106_1 to 106_n (n = 2) may be
arranged within a plane in an idle position, it being possible for the at least two piezoelec-
tric actuators 106_1 to 106_n (n = 2) to be configured to cause a stroke movement of the
stroke structure 104 such that a direction of the stroke movement is perpendicular to the
plane of the piezoelectric actuators 106_1 to 106_n (n = 2). In Fig. 1a, the direction of the

stroke movement is indicated by arrow 114 by way of example.
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The at least two piezoelectric actuators 106_1 to 106_n (n = 2) may be implemented as
bending beams, for example. In addition, the at least two piezoelectric actuators 106_1 to
106_n (n =2) may be clamped within a clamp 118, e.g. a semiconductor substrate such as

a silicon semiconductor substrate, for example.

The MEMS 100 shown in Figs. 1a and 1b comprises, by way of example, two piezoelec-
tric actuators 106_1 to 106_n (n = 2). However, the invention is not limited to such embod-
iments. Rather, the MEMS 100 may comprise up to n piezoelectric actuators 106_1 to

106_n, n being a natural number larger than two, n = 2.

In embodiments, the at least two piezoelectric actuators 106_1 to 106_n (n = 2) may be
connected to a plurality of mutually spaced-apart contact points 110_1 to 110_m (m = 4)
of the stroke structure 104 via a plurality of mutually spaced-apart connecting elements
108_1 to 108_m (m = 4).

As may be seen in Fig. 1b by way of example, each one of the at least two piezoelectric
actuators 106_1 to 106_n (n = 2) may be connected to at least two mutually spaced-apart
contact points 110_1 to 110_m (m = 4) of the stroke structure 104 via at least two mutually

spaced-apart connecting elements 108_1 to 108_m (m = 4).

For example, a first piezoelectric actuator 106_1 of the at least two piezoelectric actuators
106_1 to 106_n (n = 2) may be connected to a first contact point 110_1 of the plurality of
mutually spaced-apart contact points 110_1 to 110_m (m = 4) of the stroke structure 104
via a first connecting element 110_1 of the plurality of connecting elements 110_1 to
110_m (m = 4), and may be connected to a second contact point 110_2 of the plurality of
mutually spaced-apart contact points 110_1 to 110_m (m = 4) of the stroke structure 104
via a second connecting element 108_2 of the plurality of connecting elements 108_1 to
108_m (m = 4).

Similarly, a second piezoelectric actuator 106_2 of the at least two piezoelectric actuators
106_1 to 106_n (n = 2) may be connected to a third contact point of the plurality of mutu-
ally spaced-apart contact points 110_1 to 110_m (m = 4) of the stroke structure 104 via a
third connecting element 108_3 of the plurality of mutually spaced-apart connecting ele-
ments 108_1 to 108_m (m = 4), and may be connected to a fourth contact point 110_4 of
the plurality of mutually spaced-apart contact points 110_1 to 110_m (m = 4) of the stroke
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structure 104 via a fourth connecting element 108_4 of the plurality of mutually spaced-

apart connecting elements 108_1 to 108_m (m = 4).

In embodiments, a distance between the plurality of mutually spaced-apart contact points
110_1 to 110_4 of the stroke structure may be maximized, whereby a distance between
the plurality of mutually spaced-apart connecting elements 108_1 to 108_m (m = 4) is also

maximized.

For example, to this end, the first contact point 110_1 may be arranged in a first outer
region of the stroke structure 104, whereas the second contact point 110_2 may be ar-
ranged in a second outer region, located opposite the first outer region, of the stroke
structure. Similarly, the third contact point 110_3 may be arranged in the first outer region
of the stroke structure 104, whereas the fourth contact point 110_4 may be arranged in

the second outer region of the stroke structure 104.

As can be seen in Fig. 1b, the plurality of mutually spaced-apart connecting elements
108_1 to 108_m (m = 4) may be connected to a plurality of mutually spaced-apart contact
points 112_1 to 112_m (m = 4) of the at least two piezoelectric actuators 106_1 to 106_n
(n = 2). Distances between the plurality of mutually spaced-apart contact points 112_1 to

112_m of the stroke structure may also be maximized, as can be seen in Fig. 1b.

For example, a first contact point 112_1 of the plurality of mutually spaced-apart contact
points 112_1 to 112_m (m = 4) of the first piezoelectric actuator 106_1 may be arranged
in a first outer region of the first piezoelectric actuator 106_1, whereas a second contact
point 112_2 of the plurality of mutually spaced-apart contact points 112_1to 112_m (m =
4) can be arranged in a second outer region, located opposite the first outer region, of the
first piezoelectric actuator 106_1. A third contact point 112_3 of the plurality of mutually
spaced-apart contact points 112_1 to 112_m (m = 4) of the second piezoelectric actuator
106_2 may be arranged in a first outer region of the second piezoelectric actuator 106_2,
whereas a fourth contact point 112_4 of the plurality of mutually spaced-apart contact
points 112_1 to 112_m (m = 4) may be arranged in a second outer region, located oppo-

site the first outer region, of the second piezoelectric actuator 106_2.

The MEMS 100 shown in Figs. 1a and 1b comprises, by way of example, four mutually
spaced-apart connecting elements 108_1 to 108_m (m = 4) connected to four mutually

spaced-apart contact points 110_1 to 110_m (m = 4) of the stroke structure 104. However,
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the invention is not limited to such embodiments. Rather, the MEMS 100 may comprise up
to m mutually spaced-apart connecting elements 108_1 to 108_m connected to up to m
mutually spaced-apart contact points 110_1 to 110_m of the stroke structure 104, m being
a natural number larger than four, m = 4. However, this does not result in that each of the
at least two piezoelectric actuators 106_1 to 106_n must be connected to the stroke struc-
ture 104 via at least two connecting elements. For example, the MEMS 100 may also
comprise four piezoelectric actuators 106_1 to 106_n (n = 4), each of the four piezoelec-
tric actuators 106_1 to 106_n (n = 4) being connected to the stroke structure 104 via one

(single) connecting element in each case.

As can be seen in Figs. 1a and 1b, the stroke structure 104 may be symmetrical, it being
possible for the at least two piezoelectric actuators 106_1 to 106_n (n = 2) to be arranged
symmetrically with respect to a center of gravity 120 of the stroke structure 104. The plu-
rality of mutually spaced-apart contact points 110_1 to 110_m (m = 4) may also be ar-
ranged symmetrically with respect to the center of gravity 120 of the stroke structure 104.
Similarly, the plurality of mutually spaced-apart contact points 112_1 to 112_m (m = 4) of
the at least two piezoelectric actuators 106_1 to 106_n (n = 2) may be arranged symmet-

rically with respect to the center of gravity 120 of the stroke structure 104.

As was already mentioned, the diaphragm 102 is coupled to the stroke structure 104 in
embodiments. The diaphragm 102 may further be clamped within an outer region 118,
e.g. in a semiconductor substrate such as a silicon semiconductor structure, for example.
The diaphragm 102 may extend in parallel with a first surface 122 and/or a second sur-
face 124 of the MEMS 100, it being possible for the diaphragm 102 to be configured to
separate, when the MEMS 100 is used as intended, the first surface 122 and the second
surface 124 of the MEMS 100 from each other, in particular in a fluidic and/or gas-shaped

manner.

The plane within which the at least two piezoelectric actuators 106_1 and 106_n (n = 2)
are arranged in an idle position might extend in parallel with the first and/or second sur-
face 122 and 124 of the MEMS 100.

In the following, embodiments of the MEMS 100 will be explained in more detail with ref-
erence to Figs. 2 to 16. The description which follows, however, is also applicable to the

MEMS 100 shown in Figs. 1a and 1b. Similarly, features that were described with regard
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to the MEMS 100 shown in Figs. 1a and 1b are applicable to the embodiments which fol-

low.

The embodiments which follow describe a concept and an architecture of a microactuator
for large strokes and forces which exhibits a high level of efficiency and may be produced
by means of methods of silicon microsystems technology. The actuator may be used for a
loudspeaker, for example. The decisive advantage of chip-based loudspeakers over con-
ventional loudspeakers is the possibility of producing complex and highly precise geome-
tries and to thus implement new sound generation concepts. Additionally, the MEMS ac-
tuators may be operated in a regulated manner by integrating a position sensoring sys-

tem.

For implementing large forces and strokes, embodiments provide a MEMS 100 based on
efficiently arranged actuator elements connected, via suitable connecting elements (see
Figs. 6a to 6f), to a stroke body 104 which is assumed to be rigid and may be configured
as a frame structure (see Figs. 2a and 2b). The actuator elements 106_1 to 106_n may be
controlled at the same time, so that the frame 104 is moved out of the plane in parallel
(with a direction of the stroke movement, which is perpendicular to a plane of the actuator

elements 106_1 to 106_n), i.e. if possible without any tilting.

Fig. 2a shows a schematic cross-sectional view of the MEMS 100 in the activated state,
while Fig. 1b shows a schematic cross-sectional view of the MEMS 100 shown in Fig. 2a
(actuator arrangement) in the idle state. The actuators 106_1 and 106_n (n = 2) are one-
sidedly clamped bending beams (which may be clamped, e.g., in an outer region, within a
clamp 118, e.g. a frame such as a silicon frame, for example) and which comprise, in ac-
cordance with Figs. 3a to 3d, at least two layers, at least one of which is piezoelectric.
Figs. 3a to 3d show schematic cross sections of possible actuator elements. In detail, uni-
morphic with a piezoelectric functional layer 133 (and a passive layer 135) in Fig. 3a,
symmetrical and dimorphic with two piezoelectric layers 133a and 133b (and an inter-
posed passive layer 135) in Fig. 3b, symmetrically dimorphic with a thin conductive sepa-
ration layer 137 between two piezoelectric layers 133a and 133b in Fig. 3¢, and asymmet-
rically dimorphic with two piezoelectric layers 133a and 133b (on a passive layer 135)

separated by means of a separation layer 137 in Fig. 3d.

For contacting purposes, the piezoelectric layers may be provided with corresponding

electrodes, which may be configured either as two-dimensional or interdigital electrodes or
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as a combination of two-dimensional and interdigital electrodes. In addition to piezoelec-
trically active layers, the actuator elements may comprise one or more passive or piezoe-

lectrically inactive functional layers.

By application of an electric voltage, the piezoelectric material deforms and causes bend-
ing of the individual actuator elements 106_1 to 106_n, via which the stroke body, or the
stroke structure, 104 is moved out of the plane in the upward or downward direction.
While large deflections can only be implemented, in principle, via actuators that are as
long and thin-layered as possible, actuators for large forces tend to require short lengths.
The latter is due to the fact that long actuators comprise too low levels of spring rigidity to
generate high forces. To overcome these conflicting requirements, the proposed design
concepts are based on several actuators 106_1 to 106_n, which on account of their
lengths achieve large deflections, but in total are able to provide large forces as well due
to their number. Thus, the possible stroke of the stroke body 104 can primarily be defined
via the lengths of the actuators 106_1 to 106_n, whereas the achievable force can be

scaled via the width and number of the actuators 106_1 to 106_n.

Figs. 4a to 4f show schematic top views of six different embodiments of the stroke struc-
ture 104 of the MEMS 100.

Fig. 4a shows a stroke structure 104 which is H-shaped within a plane extending perpen-
dicularly to the direction of the stroke movement of the stroke structure 104. For example,
the stroke structure 104 may comprise at least three portions 104a to 104c arranged in
the shape of an H, so that the stroke structure 104 is H-shaped within the sectional plane
extending perpendicularly to the stroke movement direction of the stroke structure. The
three portions 104a to 104c may form a (contiguous) stroke body, as can be seen in Fig.
4a.

The stroke structure 104 or, in other words, the portions 104a to 104c may span a surface
area corresponding to at least 30 % (or 80 %, 70 %, 60 %, 50 %, or 40 %) of a surface
area of the diaphragm 102.

The stroke structure 104 can be configured such that the stroke structure 104 is coupled
to the diaphragm at least by means of the first portion 104a and the second portion 104b

(and optionally by means of the third portion 104c). The front ends of the first portion 104a
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and of the second portion 104b thus form a plurality of regions arranged in a distributed

manner by means of which the stroke structure 104 is coupled to the diaphragm 102.

Of course, the stroke structure 104 may also be configured such that the stroke structure
104 is coupled to the diaphragm 102 (in a dot-shaped manner) via a plurality of regions
arranged in a distributed manner. The plurality of regions arranged in a distributed manner
may be, for example, regions of the first portion 104a and of the second portion 104b

(and, optionally, of the third portion 104c).

In addition, it is also possible for at least the first portion 104a and the second portion
104b (and, optionally, the third portion 104c) to be coupled to the diaphragm via a spacer
in each case, the cross-sectional area of which may be smaller or larger than the respec-
tive portion 104a and 104b. In this case, the spacers form a plurality of regions arranged
in a distributed manner, by means of which the stroke structure 104 is coupled to the dia-

phragm 102.

The plurality of regions arranged in a distributed manner (e.g. front ends or dot-shaped
regions of the portions 104a and 104b) may be arranged along straight lines along which
the stroke structure 104 is coupled to the diaphragm 102. In Fig. 4a, these two straight
lines (defined by the portions 104a and 104b) are arranged in parallel with each other.
However, it is also feasible, of course, for these two straight lines to intersect in at least
onhe point, i.e. to be only partially spaced apart from each other, which may be achieved,
for example, by a V- or L-shaped structure or by a combination of several structures, i.e.,

I-shaped and L-shaped structures, to form an H structure.

Since, in particular, the force highly depends on the actuator surface area, the designs
shown in Figs. 4a to 4f exhibit a stroke body 104 configured to take up as small an area
as possible while having sufficient rigidity which prevents any appreciable deformation of
the stroke body. The stroke body 104 may be configured as a branched frame structure
open to the sides, so that the actuator elements may be arranged between or next to the
beams of the frame and may engage the frame there. Because of the reduced surface
area, the major part of the active area 130 (preferably rectangular area, which takes up
the movable elements of actuator, stroke body, and connecting elements) is available for
the actuators 106_1 to 106_n. With regard to as efficient an actuator arrangement as pos-
sible, the stroke body 104 may additionally be configured such that the connecting ele-

ments 108_1 to 108_m between the actuator and the stroke body 104 comprise as large a
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distance as possible from the center of gravity of the stroke body 104. In this manner, un-
desired tilting modes can be shifted upward within the frequency range in relation to the
desired stroke mode (lifting mode), whereby parasitic oscillations during operation can be

reduced.

Figs. 4a to 4f show schematic top views of examples of different shapes of the branched
rigid stroke body 104. In detail, a stroke body comprising three interconnected beam ele-
ments 104a to 104¢ in Figs. 4a, a stroke body comprising additional struts (or beams)
104d in Fig. 4b and 4c, a stroke body comprising locally broadened areas 182 in Fig. 4d, a
stroke body 104 comprising rounded areas in Fig. 4e, and a stroke body 104 comprising

diagonal elements 104c to 104f in Fig. 4f.

As can be seen in Figs. 4a to 4f, the stroke body 104 may be composed of rigid beam

elements, by way of example.

For example, the stroke body 104 may comprise at least two beam elements 104a and
104b which are connected to one another in a direct manner or via a third beam element
104c (see Fig. 4a). In addition, the stroke body 104 may comprise additional, horizontally
arranged beam elements 104d (see Fig. 4b) which may have different lengths and may be
mutually connected by struts. Moreover, the stroke body 104 may comprise additional,
perpendicularly arranged beam elements 104d (see Fig. 4¢), the lengths of which may be
identical with or different from other horizontal elements. In addition, the stroke body 104
may comprise locally broadened areas 182 or plates (e.g. for providing assembly surfaces
or for positioning connecting elements) (see Fig. 4d). Moreover, the stroke body 104 may
comprise diagonally arranged beam elements, and/or rounded contours. The stroke body
104 may comprise a square, rectangular or trapezoidal cross-sectional profile. Also, the

stroke body may have a centered alignment within the active area 130.

The stroke structures 104 shown in Figs. 4a to 4f each comprise a (contiguous) stroke
body. However, the invention is not limited to such embodiments. Rather, the stroke struc-
ture 104 may also comprise two or more stroke bodies in embodiments. The stroke bodies
may be coupled or connected to one another via a strip or an extended stroke body, for

example (cf. Fig. 8).

Figs. 5a to 5h show schematic top views of eight different embodiments of arrangements

of the piezoelectric actuators 106_1 to 106_n with regard to the stroke structure 104 of the
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MEMS, the diaphragm 102 not being shown in Figs. 5a to 5Sh in each case so as not to
impair the view of the stroke structure 104 and the at least two piezoelectric actuators
106_1 to 106_n.

In the embodiments shown in Figs. 5a to 5Sh, the stroke structure 104 comprises at least
three portions 104a to 104c arranged to form an H-shaped stroke structure 104, so that
the stroke structure 104 has the shape of an H within a sectional plane extending perpen-
dicularly to the direction 114 of the stroke movement of the stroke structure 104 (by anal-

ogy with Fig. 4a).

The first portion 104a and the second portion 104b are arranged in parallel with each oth-
er, whereas the third portion 104c¢ is arranged perpendicularly to the first portion 104a and

to the second portion 104b so as to form the H-shaped stroke structure.

As can be seen in Fig. 5a, the MEMS 100 may comprise two piezoelectric actuators
106_1 and 106_n (n = 2) which are at least partly arranged, inside the H-shaped stroke
structure 104, along the third portion 104c of the stroke structure 104 and are connected,
in each case, to the stroke structure 104 via at least two mutually spaced-apart connecting
elements 108_1 to 108_m.

In detail, in Fig. 5a, the first piezoelectric actuator 106_1 is connected to the stroke struc-
ture 104 via two connecting elements 108_1 and 108_2 of the plurality of mutually
spaced-apart connecting elements 108_1 to 108_m (m = 4, optionally m = 6), the second
piezoelectric actuator 106_2 being connected to the stroke structure 104 via two connect-
ing elements 108_3 and 108_4 of the plurality of mutually spaced-apart connecting ele-

ments 108_1 to 108_m (m = 4, optionally m = 6).

A first contact point 112_1 of the plurality of mutually spaced-apart contact points 112_1 to
112_m (m = 4) of the first piezoelectric actuator 106_1 may be arranged in a first outer
region of the first piezoelectric actuator 106_1, so that the first connecting element 108_1
is arranged adjacently to the first outer region, whereas a second contact point 112_2 of
the plurality of mutually spaced-apart contact points 112_1 to 112_m (m = 4) may be ar-
ranged in a second outer region, located opposite the first outer region, of the first piezoe-
lectric actuator 106_1, so that the second connecting element 108_2 is arranged adja-
cently to the second outer region. Similarly, a third contact point 112_3 of the plurality of

mutually spaced-apart contact points 112_1 to 112_m (m = 4) of the second piezoelectric
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actuator 106_2 may be arranged in a first outer region of the second piezoelectric actuator
106_2, so that the third connecting element 108_1 is arranged adjacently to the first outer
region, whereas a fourth contact point 112_4 of the plurality of mutually spaced-apart con-
tact points 112_1 to 112_m (m = 4) may be arranged in a second outer region, located
opposite the first outer region, of the second piezoelectric actuator 106_2, so that the
fourth connecting element 108_4 is arranged adjacently to the second outer region. Such
connecting elements will be referred to below as outer connecting elements, or externally

located connecting elements.

Optionally, the first piezoelectric actuator 106_1 may further be connected to the stroke
structure via a fifth connecting element 108_5, it being possible for a fifth contact point
112_5 of the plurality of mutually spaced-apart contact points 112_1 to 112_m (m = 6) of
the first piezoelectric actuator 106_1 to be arranged in a central region, so that the fifth
connecting element 108_5 is arranged adjacently to the central region. Similarly, the sec-
ond piezoelectric actuator 106_2 may further be connected to the stroke structure 104 via
a sixth connecting element 108_86, it being possible for a sixth contact point 112_6 of the
plurality of mutually spaced-apart contact points 112_1 to 112_m (m = 6) of the second
piezoelectric actuator 106_2 to be arranged in a central region, so that the sixth connect-
ing element 108_6 is arranged adjacently to the central region. Such connecting elements
will be referred to below as central connecting elements, or centrally located connecting

elements.

Fig. Sb shows a schematic top view of a MEMS 100 comprising four piezoelectric actua-
tors 106_1 to 106_n (n = 4) which are at least partly arranged inside the H-shaped stroke
structure 104, two piezoelectric actuators 106_1 and 106_2 of the four piezoelectric actua-
tors 106_1 to 106_n (n = 4) being arranged along a first side of the third portion 104c, two
further piezoelectric actuators 106_3 and 106_4 of the four piezoelectric actuators 106_1
to 106_n (n = 4) being arranged along a second side, located opposite the first side, of the
third portion 104c. The four piezoelectric actuators 106_1 to 106_n (n = 4) are connected
to the third portion 104c¢ of the stroke structure 104 via two externally located connecting
elements 108_1 to 108_4 in each case and, optionally, via one centrally located connect-

ing element 108_5 and 108_6 in each case.

Fig. 5c also shows a schematic top view of a MEMS 100 comprising four piezoelectric
actuators 106_1 to 106_n (n = 4), wherein two piezoelectric actuators 106_1 and 106_4 of

the four piezoelectric actuators 106_1 to 106_n (n = 4) are connected to the first portion
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104a of the stroke structure 104 via two externally located connecting elements 108_1 to
108_4 in each case (and optionally via a further, centrally located connecting element),
two further piezoelectric actuators 106_2 and 106_3 of the four piezoelectric actuators
106_1 to 106_n (n = 4) being connected to the second portion 104b of the stroke structure
104 via two externally located connecting elements 108_5 to 108_8 in each case (and

optionally via a further, centrally located connecting element).

Fig. 5d shows a schematic top view of a MEMS 100 comprising eight piezoelectric actua-
tors 106_1 to 106_n (n = 8) which are at least partly arranged inside the H-shaped stroke
structure 104, so that four piezoelectric actuators 106_1 to 106_4 of the eight piezoelectric
actuators 106_1 to 106_n (n = 8) are connected to the first portion 104a of the stroke
structure 104 via two externally located connecting elements 108_1 to 108_8 in each
case, two further piezoelectric actuators 106_5 to 106_8 of the eight piezoelectric actua-
tors 106_1 to 106_n (n = 8) being connected to the second portion 104b of the stroke
structure 104 via two externally located connecting elements 108_9 to 108_16 in each

case.

Fig. 5e shows a schematic top view of a MEMS 100 comprising two piezoelectric actua-
tors 106_1 and 106_n (n = 2) arranged outside the H-shaped stroke structure 104. Here,
the first piezoelectric actuator 106_1 is arranged along the first portion 104a of the stroke
structure 104, the second piezoelectric actuator 106_2 being arranged along the second
portion 104b of the stroke structure 104. The first piezoelectric actuator 106_1 is connect-
ed to the first portion 104a of the stroke structure 104 via two externally located connect-
ing elements 108_1 and 108_4, whereas the second piezoelectric actuator 106_2 is con-
nected to the second portion 104b of the stroke structure 104 via two externally located
connecting elements 108_2 and 108_3. Optionally, the first piezoelectric actuator 106_1
and the second piezoelectric actuator 106_2 may be connected to the respective portion
104a and 104b of the stroke structure 104 in each case via a centrally located connecting

element 108_5 and 108_6 in each case.

Fig. 5f shows a schematic top view of a MEMS 100 comprising four piezoelectric actua-
tors 106_1 to 106_n (n = 4) which are arranged outside the H-shaped stroke structure
104. The first and fourth piezoelectric actuators 106_1 and 106_4 are arranged along the
first portion 104a of the stroke structure 104 and are connected to same via two externally
located connecting elements 108_1 to 108_4 in each case. The second piezoelectric ac-

tuator 106_2 and the third piezoelectric actuator 106_3 are arranged along the second
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portion 104b of the stroke structure 104 and are connected to same via two externally

located connecting elements 108_5 to 108_8 in each case.

Figs. 5g and Sh each show a MEMS 100 comprising four piezoelectric actuators 106_1 to
106_n (n = 4) arranged outside the H-shaped stroke structure 104. The four piezoelectric
actuators 106_1 to 106_4 are connected to the respective portion 104a or 104b of the
stroke structure 104 via one connecting element 108_1 to 108_4 in each case. The differ-
ence between Figs. 5g and Sh consists in that the four piezoelectric actuators 106_1 to
106_4 are arranged, in Fig. 5g, such that the contact points between the stroke structure
104 and the connecting elements 108_1 to 108_4 are arranged at outer ends of the por-
tions 104a and 104b, whereas in Fig. 5h, the four piezoelectric actuators 106_1 to 106_4
are arranged such that the contact points between the connecting elements 108_1 to
108_4 and the stroke structure 104 are arranged adjacently to a projected extension of
the third portion 104c.

Thus, Figs. 5a to 5h illustrate different partial actuator configurations by using the example
of the stroke body of Fig. 4a. Depending on the arrangement, the actuators are one-
sidedly clamped actuators which are connected to the stroke body 104 via at least one,
but preferably two or more connecting elements 108_1 to 108_m and which move said
stroke body 104 out of the plane. To achieve as large forces as possible, the actuators
106_1 to 106_n are preferably configured to be broad, which results in transverse warping
due to the piezoelectric effect acting within the plane. Said transverse warping shows in
that the outer corners at the free end of the actuator exhibit the highest level of deflection
and thus represent the optimum position for the connecting elements. In particular with
very broad actuators, insertion of further connecting elements (referred to as optional
connecting elements in Figs. 5a to 5h) may be advantageous in order to achieve larger
forces and to shift the stroke mode upward within the frequency range. Depending on the
geometry of the stroke body 104, it may additionally be also useful to subdivide individual
actuators into several actuators which are preferably arranged in parallel with one another
(e.g. Fig. 4c in combination with Fig. 5b). With regard to optimum area utilization for im-
plementing large forces, the partial configurations depicted in Figs. 5a to Sh may be com-

bined with one another as desired.

It shall be noted that the different actuator configurations shown in Figs. 5a-h using the
example of the stroke body 104 of Fig. 4a are partial actuator configurations which may be

combined as desired.
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In embodiments, a cross-sectional area of the stroke structure 104 perpendicular to a di-
rection 114 of the stroke movement of the stroke structure 104 may be smaller (e.g. by a
factor of two (or three, four, five, or six) than a sum of piezoelectrically active actuator are-

as of the at least two piezoelectric actuators 106_1 to 106_n.

Thus, the actuator configurations may comprise a high level of area utilization by actua-
tors that is larger than 40 % (or 50 %, 60 %, 70 %, or 80 %) of the active area 130. More-
over, the actuator configurations may be combined as desired. Moreover, the actuator
configurations may comprise additional connecting elements at the free ends of the indi-
vidual actuators. In addition, the actuator configurations may comprise actuators that are
subdivided into several narrow actuators and have additional connecting elements (see
Fig. 5b, 5d, and 5f). Furthermore, the actuator configurations may comprise actuators hav-

ing trapezoidal or rounded shapes.

As was already mentioned with reference to Figs. 4a to 4f, the stroke structure 104 may
also comprise, in embodiments, two or more stroke bodies, it being possible for the stroke
bodies to be coupled, e.g., via a rigid extended stroke body. For example, the central
beam 104c might be dispensed with in Fig. Se, so that the stroke structure 104 comprises
two separate stroke bodies that might be coupled to each other by means of an extended
stroke body (cf. Fig. 8). The region, or area, that has been freed up might be used more
efficiently by other actuators in this case. Moreover, it would be feasible to couple several
stroke bodies of an array arrangement via an extended stroke body in combination with

spacers.

Figs. 6a to 6f show schematic top views of six different embodiments of the connecting
elements of the MEMS 100. In detail, Figs. 6a to 6f each show the first connecting ele-
ment 108_1 by way of example, which connects the first piezoelectric actuator 106_1 to
the stroke structure 104. However, the description which follows may also be transferred

to the other connecting elements 108_2 to 108_m.

In embodiments, the connecting element 108_1 may comprise a spring element. As can
be seen in Figs. 6a to 6h, the spring element may include at least one flexion spring ele-
ment 108B (see Fig. 6a), at least one torsion spring element 108T (see Fig. 6b), or a
combination of at least one flexion spring element 108B and at least one torsion spring
element 108T (see Figs. 6¢ to 6f).
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In order to ensure a flexible and, at the same time, robust connection between the actua-
tors 106_1 to 106_n and the stroke body 104, various spring geometries may be em-
ployed. Figs. 6a to 6f illustrate several spring arrangements which comprise, if dimen-
sioned appropriately, a sufficient level of flexibility, on the one hand, in order to enable
large deflections, while ensuring, on the other hand, a high level of transmission of forces
between the actuators 106_1 to 106_n and the stroke body 104. Due to the fact that both
flexion springs 108B and torsion springs 108T require comparatively large distances be-
tween actuator and stroke body (distance 2 spring length), utilization of combined spring
geometries is recommendable. Figs. 6¢ to 6f illustrate corresponding geometries wherein
the effective spring length may clearly exceed the distance between actuator and stroke
body because of several elements which are preferably arranged perpendicularly to one
another. While arrangements such as Figs. 6d or 6f are suitable, in particular, for connect-
ing elements arranged at outer actuator corners, springs such as those in Fig. 6¢ and Fig.
6e are suitable primarily for connecting points between the corners on account of their

symmetries (see optional connecting elements in Figs. 5a to Sh).

It shall be noted that in the schematic top views, shown in Figs. 6a to 6f, of different con-
necting elements, the elements referred to as the stroke body 104 and the actuator 106_1

are exemplarily and merely represent portions of the actual functional elements.

Apart from the scaling of individual elements, the following deviations from Fig. 6 are fea-
sible. (1) The spacers, referred to as flexion springs in Figs. 6a to 6h, between the actua-
tor and the torsion springs may also be configured as rigid elements or piezoelectrically
active extensions of the actuator. (2) The spacers, depicted as locally broadened areas of
the stroke body 104 in Fig. 6, between the springs and the stroke body 104 may also be
configured as flexible elements. (3) All of the or individual spring elements may comprise
rounded areas. (4) Several spring elements may be combined with one another or be ar-
ranged one behind the other in several versions (cascading). (5) The individual spring
elements may comprise angles other than 90°, so that the springs are exposed to both
bending and torsion stress. (6) All of the springs or spacers may also be laterally attached
to the actuators (cf. Fig. 6b). (7) Springs and spacers may consist of the same or individu-
al passive and/or piezoelectric functional layers as do the actuators. Alternatively, other

materials may also be used.
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For detecting the position of the stroke structure, or of the stroke body 104, the MEMS
100 may additionally comprise at least one sensor element, as will be explained below

with reference to Figs. 7a and 7b.

Figs. 7a and 7b show schematic top views of two embodiments of a piezoelectric actuator
with an integrated position sensor. In detail, Figs. 6a and 7b each show, by way of exam-
ple, integration of the position sensor with the first piezoelectric actuator 106_1. However,
the description which follows is equally applicable to the other piezoelectric actuators
106_2 to 106_n.

As can be seen in Fig. 7a, the piezoelectric position sensor and the piezoelectric actuator
106_1 may be formed by a piezoelectric layer, it being possible to use one region as the
sensor and another region as the actuator. Moreover, it is possible for a stack consisting
of two piezoelectric layers to be used, one or two layers at least partly forming the at least
one piezoelectric sensor 140, while another one of the two layers forms the piezoelectric
actuator 106_1. In other words, Figs. 7a and 7b show schematic top views of a (contigu-
ous) beam structure having separate sensor areas 140 and actuator areas 142. Of
course, it is not necessary to use the entire layer for the sensor. It would also be feasible
for a large part to be used for the actuator system and only a small area to be used for the

Sensor.

In order to keep the losses in terms of actuator performance (deflection, force) which re-
sult from the additional space requirement on the part of sensor and connecting elements
to a minimum, the sensor electrodes may also be implemented directly on the beam struc-
tures used as actuators. Figs. 7a and 7b illustrate two examples wherein in each case one
sensor electrode (sensor area) takes up a comparatively small part of the actuator area.
The sensor electrodes are electrically insulated from the actuator electrodes and may be

configured both as two-dimensional and interdigital electrodes.

A further, more efficient possibility consists in using several piezoelectric layers (cf. Figs.
3a to 3d), one layer being at least partially used for position detection. Since the require-
ments placed upon the sensor system and the actuator system may differ, a combination
of different piezoelectric materials having different properties is also feasible (e.g. PZT for
the actuator system, AIN for the sensor system). As an alternative to arrangements

wherein several piezoelectric layers are arranged one above the other (cf. Figs. 3a to 3d),
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the sensor and actuator materials may also be located adjacently to another, by analogy
with Figs. 7a and 7b.

Due to the bidirectionality of the piezoelectric effect, individual actuators may also be used
as sensor elements. In this case, the voltage generated via the direct piezoelectric effect
and being approximately proportional to the deflection of the stroke body 104 is tapped via
the actuator electrodes and is evaluated accordingly. In order to keep impairment of the
deflection to a minimum, comparatively long and narrow actuator elements are particularly
suitable. In order to prevent undesired tilting of the stroke body 104 due to an asymmet-
rical drive, corresponding sensor elements should preferably be arranged opposite each

other in pairs in each case.

Instead of or in addition to the at least piezoelectric position sensor, the MEMS may also
comprise at least one piezoresistive or one capacitive position sensor configured to pro-

vide a sensor sighal dependent on the deflection of the diaphragm.

While in Figs. 1a to 2 and 4a to 5a, a stroke body, or a stroke structure, 104 with as small
a surface area as possible was aimed at in order to maximize the deflection and force,
many applications, however, require a stroke body 104 which has as large a surface area
as possible which is preferably contiguous. For example in fluidic applications, the dis-
placed gas or liquid volume is increased. By providing suitable assembly surfaces, the
stroke body 104 may therefore be configured such that a further, preferably rigid and
large-area body 150 may be attached on top of or underneath the stroke body 104, as is
shown in Fig. 8. The extended stroke body 150 may comprise any geometry and may
protrude beyond the active area 130 spanned by the stroke body 104 and the spring ele-
ments (cf. Figs. 4a to 4h). Fig. 8 illustrates this by means of a thin plate 150 fixedly con-
nected to the stroke body 104 at corresponding points of support. For example, the MEMS
100 may comprise a stroke body extended by a plate 150 adhered to it.

Fig. 8 shows a schematic cross-sectional view of the MEMS 100, in accordance with an
embodiment of the present invention. The MEMS 100 may comprise an extended stroke
body 150 coupled to the stroke body 104. The extended stroke body 150 may be ar-
ranged perpendicularly to the stroke movement direction 114 of the stroke body, for ex-

ample, and may be coupled or connected to a front end of the stroke body.
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Since actuators exhibiting large strokes and forces are suitable, in particular, for displac-
ing gases and liquids (cf. technical fields of application below), integration of flexible dia-

phragms may also be useful, as will be explained below.

Fig. 9a shows a schematic cross-sectional view of an embodiment of the MEMS 100,
while Fig. 9b shows a schematic top view of the MEMS 100 shown in Fig. 9a; in Fig. 9b,
representation of the piezoelectric actuators 106_1 and 106_2 and of the connecting ele-

ments 108_1 and 108_2 was dispensed with.

As can be seen in Figs. 9a and 9b, the diaphragm 102 may comprise a rigid region 150
and a flexible region 152, it being possible for the stroke structure 104 to be coupled to the
rigid region 150 of the diaphragm. The rigid region of the diaphragm 102 may be imple-
mented by the extended stroke body 150, for example (cf. Fig. 8). The diaphragm 102

may be clamped within a clamp 118, e.g. a frame.

Figs. 9a and 9b illustrate, by way of example, a possible architecture wherein the top and
bottom sides of the MEMS 100 are completely separate from each other by means of a
diaphragm 102 (sealing diaphragm) so that the displaced fluid cannot get to the respec-
tively other side by flowing around the stroke body 104. In acoustics, this separation is
required for preventing an acoustic short circuit. For microvalves and micropumps, too,

fluidic separation of front and rear sides is necessary.

Fig. 10a shows a schematic cross-sectional view of an embodiment of the MEMS 100,
while Fig. 10b shows a schematic top view of the MEMS 100 in Fig. 10a; in Fig. 10b, rep-
resentation of the piezoelectric actuators 106_1 and 106_2 and of the connecting ele-

ments 108_1 and 108_2 was dispensed with.

In accordance with Figs. 10a and 10b, the diaphragm 102 (sealing diaphragm) formed by
a contiguous flexible region 152, for example, may also span the entire active region 130
surrounded by a rigid frame 118, so that an extended stroke body 150 may dispensed
with. Irrespectively thereof, the elastic diaphragms may be implemented by means of ei-
ther hybrid integration or spin-on processes (rotational coating process) or spray process-
es at the wafer level. Depending on the intended use, the diaphragm 102 may be config-
ured to be either tensioned or loose and to have a wavy or folded profile. The latter variant
is suitable, in particular, for applications wherein impairment of the deflection of the stroke

body 104 by the diaphragm 102 is to be kept to a minimum.
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Fig. 11a shows a schematic cross-sectional view of an embodiment of the MEMS 100,
while Fig. 11b shows a schematic top view of the MEMS 100 shown in Fig. 11a; in Fig.
11b, representation of the piezoelectric actuators 106_1 and 106_2 and of the connecting

elements 108_1 and 108_2 was dispensed with.

Unlike Figs. 10a and 10b, Figs. 11a and 11b illustrate an example wherein the diaphragm
102 is arranged above the actuators 106_1 and 106_2. In order to avoid mechanical con-
tact with the connecting elements 108_1 and 108_2 and actuator elements 106_1 and
106_2, the diaphragm 102 is spaced apart from the actuator plane by means of spacers
160. The actuator plane here is the plane within which the piezoelectric actuators 106_1
and 106_2 are arranged in an idle, i.e. non-deflected, position, and/or the plane spanned

by the piezoelectric actuators 106_1 to 106_2 in the idle position.

As is schematically (not to scale) indicated in Figs. 9a to 11b, a lever arm between one of
the points of application of force of the H-shaped stroke structure 104 to the diaphragm
102 and a nearest location point of a diaphragm suspension 118 (e.g. frame) may be half
the size, at the most, (i.e. smaller by at least a factor of 2 (or, e.g., 3, 4, or 5)) as a lever
arm (e.g. shortest distance between the clamp 118 and one of the contact points 112_1 to
112_m of the respective piezoelectric actuator) of the at least two piezoelectric actuators
106_1 and 106_2.

To illustrate the above generalized representations, some specific embodiments will be
presented below. They are desighs based on actuators made of piezoelectric PZT (lead
zirconium titanate), corresponding metal electrodes as well as silicon as a passive materi-
al. The designs have been devised for MEMS loudspeakers and optimized by means of

FEM simulations.

Fig. 12a shows a top view of a CAD model of a MEMS 100 in accordance with an embod-
iment of the present invention, while Fig. 12b shows a perspective view of an FEM simula-
tion of a deflection of the CAD model, shown in Fig. 12a, of the MEMS 100.

The CAD model, shown in Fig. 12a, of the MEMS 100 is based on a combination of the
embodiments shown in Figs. 4a, 4d, 5b, 5e, 6¢, 6d, and 6f.
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As can be seen in Fig. 12a, the MEMS 100 comprises an H-shaped stroke structure 104
and four piezoelectric actuators 106_1 to 106_n (n = 4). In detail, the stroke structure 104
comprises three portions 104a to 104c arranged to form an H-shaped stroke structure
104, so that the stroke structure 104 has the shape of an H within a sectional plane ex-
tending perpendicularly to the direction 114 (see Fig. 1a) of the stroke movement of the
stroke structure 104.

A first piezoelectric actuator 106_1 of the four piezoelectric actuators 106_1 to 106_n (n =
4) is arranged, outside the H-shaped stroke structure 104, along a first portion 104a of the
three portions 104a to 104c¢ of the stroke structure 104, a second piezoelectric actuator
106_2 of the four piezoelectric actuators 106_1 to 106_n (n = 4) being arranged, outside
the H-shaped stroke structure 104, along a second portion 104b of the three portions
104a to 104c of the stroke structure 104, the first portion 104a and the second portion
104b of the stroke structure 104 extending in parallel with each other.

The first piezoelectric actuator 106_1 extends across at least the entire first portion 104a
of the stroke structure 104 and is connected to at least two of the mutually spaced-apart
contact points of the first portion 104a of the stroke structure 104 via at least two (accord-
ing to Fig. 12a, via four) mutually spaced-apart connecting elements 108_1 to 108_4 of
the mutually spaced-apart connecting elements 108_1 to 108_m (m = 12), the second
piezoelectric actuator 106_2 extending across at least the entire second portion 104b of
the stroke structure 104 and being connected to at least two of the mutually spaced-apart
contact points of the second portion 104b of the stroke structure 104 via at least two (ac-
cording to Fig. 12a, via four) mutually spaced-apart connecting elements 108_5 to 108_8

of the mutually spaced-apart connecting elements 108_1 to 108_m.

A third piezoelectric actuator 106_3 of the four piezoelectric actuators 106_1 to 106_n (n
= 4) is at least partly arranged, inside the H-shaped stroke structure 104, along a first side
of a third portion 104c¢ of the three portions 104a to 104c of the stroke structure 104, a
fourth piezoelectric actuator 106_4 of the four piezoelectric actuators 106_1 to 106_n (n =
4) being arranged, inside the H-shaped stroke structure 104, along a second side, located
opposite the first side, of the third portion 104c of the stroke structure 104, the third portion
104c extending perpendicularly to the first portion 104a and to the second portion 104b.

The third piezoelectric actuator 106_3 is connected to the stroke structure 104 via at least

two mutually spaced-apart connecting elements 108 9 and 108_10 of the mutually
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spaced-apart connecting elements 108_1 to 108_m (m = 12) (here, to the first portion
104a of the stroke structure 104 via a connecting element 108_9, and to the second por-
tion 104b of the stroke structure 104 via a connecting element 108_10), the fourth piezoe-
lectric actuator 106_4 being connected to the stroke structure 104 via at least two mutual-
ly spaced-apart connecting elements 108_11 and 108_12 of the mutually spaced-apart
connecting elements 108_1 to 108_m (m = 12) (here, to the first portion 104a of the stroke
structure 104 via a connecting element 108_11, and to the second portion 104b of the

stroke structure 104 via a connecting element 108_12).

Thus, Figs. 12a and 12b show a design based on two outer actuators 106_1 and 106_2
and two inner actuators 106_3 and 106_4, which are arranged opposite each other in
pairs in each case. In order to achieve large forces and deflections, the actuators 106_1 to
106_4 have widths as large as possible, whereby in the activated state, the above-
mentioned transverse warping clearly arises (see Fig. 12b). At the free actuator corners,
at the points exhibiting the highest levels of deflection, the actuators are connected to the
stroke body 104 via area-efficient springs (cf. image 3.5d and image 3.5f), said stroke
body 104 having additional assembly surfaces implemented on its ends by means of lo-
cally broadened areas. Due to the large width/length ratio, the two outer actuators 106_1
and 106_2 comprise an additional connecting element, with the aid of which the generat-
ed forces may be clearly increased once more without any major losses in terms of deflec-

tion.

Fig. 13a shows a top view of a CAD model of a MEMS 100 in accordance with an embod-
iment of the present invention, while Fig. 13b shows a perspective view of an FEM simula-
tion of a deflection of the CAD model, shown in Fig. 13a, of the MEMS 100.

The CAD model, shown in Fig. 13a, of the MEMS 100 is based on a combination of the

embodiments shown in Figs. 4a, 4d, 5e, and 6f.

In contrast to Fig. 12a, the CAD model, shown in Fig. 13a, of the MEMS 100 comprises
(only) two piezoelectric actuators 106_1 and 106_n (n = 2), a first piezoelectric actuators
106_1 of the two piezoelectric actuators 106_1 and 106_2 being connected to the first
portion 104a of the stroke structure via two mutually spaced-apart connecting elements
108_1 and 108_2, and the second piezoelectric actuator 106_2 of the two piezoelectric
actuators 106_1 and 106_2 being connected to the second portion 104b of the stroke

structure 104 via two mutually spaced-apart connecting elements 108_3 and 108_4.
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Thus, Figs. 13a and 13b illustrate a version of Figs. 12a and 12b that is reduced in size
and wherein the two central actuators 106_3 and 106_4 have been dispensed with since
the minimum actuator length would have exceeded the available length. On account of the
clearly narrower outer actuators 106_1 and 106_2, the two lateral actuators 106_1 and
106_2 comprise only two connecting elements 108_1 to 108_4 in each case, which again

is a space-saving combination of flexion and torsion springs.

Fig. 14a shows a top view of a CAD model of a MEMS 100 in accordance with an embod-
iment of the present invention, while Fig. 14b shows a perspective view of an FEM simula-
tion of a deflection of the CAD model, shown in Fig. 14a, of the MEMS 100.

As can be seen in Fig. 14a, the MEMS 100 comprises an H-shaped stroke structure 104
and eight piezoelectric actuators 106_1 to 106_n (n = 8). In detail, the stroke structure 104
comprises three portions 104a to 104c arranged to form an H-shaped stroke structure
104, so that the stroke structure 104 has the shape of an H within a sectional plane ex-
tending perpendicularly to the direction 114 of the stroke movement of the stroke structure
104.

A first piezoelectric actuator 106_1 and a fifth piezoelectric actuator 106_5 of the eight
piezoelectric actuators 106_1 to 106_n (n = 8) are arranged, outside the stroke structure
104, along the first portion 104a of the stroke structure 104, a second piezoelectric actua-
tor 106_2 and a sixth piezoelectric actuator 106_6 of the eight piezoelectric actuators
106_1 to 106_8 being arranged, outside the stroke structure 104, along the second por-
tion 104b of the stroke structure 104.

The first piezoelectric actuator 106_1 and the fifth piezoelectric actuator 106_5 are con-
nected to at least one of the mutually spaced-apart contact points of the first portion 104a
of the stroke structure 104 via in each case at least one connecting element 108_1 and
108_2, respectively, of the mutually spaced-apart connecting elements 108_1 to 108_m
(m = 12), the second piezoelectric actuator 106_2 and the sixth piezoelectric actuator
106_6 being connected to at least one of the mutually spaced-apart contact points of the
second portion 104b of the stroke structure 104 via at least one connecting element
108_3 and 108_4, respectively, of the mutually spaced-apart connecting elements 108_1
to 108_m (m = 12).
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As can be seen in Fig. 14a, the first portion 104a is subdivided into a first segment 104a_1
and a second segment 104a_2, the first piezoelectric actuator 106_1 being arranged
along the first segment 104a_1 of the first portion 104a and connected to the first segment
104a_1 of the first portion 104a via the connecting element 108_1, the fifth piezoelectric
actuator 106_5 being arranged along the second segment 104a_2 of the first portion 104a
and being connected to the second segment 104a_2 of the first portion 104a via the con-

necting element 108_2.

Moreover, the second portion 104b is subdivided into a first segment 104b_1 and a sec-
ond segment 104b_2, the second piezoelectric actuator 106_2 being arranged along the
first segment 104b_1 of the second portion 104b and connected to the first segment
104b_1 of the second portion 104b via the connecting element 108_3, the sixth piezoelec-
tric actuator 106_6 being arranged along the second segment 104b_2 of the second sec-
tion 104b and being connected to the second segment 104b_2 of the second portion 104b

via the connecting element 108_4.

A third piezoelectric actuator 106_3 and a seventh piezoelectric actuator 106_7 of the
eight piezoelectric actuators 106_1 to 106_n (n = 8) is at least partly arranged, inside the
stroke structure 104, along the first side of the third portion 104c of the stroke structure
104, a fourth piezoelectric actuator 106_4 and an eighth piezoelectric actuator 106_8 of
the eight piezoelectric actuators 106_1 to 106_8 being at least partly arranged, inside the
stroke structure 104, along the second side of the third portion 104c¢ of the stroke structure
104.

As can be seen in Fig. 14a, the third portion 104c is subdivided into a first segment
104c_1 and a second segment 104c_2, the third piezoelectric actuator 106_3 being ar-
ranged along a first side of the first segment 104c_1 of the third portion 104c, the fourth
piezoelectric actuator 106_4 being arranged along a second side, located opposite the
first side, of the first segment 104¢_1 of the third portion 104c, the seventh piezoelectric
actuator 106_7 being arranged along a first side of the second segment 104c_2 of the
third portion 104c, the eighth piezoelectric actuator 106_8 being arranged along a second
side, located opposite the first side, of the second segment 104c_2 of the third portion
104c.

The third piezoelectric actuator 106_3 and the fourth piezoelectric actuator 106_4 are

connected to the respective side of the first segment 104¢c_1 of the third portion 104c¢ via
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two mutually spaced-apart connecting elements 108_5 to 108_8, respectively, of the mu-
tually spaced-apart connecting elements, the seventh piezoelectric actuator 106_7 and
the eighth piezoelectric actuator 106_8 being connected to the respective side of the sec-
ond segment 104c_2 of the third portion 104c¢ via two mutually spaced-apart connecting

elements 108_9to 108_12, respectively.

The stroke structure 104 may further comprise a fourth portion 104d which is arranged
centrally in parallel between the first portion 104a and the second portion 104b, it also
being possible for the fourth portion 104d to be subdivided into a first segment 104d_1

and a second segment 104d_2.

Thus, Figs. 14a and 14b illustrate an example having eight actuators 106_1 to 106_n (n =
8) arranged in parallel with one another, the four outer actuators being alighed in an in-
verse manner, so that they transmit their force, via torsion springs, as far outside the cen-
ter of gravity of the stroke body as possible (shift (displacement) of parasitic tilting modes
in the frequency range). In contrast to the previous examples, the central beam 104c of
the stroke body 104 comprises locally broadened areas as well as a hole 180 in the cen-
ter. As a result, the points of application where the inner actuators are connected to the
stroke body via flexion springs are relocated toward the outside from the center of gravity
with as little increase in mass as possible so as to counteract any parasitic modes. The
additional vertical cantilevers 104d_1 and 104_d2 as well as the locally broadened areas
182 on the vertical stroke-body beams 104a, 104b, 104¢ serve as adhesive surfaces for
hybrid integration of an extended stroke body with increased surface area. Due to the
comparatively narrow actuator elements, deflection and forces are smaller than in the ex-
ample of Fig. 12a. In contrast, the stroke body 104 exhibits a clearly larger span and a
closer arrangement of adhesives surfaces, so that the arrangement enables hybrid appli-

cation of particularly light-weight plates or diaphragms 102 that are less rigid mechanical-

ly.

Fig. 15a shows a top view of a CAD model of a MEMS 100 in accordance with an embod-
iment of the present invention, while Fig. 15b shows a perspective view of an FEM simula-
tion of a deflection of the CAD model, shown in Fig. 15a, of the MEMS 100.

The CAD model, shown in Fig. 15a, of the MEMS 100 is based on a combination of the

embodiments shown in Figs. 4a, 4d, Sc, images 5g and 6b.
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The CAD model, shown in Fig. 15a, of the MEMS 100 is based on a combination of the

embodiments shown in Figs. 4a, 4d, 5¢, image 5g, and 6b.

The MEMS 100 comprises an H-shaped stroke structure 104 and eight piezoelectric actu-
ators 106_1 to 106_n (n = 8). In detail, the stroke structure 104 comprises three portions
104a to 104c arranged to form an H-shaped stroke structure 104, so that the stroke struc-
ture 104 has the shape of an H within a sectional plane extending perpendicularly to the

direction 114 of the stroke movement of the stroke structure 104.

A first piezoelectric actuator 106_1 and a fifth piezoelectric actuator 106_5 of the eight
piezoelectric actuators 106_1 to 106_n (n = 8) are arranged, outside the stroke structure
104, along the first portion 104a of the stroke structure 104, a second piezoelectric actua-
tor 106_2 and a sixth piezoelectric actuator 106_6 of the eight piezoelectric actuators
106_1 to 106_n (n = 8) being arranged, outside the stroke structure 104, along the second
portion 104b of the stroke structure 104.

The first piezoelectric actuator 106_1 and the fifth piezoelectric actuator 106_5 are con-
nected to at least one of the mutually spaced-apart contact points of the first portion 104a
of the stroke structure 104 via in each case at least one connecting element 108_1 and
108_2 of the mutually spaced-apart connecting elements 108_1 to 108_m (m = 12), the
second piezoelectric actuator 106_2 and the sixth piezoelectric actuator 106_6 being con-
nected to at least one of the mutually spaced-apart contact points of the second portion
104b of the stroke structure 104 via at least one connecting element 108_3 and 108_4 of

the mutually spaced-apart connecting elements 108_1 to 108_m (m = 12).

A third piezoelectric actuator 106_3 and a seventh piezoelectric actuator 106_7 of the
eight piezoelectric actuators 106_1 to 106_n (n = 8) is at least partly arranged, inside the
stroke structure 104, along the first side of the third portion 104c of the stroke structure
104, a fourth piezoelectric actuator 106_4 and an eighth piezoelectric actuator 106_n (n =
8) of the eight piezoelectric actuators 106_1 to 106_8 being at least partly arranged, in-
side the stroke structure 104, along the second side of the third portion 104c¢ of the stroke
structure 104.

The third piezoelectric actuator 106_3 and the fourth piezoelectric actuator 106_4 are
connected to the stroke structure 104 via two mutually spaced-apart connecting elements

108_5 to 108_8, respectively, of the mutually spaced-apart connecting elements, the sev-
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enth piezoelectric actuator 106_7 and the eighth piezoelectric actuator 106_8 being con-
nected to the the stroke structure 104 via two mutually spaced-apart connecting elements
108_9 to 108_12, respectively.

The clamping of the third, fourth, seventh, and eighth piezoelectric actuators 106_3,
106_4, 106_7, and 106_8 extend centrally and in parallel between the first and second
portions 104a and 104b.

Thus, Figs. 15a and 15b show a similar design as Figs. 14a and 14b, however with inner
actuators 106_3, 106_4, 106_7, and 106_8 rotated by 90° (cf. Fig. 5¢). In contrast to the
flexion springs in the previous example, the four inner actuators are connected to the

stroke body 104 via two torsion springs in each case.

Fig. 16a shows a top view of a CAD model of a MEMS 100 in accordance with an embod-
iment of the present invention, while Fig. 16b shows a perspective view of an FEM simula-
tion of a deflection of the CAD model, shown in Fig. 16a, of the MEMS 100.

In contrast to the CAD model of the MEMS 100 that is shown in Figs. 12a and 12b, the
CAD model of the MEMS that is shown in Figs. 16a and 16b additionally comprises an
extended stroke body 150, specifically a plate-shaped stroke body 150 mounted on the

bottom side.

Thus, Figs. 15a and 15b illustrate a slightly modified version of Figs. 12a and 12b, where-
in an extended, plate-shaped stroke body 150 is attached to the bottom side of the actual
stroke body 104. The extended stroke body 150 takes up an area roughly corresponding
to the active area (cf. Figs. 4a to 4f). Of course, the extended stroke body 150 may, in

embodiments, be larger than the active area.

General properties and boundary conditions of embodiments of the present invention will

be explained in more detail below.

In the following table, typical minimum and maximum values of essential target parame-

ters are listed in a tabular manner:
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parameter typical values minimum / maximum
resonant frequency (stroke 10 Hz - 10 kHz

mode) 500 Hz

excitation frequency static — 20 kHz static— 1 MHz

min. active area 10 x 10 mm? 100 x 100 pm* -3 x 3 cm?
deflection amplitude 200 pm 0.1 um -3 mm
piezoelectric force 20 mN TMN-2N

Materials that can be used for the corresponding functional elements are listed in a tabular

manner in the following table:

function materials

piezoelectric layer PZT, PNZT, AIN, AIScN, ZnO, BCZT, KNN

passive layer Si, poly-Si, SiN, SINO, SiO,, AIN, metals

stroke body Si, [piezoelectric layer], [passive layer]

extended stroke body Si, metals, plastics

connecting elements [passive layer], [piezoelectric layer]
silicones, parylenes, PDMS, PI, BCB, PMMA

diaphragm

In the following, a method of producing the MEMS 100 shall be presented by way of ex-
ample with reference to Figs. 17a to 17c¢. In detail, Figs. 17a to 17c illustrate a process
flow, depicted in a simplified manner, for a unimorphic configuration with PZT as the pie-
zoelectric material and silicon as the passive material. Fig. 17a shows a schematic cross-
sectional view of an SOI (silicon on insulator) wafer prior to front-side patterning, while
Fig. 17b shows a schematic cross-sectional view following patterning of the front-side lay-
ers, and while Fig. 17¢c shows a schematic cross-sectional view following rear-side Si and

SiO, patterning.

The method may comprise the process steps listed below.

A step of providing an SOI wafer 202 having an Si substrate 204, an SiO, layer 206 ap-
plied thereto, and an Si functional layer 208 applied thereto.

A step of applying or depositing an insulating layer (SiO,) 210, a piezoelectric functional
layer (PZT) 212, and corresponding metal electrodes (Pt, Au, Mo) 214 and 216.
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A step of patterning the electrodes 214 and 216, of the piezoelectric functional layer 212,
and of the insulating layer 210 by means of wet and/or dry etching, starting from the first
surface 220 with a stop on the buried SiO, layer 206.

A step of rear-side Si etching with a stop on the buried SiO, layer 206 with subsequent

removal of the exposed SiO, areas.

Fig. 18 shows a schematic view of a system 200, in accordance with an embodiment of
the present invention. The system comprises the above-described MEMS 100 and a con-
trol means 202, it being possible for the control means 202 to control the at least two pie-
zoelectric actuators 106_1 to 106_n of the MEMS 100.

For example, the control means 202 may be configured to provide a control sighal 204 for

controlling the at least two piezoelectric actuators 106_1 to 106_n.

Moreover, in embodiments, the MEMS 100 may comprise a position sensor 140, e.g. a
piezoelectric or capacitive position sensor, configured to provide a sensor sighal 141 de-
pendent on the deflection of the diaphragm 102. The control means may be configured to
control the at least two piezoelectric actuators 106_1 to 106_n of the MEMS 100 in a

regulated manner on the basis of the sensor signal 141.

Further embodiments of the present invention provide a miniaturized stroke actuator (lift-
ing actuator) with a rigid stroke body having a reduced surface area (which takes up, e.g.,
less than 40 % (or 30 % or 20 %) of the active area); at least two piezoelectric drives
(which take up, e.g., at least 40 % (or 50 %, 60 %, 70 %, or 80 %) of the active area)
which are arranged next to the stroke body and move the stroke body out of the plane in
the upward or downward direction; comprising connecting elements via which the piezoe-
lectric drives are connected to the stroke body; and comprising a diaphragm fixed to the
stroke body and ensuring separation, in particular fluidic separation, of the front side and
the rear side. In this context, the miniaturized stroke actuator may be manufactured in

silicon technology.

In embodiments, the miniaturized stroke actuator may be used for sound or ultrasound
generation (within a range from 20 Hz to 1 MHz, within a range from 20 Hz to 20 kHz,

within a range from 20 kHz to 100 kHz, or within a range from 100 kHz to 1 MHz), for dis-
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placing liquids or for displacing gasses. In addition, the miniaturized stroke actuator may

also be used for generating droplets, e.g. for inkjet printers.

In embodiments, the miniaturized stroke actuator may comprise a stroke-body geometry

including a frame structure, beams, and/or a plate.

In embodiments, the miniaturized stroke actuator may comprise an extended stroke body

with a large surface area for increasing the displaced fluid volume.

In embodiments, the miniaturized stroke actuator may comprise sensor elements for posi-

tion detection and regulation (cf. Figs. 7a and 7b).

In embodiments, several miniaturized stroke actuators may be arranged within an array.

By means of embodiments of the present invention, very large forces can be generated
during resonant and non-resonant operation while also achieving a high degree of deflec-
tion. The reasons for this consist in the use of (1) stroke bodies reduced in size which en-
able a high level of area utilization with regard to the actuators, (2) stroke bodies reduced
in size which, on account of their geometry, allow transmission of forces to take place as
far away from the center of gravity of the stroke body as possible, (3) actuator arrange-
ments wherein the available active area is exploited in a particular efficient manner, (4)
preferably broad bending actuators with one-sided clamping, which can generate large
forces in the activated state due to the pronounced transverse warping, and (5) suitable
spring elements configured to be as efficient in terms of surface area as possible and
which allow large forces to be transmitted without impeding the deflection of the stroke

body too heavily.

In addition, the following advantages result. First, the effective spring rigidity increases
due to several actuators being connected in parallel, so that comparatively high resonant
frequencies with, simultaneously, large deflections can be implemented. Second, due to
the reduction in surface area, the stroke bodies comprise a comparatively small mass, so
that comparatively high resonant frequencies can be implemented with simultaneously
large deflections. Third, due to the use of a light-weight material, preferably silicon, for the
stroke body, high resonant frequencies can be implemented with simultaneously large
deflections. Fourth, by applying plate-shaped or differently shaped forms, extended stroke

bodies can be implemented whose surface area is larger than the active area. In case of
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production in silicon technology, manufacturing costs may thus be reduced since the size
of the chip area is primarily determined by the actuator and may be smaller than the re-
quired stroke surface area (lifting surface area). Fifth, the actual position of the stroke
body may be continually determined during operation with the aid of the integrated sensor
system. This forms the foundation for closed-loop excitation via which external influences
and aging effects may be compensated for electronically. Sixth, utilization of piezoelectric
drives enables a reduction of the energy required as compared to stroke actuators com-

prising electrodynamic drives.

In the following, exemplary technical fields of application of the MEMS 100 shall be listed.

The above-described actuator structures are suitable for applications wherein large force
and strokes are to be generated by means of piezoelectric drives. This applies, for exam-
ple, to fields of application where fluids are displaced, such as valves and pumps, for ex-
ample. In addition, this applies to MEMS loudspeakers. MEMS loudspeakers (e.g. chip-
based intelligent micro loudspeakers) can be used in mobile communication devices, such
as primarily in mobile phones, for example, but additionally also in tablets, laptops, ear-

phones, and hearing aids.

Even though embodiments of a MEMS have been described herein in general by means
of Figs. 1 to 18, it shall be noted that same are equally applicable to a MEMS loudspeak-

er.
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Claims

MEMS (100) comprising:

a diaphragm (102);

a stroke structure (104) coupled to the diaphragm (102); and

at least two piezoelectric actuators (106_1:106_n) coupled to a plurality of mutually
spaced-apart contact points (110_1:110_m) of the stroke structure (104) via a plu-

rality of mutually spaced-apart connecting elements (108_1:108_m);

the at least two piezoelectric actuators (106_1:106_n) being configured to cause a
stroke movement of the stroke structure (104) so as to deflect the diaphragm
(102).

MEMS (100) as claimed in the previous claim, wherein the plurality of mutually
spaced-apart connecting elements (108_1:108_m) are connected to a plurality of
mutually spaced-apart contact points (112_1:112_m) of the at least two piezoelec-
tric actuators (106_1:106_n).

MEMS (100) as claimed in any of the previous claims, wherein each of the at least
two piezoelectric actuators (106_1:106_n) is connected to at least two mutually
spaced-apart contact points (110_1:110_m) of the stroke structure (104) via at

least two mutually spaced-apart connecting elements (108_1:108_m).

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure
(104) is coupled to the diaphragm (102) via a plurality of regions arranged with the
diaphragm (102) along at least two at least partly mutually spaced-apart straight
lines or curves.

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure
(104) spans, perpendicularly to a direction (114) of the stroke movement, an area

which corresponds to at least 30 % of an area of the diaphragm (102).
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MEMS (100) as claimed in any of the previous claims, wherein the stroke structure
(104) is coupled to the diaphragm (102) via a plurality of regions (104a;104b;104c)

arranged in a distributed manner.

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure
(104) comprises an | structure, an L structure, an H structure, an X structure, an O
structure, or a cross-shaped structure within a sectional plane which runs perpen-

dicularly to a direction (114) of the stroke movement.

MEMS (100) as claimed in any of the previous claims, wherein a lever arm dis-
posed between one of the points of application of force of the stroke structure
(104) to the diaphragm (102) and a nearest location point of a diaphragm suspen-
sion (118) is half the size, at the most, of a lever arm of the at least two piezoelec-
tric actuators (106_1:106_n).

MEMS (100) as claimed in any of the previous claims, wherein a cross-sectional
area of the stroke structure (104) that is perpendicular to a direction (114) of the
stroke movement of the stroke structure (104) is smaller than a sum of piezoelec-
trically active actuator areas of the at least two piezoelectric actuators
(106_1:106_n).

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure
(104) comprises a plurality of mutually connected beams (104a;104b;104c), each
of which is coupled to the diaphragm (102) at least partially at a front end.

MEMS (100) as claimed in any of the previous claims, wherein the at least two

piezoelectric actuators (106_1:106_n) are configured as bending beams.

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure
(104) is symmetrical, and wherein the at least two piezoelectric actuators
(106_1:106_n) are arranged symmetrically with respect to a center of gravity (120)
of the stroke structure (104).

MEMS (100) as claimed in the previous claim, wherein the plurality of mutually

spaced-apart contact points (110_1:110_m) of the stroke structure (104) are ar-
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ranged symmetrically with respect to the center of gravity (120) of the stroke struc-
ture (104).

MEMS (100) as claimed in any of the previous claims, wherein the at least two
piezoelectric actuators (106_1:106_n) are arranged within a plane in an idle posi-
tion, and wherein the at least two piezoelectric actuators (106_1:106_n) are con-
figured to cause a stroke movement of the stroke structure (104) such that a direc-
tion (114) of the stroke movement extends perpendicularly to the plane of the pie-

zoelectric actuators (106_1:106_n).

MEMS (100) as claimed in any of the previous claims, wherein the plurality of mu-
tually spaced-apart connecting elements (108_1:108_m) comprise spring ele-

ments.

MEMS (100) as claimed in the previous claim, wherein each of the spring elements
(108_1:108_m) includes at least one flexion spring element (108B), at least one
torsion spring element (108T), or a combination of at least one flexion spring ele-

ment (108B) and at least one torsion spring element (108T).

MEMS (100) as claimed in any of the previous claims, wherein the diaphragm
(102) extends in parallel with a first surface (122) and a second surface (124) of
the MEMS (100), the diaphragm (102) being configured to separate, when the
MEMS (100) is used as intended, the first surface (122) and the second surface
(124) of the MEMS (100) from each other in a fluidic or gas-shaped manner.

MEMS (100) as claimed in any of the previous claims, wherein the diaphragm
(102) comprises a rigid region (150) and a flexible region (152), the stroke struc-
ture (104) being coupled to the rigid region (150) of the diaphragm (102).

MEMS (100) as claimed in the previous claim, wherein the rigid region (150) of the
diaphragm (102) is formed by an extended stroke structure (104).

MEMS (100) as claimed in any of the previous claims, the MEMS (100) comprising
at least one piezoelectric position sensor (140) configured to provide a sensor sig-

nal dependent on the deflection of the diaphragm (102).
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MEMS (100) as claimed in the previous claim, the MEMS (100) comprising at least
four piezoelectric actuators (106_1:106_n), two of the at least four piezoelectric ac-
tuators (106_1:106_n) being configured as piezoelectric position sensors, said at
least four piezoelectric actuators (106_1:106_n) being arranged symmetrically with
respect to a center of gravity in such a manner that the two piezoelectric actuators
(106_1:106_n) configured as piezoelectric position sensors and the remaining pie-
zoelectric actuators (106_1:106_n) each are arranged symmetrically with respect

to the center of gravity of the stroke structure (104).

MEMS (100) as claimed in claim 20, the MEMS (100) comprising at least one
stack of two mutually insulated piezoelectric layers, one of the two layers (140)
forming the at least one piezoelectric sensor, and the other one of the two layers

(142) forming one of the at least two piezoelectric actuators (106_1:106_n).

MEMS (100) as claimed in claim 22, wherein the two mutually insulated piezoelec-

tric layers comprise different materials.

MEMS (100) as claimed in claim 20, wherein the piezoelectric position sensor
(140) and one piezoelectric actuator of the at least two piezoelectric actuators

(106_1:106_n) are formed by a common piezoelectric layer.

MEMS (100) as claimed in any of the previous claims, the MEMS (100) comprising
at least one piezoresistive or one capacitive position sensor that is configured to

provide a sensor signal dependent on the deflection of the diaphragm (102).

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure

(104) comprises silicon.

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure
(104) comprises at least three portions (104a;104b;104c) arranged to form an H-
shaped stroke structure (104), so that the stroke structure (104) is H-shaped within
the sectional plane that runs perpendicularly to the direction (114) of the stroke

movement of the stroke structure (104).

MEMS (100) as claimed in claim 27, wherein a first piezoelectric actuator (106_1)

of the at least two piezoelectric actuators (106_1:106_n) is arranged, outside the
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H-shaped stroke structure (104), along a first portion (104a) of the three portions
(104a;104b;104c) of the stroke structure (104), and wherein a second piezoelectric
actuator (106_2) of the at least two piezoelectric actuators (106_1:106_n) is ar-
ranged, outside the H-shaped stroke structure (104), along a second portion
(104b) of the three portions (104a;104b;104c) of the stroke structure (104), the first
portion (104a) and the second portion (104b) of the stroke structure (104) extend-

ing in parallel with each other.

MEMS (100) as claimed in claim 28, wherein a third piezoelectric actuator (106_3)
of the at least two piezoelectric actuators (106_1:106_n) is at least partly arranged,
inside the H-shaped stroke structure (104), along a first side of a third portion
(104c¢) of the three portions (104a;104b;104c) of the stroke structure (104), a fourth
piezoelectric actuator (106_4) of the at least two piezoelectric actuators
(106_1:106_n) being at least partly arranged, inside the H-shaped stroke structure
(104), along a second side, located opposite the first side, of the third portion
(104c¢) of the stroke structure (104), the third portion (104c) extending perpendicu-
larly to the first portion (104a) and the second portion (104b).

MEMS (100) as claimed in any of claims 28 or 29, wherein the first piezoelectric
actuator (106_1) extends at least over the entire first portion (104a) of the stroke
structure (104) and is connected to at least two of the mutually spaced-apart con-
tact points (110_1:110_m) of the first portion (104a) of the stroke structure (104)
via at least two of the mutually spaced-apart connecting elements (108_1:108_m),
the second piezoelectric actuator (106_2) extending at least over the entire second
portion (104b) of the stroke structure (104) and being connected to at least two of
the mutually spaced-apart contact points (110_1:110_m) of the second portion
(104b) of the stroke structure (104) via at least two of the mutually spaced-apart
connecting elements (108_1:108_m).

MEMS (100) as claimed in any of claims 28 or 29, wherein the first piezoelectric
actuator (106_1) and a fifth piezoelectric actuator (106_5) of the at least two pie-
zoelectric actuators (106_1:106_n) are arranged, outside the stroke structure
(104), along the first portion (104a) of the stroke structure (104), the second piezo-
electric actuator (106_2) and a sixth piezoelectric actuator (106_6) of the at least
two piezoelectric actuators (106_1:106_n) being arranged, outside the stroke
structure (104), along the second portion (104b) of the stroke structure (104);
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wherein the first piezoelectric actuator (106_1) and the fifth piezoelectric actuator
(106_5) are each connected to at least one of the mutually spaced-apart contact
points (110_1:110_m) of the first portion (104a) of the stroke structure (104) via at
least one of the mutually spaced-apart connecting elements (108_1:108_m), the
second piezoelectric actuator (106_2) and the sixth piezoelectric actuator (106_6)
each being connected to at least one of the mutually spaced-apart contact points
(110_1:110_m) of the second portion (104b) of the stroke structure (104) via at

least one of the mutually spaced-apart connecting elements (108_1:108_m).

MEMS (100) as claimed in claim 31, wherein the first portion (104a) is subdivided
into a first segment (104a_1) and a second segment (104a_2), the first piezoelec-
tric actuator (106_1) being arranged along the first segment (104a_1) of the first
portion (104a) and being connected to the first segment (104a_1) of the first por-
tion (104a) via the respective connecting element, the fifth piezoelectric actuator
(106_5) being arranged along the second segment (104a_2) of the first portion
(104a) and being connected to the second segment (104a_2) of the first portion

(104a) via the respective connecting element; and

wherein the second portion (104b) is subdivided into a first segment (104b_1) and
a second segment (104b_2), the second piezoelectric actuator (106_2) being ar-
ranged along the first segment (104b_1) of the second portion (104b) and being
connected to the first segment (104b_1) of the second portion (104b) via the re-
spective connecting element, the sixth piezoelectric actuator (106_6) being ar-
ranged along the second segment (104b_2) of the second portion (104b) and be-
ing connected to the second segment (104b_2) of the second portion (104b) via

the respective connecting element.

MEMS (100) as claimed in any of claims 31 or 32, wherein the third piezoelectric
actuator (106_3) and a seventh piezoelectric actuator (106_7) of the at least two
piezoelectric actuators (106_1:106_n) are at least partly arranged, inside the
stroke structure (104), along the first side of the third portion (104c) of the stroke
structure (104), the fourth piezoelectric actuator (106_4) and an eighth piezoelec-
tric actuator (106_8) of the at least two piezoelectric actuators (106_1:106_n) be-
ing at least partly arranged, inside the stroke structure (104), along the second
side of the third portion (104c¢) of the stroke structure (104).
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MEMS (100) as claimed in claim 33, wherein the third portion (104c) is subdivided
into a first segment (104c_1) and a second segment (104c_2), the third piezoelec-
tric actuator (106_3) being arranged along a first side of the first segment (104c_1)
of the third portion (104c), the fourth piezoelectric actuator (106_4) being arranged
along a second side, located opposite the first side, of the first segment (104c_1)
of the third portion (104c), the seventh piezoelectric actuator (106_7) being ar-
ranged along a first side of the second segment (104¢_2) of the third portion
(104c¢), the eighth piezoelectric actuator (106_8) being arranged along a second
side, located opposite the first side, of the second segment (104c_2) of the third
portion (104c).

MEMS (100) as claimed in any of the previous claims, wherein the stroke structure

(104) comprises a plurality of stroke bodies.

MEMS (100) as claimed in claim 35, wherein at least two stroke bodies of the plu-

rality of stroke bodies are connected to each other via an extended stroke body.

MEMS (100) as claimed in any of the previous claims, wherein the plurality of mu-
tually spaced-apart connecting elements (108_1:108_m) do not extend across the

center of the depression.

System (200) comprising:

a MEMS (100) as claimed in any of claims 1 to 37; and

a control means (202) configured to control the at least two piezoelectric actuators
(106_1:106_n) of the MEMS (100);

the MEMS (100) comprising at least one piezoelectric position sensor (140) con-
figured to provide a sensor sighal (141) dependent on the deflection of the dia-
phragm (102); and

the control means (202) being configured to control the at least two piezoelectric
actuators (106_1:106_n) of the MEMS (100) in a regulated manner on the basis of

the sensor signal (141).
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Utilization of the MEMS (100) as claimed in any of claims 1 to 36 for sound gen-
eration, for ultrasound generation, for displacing liquids, for displacing gasses, or

for generating droplets of liquid.

MEMS loudspeaker (100) for generating sound waves within the audible wave-

length spectrum, comprising

a diaphragm (102),

a stroke structure (104) coupled to the diaphragm (102), and

at least two piezoelectric actuators (106_1:106_n),

by means of which a stroke movement of the stroke structure (104) can be caused

for deflecting the diaphragm (102),

characterized in that

the piezoelectric actuators (106_1:106_n) are connected to a plurality of mutually
spaced-apart contact points (110_1:110_m) of the stroke structure (104) via a plu-

rality of mutually spaced-apart flexible connecting elements (108_1:108_m).

MEMS loudspeaker as claimed in claim 40, characterized in that the diaphragm
(102) is connected to the stroke structure (104) at a front end of the stroke struc-
ture (104) in a direct manner, and/or the piezoelectric actuators (106_1:106_n) are
connected to the stroke structure (104) on at least one side face of the stroke
structure (104), in particular on two opposite side faces, in an indirect manner via

the connecting elements (108_1:108_m).

MEMS loudspeaker as claimed in any of the previous claims 40 or 41, character-
ized in that the plurality of connecting elements (108_1:108_m) that are mutually
spaced-apart in particular in the transverse direction of the MEMS loudspeaker are
connected to a plurality of mutually spaced-apart contact points (112_1:112_m) of
the at least two piezoelectric actuators (106_1:106_n).
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MEMS loudspeaker as claimed in any of the previous claims 40 to 42, character-
ized in that each of the at least two piezoelectric actuators (106_1:106_n) is con-
nected to at least two mutually spaced-apart contact points (110_1:110_m) of the
stroke structure (104) via at least two mutually spaced-apart connecting elements
(108_1:108_m).

MEMS loudspeaker as claimed in any of the previous claims 40 to 43, character-
ized in that the stroke structure (104) is coupled to the diaphragm (102) via a plu-
rality of regions arranged with the diaphragm (102) along at least two at least partly

mutually spaced-apart straight lines or curves.

MEMS loudspeaker as claimed in any of the previous claims 40 to 44, character-
ized in that the stroke structure (104) is coupled to the diaphragm (102) via a plu-
rality of regions (104a;104b;104c) arranged in a distributed manner.

MEMS loudspeaker as claimed in any of the previous claims 40 to 45, character-
ized in that the stroke structure (104) comprises a plurality of mutually connected
beams (104a;104b;104c), each of which is coupled to the diaphragm (102) at least
partially at a front end.

MEMS loudspeaker as claimed in any of the previous claims 40 to 46, character-
ized in that the at least two piezoelectric actuators (106_1:106_n) are configured

as bending beams.

MEMS loudspeaker as claimed in any of the previous claims 40 to 47, character-
ized in that the at least two piezoelectric actuators (106_1:106_n) are arranged
within a first plane in an idle position, that the diaphragm (102) is arranged within a

second plane spaced apart from the former in the stroke direction, and/or

in that the stroke structure (104) extends in the stroke direction, starting from the
diaphragm, (102) in the direction of the second plane, in particular as far as or be-

yond the latter.

MEMS loudspeaker as claimed in any of the previous claims 40 to 48, character-
ized in that at least one of the connecting elements (108_1:108_m) comprises a

spring element, and/or in that the spring element (108_1:108_m), in particular each
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one, includes at least one flexion spring element (108B) and/or at least one torsion

spring element (108T).

MEMS loudspeaker as claimed in any of the previous claims 40 to 49, character-
ized in that the piezoelectric actuators (106_1:106_n) comprise, in a cross-
sectional view of the MEMS loudspeaker, a fixedly clamped first end and a mova-

ble second end, respectively, along their longitudinal axes, and/or

in that the flexion spring element (108B) extends in the longitudinal direction,
and/or the torsion spring element (108T) extends in the transverse direction, of the

piezoelectric actuator (106_1:106_n).

MEMS loudspeaker as claimed in any of the previous claims 40 to 50, character-
ized in that the flexion spring element (108B) and the torsion spring element
(108T) of a connecting element (108_1:108_m) are rotated by 90° in relation to

each other in a top view of the MEMS loudspeaker.

MEMS loudspeaker as claimed in any of the previous claims 40 to 51, character-
ized in that the diaphragm (102) comprises a rigid region (150) and a flexible re-
gion (152), the stroke structure (104) being coupled to the rigid region (150) of the
diaphragm (102), the rigid region (150) of the diaphragm (102) preferably being

formed by an extended stroke structure (104).

MEMS loudspeaker as claimed in any of the previous claims 40 to 52, character-
ized in that the MEMS loudspeaker (100) comprises least four piezoelectric actua-
tors (106_1:106_n) arranged symmetrically with respect to the center of gravity of
the stroke structure (104).

MEMS loudspeaker as claimed in any of the previous claims 40 to 53, character-
ized in that the stroke structure (104) comprises several stroke bodies and/or in
that at least two stroke bodies are connected to each other via an extended stroke
body.

MEMS loudspeaker (100) for generating sound waves within the audible wave-

length spectrum, comprising
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a diaphragm (102),

a stroke structure (104) coupled to the diaphragm (102), and

at least one piezoelectric actuator (106_1:106_n) by means of which a stroke
movement of the stroke structure (104) can be caused for deflecting the diaphragm
(102),

characterized in that

the MEMS loudspeaker (100) comprises at least one position sensor (140) config-
ured to provide a sensor sighal dependent on the deflection of the diaphragm
(102).

MEMS loudspeaker (100) as claimed in previous claim 55, characterized in that
the actuator (106_1:106_n) is operable in a regulated manner as a function of the

sensor signal by means of a control means (202) provided for this purpose.

MEMS loudspeaker as claimed in any of the previous claims 55 to 56, character-
ized in that the MEMS loudspeaker (100) comprises at least one piezoelectric

and/or capacitive position sensor (140).

MEMS loudspeaker as claimed in any of the previous claims 55 to 57, character-

ized in that the position sensor (140) is integrated in the actuator (106_1:106_n).

MEMS loudspeaker as claimed in any of the previous claims 55 to 58, character-
ized in that the sensor electrodes of the integrated position sensor (140) are con-
figured as two-dimensional or interdigital electrodes and/or are electrically insulat-

ed from the actuator electrodes.

MEMS loudspeaker as claimed in any of the previous claims 55 to 59, character-
ized in that the piezoelectric position sensor (140) and the piezoelectric actuator

(106_1:106_n) are configured by a common piezoelectric layer.

MEMS loudspeaker as claimed in any of the previous claims 55 to 60, character-

ized in that the common piezoelectric layer comprises a sensor area forming the
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position sensor (140) and an actuator area forming the actuator (106_1:106_n),
which is electrically insulated from the sensor area, in particular, the sensor area

preferably taking up a smaller surface area as compared to the actuator area.

MEMS loudspeaker as claimed in any of the previous claims 55 to 61, character-
ized in that the piezoelectric position sensor (140) and the piezoelectric actuator
(106_1:106_n) are configured by a separate piezoelectric layer, respectively, the
actuator (106_1:106_n) preferably comprising a stack of at least two mutually insu-
lated piezoelectric layers, at least part of the one layer of which forms the at least
one piezoelectric position sensor (140), and at least part of the other layer (142)

forms the at least one piezoelectric actuator (106_1:106_n).

MEMS loudspeaker as claimed in any of the previous claims 55 to 62, character-
ized in that the stack is oriented in the direction of the stroke axis so that the pie-
zoelectric layers are arranged one above the other, or in that the stack is oriented
transversely to the stroke axis so that the piezoelectric layers are arranged adja-

cently to one another.

MEMS loudspeaker as claimed in any of the previous claims 55 to 63, character-
ized in that the position sensor (140) and the at least one actuator (106_1:106_n)

are separate from each other.

MEMS loudspeaker as claimed in any of the previous claims 55 to 64, character-
ized in that the MEMS loudspeaker (100) comprises several actuators

(106_1:106_n), at least one of which can be used as a position sensor (140).

MEMS loudspeaker as claimed in any of the previous claims 55 to 65, character-
ized in that several actuators (106_1:106_n) and/or position sensors (140) are ar-
ranged opposite one another in pairs, the MEMS loudspeaker (100) preferably
comprising at least four piezoelectric actuators (106_1:106_n) arranged symmetri-
cally with respect to the center of gravity of the stroke structure (104), and/or in
that two of the at least four piezoelectric actuators (106_1:106_n) are configured

as piezoelectric position sensors (140).

MEMS loudspeaker as claimed in any of the previous claims 55 to 66, character-

ized in that the at least one actuator (106_1:106_n) and/or position sensor (140) is
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connected to the stroke structure (104) via at least one, in particular flexible, con-
necting element (108_1:108_m).

MEMS loudspeaker as claimed in any of the previous claims 55 to 67, character-
ized in that the diaphragm (102) is connected to the stroke structure (104) at a
front end of the stroke structure (104) in a direct manner, and/or the piezoelectric
actuators (106_1:106_n) and/or position sensors (140) are connected to the stroke
structure (104) on at least one side face of the stroke structure (104), in particular
on two opposite side faces, in an indirect manner via the connecting elements
(108_1:108_m).

Regulating unit (200) for operating a MEMS loudspeaker in a regulated manner,
comprising a MEMS loudspeaker (100) as claimed in any of the previous claims 55
to 68, and

a control means (202) configured to control a piezoelectric actuator (106_1:106_n)
of the MEMS loudspeaker (100),

characterized in that

the MEMS loudspeaker (100) comprises at least one piezoelectric position sensor
(140) configured to provide the control means (202) with a sensor signal (141) de-
pendent on the deflection of a diaphragm (102) of the MEMS loudspeaker (100),

and

in that the control means (202) is configured to control the at least one piezoelec-
tric actuator (106_1:106_n) of the MEMS loudspeaker (100) in a regulated manner

on the basis of the sensor signal (141).
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Micromechanical Piezoelectric Actuators for Implementing Large Forces and

Deflections

Abstract

Embodiments of the present invention provide a MEMS comprising a diaphragm, a stroke
structure coupled to the diaphragm, and at least two piezoelectric actuators coupled to a
plurality of mutually spaced-apart contact points of the stroke structure via a plurality of
mutually spaced-apart connecting elements, the at least two piezoelectric actuators being
configured to cause a stroke movement of the stroke structure so as to deflect the dia-

phragm.

Figure for abstract: Fig. 1a



