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(57) ABSTRACT

A drniving mass of an integrated microelectromechanical
structure 1s moved with a rotary motion about an axis of
rotation, and a sensing mass 1s connected to the driving mass
via elastic supporting elements so as to perform a detection
movement 1n the presence of an external stress. The driving
mass 1s anchored to an anchorage arranged along the axis of
rotation by elastic anchorage elements. An opening 1s pro-
vided within the driving mass and the sensing mass 1s
arranged within the opening. The elastic supporting and
anchorage elements render the sensing mass fixed to the
driving mass 1n the rotary motion, and substantially
decoupled from the driving mass in the detection movement.
The detection movement 1s a rotation about an axis lying 1n a
plane. The sensing mass has, 1n plan view, a non-rectangular
shape; in particular, the sensing mass has a radial geometry
and, 1n plan view, the overall shape of a radial annulus sector.
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HIGH SENSITIVITY
MICROELECTROMECHANICAL SENSOR
WITH DRIVING MOTION

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-

cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND

1. Technical Field

The present invention relates to a high sensitivity micro-
clectromechanical sensor having a rotary driving motion. In
particular, 1n the following description reference will be made
to a gyroscope (whether uniaxial or biaxial), which can pos-
sibly operate as an accelerometer (whether umiaxial or
biaxial).

2. Description of the Related Art

As 1s known, microprocessing techniques enable forma-
tion of microelectromechanical structures or systems (the
so-called MEMS) within layers of semiconductor material,
which have been deposited (for example, in the case of a layer
of polycrystalline silicon) or grown (for example, in the case
ol an epitaxial layer) on top of sacrificial layers, which are
removed by chemical etching. Inertial sensors, accelerom-
cters and gyroscopes obtained with this technology are
encountering an icreasing success, for example in the auto-
motive field, 1n 1inertial navigation, or 1n the sector of portable
devices.

In particular, mtegrated semiconductor gyroscopes are
known, which are made with MEMS technology. Gyroscopes
operate according to the theorem of relative accelerations,
exploiting Coriolis acceleration. When an angular velocity 1s
imparted on a movable mass that 1s moving with a linear
velocity, the movable mass “feels™ an apparent force, referred
to as Coriolis force, which causes a displacement thereof in a
direction perpendicular to the direction of the linear velocity
and to the axis of rotation. The movable mass 1s supported via
springs that enable a displacement in the direction of the
apparent force. According to Hooke’s law, the displacement
1s proportional to the apparent force, and consequently, based
on the displacement of the movable mass, 1t 1s possible to
detect the Coriolis force and the angular velocity that has
generated 1t. The displacement of the movable mass can, for
example, be detected capacitively, by measuring, n reso-
nance conditions, the capacitance variations caused by the
movement of movable electrodes, integrally fixed to the mov-
able mass and operatively coupled to fixed electrodes.

US2007/214883, assigned to STMicroelectronics Srl, dis-
closes a microelectromechanical integrated sensor with a
rotary driving motion, which 1s sensitive to pitch and roll
angular velocities.

This microelectromechanical sensor includes a single driv-
ing mass, anchored to a support at a single central point and
driven with rotary motion about an axis, which passes through
the central point and 1s orthogonal to the plane of the driving
mass. The rotation of the driving mass enables two mutually
orthogonal components of driving velocity 1n the plane of the
mass. At least one through-opening i1s provided inside the
driving mass, 1n which a sensing mass 1s arranged; the sensing
mass 1s enclosed within the driving mass, suspended with
respect to the substrate, and connected to the driving mass via
flexible elements. The sensing mass 1s {ixed to the driving
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mass during its rotary motion, and has a further degree of
freedom of movement as a function of an external stress, 1n
particular a Coriolis force acting on the sensor. The flexible
clements, according to their particular construction, allow the
sensing mass to perform a rotary movement of detection
about an axis lying in the plane of the sensor 1n response to a
Coriolis acceleration acting 1n a direction perpendicular to the
plane, 1n a way substantially decoupled from the driving
mass. The microelectromechanical structure, in addition to
being compact (1n so far as it envisages just one driving mass
that encloses 1n 1ts overall dimensions one or more sensing
masses), enables with minor structural modifications, a
umaxial, biaxial or triaxial gyroscope (and/or an accelerom-
eter, according to the electrical connections implemented) to
be obtained, at the same time ensuring an excellent decou-
pling of the driving mass from the sensing mass during the
movement of detection.

In detail, and as shown 1n FIG. 1, that relates to a biaxial
sensor, the microelectromechanical sensor, denoted with 1,
comprises a driving structure formed by a driving mass 3 and
by a driving assembly 4. The driving mass 3 has a circular
geometry with radial symmetry, with a substantially planar
configuration having a main extension in a plane defined by a
first ax1s x and by a second axi1s y (referred to in what follows
as “plane of the sensor xy”’), and negligible dimension, with
respect to the main extension, in a direction parallel to a third
axis (referred to 1n what follows as “orthogonal axis z”),
forming with the first and second axes x, v a set of three
orthogonal axes fixed with respect to the sensor structure. In
particular, the driving mass 3 has 1n the plane of the sensor xy
substantially the shape of an annulus, and defines at the center
a circular empty space 6, the center O of which coincides with
the centroid and the center of symmetry of the driving mass 3.
The driving mass 3 1s anchored to a substrate 2 (e.g. of
semiconductor material) by means of an anchorage 7
arranged at the center O, to which 1t 1s connected through
clastic anchorage elements 8. For example, the elastic anchor-
age elements 8 depart 1n a crosswise configuration from the
center O along a first axis of symmetry A and a second axis of
symmetry B of the driving mass 3, the axes of symmetry
being parallel, respectively, to the first axis x and to the second
axis y. The elastic anchorage elements 8 enable a rotary
driving movement of the driving mass 3 about a drive axis
passing through the center O, parallel to the orthogonal axis z
and perpendicular to the plane of the sensor xy.

The driving mass 3 has a first pair of through-openings 9a,
9b with a substantially rectangular shape elongated in a direc-
tion parallel to the second axis y, aligned mm a diametric
direction along the first axis of symmetry A, and set on oppo-
site sides with respect to the empty space 6; and a second pair
of through-openings 9c, 9d, which are aligned along the sec-
ond axis of symmetry B, have a substantially rectangular
shape elongated 1n a direction parallel to the first axis x, and
are arranged on opposite sides with respect to the empty space
6. In particular, the direction of alignment of the through-
openings of each pair corresponds to a direction of detection
of the microelectromechanical sensor 1 (in the case repre-
sented 1n the figure, coinciding with the first and second axes
X,¥).

The drniving assembly 4 comprises a plurality of driven
arms 10 (for example, eight in number), extending externally
from the driving mass 3 1n a radial direction and spaced apart
at a same angular distance, and a plurality of first and second
driving arms 12a, 12b, extending parallel to, and on opposite
sides of, respective driven arms 10 and anchored to the sub-
strate 2 through respective anchorages. Each driven arm 10
carries a plurality of first electrodes 13, extending 1n a direc-
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tion perpendicular to, and on either side of, the same driven
arm. Furthermore, each of the first and second driving arms
12a, 12b carries respective second electrodes 14a, 14b,
extending towards the respective driven arm 10 and comb-
fingered to the corresponding first electrodes 13. The first
driving arms 12a are all arranged on the same side of the
respective driven arms 10 and are all biased at a first voltage.
Likewise, the second driving arms 12b are all arranged on the
opposite side of the respective driven arms 10, and are all
biased at a second voltage. In a per se known manner which 1s
not described 1n detail, a driving circuit 1s connected to the
second electrodes 14a, 14b so as to apply the first and second
voltages and determine, by means of mutual and alternating,
attraction of the electrodes, an oscillatory rotary motion of the
driving mass 3 about the drive axis, at a given oscillation

frequency.

The microelectromechanical sensor 1 further comprises a
first pair of acceleration sensors with axis parallel to the
orthogonal axis z, and in particular a first pair of sensing
masses 16a, 16b, positioned, respectively, within the first
through-opening 9a and the second through-opening 9b, so as
to be completely enclosed and contained within the overall
dimensions of the driving mass 3 1n the plane of the sensor xy.
The sensing masses 16a, 16b have a generally rectangular
shape matching the shape of the respective through-opening
9a, 9b, and are formed by a first rectangular portion 17, which
1s wider, and by a second rectangular portion 18, which 1s
narrower (along the first axis x), connected by a connecting
portion 19, which i1s shorter (1in a direction parallel to the
second axis y) than the first and second rectangular portions.
Each sensing mass 16a, 16b has a centroid G located within
the corresponding first rectangular portion 17, and 1s sup-
ported by a pair of elastic supporting elements 20. The elastic
supporting elements 20 are connected to the connecting por-
tion 19, and extend towards the driving mass 3, 1n a direction
parallel to the second axis y. In other words, the elastic sup-
porting elements 20 extend within recesses 21 provided at
opposite sides of the sensing masses 16a, 16b. The elastic
supporting elements 20 extend at a distance from the centroid
G of the respective sensing mass 16a, 16b, and form torsional
springs that are rigid for the rotary motion of the driving mass
3, and also enable rotation of the sensing masses about an axis
of rotation parallel to the second axis v and lying in the plane
of the sensor xy (and, consequently, their movement outside
the plane of the sensor xy).

In addition, the microelectromechanical sensor 1 com-
prises a second pair of acceleration sensors with axis parallel
to the orthogonal axis z, and 1n particular a second pair of
sensing masses 16¢, 16d housed within the through-openings
Oc, 9d, substantially matching their shape, and completely
enclosed and contained within the driving mass 3. The sens-
ing masses 16c, 16d are arranged as a result of a 90° rotation
of the sensing masses 16a, 16b, and consequently the corre-
sponding elastic supporting elements 20 extend parallel to the
first axis x and enable rotation of the respective sensing
masses about an axis of rotation parallel to the first axis x.

A pair of first and second detection electrodes 22, 23 1s
arranged underneath the first and second rectangular portions
17,18 of each one of the sensing masses 16a-16d; for example
the detection electrodes 22, 23 are constituted by regions of
polycrystalline silicon formed on the substrate 2, having
equal dimensions, substantially corresponding to those of the
second rectangular portion 18. The first and second detection
clectrodes 22, 23 are separated, respectively from the firstand
second rectangular portions 17, 18, by an air gap, and are
connected to a read circuit. The first and second detection
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clectrodes 22, 23 hence form, together with the first and
second rectangular portions 17, 18 respective detection
capacitors.

In use, the microelectromechanical sensor 1 1s able to
operate as a biaxial gyroscope, designed to detect an angular

velocity Ex (1n FIG. 1 assumed as being counterclockwise),

about the first axis X, and an angular velocity Ey about the
second axis v.

On the hypothesis of small displacements of the sensing
masses 16a-16d and of small rotations of the driving mass 3,
the rotary movement of the driving mass 3 and of the sensing
masses 16a-16d about the drive axis can be represented by a

driving-velocity vector ?m linear and tangential to the cir-
cumierence that describes the driving trajectory.
In particular, the rotary motion about the first axis x at the

—
angular velocity €2 determines a force acting on the entire
structure, known as Coriolis force (F?,:) In particular, the

Coriolis force FL, 1s proportional to the vector product

—>
between the angular velocity €2 _and the driving velocity ?a,
and 1s hence directed along the orthogonal axis z, 1s zero in the

points where the driving velocity ?a 1s parallel to the first axis
X, and, 1n the points where 1t does not go to zero, it 1s directly

proportional to the driving velocity ?m and consequently 1t
increases with the distance from the center O. Over the entire
structure, considered as a single rigid body, 1t 1s hence pos-
sible to 1dentily a distribution of Coriolis forces that vary as
the distance from the center O varies. The resultants of the

Coriolis forces F?C acting on the sensing masses 16a, 16b at
the corresponding centroid G, cause rotation of the sensing
masses, which move out of the plane of the sensor xy, about
respective axes parallel to the second axis y and passing
through the first elastic supporting elements 20. This move-
ment 1s allowed by the torsion of the first elastic supporting
clements 20. Instead, the configuration of the elastic anchor-
age clements 8 1s such as to 1mnhibit, to a good approximation,
movement of the driving mass 3 out of the plane of the sensor
Xy, thus allowing decoupling of the motion of detection of the
sensing masses from the driving motion. The displacement of
the sensing masses 16a, 16b out of the plane of the sensor xy
causes a differential capacitive variation of the detection

capacitors, the value of which 1s proportional to the angular

—
velocity €2 , which can hence be determined in a per-se

known manner via a purposely provided read circuit. In par-
ticular, since the reading scheme 1s differential, the presence
ol a pair of sensing masses enables automatic rejection of
spurious linear accelerations along the orthogonal axis z.
These accelerations, 1n fact, cause a variation 1n the same
direction of the detection capacitors, which 1s cancelled by
the differential reading (on the contrary, the same structure
can be operated as an accelerometer detecting accelerations
along the orthogonal axis z, by modifying the electrical con-
nections between the sensing masses and electrodes). The
presence of the central anchorage 7 also enables rejection of
spurious linear accelerations along the axes x and y, given that
the arrangement of elastic anchorage elements 8 1s extremely
rigid 1n these directions, and does not enable displacement of
the sensing masses. Furthermore, the described structure 1s
able to mechanically reject spurious angular acceleration
about the orthogonal axis z, since the frequency response of
the sensor can be modeled as a very selective filter.
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In an altogether similar manner, the microelectromechani-

—
cal sensor 1 1s able to detect an angular velocity €2 about the

second axis y. The rotary motion about the second axis y
causes a Coriolis force, once again directed along the
orthogonal axis z, which causes rotation of the sensing
masses 16c¢, 16d about the axis of rotation parallel to the first
axis X, and consequent opposite unbalancing of the corre-
sponding detection capacitors.

The rotation about the first axis x 1s not sensed by the
second pair of sensing masses 16c, 16d, in so far as the

resultant Coriolis force F: 1s zero (on account of the fact that

—=
the vector product between the angular velocity €2 and the

corresponding driving velocity ?a 1s, to a first approximation,
zero). Likewise, the rotation about the second axis y 1s not
sensed for similar reasons by the first pair of sensing masses
16a, 16b, and consequently the two axes of detection are not
alfected and are substantially decoupled from one another.
Although advantageous compared to traditional gyroscope
structures, the described microelectromechanical sensor 1s
not optimized with respect to its sensitivity to external
stresses, 1n particular due to the size of the sensing masses,
which 1s limited by the overall dimension of the driving mass.

BRIEF SUMMARY
One embodiment of the present invention provides an inte-
grated microelectromechanical structure that has an

improved sensitivity to external stresses.

According to one embodiment of the present invention, an
integrated microelectromechanical structure 1s consequently
provided as defined in the present disclosure.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

For a better understanding of the present invention, pre-
terred embodiments thereol are now described purely by way
of non-limiting examples and with reference to the attached
drawings, wherein:

FIG. 1 1s a schematic top plan view of a microelectrome-
chanical structure of a known type;

FIG. 2 1s a schematic top plan view of a microelectrome-
chanical structure according to one embodiment of the
present mvention

FIG. 3 shows an enlarged portion of the microelectrome-
chanical structure of FIG. 2, showing a sensing mass;

FIGS. 4 and 5 show plots relating to geometrical quantities
related to the sensing mass of FIG. 3;

FIG. 6 shows a further embodiment of a microelectrome-
chanical structure; and

FI1G. 7 shows a block diagram of a sensor device provided
with the microelectromechanical structure according to a fur-
ther embodiment of the mvention.

DETAILED DESCRIPTION

According to one embodiment of the present invention, a
microelectromechanical sensor 1s provided, wherein the geo-
metrical shape of the sensing masses 1s such as to improve the
overall sensitivity of the sensor.

As shown 1n FIG. 2 (and in the enlarged view of FIG. 3),
wherein same reference numerals are used to refer to the same
elements shown in FIG. 1, the microelectromechanical sen-
sor, here denoted with 1', differs from the sensor described
with reference to FIG. 1 for a different shape of the through-
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6

openings made in the driving mass 3, here denoted with
92'-9d', and of the corresponding sensing masses, here

denoted with 16a'-16d".

In detail, each of the through-openings 9a'-9d' has in the
plane of the sensor xy the shape of a radial annulus sector
whose mner radius R, can be as small as the inner radius of the
driving mass 3 and outer radius R can be as large as the outer
radius of the same driving mass 3. This radial annulus sector
has arc-shaped inner and outer sides, and radially extending
lateral sides. In the exemplary embodiment shown 1n FIG. 2,
the four through-openings 9a'-9d' are equally angularly
spaced apart, the through-openings 9a'-9b' of the first pair
being symmetric with respect to the second axis y, and the
through-openings 9¢'-9d' of the second pair being symmetric
with respect to the first axis X.

Each of the sensing masses 16a'-16d' has a shape corre-
sponding to, and matching, that of the respective through-
opening 9a'-9d', thus having, 1n plan view, the overall shape of
a radial annulus sector, and a radial geometry. In detail, each
sensing mass 16a’-16d'1s divided by the corresponding elastic
supporting elements 20 into a first portion 17', a second por-
tion 18' and the connecting portion 19 (the latter interposed
between, and connected to, the elastic supporting elements
20). The first portion 17" 1s wider than the second portion 18
along the first and second axis X, y, so that the centroid G' of
the sensing mass 1s located therein, and has an arc-shaped
concave outer side and radially extending lateral sides; the
second portion 18' has an arc-shaped convex outer side and

radially extending lateral sides, aligned along the lateral sides
of the first portion 17'. The elastic supporting elements 20,
extending at a distance from the centroid G' of the respective
sensing mass 16a'-16d', form torsional springs that are rigid
for the driving rotary motion of the driving mass 3, and also
enable rotation of the sensing masses outside the plane of the
sensor Xy (as previously described).

The first and second detection electrodes 22', 23" are still
arranged underneath the first and second portions 17', 18' of
cach one of the sensing masses 16a'-16d'; in the embodiment
of FIG. 2, the detection electrodes 22', 23" have a trapezoidal
shape 1n the plane of the sensor xy and are symmetric with
respect to the axis defined by the elastic supporting elements
20.

Operation of the microelectromechanical sensor 1' does

not differ from the one previously discussed with reference to
—

the structure ot FIG. 1, so that an angular velocity €2 _about

—
the first axis x or an angular velocity €2, about the second axis

y are sensed by the sensor as a function of the displacement of
the corresponding pair of sensing masses 16a'-16b' or 16c¢'-
16d' out o the plane of the sensor xy (caused by the originated
Corolis force) and the associated capacitance variation of the
detection capacitors.

However, the Applicant has discovered that the previously
described non-rectangular shape of the sensing masses 16a'-
16d' allows the microelectromechanical sensor 1' to achieve

an improved sensitivity to external stresses (in particular to

— —
the angular velocities €2, €2 ) without causing a variation of

the structure resonance frequency. In particular, the solution

herein described allows:

with same overall dimensions of the driving mass 3 (and of
the whole microelectromechanical sensor 1'), to achieve
sensing masses 16a'-16d' with a greater size, which, 1f
suitably chosen, allows to achieve a maximum sensitiv-
ity that 1s greater than a corresponding maximum sensi-
tivity 1n a traditional structure;
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in the particular case wherein a capacitive reading 1s imple-
mented, with a same area for the detection electrodes, to
achieve a greater sensitivity for the sensor (compared to
a traditional case wherein all the sensing masses have a
rectangular shape).

In detail, 1n FIG. 3 the sensing mass 16b' (in the following
“radial sensing mass™’) 1s compared to a traditional rectangu-
lar sensing mass 16b (1n the following “rectangular sensing
mass’’). Both sensing masses are symmetric with respect to
the first axis X and are inscribed 1n the same annulus having,
inner radius R, and outer radius R, so that the overall size of
the sensor 1s the same 1n both cases; the position d of the
clastic supporting elements 20 1s also the same (the distance
of the axis defined by the elastic supporting elements 20 from
the center O being equal to d+R).

In order to prove the advantage in terms of sensitivity of the
radial sensing mass, a comparison 1s made using a same area
of the detection capacitors (detection electrodes 22', 23" are
shown 1n dotted line 1n FIG. 3). With geometrical consider-
ations, 1t 1s easy to see that the angle o, defining the hali-

extension of the radial sensing mass, that allows to achieve
this desired same area 1s:

h)
R, + d

tan(a) =

where h, 1s the height of the rectangular sensing mass.

The length L, of the rectangular sensing mass may be also
determined with geometrical considerations, by the expres-
S101:

Noting that the Coriolis force acting on each point of the
sensing mass 1s distributed like the tangential driving veloc-
ity, 1.e. proportionally to the distance from the center O, it 1s
possible to show that the distance X, between the center O
and the centroid G of the rectangular sensing mass (1.e. the
application point of the Coriolis force acting on the same
rectangular sensing mass) 1s given by:

2 (R;+L;)’ -R?
X1 = =+
T3 R +L)2-R?

while the distance x,, between the center O and the centroid
G' of the radial sensing mass 1s given by:

3 R!-R}
Xfp = S R R -(cas(a:*) +

e %

Sili&f) )

It 1s thus possible to show that the centroid G of the rect-
angular sensing mass 1s always nearer to the elastic support-
ing clements 20 than the centroid G' ol the radial sensing mass
(in other words, X, 1s always smaller than x,). In particular,
FIG. 4 shows the plot ofthe distances x -, and X, as a function
of the height h, of the rectangular sensing mass, considering
R =800 um, R_=2000 um and d=400 um. From the plots 1t 1s
clear that the radial sensing mass has a centroid G' that 1s
positioned at a distance farther away from the elastic support-
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8

ing elements 20 (and the corresponding rotation axis) than the
centroid G of any rectangular mass, inscribable within a same
sector of the driving mass 3 and supported by elastic support-
ing elements extending along the same rotation axis.

Accordingly, the radial sensing mass experiences a torque
that 1s greater than the one experienced by the rectangular
sensing mass and thus undergoes a greater rotational move-
ment outside of the pane of the sensor xy, allowing to achieve
a higher sensitivity 1n the detection of the external stresses.

In greater detail, the torque M., experienced by the sensing
masses 1s given by the following general expression:

M,=(xR,~d)F =(x ~R,~d)-2:m- Q% v (x,

—
wherein m 1s the mass of the sensing mass, £2 1s the angular
—

velocity that 1s to be detected (the angular velocity €2 or €2.)

and v is the linear driving velocity at the application point of
the Coriolis force F_ with respect to an nertial reference
system fixed to the substrate 2 of the sensor.

It 15 clear from the above expression that a greater distance
between the application point of the Coriolis force F  and the
axis of rotation (defined by the elastic supporting elements
20) contributes to the increase of the torque 1n two ways: first,
it increases the lever arm of the Coriolis force F_; and second,
it increases the same Coriolis force F_ by increasing the driv-

ing velocity v, which increases linearly with the distance
from the center O.

The rotation 0, of the sensing mass resulting from the
application of the Coriolis force F _ 1s a function of the torque
M. and of the stifiness k of the elastic supporting elements 20,
according to the following expression:

M, (x;-R;-d)-F,

k k

9, =

Considering the expressions o the Coriolis force F _1n both
cases and considering the same design parameters (e.g. 1n
terms of the natural frequency and mass density of the sensing

mass) and the same driving velocity v, the ratio between the
rotation 0, ; ot the rectangular sensing mass and the rotation
0, , ot the radial sensing mass can be expressed as:

95,2

(x;2 —R; =d)sin(f@) L;-(RZ+R,-R; +R?)
95,1 | .

X1 —Ri—=d) « h?
o | (RE+R5)(R§—R?——‘]

4
3

4

FIG. 5 shows the plot of the above ratio as a function of the
height h, of the rectangular sensing mass, considering the
same numerical values previously discussed for FIG. 4. Since
the above ratio 1s always greater than one, 1t 1s evident that,
considering a same external stress at mput of the sensor
(angular velocity), the output from the sensor (rotational
movement outside the sensor plane xy) 1n the case of a radial
sensing mass 1s always greater than the corresponding output
in the case of a rectangular sensing mass.

A turther embodiment of the present invention envisages
the provision of further anchorages and elastic anchorage
clements connected to the driving mass 3 1n order to improve
the stifiness of the same driving mass 3 outside the plane of
the sensor xy.

As shown in FIG. 6 wherein same reference numerals refer
to same elements as those 1n FIG. 2, the microelectrome-
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chanical sensor 1' further comprises a first and a second
external anchorage arrangements 30, 31, coupled to the driv-
ing mass 3 and the substrate 2.

In detail, the first and second external anchorage arrange-
ments 30, 31 are positioned externally of the driving mass 3,
and are coupled to opposite sides of the same driving mass 3,
with respect to the empty space 6 and center O; 1n the exem-
plary embodiment shown in FIG. 6, the first and second
external anchorage arrangements 30, 31 are aligned along the
first axis X.

Each one of the first and second external anchorage
arrangements 30, 31 includes a pair of external anchorages 32
(coupled to the substrate 2) and a pair of external elastic
anchorage elements 33, coupling a respective external
anchorage 32 to the driving mass 3. In the exemplary embodi-
ment of FIG. 3, the external anchorages 32 and external
clastic anchorage elements 33 of each pair are arranged on
opposite sides of, and symmetrically with respect to, the first
axis X.

Each one of the external elastic anchorage elements 33
comprises a folded spring, generically extending along the
first ax1s x and having the shape of a “S-shaped” folded beam.

In greater detail, each folded spring includes: a first arm A,
extending along the first axis x and connected to the respec-
tive outer side of the driving mass 3; a second arm B extending,
along the first axis x, parallel to the first arm A, and connected
to arespective external anchorage 32; an intermediate arm C,
also extending along the first axis x, and interposed between
the first and second arms A, B in the second direction y; and
a first and a second connecting portions D, E, extending along
the second axis y and connecting (at a 90° angle) a respective
end of the intermediate arm to the first arm A and to the second
arm B, respectively.

Operation of the microelectromechanical sensor 1' does
not differ from the one previously discussed with reference to

FIG. 2, so that an angular velocity ?SI about the first axis X 1s
sensed by the sensor as a function of the displacement of the
first pair of sensing masses 16a', 16b' out of the plane of the
sensor Xy (caused by the Coriolis torce F ) and the associated

capacitance variation of the detection capacitors. Analo-
—
gously, an angular velocity €2, about the second axis y is

sensed by the sensor as a function of the displacement of the
second pair of sensing masses 16c¢', 16d' out of the plane of the
SEeNnsor Xy.

However, the presence of the additional first and second
external anchorage arrangements 30, 31 improves the overall
stiffness of the driving mass 3 and allows to achieve an
improved decoupling of the driving and sensing modes, par-
ticularly avoiding undesired movements of the driving mass 3
outside of the plane of the sensor Xy. In other words, when the
Coriolis force F _ acts on the structure, only the sensing masses
16a'-16d' undergo a rotation outside the plane of the sensor
xy, while the movement of the driving mass 3 remains sub-
stantially unaltered (and in the plane of the sensor xy), so that
the sensitivity of the sensor 1s not affected. Also, 1t has been
proven that undesired vibration modes of the structure are
suificiently removed that they do not interfere with the correct
operation of the sensor.

FI1G. 7 illustrates a sensor device 40 according to a further
embodiment and comprising: the microelectromechanical
sensor 1'; a driving circuit 41, connected to the driving assem-
bly 4 for imparting the rotary driving motion on the driving,
mass 3; and a read circuit 42, connected to the detection
clectrodes 22', 23' for detecting the displacements of the
sensing masses 16a'-16d'. The read circuit 42 1s also config-
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10

ured to switch a mode of operation of the microelectrome-
chanical sensor 1' between a gyroscope mode and an accel-
crometer mode, by simply modifying the electrical
connections between the sensing masses and the electrodes.

The advantages of the microelectromechanical sensor are
clear from the foregoing description.

Indeed, the proposed geometrical shape of the sensing
masses allows to achieve a sensible increase in the sensitivity
of the sensor, considering a same overall size of the sensor and
a same natural frequency thereot, thanks to a more efficient
use of the available detection area and a more efficient use of
the Coriolis force F_ acting on the sensing masses. In particu-
lar, a suitable sizing of the radial sensing masses allows to
tully exploit the available space (within the overall dimen-
sions of the dniving mass), thus achieving an even further
increase of the sensitivity of the sensor.

Moreover, the use of additional external anchorage ele-
ments coupled to the driving mass allows to achieve an
improved decoupling between the driving and sensing modes
ol operation.

The microelectromechanical sensor has compact dimen-
sions, given the presence of a single driving mass that
encloses 1n 1ts overall dimensions the sensing masses. The
rotary motion of the driving mass enables two components of
driving velocity, orthogonal to one another 1n the plane of the
sensor, to be automatically obtained, and hence effective
implementation of a biaxial detection.

Finally, 1t 1s clear that modifications and variations can be
made to what 1s described and illustrated herein, without
thereby departing from the scope of the present invention.

In particular, a different geometry could be envisaged for
the sensing masses, different from the radial one but still
allowing an improved exploitation of the area available for
detection (for example, a substantially trapezoidal geometry
could be envisaged); 1n particular, any geometry can be envis-
aged having a centroid positioned at a distance farther away
from the elastic supporting elements (and the corresponding
rotation axis) than the centroid G of any rectangular mass
inscribable within a same sector of the driving mass 3 and
supported by respective elastic supporting elements extend-
ing along the same rotation axis. In analogous manner, also
the detection electrodes may have a different shape, corre-
sponding to that of the sensing mass; clearly, 1t a differential
detection 1s to be implemented, the two detection electrodes
should have a same shape.

In particular, 1t 1s clear that 1t 1s possible to switch the mode
of operation of the microelectromechanical structure between
a gyroscope mode and an accelerometer mode by simply
moditying the connections between the electrodes of the
detection capacitors (an operation that can be carried out by a
purposely provided read circuit); also, a uniaxial sensor may
be equally realized, by providing a single pair of radial sens-
ing masses within the driving mass.

The driving mass can have a shape different from the
circular one, for example any closed polygonal shape. Fur-
thermore, even though this may not be advantageous, said
shape may not have a perfect radial symmetry (or 1n general
any other type of symmetry).

In a per-se known manner, the displacement of the sensing
masses can be detected with a different technique other than
the capacitive one, for example, by detecting a magnetic
force.

Furthermore, the torsional moment for causing the driving
mass to oscillate with rotary motion can be generated 1n a
different manner, for example by means of parallel-plate elec-
trodes, or else magnetic actuation.
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The various embodiments described above can be com-
bined to provide further embodiments. All of the above U.S.
patents, U.S. patent application publications, U.S. patent
applications, foreign patents, foreign patent applications and
non-patent publications referred to 1n this specification and/or
listed 1n the Application Data Sheet, are incorporated herein
by reference, 1n their entirety. Aspects of the embodiments
can be modified, 11 necessary to employ concepts of the
various patents, applications and publications to provide yet
turther embodiments.

These and other changes can be made to the embodiments
in light of the above-detailed description. In general, 1n the
following claims, the terms used should not be construed to
limit the claims to the specific embodiments disclosed 1n the
specification and the claims, but should be construed to
include all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited by the disclosure.

The mvention claimed 1s:

1. An mtegrated microelectromechanical structure, coms-
prising:

a driving mass [designed to be moved with a rotary motion
about an axis of rotation] configured to move in a plane
with a driving motion;

[an] a central anchorage arranged along [said] a central
axis of [rotation] the structure:

elastic anchorage elements [anchoring] elastically cou-
pling said driving mass to said central anchorage;

[a first opening provided within said driving mass;]

a first sensing mass [arranged inside said first opening]:
and

first and second elastic supporting elements [connecting]
coupling the first sensing mass to said driving mass such
that the first sensing mass [performs] is configured to
perform a detection movement out of the plane and
along a rotation axis in [the presence of a first external
stress] response to the structure being rotated, said first
and second elastic supporting elements [and said elastic
anchorage elements] being [so] configured so that said
first sensing mass 1s fixed to said driving mass in said
[rotary] driving motion, and [is] substantially decoupled
from said driving mass 1n said detection movement;

wherein at least one of said first and second elastic sup-
porting elements [define a] defines said rotation axis for
said first sensing mass during said detection movement;
and

wherein said first sensing mass has a first edge proximate
said votation axis and a second edge proximate a portion
of said drviving mass farthest from said rvotation axis, said
first sensing mass having a shape so [configured to have]
that a centroid [that] of said first sensing mass is posi-
tioned at a distance farther away from [said rotation axis
than a centroid of any rectangular-shaped sensing mass
inscribable 1n said driving mass and rotatable about said
rotation axis] said first edge than said second edge.

2. The structure according to claim 1, wherein said first
sensing mass has, in plan view, a non-rectangular shape [and
an arc-shaped outer side].

3. The structure according to claim 1, wherein said first
sensing mass has a radial geometry and, 1 plan view, the
overall shape of a radial annulus sector.

4. The structure according to claim 1, wherein said driving
mass has a first opening, and said first mass is arvanged inside
said first opening [has a shape substantially matching the
shape of said sensing mass] of the driving mass.

5. The structure according to claim 1, wherein said elastic
supporting elements define 1n said first sensing mass a first
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portion and a second portion having a different size than the
first portion so that the centroid of said first sensing mass 1s
located 1n said first portion at a distance from said elastic
supporting elements; said first portion having an arc-shaped
concave outer side and radially extending lateral sides, and
said second portion having an arc-shaped convex outer side
and radially extending lateral sides, aligned along the lateral
sides of said first portion.

6. The structure according to claim 1, wherein said driving
mass has the shape of an annulus extending substantially in a
plane; said axis of rotation being perpendicular to said plane,
and said anchorage being arranged substantially at a center of
said driving mass 1n a central aperture defined by said annu-
lus.

7. The structure according to claim 1, wherein said [exter-
nal stress is] rotation of the structure causes a Coriolis force
acting in a direction perpendicular to [a] said plane [in which
said driving mass extends, and said detection movement 1s a
rotation outside said plane].

8. The structure according to claim 1, [wherein said driving
mass extends substantially in a plane and the structure] fur-
ther comprises:

a second sensing mass[, which] #4at is aligned with said
first sensing mass along a first axis [of], said first axis
being parallel to said detection [lying in said plane and
1s arranged 1n a second opening provided within said
driving mass] axis, said first and second sensing masses
being [enclosed in overall dimensions] /ocated inward
of said driving mass 1n said plane; and

detection means associated with each of said first and sec-
ond sensing masses for detecting said detection move-
ment|, said detection movement being a rotational
movement about an axis lying in said plane and perpen-
dicular to said first axis of detection].

9. The structure according to claim 8, wherein said detec-
tion means are configured to implement, 1n given operating
conditions, a differential detection scheme.

10. The structure according to claim 8, wherein said detec-
tion means 1nclude a first detection electrode and a second
detection electrode|, which] #kat are set facing a respective
one of said first and second sensing masses [and each have a
trapezoidal shape].

11. The structure according to claim 1, further comprising;:

a second sensing mass forming with said first sensing mass
a first pair of sensing masses, aligned along a first axis of
detection lying in [a] ke plane [on opposite sides with
respect to said anchorage]; and

a second pair of sensing masses aligned along a second axis
of detection lying in said plane and orthogonal to said
first axis of detection|, on opposite sides of said anchor-
age].

12. The structure according to claim 1, wherein said driv-
ing mass has 1n a plane a circular geometry, having a first axis
of symmetry and a second axis of symmetry with an empty
space at a center of the driving mass[; wherein the center of
the driving mass 1s 1n a position corresponding to said anchor-
age, and said elastic anchorage elements extend within said
empty space].

13. The structure according to claim 1, further comprising;:

a first external anchorage positioned externally of said
driving mass and coupled to a first side of the driving
mass by a first external elastic anchorage element; and

a second external anchorage positioned externally of said
driving mass and coupled to a second side of the driving
mass by a second external elastic anchorage element, the
second side being opposite to the first side;
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wherein said elastic supporting elements and said first,
second and third elastic anchorage elements are so con-
figured that said first sensing mass 1s fixed to said driving
mass 1n said rotary motion, and 1s decoupled from said
driving mass 1n said detection movement. 5

14. The structure according to claim 13, wherein said driv-
ing mass has an annular shape extending substantially in [a}
said plane, said [axis of rotation] detection movement being
perpendicular to said plane, and said anchorage being
arranged substantially at a center of said driving mass in a 10
central aperture; and wherein said second side 1s opposite to
said first side with respect to said central aperture.

15. The structure according to claim 14, wherein said first
and second external anchorages are diametrically opposite
with respect to said central aperture. 15

16. The structure according to claim 13, wherein said first
and second external elastic anchorage elements comprise
respective folded springs.

17. A microelectromechanical sensor device, comprising;:

a driving mass designed to be moved with a rotary motion 20

about an axis of rotation;

an anchorage arranged along said axis of rotation;

clastic anchorage elements anchoring said driving mass to
said anchorage;

a first opening provided within said driving mass; 25

a first sensing mass arranged 1nside said first opening and
having side surfaces enclosed by said driving mass;
[and]

clastic supporting elements connecting the first sensing
mass to said driving mass such that the first sensing mass 30
performs a detection movement 1n the presence of a first
external stress, said elastic supporting elements and said
clastic anchorage elements being so configured that said
first sensing mass 1s fixed to said driving mass 1n said
rotary motion, and 1s substantially decoupled from said 35
driving mass 1n said detection movement; and

a read stage configured to switch a mode of operation of
said microelectromechanical structure between a gyro-
scope mode and an accelerometer mode,

wherein said first sensing mass has, 1in plan view, a non- 40
rectangular shape.

[18. The sensor device according to claim 17, further com-

prising a read stage configured to switch a mode of operation
of said microelectromechanical structure between a gyro-
scope mode and an accelerometer mode. ] 45

19. The sensor device according to claim [18] /7, wherein
said first sensing mass has an arc-shaped outer side.

20. The sensor device according to claim [18] /7, wherein
said first sensing mass has a radial geometry and, 1n plan view,
the overall shape of a radial annulus sector. 50

21. The sensor device according to claim [18] /7, wherein
said driving mass extends substantially in a plane and the
sensor device further comprises:

a second sensing mass, which 1s aligned with said first
sensing mass along a first axis of detection lying 1n said 55
plane and 1s arranged 1n a second opening provided
within said driving mass, said first and second sensing
masses being enclosed 1n overall dimensions of said
driving mass in said plane; and

detection means associated with each of said first and sec- 60
ond sensing masses for detecting said detection move-
ment, said detection movement being a rotational move-
ment about an axis lying in said plane and perpendicular
to said first axis of detection.

22. A microelectromechanical gyroscope comprising: 65

an anchorage;

clastic anchorage elements;

14

a driving mass operable to move 1n a rotary motion about an
ax1s of rotation, the driving mass being anchored via the
clastic anchorage elements to the anchorage, the anchor-
age being arranged along the axis of rotation and the
driving mass substantially extending in a plane perpen-
dicular to the axis of rotation;

a first opening [disposed] within the driving mass;

clastic supporting elements;

a first sensing mass [disposed] within the first opening and
coupled to the driving mass via the elastic supporting
clements to allow for a detection movement 1n response
to an external stress, the elastic supporting elements and
the elastic anchorage elements being configured to fix
the first sensing mass to the driving mass, and wherein
the elastic anchorage elements are substantially
decoupled from the driving mass during the first detec-
tion movement, and the first detection movement 1s a
rotational movement about a rotation axis lying in the
plane;

wherein said first sensing mass has a radial geometry and,
in plan view, the overall shape of a radial annulus sector.

23. The sensor device according to claim [18] /7, further
comprising;

a second sensing mass, which 1s aligned with said first
sensing mass along a first axis of detection lying 1n said
plane and 1s arranged 1n a second opening provided
within said driving mass, said first and second sensing
masses being enclosed 1n overall dimensions of said
driving mass 1n said plane; and

detection means associated with each of said first and sec-
ond sensing masses for detecting said detection move-
ment, said detection movement being a rotational move-
ment about an axis lying in said plane and perpendicular
to said first axis of detection.

24. A device, comprising:

a substrate;

a driving mass configured to move in a plane above the
substrate;

elastic elements; and

a non-rectangular first sensing mass coupled to the driving
mass by the elastic elements, the first sensing mass con-

figured to be driven by the driving mass in the plane and

configured to move out of the plane in response to a
rotation of the device about a first votation axis, the first
sensing mass having a shape that places a centroid of the
first sensing mass a first distance from an outer edge of
the sensing mass and a second distance from an inner
edge of the first sensing mass, the second distance being
greater than the first distance; and

a non-rectangular second sensing mass coupled to the
driving mass, the second sensing mass configured to
move with the driving mass in the plane and configured
to move out of the plane in response to a rotation of the
device about a second rotation axis that is pevpendicular
to the first votation axis.

25. The device according to claim 24 wherein first sensing

mass has a non-rectangular shape in the plane.

26. The device according to claim 24 wherein the driving
mass includes a plurality of electrodes proximate the outer
edge of the sensing mass.

27. A device, comprising:

a substrate;

a driving mass configured to move in a plane above the

substrate;

elastic elements; and

non-rectangular first, second, thivd, and fourth sensing
masses coupled to the dviving mass by the elastic ele-
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ments, the first, second, third and fourth sensing masses
configured to be driven by the driving mass in the plane
and configured to move out of the plane in response to a
rotation of the device about one or movre rotation axes,
the first, second, third and fourth sensing masses having
shapes that places a centroid of the sensing masses a first
distance from an outer edge of the respective sensing
mass and a second distance from an inner edge of the

respective sensing mass, the second distance being
greater than the first distance.

28. A device, comprising:

an anchor;

a driving assembly having a first set of driving electrodes
on a first side of the driving assembly and a second set of
driving electrode on a second side of the driving assem-
bly, the anchor being between the first and second set of
driving electrodes; and

Jour nom-rectangular sensing masses positioned around
the anchor and between the first set of driving electrodes
and the second set of driving electrodes, each of the
sensing masses configured to be driven by the driving
assembly in a plane and configured to move out of the
plane in response to a votation of the device, an inner
edge of each sensing mass being smaller than an outer
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edge of the same sensing mass, the inner edge being
proximate to the anchor and the outer edge being proxi-
mate to one of the first or second set of driving elec-
trodes.

29. The device according to claim 28 wherein the inner
edge of each sensing mass is nonlinear.

30. The device according to claim 29 wherein the inner
edge of each sensing mass is concave.

31. The device according to claim 28 wherein the inner
edge has a first dimension and the outer edge has a second
dimension that is greater than the first dimension.

32. The device according to claim 28 wherein the four
non-rectangular sensing masses includes a first set of sensing
mass and a second set of sensing mass, the first set of sensing
masses being configured to move out of the plane in response
to the rotation of the device along a first axis, the second set
of sensing masses being configured to move out of the plane in
response to the rvotation of the device along a second axis.

33. The device according to claim 32 wherein the second
axis is perpendicular to the first axis.

34. The device according to claim 28 whevein the anchor is
a central anchor and the driving assembly further includes a
driving mass elastically coupled to the central anchor.

% o *H % ex



	Front Page
	Drawings
	Specification
	Claims

