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Abstract

We present the modeling and experimental characterization of a monolithic 3-phase
rotary stepper micromotor which employs a flexure suspension to guide the rotor. The
monolithic structure avoids any frictional contact during operation, providing a precise,
repeatable and reliable bidirectional stepping motion without feedback control.

We have performed finite element analysis (FEA) simulations of the mechanical static
and dynamic properties. These studies are consistent with the extensive experimental
characterization performed in the quasi-static, transient, and dynamic regimes. Dynamic
nonlinearities have been observed and compared to a complete mathematical model
including the electrostatic actuation and the mechanical properties of the system. The
analytic model is consistent with the simulations and the experiments.

The monolithic 3-phase rotary stepper micromotor has been modified to increase its
torque and we have included a differential capacitive angular sensor. The implementa-
tion of this micromotor in a microgripper has also been studied and designed. These
designs have been fabricated in a single-crystal silicon, using a simple single-mask pro-
cess, based on standard Silicon-On-Insulator technology.

The fabrication was performed in the cleanroom of the EPFL Center of MicroNano-
Technology (CMi) and has conducted to the preliminary experimental characterization
of prototypes which validated the single-mask process.

Part of the results presented in this Master Project have been published in Proc.
2/t IEEE Int. Conf. on Micro Electro Mechanical Systems (MEMS): M. Stranczl
et al., “© Modal Analysis and Modeling of a Frictionless Electrostatic Rotary Stepper
Micromotor”, pp. 1257-1260, Canctin, Mexico, January 23-27, 2011.
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Chapter 1

Introduction

This Master Project was conducted in the frame of a research performed in the
Laboratory of Microsystems (LMIS2, EPFL) and consists in the development of mono-
lithic micromotors for microrobotic applications. The Master project is a follow-up to
the work performed during the Semester Project: “ A monolithic microrobotic arm in
silicon” [21].

The purpose of this Master Project is to characterize the static and dynamic behav-
ior of the micromotor and to establish a mathematical model of the complete system.
Furthermore, the design of an improved version of the micromotor and a demonstra-
tor will be provided. Finally, we will fabricate the prototypes in the EPFL Center of
MicroNanoTechnology (CMi), using a simplified single-mask process.

A mathematical model of the micromotor has been established and compared with
the experiments performed in the quasi-static, transient and dynamic regimes. In
addition, the Finite Element Analysis (FEA) simulations are consistent with both the
mathematical model and the experimental characterization. The realized prototypes
validate the single-mask process.

In Chapter 2, we will first establish the state of the art. The simulations performed
on the micromotor’s flexible structure will be exposed in Chapter 3, followed by the
presentation of the measurement method in Chapter 4. Chapter 5 will present the
dynamic characterization of the micromotor. Then, the mathematical modeling of the
micromotor will be developed in Chapter 6. Chapter 7 will finally discuss the improved
design of the micromotor and the demonstrator, including the fabrications results.






Chapter 2

State of the art review

The purpose of this chapter is to provide an overview of the state of the art on the two
main aspects of the project:

e The flexure beams, with a particular emphasis on monolithic flexures, used for
high precision robotics (Section 2.1);

e The electrostatic stepper micromotors based on flexural pivots, used for skew
angle compensation and microrobotic applications (Section 2.2).

The initial project state will briefly be exposed in §2.2.3. Indeed, this Master Project
is a follow-up to the work performed during the Semester Project: “ A monolithic mi-
crorobotic arm in silicon” [21]. For this reason, we need to clarify the initial project state.

This chapter is intentionally kept succinct. For a thorough insight, the reader is referred
to the publications in reference.
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2.1 Flexure beams

Monolithic flexural guidings have been employed since the second half of the 20
century in response to the demand for very accurate guiding. Indeed, the classical
mechanical hinges, consisting of multiple elements, are difficult to miniaturize. Their
use in vacuum and clean environment is limited by dust emission and their motion
presents hysteresis (or backlash due to clearance between the components) [9]. Flexural
hinges, which are based on the elastic deformation of the material before plastic
deformation, overcome these limitations. They have found many applications in
precision engineering [14], metrology or aerospace fields [10] and can be found at scale
ranging from centimeter down to micrometer.

2.1.1 Advantages and limitations of flexure beams

Monolithic flexural hinges present many advantages compared with classical mechanical
hinges, composed of multiple elements (e.g. ball bearing). Flexural hinges also have
some limitations [9]. In the following list, we will discuss their properties in more detail.

a The friction less based pivots present no wear. This major advantage implies the
following positive consequences: No dust is created in this type of structure, there
is no risk of jamming and no lubricant is needed. This property is particularly
attractive in micromechanics applications, where dust and lubricant limitations are
very critical. This also opens a path for vacuum-compatible applications.

b Secondly, these bearings do not have any backlash due to clearance between the
components. This backlash-free displacement implies the absence of hysteresis
compared to conventional mechanical bearings. The displacement of the monolithic
structure is then accurate, precise and repeatable.

¢ Flexural bearings somewhat have a limited displacement. The limited dis-
placement is indeed a limitation if a large displacement is needed but a well studied
design can have large strokes, as we will discuss in §2.1.3.3 [24]. Also, the energy used
to deform the matter can be advantageously stored. Indeed, the only dissipation is due
to the internal friction of the matter. In a well designed system, this aspect is advan-
tageous because this energy can be re-used: the device is self-returning, self-centering
to its initial position.

d An important aspect is the high radial, axial and transversal rigidity of this type
of bearing. The stiffness of the locked degrees of freedom is very important compared
with the free ones and it leads to very good compliance properties.

For a more detailed discussion on the properties of flexure hinges, the reader is referred
to the Ph.D thesis of Simon Henein [9].
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Example of a Flexure hinge: The cartwheel hinge

Let’s discuss these different aspects through the study of a four degree of freedom
(DOF) device: A two DOF zy-table guided by classical mechanical bearings with two
additional DOF provided by flexural bearings, as illustrated in Figure 2.1 [1].

Figure 2.1: Example of a compliant mechanism [1]: (a) xy-stage with two DOF (z, y) and two
additional rotational DOF obtained using flexural bearing (6, 6,); (b) detail of the cartwheel hinge:
the center of rotation is situated approximately in the middle of the flexible metal cross

We will focus more specifically on the compliant element, composed of two crossing
beams (see Figure 2.1 (b)) called “cartwheel hinge”. It can be deformed in a predictable
pseudo-rotative displacement whose center of rotation O is located in the middle of the
X shape [14]. In this particular case, the limited displacement range is sufficient and
the transversal rigidity appropriate.

Compared with the xy-stage, the compliant hinge does not have any hysteresis in
its movement: it does not need to overcome a static friction threshold. Furthermore,
the hinge is much more simple in its fabrication and assembly. Indeed, Figure 2.1 (b)
the cartwheel hinge has been realized using electric discharge machining (EDM). The
planar nature of the hinge makes it suitable for other manufacturing processes, such
as LIGA! at micrometer scale, 3-axis milling, stamping, vertical etching of material or
any other vertical extrusion process. The EDM process is largely used in robotics, as
discussed by Simon Henein in his Ph.D [9]. For micrometer scale, etching processes are
preferred.

Figure 2.2 is a schematic of the cartwheel hinge. The axis of rotation presents a
parasitic center shift and, as exposed in §2.1.1, this displacement can be calculated
using material strength theory. The angular stroke of the beams is restrained by stops
in order to remain in the elastic deformation domain of material.

!German acronym for Lithographie, Galvanoformung, Abformung (Lithography, Electroplating, and
Molding)
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Center of
rotation

e - — -
SO —

Figure 2.2: Schematic of the cartwheel hinge: (a) Cartwheel hinge with flexure beams of length ! and
width b; (b) Cartwheel hinge rotated by an angle 6 due to a torque M.

At micrometer scale, the potential of such bearing is fully exploited, as their high
precision and cleanness is relevant. A lot of applications are found in Micro Electro
Mechanical Systems, MEMS.

In the following sections, we will introduce the linear guidings (§2.1.2.1) and the rota-
tional guidings (§2.1.3).

2.1.2 Linear guidings

In this section, we will present two types of linear guidings. The description of the linear
guidings is kept succinct and will serve as an introduction to more complex rotational
bearings.

2.1.2.1 Basic linear guiding

The working principle of a basic linear guiding is schematically described in Figure 2.3.
A rigid element, bloc B, is guided by two flexural beams in a parabolic trajectory: The
displacement can be decomposed in a horizontal translation Ax and a parasitic vertical
displacement Ay.

1 S @{H

Ax
y —

[ B ] F— 1Ay

Figure 2.3: Basic linear guiding: (a) Flexible linear guiding consiting of two beams of width b and
length ! with an out-of-plane height h; (b) Flexible linear guiding under constrain: A force F' causes a
displacement Ax and a parasitic displacment Ay. Block A is fixed, while block B is mobile.
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2.1.2.2 Double-parallelogram linear guiding

A more complex linear guiding has been developed to cancel the parasitic displacement
Ay. Known as “four beam guiding” or “folded beam flexure”; it is composed of two linear
guidings that are linked in series in order to reduce the parasitic motion along the y axis.

gy I s v R @f,_f[ ) LP“
T
/ L,
| Ax/2
( B ] — J
N C Y, \ Ax—=— Ay=0 )

Figure 2.4: Folded beam flexure : (a) Double-parallelogram linear guiding consisting of four beams.
The geometrical parameters of the beams are the same as in Figure 2.3; (b) Double-parallelogram linear
guiding under constraints. Block A is fixed, the intermediate stage B is displaced by Az /2, while block
C' is displaced by Azx.

Figure 2.5 shows an example of a linear stepper micromotor realized in silicon using
folded beams flexure for the guiding of the micromotor [17]. Stages B and C' from
Figure 2.4 are the meshed structures.

Y

R

Figure 2.5: Micrographs of a linear micromotor in silicon using folded beam guiding, fabricated
using vertical trench isolation technology [17]. (a) Linear micromotor at its resting position; (b) Linear
micromotor displaced to the right.
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2.1.3 Rotational flexural bearing

Having introduced the linear guidings, we can now focus on the rotational pivot. We
present here a short review of a particular type of flexure pivot: The four-beam flexural
pivot [18, 21, 22] and the butterfly pivot [9, 10].

2.1.3.1 Four-beam flexural pivot

The four-beam flexural pivot is illustrated in Figure 2.6. It is the homologous version
of the folded beam flexure.

al b

——
0 —<
+
Virtual *—
pivot center M

Figure 2.6: Four-beam flexural pivot:(a) Four-beam flexural pivot composed of four beams of width
b and length ! with an out-of-plane height h; (b) Four-beam flexural pivot under constrain: the torque
M induces a rotation 6. Block A is fixed, the intermediate stage B is displaced by 6/2, while block C
is displaced by 6.

S. Henein et al. and E. Sarajlic et al. [9, 18] studied and established the equation of the
deformation, using material strength theory.
The four-beam pivot stiffness K is [18]:
M AET 2 h?

K= = ——(1+35+3%), with [ = — (2.1)
Where F is the Young modulus of the beam material, h is the out-of-plane height, b
is the width of the flexure hinges, [ the length of the beam and p the distance to the
virtual pivot center. [ is the moment of inertia of the beam.

The maximum angular displacement 0 .4, before plastic deformation of the beam,
is the following:

20'yl2

0 adm = 51747 1 o N0 2.2
T Bb(21 + 3p) (22)

where oy is the yield strength of the material [18].
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2.1.3.2 Four-beam flexural pivot with reinforced beam

The study of this guiding has been pursued by M. Stranczl et al. who further modified
the four-beam pivot, by adding a reinforced beam of length a in the flexural elements
in order to create a new design with a higher out-of-plane stiffness and a more robust
structure [21, 22].

9 T
Virtual pivot +
center *__
M

Figure 2.7: Four-beam flexural pivot with reinforced beams:(a) Four-beam flexural pivot with re-
inforced beam: The geometric parameters are the same as for the four-beam flexural pivot, with the
additional parameter a, the length of the central reinforced structure; (b) Four-beam flexural pivot with
reinforced beams under constrain: the torque M induces a rotation 6 [21, 22]. The block A is fixed,
the intermediate stage B is displaced by /2, while the block C is displaced by 6.

The four-beam pivot with reinforced beams stiffness K., calculated using Cas-
tigliano and Menabrea theory [21], is:

a’+al +4(* +3lp+3p*) A’
(l—a)(a®+al+12) '~ 12

K, = EI (2.3)

The index “r” refers to reinforced beams. The maximum angular displacement
Or.qam 1s [21]:

4oy (I — a)(a® + al + 1?)
0r7adm = (24)
Eb(a? + al + 21(21 + 3p))

We can easily verify the validy of these equations in their border limits (a— 0 and
p— 00) with the equations of the four-beam pivot [18] and equation (2) and (3) of [18].

These equations have been calculated using the following approximation: the reinforced
beam can be considered as a non-deformable rigid body. The validity of this approxi-
mation will be confirmed in Chapter 3 (§3.1).
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2.1.3.3 Butterfly pivot

The “butterfly pivot” devised by S. Henein [10] is a pivot designed to guide pointing and
scanning devices in aerospace mechanisms. It is composed of two four-beam flexural
pivot in series.

Mobile
block

Rotation
axis

“Butterfly”
block

blocks

Coupling
plate

Fixed
block

Litatrry
#5%" L .
1177 s 11111

= A E
|

Figure 2.8: Flexural pivot: (a) Butterfly pivot; (b) Butterfly pivot under constraints; (c) Butterfly
pivot with the internal part guided.

The design has been realized in Titanium (TiAl6V4) and manufactured by wire EDM.
The authors have conducted different studies on the parasitic center shift compensation,
on the load capabilities, on the fatigue life cycling and on the resonance frequencies of
the structure [10]. Moreover, Henein et al. suppressed the internal degree of freedom
of the butterfly at the cost of a second assembled piece, the coupling plate, in order to
control the internal eigenmodes (see Figure 2.8).

The monolithic flexural structure in Figure 2.8 (b) reaches a parasitic center translation
of axis lower than 2 ym over a =4 10 ° motion range for a pivot of 5 cm height.

As explained before, the butterfly is the connection of two four-beam pivots in series.
Therefore, the resulting stiffness of the butterfly pivot is:
K K,

—: Ky, = _77
27T T 9
where the index ® symbolizes the butterfly pivot. The maximum angular displacement
0s,adm of the butterfly pivot and the reinforced butterfly pivot Og , aanm, is:

Ky = (2.5)

0®,adm =2 Qadm; 0®,r,adm =2 er,adm (26)

The parameters are the same for the four-beam flexural pivot.
The rigid elements increase the stiffness of the butterfly pivot depending on its length.

This effect has been studied in [21]. We report in Figure A.1 of Appendix A.1, the
reinforced butterfly pivot stiffness K, as function of the ratio a/l.
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2.2 Electrostatic stepper micromotors

In this section, we briefly present the previous studies performed on electrostatic stepper
micromotors. We will first focus on micromotors designed for skew angle compensation
in hard disk drive HDD. We will then provide an overview of a project performed at
EPFL on microrobotics, using such types of stepper micromotors.

2.2.1 Micromotors for skew angle compensation in HDD

Skew angle compensation is a critical point in data storage: the density of data
stored depends on this parasitic angle. The implementation of a micromotor in the
read/write head can correct this angle, as illustrated in Figure 2.9. For more details on
micromotors for skew angle compensation, the reader is referred to [18].

D Hard disk
N track
/L
\ (=]
Read/write head %i\

integrated on a \\ ®
rotary micromotor N

N

0O
oxev ®

Figure 2.9: Hard disk drive: Skew angle compensation by a micromotor between the track and the
read/write head. Figure reproduced from [18].

Many types of motors exist at micrometer scale which can be implemented for
skew angle compensation. This state of the art will only concentrate on a specific
developement: the monolithic electrostatic stepper micromotor in silicon developed by
Sarajlic et al.. We will more precisely focus on a project initiated a few years ago in
Japan, supported by the Storage Research Consortium (SRC), in which Sarajlic et al.
developed a micromotor based on a butterfly pivot fabricated in silicon using vertical
etching [18].

The three-phase electrostatic stepper micromotor with flexural mechanisms is presented
in Figure 2.10.



12 State of the art review

wadii Hm Grounded
a i s 300 pm El =1 Activated Stator

Figure 2.10: Electrostatic stepper micromotor: (a) Micrograph of the micromotor; (b) Schematic of
the micromotor and working principle of the three-phase electrostatic rotary stepper micromotor with
flexural mechanisms. Figure partially reproduced from [18].

2.2.1.1 Working principle

Figure 2.10 (b) shows the working principle and the main elements of the electrostatic
stepper micromotor. The motor consists of a 3-phase stator and a grounded rotor
which is suspended by a flexural mechanism [10]. This frictionless bearing enables a
rotational degree of freedom with a certain torsional stiffness. The stator electrodes are
symmetrically and alternatively located around the rotor (see Figure 2.10 (b)). Each
phase can be activated independently (voltages Uy, Uy and Us). In the initial position,
the electrodes of the first phase are perfectly aligned with the opposite electrodes on the
rotor. The stator electrodes of the two other phases have a misalignment which is equal
to 1/3 of the pitch of the rotor electrodes.

2.2.1.2 Micromotor design

The angular displacement 6 of the micromotor depends on the electrostatic torque gen-
erated and on the flexural suspension stiffness:

0 =M, /K, (2.7)

where M,; is the eletrostatic torque, Kg the butterfly pivot stiffness.

The electrostatic Torque for one phase can be approximated using the parallel plate
capacitor approximation and its simplified expression is [18]:

1 h
Mel = 5”807’;[]2, (28)

where n is the number of active teeth per phase, ¢y the permittivity of air, h the height
of the teeth (eight of the planar micromotor), ¢ the gap between the electrodes teeth
and U the voltage applied on the corresponding phase.

The flexural pivot stiffness equation has already been presented in §2.1.3.
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The butterfly pivot is used for several reasons. First of all, this flexure pivot has
been chosen for its monolithic structure, its absence of wear and reliability. Secondly,
it works as a support for electric connections for the read/writte head of the HDD.
Furthermore, the butterfly pivot has a large radial stiffness. Indeed, as previously
mentioned, this is a critical point: the radial symmetry should be respected, otherwise
the rotor sticks to the stator due to electrostatic forces.

2.2.1.3 Experimental results

The micromotor developed in the frame of the Storage Research Consortium, having
a diameter of 1,4 mm, has been realized by vertical trench isolation technology [18]
with a 5-mask process. It is important to notice that the rotor is suspended in air,
contrary to the design presented hereafter in §2.2.2. The micromotor presents an angular
displacement of 26 ° (£ 13°) for 75 V square-wave driving voltage and a maximum speed
of 1,67°/ms . The motion depends quadratically on the voltage as expected, but was
limited at 75V due to electrostatic discharges in the tracks’ insulations. The butterfly
pivot showed good radial stiffness and did not suffer from “sticktion” to the stator. Some
additional studies have been performed on the driving signals and a 1/48° resolution
has been archived with microstepping driving voltage instead of a 1/6° resolution with
a simple square driving signal. Further details can be found in reference [18].

2.2.2 Micromotors for microrobotic applications

C. Yamahata offered in a semester student project at EPFL Lausanne, to develop a SOI
micromotor of a similar type, as previously described. The semester project has been
completed by M. Stranczl and we briefly summarize here the results. More details can
be found in [21, 22].

2.2.2.1 Micromotor design

The electrostatic stepper micromotor has first been modified in order to be fabricated
using silicon on insulator (SOI) wafers. With this technological choice, the fabrication
process could be significantly simplified (1-mask or 2-mask instead of a 5-mask process)
to a single mask process.

rotor rotor
Si

|
Jooion———— |

~——Sibulk ——

Bulk Perforated bulk

=] 2]

Figure 2.11: Silicon-on-insulator structure: (a) Single-mask process: perforated micromotor for oxide
etching access; (b) Two-mask process: micromotor with bulk perforated to avoid the accumulation of
capacitive charges



14 State of the art review

Indeed, the monolithic micromotor structure can be structured in the thin silicon layer
using a vertical etching process and released by etching the oxide layer using a selective
etching process, as shown in Figure 2.11 (a). This design follows the process used by E.
Sarajlic [19] for the fabrication of a single-mask SOI micromotor.

However, E. Sarajlic has dealt with an accumulation of charges in the bulk, resulting
in the sticking of the rotor to the bulk by electrostatic forces. For this reason, some
devices have the bulk etched in the rotor region, see Figure 2.11 (b). This optional step
requires a second mask.

The design of the micromotor is illustrated in Figure 2.12.

U, (t) U, (t) U; (1)

stator
phases

rotor

—~

butterfly
pivot

7, =

Figure 2.12: Monolithic micromotor: Schematic principle of the 3-phase electrostatic stepper motor
(actuated with voltages Uy, Us, Us). The internal butterfly structure mechanically connects the rotor
to the chassis.

We can see several modifications comparing Figure 2.10 (a) with Figure 2.11 (b).

The connection path has been simplified by grouping the teeth of each phase in pairs,
as shown in Figure 2.12. The butterfly structure has an X shape instead of an H shape
in order to reduce the inertia of this internal element. An opening in the stator, which
enables the inclusion on an arm required for microrobotic applications, has also been

added.

In parallel to the work performed at EPFL, actuation simulations were performed in
Japan by Junji Sone et al. [20]. Numerical studies have been realized on capacitance
variation depending on the displacement, on the resonant frequencies, on the effects of
the damping and on the driving signal shape and amplitude influence on the perfor-
mances. These aspects will be discussed in Chapter 6.
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2.2.2.2 Experimental results

The devices have been fabricated using two types of processes: The single mask process
and the two masks processes. Notice that the micromotors fabricated using a single
mask process have a mesh-like structure for the mobile elements. This is due to the
etching access needed in order to release the oxide, as illustrated in Figure 2.11.

Single-mask process — The mesh-like devices present an angular motion of 8° (£ 4°)
for 35-40 V with a square drive voltage actuation(see Figure 2.14). The devices were
stopped in their motion due to the electrostatic sticking of the rotor to the bulk even
with design precautions: The bulk is connected to the ground and the silicon bulk is
more conductive than the previous design.

Figure 2.13: Single-mask process micromotor: Scanning electron microscopy micrographs of a 3-phase
electrostatic stepper micromotor fabricated with SOI technology. The mobile parts are perforated (mesh
structure)

o Experimental results
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Figure 2.14: Maximum angular displacement of the SOI single-mask stepper motor as a function of
the driving voltage (3-phase sinusoidal excitation of 1 Hz). Data are for positive displacements only:
The displacement range is double. The motion is limited to 40 V (4°) due to the sticking of the rotor
to the bulk by electrostatic charges



16 State of the art review

Two-masks process — The perforated bulk devices have a motion of 30° (+ 15°) for
65 V actuation, as illustrated in Figure 2.16. These quasi-static results reach the motion
objective of the project.

Figure 2.15: Two-mask process micromotor: (a) Micrograph of the fabricated SOI micromotor rotated
clockwise by + 15°; (b) Scanning electron microscopy micrographs of a 3-phase electrostatic stepper
micromotor fabricated with SOI technology. The bulk is perforated in the rotor region. The rotor does
not need a mesh-like structure.
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Figure 2.16: Maximum angular displacement of the SOI two-mask stepper motor as a function of the
driving voltage (3-phase sinusoidal excitation of 1 Hz). Data are for positive displacements only: The
displacement range is double [22].

Thanks to the very good performances of the micromotors, we have performed many
additional measurements in the quasi-static and dynamic ranges. The measurement
methods will be presented in Chapter 4.
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Quasi-static and transient responses - In Figure 2.16, we show quasi-static mea-
surements performed with a 3-phase sinusoidal driving sequence at 1 Hz. The maximum
angular displacement increases quadratically with the applied voltage, as expected for
an electrostatic actuator [18]. Figure 2.17 presents the transient response obtained by
releasing the rotor from a small angle to its resting position. The damping coefficient
and the first in-plane resonant frequency have been extracted from these data. Figure
2.18 exhibits a typical motion of the rotor rotated from 0° to +9°. An angular speed
of 1°/ms could be reached with a driving signal of 600 Hz and 70 V amplitude. The
measurements shown in Figures 2.17 and 2.18 were performed with a high-speed camera
(Mikrotron CMOS high-speed camera, EoSens MC1363), using the algorithm described
in [29].
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Figure 2.17: Transient response of the rotor. The measurements were performed on the rotor’s
external ring. The first resonant frequency of 163 Hz can be extracted from the Fourier transform of
these data. [22]
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Figure 2.18: Typical recording of the angular displacement as a function of time. A 3-phase sinusoidal

driving signal at 600 Hz and 70 V was applied, as illustrated in the upper part of the graph. With
these settings, an angular speed of 1°/ms was reached. Reproduced from [22]
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Experimental modal analysis — Thorough in-plane and out-of plane modal analysis
of the structure have been performed with the Polytec Micro System Analyzer MSA-400.
Figure 2.19 illustrates the in-plane data recorded by stroboscopic video microscopy,
under application of a sine excitation signal on phase 2, while the other phases were
grounded.
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Figure 2.19: In-plane modal analysis of the micromotor rotor recorded by stroboscopic video mi-
croscopy (Polytec MSA-400). These results are in line with the transient measurement of Figure 2.17.
The first resonant peak appears at 163 Hz and the second at 665 Hz. Data reproduced from [22].

The out-of-plane response was obtained by Laser-Doppler vibrometry. Figure 2.20 and
2.21 shows the eigenmode measured with the Polytec Micro System Analyzer MSA-400.
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Figure 2.20: Out-of-plane modal analysis of the micromotor recorded by Laser-Doppler vibrometry
(Polytec MSA-400). The third resonant peak appears at 2616.4 Hz, the fourth at 5018.0 Hz and the
fifth at 5726.6 Hz (unpublished graph [22]).
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Figure 2.21: Out-of-plane measurements performed with Polytec MSA-400. The third resonant peak
(a) occurs at 2616.4 Hz , the fourth peak (b) at 5018.0 Hz and the firth (c¢) at 5726.6 Hz (unpublished
graph [22]).

2.2.3 Initial project state

This Master Project continues the work performed on the “micromotor for microrobotic
application project” [21] and we need then to establish the state of the global project
at the end of Summer 2010, before the Master Project’s beginning. The results and
measurements presented above precede the Master Project and have been the subject of
a conference article, written during the Master Project by M. Stranczl and C. Yamahata
[22]. However, the interpretation of the results and more particularly the electrostatic
stiffening are entirely part of the Master Project. Reference [22] summarizes part of the
results obtained at the beginning of the Master Project (October and November 2010).






Chapter 3

Finite Element Analysis

In this chapter, we present the Finite Element Analysis (FEA) simulations performed
on the micromotor presented in §2.2.2. They have been performed with SolidWorks
Simulation software (SolidWorks 2009 SP5.0). Note that these simulations focus on the
mechanical properties only. The electrostatic actuation modeling is another important
aspect which will be considered later in Chapter 6.

In this chapter, we will focus on the following points:

e We will first simulate the RCC! pivot structure. The analytical equations pre-
sented in Chapter 2 (Eq.2.1 and 2.3) will be compared to the simulations (load-
dependent deformation).

e We will perform additional load simulations on the whole butterfly pivot in order
to confirm some deformation characteristics.

e The buckling of the beams, and more particularly the effect of the rigid block,
will be studied. The complete butterfly structure will also be tested up to its
buckling charge limit.

e To complete this chapter, modal analysis simulations will be performed and the
effects of silicon anisotropy will be studied.

All the simulations have been performed on the micromotor designed for a two-mask
process, since it does not have a perforated structure. These solid structures can be
more easily simulated with FEA softwares, and compared with the analytical model [22].

For all the FEA simulations performed in this chapter, the geometrical parameters
correspond to “two-mask” micromotors (Appendix A.1), unless otherwise specified.

'RCC is an acronym for Remote Center of Compliance. This pivot is described in §3.1.1.
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3.1 Flexural bearing simulations

3.1.1 Analytic model and RCC pivot simulations comparison

RCC pivot — The first simulations have been performed on the Remote Center of
Compliance (RCC) pivot, see Figure 3.1. Indeed, the butterfly pivot is composed of four
RCC pivot in series, as illustrated in Figure 3.1 [18].

§\§\\\\

(]

Figure 3.1: Butterfly pivot and RCC pivot: (a) RCC pivot: The parameters are similar as the folded
beam flexure (§2.1.3); (b) Butterfly pivot with two of the four RCC pivots highlighted in white and in
black.

The RCC pivot stiffness is related to the butterfly pivot stiffness with a factor four (see
Appendix A.2):

Krcoy
4 b)

Krce
K® = 4 ;K®,r -

(3.1)

where the index RCC refers to the RCC pivot.

RCC pivot simulations parameters — The deformation of the RCC pivot for a
torque M has been simulated depending on the beam width b. The applied torque
on the RCC pivot has been calculated with the equations 2.1, 2.3 and 3.1, in order
to reach an approximative rotation of +5° and +10°. In the next two pages, this
theoretical rotation of +5° and +10° has been compared to the simulated rotation and
the percentage of error calculated relative to the theoretical value. The simulations
have been performed on RCC pivot with simple beams and with reinforced beams.

The following simulations have been realized considering the material as an isotropic
material as we want to compare the results with the theoretical one which considers the
material isotropic. The material properties of silicon are listed in the Appendix A.3.



3.1 Flexural bearing simulations 23

Displacement simulations for 6 = +5°

Theoretical Simulated Error
Parameters rotation rotation €= %

Beam Type b [pum] M [Nm] Oun [°] Osim [°] €
reinforced 2 2,7-1078 4,996 4,66 -6.7 %
reinforced 3 0,91-1077 4,990 4,61 -7.6 %
reinforced 4 2,16-10~7 4,996 478 -4.3 %
reinforced 5} 4,22-1077 4,998 4,81 3.8 %
simple 2 1,54-1078 4,994 4,63 -7.2 %
simple 3 0,52:1077 4,997 4,90 -1.9%
simple 4 1,23-1077 4,986 4,83 -3.2 %
simple 5 2,405-10~7 4,992 4,83 -3.3 %

Table 3.1: Angular displacement simulation compared with theory. The material is supposed isotropic,
with E = 160 GPa. The simulated moment, applied on the pivot M, has been calculated depending on
the beam width b in order to obtain a 5° rotation (Theoretical rotation 6y ). This value is compared to
the simulated one (Simulated value 6s;,,). The percentage of error is relative to the theoretical value.

These simulations highlight a good conformity of the simulated displacement and the
calculated one. The percentage of error is quite low (and also lower than the theoretical
value € < 0) and increases with the beam width reduction. This is normal as the beams
reaches the mesh limitation (2[um]).

E Displacement

‘b | Stress

Figure 3.2: SolidWorks finite element analysis of the RCC reinforced pivot deformation for a 5°
rotation: (top) reinforced beam, (bottom) simple beam. (a) Displacement simulations: the color levels
describe the displacement magnitude relative to the anchor, white =0 pm, red = 14 pm; (b) Stress
simulations: the color levels describe the von Mises stress magnitude, white = 0 N/m?, red = 3,1 -108
N/m?.

In Figures 3.2 and 3.3, we present the deformation of the RCC pivot (a) and the stress
distribution along the beams (b) for the corresponding deformation. The displacement
is composed of a pure rotation. The stress distribution for the simple beams are located
along the whole beam and the highest stresses are located in the extremity of the beams.
The reinforced beam stress simulations highlight two main points. First, it comforts the
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hypothesis that the rigid body can be considered as a rigid element, as assumed in
§2.1.3.2. Secondly, the stress magnitude in the reinforced pivot is of the same order as
in the simple beams.

Displacement simulations for 6 = 4+10°

Theoretical Simulated Error
Parameters rotation rotation €= %

Beam Type b [um] M [Nm] O [°] Osim [°] €
reinforced 2 5,40-1078 9,993 9,15 -8.4 %
reinforced 3 1,82-1077 9,979 9,21 -7.7 %
reinforced 4 4,32-1077 9,993 9,46 -5.5 %
reinforced 5 8,44-1077 9,996 9,56 -4.4 %
simple 9 308107 9,989 9,33 6.6 %
simple 3 1,0410°7 9,994 9,34 6.5 %
simple 4 2,46-1077 9,973 9,32 -6.6 %
simple 5 4,81-1077 9,984 9,48 5.1 %

Table 3.2: Angular displacement simulation. Simulation of a 10° rotation compared to the theoretical
value. The material is supposed isotropic, E=160GPa. The simulated moment, applied on the pivot
M, has been calculated depending on the beam width b in order to obtain a 10° rotation (Theoretical
rotation ;). This value is compared to the simulated one (Simulated value 6;,,). The percentage of
error is relative to the theoretical value.

These simulations show the good validity range of the stiffness equation of the simple
and reinforced RCC pivots. In comparison to the previous 5° rotation simulation, the
percentage of error is kept low and at the same order of magnitude. As for the previous
simulations, the error increases as the beam width reduces.

Asymetry —

E Displacement

ﬂ Stress

Figure 3.3: SolidWorks finite element analysis of the RCC reinforced pivot deformation for a 10°
rotation (top) reinforced beam, (bottom) simple beam. (a) Displacement simulations: the color levels
describe the displacement magnitude relative to the anchor, white=0 pm, red= 28 um; (b) Stress
simulations: the color levels describe the von Mises stress magnitude, white= 0 N/m?, red = 6,4 -108
N/m?.

In Figure 3.3, the stress distribution is the same as for the 5° rotation simulations. We
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can notice that the beam’s internal stress is kept under the yield strength of silicon, which
is of oy = 7 GPa [15]. The large rotation range of the butterfly pivot is confirmed by
the simulations. However, the 10° simulation’s rotation highlight a parasitic translation
in addition to the rotation of the RCC pivot. This is particularly visible in Figure 3.3 on
the reinforced RCC pivot displacement: the horizontal beam is more displaced than the
vertical one. This observation is confirmed by S.Henein et al. [10] who states that the
butterfly pivot is composed of four RCC pivots, where each one of these pivot motions
can be described as a rotation and a parasitic translation.

S. Henien asserts that the key advantage of the butterfly pivot is the distribution
of the total stroke over the four RCC pivot stages, and the center shift compensation
between the stages. Indeed, the pairs of RCC pivots are arranged in a manner that
makes their respective parasitic center shift compensate one another. This property of
the butterfly pivot is studied in the following section.

3.1.2 Analytic model and butterfly pivot simulation compari-
son

After the simulations of the butterfly pivot’s elementary component, we have simulated
the static deformation of the whole butterfly pivot in order to confirm the parasitic
center shift compensation of the serial RCC pivot, and to study the equations (2.1) and
(2.3).

Here again, the simulated material’s properties are assumed isotropic, as the equation
does not take into account the anisotropy properties of silicon.

Butterfly angular displacement simulation

Theoretical Simulated Error
Parameters rotation rotation €= %

Beam Type b [um] M [Nm] 6y [ uim [ ‘
reinforced 2 0,5-1078 3,70 3,40 8.1 %
reinforced 2 1-10°8 7,40 6,77 -85 %
reinforced 2.5 0,5-1078 1,89 1,76 -6.9 %
reinforced 2.5 1.10°8 3,79 3,51 -7.4 %
simple 2 0,5-1078 6,49 6,29 3.1 %
simple 2 1-1078 12,97 12,39 -4.5 %
simple 2.5 0,5-1078 3,32 3,24 -2.4 %
simple 2.5 1-1078 6,64 6,46 2.7 %

Table 3.3: Butterfly angular displacement simulation: Comparison of the simulated value with the
value calculated. The material is supposed isotropic, with E = 160 GPa. The simulated moment
applied on the pivot M is of 0.5-1078 Nm or 1-10~® Nm, with the two beam parameter width b of 2 ym
and 2.5 ym. The theoretical rotation () obtained with this parameters (equations (2.1) and (2.3)) is
compared to the simulated one (fs;,,). The percentage of error is relative to 6y,.

The torque M is fixed at 0.5-107® Nm and 1-10~® Nm. The simulations of the re-
inforced beams differ more than in the case of simple beams, but they keep a good
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conformity with the calculated values. It is however interesting to notice that the simu-
lations fit well with the calculations, as the mesh could have been problematic. Indeed,
the structure with high element size ratios are difficult to simulate, and such long struc-
tures are critical to simulate.

N

\\.__/“\ Y
Figure 3.4: Butterfly angular displacement simulation: Deformation of a butterfly pivot with simple
beams (a) and with reinforced beams (b) for a same applied torque of 1 - 1078 Nm. The beam width

is b = 2 um. The color levels describe the displacement magnitude relative to resting position, white
= 0 pm and red = 135 pm.

Figure 3.5: Butterfly angular stress distribution: Internal stresses of a butterfly pivot with simple
beam (a) and with reinforced beam (b) for a same applied torque of 1 - 1078 Nm. The beam width is
b = 2um. The color levels describe the von Mises Stresses magnitude relative to no stress, white = 0
N/m?2, red = 1 - 108 N/m?.

Figure 3.4 shows the deformation of the butterfly pivot for the two types of beams.
The deformation of the butterfly is, in both cases, a rotation with no parasitic transla-
tion. The parasitic center shift compensation between the RCC pivot advanced by S.
Henein is confirmed by the simulations.
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We can also observe that the stroke of the reinforced pivot is smaller than the simple
one for a given torque. This was expected as we saw in §2.1.3.3 the reinforced beam
increases the stiffness.

Figure 3.5 exposes the small effect of reinforced beams on the stress distribution.
As the stress is concentrated in the extremity of the beams, the reinforced beam
does not affect much the stiffness compared to the reduction of the active flexure
beams. We will observe the effect of the reinforced beam on the buckling charge in §3.1.4.

3.1.3 Silicon orthotropic properties study

All the simulations shown in §3.1 and §3.1.2 have been realized with the material as-
sumed isotropic, since we refer to theoretical equations for isotropic material. In the
following section, we compare simulations of the whole butterfly pivot performed under
the assumption that the material is either isotropic or orthotropic. Indeed, the silicon
properties depend on the crystal orientation. The orthotropic properties (see Appendix
A.3) and the simulations parameters have been defined following the simulations recom-
mendation of Matthew A. Hopcroft in his article entitled “What is the Young’s Modulus
of Silicon” [11]: The study is for (100) oriented silicon. The simple beam simulations
have not be performed as the solver failed.

Orthotropic reinforced butterfly angular displacement simulation

Parameters Isotropic Orthotropic Error ¢= W
b [pm] M [Nm| 0 [°] Oorino [°] €
2 0,5-1078 3,40 4,10 171 %
2 1-10°8 6,77 8,14 -16.8 %
2.5 0,5-1078 1,76 2,12 -17.0 %
2.5 1-10°8 3,51 4.23 -17.0 %

Table 3.4: Orthotropic reinforced butterfly angular displacement simulation: Comparison of the
simulated value with an orthotropic material with the value calculated for an isotropic material. The
simulated moment applied on the pivot M is of 0.5-10~% Nm or 1-10~8Nm, with the two beam parameter
width b of 2 pm and 2.5 ym. The simulated rotation angle 6;5,, with the isotropic material properties
(E = 160 GPa), is compared to the simulated value 6,¢p0, defined with orthotropic material. The
percentage of error is relative to the orthotropic value.

The percentage of error is too large to be considered negligible. The influence of
the orthotropic properties of silicon is important and must be taken into account. The
stiffness equations of the butterfly pivot (equations (2.1) and (2.3)) and the resulting
displacement depending on a load must be considered as an approximation in the case
of single-crystalline silicon.
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3.1.4 Buckling simulations

In this section, we present the buckling simulation performed on the beams and on the
butterfly pivot.

Buckling simulations of the beams

The aim of this section is to observe and quantify the effect of the reinforced beam
on the buckling factor of the butterfly pivot. The first simulations were performed on
the beams itself. The simple beams and the reinforced one have been compared and we
also change the material properties (isotropic or orthotropic).

Case 1

Figure 3.6: Buckling simulation: definition of the charges applied on the beam. (a) A force F' is
applied vertically on the beam. (b) The moment M is applied with an angle of 45° angle relative to the
neutral axis of the beam.

The maximum force applied on the beam and the maximum torque before the buckling
of the structure are summarized in Table 3.5.

Buckling simulations of the beam

Parameters Maximal Force Maximal Torque

Beam Type Material properties Fraz [1N] Myqz [Nm]
reinforced isotropic 461,93 0
reinforced orthotropic 489,65 0
reinforced isotropic 0 9,83-1078
reinforced orthotropic 0 9,89-1078
simple isotropic 129,58 0

simple orthotropic 141,51 0

simple isotropic 0 2,11-1078
simple orthotropic 0 2,13-1078

Table 3.5: Buckling simulations: Comparison of the maximum torque M,,,, and the maximum force
Fnqz applied before buckling, depending on the beam type and on the material properties.

The results of the simulations highlight the positive effects of the reinforcement of
the beams on the buckling charge: there is a factor four on the maximum torque, or
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force applied, on the reinforced beams compared to the simple beams. The material
anisotropy has a limited influence on the buckling charge limit.

Buckling simulations of the butterfly pivot

The buckling limit charge has also been simulated on the butterfly pivot. The simu-
lation of this parameter is time consuming (in term of computing time) and the butterfly
pivot with simple beams could not be simulated, as the solver failed. However, the re-
inforced butterfly pivot simulations ran well. The results are summarized in Table 3.6,
depending on the material properties.

Figure 3.7: Buckling simulation: definition of the charges applied on the butterfly. A moment M is
applied or a force F

Buckling simulations of the reinforced butterfly pivot

Parameters Maximal Force Maximal Torque
Material properties Fraz [1N] Moz [Nm]
isotropic 517,07 0
orthotropic 471,12 0
isotropic 0 1,91-1077
orthotropic 0 1,69-1077

Table 3.6: Buckling simulations: Comparison of the maximum torque M, 4, and the maximum force
applied F,q. before buckling depending on the beam type and on the material properties.

The influence of the material properties are not too strong as the buckling charge
limit is of the same order of magnitude. The maximum torque before buckling is twice
the buckling charge limit of the beam with the same parameters. As the butterfly
structure weakest link is composed of two beams in parallel, this value is normal.
However, the maximum force before the buckling of the butterfly does not respect this
expectation. The value must be taken as an order of magnitude and not as an exact
value.

These buckling load values, with respect to scaling laws, correspond to large loads at
such scale. They indicates that the micromotor can be used in microrobotic applications.
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3.2 Finite Element Modal Analysis

Having measured the dynamic behavior of the micromotor, we have simulated the
frequency response of the complete micromotor. The eigenmode and the deformation
shape of each modes have been extracted from the simulations.

The eigenmode results of the FEA simulations and the experimental modal analysis
performed with the Polytec Microsystem Analyser MSA-400 are summarized in Table
3.7. This table highlights the high conformity of the simulations for the first 5 modes
(with a discrepancy lower than 10%).

Modal simulation compared to experimental analysis

Mode FEA simulations Experimental analysis Remarks

1 170 Hz 163 Hz In-plane see, Figure 2.19

2 683 Hz 665 Hz In-plane, see Figure 2.19

3 2810 Hz 2616.4 Hz Out-of-plane, see Figure 2.20
4 5350 HZ 5018.0 Hz Out-of-plane, see Figure 2.20
5 6110 Hz 5726.6 Hz Out-of-plane, see Figure 2.20

Table 3.7: Modal properties of the micromotor: comparison of the FEA simulations with the Polytec
Micro System Analyser MSA-400 measurements. The comparison highlights a good similitude between
simulations and experimentation (discrepancy lower than 10%).

Figure 3.8: SolidWorks finite element modal analysis of the rotor’s mechanical structure. The color
levels describe the displacement magnitude relative to the anchor. We show the first eigenmodes
occurring at 170 Hz (a), and 683 Hz (b). The first mode corresponds to the in-plane vibration of the
rotor ring, while the second mode corresponds to the in-plane vibration of the internal butterfly pivot.

The results of the modal analysis study are shown in Figure 3.8. For these simu-
lations, we have considered flexure beams with a width of 1.15 ym. This dimension,
which is within the optical measurement uncertainty, was chosen so as to obtain the
best match between the simulated result and the experimental data for the first eigen-
frequency. With this parameter, the first mode occurs around 170 Hz and corresponds
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to the in-plane vibration of the rotor ring, while the second mode occurs around 683 Hz
and corresponds to the in-plane vibration of the internal butterfly pivot.

Figure 3.9: Modal analysis: (a) SolidWorks finite element modal analysis of the rotor’s mechanical
structure. The color levels describe the displacement magnitude relative to the anchor; (b) Out-of-plane
measurements performed with Polytec MSA-400, reproduced from Figure 2.21. From top to bottom,
we show the third, fourth and firth eigenmode respectively.

The results of the FEA out-of-plane simulations are compared to the out-of-plane
response obtained by Laser-Doppler vibrometry in Figure 3.9. These results exhibit the
very good correspondence between the simulation and the experimental analysis.
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3.3 Simulation Discussion

In this chapter, we have compared the simulation of different components of the
butterfly pivot, and it appears that the equations (2.1) and (2.3) fit well with the
simulations. However, the anisotropic properties of the silicon limit the application
of this analytical equation, which should be considered as an approximation of the
stiffness for anisotropic materials. Furthermore, the parasitic center shift compensation
between the RCC pivot advanced by S. Henein is confirmed by the simulations.

The buckling simulations confirm the need of using reinforced beams: the internal
stress is concentrated in the small flexure element without increasing significantly the
density of stress. It results in an increase of the buckling charge limit. The simulations
also confirmed the hypothesis considered in §2.1.3.2 to establish the analytical model.
These buckling simulations indicate that the micromotor can be used in microrobotic
applications.

Finally, the modal analysis exhibits a perfect concordance between the simulations and
the experimental results.



Chapter 4

Measurement method

This chapter introduces the different measurement methods used in Chapter 5 for the
dynamic characterization of the micromotors.
In this chapter, we will focus on the following points:

e In Section 4.1, we will give a succinct overview of the most common optical
measurement methods used for MEMS characterization.

e In Section 4.2, we will describe the Polytec Micro System Analyzer (MSA-400)
which has been used for several dynamic measurements. Stroboscopic video
microscopy will be studied in detail because some limitations of the method
have been encountered during experimental measurements.

e Section 4.3 will introduce the “temporally aliased video analysis'”. This
introduction is non-exhaustive. The reader is referred to [28] for additional details.

!This denomination is taken from [28].
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4.1 Review of optical measurement methods

We introduce in this section a succinct overview of the most commonly used optical
measurement methods for MEMS characterisation. For a complete review of the optical
measurement method, we refer the reader to the review article from Bosseboeuf et al.
[5], used to establish this short review:

Optical profilometers (out-of-plane measurement, 2D or 3D profiles measure-
ment) — The principle of this method is based on the detection of the focusing variation
of a laser when a sample is scanned in zy-directions. A close-loop control of the position
of sample is usually included in the system to increase the vertical resolution to 1-10
nm. The lateral resolution depends on the z and y stages.

Microscopic interferometry (out-of-plane measurement, 2D or 3D profiles
measurement )— These measuring devices use the interferometry principle and can reach
nanometer resolution. The samples are usually scanned using a piezoelectric stage. The
vertical resolution achieved is in the range of tens of nm and the horizontal resolution
is in the submicron range.

Laser deflection (out-of-plane vibration) — This measurement principle, used in
Atomic Force Microscopy, is quite simple: a laser beam is focused on the oscillating ele-
ment and the angle of reflected beam is measured. This is a very sensitive method well
suited for resonant frequency measurement and low vibration amplitude measurement.

Laser Doppler vibrometry (out-of-plane vibration) — The laser Doppler vibrome-
try measures the phase shift and/or the optical frequency shift, induced by the Doppler
effect, of a light beam reflected on the structure to be measured. This measurement
method ca achieve a detection limit of 10 pm.

High-speed camera image processing (in-plane vibrations) — The image
processing of microscope recording is a common way to measure the in-plane motion.
High frequencies can be measured with high-speed cameras as their frame rate respects
the Sampling theorem (see §4.3.2). The resolution depends on the camera used and on
the magnification.

Stroboscopic measurement (in-plane vibrations) — In stroboscopic oscillation
measurement, short light pulses are synchronized with the excitation signal of the
structure with a short variation Af of the frequency. The apparent movement of the
structures appeared to be at the frequency which correspond to the frequency differency
Af. Knowing the stroboscopic frequency, the oscillation frequency of the structure can
be deduced.

Analysis of blurred images (in-plane vibrations) — In this method, the oscillating
structure is recorded at a frame rate much lower than the oscillating frequency in order
to obtain a blurred image. The eingenmodes are detected when the blurred amplitude
is maximum.
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4.2 Polytec Micro System Analyzer (MSA-400)

We introduce here the Polytec Micro System Analyzer (MSA-400, see Figure 4.1) as
several measurements have been performed with this device.

This Micro System Analyzer is a state-of-the-art instrument composed of three different
measuring devices combined in one measuring station. The three detection methods are:

e Surface profilometry by laser interferometry
e Out-of-plane vibration analysis by scanning laser Doppler vibrometry
e In-plane motion detection by stroboscopic video microscopy

The scanning laser vibrometry has been used to detect, measure and visualize the out-
of-plane eigenmodes of the micromotor (see Figure 2.21 and 2.19) and the stroboscopic

detection method to establish the in-plane frequency response of the micromotor, see
Figure 2.19.

Figure 4.1: Polytec MSA-400: All-in-one state-of-the-art instrument dedicated to MEMS an mi-
crostructures’ analysis. Figure reproduced from [8].
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Stroboscopic video microscopy

We briefly remind here the measurement principle of the stroboscopic measurement,
relevant during the interpretation of the results. This section will focus on a particular
basic case of stroboscopic video microscopy and is not a complete theoretic review.

In a stroboscopic video microscopy measurement, the device to measure is excited
at a frequency fegcitation and the sample oscillates at a frequency fsqmpie. In this basic
particular case study, the measurement instrument emits light pulses synchronized with
the excitation frequency at a frequency fouise = feacitation + Af, slightly different of A f
from the excitation frequency feicitation. During these light pulses, the camera shutter is
opened and the image recorded. On the video recorded, the structure appears to move
at a frequency foroboscopic = Af which corresponds to the frequency shift A f between
the excitation frequency and light pulses frequency [5].

For example, for an excitation frequency fe citation = 100H 2z and the light pulses fre-
quency at fpuse = 101H2(fegcitation + Af), the device motion “seems ” to oscillate at

fstroboscopic = 1HZ(Af) .

Tsampling .
< > Tdewce
\ oscillation
of the device
N Apparent
oscillation
— fstroboscopic=Af
L Ot
Stroboscopic
LED flashes
CCD camera
exposure
shotn n+1 n+2

Figure 4.2: Stroboscopic measurement principle: The structure to measure oscillates at a frequency
Fsampie (of a period Tsampie) supposed to be the same as the excitation frequency fezcitation (0f a period
Tezcitation). A stroboscopic light emits light pulses at a frequency fstroboscopic (0f period Tsiroboscopic)
slightly different from the excitation frequency fescitation. A CCD camera records the images of the stro-
boscopic illumination. The apparent oscillation frequency fstroboscopic = Af is equal to the frequency
shift between the excitation and the illumination.
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Polytec Microsystem Analyser stroboscopic working principle

Figure 4.3 shows the working principle of the stroboscopic imaging implemented in

the MSA-400, based on the principle presented above. The sample is excited with a sine
of frequency feicitation 10 generate a periodic in-plane motion. Synchronised with the
device in-plane motion, short LED light pulses freeze the object’s position at precise
phase angles .
In practice, the stroboscopic video microscopy of the Polytec Microsystem Analyser
MSA-400 slightly differs from the principle since it needs enough time exposure (e.g.
the sum of the light pulses) to illuminate the CCD camera. However, the measurement
principle remains the same.

Texcitation
-

Exltation / \ / \ /\ ﬂ\ ]
VILVILVATRVIIYA VIRTRVILTAY
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Stroboscopic
LED flashes
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CCD camera
exposure
shot 1 o shot 2 - shot 3

Figure 4.3: Timing diagram of the stroboscopic imaging method of the Polytec Microsystem Analyser
MSA-400 used for in-plane motion analysis.

The Polytec Microsystem Analyser MSA-400 can automatically perform in-plane
modal analysis of the structure following the procedure described in the following lines?:

1. A stroboscopic video recording of the device is performed at each frequency, defined
by the user in a certain bandwidth, with a given number of steps.

2. Each video obtained for each frequency is analyzed by image processing to define
the displacement

3. The signal obtained (position/time) is compared to a sine of frequency
fstroboscopic = Af The amplitUde for the frequency fstroboscopic = Af of
the signal (position/time) is extracted.

4. The amplitude of motion depending on the frequency (amplitude modal analysis)
is reconstructed from the previous point.

2Source: Polytec technical support [8], Polytec presentation and discussion, Polytec engineer, Sven
Frank, (Workshop EPFL), the 25" August 2010.
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Limitation of MSA stroboscopic method

The measurement method of the Polytec MSA-400 supposes that the structure
oscillates at the frequency of excitation feycitation = fsample- However, if the structure
oscillates at an other frequency, at frequency twice the excitation frequency for
example, the procedure described above fails at step 3. Indeed, as illustrated in
Figure 4.4, the amplitude at the frequency fsroposcopic COntains within a signal at
twice the excitation frequency does not correspond to the correct amplitude of the
signal. This can be compared to the study case as the MSA-400 is based on this principle.

Tsampling

X device
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w\ /\ /Mmq\ oscillation of the device
\/ \/ \/ \/\&M’ WWW \/ (twice the excitation frequency)

oscillation expected
by the algorithm

»
o

L ot
Stroboscopic
LED flashes
CCD camera
exposure
shotn n+1 n+2

Figure 4.4: Stroboscopic measurement for a device oscillating at twice the excitation frequency.
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4.3 Temporally aliased video analysis

This section presents a measurement method based on temporally aliased video anal-
ysis [28]. The purpose of this chapter is to introduce the measurement principle and
this can not be considered as a complete explanation of the method. This section is
included to the Master project’s report as the temporally aliased video analysis mea-
surement method is not yet published. For more informations, we refer to [28]. In order
to explain the method, we introduce the program used to analyze videos in 4.3.1, then
the aliasing notion in §4.3.2.

4.3.1 Discrete Fourier Analysis of video recording

We present here the tool used to analyze the video recording: an image processing
algorithm to detect motion in video microscopy. The image processing is performed
by a MATLAB-based dedicated software in which in-plane linear displacements of
microelectromechanical systems are measured with subnanometer accuracy by observ-
ing the periodic micropatterns with a charge-coupled device (CCD) camera attached
to an optical microscope. The translation of the microstructure is retrieved from
the video by phase-shift computation, using discrete Fourier transform analysis [29].
This discrete Fourier transform analysis has been demonstrated for quasi-static mo-
tion and high speed camera recording. In both cases, the Sampling theorem is respected.

‘—O— DFT measureent method data‘

Pattern analysed 10

Rotor

0.5

o
&l
1

Stator

Oscillation Amplitude [um]

N
o

o
N
N A
w
I
[$)]
(<)
~

Time [s]

Figure 4.5: Discrete Fourier Analysis of video recording: A CCD camera attached to a microscope
records a moving periodic pattern, in this case the rotor’s teeth of the micromotor. The recorded video
is analyzed and the displacement of the structure depending on the time is extracted [29]. The shutter
opening time of the CCD camera must be short enough to obtain a non blurred image.

Figure 4.5 shows a typical Discrete Fourier Analysis of video recording, named DFT in
the frame of this project. A pattern is recorded and analyzed using DFT analysis. The
displacement of the structure depending on the time is extracted, in this case with a
sampling rate respecting the Sampling theorem.
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4.3.2 Aliasing and the sampling theorem

We present in this section the aliasing and the sampling theorem. The aliasing occurs
when two signals become indistinguishable after sampling. In other words, the signal
can not be reconstructed from its discrete (sampled) signal and is non distinguishable
from another, as illustrated in Figure 4.6.

-—

Amplitude
o

Time [s]

Figure 4.6: Aliasing example: The two signals, blue and red, are non distinguishable after sampling.

The Nyquist rate fy - can be defined as the minimum sampling rate required to
avoid aliasing. The Nyquist rate fy is equal to twice the highest frequency fsignat,max
contained within the signal (for a bandlimited signal of BW=0-B, fy = 2B) [13]:

fN = 2fsignal,maac = 2B (41)

The sampling theorem states that the sampling frequency fsampiing 0f a signal must
be higher than the Nyquist rate fy in order to reconstruct this signal from the samples
[13]:

fsampling > fN (42)

In classical video motion analysis, the sampling theorem is respected as the frame rate,
which corresponds to the sampling frequency, is twice higher than the motion frequency.
Figure 4.5 is an example of classical video analysis.

When the Sampling theorem is not respected, the signal is said undersampled.

4.3.3 Temporally aliased video analysis

The temporally aliased video analysis consists of using the algorithm
described above in order to compute undersampled motion recording. In
the frame of this project, we focus on the use of this method for modal analysis: the
device to measure is excited with a swept frequency and the motion is recorded with a
frame rate fogmpring = fs which does not respect the Sampling theorem. The shutter
of the camera is opened during a time tgpuer = 1/5000 s short enough to obtain a
net picture of each frame. A simple way to “comprehend” this method is the following:
the “random” position of an oscillating device is measured within its maximum motion
amplitude range for a known excitation frequency.
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We introduce in Figure 4.7, an example: the data obtained for a sine chirp of voltage
V(t) from a frequency foare = 1 Hz to foop = 1 KHz in a time e, = 4 minutes. The
device measured is a push-pull actuator [2].

e |/ o DFT measurements (27.781 fps / 14.976 fps)

Oscillation amplitude, Ax [um]

T T T
400 600 800 1000

Oscillation frequency, /' [HZz]

Figure 4.7: In-plane dynamic characterisation of a push-pull actuator. Video recorded with the
Keyence VHX-600. Shutter set to 1/5000 sec, frame rate of 27.781 fps, sine sweep: 1 Hz to 1 KHz in 4
min.

The resulting data obtained does not allow the reconstruction of the signal but the
amplitude of the oscillation is contained within envelope of the discrete sampled
signal. With this information, the resonance frequency can be detected in the sweep of
frequency. Of course, the “sweep duration”, tspeep = tstart — tstop, Must be long enough
to obtain a dense discrete signal in order to detect the envelop of the signal.

In order to perform the measurement above, the video recording must be synchronized
with the camera in order to know to which excitation frequency the detected resonance
frequency corresponds. There are two possibilities. Firstly, synchronize the camera
and the function generator by a Labview program for example. This option needs an
appropriate function generator and camera which can be synchronized. The other option
is described in the lines below.
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4.3.4 Signal and camera synchronization

A closer analysis of the discret signal from Figure 4.7 highlights node-like behavior at
multiples of the Nyquist frequency %, as illustrated in Figure 4.8.
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Figure 4.8: Stroboscopic freezing for f = N -

This is a form of stroboscopic freezing effect: for frequencies f that are multiple of the
frequency f = N - %, the apparent motion either appears as frozen (for f = N - %, N =
2,4,6,8,...) or as bistable (for f = N - %,N = 1,3,5,7,...). This effect is visible in
Figures 4.9 and 4.10.
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Figure 4.9: Apparent bistable state: the sampling frequency is of the form f = N-&5 N =1,3,5,7, ...
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Figure 4.10: Apparent frozen state: the sampling frequency is of the form f = N - %, N =24,6,8,...

This phenomenon can be used to synchronize the data obtained after image processing.
This property can be problematic if the resonance peak to measure is exactly at the
frequency of a node, but it can be avoided by choosing another frame rate.



Chapter 5

Dynamic characterization of the
stepper micromotor

The experimental modal analysis presented in Chapter 2 has been performed by stro-
boscopic video microscopy using the Polytec Micro System Analyzer MSA-400!. In this
chapter, we complete the study of the micromotor presented in §2.2.2 with the following
measurements:

e Dynamic characterization using the “temporally aliased video microscopy”
method presented in Section 4.3. The motion of the device has been recorded
with a standard CCD camera mounted on a Keyence VHX-600 microscope (see
also Appendix A.4).

e Measurement of the transient response recorded with a high speed camera.
Contrary to the “temporally aliased video analysis”, the motion of the device was
recorded at a frame rate respecting the sampling theorem. Using the technique
described in [29], the data extracted from the high speed camera have been used
to measure the oscillation frequency and transient response.

In Section 5.1 and Section 5.2, we will compare these results with those obtained by
stroboscopic video microscopy. In Section 5.3, we will demonstrate the “electrostatic
stiffening”.

!These measurements have been performed at the University of Twente, MESA+, The Netherlands.
Therefore, no additional measurement with this method could be performed in the frame of this Master
Project.
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5.1 Case I: Sine excitation with a DC offset

5.1.1 Driving signals

We want to compare the stroboscopic MSA-400 measurements with the temporally
aliased video microscopy. For that purpose, we have chosen identical driving signals
to the one used during the previous MSA-400 measurements. The driving voltage U;(t)
of phase i (the index i refers to the corresponding phase, i = 1,2,3) is of the form?:

Uy (t) = 0; Uy(t) = Us.pe + Us qesin(wart); Us(t) = 0;

A (5.1)
U27DC =1 V7 UQ,ac =1 VYa

where the indexes DC' and ac refers to constant voltages and alternatives voltages re-
spectively. The actuators motion amplitude A is proportional to the electrostatic torque
M, and depends quadratically on the applied driving voltage U, see equation 2.8:

2
Ax My o U”.
Driving voltage Electrostatic actuation
MejocU2
L U,()=T+sin(wart) o~ U,(t)’= 3+2sin(wert)-2cos (2wart)
Time z Uy(t)?
domain 2 4]
2 t [0] ot
Ul Ul
Frequency
domain 1 1
{ | t »W t L1 ¢t Jw
-wdr Q0  Wdr 2wdr -wdr 0 wdr  2wdr

Figure 5.1: Signals: (left) Driving signal; (right) Excitation signal composed of two frequencies, see
the equation 2.8.

Driving voltage Electrostatic excitation
de = L;;l: fexc,l = L;;l: = fdr fexc,2 = 2;)% = 2fdr
U(war) = 2Vpp Ulwar)? =4V, U2wa,)* = 1V,

Table 5.1: Driving signal frequency and excitation signal frequencies.

The electrostatic excitation signals are distinct from the driving voltage, composed of
two frequencies, feze1 and feze2, see Table 5.1 and Figure 5.1. For convenience, we
will expose all the measurement in each figure depending on the electrostatic
excitation frequencies.

In Figure 5.2, the main excitation frequency f.;.1 is the driving frequency fg.. For
this reason, this frequency is well suited for stroboscopic measurements. However, the
second frequency fe;c2, even with a lower amplitude, excites the device at twice the

2This driving signal is recommended by Polytec for its MSA-400.
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driving frequency. The resulting oscillation can not be detected with the MSA-400, as
discussed previously in chapter 4.

5.1.2 Experimental measurements

Figure 5.2 shows the experiments performed with the stroboscopic video microscopy and
the temporally aliased video microscopy of the rotor (top) and the butterfly internal
structure (bottom) for the excitation signal summerized in Table 5.1.
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Figure 5.2: Comparison between the stroboscopic video microscopy and the temporally aliased video
microscopy performed on the two-mask micromotor. Temporally aliased video microscopy: video
recorded with the Keyence VHX-600. Shutter set to 1/5000 sec, frame rate of 27.781 fps, linear sine
voltage chirp: fg- = 1 Hz to 400 Hz in 5 min. In red are reported additional measurements performed
with a high speed camera showing that the oscillations occurring driving voltage of fg. =81.5Hz oscillate
at 2f4. = 163 Hz (see also Figure A.5 and Appendix A.5).

We observe a good concordance of the two measurement methods concerning the ampli-
tude of oscillation and in-plane resonant frequencies. However, the resonant frequency
occurring at frequency fy,iiface = 81.5 Hz is not detected by the MSA-400. Indeed, this
resonant peak is an artifact that is excited by the frequency feyco = 2fs = 163 Hz for a
driving voltage frequency fg4. = 81.5 Hz. It is not detectable with the MSA-400 strobo-
scopic method described in §4.2, as the oscillation frequency is different from the driving
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frequency. The amplitude of the artifact peak is smaller since the excitation amplitude
|U(2wqr)?| is smaller than for the main excitation frequency |U(2wa,)?| = 1 |U(war)?|.
The high speed camera measurement confirmed this hypothesis (see also Figure A.5 and
Appendix A.5). We observe that the oscillation occurring for an excitation frequency of
81.5Hz are actually oscillating at fe,co = 163H z.

This measurement highlights that the driving signal recommended by Polytec was not
chosen judiciously, as it is composed of several excitation frequencies. However, it also
illustrates that the temporally aliased method is more robust than the stroboscopic
because it does detect the oscillation amplitude occurring at any frequency.

5.2 Case II: Pure sine excitation

5.2.1 Driving signals

In order to confirm the previous measurement interpretation, another driving voltage
has been chosen to obtain an excitation signal composed of only one frequency. The
sine driving voltage signal U;(¢) is of the form:

Uy(t) = 0; Uy(t) = Uy gesin(wat); Us(t) =0, (52)
U2,ac =2 V7 '

where UMC was chosen so as to keep the same excitation amplitude as in §5.1. The
electrostatic excitation, which depends on the square value of the driving voltage, is
only composed of one frequency, feyco = 2f4, with the same amplitude as for the
previous excitation signal (see Table 5.1 and Figure 5.1).

Driving voltage Electrostatic actuation
MeocU? )
U,(t)=2sin(warit) = U,(t)"= 2-2c0s (2wart)
2
Time Uz(t)2 Uz(t)4
domain
2 \/ . o X
[U(w)l [U(w)l
Frequency
domain } | |
| I » ! L W
-wdr 0 Wdr 2wdr -wdr 0 wdr  2wdr

Figure 5.3: Signals: (left) Driving signal; (right) Excitation signal composed of one frequency.

Driving voltage Electrostatic excitation
fd?“ - L;_jrr fexc,l = 0, fe:cc,2 = 2(;% = 2fdr
U(war) = 1V, U(2wa, ) — V2

Table 5.2: Driving signal frequency and excitation signal frequency.
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5.2.2 Experimental measurements

Figure 5.4 shows the oscillation amplitude of the rotor (top) and butterfly internal
structure (bottom) for a pure sine driving voltage signal recorded by “temporally aliased
video microscopy”. The red lines show the measurement performed with a high speed
camera.
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Figure 5.4: Frequency response of the two-mask micromotor. The oscillation amplitude of the rotor
and butterfly internal structure have been measured using the temporally aliased video microscopy
analysis measurement method recorded with the Keyence VHX-600, shutter set to 1/5000 sec, frame
rate of 27.781 fps, linear sine voltage chirp: fz = 1 Hz to 400 Hz in 5 min. Red lines show the
additional measurement performed with an high speed camera. For these recordings, the device oscillate
at frequency equal to fezc2 = 2far.

These measurements confirm that the resonant frequency occurring at 81.5 Hz was
actually an artifact of the actuation.

We can then conclude that the temporally aliased video analysis measure the amplitude
of oscillation independently of the excitation frequency. For this reason, the excitation
signal should be composed of only one frequency; otherwise the frequency response
interpretation could be misleaded. (For example, the oscillation peak at 80Hz in
Figure 5.2 could be wrongly interpreted as an eigenmode).

From §5.1 and §5.2 | we can conclude that the temporally aliased video analysis has the
advantage of measuring the amplitude independently of the excitation frequency. With
this property, the abnormal or unexpected frequencies can be observed.
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5.2.3 Nonlinearities

After a carefully observation of Figure 5.4, we can notice small oscillation variations at
excitation frequencies of f.,. = 80 Hz and f.,. = 320 Hz. This can be explain by the
nonlinearities of the system. Indeed, as we will discuss in chapter 6, nonlinear systems
can exhibit subharmonics and superharmonics oscillations [16]. The subharmonics os-
cillations involve oscillation of the device at frequencies fq, related to the excitation
frequency f... by:

[
fsub,n = exc’ (53)
n
where n = 1,2, 3, ..., and the superharmonic oscillations involve oscillations at frequen-

cies foupn, related to the excitation frequencies f.,. by:

fsup,n =n- fexc- (54)

In the case of our micromotor, a subharmonic of frequency fsup2 = ! < and a superhar-
monic of frequency fsup2 = 2fese are visible, see Figure 5.5.
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Figure 5.5: Nonlineratities observed with the temporally alisased measurement video microscopy
(recorded with the Keyence VHX-600. Shutter set to 1/5000 sec, frame rate of 27.781 fps and 14.976
fps, sine voltage sweep: fqr = 1 Hz to 200 Hz in 5 min.). Oscillation variations occur at 81.5 Hz and
326 Hz.
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This phenomenon was observed more clearly for higher voltage actuations (not shown
in this report). We notice that these nonlinearities have not been detected by the
Polytec MSA-400.

Chapter 6 will be devoted to the modeling of the micromotor, and the non-linearities
will be discussed in more details and compared to the experimental results.

To complete these results, we show in Figure 5.6 the “folding frequency nodes” occurring
at frequencies N - % This Figure illustrates the explanations given in §4.3.4.
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Figure 5.6: Temporally aliased video microscopy, detail of Figure 5.5: The “folding frequency nodes”
occurring at N - % can be used as references for postprocessing of the data. The frame rate should be
chosen appropriately so as to avoid superposition of the nodes with the eigenmode. (video recorded
with the Keyence VHX-600. Shutter set to 1/5000 sec, frame rate of 27.781 fps and 14.976 fps, linear
sine voltage chirp: fgz = 1 Hz to 200 Hz in 5 min.)
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5.3 Case III: Electrostatic stiffening

In §5.2, we have measured the frequency response in the case of an excitation on one
phase only. Here, we performed a specific two phases actuation. The aim of this exper-
iment was to observe the effect of a DC voltage applied on phase 1, while the phase 2 is
activated with an AC voltage.

5.3.1 Driving signals
The driving voltage U;(t) is of the form:

Uy(t) = Uy pc = const; Uy(t) = Uy gesin(w : drt); Us(t) =0,
UQ,ac =2 V:
(5.5)

5.3.2 Experimental measurements

Figure 5.7 exhibits the results extracted from a series of temporally aliased video analy-
sis. The resonance frequencies of the rotor and butterfly structure is reported for various
values of U; po = 0, 5, 10, 15, 20, 25 and 30 V.
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Figure 5.7: Electrostatic stiffening: The rotor eigenfrequency increases when a DC voltage is applied
on phase 1. The eigenmode corresponding to the butterfly internal structure remains relatively constant.
Figure reproduced from [22].

In Figure 5.7, we demonstrate that the first resonant frequency can be tuned by
“electrostatic stiffening” [23]. The graph was obtained from data like those shown in
Figure 5.4. When a DC voltage is applied on phase 1 (U; pc = const.) while the AC
excitation is performed on phase 2, an electrostatic force tends to keep the rotor’s



5.3 Case III: Electrostatic stiffening 51

teeth aligned with phase 1. The rotor is directly affected by the stiffening while the
butterfly — which is mechanically connected with flexure beams to the rotor — keeps
its own degree of freedom, even when the rotor is firmly blocked. As a result, the
butterfly eigenmode remains relatively constant while the rotor eigenmode increases
almost linearly with U;. This behavior is consistent with the FEA reported in §5.3.3.

5.3.3 FEA simulations

This behavior is well reproduced with the in-plane FEA simulations, see Figure 5.8.
The butterfly’s resonant frequency is similar for a rotor completly free or firmly blocked.
Here again, the electrostatic stiffening effect will be discussed and further understood in
chapter 6. This effect is important as it influences the micromotor motion and transient
response.

Mechanical linkage

Figure 5.8: Electrostatic stiffening influence on the rotor resonant frequency. The color levels describe
the displacement magnitude relative to the anchor. (a) FEA simulation with a rotor completely free:
the 2"¢ mode corresponds to the butterfly resonant mode at 683Hz, reproduced from Figure 3.8 (b)
FEA simulations with the rotor blocked, corresponding to an “infinite stiffening” of the rotor: the first
resonant mode corresponds to the butterfly resonant mode at 657Hz.

Figure 2.17 particularly highlight the electrostatic effect in the micro-
motor displacement: the resting position at 9° is kept by the electrostatic stiffening
occurring on phase 2 and 3. The transient oscillations are directly linked to the voltage
applied and disturb the positioning of the micromotor.






Chapter 6

Mathematical model of the 3-phase
stepper micromotor

In this chapter, we will establish a complete mathematical model that includes both the
mechanical properties and the electrostatic actuation. We will focus on the following
points:

e In Section 6.1, we will establish the complete mathematical model.

e In Section 6.2, using the software Maple 13, we will perform numerical applica-
tions corresponding to each of the cases presented in Chapter 5.

Under the assumption of small displacements, we will establish a simplified model of
the micromotor. Moreover, the butterfly second resonant mode will not be considered,
as its dynamic properties are known (see Section 5.3).
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6.1 Modeling of the micromotor

6.1.1 Geometrical model

In order to establish an analytical model of the micromotor, we first introduce the
simplified geometrical model. In this chapter, we will consider the butterfly pivot as a
linear spring. In addition, the internal butterfly structure dynamic behavior will not be
considered in this model.

As the model will be mainly used for dynamic modal analysis with very small dis-
placement, the motion of the rotor can be simplified to a linear displacement. This
model is valid for a circular motion with the proper substitution (see Appendix A.6).
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Figure 6.1: Model of a 3-phases linear stepper micromotor: the rotor of inertial mass m damped by
a coefficient ¢ and guided by a spring of stiffness & is actuated by three phases, each being composed
of teeth separated with a period T,. Each group of the stator teeth, corresponding to the phases 1, 2
and 3, are distributed with a respectively teeth misalignment of 0, T,./3 and 27T, /3. The red vertical
lines show resting position of each phase. The potential energy and the force acting on the rotor for
each phase is shown under the corresponding phase for a given voltage U; = const.

The rotor of inertial mass m damped by a coefficient ¢ and guided by a spring of
stiffness k is electrostatically actuated by three phases, each one composed of teeth of
spacial period T,. Each group of the stator teeth, corresponding to the phases 1, 2 and
3, are distributed with a respectively teeth misalignment of 0, 7,./3 and 27, /3.

6.1.2 Actuation model

The driving force Fj,; of the stator phase i acting on the rotor is calculated below.
From this equation, the expression of the global driving force of the three phases will
be expressed.

The driving force Fy.;(z,t) of the stator phase i (i=1,2,3), acting on the rotor, is
expressed as the derivation of the electrostatic potential energy W; of the phase i, relative
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to the linear displacement x of the rotor [25]:

oz
where W; depends on the capacitance C;(x) between the rotor and the stator phase i,
and on the actuation voltage U;(t) [25]:

Fui(z,t) = (6.1)

W, = —%C’i(x)Ui(t)Z. (6.2)
Substituting (6.2) in (6.1), we find:
Faral,t) = 5= Ui(1)” (6.3)

We observe from equation (6.2) that:
- The actuation voltage U, is time dependent (driving signal).
- The capacitance depends on the position z of the rotor, as shown in Figure 6.2.

I3
rot

X
\
or N\
Tx
>
| phasq 1 |
\
- AVAVATAVA)
Cmin=0

Capacitance

Figure 6.2: Capacitance between the rotor and the stator: the capacitance varies from C,,;y, (teeth
completely missaligne) to Cnqz (teeth completely aligned). In our model, the variation of capacitance
is assumed to be sinusoidal.

The capacitance variations is C},4: — Crin = C and the minimum capacitance C,,;, = 0.
The approximation of a null capacitance when the teeth are misaligned has no influence
on the following calculations, as only the amplitude variations are considered. We
will consider a sine approximation in order to keep the model simple; more complex
expression of the capacitance are possible, see for example [20].

The expression of the capacitance is:

1 1 2 2
Ci(z) = C(é + 5005((%3: — gol)) + Chin, i = ?ﬂ(z —1),w, = %, Crnin = 0. (6.4)

Where ¢; is the geometric phase difference between the phases and T, is the geometric
period of the teeth.
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From (6.4), we find the partial derivative acaiix):
0C;(z Cw, .
&i ) =—— sin(w,x — ¢;). (6.5)
Introducing (6.5) in (6.3), we have:
Cw, |
Furi(z,t) = — d sin(w,x — ;) Ui (t)?. (6.6)

Using this last expression, we can easily deduce the global driving force Fy,: it is the
sum of three forces acting on the rotor:

Fy(x,t) = — 2?21 ijf sin(w,x — @)Uy (t)? (6.7)

6.1.3 Equation of motion

The equation of motion gives the time dependent position z(?) of the rotor. We use the

convention & = ‘fl—f , T = ‘2729” to alleviate notation. The expression of the equation of

motion is (see Appendix A.7):

mi + ct + kx = Fg(x,t). (6.8)

To write this equation in a more common form, we introduce the undamped natural
frequency wy and the damping ratio ¢ [16]:

k c
Wy = \/;, C: 2\/@ (69)

The driven harmonic oscillator equation can be rewritten [26]:

Fdr(.l?, t)

&+ 2Cwod + wix = (6.10)

With the expression of the driving force Fy,(x,t) (6.7), the resulting equation of motion
1s:

i+ 2woi 4+ wiz = — 320 S gin(wr — ;) Ui(t)? (6.11)

i=1 4m

6.1.4 Dynamic model

Equation (6.11) can be completed in order to obtain the model of the micromotor
actuated with a three phases sinusoidal signal.

The driving voltage applied on each phase 7 is defined by:

where (2 is the time dependent pulsation of the actuation voltage, and 1; the time
phase difference of the phase 1.
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With this excitation voltage, the equation of motion of the micromotor is:

i+ 2wot +wir =30, CZZLUE sin(wzx — ;) (sin(Qt 4 1;))? (6.13)

6.1.5 Energetic representation

The micromotor can be studied from the point of view of its potential energy. The
potential energy representation of the system is well suited to understand the behavior
of a system. Indeed, considering the minimum of energy principle, the system will tend
to stay in the minimum energy position at equilibrium (it can be represented by a ball
in the graph of its potential energy).

This representation is only correct at equilibrium. So the inertia and the damping
forces are neglected, and the representation is correct for quasi-static states.

The potential energies involved are the driving force potential Wy, and the spring
potential Wj. The global potential energy W is:

W =Wy + Wi, (6.14)
and the spring potential energy is:
L, 5
Wy = §kx . (6.15)

The driving force potential energy Wy,, for phase i, is calculated from equation (6.2),
(6.4) and (6.12):

1 1 1
Wi = —§C<§ + icos(wxx — i)+ C’mm> (Uism(Qt + ¢1))2 (6.16)

In the case of the potential energy representation, the minimal capacitance C,,;, is
supposed to be null. It will only move the whole potential energy up or down depending
on the time. It is then not interesting in our representation, and will not be considered
in the potential energy graph.

With C..;n = 0, the global potential energy W is:

3
W = %ka - }l; C(1 + cos(wym — ;) (Uzsin(Qt + ¢2))2~ (6.17)

Figure 6.3 shows the potential energy, depending on the position, considering equation
(617) with U1 = U3 = 0, U2 =U.
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Figure 6.3: Potential energy representation of the stepper micromotor for one phase: the quasi-static
potential, equation (6.17), for phase 2 is shown in red. The rotor teeth highlight in black is attracted
in the potential well.

This particular case (only phase 2 is represented) is well suited to understand the working
principle of the micromotor:

e Considering the minimum energy principle, each teeth of the rotor will stay in the

minimum energy position. For this reason, the teeth illustrated in Figure 6.3 will
stay in the potential well and moves the rotor to the right.

By altering the phases actuated, the 3-phase actuation is the successive repetition
of this previous step.

The micromotor will move as long as the potential well is “deep enough”. From
eqrefglobal potential2, we observe that the potential wells depend on the applied
voltage.

For a given actuation voltage, the spring potential will overcome the actuation
digging of the potential at a certan position, and the rotor will not continue its
motion. This is visible in Figure 6.3: At t = t,, the potential well is not deep
enough and the ball (rotor) rolls back. Then, as expected, the motion range
depends on the applied voltage [18] p. 341, equation (8).
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6.2 Interpretation of the model using Maple 13

In this section, we will perform simulations of the dynamic response, by setting similar
parameters to the experimental measurements performed in Chapter 5, and using the
software Maple 13. In §6.2.1, we will establish the equation of motion corresponding
to the experimental conditions. In §6.2.2, a variable substitution will be performed in
order to enable the simulations using Maple. The simulation results will be exposed in
§6.2.3 - §6.2.6. An interpretation of the results will be given in §6.2.7.

6.2.1 Equation of motion

In the experimental measurement, shown in preventive Chapter 5, we have been
confronted to three cases depending on the driving voltage:

- §5.1 Case I: a sine voltage with a DC offset on phase 2. Phase 1 and 3 grounded.

- §5.2 Case II: a pure sine voltage on phase 2. Phase 1 and 3 grounded.

- §5.3 Case III: a pure sine voltage on phase 2, a DC voltage on phase 2 and the phase
3 grounded.

In this section, we will perform the calculations details for Cases IT and III. (Notice that
Case II is a particular case of Case III where U;(t) = 0). Case I will be derived from
Case II.

To simulate Case III, we need to define the actuation voltage U;(t) of the equation of
motion (6.11). Referring to §5.3, the driving voltage is:

Uy (t) = Uy = const, Us(t) = Ussin(§2t), Us(t) = 0. (6.18)

The resulting equation of motion corresponding to Case III is:

T+ 2Cwot + Wiz + C%ﬁsm(wxx) = —CZ;UQQ sin(w,x — ) sin(Qt)? (6.19)

6.2.2 Nondimensionalization

Equation (6.19) has several parameters which need to be measured in order to complete
the equation:

e The damping ratio ( is known from the transient response, see Figure 2.17.

e The first resonant pulsation wg is also known from the transient response, see
Figure 2.17.

e The capacitance C' is highly dependent on the fabrication process.
e The geometric period of the teeth T, (w, = 27/T,) is known from the design.

e The inertial mass m of the motor can be estimated from the design, but also
depends on the process.
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Uy, Us, Q) are chosen parameters.

The parameters C' and m are particularly hard to measure. For this reason, we will
perform a variable substitution known as “Nondimensionalization”. This method,
described in [26], enables a transformation of the equation to another form. We briefely
expose it below, and we refer the reader to [26] and Appendix A.8 for more details.

Nondimensionalization:

The idea of the nondimensionalization is to perform a variable substitution, and
express a value by a coefficient (a Greek letter) times a characteristic “unit” (de-
noted with an index ¢). For example, a mass of m = 6 kg can be expressed using:

m = Mg,

where m is the value to express, u = 6 is the coefficient, and m. = 1 kg such as
the characteristic unit. However, it may be expressed with another characteristic
unit, as the ounce [oz]: m = 211.6 oz. (' = 211.6 is the coefficient and m/ =1
oz the characteristic unit). Nondimensionalization is a variable substitution to an
other unit /yardstick.

dx _ . d®x _

(6.19) Rewritten using nondimensionalization with the convention % = x, %% = X,
becomes:
X+ 20X + X + asin(wyacx) = —sin(wyaex — 5) (sin(Qer))? (6.20)
For the calculations details, see Appendix A.8.
The following substitution definition have been performed:
t=rt., v = x2, (6.21)
the characteristic unit ¢, and x. are proper to the system:
m 1 Cw,U?
te =/ — = —|s]; e = ———=|m], 6.22
L ) (622

and 7, y are the corresponding coefficient of these values. The amplitude y is then
expressed by multiplying x by the characteristic unit x. [m]. The time ¢ is expressed by
multiplying 7 by the characteristic unit ¢, [s].

The coefficient a is defined as the ratio:

" — (%)2, (6.23)

where the parameter a corresponds to the “electrostatic stiffening”, see §5.3 [23].

Nondimensionalization takes all its sense when a closer look is taken at equation (6.20).
Indeed, in equation (6.20), the parameters to introduce are:
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e (, the damping ratio, which is measurable via the step response (Figure 2.17).

e w, (or T}) is a known geometrical parameter.

. = C“Z;CUQQ — £ 42 is the driving force amplitude Fdrg, divided by the stiffness k.

In other words, it is the maximum amplitude displacement at low frequencies (at
DC actuation). It is easily measurable in Figure 5.4.

e I

m

o t. =,/ =L  the resonant frequency of the rotor is easily measurable.
k wo

All these parameters are easily measurable with good accuracy. We notice that € is the
pulsation of the driving frequency which can be chosen to simulate the corresponding
oscillation frequency.

6.2.3 Numerical application

In our model, we have used the following parameters:

From Figure 2.19 and Figure 5.4, wy = 27163 t, = 5= s

From Figure 5.5, ., = 0.2-107% m .

From Appendix A.1, w, = 37“ = 1()%3328% m~!
. :

From Figure 2.17, the exponential decrease of the transient response A\ is A =
22 s~1. With:

A = (wo; (=—=——=0.0215,
(6.20) becomes:

0.2-2 2 1 2
= sin( WX - —ﬂ) (sin <Q 7')) (6.24)
10.838 3 27163

6.2.4 Case II: Nonlinearity simulation

0.2 27 )

X + 0.043x + x + asin 10.838X

The driving voltage corresponding to Case II, see §5.2, is:

Phase 1 is grounded. U; = Ohence a = 0. Equation (6.24) can be rewritten:

0.2-21r 2
¥+ 0.043% + y = sz'n( i —”) (sm(Q (6.26)

2
10838 % 3 27r163T))

To perform the simulations, we define the time pulsation of the sine actuation voltage
() as a linear sine chirp, since it was used in the experimental results:
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MO (6.27)

Q(t) = 27T (fstart +
2l:sweep

with fgqr¢ the initial frequency, fenq the ending frequency, and sy, the chirp time.

We calculate the amplitude response of the system for a sine actuation voltage chirp

from fsiare = 1Hz to feng = 200 Hz in a time ¢4y, = 10 s. The calculation results do

not differ for a chirp time of 10 seconds or 5 minutes.

Equation (6.26), with the pulsation definition described above, has been calculated
using Maple 13 and the code exposed in Appendix A.9.

To respect the convention set in Chapter 5, we show in Figure 6.4 the amplitude response
of the system depending on the excitation frequency fe,. = 2f4 = 2- % The amplitude
is expressed by x. With the relation z = yx., the amplitude in Figure 6.4 is relative to
e = 0.2um.
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Figure 6.4: Maple simulation results of a linear sine chirp with a driving voltage corresponding to
Case II: © = xx, z. = 0.2um. To be compared with the experimental results of Figure 5.5.

We notice that the second nonlinear peak, occurring at ~ 326 Hz in our experiments, is
not observed in the simulations.
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6.2.5 Case III: Simulation of the electrostatic stiffening effect

c F 2] u=oviu=ov © MAPLE Calculations | 10
S 3 U, =0+ 2sin(2xft)
B x ' 5
S ¢
(723 N
3738 0
fo——
% G - L-5
¢
2 . T . T . T . T . T . T . T . -10
0 50 100 150 200 250 300 350 400
Excitation frequency, f, =z [Hz]
2 10
s E U,=5V;U,=0V
= 1| U, =0+ 2sin(2xf ) -5
8 x ]
o ¢ 0
2 .
] ta
= =
% a L-5
[
2 T T T T T T T -10
0 50 100 150 200 250 300 350 400
Excitation frequency, f _=/z[Hz]
2 10
5 'Ei U,=10V; U,=0V
= = 1 - : 5
E < ] U, =0+ 2sin(2nft)
C o 0
[%2]
] =
s 2
g3
X g
2 T T T T T T T -10
0 50 100 150 | 200 250 300 350 400
Excitation frequency, f _=/z[Hz]
2 10
s E U,=15V;U,=0V
= = | u,=0+2sin2xft) s
S x
o 0 L0
%]
83 %
f——
L3 1 L5
o
25
2 T T T T T T T T T T T T T -10
0 50 100 150, . 200 0. 300 350 400
Excitation frequency, . =!Mr[|%fz]
2 10
cE U,=20V;U,=0V
L = 1| y,=0+2sin(2rf) s
S x 1
o o 0 -0
[%2]
338 =
[ ——
3g -
X o
2 T T T T T T T -10
0 50 100 150 200 250 300 350 400

Excitation frequency, f =Q/z [Hz]

Figure 6.5: Maple simulation results of a linear sine chirp excitation. The driving voltage corresponds
to the case III in §5.3.

The driving voltage corresponding to Case III, see §5.2, is:

Ui(t)=U, =const #0, a= (—)2 #0  Uy(t) = Ussin(Q2t), Us(t) =0. (6.28)
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Hence equation (6.24) can be rewritten:

0.2 27 02-2r  2r | 2
X ’ 4 . ‘ ( ) - : < a ) ( : (Q >> ’ .2
X+ 00435+ x +asin{ T523ex) = sin{ Trasex = 37 )Ry 37) ) o (6:29)

where a is a variable set depending on U; and U, (6.23).

Figure 6.5 shows the simulations results of a sine chirp from an excitation frequency
fstart = 1 HZ to feng = 400 Hz in a time tgyeep = 10 s. The calculations no not differ for
a chirp time of 10 seconds or 5 minutes.

6.2.6 Case I: Driving voltage simulation results

The actuation voltage (equation(6.18)) can be change in order to correspond to Case 111
in §5.1:

Ui(t) =U; =0. soa=0, Us(t) = Ug(% + %sm(Qt)), Us(t) =0. (6.30)

With the same calculations preformed in §6.2, §6.2.2 and §6.2.3, we find:

0.2 27 2y 11, 0 1

o~ 3) (57 3 O5g7)
Figure 6.6 shows the simulations results of a sine chirp from an excitation frequency
fstart = 1 Hz to feng = 400 Hz in a time t4,eep = 10s. The calculations do not differ for

a chirp time of 10 seconds or 5 minutes.

¥+ 0.043 + x = sm< (6.31)

Exactly as in the case I (§5.1), fezen = /21 and feyeo = 2Q/2m. The amplitude x in
Figure 6.6 is relative to x. = 2um.
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Figure 6.6: Maple simulation results of a linear sine chirp excitation with a driving voltage corre-
sponding to the case L. feze,1 = Q/27, fezc2 = 2Q/2m.

Figure 6.6 shows that the simulations are in good argreement with the expermimental
results of Figure 5.5 (top).
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6.2.7 Interpretation of the results

The dynamic behavior of the micromotor in Case II and III can be discussed and un-
derstood through the potential energy representation (Case I is already understood, see
§5.1, as it depends only on the actuation voltage).

1 Il
U

L LT
e

Figure 6.7: Potential energy representation of the stepper micromotor for one tooth: (a) sine approx-
imation of the potential W and the resulting force F; (b) Pseudo sine potential W and the resulting
force F.

[ <

In Figure 6.7 (a), we show the potential energy W and the force F' corresponding to a
single tooth. With the approximation of a sine potential, the force for small displacement
is linear (grey area in Figure 6.7). Indeed, the Taylor series of a sine function is:

3

sin(x) = x + % + ... (6.32)

However, if the oscillations exceed small displacement, the larger force is not linear and
the system becomes nonlinear.

Figure 6.7 (b) highlights the importance of the potential shape. Indeed, for another
potential shape, the reasoning fundamentals (described above) are correct, but the
resulting force is modified. Figure 6.7 (b) is an example of an other potential voluntary
chosen excessively different. The force F' is no more linear, and the behavior of the
system differs significantly.

The experimental results compared to the simulations highlight a good validity of the
sine approximation. However, a more precise capacitance expression will increase the

model value and the accuracy of the simulations (see [20]).

Notice also that the damping and inertial effects are not considered in this representation.
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Figure 6.8: Potential energy representation of the stepper micromotor stiffening effect: The phase 1

potential well W1 (U p¢) is dug by the DC voltage Uy pc and the phase one rotor teeth are trapped
in the potential. The actuation is performed on phase 2.

Figure 6.8 illustrates the stiffening effect. The Phase one potential W, (U, p¢) traps the
rotor depending on the DC voltage U; pc. It results in an apparent stiffening of the
rotor.

6.3 Modeling conclusion

This chapter, joined with the experimental results, forms a good understanding of the
micromotor studied. The experimental results concord with the model, which can be
represented by its potential energy, and intuitively understood. Each case presented in
Chapter 5 has its respective correct model.



Chapter 7

Design and fabrication of a
micromotor with a differential
capacitive sensor

In this chapter, we expose the design improvements and the fabrication results of the
prototypes. This chapter is kept succinct voluntary as it is only an overview of the work
performed in the CMi cleanroom. The details of the design and the fabrication process
data are included in the CD-ROM! of the Master Project. We will only summarize the
important main points:

e In Section 7.2, we will explain the design modifications and expose the improved
versions of the micromotor.

e In Section 7.4, after a presentation of several potential applications, we will expose
the design of a microrobotic demonstrator.

e Section 7.3 will finally provide a brief summary of the fabrication results.

Although this chapter is brief, it is not representative of the amount of time invested in
the fabrications of the micromotors and in the optimization of the fabrication process.

!The CD-ROM will be available after the Master Project’s oral defense.
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7.1 Versions of the micromotors

We present here the work performed in the cleanroon. Several iterations of the designs
have been necessary and they are presented here for convenience. We will explain in
more details their designs in the following sections.

cleanroom
o training .E
= Mask writer ?3
B out of order e
G Fabrication S
— o
o v20 & k2
e demonstrator
FEA simulations, measurements, modeling H V.2.1 ‘
=
september october november december january
2010 2011

Figure 7.1: Gantt diagram of the Master Project.

7.1.1 Micromotor v.1

The micromotor v.1 is the “single-mask” process version of the previously “two-mask”
process micromotors described in §2.2.2, [21]. The mobile elements have been perforated
(mesh-like strucutre) in order to allow the release of the structure by HF vapor etching
of SiO, sacrificial layer, see Appendix A.15. The design is illustrated in Figure A.8.

7.1.2 Micromotor v.2.0

The micromotors v.2.0 and v.2.1 have three main improvements in their designs: (i)
the implementation of a differential capacitive sensor, see §7.2.1; (ii) an increase of the
electrostatic torque, see §7.2.2; and (iii) the integration of AFM-like probes sensor for
force measurement, see §7.2.3. The micromotors v2.0 and 2.1 have been realized with a
needle hand or with a AFM-like probe sensor, see Appedix A.11 and A.12.

7.1.3 Micromotor v.2.1

The micromotor v.2.1 is similar to the v.2.0 but some modifications have been performed
in order to increase the fabrication process yield to the HF etching. The anchored parts
(e.g. the stator phases) are larger and more robust to the etching rate variations that
caused a limited yield of the v.2.0 after vapor HF etching.
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7.2 Design modifications

7.2.1 Capacitive measurement of the angular position

In order to measure the position, we have implemented an angular differential capacitive
sensor, see Figure A.11. The capacitance varies theoretically between 120 [fF] and 580
[F].

Sensor mechanical design - In Figure 7.2, we have simulated the deformation of
the rotor due to the radial electrostatic force in the capacitive sensor region. The radial
electrostatic force F(z) is expressed by:

where W is the electrostatic potential of phase 1, g the rotor/stator gap.
1 2
W=-3C (9)U~,

where C(g) is the capacitance between the rotor and the stator phase 1 depending on
the gap g and the voltage U applied.

A
C(x) = epe,—,
() =€ .

where €y, the vacuum permitivity, €, the relative permitivity of air and A the capacitance
surface. Then:

AU?
F(x) = ege,—

(7.1)

Figure 7.2: Rotor buckling simulation in the capacitance sensor region: the simulations has been per-
formed using the miromotor parameters listed in Appendix A.2 with the equation (7.1). (a) Mechanical
structure tested (b) Rotor with simple meshed structure (c) Rotor with double meshed structure

Figure 7.2 illustrates the deformation simulation of the rotor structure in the capacitive
sensor (see Figure A.11) depending on the rotor type. The simulations highlight a
buckling of the rotor with simple meshed structures and a low deformation of the double
meshed structure. The second design has been kept for the micromotor.
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7.2.2 Design modification studies in order to increase the
torque

The two-mask micromotor has limited actuation torque. For this reason, version 2 has
been improved in order to reach a higher torque. This micromotor is illustrated in
Appendix A.12 and is composed of the same butterfly pivot, as in the previous design.
However, the stator is composed of an internal stator ring. The rotor is composed of a
double-sided ring with teeth distributed on its internal and external radius.

Using equations (2.5), (2.6), (2.3) and (2.1) with the micromotors dimensions given in
Appendix A.10.1, we calculate the butterfly pivot stiffness Ky, = 7.74 - 107® Nm/rad
and its maximum angle of rotation Og , 44m = 46.0° before plastic deformation. They
are similar for all the micromotors.

For each version of the micromotor, we calculate the electrostatic torque M,; applied by
the stator on the rotor. The results are summarized in Table 7.1.

Electrostatic torque  version 1 version 2.0 version 2.1
M, 46-10Nm 10.2-108Nm 11.5-10"8Nm

Table 7.1: Micromotors electrostatic torque M,; for the different version of the micromotor.

We note that micromotors v. 2.0 and v.2.1 have a torque corresponding approximatively
to twice that obtained in v.1. For this reason, the micromotor version 2 should reach
a 30 ° (£ 15°) rotational range at lower voltage compared to version 1. This is an
interesting point considering the electrostatic sticking effect.

Comparison of the micromotors

In quasi-static state, the actuator torque M, depending on the angle 6 and on the
reinforced butterfly pivot stiffness K, of the micromotor can be calculated using the
following equation:

Mmotor(e) - Mel - 0K®,r

Fhana, corresponding to the force developed by a micromotor hand at a distance d = 1
mm from the micromotor center can be calculated with:

My — 0Kg ,

Fhand(e) - d

These calculations must be considered as an approximation since the orthotropic
properties of silicon are not considered,(see §3.1.3.

In Figure 7.3 are compared the two micromotors properties. It is obvious that the
micromotor’s second version is much more powerful.
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Figure 7.3: Comparison of the micromotor versions. The theorical torque M, ot0r(8) of the micromo-
tor and the force at the expremity of a hand of length d = 1mm from the micromotor center is reported
depending on the angular displacement.

7.2.3 AFM-like torque measurement

In order to quantify the micromotor torque, we implemented AFM-like probes in the
micromotors second version, see Appendix A.12. The sensor is simply composed of a
beam, deflected by the micromotor motion and measured by microscopy. The force can
be deduced by the material strength theory (see [6] and [9]).

Figure 7.4 illustrates the sensor working principle. The motor torque can be deduced at
the equilibrium between the motor torque and the beam reaction force.
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Figure 7.4: Force sensor: Two silicon beams are bended depending on the micromotor rotation. The
beam stiffness depends on the fabrication process. The graph exposes the two beams stiffness with their
respective incertitude of fabrication. The micromotor torques depending on the version are reported.

The beam sensor dimensions, i.e. the width b, must be measured after fabrication in
order to perform a precise measurement.
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7.3 Potential applications and design of a demon-
strator

In this section, we briefly present some possible applications in different fields of MEMS.
From these applications, we will design and fabricate a demonstrator, see §7.3.4.

7.3.1 Optical MEMS

As stated by X. M. Zhang et al. [30], variable optical attenuators can be realized by
tuning the position of micromirrors retro-reflectors position. The design presented in
Figure 7.5 does not need a large rotation angle. However, the 4+ 15 ° rotational angle
of our micromotor could open paths for new designs in MOEMS (Micro Opto Electro
Mechanical Systems). An example of application is an optical switches, illustrated
Figure 7.6. The large rotational angle is used to move a mirror which reflects an optical
signal from an optical fiber to another one.

g
B

Rotation

Figure 7.5: Example of application: Retro-axial attenuator. (top) Initial state; (bottom) increasing
the attenuation level by rotating the mirror pair (right) SEM picture of the device realized. Figure
reproduced from [30]

input
outputs outputs
m Wptica fibers

mirrors

micromotor

Figure 7.6: Example of a potential application: Optical switch using micromirrors guided by the +
15 © rotational angle of a micromotor.

This application has not been realized as the optic applications are not in the research
domains of the Laboratory of Microsystems LMIS2.
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7.3.2 Vertical stage for a profilometer

The micromotor could be implemented as a pseudo vertical stage in profilometers, as
illustrated in Figure 7.7. Indeed, a precise positioning of a microrobotic arm with a large
motion range could be advantageously used in profilometers. This design, proposed by
E. Sarajlic, has not been considered as its assembly is complex in the frame of a Master
Project.

Micromotor
=zstage

Profilometer

>

Sample

77777777

Figure 7.7: Micromotor application in the vertical stage of a profilometer

7.3.3 Monolithic planar 3-DOF parallel micromanipulator

Inspired from the Ph. D. Thesis of B. R. de Jong [7], we have studied the implementation
of the micromotor in 3 DOF micromanipulators, as illustrated in Figure 7.8. The large
rotation angle of the micromotor is well suited in such an application (for further details,
refer to [12] and [27]). After discussing with R. Clavel, Professor in Robotics at EPFL
(LSRO), we chose not to consider this application, since the complete model of the
structure deformation is complex in the case of monolithic structure. Furthermore,
the simultaneous driving of the 3 micromotors would have been complicated and not
realizable in the given time for the Master Project.

Figure 7.8: 3 DOF micromanipulator.
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7.3.4 Microgripper: Design of a demonstrator

Inspired from the microgripper of F. Beyler ([4] and [3]), a microgripper has been de-
signed in order to expose the performance of the micromotor, see Appendix A.13. The
microgripper structure is composed of a parallelogram with two active micromotors in
its anchoring points and two butterfly pivots in the mobile element. This mobile element
performs a circular translation depending on the length [ of the links, see Figure 7.9.
After discussion with R.Clavel, this design has been chosen for its simplicity. The device
is a 1 DOF gripper with two micromotors driven by a identical signal. Compared to
the 3 DOF parallel micromanipulator, the structure has only four pivots, two of which
are micromotors. The number of active joints compared to the passive ones is higher
and the motion range bigger. In addition, the deformation of the parallelogram is easily
predictable.

The microgripper demonstrators have been realized in two versions: one with capacitive
sensors and a second one without capacitive sensor, see Appendix A.15.

gripper

micromotor

Figure 7.9: Microgripper design: (a) Design realized, a parallelogram structure with two active
micromotors in its anchoring points and two butterfly pivots in the mobile element. (b) The mobile
element performs a circular translation depending on the length [ of the links.



7.4 Fabrication results 75

7.4 Fabrication results

7.4.1 Micromotor v.1

These micromotors have been realized on a wafer with a 4um oxide thickness (SOI
380-4-50 wafer). The results highlight a very poor quality of the oxide layer: the
4pum oxide thickness etched by HF presents porous zones due to HF infiltrations, see
Figure A.10. It results in a delamination of the micromotor, see Figure A.9, which is
completely out of order.

After discussing with the CMi cleanroom staff, we figure out that the supplier of SOI
wafer has changed. This type of SOI wafer oxide is frequently porous after HF etching.
We consequently chose not to consider this solution anymore.

Then, we considered the problem from another point of view. The electrostatic sticking
is due to the capacitance between the two layers. It depends on the difference of voltage
between the rotor and the bulk. We chose to perform a better grounding of the bulk,
as illustrated in Figure 7.10.

lSi
Al 100 nm ? bonds
| Si 150 um ~ O A
D Rglue ?loz Ll7 bonds
T pcb Si Bul 74\ och

a ‘ PCB Cu track (ground) b ‘

Figure 7.10: Grounding of the silicon bulk: (a) Grounding of the silicon bulk to the PCB grounded
track via a conductive glue; (b)Grounding of the silicon bulk to the PCB grounded track via bonds:
silicon bulk - silicon working layer - PCB grounded track.

After measurement, we observed that the glue used to contact the chip was resistive
(even with the most conductive glue) and the bulk was not properly grounded. The
bypass of the glue via the bonds avoids this problem and the bulk is then correctly
grounded.

This simple modification performed on single-mask micromotors has increased the
threshold voltage level from 30 V to 75 V and opened the path to single-mask pro-
cesses. Version 2.0 and 2.1 have been grounded using this principle.

7.4.2 Micromotor v.2.0

As illustrated in Figure A.18, the realization of micromotors version 2.0 on 2um ox-
ide thickness (SOI 380-4-50) wafers have been stopped by HF etching problems. The
etching rate, which is of 2um/hour in normal conditions, was abnormally unstable. All
the micromotors realized have been over etched as the etch rate was in the range of
60pm/hour.
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7.4.3 Microrobot fabrication results

The microrobots have been realized with in the same period of time as the micromotor
version 2.0. However, the etching rate has been carefully measured during the process.
The designs fabricated were not functional as the oxide under the capacitive comb sensors
has not been etched, see Figure A.15. We can conclude that the 1 um gap between the
capacitance comb is not a sufficiently large access for the vapor HF. This has been taken
into account in the version 2.1 of the design, see Figure A.20. In addition, test structures
have been added on the micromotor chip to quantify more easily the HF etching rate.

7.4.4 Micromotor v.2.1

The micromotor version 2.1 have been successfully fabricated. However, the under-
etching occurring during the whole process was much lower than expected. For this
reason, the beam widths of the butterfly pivot are larger than expected. The resulting
reinforced butterfly pivot has a much higher stiffness, since Ky, o< b%.

The motion of the micromotor is then much lower than expected (about 4 3°) but this
version of the micromotor does not suffer from electrostatic sticking and this limitation
has been solved. Concerning the limited performances of this design, the adaptation of
the mask to the process should be considered in the next design.

7.4.5 Discussion of the fabrication results

The main conclusions of the fabrication results, for further reliable fabrication process
are:

e The use of 4um oxide layer wafers is not appropriate, since the HF etching step is
not reliable.

e The 2um oxide layer wafers could be used fr the fabrication but with a particular
care of the etching rate (test structures recommended).

e The critical dimension for HF etching access is of 5um.

e The bulk must be grounded by a wire bonding via the top Si layer.

With this considerations, we are are confident that the success of the fabrication of the
proposed prototypes is in a close future.



Chapter 8

Conclusion and Outlook

We have performed a thorough experimental modal analysis of a 3-phase electrostatic
stepper micromotor. Through the comparison of the experimental results obtained from
different optical characterization methods, we have analyzed the dynamic behavior
of the system. In parallel, using SolidWorks Simulation software, we have computed
static and dynamic FEA simulations of its mechanical properties. Furthermore, we
have established a complete mathematical model and verified its validity through
numerical calculations with Maple. The whole study is consistent and provides a global
understanding of the micromotor’s properties.

We have also brought several modifications to the design of the rotary stepper micro-
motor. The most notable improvements are the increase of the electrostatic torque and
the inclusion of a differential capacitive angular sensor. The implementation of this
micromotor in a microgripper has been studied and designed. Throughout this project,
we have realized the different prototypes in the EPFL cleanroom and validated our
single-mask fabrication process.

We are confident that the success of the fabrication of the proposed prototypes will be
reached a close future. It should then be possible to demonstrate angular sensing with
the differential capacitance and to quantify the micromotor’s torque with AFM-like
probes. Finally, further analysis of the nonlinearity of the micromotor could be carried
out to enhance the mathematical model.

The intermediate results of this Master Project have led to a publication in Proc.
2/t IEEE Int. Conf. on Micro Electro Mechanical Systems (MEMS): M. Stranczl
et al., “ Modal Analysis and Modeling of a Frictionless Electrostatic Rotary Stepper
Micromotor”, pp. 1257-1260, Canctin, Mexico, January 23-27, 2011.

As I write these lines, the Laboratory of Microsystems has offered to hire me for 6

months in order to finalize this research. It is with great interest that I will pursue this
project as a Scientific Assistant.

Lausanne, Januray 215, 2010. Marc Stranczl
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Appendix A

A.1 Influence of the rigid element on the butterfly
stiffness
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Figure A.1: Stiffness of the reinforced bufferfly pivot K, depending on the ratio of reinforced element
length a over the total beam lenght [ for a beam width b of 2 ym. The other dimensions are similar as
for the design v.1.0.
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A.2 Reinforced RCC pivot stiffness

The reinforced RCC pivot stiffness Krce, can be calculated using the conservation of
energy principle: The energy stored in the butterfly pivot is similar to the energy stored
in the four RCC pivot.

1 1

3 or(fp,)° =4 §KRCC,7"(0RCC,7*>2

Where the index RCC refers to the RCC pivot, g, is the reinforced butterfly pivot
rotation, Orcc, the reinforced RCC pivot rotation, Kg , the reinforced butterfly pivot

stiffness and Kprcc, reinforced RCC pivot stiffness. As:

Os,r
Orcor = %
Then:
1 1 0
—Kg,(00,) =4 ~Knpoo,(—2)?
2®,(®,) 2RCC,(4)
Then:
Krecer
Ky, = d
®, 1
With the same calculations:
K
Ky — RCC
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A.3 Silicon properties

Figure A.2: Silicon properties. Figure reproduced from [15].

ELAsTIC MODULUS VALUES FOR SILICON

Appropriate Value

Load Case Symbol § -
or Silicon
Axial or narrow beam bending loads E
<110> directions (“X or Y axis”) 169 GPa
<100> directions (“45° off-axis”) 130 GPa
Plate bending, v = 0.064 for <110> in (100) E'110 170 GPa
Thin film biaxial stress/strain, (100) plane B1oo 180 GPa
Shear load, twisting a <110> (“X" or "Y") beam | G 50.9 GPa
Stress concentrations Ey 166 GPa
Hydrostatic loads B 97.8 GPa
Temperature Coefficient of E TCE ~ -60 ppm/°C

Orthotropic material model properties for a
standard (100) silicon wafer

E.=E, =169 GPa, E, = 130 GPa
V2= 0.36, 1z = 0.28, 1y, = 0.064

Gyy = Gox = 79.6 GPa, Gy, = 50.9 GPa

Figure A.3: Silicon properties. Figure reproduced from [11].
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A.4 Region of interest (ROI), temporally aliased
video microscopy

The measurements have been performed using the temporally aliased video analysis.
Figure A.4 illustrate the micromotor’s ROI recorded using a Keyence VHX-600 micro-
scope. The motion of the rotor and the butterfly internal structure depending on the
excitation frequency have been extracted from the two corresponding zones observed.

Figure A.4: Region of interest (ROI): (a) Schematic of the micromotor with the zone recorded: the
butterfly internal structure and the rotor (b) microgaph of the micromotor with the zone recorded. (c)
Rotor periodic pattern used for temporally aliased video analysis (d) corresponding zone on butterfly
(beam)
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A.5 High-speed camera measurement
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Figure A.5: High-speed camera measurement for a 81 Hz excitation frequency: (top) Data obtained
with a high-speed camera recording analyzed by DFT; (bottom) FFT of the high-speed camera data.

The main oscillations are at twice the excitation frequency fezc
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A.6 Variable substitution from linear to rotationel
model

With the following substitutions, the linear model can be adapted to circular model:

e The position z must be substituted with the angular position 6.
e The inertial mass m must be substituted with the inertial 7.

e The geometric periode of the teeth must be substituted with the corresponding
angle periode I',.

e The linear spring constant k must be substituted with the corresponding angular
stiffness ky.

A.7 Newton’s law equation

Considering the rotor as an isolated component of the system, the second law of Newton
states that the inertial force, m & , equals the sum of the external forces acting on
the rotor. They are: the driving force Fy.(t), the spring force Fy, which is linearly
proportional to the displacement z, and the frictional forces Fy, which is supposed to be
linearly dependent to the velocity of the rotor and acting reversely to its motion [16].

mi = Fy,(t) — Fy(t) — F (A.1)
Which can be written, with Fy(t) = c&; Fy = ka:

mi + ci + kx = Fy(z,t) (A.2)
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A.8 Nondimensionalization

We define:

t =rTt., T = X, (A.3)

with . x., dimensional characteristic unit which have to be fixed and 7 and y coefficient
of these unit.
Then, for convenient reason, we expose the following relations:

dt = t.dr, @:l
dt  t, (A4)
d_drd _14d &£ 1d '
dt — dtdr  t.dr’ dt2  t2dr?’

With (6.21) and (A.4), the equation (6.19) can be rewritten:

ngx U22
4m

r.d?’x  2Qwor.dx Cow,U?
2 dr? te dr ToTeXF 4m

sin(wyxex) = — sin(wxxcx—g)(sin(Qth)Q.

We divide by the first term coefficient and with the convention %X = y; (12—%( =X:
dr dr

. . Cow,Ut? .
K+ 2CwoteX + 2wy + ——— = sin(w,Tey) =
dmzx, dmex,

Cow,Ust? 2
- Msin(wmxcx - g) (sin(Qrt.))?.

We define the coefficient a as the ratio of the phase one voltage report to the phase two:

(o)
a=(—
Us
Then:
CowgalUZt? Cow,U3t?

2
)’{+2§w0tc§<—l—t§w§x+Txcsm(wxxcx) =— T%sm(wgﬁxcx— %) (sin(Qrt.))2.

We chose t. x. in order to simplify the third and then the fifth coefficient:
o fm  Cowals
Wo k 4k

X +2Cx + x + asin(wyz.x) = —sin(wyz.x — 2?’r)(sin(QtJ))z

Then:
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A.9 Maple code

A.9.1 Casel

restart,

with( plots) : with( DEtools) :

difl = diff ((x(1)), 1) =y(1) :

xlim = 4.5 : ylim = 3 : tsiart = 0 : tlim = 10000 : steptime = 1 :
x0=0:y0:=0:

f0 == 0 : tlim := 400 :

02
fl =% —0 i
42
=27 ML)
W 27t(_f0+ o Bk
5. g e A il = Lol =] DA, Ly AR oL
dif2 == diff ((y(1)), ) =-0.043- p(¢t) - 1- x(¢) Sln( 10838 x(1) 3 J (2

Y- w1 1 _(022x
— 5 Sm(ln-]fﬂ t)) a sm( 10.838 x(l)).
sys = [difl, dif2] :
window = x =-xlim . xlim, y =-ylim _ylim :
Pendulum = DEplot(sys, [x(1), y(¢) ], i = tstart ..tlim, {[0, x0, v0]}, stepsize = steptime, scene = [t,
x(1) 1, linecolor ="blue', maxfun = 5000000) :
display( { Pendulum}, title = "Pendulum forced oscillation", font = [ Times, Bold, 12]);

Figure A.6: Maple code corresponding to Case 1.



A.9 Maple code

A.9.2 Casell

restart;

with( plots) : with( DEtools) :

difl = diff ((x(1)), 1) =y(1):

xtim == 4.5 : ylim == 3 : tstart '= 0 : tlim = 10000 : steptime =1 :
x0:=0:p0:=0:

f0 :== 0 : flim == 200 :

02
as= — 1

42
i W Jlim—f0 t
w: 27t(ﬂ)+ o 2).

. ; . 2
dif2 = diff (7(1)), 1) = ~0.043- y(1) - 1- x(1) - sin(m-x(:)—z—”] -Sin(wi] ;J &

10.838 3

: ( 02-2:m (1})

il | 2
10.838

sys = [difl, dif2] :

window = x =-xlim.xlim, y =-ylim . ylim :

Pendulum = DEplot(sys, [x(t), y(t) ], t = tstart .tlim, {[0, x0, v01}, stepsize = steptime, scene = [t,

x(1) 1, linecolor ="blue', maxfun = 5000000 ) :
display( { Pendulum}, title = "Pendulum forced oscillation", font = [ Times, Bold, 121);

. (022w 2. , w1 2 , (0.2-2-7:
= 0.043-y(r) - 1-x(1) - sin| o ox(r)- | sin| =Y t] —as
z (1) x(1) ﬁm( 10.838 x(1) 3 ) qm( ——— J asin| ~org
-x(t)):

dsys = {% x(8) =p(¢)

& ) = 2(0) 0 (0] -0 -
g (0 =5x(0) =x0,3(0) =0}

steps = {qe (a’-?ﬁe time, i = tstart A)]
o sed| eptme L BT steptime ) |’
dsnl = dsolve(dsys, numeric, output = Array(steps ), maxfun = 5000000);

Figure A.7: Maple code corresponding to Case II.
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A.10 Micromotor dimensions

A.10.1 wv.1

Parameters Symbol Value
Rotor radius r 690um
Beam length [ 465um
Reinforced beam length a 325um
Beam width b 2um
Beam height h a0um
Distance to virtual pivot P 115um
Tooth width w 4pm
Tooth height hy 50pum
Rotor/stator gap g 1.5um
Number of active teeth per phase n 80

Angular teeth pitch o 0.9°

Table A.1: Geometrical parameters: micromotor v.1.

A.10.2 v.2.0

Parameters Symbol Value
Rotor internal radius r 720um
Rotor external radius Ty 821um
Beam length [ 465um
Reinforced beam length a 325um
Beam width b 2um
Beam height h a0um
Distance to virtual pivot P 115um
Tooth width w 4pm
Tooth height hy 50um
Rotor /stator gap g 1.5um
Number of active teeth per phase per radius n 80

Angular teeth pitch « 0.9°

Table A.2: Geometrical parameters: micromotor v.2.0.
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A.10.3 v.2.1

Parameters Symbol Value
Rotor internal radius T 810um
Rotor external radius ) 923um
Beam length [ 465um
Reinforced beam length a 325um
Beam width b 2um
Beam height h 50pum
Distance to virtual pivot P 115um
Tooth width w 4pm
Tooth height hy a0um
Rotor/stator gap g 1.5um
Number of active teeth per phase per radius n 80

Angular teeth pitch « 0.9°

Table A.3: Geometrical parameters: micromotor v.2.1.
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A.11 Micromotor v.1

A.11.1 Micromotor v.1

\\\\\\\\\\\uu||mluu//,,,/

Figure A.8: Design of the micromotor v.1
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A.11.2 Fabrication process considerations

Expected etch
front

HF infiltration
=porous SiO,

Figure A.10: HF etching of the SiOs oxide. The observation of the oxide reveals a HF diffusion zone
which makes the sacrificial layer porous.
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A.12 Motor v.2

A.12.1 Micromotor v.2.0

0 5 -

) \\\\\\\H’l\ll” ‘ | !H[I

N 5
\

Figure A.11: Micromotor v.2.0: (top) Design of the micromotor v.2.0; (bottom) Detail of the capac-
itive sensor.
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A.12.2 Micromotor v.2.0 with a torque sensor

Figure A.12: Micromotor version 2.0: Micromotor with an AFM-like probe sensor for torque mea-
surement.



100 Appendix

A.12.3 Fabrication process considerations

100 um

Figure A.13: Micromotor version 2.0: (top) Detail of the capacitive sensor; (bottom) Corresponding
sacrificial oxide layer region after HF etching: The top Si layer has been scratched. It reveals that the
capacitive comb is not etched as the HF vapor does not diffuse into the 1 pm gap of the comb.
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A.13 Demonstrator

A.13.1 Demonstrator design

T mm

Figure A.14: Microgripper demonstrator design.
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Design with
a differential
capacitive sensor

\

Design without
a differential
capacitive sensor

\

74

Figure A.15: Microgripper demonstrator design: detail of the capacitive sensor region: (top) Design
with a capacitive sensor; (bottom) Design without a capacitive sensor.

A.13.2 Fabrication process considerations
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e

Si 50 um
| Sio, i

SiBulk ————

Figure A.16: Details of the microrobot after HF etching: the scratched top Si layer can be observed
to measure the SiO5 etching depth.

Figure A.17: Details of the microrobot after HF etching: the stator phases are over etched.
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A.14 Micromotor v.2.1

A.14.1 Micromotor v.2.1

‘\5_10—5 0 5 19 15
\\\\:\\\\\\HH|IIHIIIII////

Figure A.18: Micromotor version 2.1: Design with a needle hand
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A.14.2 Micromotor v.2.1 with a torque sensor

Figure A.19: Micromotor version 2.1: Design with an AFM-like torque sensor.
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A.14.3 Differential capacitive

Figure A.20: Micromotor version 2.1: Detail of the capacitive sensor: (top) Design without capacitive
sensor; (bottom) Design of the capacitive sensor with enlarged gap for HF vapor diffusion.
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A.15 Process low and Runcard



Laboratory : EPFL/STI/IMT /LMIS 2 Tel:  +4121693 65 85 c M o
Operator Name: Marc STRANCZL Office: BM 3.131 I
P EPFL Center of

Supervisor Name: Christophe YAMAHATA E-mail : christophe.yamahata@epfl.ch
Date of committee: 2010/10 marc.stranczl@epfl.ch MicroNanoTechnology
[T Semester Project [+ Master Project [T Thesis [ Other

A monolithic microrobotic arm in silicon

Description

We have developed a 3-phase electrostatic rotary stepper micromotor based on SOI
technology [1]. The motor employs flexural pivot bearing for suspension of the rotor to avoid
mechanical friction during operation. We improve the design in order to reach a one mask
process using deep Reactive lon Etching in a SOI wafer [2]. Figure 1 is a SEM micrograph of
the previous fabricated micromotor.

Figure 1: SEM micrograph of a rotary stepper micromotor fabricated with SOI technology.

[1] E. Sarajlic, C. Yamahata, M. Cordero, L. Jalabert, T. lizuka, H. Fujita, “Single mask 3-phase
electrostatic rotary stepper micromotor,” Proc. 15" Int. Conf. on Solid-State Sensors, Actuators and
Microsystems (Transducers 2009), Denver, Colorado, USA, June 21 - 25, 2009.

[2] M.Stranczl, C. Yamahata, “A monolithic microrobotic arm in silicon”, Semester project, EPFL,
January 2010.
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Operator Name: Marc STRANCZL Office :
Supervisor Name: Christophe YAMAHATA E-mail :

Date of committee: 2010/10

+4121 693 65 85

christophe.yamahata@epfl.ch
marc.stranczl@epfl.ch MicroNanoTechno

@
c M I EPFL Center of

logy

Technologies used

Mask fabrication, evaporation, positive resist, Dry etching, Wet etching, SEM

Photolith masks

Mask | ot ion | Alignment Remarks
1 1-1.5pum B Silicon structuration (device layer of the SOI)
Smallest feature: gap between rotor and stator teeth
1 50 pm - High aspect ratio etching of the device layer

Mask #1: For the frontside (microstructures)

Substrate Type

SOI, 50 um device layer, 0.1-0.5 Ohm.cm / 4 pm buried oxide layer / 380 pum thick handling
wafer, @100 mm (4’ wafer), Double Side polished
>1000 Ohm.cm. Ultrasil SOI-380-4-50

Process outline

Step

Process description

Cross-section after process

01

Substrate : SOI
Metal Evaporation
Machine: LAB600H
Metal: A/

Thickness : 100 nm

02

Photolitho — frontside
Machine: Rite Track 88 Series
PR :AZ 92xx ; 2 um

Mask : #1 ; CD = 1 um

No EBR

I pm

03

Dry Etch
Material: A/
Machine: STS Multiplex ICP
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Date of committee: 2010/10
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BM 3.131
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MicroNanoTechnology

04

Dry Etch — frontside
Material : Si

Machine: Alcatel AMS 200
Depth : 50 um (device layer
thickness)

05

Resist stripping
Wet bench + Plasma O,
Machines: UFT Resist + Tepla

06

Vapor HF — frontside
Material : SiO;

Machine: Idonus HF VPE-100
Depth : 4 um (BOX
underetching)

07

Automatic dicing saw or
Manual wafer cutting

+ Wire bonding
Machine: Al wedge-wedge
(ACI) or Au ball-wedge (LPM)

Packaging achieved out of the CMI.

(PCB fabricated at ACI /
wire bonding at ACI or LPM)
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Supervisor Name: Christophe YAMAHATA E-mail : christophe.yamahata@epfl.ch entero

Date of committee: 2010/10 marc.stranczl@epfl.ch MicroNanoTechnoIogy

Remarks concerning the wire bonding: The ball-wedge bonding will be performed manually
at LPM (ultrasonic ball-wedge bonding with & 35 um gold wire).

e An epoxy resisn is used for PCB / Si bonding. Curing @ 150° for 15 min. A similar
resin is used for globe-top packaging (protection of the wire bondings). The resin is
dispensed with a syringe pump.

e Minimum size for the pads: 100 um x 100 um.

e Pitch between the pads: > 100 um (distance between pad centers).

e The ball has typically a diameter of & 50 pm.

e The PCB/silicon contact area should be at least 3 mm % 5 mm. It is also possible to
design a PCB with a shape that fits that of the silicon device.
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MODAL ANALYSIS AND MODELING OF A FRICTIONLESS

ELECTROSTATIC ROTARY STEPPER MICROMOTOR
M. Stranczl®, E. Sarajlic?, G.J.M. Krijnen®, H. Fujita*, M.A.M. Gijs*, and C. Yamahata®
! aboratory of Microsystems, Ecole Polytechnique Fédérale de Lausanne (EPFL), SWITZERLAND,
2SmartTip B.V., Enschede, THE NETHERLANDS,
SMESA+, University of Twente, Enschede, THE NETHERLANDS,
*CIRMM, Institute of Industrial Science, The University of Tokyo, Tokyo, JAPAN

ABSTRACT

We present the design, modeling and characterization
of a 3-phase electrostatic rotary stepper micromotor. The
proposed motor is a monolithic device fabricated using
silicon-on-insulator  (SOI) technology. The rotor is
suspended with a frictionless flexural pivot bearing and
reaches an unprecedented rotational range of 30° (+/- 15°) at
65 V. We have established a mechanical model of the
deformation structure and performed finite element analysis
(FEA) simulations of the dynamic properties. These studies
are consistent with the extensive experimental characteriza-
tion performed in the quasi-static, transient, and dynamic
regimes.

INTRODUCTION

We have recently developed a piggyback stepper
micromotor aimed at skew angle compensation in hard disk
drives [1]. The mechanism of this frictionless motor is based
on the monolithic “butterfly” pivot devised by Henein et al.
[2,3]. With a reachable rotational range of +/- 15°, this type
of microactuator can be advantageously used in many
MEMS applications. In this perspective, we have developed
a mechanical model to optimize the static and dynamic
responses of the motor. With this model, we have designed
a new flexural bearing with a lower inertia and a higher out-
of-plane stiffness. The improved design results in a very
large displacement range, and an opening in the stator
enables the inclusion of an arm required for microrobotic
applications. In Figure 1, the arm is represented by a needle
that indicates the angular displacement.

U, 1) U, (1)

stator 7
phases
7,
rotor

butterfly
pivot

Us (1)

300 pm
—

7, =

WORKING PRINCIPLE

The left schematic in Figure 1 shows the working
principle and the main elements of the SOI electrostatic
stepper micromotor. The motor consists of a 3-phase stator
and a grounded rotor which is suspended by a flexural
mechanism [2]. This frictionless bearing enables a rotational
degree of freedom with a certain torsional stiffness. The
stator electrodes are grouped into three pairs that are
symmetrically located around the rotor (see the photograph
in Figure 1). Each phase can be activated independently
(voltages U;, U, and Us). In the initial position, the
electrodes of the first phase are perfectly aligned with the
opposite electrodes on the rotor. The stator electrodes of the
two other phases have a misalignment which is equal to 1/3
of the pitch of the rotor electrodes.

MODELING
Flexural pivot stiffness
Using material mechanics theory, with the assumption
that the material deformation is purely elastic and isotropic,
we find that the stiffness of the 4-beam flexural pivot shown
in Figure 1(right) is given by:
a’+al +4(I2 +3Ip+3p2) | _hp® O
(1-afa?+al+1?) 12
where E is the Young’s modulus of the beam material, h is
the vertical height, b is the width of the flexure hinges, a is
the length of the central reinforced structure, | is the total
length of the beam elements, and p is their distance to the
virtual center of rotation.

K, =El

center

Figure 1: (left) Schematic principle of the 3-phase electrostatic stepper motor (actuated with voltages U;, U,, Us). The
internal “butterfly”” structure mechanically connects the rotor to the chassis. (center) Micrograph of the fabricated SOI
micromotor rotated clockwise by +15°. (right) Schematic of a flexural pivot element consisting of four reinforced beams.
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Figure 2: SolidWorks finite element modal analysis of the rotor’s mechanical structure. The color levels describe the
displacement magnitude relative to the anchor. From left to right, we show the first eigenmodes occurring at 170 Hz, 683 Hz
and 2810 Hz, respectively. The first mode corresponds to the in-plane vibration of the rotor ring, while the second mode
corresponds to the in-plane vibration of the internal butterfly pivot.

We verify that, in the case of thin flexure beams of length |
(a=0), equation (1) can be rewritten as [1,2]:

4EI p . p?
K€|a:0 =I—(1+3T+3|—2j (2)

On the other hand, when p — oo, one can find the stiffness

of a folded-beam flexure with reinforced beams. Defining
the tangential displacement x = p@, we find the stiffness of
the folded-beam linear guiding [3]:
. K 12El
K, = lim—% = . (3)
" 2 (1-a)a? +al+12)

Finite element analysis

For the dynamic analysis of the mechanical structure,
we have performed FEA simulations with SolidWorks
Simulation software (SolidWorks 2009 SP5.0). Because of
the crystallographic nature of silicon, the material has
orthotropic elasticity. In our simulations, we have therefore
used the orthotropic matrix representation of single-crystal
silicon, using the parameters recommended by Hopcroft et
al. [4]. The results of the modal analysis study are shown in
Figure 2. For these simulations, we have considered flexure
beams with a width of 1.15 um. This dimension, which is
within the optical measurement uncertainty, was chosen so
as to obtain the best match between the simulated result and
the experimental data for the first eigenfrequency. With this

parameter, the first mode occurs around 170 Hz and
corresponds to the in-plane vibration of the rotor ring, while
the second mode occurs around 683 Hz and corresponds to
the in-plane vibration of the internal butterfly pivot.

MICROFABRICATION RESULTS

The micromotor was fabricated in a two-mask process
using standard SOI micromachining. Figure 3 shows
scanning electron microscopy micrographs of a fabricated
device. The fabrication process was performed on a
(100)-oriented SOI wafer with a device layer of 50 um, a
buried oxide layer of 2 um, and a handling substrate of 380
um. On the device layer, a 100 nm-thick aluminum layer
was evaporated, then patterned by ICP (Surface Technology
Systems, STS Multiplex ICP Etch). Subsequently, the
device layer and the handling wafer were etched by DRIE
(Adixen Dielectric and Silicon Etcher, AMS 200 DSE)
using the Bosch process. After etching, the buried oxide
beneath the rotor was removed using vapor HF (Idonus HF
Vapor Phase Etcher, VPE-100). Finally, the silicon chip was
mounted on a Printed Circuit Board and wire-bonded.

Note that the fabrication process could be straightfor-
wardly simplified using a single-mask process, as we have
demonstrated in an earlier paper [5]. However, such a
fabrication process implies the use of honeycomb-like
structures. Here, the selection of a two-mask process was
motivated by the need for massive structures that can be

Figure 3: Scanning electron microscopy micrographs of a 3-phase electrostatic stepper micromotor fabricated with SOI
technology. The dimensions of the flexure beams were estimated from these observations.
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easily modeled analytically and simulated with FEA
software.

EXPERIMENTAL RESULTS
Quasi-static and transient responses

In Figure 4, we show quasi-static measurements
performed with a 3-phase sinusoidal driving sequence at
1 Hz. The maximum angular displacement increases quad-
ratically with the applied voltage, as is expected for an
electrostatic actuator [1].

Figure 5 is the transient response obtained by releasing
the rotor from a small angle to its resting position. The
damping coefficient and the first in-plane resonant
frequency have been extracted from these data. Figure 6
exhibits a typical motion of the rotor rotated from 0° to +9°.
An angular speed of 1°/ms could be reached with a driving
signal of 600 Hz and 70 V amplitude. The measurements
shown in Figures 5 and 6 were performed with a high-speed
camera (Mikrotron CMOS high-speed camera, EoSens
MC1363), using the algorithm described in [6].

15 1 o Experimental results
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Figure 4: Maximum angular displacement of the stepper

motor as a function of the driving voltage (3-phase

sinusoidal excitation of 1 Hz). Data are for positive
displacements only: The displacement range is double.
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Figure 5: Step response of the rotor. The measurements
were performed on the rotor’s external ring. The first
resonant frequency of 163 Hz can be extracted from the
Fourier transform of these data.

Experimental modal analysis

We have performed a thorough in-plane and out-of-
plane modal analysis of the structure with the Polytec Micro
System Analyzer MSA-400. Figure 7 shows the in-plane
data recorded by stroboscopic video microscopy under
application of a swept excitation voltage on phase 2. The
out-of-plane response (not shown in this abstract) was
obtained by Laser-Doppler vibrometry. The results of the
FEA simulations and the experimental modal analysis are
summarized in Table 1. This table highlights the high
conformity of the simulations for the first 5 modes (with a
discrepancy lower than 10 %).

DISCUSSION

From the in-plane experimental modal analysis, we
could retrieve the first two resonant frequencies f; and f, of
the motor, which correspond to the eigenfrequencies of the
rotor (f;) and of the “butterfly” internal structure (f,), as
shown in the simulations of Figure 2.
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Figure 6: Typical recording of the angular displacement as
a function of time. A 3-phase sinusoidal driving signal at
600 Hz and 70 V was applied, as illustrated in the upper
part of the graph. With these settings, an angular speed of
1°/ms was reached.
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Figure 7: In-plane modal analysis of the micromotor
recorded by stroboscopic video microscopy (Polytec MSA-
400). These results are in line with the transient
measurement of Figure 5.

1259



Table 1: Design parameters and main modal properties of the micromotor. FEA simulations were obtained with SolidWorks
Simulation software. Measurements were performed with the Polytec Micro System Analyzer MSA-400.

Main geometric characteristics . . Modal analysis
Mode FEA simulations Experimental results Remarks
SOI: (100) orientation*; 50 um / 2 pum / 380 um 1 170 Hz 163 Hz+1Hz In-plane
Rotor diameter 1.4 mm 2 683 Hz 665 Hz + 1 Hz In-plane
Flexure hinge width b=15um=+0.4 pm ** 3 2810 Hz 2616.4 Hz Out-of-plane
No. of teeth per phase 80 4 5350 Hz 5018.0 Hz Out-of-plane
Rotor / stator gap 2 um £ 0.4 um 5 6110 Hz 5726.6 Hz Out-of-plane

*  The reader is referred to Table VI in [4] for the elastic modulus values of single-crystal silicon material.
** In the FEA simulations, we have used a beam width of 1.15 pm.
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Figure 8: Illustration of the electrostatic stiffening. The
rotor eigenfrequency increases when a DC voltage is
applied on phase 1.

In Figure 8, we demonstrate that the first resonant
frequency can be tuned by “electrostatic stiffening” [7]. The
graph was obtained from data like those shown in Figure 7,
When a DC voltage is applied on phase 1 (U; = const.)
while the ac excitation is performed on phase 2, an electro-
static force tends to keep the rotor’s teeth aligned with phase
1. The rotor is directly affected by the stiffening while the
butterfly — which is mechanically connected with flexure
beams to the rotor (see Figure 1) — keeps its own degree of
freedom, even when the rotor is firmly blocked. As a result,
f, remains relatively constant while f; increases almost
linearly with U;. This linear behavior is consistent with the
equation of motion (see calculation of the electrostatic
spring stiffness in [7]).

CONCLUSION AND OUTLOOK

With a displacement range of +/-15°, our micromotor
opens perspectives in reliable and frictionless micrometer-
scale displacement applications. It is a suitable candidate for
a micromanipulator (e.g. bio-MEMS tweezers). Further-
more, the well understood and tunable dynamic response
enables accurate micropositioning in microrobotics.

In Lausanne, we are currently working towards the
optimization and implementation of several stepper motors
for microrobotic applications. On the other side, in Tokyo, a

numerical analysis of the complete system consisting of the
mechanical structure and the variable-capacitance actuation
is performed [8].
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