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ABSTRACT

This thesis mainly deals with the design and development of resonant laser scanners with a simple
and low-cost fabrication process using molded polymers and electroplated magnetic films. The
polymer magnetic scanners described here are used in a prototype barcode reading system and the
performance proved to be adequate for certain 1D and 2D imaging applications. Most important
contributions of this work are (1) the development of a simple and low-cost fabrication process using
polymers and electroplated magnetic materials, (2) the design and modeling of novel dynamic-
actuation methods with magnetic materials for 1D and 2D laser scanning.

Two types of scanners were designed for this work: cantilever beam scanners and torsional
scanners. Unlike micromachined scanners, the present process does not require clean room
environment and photolithography steps. Polymers are molded or cut into desired shape and used as
scanning mirrors. Different types of self-curing or UV-curing polymers are tested as structural
material. Good results are obtained with UV-curing polymer, typically used for stereo-lithography,
and the copper coated epoxy used in printed circuit boards (PCB). One side of the polymer is either
coated with Aluminum (Al) or Al-coated Silicon mirror is attached to the scanner for high reflectivity
and good mirror surface quality. Magnetism is introduced to the structural material in two different
ways (1) mixing magnetic particles in powder form into the polymer, (2) electroplating permalloy
(NigoFeo) magnetic film underneath the polymer. Resonant-mode dynamic actuation is obtained by
applying a time-varying current to an external coil. For a given magnetic field, magnetic forces
obtained with the electroplated scanners are higher than the forces obtained with the magnetic
particles. Deposition of permalloy (80% nickel and 20% iron) magnetic thin films is performed in our
plating facilities.

Another contribution of this work is in modeling and optimization of the magnetic actuation using
electroplated thin films in both saturated and unsaturated modes of operation. This work focuses on
small-angle rotations of the scanner. The effects of coil parameters on the material magnetization and
the hysteresis of the magnetic force on the scanner dynamics are discussed. It is concluded that the
radial and vertical components of the magnetic field and the shape anisotropy in thin magnetic films
are important factors in determining the material magnetization direction and the magnetic forces.

The prototype devices are tested using static and dynamic methods and the experimental results



validated our finite element modeling and theoretical results. Lastly a barcode reading system is
demonstrated using the developed scanners and met all the performance requirements for typical 1D

barcodes.



Ozet

Bu tezde polimer kaliplama ve manyetik film elektrokaplama yontemleri kullanilarak iiretilen
basit ve diigsiik maliyetli rezonans lazer taryicilarin tasarimi ve gelistirilmesi anlatilmaktadir. Burada
anlatilan polimer manyetik tarayicilar, prototip bir barkod okuyucu diizeneginde kullanilmis ve elde
edilen performansin gesitli tek boyutlu ve iki boyutlu goériintiileme uygulamalar i¢in yeterli oldugu
kanitlanmigtir. Bu ¢aligmanin en 6nemli katkilar1 (1) polimerler ve elektrokaplama ile elde edilmis
manyetik malzemeler kullanarak basit ve diisiik maliyetli {iretim metodunun gelistirilmesi (2)
manyetik malzemeler kullanarak bir boyutlu ve iki boyutlu tarama islemleri i¢in dinamik tahrikleme
metodlarinin modellenmesi ve gelistirilmesi olarak siralanabilir.

Bu caligsma igin iki tiir tarayici tasarlanmistir: Yalniz bir ucu destekli olan biikiilme ile c¢alisan
tarayicilar, iki ucu destekli burulma ile ¢alisan tarayicilar. Gelistirdigimiz metod, mikro teknoloji ile
iiretilen tarayicilardan farkli olarak, temiz oda veya foto-litografi islemleri gerektirmemektedir.
Polimerler kaliplama ile yada kesilerek istenilen sekle getirilmis, tarayict ayna olarak
kullanilmisglardir. Degisik tip kendinden sertlesen yada moroétesi 1sikla sertlesen polimerler yapisal
malzeme olarak denenmislerdir. Morotesi 1sikla sertlesen polimerle ve baski devre iireticileri
tarafindan kullanilan iizeri bakir kapli kartlarla iyi sonuglar elde edilmistir. Yiiksek yansiticilik ve
ayna ylizey kalitesi i¢in polimerin bir yiizii ya Aluminyum kaplanmis yada Aluminyum kapl Silikon
bir ayna tarayiciya ilistirilmistir. Manyetik malzemenin yapisal malzemeyle birlestirilmesi iki tiirlii
gerceklestirilmistir: (1) Toz halindeki manyetik pargaciklarin polimerle karistirilmasi, (2) polimerin
altma nikel demir alasim filmin elektrokaplanmasi. Rezonans modunda dinamik tahrikleme,
disaridaki bir elektro-miknatisa zamanla degisen bir akim uygulanmasiyla saglanmistir. Ayni
manyetik alan i¢in, elektrokaplama ile yapilmis tarayicilardaki manyetik kuvvetin, manyetik
parcacikli tarayicilarla elde edilen manyeti kuvvetten daha giiglii oldugu gézlenmistir. Nikel demir
alagim filmlerin elektrokaplanmasi kaplama laboratuarimizda gergeklestirilmistir.

Bu caligmanin katkilarindan bir bagkast da yumusak manyetik malzeme kullanan tahrik
mekanizmalarinin doyma ve dogrusal modlarda modellenmesi ve optimizasyonu iizerine olmustur.
Bu calisma, tarayicinin kiiciik agisal doniislerini incelemektedir. Elektro-miknatis parametrelerinin
malzeme magnetizasyonu iizerindeki etkileri ve manyetik malzemenin ardil izleminin tarayict

dinamigi {lizerindeki etkileri incelenmistir. Manyetik alanin radyal ve dik bilesenlerinin ve ince



manyetik filmlerdeki sekilsel anizotropinin, malzeme magnetizasyonunu ve manyetik kuvvetleri
belirleyen Onemli faktorler oldugu anlasilmistir. Prototip cihazlar static ve dinamik methodlar
kullanilarak test edilmis, deneysel sonuglar teorik ve sonlu eleman anlizi sonuglarini dogrulamigtir.
Son olarak, iiretilen tarayicilar kullanilarak bir barkod okuyucu sistemi gosterilmis ve tipik bir

boyutlu barkodlar i¢in performans kriterleri yakalanmuistir.
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Chapter 1: Introduction

1 INTRODUCTION

Laser scanners have found many applications and penetrated into many consumer products for
many years. Barcode readers used in supermarkets and projection systems are just two examples of
many products that make use of scanners. A scanner is a reflective light steering element. Today,
scanners offer effective solutions to different engineering problems. Some of the major application
areas of scanners are optical communications, optical data storage, display and imaging systems,
spectroscopy, lithography, medical systems and laser printing.

This thesis mainly deals with the design and development of resonant laser scanners with very
simple and low-cost fabrication process using molded polymers and electroplated magnetic films for
magnetic actuation. The scanner performance is adequate for barcode reading and various imaging
applications. Section 1.1 gives an overview of scanners used in display and imaging applications and
Section 1.2 gives an overview of different scanner actuation mechanisms. The main contributions of

the thesis and the outline are discussed in Section 1.3.

1.1 Scanners for Display and Imaging Applications

Among all the application areas, the fundamental application field of scanners is the display and
imaging systems. Fast scanning speeds and high scan angles achieved by the microscanner
technologies make them a good candidate for this type of applications. There are a wide variety of
display applications that utilize Micro Electro-Mechanical Systems (MEMS) scanners.

Retinal Scanning Display (RSD) is an example of a display product using micro scanners. This is
a head mounted micro-display developed by Microvision, Inc. The device utilizes a single two
dimensional MEMS scanner for scanning video data onto the retina of the user [1]. It is a see-through
display that augments the displayed image onto what is actually seen by the user. Performance

constraints for a scanner based high-resolution display system like RSD require a very careful design
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of the scanner. The trade-offs and critical issues of scanner design for display systems are

challenging, and have been the subject of several articles [2][3][4].
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Figure 1-1 Retinal Scanning Display Technology of Microvision, Inc uses a 2D MEMS scanner.

(Photo courtesy of Microvision, Inc)

As a second display system, Fraunhofer IPMS demonstrated a laser projection device using micro
scanners [5]. The presented demonstrator uses special miniaturized projection module consisting of a
laser diode, collimator optics, and a 2D micro scanner. Using micro scanners for steering of the laser
beam in a projection device has many advantages. In particular, micro scanners, which operate
resonantly in both directions, enable the development of systems with very small size. High
deflection angles with low power consumption can be achieved. Applications of the projection device

are displays, laser marking and laser exposure.
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Figure 1-2 A laser projection device concept incorporating a 2D MEMS scanner (Photo courtesy of

Fraunhofer [IPMS)

In addition to the mentioned display applications, scanner technologies are also utilized in
imaging systems. Barcode reading is probably the most important imaging application of today’s
scanner technologies. They offer effective solutions for reading both regular 1D and 2D barcodes.
Higher scanning frequency and lower power consumption of scanners compared to conventional
technologies make scanners an attractive choice for compact, hand-held barcode readers [6].

One major issue about barcode scanners may be the mechanical reliability, since a handheld
device may experience high shocks due to dropping, hitting, etc. There are various other MEMS

scanners geared for display and imaging applications [7][8][9][10][11].

Figure 1-3 A hand-held laser scanning barcode reader (Photo courtesy of Microvision, Inc)
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111 Barcode Reading Applications

A barcode reader is a system used to extract the information that is optically encoded in a special
symbol and convert it into a digital electrical signal to be processed in a computer. It generally
consists of a light source, a scanner, optics needed to focus the laser beam onto the barcode surface
and a photo diode to collect and translate the optical impulses from scattered light emanating from the
barcode surface into electrical pulses. Additionally, nearly all barcode readers currently produced
contain a decoder analyzing the barcode's image data provided by the photo diode and sending the
barcode's content to the scanner's output port. The decoder consists of an A/D converter and a
processor. Among various scanning mechanisms for barcode reading systems, scanning mirrors
referred to as scanners throughout this thesis- provide the most effective solution as they need little
operator skill and that they benefit from a large number of scanning attempts in a short period of time.
Their relative low cost is another major advantage [12][13].

Different from other display and imaging applications, scanners for barcode reading applications
do not require demanding specifications. A scanner that is 1 mm or larger and a mechanical angle of
+ 5 degrees is sufficient to read barcodes. As illustrated in Figure 1-4 optical angle is twice the

mechanical angle, so this makes + 10 degrees optical angle.

Figure 1-4 Optical scan angle is twice the mechanical tilt angle, a.
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Barcode readers do not need high scanning frequencies. Several scanning attempts per second are
sufficient to read and control a barcode. Furthermore, devices operating at low frequencies eliminate
the need for fast electronics for signal processing.

Development of polymer scanners is driven by the need for inexpensive, simple, compact and
easily fabricated scanners for barcode reading and other imaging applications. An electromagnet and
a polymer scanner with magnetic material can be utilized to achieve a system with the desired
properties. Using polymers as the structural material enables devices with low resonant frequencies
due to their mechanical properties. Furthermore mold shaping of polymers reduce the fabrication

costs yielding low cost scanners.

1.2 Actuation Mechanisms

Microscanners are generally categorized based on their actuation mechanism. There are many
different actuation mechanisms that exploit different physical principles such as electrostatic,
electromagnetic, thermal and piezoelectric. Electrostatic and electromagnetic are the most commonly
used actuation methods for scanners based on fabrication, the force produced and power

consumption.

1.2.1 Electrostatic Actuation

Electrostatic actuation is the most popular actuation mechanism for microscanners, since they are
compatible with integrated circuit fabrication process and they are capable of generating relatively
large forces over small gaps with low power. There are microscanners actuated with parallel plate
[14][15][16] or comb-drive [17][18] electrostatic actuators. The main drawbacks for electrostatic
actuation are high voltage requirements which is generally limited by either the dielectric breakdown
of air or insulator used to isolate different potentials or by the integrated circuit used in the system.
Furthermore, the magnitude of electrostatic force decreases rapidly as the gap between electrodes

increases. Electrostatic actuation therefore cannot generally provide large forces over long range of
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displacement. Electrostatic actuators can draw dust particles out of the air onto the device if they are

used in an unprotected environment. Also, they cannot be used in conductive fluids.

Figure 1-5 Comb drive capacitive actuators on a silicon micromirror. Comb drives increase the force
produced by electrostatic actuators by increasing the effective electrostatic interaction area (photo

courtesy of Fraunhofer, IPMS).

122 Electromagnetic Actuation

Magnetically actuated scanners can make use of the Lorentz forces, magnetostatic forces, or
magnetic anisotropy torques [19]. Magnetic actuators can be classified as moving coil actuators
[2][20] and moving magnetic material actuators. The moving magnetic material actuators can be
further classified as hard magnetic material [21][22] and soft magnetic material actuators
[23][24][25]. More details about the magnetic torques and forces and detailed analysis of different
kinds of magnetic actuators can be found in Chapter 3.

Magnetic actuators are attractive because they can achieve large forces. They can operate in
conductive fluids and do not attract dust particles as electrostatic actuators do. Magnetic actuators

need relatively high currents to generate large forces. Magnetic forces and torques can be increased
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by the help of ferromagnetic materials, but these materials require non IC fabrication processes and

equipment [19].

Figure 1-6 A moving coil magnetic scanner produced by Microvision Inc. It makes use of the Lorentz
force applied to the current carrying coil that is placed in an external DC magnetic field. (Photo

courtesy of Microvision, Inc)

1.2.3 Other Actuation Mechanisms

In addition to electrostatic and electromagnetic actuation other actuation principles are also
possible like thermal and piezoelectric actuation. Thermally actuated microscanners take advantage of
the different thermal coefficients of two or more layers. Most important design challenge for such a
structure is to maximize the thermal coefficient mismatch between the two materials of the bimorph
structure. This requires a good material selection in the design phase. Actuation based on thermal
expansion typically suffers from high energy consumption, sensitivity of thermal noise and slow time

response [26][27].
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Figure 1-7 Cross section of a thermally actuated microscanner. The cantilever beam holding the
mirror is bimorph consisting of two materials with different thermal expansion coefficients [26].

Heating and cooling of the device bends the cantilever beam and actuates the mirror.

In the case of piezoelectric actuation, the bending of a bimorph beam or plate is induced by an
electric field. With proper mechanical design this transducer effect can be utilized for microscanner
design [28][29]. Piezoelectric actuators provide high precision motion, however they require very
high potentials for small deflection amounts. The energy-coupling coefficient and the maximum
strain of existing materials are still small. The compatibility of existing piezoelectric films with

conventional IC fabrication processes remains an active and challenging research topic [30].

1.3 Main Contributions and Outline

Main contributions of this thesis can be summarized as:

e Modeling and optimization of the magnetic actuation using electroplated thin films in both
saturated and unsaturated modes of operation.

e Development of the process for lithography-free fabrication using polymers as the structural
material.

e Performance comparison of electroplated magnetic films with magnetic particles mixed in the
polymer substrate.

e Application of such actuators to laser scanning and barcode readers.

Chapter 2 gives an overview of scanner mechanics. The mechanics of beams are described and

cantilever beam type and torsional type scanners are investigated. Their static deflection
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characteristics, natural frequencies and mode shapes are analyzed using theoretical calculations and
finite element modeling. Lastly the second order system dynamics is reviewed. Chapter 3 focuses on
magnetic actuation by describing the fundamentals of magnetism and magnetic materials. The
modeling of an electromagnet is also presented by giving the related mathematical equations and
finite element modeling analysis. In chapter 4 fabrication of the scanners and magnetic material
characterization are described. Molding of polymers, preparation of polymers with magnetic particles,
fabrication of scanners using conventional machining and methods of depositing magnetic materials
are described. A setup used for magnetic material characterization is investigated. Chapter 5 describes
two prototype polymer magnetic scanners: a cantilever beam scanner and a torsional scanner.
Complete models of the performance at small angular displacements of each prototype are developed
and compared with experiments. A barcode reading system using these scanners is presented as an
application for these scanners. Chapter 6 discusses the conclusions, the future research opportunities

and possible application areas for polymer magnetic scanners described in this thesis.
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2 SCANNER MECHANICS

In this chapter mechanics of cantilever beam scanners and torsional scanners are examined. In 2.1
the general structure of the scanners are presented. Section 2.2 presents analytical and finite element
modeling (FEM) results for deflection of the cantilever scanner structure. Due to resonant mode
operation, dynamics of the structure is important. Section 2.3 investigates the natural frequency and
the mode shapes of the scanners for resonant mode operation and Section 2.4 reviews the second

order linear system dynamics.

2.1 General Structures of the Scanners

Mechanical behavior of structural elements is well-known and the details of this can be found in a
number of references [31][32][34]. Of particular interest in this work is the behavior of cantilever
beams and torsional bars. Their cross-sectional moments of inertia and how they are supported are the
factors that determine the mechanical behavior. Moment of inertia of the area 4 with a cross section

in y-z plane with respect to z axis is given by [31]:
—[ 2 _
I = L y2dA @-1)

In simple cases moment of inertia can be calculated analytically. Moment of inertia for different
cross sections can be found in [32]. Moment of inertia of a rectangular cross section with width w and

height /& with respect to z axis (height direction) is given by

3
I = hf; 2-2)
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2.1.1 Cantilever Beam Scanner

Figure 2-1 shows the general structure of the cantilever beam scanner. It consists of a narrow
cantilever beam supporting a rectangular mirror. The cantilever beam is anchored at one end. Table

2-1 shows the material properties and dimensions of the supporting beam and mirror for one of the

prototypes. The dimensions of the other prototype devices can be found in APPENDIX A.
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Figure 2-1 General structure of the cantilever beam scanner: (a) Side view, (b) top view and (c) 3-D

view. The narrow supporting beam is anchored from the end.

Width of the Suspension Wi 1 mm
Width of the Mirror Wo 8 mm
Length of the Suspension l4 15 mm
Length of the Mirror I, 8 mm
Thickness of the Suspension t4 0.5 mm
Thickness of the Mirror to 0.5 mm
Young's Modulus E 1.628 x 10° Pa
Density p 1200 kg/m®

Table 2-1 The material properties and dimensions of the supporting beam and the mirror for one of

the prototypes.
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2.1.2 Torsional Scanner

Figure 2-1 shows the general structure of the torsional scanner. It consists of a rectangular mirror
anchored at both ends by narrow torsion bars. Table 2-1 shows the material properties and dimensions
of the mirror and the supporting torsion bars for one of the prototypes. The dimensions of the other

prototype devices can be found in APPENDIX A.

1V v N
2 Y S
U, L,

(a)

, O (©
(b)

Figure 2-2 General structure of the torsional scanner: (a) Side view, (b) top view and (c) 3-D view.

The rectangular mirror is anchored at both ends by narrow torsion bars.

Width of the Torsion Bar W 1 mm
Width of the Mirror Wo 10 mm
Length of the Torsion Bar 4 7 mm
Length of the Mirror I, 10 mm
Thickness of the Torsion Bar t4 0.3 mm
Thickness of the Mirror t 1T mm
Young's Modulus E 1.628 x 10° Pa
Density p 1200 kg/m®

Table 2-2 The material properties and dimensions of the supporting beam and mirror for one of the

prototypes.
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2.2 Static Deflection of the Beam

221 Theoretical Analysis

Node 1 P Node 2

.

Figure 2-3 Geometry of the cantilever beam scanner and the nodes.

This section gives the static response of the actuator to an applied pressure. The geometry of the
analyzed actuator is shown in Figure 2-3. A pressure F is applied to the rectangular area at the end of
the beam. The block on the left is the anchor and the rectangular area at the right is the mirror. For
analytical calculations we assumed a concentrated force ¥ = Fp - 4 is applied at the center of the
mirror (at P). A is the area of the mirror (4 = [, x w;). To find the deflection at node 1, we need the

equivalent force and moment at node 1. The force at P generates a force F; and moment M; at node 1.

F =F (2-3)

M =F-2 (2-4)

where /, is the length of the mirror. The static deflection at node 1 is given by [31],

Fl '113 n Ml 'll2

O =0 ow =3 Y g
1 1

(2-5)

where J;r is the deflection due to force F, d;y, is the deflection due to moment M;, E is the Young’s

Modulus of the material, /; is the length of the suspension beam, /; is the moment of inertia of the
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suspension beam. Moment of inertia of the suspension beam, /; and moment of inertia of the mirror,

1, are given by,

I, = 1 (2-6)

L=
Substituting (2-6) into (2-5) gives,

51:4-E-lf3+6-M1-llj 2-8)

E-w-t; E-w-f

The angle of deflection at node 1 can be calculated as [31],

0,=0,+06,, = ;1;12]1 - Ag 1' 1{1 2-9)
The static deflection at the tip of the mirror can be calculated with,

Ocy =0,+0,+0, -1, (2-10)

where /; is the length of the mirror, J; is the deflection of the mirror relative to node 1 (bending of the

mirror) and the last term is the deflection of the mirror due to 8,. J, is given by [32],

SR

= 2-11
48-E-1, @10

2

The maximum stress for a deflected cantilever beam is given by [34],
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6-1 -F
_ 1 eqv (2_12)

max tlz Wl
where F,, is the force applied at the tip of the cantilever beam. Since the mirror is rigid compared to
the supporting beam we can neglect the mirror part for the stress analysis. The force that will cause a

deflection of 3, at node 1 (assuming moment is zero in (2-5)) is given by,

30 E

eqv Z3
1

(2-13)

The mechanical stiffness k. and the angular mechanical stiffness kg can respectively be defined as

the ratio of the force (£) to displacement (x) and the ratio of the torque (7)) to rotation angle (¢) as

E-w -t
XZEZ 3W112 (2-14)
X 414301
E-w -t
@:Zz_l%i (2-15)
¢ 6/,

2.2.2 FEM Analysis

FEM analysis was done using FEMLAB 3.0 . The dimensions and material properties given in
Table 2-1 were used to build the model. For boundary conditions, fixed displacement at the
suspension end is used and the force is applied on the mirror. For an applied force of 20 mN, FEM
analysis shows a tip deflection of 1,685 mm and a maximum stress of 4.57 Mpa. The analytical model

shows a tip deflection of 1.69 mm and a maximum stress of 4.32Mpa.
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Displacement

Figure 2-4 Simulated displacement of the actuator by FEM.

Yon Mises Stress

Figure 2-5 Simulated stress distribution of the actuator by FEM.

Max 1 685e-2
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Force was applied in two different ways to check the validity of the analytical model. In the first
analysis a distributed force was applied to the entire volume of the mirror as a force density (F/V). In
the second analysis a point force was applied to the center of the mirror. The results clearly show that
applying F at a single point in the analytical computations does not significantly affect the results.
The analytical results are in good agreement with FEM model.

A similar analysis can be carried out for the torsional scanner. If a pure moment without a
translational force is applied to the torsional scanner, it rotates the scanner through an angle ¢. The

torsional stiffness &y can be expressed as [14]

K, _2G6-K (2-16)
12
\ b b
K=~(a-b)533-336-2 1-—— (2-17)
a 12-a
G- E (2-18)

(2(1+v))

where G is the torsional modulus, K is a shape factor for rectangular flexures, £ is the Young’s

modulus, v is the Poisson’s ratio, 2a = max(w;,, t;) and 2b = min(w; t,).

2.3 Natural Frequency and Mode Shapes

2.3.1 Theoretical Analysis

It is possible to estimate the resonant frequencies of the scanners by Rayleigh-Ritz methods [34].
When the structure deforms, the displacement changes with position. The kinetic energy is a function
of the displacement and varies across the structure. Under sinusoidal excitation we can estimate the

displacement of a differential element on the actuator as,
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@(x,t) = @(x)cos(wt) (2-19)

We can use energy methods to calculate the elastic strain energy W, and the corresponding total
potential energy PE using the maximum deflection of the scanner. When ¢ = n/2w, the deflection is
zero everywhere, but the velocity is maximum. The maximum kinetic energy is attained at that time

and given by

owm(x,t)

Py =-—ww(x) (2-20)

t=rt/2w

The kinetic energy of a differential element is,

2

W, = %pm ()@ (x)’ (2-21)

where p,(x) is the mass density of the actuator at position Xx. To find the total maximum kinetic

~

energy, W, must be integrated over the volume of the beam. As the velocity and volume of the mirror

is much larger than velocity and volume of the suspension, we can neglect the suspension part in the

integration.

2

W, =— p,, ()@ (x)* dxdydz (2-22)

2 Jvolume

If the damping is ignored the maximum kinetic energy is equal to the maximum potential energy,

(W,) at resonance. Thus the resonant frequency, @, can be calculated as:

W
2
W, = ¢

I 1 Lo (X)@(x)* dxdydz

(2-23)
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n

If we call the denominator of the above equation W, then,

w, =2k (2-24)

NN N

5:3-:5;3:+ ZjSin 9

Figure 2-6 Cantilever beam scanner deflection.

14

W, can be calculated for the cantilever beam scanner as,

w, =1 jo’ pw,t, (5, +1sin@)>dl

max max

., 3 3 (2-25)
W, =pWTZt2[§2 1, +125 sin6+M}

where is shown in Figure 2-6 and §,,, is the maximum deflection at node 1. If we use small angle
approximation, (2-25) is simplified as,

" 3n2
W, :pWTzhz|:52 12+l§5maxe+lz39 } (2-26)

max
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The elastic strain energy, W, can be calculated with [31],

W, = £ & dxdydz (2-27)

¢ 2 Jvolume

where ¢ is the strain and E is the Young’s modulus. We can neglect the strain on the mirror as it is
very small compared to the strain on the suspension. So the integration for W, can be carried out just
on the suspension and the equivalent force, F.,, given by (2-13) will be used to calculate the strain.

The stress on a beam bent by the force, F,, is given by,

_—My
11

o (2-28)

where M is the bending moment, y is the distance from the neutral axis and /; is the moment of inertia

given by (2-5).

M =(, —x)-Feqv (2-29)
[ —x)-F_ -
o= ( 1 ) eqv y (2_30)
11
The strain is given by,
o _i—x)F, -y (231)
E E-1,

Putting (2-31) into (2-27) for the cantilever beam scanner gives,
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E ¢h ¢4 L =x)F,-y]
We== jol LVWI .{(1 E) o } dydx (2-32)
2 e

Evaluating the integration W, becomes,

W _Fezv .h13 113 .Wl
e 2 (2-33)
72-1>-E

and substituting /, given by (2-6) into (2-33) gives,

2-F. -1}
= (2-34)
w,-h - E
Using (2-26) and (2-33), the resonant frequency can be calculated:
We
a)o = " (2'35)
W,

A similar derivation can be performed for the torsional scanner geometry. The first resonance

frequency is given by

w, =27 = ,/k¢/Je__ff (2-36)

where ky is the torsional stiffness given by (2-16) and J4 is the effective mass moment of inertia
given by

Sy = +(213)-J (2-37)

foxx
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Jpw=5M (a® +D%) (2-38)

Mf =p-w -t -l (2-39)
pwy bty 5,

Jm,xx = T(Wz + t2) (2_40)

where 2a = max(w,, t;) and 2b = min(w;, t,), p is the density of the material, J,, ,, is the mass moment
of inertia of the mirror, My is the mass of the flexures, J;., is the mass moment of inertia of the

flexures [33].

2.3.2 FEM Analysis

The calculated resonant frequency using the dimensions and material properties given in Table
2-1is 79.45 Hz. The modal analysis with FEMLAB shows the first resonant frequency is at 79.72 Hz,
which is in very good agreement with the analytical model. Eigenfrequencies for the first six modes
and the mode shapes are illustrated in Figure 2-7.

Figure 2-8 shows the first six mode shapes and frequencies for the torsional scanner with
dimension given in Table 2-2. The resonance frequency is found as 184.56 Hz from the FEM analysis

and 184.45 Hz from the theoretical analysis.
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Figure 2-7 The first six eigenfrequencies and corresponding mode shapes of the cantilever beam

scanner. (f; = 79,72 Hz, f,= 387,24, f; =424,75 Hz, f, = 746,81 Hz, {5 = 2445,45 Hz, f = 3058,59 Hz)
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Figure 2-8 The first six eigenfrequencies and corresponding mode shapes of the torsional scanner.

(fi=184.56 Hz, f,=225.49,24, {5 =656.34 Hz, f, = 718.89 Hz, {5 = 1496.91 Hz, f; = 5144.22 Hz)
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2.4 Second Order System Dynamics

The dynamic response of the scanner can be modeled by a simple linear oscillator. The equation

of motion (EOM) is described by
mx +bx + kx = F(¢) (2-41)

where m is the mass, b is the damping, & is the stiffness, x is the position and F is the force. Similarly,

the EOM for a rotational system is described by
Jp+b,p+k,p=T(0) (2-42)

where J is the polar moment of inertia, by is the angular damping, &, is the angular stiffness, ¢ is the

angular position and 7 is the driving torque.

For the torsional scanner, J is given by (2-37); kg is given by (2-16) and b, is given by

by =Tk, |0 (2-43)

where Q is the quality factor of the scanner. For the torsional scanner with the dimensions and the
material properties given in Table 2-2, ky =1.36 x 1 07 N-m/rad, J = 1.01 x 10° kg'm’ and by=117x
107 N'm/rad’ at a Q value of 100. Figure 2-9 shows the frequency response of the scanner, at Q
values of Q = 0.7, Q0 =3, O = 10, Q = 100. 1t is evident from the figure that quality factor defines the

sharpness of the resonance peak.
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Bode Diagram
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Figure 2-9 The frequency response of the torsional scannerazr Q = 0.7, Q =3, Q = 15, Q = 100.
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3 MAGNETIC ACTUATION

This chapter discusses the magnetic materials and magnetic actuation methods. To understand the
basics of magnetic actuation, magnetic materials must be studied first. The magnetization of matter is
reviewed in 3.1. Section 3.2 focuses on magnetic materials and describes hard and soft magnetic
materials and reviews their basic properties. Magnetic actuation is treated in detail in 3.3. Magnetic
force and torque equations are derived assuming a magnetic field generated by an electromagnet. In
3.4 analytical modeling of a single turn coil and FEM of a multi turn coil is presented. Lastly the
finite element magnetic field simulations are compared to the experimental magnetic field

measurements.

3.1 Review of Magnetization of Matter

All materials are made up of atoms according to the elementary atomic model of matter. Each
atom contains a positively charged nucleus and a number of negatively charged orbiting electrons.
Circulating currents are generated by the orbiting electrons forming microscopic magnetic dipoles. In
addition to this, spinning positively charged nucleus and negatively charged electrons form magnetic
dipole moments [35].

In the absence of a magnetic field, the magnetic dipoles of the atoms have random orientation
(except hard magnetic materials) resulting in no net magnetic moment. When an external magnetic
field, H is applied to the material, the response of the material is called magnetic induction or
magnetic flux density, B. The relationship between B and H is a property of the material and caused
by the alignment of the magnetic moments of the spinning electrons and a change in orbital motion of

electrons. The equation relating B and H is

B =u,(H+M) (3-1)
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where uy = 4 x 107 is the permeability of free space and M is the magnetization. The units of M and
H are A/m, B is Tesla and those of u, is Weber/A-m, also known as Henry/m. In some materials and in
free space, B is a linear function of H; in some others B is not a single valued function of H. The

magnetization is defined to be the magnetic moment per unit volume.

M=m/V (3-2)

where m is the magnetic moment and V is the volume of the material. M is a property of the material
and it depends on both the magnetic moments of atoms, ions, molecules making up the material and
their interaction with each other [36][37]. The magnetization, M is related to the magnetic field
intensity, H by

M= yH (3-3)

where y is the susceptibility. Substituting (3-3) in (3-1) gives the following relation

B=pu,(1+ )H = pop, H = (3-4)

where

w=1+y (3-5)

known as the relative permeability of the material. A material is classified as:
e Diamagnetic, if p, ~< 1
e Paramagnetic, if p, ~> 1
e Ferromagnetic, if p, >> 1.
The B-H curves of paramagnetic and diamagnetic materials are linear. For paramagnets relative

permeability is slightly greater than unity and for diamagnets relative permeability is slightly less than
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unity. Ferromagnets have a different B-H curve showing a phenomenon called hysteresis. They are

treated in detail in the next section.
3.2 Review of Ferromagnetic Materials

The magnetization of a ferromagnetic material can be many orders of magnitude greater than that
of paramagnetic materials. Secondly, the magnetization saturates above a certain magnetic field.
Susceptibility, y and relative permeability, |, are large and positive and they are functions of the
applied field. Furthermore, the magnetization does not go to zero when the applied field goes to zero.
These phenomenas of magnetization are known as the hysteresis. The graph of B versus H is called
the hysteresis loop or the B-H loop.

Figure 3-1 shows a typical hysteresis loop for a ferromagnet.

B Flux Density Saturation

Retentivity

Coercivity

-H G H
Magnetic Field Magnetic Field
In Opposite Direction

Saturation Flux Density
In Opposite Direction —B In Opposite Direction

Figure 3-1 Hysteresis loop for a ferromagnet.
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The magnetic material starts from an unmagnetized state at the origin. When the applied field is
increased in the positive direction it follows the dashed curve till the saturation, (point a). The value
of B at saturation is called saturation magnetic flux density, B,. At this point magnetization saturates
but magnetic flux density continues to increase with the increasing applied magnetic field, as evident
from Eq. (3-1).

If the applied field, H is reduced to zero after saturation, B goes to B,, residual induction or
retentivity (point b). The inverse magnetic field needed to reduce the magnetic flux density to zero is
called coercivity, H, (point c¢). Depending on their coercivity, magnetic materials can be classified as
hard and soft magnetic materials. When the magnetic field is increased further in the reverse
direction, it reaches saturation in the reverse direction (point d). Then it shows the same effects in the
reverse direction as the magnetic field is decreased and increased in the initial direction again (points
e and f). When the magnetic field is swept like this, the hysteresis loop is obtained. The origins of
hysteresis can be found in references [35][36][38][37].

3.2.1 Hard Magnetic Materials

Hard magnetic materials can not be magnetized and demagnetized easily. In other ways of saying,
they have broad hysteresis loops (Figure 3-2). They have large coercivity values, so demagnetizing
them requires very high magnetic fields. They are useful as permanent magnets. They remain in one
persistent direction until a large field is applied in the other direction. The energy stored per unit
volume in the external magnetic field should be as large as possible since this is the energy to do
work. This energy corresponds to the maximum value of the product of B and H in the second
quadrant of the hysteresis loop which is denoted as (BH),.... Some actuation schemes can make use of

the properties of hard magnetic materials.
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H.

Figure 3-2 Hysteresis loop of a hard magnetic material.

3.2.2 Soft Magnetic Materials

Soft magnetic materials can be magnetized and demagnetized easily. Hence, they need relatively
low magnetic fields. In other ways of saying, they have narrow hysteresis loops (Figure 3-3). The
hysteresis loop of soft magnetic materials has small area. So they are suitable for applications where
repeated cycles of magnetization and demagnetization occur as in electric motors, inductors,
transformers. Some actuation schemes can make use of the properties of soft magnetic materials.
NigoFeyo is chosen in this work because of its low coercivity, narrow hysteresis loop, very large
permeability and relatively large saturation magnetization. Another important advantage of NiggFey is

that it can be deposited easily onto the structures.

Figure 3-3 Hysteresis loop of a soft magnetic material.
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3.2.3 Magnetic Anisotropy

The magnetic properties of a sample depend on the direction in which they are measured. This is
a result of the magnetic anisotropy. Magnetic anisotropy is an important factor in determining the
suitability of a material in a particular application.

In both hard and soft magnetic materials, there are certain directions along which the
magnetization prefers to orient itself or tries to avoid. The preferred direction is called easy axis and
the avoided direction is called hard axis. The magnitude of the magnetic field required to reach
saturation along the hard axis is much larger than the magnitude of the magnetic field required to
reach saturation along the easy axis. Figure 3-4 shows the hysteresis loop of a magnetic sample along
the easy and hard axes. The directions of the easy and hard axes are determined by the magnetic
anisotropy of a sample.

)
easy B
axis

hard

e axis

Figure 3-4 Hysteresis loop of a magnetic sample along the easy and hard axes.

In an ideal hard magnetic material the magnetization vector does not change in magnitude and it
does not rotate away from the easy axis. But in an actual magnetic material the magnetization vector
can rotate away from its initial preferred position. The rotation angle of the magnetization vector is
determined by the magnetic anisotropy energy. Magnetic anisotropy energy which is minimum at the
easy axis depends on the material properties and sample geometry.

The magnetic anisotropy energy is zero when the magnetization vector lies at the easy axis.
Moving away from the easy axis, magnetic anisotropy energy increases till it is 90 degrees away from
the easy axis reaching a maximum value at the hard axis. This explanation is valid for a uniaxial

magnetic sample. In real life magnetic samples may have more than one easy axis. Going away from
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the hard axis magnetic anisotropy energy starts to decrease, reaching zero at the easy axis pointing at

the other direction. Magnetic anisotropy energy is given by

U, =VKsin* 6 (3-6)

where U, is the magnetic anisotropy energy, V is the volume of the sample, K is the magnetic
anisotropy constant, and € is the rotation angle of the magnetization vector [19].
There are different sources of magnetic anisotropy. Crystalline anisotropy, induced anisotropy,

stress anisotropy and shape anisotropy are the most important ones:

e Crystalline anisotropy:
Crystalline anisotropy is the tendency of the magnetization to align itself along a preferred

crystallographic direction.

e Induced anisotropy:
Induced anisotropy is not intrinsic to the material. It is produced by a treatment such as
annealing which has directional characteristics. Using such treatments material properties

can be engineered and magnitude of anisotropy and the easy axis can be altered considerably.

e Stress anisotropy:
Stress anisotropy is the change in magnetization when there is change in mechanical strain of
the magnetic material. Through magnetostriction, the stress in a magnetic material induces a

magnetic anisotropy.

e Shape anisotropy:

Along all the sources of magnetic anisotropy, shape anisotropy is the easiest to control and it
can be orders of magnitude larger than the others. It is the tendency of the magnetization to
align itself along the longest axis. In order to understand the origin of the shape anisotropy

the demagnetizing field must be introduced.
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Demagnetizing Field and Shape Anisotropy:

To understand the demagnetizing field, let’s assume that a magnetic field, H, is applied to a
magnetic sample like shown in Figure 3-5; so the sample is magnetized from left to right, in the
direction of the field. By definition, magnetic field lines radiate from the north pole (from right end)
to the south pole (to left end) of the sample. Inside of the material the magnetic field lines radiate
from the north pole to the right pole as well, opposing the applied magnetic field. This internal
magnetic field tends to decrease the magnetization, demagnetizing the material. So this field is called

the demagnetizing field.

=
\

v
+ o b

Figure 3-5 A sample magnetized by an applied field.

The demagnetizing field is formed by the magnetization so demagnetizing field along a particular

axis My, is proportional to the magnetization parallel to that axis M,,,..
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H, =-——"2=pM (3-7)

where N, . is the demagnetizing factor along a particular axis and it depends on the shape of the
sample.

For elongated samples , is smallest along the long axis and largest along the short axis. The
anisotropy increases with the increasing aspect ratio. Furthermore, the total field inside of the material
is the sum of the applied magnetic field and demagnetizing field. As demagnetizing field opposes the
applied field it must be subtracted from the applied field.

H =H,-H, (3-8)

Along the long axis H; is close to H, as the demagnetizing field is low (N, is low — H; is low).
Along the short axis the demagnetizing field is large (N, is large — H; is large) so most of the applied
field goes into overcoming the demagnetizing field. So it is easier to magnetize the sample along the
long axis.

The demagnetizing factor (coefficient) along a particular axis, Ng,. can only be meaningfully
defined for an ellipsoid with semi axes a, b and c. An ellipsoid has three shape coefficients: N, N,
N.. The sum of them is always unity. The calculation of these shape coefficients can be found in [19].
The plots of the results are given in APPENDIX C. The magnetostatic energy density related to the

demagnetizing field of a sample is given by

(3-9)

If the magnetization, M of the ellipsoid makes an angle a with the a semi axis, f with the b semi
axis, y with the ¢ semi axis, considering the component of M along each axis; the magnetostatic
energy density and the overall shape anisotropy coefficient of the sample in the direction of M can be

given by
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M? M’

u, =t—N,=1——(N,cos’ a+ N, cos’ B+ N, cos’ y) (3-10)
Ho Hy

N, =N,cos’a+N,cos’ B+ N, cos’y (3-11)

and the demagnetizing field in the direction of M can be found by

H, = —MN,JM = —K(Nu cos’ a+ N, cos” B+ N, cos’ y) (3-12)

Hy Ho

If the magnetic field is constrained in the x-y plane the magneto static energy density becomes

2

M .
Upsiryy = 3—— (N, cos® a + N, sin” @) (3-13)
0

where y = /2 and cosf = sino. By substituting cos’a with (1-sin’ o)

M? M? ,
mseyy =3 N, +%,u—(Nb — N, )sin’ a (3-14)
0 0

u

neglecting the constant term in (3-14) and renaming 6 = o gives

M? . .
Upsiryy =3— (N, —N,)sin’ 0 =K, .. sin> 6 (3-15)
0

which is consistent with (3-6). The magnetic shape-anisotropy constans K is then given by

36
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M2
Ka(shape) = %,U_(Nb _Na) (3'16)
0

For the samples used in this work, shape anisotropy is the dominant anisoropy because of the high

aspect ratio of the structures.

3.3 Magnetic Force and Actuation Methods

Magnetic actuators can be classified as moving coil actuators and moving magnetic material
actuators depending on their moving parts. Moving magnetic material actuators can further be
classified as moving hard magnetic material actuators and moving soft magnetic material actuator. In
this section first magnetic torques and forces are discussed and then different actuation mechanisms

are described.

3.3.1 Magnetic Torques and Forces
Forces and Torques on Magnetic Charges

There are pairs of complementary magnetic charges bound to magnetized materials that act as
sources of H and M [19]. The existence of these magnetic charges can be derived from the Maxwell’s

equations.

V-B=V-(uH+M)=uV-H+V-M=0 (3-17)
~V-M=uNV-H=n, (3-18)

where 7,, is the magnetic charge density. The total magnetic charge, ¢ can be calculated integrating

7, over volume v.
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¢ =[n,dv=MS (3-19)
where S is the pole surface and M is the magnetization.

When a magnetic field is applied on a magnetic pole, a force F' is induced on the magnetic pole
given by

F=pH = MSH (3-20)
A
a4 A 4 FN
J B Gy A,
/éﬂ”;:’i;’M
,,,.f_r:*”f:i“‘{f’ d H
"_—’;;:_,r-;’.’fi____. N O 1
H
Fs

Figure 3-6 If the magnetic material is placed at an angle, ¢ to the magnetic field; a torque, T is

generated.

When a magnetic material with constant magnetization is placed inside a uniform magnetic field
(i.e., H; = H>), the poles experience equal forces but in opposite directions. So they cancel out each

other resulting in no net force. Likewise if the material is parallel to (i.e. aligned with) the magnetic



39

Chapter 3: Magnetic Actuation

field lines, the torque is zero. If the magnetic material is placed at an angle, ¢ to the magnetic field

(Figure 3-6); a torque, 7T is generated given by

T = pHIsing = MHYV sin ¢ (3-21)

where [/ is the length and V' is the volume of the sample. The corresponding magnetostatic energy is
given by
U =-VH-M =-VHM cos¢ (3-22)

ms

Thus, when the torque is minimum magnetostatic energy is maximum and vice versa. The torque T,

can be found by taking the derivative of the magnetostatic energy with respect to the angular variable,

.

dUu
T=——"=VHM sin ¢ (3-23)

d¢

Magnetic Anisotropy Torque

The magnetic anisotropy energy, given in (3-16), increases as the magnetization vector moves away
from the easy axis. A magnetic restoring torque is generated as a result and tries to realign the

magnetization vector with the easy axis:

T=- dd(g“ = -2VK sin @ cos @ = —VK sin 260 (3-25)

From (3-25) we see that the restoring torque is maximum at §=+n/4.
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Lorentz Force

A conductor of length / in a magnetic field density, B experiences a force called the Lorentz force

when a current / flows through it. This force is given by

F=I(Ix B) (3-26)

This force is maximum when the applied field is perpendicular to the conductor through which the

current flows.

3.3.2 Moving Coil Actuators

wek}

r 3

\ 4

<
> Torsion
I

l axis

Figure 3-7 A moving coil actuator. For simplicity the torsion bars are not shown.

A moving coil magnetic actuator uses Lorentz forces for actuation [4]. Figure 3-7 illustrates a

magnetic torsional actuator used as a microscanner. This kind of devices requires the guiding of the
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current lines on the actuator. Lorentz force causes the springs to move in the magnetic field of an

external source such as a magnet. The force acting on a single coil is given by
F=B1, (3-27)

where BL1 is the perpendicular component of magnetic flux density to the coil, / is the current passing
through the coil and / is the length of the k™ coil. The torque is found by multiplying the force with
the distance of the coil from the torsional axis, 4. To find the total torque the torque of every coil

must be summed.

T = 22BJ_Hkrk (3-28)

k=1

where n is the number of coils.

The current on the moving coils may cause thermally induced problems such as bending or
buckling of the thin structures. Moreover, in order to obtain a high magnetic field, large magnets are
needed. Their size, long-term durability and environmental sensitivity (magnetization, Curie

temperature) could be the problems associated with this kind of actuators.

3.3.3 Moving Hard Magnetic Material Actuators

The magnetization vector of a hard magnetic material does not change in magnitude or direction
under the operating conditions. These materials can make use of the forces and torques as described
in 3.3.1 . If the magnetization vector is not aligned with the magnetic field, a torque given by (3-21) is
generated as in Figure 3-6.

On the other hand translational forces are also possible with this kind of actuators. If the magnetic

field has a rate of change with respect to a displacement, the magnetic force is given by [21][22][41]
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d
=M ——H___dv 3-29
x,y,zJ. d(x, y’ Z) X, .,z ( )

X, Y,z
where M, . is the magnetization along the axis x or y or z and /1, . is the applied field along the same
axis. The derivative is taken with respect to the same displacement variable and integration is

performed over the entire volume. (Figure 3-8)

Ma\a\al4 40/

W,

Figure 3-8 Moving hard magnetic material actuator. If the magnetic field has a rate of change with
respect to a displacement (i.e., H, is not equal to H;), a magnetic force is produced. The direction of
magnetization is normal to the surface and it does not change with the applied magnetic field. If H, >

H, F is upwards and vice versa.

This force can be bidirectional since the magnetization vector does not rotate. By changing the
direction of the applied field the direction of the force can be altered. An important thing to point out
is that the force is not maximum where the magnitude of the applied field is maximum. The force
reaches maximum at the point the gradient of the magnetic field is maximum. This is usually different

than the location of the maximum magnetic field.
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3.34 Moving Soft Magnetic Material Actuators

Let’s assume a uniform magnetic field, H, is applied to a magnetic sample with magnetization M
and magnetic anisotropy K. The initial angle between the applied field and the easy axis of the
magnetic sample is y. The applied field exerts a torque, 7. on the magnetization vector given by (3-

30) and the anisotropy opposes this with a restoring torque, 7., given by (3-31).

Tja = VHM sin(y — 6 — @) (3-30)

T

anis

=—-VKsin20 (3-31)

where 6 is the angle between the magnetization vector and the easy axis and ¢is the angle of

deflection of the material.

m?ii' __EQSV
f]lx - CIXls
P T mech

inifial eqsy
axis direction

Figure 3-9 Moving soft magnetic material actuator.
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The magnetic sample starts to deflect because of the restoring anisotropy torque, T... A

mechanical torque, 7). this time oppose this torque.
Tmech = _k¢¢ (3-32)

where @is the angle of deflection and k, is the angular stiffness calculated in 2.2. In equilibrium the

net torque on the magnetization vector and the net torque on the magnetic sample is zero.

Tya + Topis =0 (3-33)

anis

-T +T

anis mech

=0 (3-34)

This implies that the magnitude of Tjeis, Tanis and T are all equal. Using equations (3-31), (3-

32) and (3-34) angular mechanical deflection, ¢ can be solved.

b= [Z—stm(w) (3.35)

¢

Substituting (3-35) in (3-30) gives

T s =VHM sin[y/ -0- (Z—K] sin(20)} (3-36)
¢

And substituting (3-36) and (3-31) in (3-33) gives

VK sin(20) = VHM sin{}/ -0- [II/c_KJ sin(29)} (3-37)
¢
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(3-37) can be solved iteratively to obtain the angular mechanical deflection, ¢ and angular
magnetization deflection, 6.

In reference [19] it was shown that for a magnetic sample with a length to thickness ratio of 4 the
magnetization vector does not deflect very far from the easy axis (<2 deg). It is concluded that the
calculated mechanical deflections of soft magnetic structures with large length to thickness ratios are
very similar to the calculated mechanical deflections of structures modeled as ideal hard magnetic
materials. So the structures with high length to thickness ratios can be modeled as ideal hard magnetic
materials.

The soft magnetic material used for the structure given by Table 2-1 has dimensions of / = 8 mm,
w =8 mm and t = 28 um. It has a length to thickness ratio of 285. Thus, for the scanners used in this
work the dominant anisotropy is the shape anisotropy and the other sources of anisotropy can be
neglected.

For all practical purposes we can assume that the magnetization vector of the structures used in
this work does not deflect from the easy axis because of high shape anisotropy. In this case the

magnetic torque, 7.4 can be simplified to

T q =VMH sin(y — @) (3-38)

and the mechanical restoring torque, Ty is given by (3-32). As Tpea + Tpeen = 0, the equilibrium

angular mechanical deflection can be found by

VMH | .
¢ = ( JSIH(?/ —9) (3-39)
ks
3.4 Electromagnet Modeling

Magnetic actuators require external magnetic fields to function. Most of the actuators are excited
with the help of electromagnets as they provide control of the applied field. An external permanent

magnet can be used with moving coil actuator as the torque can be controlled by the coil current. For
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moving magnet approaches (i.e, soft and hard magnetic material placed on the moving structure) an
external electromagnet is needed to control the torque. This section focuses on the electromagnet

modeling. All the scanners used in this work are actuated by external electromagnets.

3.4.1 Single-Turn Coil Theory
(0,0,z)

X

Figure 3-10 Circular coil carrying current, /.

The magnetic field generated by a circular coil can be calculated from the Biot-Savart law [35]. In
Figure 3-10 the vertical (z) component of the magnetic field intensity at a point on the axis of a

circular loop of radius b that carries a current / is given by

H(z)=a,

2
b 3 (3-38)

2-(22 +b2)

To obtain the magnetic field of a coil with » turns, the contribution of each turn must be summed.
General formulas giving the magnetic field at any point in space can be found in electromagnetic

textbooks such as [35].
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3.4.2 FEM Analysis

Theoretical calculations are useful for calculating magnetic fields of two dimensional coils (one
or few layers) such as microfabricated coils on silicon wafers or coils on printed circuit boards.
Analytical calculations are difficult to deal with for three dimensional coils winded on a core, such as
the coils used in relay circuits and the coils used in this work. Finite element modeling provides easier

and more effective results.

RE2 I

poz -

. Symmetry -
Axis. | | | .

R

10.‘18I : :ﬂ..14‘ : :U.‘12‘ : I-Ul“l‘ ; :U.IUSI ; :EI.IUGI ; :0.;]4‘ : I-D.‘UZ‘ 0
(@) (b)
Figure 3-11 The coil is modeled by an area penetrated by the current, / times the number of turns,
N. A 2-D model with rotational symmetry is used. (a) 3-D representation of the model, and (b) 2-D

model with rotational symmetry is shown.

Figure 3-11 illustrates an N turn coil with an inner radius of r;, an outer radius of r,, a length of /,
and a magnetic core at its centre. The electromagnet is modeled using FEMLAB 3.1. Due to the

computation time and number of element limitations of the software, a two dimensional model with
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rotational symmetry is used. The coil is represented by an area penetrated by the current / times the
number of turns N.

Static magnetic analysis is performed and the magnetic fields and flux densities generated by the
coils are simulated for the different coils used throughout this work. Both the radial and the vertical
components of the magnetic field are important as the generated torque depends on both. The radial
component magnetizes the sample and the vertical component generates the torque on this
magnetization. In Figure 3-12, the arrows show the magnetic flux density and the streamline shows
the magnetic field when 0.5 Amperes were applied to the coil with the dimensions and properties
given in Table 3-1.

Figure 3-13 shows the magnetic flux density generated by the coil when 0.5 Amperes were
applied to the coil. The maximum magnetic flux density appears inside the core because of its high
relative permeability. On the outside, the maximum magnetic flux density is obtained at the corners of
the core. The blue line that is 1.5 mm above the core shows the line of points where magnetic

measurements are taken and compared with the FEM simulations in the next section.

Inner radius | r; 18,75 mm

Outer radius | r, | 30,75 mm

Radius of the core | ¥epre 8,5 mm

Length of the coil | | 60 mm

Length of the core | .. 62 mm
Relative permeability | m,, 5000
Number of turns | N 1600

Table 3-1 The material properties and dimensions of the coil with the magnetic core.



49

Chapter 3: Magnetic Actuation
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Figure 3-12 Cross section of the coil with the magnetic core. Magnetic field and magnetic flux
density generated by the coil whose dimensions and properties are given in Table 3-1 are simulated.
The arrows show the magnetic flux density and the streamline shows the magnetic field when 0.5

Amperes were applied to the coil.
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Surface: Magnetic flux density, norm hax 0127

0035

003

005

0.0z

0.01s

0.

0.ans

-0.005

-0.01

-0.015

-0.02

-0.025

-0.03

-0.035

Min: 4.03e-9

Figure 3-13 Cross section of the coil with the magnetic core. Magnetic flux density generated by the
coil whose dimensions and properties are given in Table 3-1 is simulated. The maximum magnetic
flux density appears inside the core because of its high relative permeability. Outside of the coil the
maximum magnetic flux density is obtained at the corners of the core. The red line above the core

shows the line of points where magnetic measurements are taken and compared with the FEM

simulations.
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3.4.3 Experimental Results

FEM results of 3.4.2 are confirmed experimentally using a Bell Probe to measure both the vertical
and the radial components of the magnetic flux density. Measurements are taken at 1.5 mm away
from the top surface of the coil along the line illustrated in Figure 3-13 with 0.25mm increments.
Figure 3-14 and Figure 3-15 show the experimental and FEM simulation results for the vertical and
the radial components of the magnetic flux density (B, and B,), respectively. The simulation and
experimental results are in good agreement. Note that the maximum values of B, and B, are attained
near the top of the coil wires but not exactly at the same position. Other coil geometries are also
modeled using FEM in a similar way and the electromagnetic force and torque are computed using

the equations developed throughout this chapter.
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Figure 3-14 The experimental results and FEM simulation results for the vertical component of

the magnetic flux density, B, at different radial distances.
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Figure 3-15 The experimental results and FEM simulation results for the radial component of the

magnetic flux density, B, at different radial distances.
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4 FABRICATION AND MATERIAL CHARACTERIZATION

In this chapter the fabrication steps of the magnetic scanners are described in detail. As explained
in the first chapter, one of the objectives of this work is developing simple and low cost scanners. In
the scanner system, polymers are used as the structural material, magnetic powders mixed in the
polymer and electroplated permalloy films are used together with external coils for magnetic force
generation, and Aluminum (Al) coating layer or Al-coated Silicon mirrors embedded in the polymer
are used to make the surface highly reflective.

Polymers are widely used in passive micro-optical elements and lend themselves to high-volume
low-cost manufacturing and replication technologies such as molding. In this research we use
polymers as a structural material in active mechanical scanning structures. The process developed is
not only simple and well-known for many years but also does not require any lithography steps that
complicate the fabrication. The molding procedure is explained in details in 4.1.

For the magnetic material, permalloy and some magnet powders were used. Permalloy was
chosen because of its good magnetic properties and the easiness of producing thick layers of
permalloy by electrodeposition. Adding magnetic powder to the polymer, i.e., making a polymer
magnet does not require additional fabrication steps. This work does not focus on producing good
quality polymer magnets but it shows that adding of magnetic powders is completely compatible with
the molding process described here. Several authors showed that producing polymer magnets with
good magnetic properties is possible [39][40][41].

In 4.2 another simple method for producing scanners is introduced. It involves using widely
available epoxy—glass fiber composite boards and shaping them with conventional machinery. In 4.3
nickel iron electroplating process is described in detail and in 4.4 magnetic material characterization

methods are discussed.



54

Chapter 4: Fabrication and Magnetic Characterization

4.1 Molding

Figure 4-16 shows the basic fabrication steps for the photo sensitive polymers such as RenShape
SL5195, which is used in stereo-lithography for rapid prototyping. The basic procedure does not
change for other materials except some minor differences. RenShape SL5195 is a UV sensitive
polymer, meaning that the liquid material becomes solid when it is exposed to UV light. The material

properties of RenShape SL5195 are as given in APPENDIX A.

- Magnetic
Mold  Polymer; particles

e A RS A
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1 2 3 4

UV curing
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¥ Permalloy

AVANNAWE Toow <« Sheet

Figure 4-16 Basic fabrication steps for RenShape SL 5195 and other photo sensitive polymers.

Steps 1, 2 Preparation of the mold:

The first step involves the preparation of the mold, which is used repeatedly for replicating
devices. Fabrication of the mold can involve conventional machining or lithography process

depending on the desired tolerances.
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For the prototypes, the mold is made out of an aluminum block. The designed shapes are realized
by a CNC (Computer Numerical Control) machine. This process has few microns of sensitivity but

the smallest feature size was limited to about 500 um.

Figure 4-17 shows the aluminum mold prepared by the CNC machine. In future designs, silicon
wafers can also be used as the mold. With anisotropic etching of silicon wafers, molds for smaller

sized structures can be prepared.

Figure 4-17 The mold used for the prototypes. It is made by CNC machining of an aluminum block.

Steps 3, 4 Injection of the liquid material to the mold:

In this step magnetic powder is mixed with the polymer and the mixture is injected to the mold.
For the scanners with electroplated permalloy the polymer is injected to the mold without adding any

magnetic powder.
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Step 5 UV curing:

The liquid polymer or polymer - magnetic powder mixture is exposed to UV light until it is
completely cured and becomes solid. Curing of the polymer magnetic powder mixture takes longer
time as the powder decrease the transparency of the polymer. Curing the material that is at the bottom
of the mold is more difficult, thus the thickness of the device and the magnetic powder concentration
in the photo sensitive polymer is limited. Forming the device out of several layers put on each other
or using a polymer with a different curing method can be solutions to this problem. Some polymers
can be cured with addition of catalyzes, those can have higher density of magnetic material but takes
longer to cure. The challenge with this process is maintaining the thickness of the device precisely
and the prevention of air bubbles in the polymer while curing. The thickness is better controlled by
placing a top cover glass and the bubble problem is eliminated by performing the curing in an
enclosure while pumping dry nitrogen into the medium. A simple UV oven was built for the purpose
using a picnic cooler that is covered with Aluminum foil for high reflectivity. A hole was opened to

let Nitrogen into the cooler. The sample and the UV lamp are placed in the cooler during curing.

Steps 6, 7 Removing the devices out of the mold.:

Before the last step the devices are removed out of the mold. Stiction was a major problem of this
step. Some chemicals (fluorine and silicon based sprays) are used to avoid stiction. Before injection
of the polymer, a thin layer of these chemicals are applied to the base of the mold and cleaning of the

mold with acetone might be required.

Step 8 Attaching the mirror:

As the last step, a small mirror is attached to the scanner. The mirrors are prepared by evaporating
aluminum onto a thin polished silicon wafer to make it highly reflective. Then, the wafer is diced into
pieces with the desired dimensions to use as mirrors. The mirror can be covered with a protective tape

or layer and placed at the bottom of the mold before the polymer is dispersed. Alternatively, it can be
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glued on top of the polymer afterwards. At this step permalloy is also added to the scanner. The

details of combining polymer with the permalloy is described in 4.1.2.

411 Scanners with Magnetic Powder

Different magnetic powders are used in prototype designs. Commercially available spherical
magnetic powder (Magnequench MQP-S-9-8), nano sized Fe,O; particles and high energy embedding
powders (Hoosier Magnetics HEEP HM 180) are the powders used in the prototypes. The powders
are mixed with RenShape SL5195 and other polymers. Mixtures are prepared in different
concentrations with the help of an ultrasonic stirrer. The high energy embedding powder showed the
best performance. As explained before when the concentration of the powder in the polymer is
increased, the transparency of the UV sensitive polymer decreased. This caused problems in the
curing step. To cope with this problem other polymers are also tried. Thermosetting polyester, which
has a different curing method performed well in the experiments. The curing of polyester involves
adding chemicals to the liquid polyester. In general, polyesters have extremely good mechanical
properties and are extremely heat resistant. They allow for adding large concentrations of powder
without any difficulty. These reasons make them a good candidate for the scanner. Other than
polyester; polyimide, epoxy and polymethyl methacrylate (PMMA) are the materials suitable for this
process. We did not focus on optimization of the polymer — magnetic powder mixture. But the
compatibility of such mixtures with our proposed process was shown. Eventually, scanners with
electroplated permalloy performed better at the experiments. But improving the quality of polymer -

magnetic powder mixture may end up with better performing devices.

412 Scanners with Electroplated Permalloy

For the scanners with electroplated permalloy, the mixing of magnetic powder with polymer is
omitted in the fabrication process. An electroplated permalloy is glued to the scanner along with the
mirror. We tried electroplating permalloy directly on the polymer using a conductive seed layer.

Copper was tried as a seed layer using the process developed for depositing copper on epoxy boards
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for printed circuit boards (PCB). The adhesion of copper to the polymers tried was not good enough
for our devices. However, the effort was still helpful and we developed another fabrication method
using epoxy — glass fiber composite boards as described in 4.2.

Another method tried was plating on Silicon wafers and using diced Silicon pieces with Al mirror
on one side and permalloy film on the other side. Using silicon microscanners with this method is
another research project in our laboratory. However, we can place diced Silicon pieces in polymer to
make molded microscanners. Silicon wafers have Titanium/Gold seed layers for permalloy film
electrodeposition. The details of electrodeposition of permalloy is described in 4.3. Furthermore in
some prototypes thin sheets of permalloy released from their base materials due to stress are also

attached to the scanner.

4.2 Epoxy — Glass Fiber Composite Scanners

An alternative to molding for fabricating scanners is by shaping epoxy-glass fiber boards by
conventional machining. Epoxy — glass fiber composite boards are widely used by printed circuit
board (PCB) manufacturers. Boards with copper on its top and bottom surface are commercially
available in a variety of thicknesses. The copper layer on the surface can be used as a seed layer for
electrodeposition, making the fabrication process easier and simpler. Prototypes with thicknesses
varying from 0.13 mm to 1 mm were prepared. They are cut by a computer controlled machine,
forming the desired geometries. The limit of this method is that it does not allow thickness variations

in the device. Cutting is done in 2-D allowing fixed thickness throughout the device.
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Figure 4-18 Epoxy — glass fiber scanners coated with copper are cut into desired shape by computer

controlled machinery.

4.3 Electroplating

In section 4.1.1 preparation of the scanners with magnetic powder is described. The magnetic
material (permalloy) for the second type of scanners is formed by electroplating. Magnetic materials
can be deposited in a variety of ways. Thermal evaporation, sputtering and electroplating are the most
important and frequently used methods. Among them electroplating is the only method that can be
used to deposit thick films (> 10 um). Electroplating of magnetic materials has been done for a long
period of time. Maintaining a well-controlled plating bath and process requires not only good recipes
but also a lot of expertise.

A typical electroplating bath consists of an aqueous metal solution, an anode, a cathode and a
power supply (Figure 4-19). For NiFe electroplating the anode is made of nickel and the cathode is
made of another conductive material where the deposition occurs. The aqueous solution contains
nickel (Ni*") and iron (Fe*"), hydrogen (H") and sulfate (SO,”) ions. When a voltage is applied
between the anode and cathode, the positively charged ions are attracted by the negatively charged
cathode. The Ni and Fe ions reaching the cathode gain electrons and they become plated onto the
cathode. At the same time the anode releases Ni ions to the aqueous solution that supply electrons to

the power supply. There is no source for the Fe ions so after a while they are depleted. This is why the
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bath has a limited life time. Hydrogen ions are also attracted by the cathode. When they reach the
cathode they gain electrons and form H, bubbles. To avoid the formation of H, bubbles, the cathode

is periodically removed from the solution for a short time [44].

o+ -0

o2H* !
SO,” Fe’!

Ni2+ Ni2+ /

Figure 4-19 Typical electroplating bath

To deposit magnetic material, a conductive plating base or seed layer is needed as a cathode. As
described in section 4.1.2 the attachment of magnetic material to the scanner is accomplished in two
ways. For the epoxy — glass fiber composite scanners Cu, which is already found on the surface of the
board, is used as a seed layer. A thick layer of photoresist is coated to the desired areas to define the
shape of the plated material (Figure 4-24). After the electroplating process the photoresist is
stripped. For the scanners with an attached silicon wafer, an adhesion layer of titanium and an
electroplating seed layer of gold are deposited by evaporating onto the silicon wafer. No mask is used
for the silicon wafers. They are diced into pieces with the desired dimensions after electroplating.

NiFe electroplating is done using a standard recipe and procedure described by several authors
[19][42][43]. The bath composition used in this work is given in Table 4-2. The volume of the
electroplating bath used in this work is approximately 2 liters with an interelectrode distance of 10

cm. Different current densities were applied at room temperature without stirring.
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Composition of Nickel-lron Electroplating Solution

Material Quantity
Nickel Sulfate NiSO,4-6H,0O 200g/1
Ferrous Sulfate FeSO,47H,0 8g/l

Boric Acid H;BO;, 25¢g/1
Nickel Chloride NiCl,-6H,O 5¢g/l
Saccharin C;H4NOsS-Na-2H,0 3g/l

Table 4-2 Composition of nickel — iron electroplating solution. The temperature = 23° C .

The total plating area, the total current, plating efficiency, uniformity of the current density and
shape of the plating area are the factors that affect the deposition rate, composition and uniformity.
Plating efficiency is the fraction of current used to deposit material instead of evolving hydrogen. The
residual stress is another important thing that limits the plated film thickness.

To characterize and condition the bath several samples are electroplated (Figure 4-20). At the
initial trials saccharin was omitted from the electroplating solution. Electroplating attempts were
made with different current densities ranging from 8 mA/cm® to 18.5 mA/cm®. It is found that best
results were obtained at a current density of 16 mA/cm® and EDS (Energy Dispersive Spectrometry)
measurements show that the films consist of 13.28 % iron and 86.72 % nickel. The target value for
permalloy, which has good magnetic properties is 20% iron 80% nickel. Other attempts with different
current densities suffered from high residual stress. When the thickness reaches several microns, the
permalloy sheet is peeled from the sides. Figure 4-21 shows the electroplated permalloy at different

current densities.
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Figure 4-20 Some of the early attempts of electroplating. Most of them suffered from high residual

stresses and peeled from the sides.

Later on saccharin was added to the electroplating solution and better results were obtained. The
samples displayed a smooth and bright surface at all current densities (Figure 4-22, Figure 4-23,
Figure 4-24). For a current density variation in the range of 8 mA/cm® to 17.6 mA/cm’, the nickel
composition varied from 82.44 % to 91.65 %.

An inhomogeneous surface film composition was observed by the help of EDS. The growth
mechanisms induce a composition variation with the deposition rate. The edge effect -crowding of
current at the edges-, introduces a large variation of the composition. The mean film composition also

varies with the current density.
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(d) (e) Q)

Figure 4-21 Electroplated permalloy before adding saccharin to the electroplating solution at different
current densities: (a) 15 mA/cm?, (b) 14.8 mA/cm?, (¢) 13.8 mA/cm?, (d) 11.75 mA/cm?, (e) 16.5
mA/cm’, (f) 13.7 mA/cm’. Best results were obtained at a current density of 16 mA/cm® (e) and EDS

measurements show that the sample consists of 13.28 % iron and 86.72 % nickel.

The average thicknesses of the permalloy films were calculated by weighting the samples before
and after the deposition. The thickness can vary throughout the sample because of the edge effect.
Thickness inhomogenity can reach 150 % in the corners of the sample. The deposition rate is
calculated from the average thickness of the sample. Iron plates more readily than nickel because of

its lower reduction potential. As the current density increases the Fe composition fraction decreases
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because the limit current is reached for iron, but the nickel current is not yet limited by the mass

transport [44].

(d) (e)

Figure 4-22 Electroplated permalloy after adding saccharin to the electroplating solution at different
current densities: (a) 12.8 mA/cm?, (b) 7 mA/cm?, (¢) 10.2 mA/cm?, (d) 15 mA/cm?, (¢) 16.5 mA/cm?,
(f) 17.6 mA/cm®. For a current density variation in the range of 8 mA/cm’ to 17.6 mA/cm?, the nickel

composition varied from 82.44 % to 91.65 %. With lower current densities electrodeposits closer to

the aimed composition of Ni 80 % Fe 20 % were obtained.
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(a) (b)

Figure 4-23 After adding saccharin to the electroplating solution, the magnetic films displayed a

smooth and bright surface at all current densities.

(a) (b)
(© (d)

Figure 4-24 Cantilever type scanners before (a) and after (b) electrodeposition. Torsional scanners

before (c) and after (d) electrodeposition.
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Figure 4-25, Figure 4-26, Figure 4-27, and Figure 4-28 show SEM (Scanning Electron
Microscope) images taken at different locations of the electrodeposits shown in Figure 4-24. In
Figure 4-25 a hole formed by an H, bubble is clearly seen. At high current densities H, bubbles are

formed more rapidly, causing lower surface quality. This is why removing the samples out of the

solution is important in order to avoid the formation of H, bubbles.
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Figure 4-25 SEM image of the scanner shown in Figure 4-24 (d). The hole in the middle is formed by
a H, bubble.
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Figure 4-26 SEM image of the scanner shown in Figure 4-24 (d).
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Figure 4-27 SEM image of the scanner shown in Figure 4-24 (b).
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Figure 4-28 SEM image of the scanner shown in Figure 4-24 (b).

4.4 Magnetic Material Characterization

There are many different methods of measuring the magnetic properties of a material. Saturation
magnetization, coercivity and the residual induction are the common quantities of interest. These
quantities can be obtained from the hysteresis loop (BH loop) of the material.

The vibrating sample magnetometer (VSM) is one of the standard equipment for the magnetic
characterization of powder, small samples and thin magnetic films. The sample is magnetized by a dc
field and it is vibrated inside of a pick-up coil, thus its flux lines cut the windings of the coil
generating a voltage. By measuring this voltage the magnetization of the sample is measured. Figure
4-29 shows the magnetic properties of electroplated permalloy found by VSM measurements at the
University of Washington, Seattle, USA.
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Figure 4-29 Hysteresis loops of different NiFe samples measured by VSM.
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Figure 4-30 Hysteresis loops of a NiFe sample electroplated without saccharin (left) and with

saccharin (right) in the plating bath.
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Another means of displaying the hysteresis loop is through the use of alternating current. Two
pick-up coils are placed in a spatially uniform time varying field. The sample is placed inside of one
of the pick-up coils. The flux density inside of the magnetic material (sample) can be determined by
taking the difference of the induced voltages on each coil and integrating the output over time. The

setup described here is shown in Figure 4-31.

ide Cross section
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Figure 4-31 The setup to obtain the hysteresis loop of magnetic materials.

A Helmholtz coil can be used to generate the spatially uniform magnetic field. Finite element
simulations were carried out to design a coil that generates a spatially uniform magnetic field at the
position of the pick-up coils. Figure 4-32 (a) and (b) show the 3-D finite element simulation of the

magnetic field and magnetic field as a function of position respectively.
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Figure 4-32 (a) 3-D finite element simulation of the magnetic field, (b) magnetic field as a function of

position. z = 0 is the middle of two coils.

The input ac current determining the applied magnetic field, H; is sent through a resistor so it can
be read directly in volts and is connected to the x-axis of an oscilloscope. H; is proportional to the
input current, /; times the number of turns, n; (4-1). The induced secondary voltage is sent through an
integrator and the integrated voltage which is proportional to the magnetic flux density is connected
to the y-axis of the oscilloscope. In the x-y mode of the oscilloscope, the hysteresis (BH) loop of the
material is displayed on the screen. The induced voltage ¢ is given in equation (4-2) and magnetic
flux density of sample, By is given by equation (4-3). n, is the number of turns of the pick-up coil and
Vi is the volume of the sample. With the necessary scaling the desired parameters can be determined.
The block diagram of this characterization setup is shown in Figure 4-33 and the photo of the setup

built in Optical Microsystems Laboratory is shown in Figure 4-34.

H ocnl (4-1)
dB
g=-nV,— 4-2
27 s dt ( )
1 t
B =——r j £-dt (4-3)
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Figure 4-33 Block diagram of the characterization setup.

Figure 4-34 Photo of the characterization setup built in Optical Microsystems Laboratory.
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5 TEST DEVICES AND EXPERIMENTAL RESULTS

Large angle static displacements for electromagnetically actuated structures for optical switching
and other applications has been studied in a number of papers [19][23][24][25]. The work in this
thesis focuses on the moving-magnetic material permalloy actuators in dynamic operation mode for
small-angle deflections.

A number of prototype scanners are produced as described in Chapter 4 and the experimental
results are compared with the analytical and FEM results. As an application, the microscanners
developed in this research are applied to barcode scanning and has been demonstrated as a fully
functional system.

5.1 introduces the test and characterization setups. The prototype scanners are examined in two
sections. Static deflection measurements of the scanners are discussed in 5.2 and dynamic deflection
measurements of the scanners are discussed in 5.3. In 5.4 a barcode reading setup is presented using

the prototype scanners.

51 Static and Dynamic Characterization

Scanners described in this work are actuated with an external electromagnet. Modeling of
electromagnets is discussed in detail in 3.4. In Figure 5-1 the cantilever beam scanner and the
actuating external electromagnet is illustrated.

The produced scanners are tested with two methods:

e Static deflection measurements,

e Dynamic deflection measurements.
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Figure 5-1 The cantilever beam scanner and the actuating external electromagnet. (a) When no

current is applied to the electromagnet, (b) current is applied to the electromagnet.

Static Deflection Measurements:

Static deflection measurements provide information about the magnetic actuation
mechanisms. The results are compared to the theoretical calculations to obtain better models
of the devices. Furthermore, the maximum deflection can be obtained by optimizing the 3D
positioning of the electromagnet underneath the scanner.

A distance measuring sensor (Selcom SLS 7000) is used for this purpose. Figure 5-2
illustrates the static deflection measurement setup and Figure 5-3 shows the setup pictures
and test devices under test. The sensor sends a laser beam onto the device under test (i.e.
scanner) and collects the reflection on a position sensitive detector (PSD). The scanner is
actuated with the help of the electromagnet. When a DC current is applied to the

electromagnet the scanner deflects and the centroid of the spot on the PSD moves. Using
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triangulation the distance of the reflecting device is found. The distance measuring device

has submicron sensitivity and it requires reflective surfaces for measurements.

LASER PSD
™~

SCANNER \

Z‘
X

Figure 5-2 Illustration of the static deflection measurement setup using a position sensitive detector

(PSD).

(b)

Figure 5-3 Photos of the static deflection measurement setup.
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Dynamic Deflection Measurements.

Dynamic deflection measurements were performed using a laser Doppler vibrometer
(LDV, Polytec PDV 100). The dynamic response of the scanner is important as the scanners
are operated at their resonance frequencies. Their frequency response characteristics are
extracted using this setup. The electromagnet is excited by a function generator and the
output of the LDV is displayed using an oscilloscope. The function generator and the
oscilloscope are controlled by a computer using the GPIB interface. This enabled sweeping
different parameters such as the frequency or the offset voltage and taking real time
measurements using the oscilloscope while the parameters are swept. The response of the

scanner at different locations relative to the electromagnet is also examined.

Laser Doppler
Vibrometer Electromagnet

(Polytec PDV 100) D.U.T. o —
. :( - >
/J7 J |

Function oV
generator
(HP 33250A)

g

Oscilloscope
(Tektronix TDS 654C)

Figure 5-4 Illustration of the dynamic deflection measurement setup. LDV measures velocity which is

converted to deflection by dividing with the angular frequency.
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Figure 5-5 Photos of the dynamic deflection measurement setup.

5.2 Static Deflection Measurement Results

The first prototype device is an epoxy — glass fiber composite cantilever beam scanner. Copper is
deposited as a seed layer for electroplating on both sides of the scanner. This increases the stiffness
and the density of the structure. The suspension has dimensions of 1 mm x 15 mm x 0.26 mm and the
rectangular plate has dimensions of 8§ mm x 8§ mm x 0.29 mm. It is anchored from the suspension end
and an electromagnet is placed under the rectangular plate that supports the magnetic material and the
scan mirror (Figure 5-1). The scanner is placed such that the rectangular plate is parallel to the top
surface of the electromagnet with a distance of 1.5 mm. A magnetic field along the easy axis of the
magnetic material is applied and removed prior to operation to induce a residual induction.

When the magnetic material (§ mm x 8 mm x 0.028 mm) is placed in a uniform magnetic field, it
experiences only a torque. Since the rectangular plate is much wider, thicker and stiffer than the
suspension we can assume it as mechanically rigid. Using (2-15) the mechanical deflection, x and the
deflection angle, ¢ can be found using (2-7), (2-9) and (2-10). In the calculations an effective
Young’s modulus, E (46.5 GPa), an effective density, p (3450kg/m’) and a spring constant ky=454x

107 are used.
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As discussed in 3.3.4, due to thin magnetic film actuation, shape anisotropy effects are dominant
and the other sources of anisotropy can be neglected. The shape anisotropy constant is calculated for
the magnetic material using (3-16) and the plots are included in APPENDIX C. It has a length to
thickness ratio of 285. Thus, the magnetization vector of the structure remains in the easy axis

because of high shape anisotropy. The magnetic torque, T}, is then given by
Tjq = VMH sin(y — @) (5-1)
where V' is the volume, M is the magnetization of the magnetic material, H is the applied magnetic
field, y is the angle between the magnetic field and the easy axis of the magnetic material at rest
position. and ¢is the mechanical deflection angle of the structure. If we neglect ¢and take the
vertical component of the magnetic field H, = Hsin(y), (5-1) can be simplified to
T field — VMH . (5-2)
The mechanical restoring torque, 7. is given by

Tmech = _k¢¢ (5_3)

At equilibrium Tjeig + Teen = 0, and @ is given by

¢= (5-4)

The maximum deflection angle is less than 6 degrees and the approximation error in magnetic
force calculation due to small ¢assumption is less than 0.75% even at the maximum deflection.
Experimental results also demonstrate that neglecting ¢ for the magnetic force calculation is a good

approximation.
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Once V, H, M and k4 are determined, equation (5-3) can be solved. The magnetization can be
modeled as

M =min(M,,  +uH M) (5-5)

residua

where M, a4 18 the residual magnetization, y, is the relative permeability, H, is the radial component
of the magnetic field and M, is the saturation magnetization. The radial component of the magnetic
field, H, magnetizes the magnetic material as it is in the direction of the easy axis. M, esiguas, 1, and M
are material properties and can be found experimentally. They are taken as M, g = 0.1 T, pt, = 350,
and M, = 0.8 T in the theoretical calculations.

However, the magnetic field supplied by the electromagnet is not uniform. Figure 3-14 and Figure
3-15 show the experimental and FEM results for H, and H, as a function of distance from the coil
centre (r = 0 position) at the plane z = 1.5 mm above the coil surface. The measured values of H, and
H, are used in the theoretical magnetic force calculations. Average values of the H, and H, along the
length of the magnetic material are used in the formulas.

As the magnetic field is not uniform the forces on the charges of a magnet does not cancel out
resulting in a net torque. As the magnetic field on one pole is different than the magnetic field on the

other pole, the forces they generate on the north (N) and south (S) poles are also different.

Fy, =pH, = MSH, (5-6)

Fy =pH ; = MSH (5-7)

A net force given by Fygr = Fy — Fs is generated. To account for these forces generated throughout
the sample because of the changing magnetic field relative to the displacement, the magnetic material
is divided into sections with positive and negative poles. The forces on the magnetic charges of the
poles are calculated and the net forces resulting from their differences are also found. These forces are
multiplied by the corresponding distances from the anchor to obtain the corresponding torques. Lastly
the torque due to each section are added together to find the total torque and the scanner deflection

using (5-2).
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Figure 5-6 The magnetization vector tries to align with the magnetic field lines. On the left of the

electromagnet the magnetization is leftward so the scanner deflects upward and on the right the

magnetization is rightward so the scanner deflects downward.

Soft magnetic materials are known to be attracted towards magnets or electromagnets. As an

example, a scissor is always attracted towards a magnet. However, as illustrated in 5.7, in thin

magnetic films, the mechanical deflection can be bidirectional. Due to the high shape anisotropy, the

magnetization doesn’t rotate and remains in-plane and the entire structure experiences a torque, which

can be bidirectional. The direction of the torque is determined by the direction of the magnetic flux

lines and the anchor point of the structure. For the scissor example, the magnetization does not have a

strong preferred direction and rotates to align itself with the external field. The translational magnetic

force towards the magnet is then produced by the large field gradient to maximize the magnetostatic

energy.
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Figure 5-7 shows the theoretical and the experimental tip deflections as a function of the applied
DC current at different radial distances, y as separate plots and Figure 5-8 shows them on the same
plot. The static deflection measurement setup is used to obtain the experimental deflections.

Keep in mind that the magnetic torque is proportional to the product of A, and M, and M increases
with H, until the material is saturated. For low current values, the material is not saturated and the
torque increases quadratically with current. For large current values, the material is saturated (i.e., M
is constant) and the torque increases linearly with current. Where the transition from quadratic to
linear relationship occurs is determined not only by the applied current but also with the relative
position of the electromagnet as illustrated in Figure 5-7. For large values of y (e.g., [y>4.5mm),
magnetic field lines that interact with the scanner are bent away from the vertical direction and H, is
larger than H,, the magnetic material is saturated at lower current values and the torque current
relationship is linear in the depicted current ranges . For small values of y, the radial component of
the magnetic field is weaker and does not saturate the material until current is very large. Thus, the
generated torque increases quadratically for small currents due to the linear increase in H, and M until
M gets close to saturation. Once M is saturated, the torque increases linearly.

At larger radial distances theoretical versus experimental data is in good agreement. But close to
the center of the electromagnet the error between them increases as the magnetization changes
direction near the centre. It is harder to model the magnetization in this region. We can see clearly
from these plots changing the direction of the radial component of the magnetic field, H, changes the
direction of magnetization so the direction of the deflection.

Figure 5-9 shows the theoretical and the experimental tip deflections at various DC currents as a
function of the radial (y) distance. Note that, the maximum deflection is obtained when the coil is
moved in the y<O direction. Magnetic force along the magnetic film is a distributed force and is a
function of H, along the magnetic material. As the electromagnet moves in the y<O direction, the
magnetic force gets larger towards the tip of the cantilever scanner, thereby producing a larger torque

compared to moving in the other direction.
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Figure 5-7 Tip deflection as a function of the applied current. The scanner is placed at the center of

the electromagnet and 1.5 mm away from its top surface. It is moved in the positive and negative

directions along the y axis without changing the x and z displacement. The plots show the deflection

at(a) y=-6.5mm, (b) y=-2.5mm, (¢) y =-0.5 mm, (d) y = 0.5 mm, (e) y = 2.5 mm, (f) y =4.5 mm
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Figure 5-8 Tip deflection as a function of the applied current. The scanner is placed at the center of
the electromagnet and 1.5 mm away from its top surface. It is moved in the positive and negative
directions along the y axis without changing the x and z displacement. On the legend E means

experimental result and T means theoretical result.
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Figure 5-9 Tip deflection as a function of the radial (y) distance at different current values. The
scanner is placed at the center of the electromagnet and 1.5 mm away from its top surface. It is moved
in the positive and negative directions along the y axis without changing the x and z displacement. On

the legend E means experimental result and T means theoretical result.

5.3 Dynamic Deflection Measurement Results

The prototype device used for dynamic deflection measurements is a polymer (RenShape
SL5195) cantilever beam scanner. Polymer resin was molded and cured by UV light into the desired
scanner shape. Mold defines both the flexure and the mirror dimensions. As illustrated in Figure 5-1,
the cantilever beam is anchored from the left and the rectangular plate at the right supports the mirror
and the magnetic material. A silicon wafer is coated with Aluminum and diced into square pieces and

attached to the polymer plate from the top and the electroplated magnetic material (NiFe — permalloy)
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is attached to the bottom side of the plate. The suspension has dimensions of 1 mm x 15 mm x 0.5
mm and the rectangular plate has dimensions of § mm x 8§ mm x 1 mm. The scanner is placed such
that the rectangular plate is parallel to the top surface of the electromagnet. A magnetic field along the
easy axis of the magnetic material is applied and removed prior to operation.

The deflection of the scanner is modeled using the balance between the magnetic torque 7.,; and
the mechanical restoring torque 7., as described in the static deflection measurement section. The
magnetic torque T4 generated by the interaction of the permalloy sheet and the external magnetic
field is given by (5-1). The deflection angle of the scanner for small deflections is given by (5-3).

The moment of inertia of the mirror is much greater than the moment of inertia of the suspension
beam; therefore the bending of the mirror is negligible and is not considered. This assumption is
verified with FEM simulations. Density and the Young’s modulus for the material used are 1180
kg/m’® and 1628 MPa.

The magnetization of the permalloy sheet is assumed to remain along the easy axis which is in-
plane because of the high shape magnetic-anisotropy. When operated in small angular displacements
the out-of-plane component of the magnetic field is not sufficient to magnetize the permalloy sheet.
The in-plane magnetic field component becomes more important as the magnetization M is induced
by this component.

The effect of the in-plane component of the magnetic field on the magnetization hence to the
angular displacement, is observed by using the same electromagnet described in 3.4.

The magnetic field simulations are performed using finite element modeling software (FEMLAB
3.1). Figure 5-10 shows the in-plane (H,) and out-of-plane (/,) components of the magnetic field
versus the distance between the coil and the permalloy sheet. Figure 5-11 shows the product of H, and
H. as the electromagnetic torque depends on the M-H, product and M is a nearly linear function of H.,.
From Figure 5-11 the maximum torque can be achieved by placing the permalloy sheet about 3.5 mm
from the coil. Also the product increases going away from the center axis. Figure 5-12 shows the
experimental peak-to-peak deflection of the scanner placed at the center of the coil as a function of
the distance between the coil and permalloy which is consistent with the FEM simulations. The coil
was excited with a small biased-sinusoidal current waveform at the scanner’s resonant frequency of

49 Hz.
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Figure 5-10 FEM simulations of the in-plane, H, and out-of-plane, H, component of the magnetic
field H, plotted versus distance between the coil and permalloy sheet taken at different radial

distances from the central axis.
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Figure 5-11 FEM simulations of the product of H, and H. versus the distance between the coil and
the permalloy sheet. The product is proportional to the point magnetic force acting on the structure for

small current excitation case.
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Figure 5-12 Measured dynamic peak-to-peak deflection of the scanner versus the distance

between the coil and the permalloy sheet.

The dynamic deflection of the scanner was measured using the LDV (Figure 5-4, Figure 5-5).
Figure 5-13 shows the peak-to-peak deflection of the scanner when an ac signal on top of a dc offset
is applied. Out-of-plane flux density of 3.5 mT is generated by the DC current. DC field magnetizes
the permalloy sheet and AC signal results in oscillation at the scanner resonant frequency. The
difference between theory and experimental data at high AC currents originates from the change in

magnetization, which is kept constant at its dc value in the theoretical calculations.
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Figure 5-13 Tip deflection as a function of the ac drive current on top of a 90 mA DC current

applied to a 1200 turn coil.



88

Chapter 5: Test Devices and Experimental Results

w
o

.05V

N
[$)]

N
o

-
o

[$)]

Peak-to-peak Deflection [um]
o

%0 40 50 60 70 80
Frequency [HZ]

Figure 5-14 Offset voltage dependency of the scanner resonance.

’E‘8 ----- 0.5 mm

\;_ .......... 1 O mm

S 6 --1.5 mm

g —2.5mm

D —3.5mm

0y 4.5 mmH

X

@©

o) \

&

S 24 s

< - }:“v“k,-‘

g TWJU* T,
0 40 50 60 70 80

Frequency (Hz)
Figure 5-15 Dependency of the scanner resonance to the distance between the scanner and the

coil.

Figure 5-14 shows the frequency response of the scanner for different offset values. Figure 5-15
shows the frequency response of the scanner for different coil distances. As the distance is decreased,

a slight spring softening effect is observed due to larger deflections.
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Figure 5-16 Peak-to-peak deflection of the scanner as a function of the offset voltage. The

positive and negative values are used to indicate direction of offset voltage sweep.

Figure 5-16 shows the peak-to-peak deflection of the scanner as a function of the offset voltage in
order to show the dependency of the scanner deflection to the offset magnetic field. The deflection is
plotted positive for forward sweep of the offset voltage and plotted as negative for backward sweep of
the bias voltage. Nonlinearity and the hysteresis in the curve are due to the typical BH curve of the
materials. The minimum AC deflection is attained at a non-zero value of the offset, which is due to

the magnetization that remains on the magnetic material even when the field is zero.

54 Barcode Scanner System

The scanners explained in this chapter are demonstrated in a barcode reading system. A smaller
coil is used to actuate the scanner and generate high in-plane and out-of-plane magnetic fields. The
coil is driven with a sinusoidal signal on a DC offset at the mechanical resonance of the scanner (.,
= 55 Hz) and mechanical deflections of 7.5 degrees were observed.

The schematic representation of the system is illustrated in Figure 5-17. Light from a laser diode

is incident on the scanner. The light is focused and scanned over the barcode with the necessary
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optical elements. The scattered light is collected with a lens to the photo diode (PD) while the beam is
scanned over the barcode. The output of the photo diode is processed with the necessary electronics to
get the desired signal. Low resonant frequency of the scanner allowed using low-cost, widely
available electronic components for data processing.

Using this test setup, different kinds of barcodes are read successfully. The cantilever scanner in
operation and the output of the photo diode on the scope are shown in Figure 5-18 (a) and (b)
respectively. The output shown on the scope is filtered, then digitized and processed with a
microprocessor. Different width black and white stripes in the original barcode are reconstructed
using the distance between subsequent peaks in the scope signal. The photo of the overall setup in

operation is shown in Figure 5-19.

Trans-impedance

amplifier

r“mh AID -

|// ]| it f—] o verter PC
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Photodiode Feflection from
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v

Scanner

Figure 5-17 The schematic representation of the barcode reading system.
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Figure 5-18 (a) The cantilever scanner in operation. (b) The output of the photo diode on the scope.

The valleys are the black stripes on the barcode.
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Figure 5-19 Photo of the overall setup in operation. Light from a laser diode is incident on the
scanner. The light is focused and scanned over the barcode with the necessary optical elements. The
scattered light is collected to the photo diode (PD) while the beam is scanned over the barcode. The

output of the photo diode is processed with the necessary electronics to get the desired signal.
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6 CONCLUSIONS

In this research, design and fabrication of polymer magnetic actuators for laser scanning have
been performed. Very simple and low-cost fabrication processes using molded polymers and
electroplated magnetic films for magnetic actuation have been developed. The developed scanner
performance is adequate for barcode reading and various imaging applications.

Two types of scanners are studied: cantilever beam type scanners and torsional scanners. The
devices are aimed to be operated at their resonant frequencies. For barcode reader applications, low
resonance frequencies (<200Hz) are preferred because of electronics bandwidth requirements. Low
resonant frequencies are easier to achieve with polymers due to low Young’s modulus compared to
Silicon MEMS scanners.

In the scanner system, polymers are used as the structural material, magnetic powder mixed with
the polymer or electroplated permalloy films are used together with external coils for magnetic force
generation, and aluminum coating layer or aluminum coated silicon mirrors embedded in or glued on
the polymer are used to make the surface highly reflective.

Polymers are shaped by molding or epoxy-glass fiber composite boards are shaped using
conventional machining. Both of them are simple and low cost processes and unlike Silicon
micromachining, these processes do not require clean room and photolithography. The reliability and
long term durability of the polymers used in this work are not investigated. Materials like epoxy and
polyimide have been used by the industry and academia for a long time. As a future work they can be
incorporated with the molding process described here.

Two methods of adding magnetic materials to the scanner are investigated. In the first method
magnetic particles are mixed with polymer before curing. The other method involves electroplating
permalloy films onto the scanner. Better results were obtained in terms of the magnetic actuation by
the electroplating method.

An important advantage of using magnetic powder mixed into the polymer is that it does not

require additional fabrication steps. The compatibility of such mixtures with the molding process



93

Chapter 6: Conclusion

described here was shown. Other types of polymers such as different epoxy mixes and polyimide can
be tried with different magnetic powders to improve the loading percentage of the magnetic material
in the mixture. Several authors show that good hard magnetic properties can be obtained using such
mixtures [39][40][41]. Different polymer-magnetic powder compositions and their optimization can
be the subject of a future research. Some coatings can also be used for the magnetic particles to
increase the loading concentration. In the future the coatings and concentrations can be optimized for
a given polymer - magnetic powder mixture to obtain better magnetic composites. Experimenting
with magnetization of the magnetic powder during or after the polymer curing process can potentially
produce higher magnetization and larger magnetic force.

For obtaining good quality magnetic films, processes for electroplating permalloy have been
developed. Effects of current density and other parameters on the material properties are investigated.
The process was optimized for electroplating low stress films with good magnetic properties close to
the intended composition percentage of 20 % iron 80% nickel.

Another contribution of this work was in modeling and optimization of the magnetic actuation
using electroplated thin films in both saturated and unsaturated modes of operation. The regime of
large angular displacement in DC magnetic field has been studied in a number of papers
[19](23][24][25]. This work focuses on the permalloy actuator’s dynamic small-angle
rotations in AC field. It is concluded that the radial component of the magnetic field is
important for small angular rotations as it magnetizes the material. The prototype devices are
tested using static and dynamic methods and the experimental results are compared to the theoretical
work. Good results were obtained showing that the experimental and theoretical results are consistent.

Lastly a barcode reading system is demonstrated using the developed scanners. The performance

requirements were met and barcode reading was successfully demonstrated.
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APPENDIX A
Cantilever Beam
(mm) C-1 C-1l C-1l C-1v C-V C-Vi
wl 1 1 1 1 1 1
11 15 12 15 15 10 20
hl 0,5 0,5 0,5 1 0,5 1
w2 8 5 6 8 5 8
12 8 5 6 8 5 8
h2 1 1 1 1 1 1

Table A-1 Dimensions of the supporting beams and mirrors for the cantilever beam scanner

prototypes.

Torsional Scanner

(mm) T-1 T-1I T-11I T-1V
wl 1 1 1 1
11 8 7 8 7
t1 0,5 03 03 03
w2 10 10 12 10
12 10 10 12 10
t2 1 1 1 1,5
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Table A-2 Dimensions of the supporting beams and mirrors for the torsional scanner prototypes.
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APPENDIX B
MATERIAL PROPERTIES OF RENSHAPE SL5195
LIQUID MATERIAL
MEASUREMENT CONDITION VALUE
Appearance Clear Amber
Density @ 25°C (77°F) 1.16 g/cc
Viscosity @ 28°C (82°F) 220 cps
Viscosity @ 30°C (86°F) 180 cps
Penetration depth (Dp) 5.2 mils
Critical exposure (Ec) 13.1 mJ/cm’
POST CURED MATERIAL
MEASUREMENT TEST METHOD VALUE
90-minute UV post-cure
Hardness, Shore D ASTM D 2240 83
Flexural modulus ASTM D 790 1,628 MPa
Flexural strength ASTM D 790 49.3 MPa
Tensile modulus ASTM D 638 2,090 MPa
Tensile strength ASTM D 638 46.5MPa
Elongation at break ASTM D 638 0,11
Impact strength, notched
Izod ASTM D 256 54 J/m
Heat deflection ASTM D 648 @ 66 PSI 47°C (117°F)
temperature @ 264 PSI 43°C (109°F)
Glass transition, Tg DMA, E” peak 67 - 82°C
Coefficient of TMA (T<Tg) 108 x 10°%/°C
thermal expansion TMA (T>Tg) 189 x 10°%/°C
0.182 W/m °K
Thermal conductivity 4.33 x 10™ cal/sec.cm.°C
Density 1.18g/cm’
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Table C-1 Shape coefficient of the general ellipsoid along the long axis N, shown in a linear plot

(up) and logarithmic plot (below) [19].
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Table C-3 Shape coefficient of the general ellipsoid along the short axis N, shown in a linear plot

(up) and logarithmic plot (below) [19].
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