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1. Introduction

1.1 MEMS Background

Micro-electro-mechanical-systems (MEMS) is the gn&tion of electronics and
mechanical elements with micrometer-scale dimermssion a single chip through
microfabrication technology. Due to the enormougediity of devices designed and
manufactured so far, MEMS is used to refer alldbeices produced by microfabrication
other than integrated circuits (ICs). The field haspanded to magnetic, optical,
chemical, and biological domains [1] with devicendnsions varying from millimeters to
sub-micrometers. MEMS provides a means to interfdoee digital electronic world
dominated by ICs with the analog physical world [Bhe wide variety of non-electrical
signals of interest in the physical world [3] ismeerted into electrical signals through the
use of sensors with different transduction mechmasidn addition, electrical signals are
transformed into other physical signals with vasioactuators to manipulate the
surrounding physical environment. These sensingaatuating mechanisms can also be
integrated to form complete microsystems.

MEMS technology has been used to develop numerewgces for different
applications. Inertial sensors (accelerometersospopes), chemical and biological
sensors (developed for gas, humidity, DNA, bactenavirus detection), magnetometers,
and pressure sensors are among the products dededopthe sensor side of the MEMS
research. MEMS actuators produced to date inclus®omotors, micropositioners,
micropumps, microvalves, micromirrors and microyslaSome of these products (e.g.

accelerometers, gyroscopes, and microrelays) haee bommercialized and are used in



everyday life. As the microfabrication technology improved, more devices will be
commercially available.

Most of the process techniques and materials us@doduce MEMS devices are
inherited from the IC industry. Conventional IC fation technologies such as
photolithography, thermal oxidation, low pressuhemical vapor deposition (LPCVD),
plasma enhanced chemical vapor deposition (PEC\$Pyttering, wet etching, and
reactive ion etching (RIE) are widely used in MEK&Sprocess common materials used
in IC industry (e.g. silicon, silicon dioxide, alumam) [4-5]. Moreover MEMS has
driven the development and refinement of other ggedechniques and materials which
are not traditionally used in IC fabrication such anisotropic wet etching of single
crystal silicon, deep reactive ion etching (DRIEXay lithography, electroplating, low
stress LPCVD films, thick film resist (SU-8), spicasting, micromolding, batch
microassembly, piezoelectric thin films, magnetien$, high temperature materials,
stainless steel, platinum, gold, PVC and PDMS [E}.4-

MEMS fabrication is generally classified in two su@roups: surface
micromachining and bulk micromachining. Surfacenemcachining involves depositing,
patterning, and etching a sequence of thin filmhwubmicron to hundreds of microns
thickness. The substrate is used for mechanicgatipnd remains un-patterned through
out the whole process. In this technique, thin dilmeferred to as sacrificial layers, are
deposited and etched on the substrate to definenttehanical structures of the other
layers, referred to as structural layers. Mostitardrs structures are fabricated using this
technique [6] for sensing applications. Bulk micawhining differs from the surface

micromachining in that the substrate is patterreetbtm a functional component of the



final device. Many high precision complex three dimmional structures such as V-
grooves, channels, pyramidal pits, membranes aratle® are fabricated using this
technique [4, 7]. Additionally, bulk micromachinirigvolves DRIE where structures
with vertical side walls can be etched in the siiovafer independent of the crystal
orientation [8, 9]. There are other fabricationhteiques that are do not fit in the two sub
groups described above. Some applications need thareone substrate to be bonded
together. This is achieved by substrate bondingchvhdan be done through fusion
bonding [10], anodic bonding [11], eutectic bondiig], and adhesive bonding [13].
Another technique called lithographie galvanoforguuabformung (LIGA) offers the
fabrication of high aspect ratio structures ondhbstrate [14].

The techniques discussed above are used to fabriglEMS sensors and
actuators. The integration of electronics into MEMS structures can promote the
compactness and greatly improve the performandbesfe devices. Combining MEMS
with ICs requires careful consideration of the nfanturing feasibility, complexity, yield
and cost [2]. Depending on the specific device, matal structures and electronics can
be separately produced on different wafers andnasisel together, or can be fabricated

on the same wafer to realize a complete microsystem

1.2 Closed-Loop Control in MEMS

Regardless of the actuation mechanism, MEMS dewoesypically driven in an
open-loop fashion by applying input control sign&sraight forward open-loop driving
techniques provide the MEMS designer a simple @tacachieving required behavior.

On the other hand, the dynamic requirements of MEM&rms of response time and



precision have resulted in gradual development mfroved controller driving
approaches. The input control signals are oftenenmadre complex by considering the
system dynamic analysis (pre-shaped control) [15-I8 this technique, the device
model is used to design a pre-shaped input siggrliesice that enables the device to
achieve faster dynamic performance [15].

However, the open-loop control configuration is alsuinadequate to achieve
high device performance. The lack of accurate nsyd@brication imperfections, and
changes in environmental conditions all call fa tise of closed-loop control design [18-
22]. The increase in complexity, device integratonl the sophistication level of MEMS
demands equally advanced control architecturesik&/ninacro mechanical systems
where the control system integration is relativ@mple, it is very problematic in MEMS
devices [15]. Consequently, there are very few osigstems employing feedback
control. The requirements for the integration a ttontrol system on the MEMS device
have introduced additional challenges for the adrgtystem design.

Closed-loop control systems can significantly inygrahe device performance
with a careful selection of control parameters. phepose of the device, complexity of
sensor implementation with the electronic contiotwtry, and available space on the
device need to be considered when designing theat@rchitecture to achieve accurate

and fast dynamic response and realize robust nystess.

1.3 Micromotors as Power MEMS Devices
Power MEMS is a subgroup of the MEMS field thatuses on the development

of micromachines capable of providing power conegrssuch as micromotors,



microgenerators, and energy harvesting devices. hktecal and electrical power

generation, positioning, and fluid delivery systeans the primary application areas of
this field. While micromotors provide mechanical toa for positioning and pumping

actions in micro-scale, microgenerators and miaqyoess can supply electrical energy to
drive various electrical systems. Among these mm@chines, electrostatic [23-26],
electromagnetic [27-29], piezoelectric [30-33] anlttasonic [34, 35] micromotors and
microgenerators are widely studied.

Variable capacitance micromotors (VCMs) are amdrefirst fabricated Power
MEMS devices. These are synchronous machines tratupe torque due to the
tangential electrostatic forces resulting from gpahisalignment of the electrodes on the
stator and salient poles on the rotor. Trimmer Gadbriel proposed the concept of linear
and rotary VCMs in 1987 [36]. The first VCMs werensltaneously developed by two
groups at the University of California, Berkeley’/[88] and Massachusetts Institute of
Technology [39]. These were synchronous micromotéabricated by surface
micromachining technique. The development of VCMaswbased on the attempts of
Lober and Howe on fabricating structures with adope VCM [40] that rotated at 500
rpm. Similar fabrication processes reported by Mghnyet al. were used for center pin
and flange VCMs [41, 42]. These devices producegues in the range of pico-newton
meters. Although functional, these motors had Btglaind reliability problems due to the
bearing design. Harmonic side drive VCMs, also kmoas wobble VCMs, were
developed by Mehregaret al and these motors produced more torque due todimeah
forces rather than the tangential forces actintherrotor [43, 44]. The friction, wear and

wobbling motion of the rotor limited the applicat®of this micromotor. One attempt to



reduce the friction and eliminate the wear was destrated by Jeoat al.[45]. In this
design, the rotor was electrostatically levitatgdapplying voltages of about 500 V. The
micromotor was able to achieve a top speed of &0 with an air gap of 300 um. In
addition, linear and rotary micromotors were repdnvith magnetic levitation [46, 47].
The levitation at smaller gaps requires complextrobrschemes and therefore is difficult
to implement.

An electrostatic induction micromotor was develojpgdLivermoreet al. Unlike
the VCMs, this is an asynchronous machine which bassed on the induction of image
charges following the traveling wave on the staftre micromotor produced 3.5 pNm of
torque and reached 55000 rpm [48]. This machine suggported by gas lubricated
bearings and required complex fabrication process.

Linear and rotary six phase VCMs supported on rhiglidoearings were reported
by Modafe and Ghalichechiaat al in MEMS Sensors and Actuators Lab at the
University of Maryland, College Park (UMD) [49, 50The linear micromotor was
observed to produce 0.19 mN of force and was ablen with a synchronous speed of
7.3 mm/s at 40 Hz excitation frequency [49]. Thevide was developed mainly for
millimeter-scale micropositioning applications alater served as a platform for rotary
design. The rotary micromotor designed and falkeataecently provided a torque value
of 5.6 UNm and rotated at 517 rpm [50]. Microbadlabngs were shown to be a more
stable support mechanism with less fabrication derify compared to gas lubricated
bearings. Additionally they exhibit less frictioncawear compared to center pin designs.

The stability problems of micromotors arising fr@@me factors such as friction,

wear, fabrication imperfections limit a reliable esation for micropositioning and



micropumping applications. Therefore new solutidmsse to be introduced to the
machine design for realizing robust machines. Ttwetrol of micromotors is gaining
importance as new micromotors in different operatprinciples are being developed
based on micromachining technology. Small and iefficcontrol systems will greatly

promote the performance and reliability of suchromeachines [51, 52].

1.4 Motivation - Micropositioners

Micropositioners capable of accurate and relialgeration over long actuation
ranges are required for a variety of next-genematipplications. The development of
such micropositioners is essential for the redbmabf high-performance optical, data
storage, and surface scanning components within paot low-cost distributed
microsystems. This work focuses on the developroérin integrated feedback control
system for accurate dynamic positioning of a vdeaapacitance micromotor supported
on microball bearings over millimeter-scale range.

Micro- actuators and positioners have been dematestrwith a variety of
actuation mechanisms including electrostatic, tlrnmagnetic, and piezoelectric.
Patrasctet al. [53] and Leeet al. [54] have reported micropositioners using eletats
actuation in stepper and comb drive configuratiomspectively, with displacement
ranges of less than 20&. Additionally, a cantilever-based optical switetsing
electrostatic actuation to bend waveguide strustiras been demonstrated [55]. The
tethered nature of these devices couples the amufarces and displacement distances,
limiting there operation to specific deflectionsdaprecluding their use in long-range

applications. Devices using a similar tethered glesind thermal actuation have been



reported for ranges of up to a few hundred micrf@®, [57]. In addition to range
limitations, these devices require large tempeestand temperature gradients to provide
actuation. Magnetic and piezoelectric actuation mmasms have also been used to
develop microfabricated positioners with rangesupfto 12 m [58], [59]. While an
inchworm micropositioner capable of moving up tovesal millimeters has been
developed by Cusiat al.[60], the actuation speed (~3019/s) is likely too slow for most
applications.

Robust and repeatable actuation requires integré¢edback control, and
accordingly, has been investigated for microfaltedapositioning systems. Chat al.
[61] developed a two-dimensional electro-thermadigtuated micropositioner using
capacitive position sensors for feedback contrdleyl were able to achieve high-
resolution positioning over a 16 range. Similarly, an electrostatic microposiéon
with capacitive sensing and a positioning rang2.&im was demonstrated by Horslety
al. [62]. Continued work in the field of closed-loopntrol for MEMS-fabricated
actuators is required for the realization of higirfprmance microsystems capable of
accurate and long-range positioning.

Previous work by our group has demonstrated variabpacitance micromotors
supported on linear microball bearings [49], in@hgd characterization of the drive
mechanism using benzocyclobutene-embedded elestrfid} - [65] as well as the
microball support mechanism [66] - [69]. Electrds®s and linear microball bearings
have been shown to be stable and robust actuatidnsapport mechanisms created
through simple fabrication processes. The rangheaxde devices is limited by the length

of the microball housings, while the positioningokition is dictated by the variable-



capacitance electrode spacing. Using such a detignactuation force and translation
distance have been decoupled. This allows for @iraaous in-plane force to be applied
over the entire range of displacement, making tlteseces highly desirable for long-

range applications. This design, however, is sugsdepto random disturbances and
variations in microball rolling friction leading teratic behavior. Accordingly, this work

focuses on the development of integrated photodi@ded position sensors and a
proportional control law to drive such devices untlesed-loop excitation.

Closed loop control systems have been previousigstigated for micromotors.
Control architectures have been designed usingtrigiglc microsystems based on
capacitive detection technique [70-73]. These systeetect the critical angles of the
rotor position with respect to the stator by memguthe capacitance between the rotor
poles and stator electrodes. Applied voltages aljested depending on the pole-
electrode alignment condition. Designed systemssamellated and tested. However to
the best of my knowledge, no implementation has lwmonstrated for an electrostatic
micromotor.

Guckelet aldeveloped a magnetic micromotor and used integgatetbdetectors
to measure the angular speed of the rotor [74]. pifeodetectors were fabricated under
the rotor and the electrical output of these detsathanged when a rotor pole passed on,
allowing for the calculation of the time betweerotauch events. The micromotor was
driven in an open loop fashion, however the poksibof using these detectors as
position sensors as part of a feedback controesystas discussed.

Control systems for electromagnetic micromotorgehalso been developed [75,

76]. Lyshevski has integrated the soft switchingntoallers into a permanent magnet



micromotor with hall sensors [76] and showed imgaspeed response with a settling
time of less than 1 milisecond. It is also reportieak the implementation of this system
allowed the micromotor to achieve high efficiendgsired steady state, stability and
controllability [76].

Following chapters describe the details of the giesind implementation of the
control system. Closed-loop position control, alomith reliable millimeter-range
microball bearings and a simple electrostatic amnarinciple, are used to demonstrate

the viability of smart microsystems using integdateedback sensing.

1.5 Summary

Chapter oneprovides the concept of MEMS, fundamental fabraatechniques,
power MEMS devices, micromotors, micropositioneasd control systems in MEMS
domain. Basic micromotor types and the necessity tdedback control are discussed.
Previous work in the field of micromotor control isovered. Although the
implementation of the feedback systems in macrddwmsr straight forward, it remains
problematic in micro domain. Once very sophistidatentrol systems are integrated in
micromotors, the development of smart micromachmése possible.

Chapter two explains the structure of linear variable capaciéamicromotor
developed at UMD. Operating principle, device degigrameters, fabrication sequence
are described, and test results are briefly digtisBhe need for control system and how
it can affect the device performance are also éx@dia

Chapter three covers the possible position sensing schemes Her linear

micromotor. Capacitive position detection techniggievaluated and the advantages and
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disadvantages are explained. Optical position tleteés described and shown that it is
more advantageous to use this technique. Photddetexs optical sensors are discussed
and photodiode design is described in detail. Sontial photodetector test results and
circuits to process photodiode signals are alslidiaal.

Chapter four goes through the integration of the photodiodesseninto the
linear micromotor process flow. The modificationgthe original micromotor fabrication
are explained and the bottlenecks of the procespm@sented. Alternative ways for the
integration are discussed.

Chapter five presents the operation of the micromotor using dlosed loop
system. Test setup is described in detail. Improstadility together with autonomous
decision making to overcome friction barriers isnd@strated. Device step response with
the closed loop control is characterized and thecdeis tested for micropositioning
applications. These results prove the functionabfy the control system and the
enhancement in the device reliability.

Chapter six provides a summary of the results and future wdhe appendix
section covering the very details of the work amel teferences section are also presented

at the end.
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2. Linear Micromotor

2.1 Introduction

This chapter discusses the previously developedolvadl bearing supported
linear electrostatic micromotor design [49, 77].eTiicromotor is a six-phase variable
capacitance micromachine that relies on tangeoéiphcitive aligning forces created by
electrostatic actuation. Ball bearing is selecteddécrease the friction and provide a
robust support mechanism for the device. FiguresBdws the schematic illustration of

the micromotor.

(@)

Slider

Electrodes

Microballs

Stator
Microball
trench Interconnect layer

(b)

Poles

Slider

Va
Vg
Ve
Vb
Ve
Ve

Figure 2.1: (a) Schematic of the micromotor showstagor structure, electrodes, interconnect laglater,
and microballs, (b) the electrical phases and ithe\sew of the micromotor showing slider poles.
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The fundamental principle of operation is that wiweltages are applied to the
electrodes on the stator, charges flow from powerce to the electrodes. This results in
the opposite image charges to appear on the ghdles. Consequently, the poles are
forced to be aligned with the excited electrodesulteng in lateral motion. When the
electrodes are excited sequentially, creating welireg wave, the slider follows the
excitation and continuous motion in one dimensggéanerated.

The stator phases A-B-C shown in Fig. 2.1 (b) hb2@° phase difference while
the phases D-E-F are in phase with A-B-C respdgtivet negative in magnitude. This
six phase configuration is shown to prevent chargkl-up on the slider [49].

The micromotor is fabricated using Si MEMS procésshniques. Every sixth
electrode on the array shown in Fig. 2a is conmkegia underlying interconnect layer.
The isolation between the electrode and intercanmetal layers is provided with a low-
k dielectric benzocyclobutene (BCB). The same diele is used to isolate the
interconnect layer from the Si substrate. The lofed&ure of this material decreases the
parasitic capacitances between the interconnects tha substrate, increasing the
efficiency of electrostatic actuation.

The microball trenches on the stator and slidefergatogether with the slider
poles are defined by deep reactive ion etching E)RThe slider has one microball
trench on each side. On the other hand, two trenicts¢ead of one on the each side exist
on the stator to avoid the ball collocation thatynrasult in the slider to loose the
mechanical stability and collapse on the stators Tlesign ensures that the balls on one

side will never localize at one point on the trench

13



2.2 Micromotor Design

Three different stator structures have been desdidpased on the electrode width
and spacing [49, 77] which determine the speedfar# of the micromotors. In all the
designs, electrode and pole dimensions (lengthnadith) within each design were equal.
However the electrode and pole spacings were difteresulting in an electrode to pole

ratio of 3:2. Figure 2.2 shows this structure.

Slider

N/

Electrode

Figure 2.2: Schematic side view of the stator etelets and slider poles.

The total length of the micromotor was also a glegparameter. A short and a
long micromotor structure had been designed foh edectrode width [77]. Table 2.1

summarizes the micromotor design parameters.

Design 1| Design 2| Design 3 | Design 4 Design 5| Design 6

Width (electrode,
30, 30 90, 90 180, 180 30, 30 90,90 180, 180
pole innm)

Spacing (electrode

10, 30 30, 90 60, 180 10, 30 30, 90 60, 180
pole inmm)

14



Length (stator,
10,6.2 | 10,6.2 10, 6.2 16, 10 16, 10 16, 10
slider in mm)

Width (Stator,
55 55 55 55 55 55
slider in mm)

Table 2.1: Micromotor design parameters

Design 1 and design 3 correspond to high force laigl speed micromotors
respectively. Design 1 has the most number of mldets and the possible electrode-pole
misalignment is minimum, and this structure produttee most force. At each electrode
excitation, the slider travels 2/3 of the electrodielth. Therefore design 3 with the
minimum number of electrodes provides the highesied. Design 2 is a compromise
between the high speed and high force [77]. Theitsshematics of a stator with @@

wide electrodes and the whole stator wafer is shioviig. 2.3 and Fig. 2.4, respectively.

Microball trenches
I'd ~Na

Interconne
pads

Electrode

A
. Micromotor
 Periphery
K

. MSAL-UMD

Figure 2.3: The L-edit layout of a micromotor wigB mm electrode width. The individual electrodes are
not visible.
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Figure 2.4: L-edit schematic of the wafer havingst&tors. Short micromotor designs are on theded
long designs are on the right.

The microball trenches are designed to ber#@0wide to ensure that the 28/
diameter stainless steel would fit in. The depththe trenches in the stator and slider are
determined to be 130-13%m, so that the final gap between the poles andrebies
would be around 1@m. This gap ensures that enough electrostatic foawoebe created
while the slider is avoided to contact the statorfexe due to the fabrication

imperfections [77].
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2.3 Micromotor Fabrication

MEMS Si process technology was used to fabricae ltnear electrostatic
micromotor and a total of eight optical chromiumsk&were utilized for the completion
of the process [77, 78]. Stator fabrication comssist depositing dielectric and metal
layers on Si substrate, and etching trenches foraialls. The first BCB dielectric layer
deposited on the substrate provides isolation b&twdehe metal layers and
semiconducting substrate. BCB is a material thaeissitive to ultraviolet light and that
can be spun on a wafer. Therefore lithography tectenis used to deposit and pattern
BCB dielectric layers. The first metal layer depedion BCB serves as an interconnect
layer. The voltages are carried to the electrodasthis layer that is composed of six
metal lines, one for each phase. Cr and Au wadespdt the wafer and patterned using
wet etchants and the interconnects were formedt, @other BCB layer was deposited
for the isolation between the electrodes and iotamects. This BCB has via holes
allowing the electrodes to be connected to theraotenect lines. Consequently every
sixth electrode is connected via the underlyingnednnect line.

The electrode layer was deposited by sputterin@r@r Au. A liftoff method is
used for patterning the metal electrodes [78]. Sta¢or fabrication was completed by a
third layer of BCB for passivation and deep etchit®0-135 um trenches for the
microball housing. The same DRIE process was paedrfor defining the microball
trenches and poles on the slider. The details efdbrication steps can be found in [77,

78]. Figures 2.5 and 2.6 show pictures of the tateid stator and slider.
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Figure 2.5: A fabricated stator. The electrode amdrconnect structures are clearly visible. Onk isa
placed on each trench.

Figure 2.6: Bottom view of a fabricated slider.
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2.4 Testing

A test setup had been built to investigate the onnotor performance. In this
setup, a computer with the lab view program hadhesed for outputting the necessary
square wave voltages. The output voltages werei@tpby a high voltage amplifier
(HVA) and applied to the stator via electrical peebMeanwhile, a high speed camera
and an image tracking software were employed t@peddently measure the slider
motion.

The main focuses of the tests were measuring tedsand force produced by the
micromotor. The fabrication imperfections and foat problems avoided the designs
with 30 mm and 180mm electrode widths to function properly. The micadors with 90
mm wide electrodes worked as expected. Maximum sgmcius speed and average force
produced by 90im electrode width design were measured to be 7182%mand 0.19 mN
respectively, showing good agreement with the #tgzal values [49, 77]. Figures 2.7

and 2.8 show the slider trajectories for arifi electrode width design tracked by the

camera.
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Figure 2.7: Slider position versus time graph. Teegice was excited at 20 Hz at 100 Volts peak @kpe
square wave.
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Figure 2.8: Slider position versus time graph. Heeice was excited at 10 Hz 100 Volts peak to peak
square wave.

The figures show successful electrostatic actuaifche slider. Perfect triangular
patterns were expected in both figures. Howevertduke random friction behavior, the
motion is not smooth and the peaks of the wavefodnifs over time. This shows a

synchronization problem and precludes the useisfvice as a micropositioner.

2.5 Summary

The first micromotor supported on ball bearingsdescribed in this chapter.
Design details are discussed, fabrication proceexplained and test results are briefly
presented. This work formed a basis for rotarytedstatic micromotor that has recently
been demonstrated [79].

One of the problems of the micromotor was showbetdhe lack of control on the
slider motion. The slider moves in a random maruer to the unpredictable behavior of

friction. Therefore feedback system integratiorreguired to sense slider position and
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modify the electrical signals for a reliable opamat The next chapter discusses the

position sensing mechanism designed for this miotom
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3. Position Sensing Design

3.1 Introduction

The most important element of the control systera micromotor is the position
sensor as the performance of the device dependsaumate feedback signals. Therefore
extra effort has to be spent to design a positensisig mechanism that is reliable and has
high signal to noise ratio for precise positionommhation. Actuation signals are then
applied to the micromotor by electronic circuitattprocess sensor signals.

The most straightforward way of detecting slidersipon in a variable
capacitance micromotor is the capacitive sensicgnigue which does not need any
additional elements to be implemented in the miatmm In this technique, the critical
positions of the moving component (slider or rotarg¢ detected by a circuit measuring
the capacitance between rotor poles and stataretess. The output of this circuit is fed
into actuating circuits which determine the voltage be applied to stator electrodes.
However, capacitance change is usually small antsemuently very sophisticated
circuits are needed to sense the differential dtpae of the motor. Moreover,
fabrication imperfections in electrodes and polekenit even harder to use capacitance
sensing technique since these defects misleadtbetedarcuits.

Another way of obtaining feedback signal is by gsaptical detection technique
which requires photodetectors to be implementethénmicromotor. In this technique,
the amount of light received by the photodetectepahds on the slider location.
Photodetector output current changes in correspumedewith the slider-position-

dependent illumination and this current changelmauetected by a circuit. This usually
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gives a signal with a higher signal to noise ratian capacitive sensing technique,
however it requires photodetectors, most commohlgtguiodes, to be implemented in
the fabrication process.

Other position sensing mechanisms for feedbacksda@ap be proposed. However
they usually come with a signal to noise ratio mplementation cost. The appropriate

mechanism should be chosen by considering spegiicomotor configuration.

3.2 Position Sensing Techniques for Linear Micromatr

3.2.1 Capacitive Position Sensing

The feasibility of capacitive position sensing maaism has been investigated for
the linear micromotor. As the slider travels on #tator, the capacitance between one
stator electrode phase and slider poles is expéatedcillate between a maximum and a
minimum capacitance value. When the capacitancehesaits maximum, one stator
phase and poles are perfectly aligned. This isafribe critical slider positions at which
the applied voltage set has to be changed. Therdfee goal is to detect maximum
capacitance for three different phases.

One of the previously fabricated micromotors hasnbé&ested for monitoring
capacitance variation. In this test, the slidermsved manually with a probe and
capacitance values between one phase and slides pot measured by a capacitance
meter. The resulting graph in Fig. 3.1 shows thpac#ance variation as the slider

travels.
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Figure 3.1. Capacitance variation of one phase retpect to slider position.

This graph shows that the change in the capacitécound 10% of the
minimum value. Moreover maximum and minimum capawes drift as the slider
moves, making it very difficult to obtain a reliableedback. Therefore, alternative ways

were investigated for position feedback.

3.2.2 Optical Position Sensing

The critical slider positions can also be deteaisihg a photodetector scheme.
Photodiodes have to be implemented and fabricatetie stator for this technique. If an
array of holes is introduced in the slider and tlighprovided from top, pole-electrode
alignment can be related to the light amount reagiphotodiode surface and increasing
the diode current. Full alignment is desired to ahatvith the maximum photodiode
current which can be measured and detected bycaitciThe maximum to minimum

current ratio can be enhanced for a clearer sitpyaincreasing the light intensity,
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eliminating the need for advanced electronics amdrehsing system complexity in
contrast to the other methods. Therefore, effoegehbeen focused on designing an
optical position sensing based feedback system.

One photodiode is assigned for detecting the alegrinof each phase with the
poles on the slider, and consequently, at leastetlphotodiodes are needed in this
micromotor corresponding to three distinct statoaiges.

The diode geometry has to be determined such thatinmum alignment
corresponds to maximum diode current to implemeptical position sensing as
explained above. The first requirement for thisespondence is that photodiodes should
be located on the stator aligned with the elecso&milarly, through holes should be
etched aligned with the slider poles. Additionaltile widths of photodiodes, holes,
electrodes and poles should be equal. This resulthe simultaneous alignment of
electrode-pole and photodiode-hole pairs during mhetor operation, allowing the
available light passing through the hole to reawh photodiode and to illuminate the
whole diode surface. Once this happens, the nurabg@hotogenerated electrons and
holes in the diode depletion region reaches itk pedue and diode current becomes
maximum. The maximum current value can converted teedback signal by using
electrical circuits. The micromotor configuratiarciuding photodiodes is shown in Fig.

3.2.
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Figure 3.2. Micromotor configuration with opticalogition sensing scheme showing a) electrodes,
photodiodes, microballs on the stator, and throliglles on the slider, b) direction of motion andipos
of the light source during the operation.

Another requirement is that, the feedback systeaulshbe implemented in the
available micromotor area without changing the ioagstructure so that the number of
masks to be designed and purchased for the newagememicromotor will be as few as
possible, decreasing the fabrication cost. Conssgtyiehotodiodes should be located in
the available space on the stator. The least numberodifications is desired for the
slider, similarly. Only one mask was used for dlidi@orication to define poles and
trenches previously. If the same mask is to be,usee additional mask has to be made
for defining the holes and the related photolitlagpdry should be performed on the
backside of the slider so that the holes can bleedtthrough the wafer. However it is
very difficult to attain perfectly vertical holesing Deep Reactive lon Etching (DRIE).
The difference in the hole area between the upperi@ver surfaces of the slider would
directly mislead the photodiodes and the feedbgskem. This provided the motivation

for performing the hole etch in two DRIE steps. Tinst DRIE on the front side of the
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wafer defines poles and trenches together witththes, and the second large area DRIE
on the backside finishes the fabrication of theeholTherefore two new masks were
designed for the slider. The structures of theostamd slider masks are shown in Fig 3.3

and Fig 3.4, respectively.

Micromotor Periphery

Photodiode

¥ Microball trenche”

Figure 3.3. L-edit file showing the new stator sture. The picture shows upper middle part of thgos,
electrodes, microball trenches and photodiodesiadigvith electrodes. Each photodiode is alignedh wit
different electrode phase. Three photodiodes aeel whiring the operation, however more than three
photodiodes are located on the stator consideabgdation imperfections which may result in probte
with photodiode fabrication.
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Figure 3.4. (a) Front and (b) back sides of thaeslmask.

3.2.3 Photodiode Selection
As mentioned above, the optical position sensingeBlafeedback system is
expected to provide a clear position information éedback signal. However it needs
photodiodes to be implemented in the micromotori¢ation. A photodiode structure
that would yield the least number of modificatiansthe original fabrication process
needs to be selected to alleviate this disadvanidgecommon types of photodiodes are:
p-n junction photodiodes
p-i-n phtodiodes
Avalanche photodiodes

Metal-Semiconductor-Metal (MSM) photodiodes
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P-n junction and p-i-n junction photodiodes requoe implantation and metal
deposition for achieving the desired doping levad ahmic contacts. Therefore at least
three masks and three photolithography steps ageiresl. Similarly, Avalanche
photodiodes need several masks and lithographg $teghe diode junction and carrier
multiplication layers. On the other hand, MSM plitales can be fabricated by
depositing and patterning one metal layer on silittwat requires one optical mask and
one lithography step. Therefore considering theri¢éabion complexity, MSM

photodiodes are preferred for the photodiode select

3.2.4 MSM Photodiodes

An MSM photodiode usually consists of interdigithtechottky metal contacts on
top of a semiconductor absorption layer. It is ghhspeed device due to its low
capacitance. The responsivity, which is definedh@soutput current per incident light
power, is adequate for position sensing but lonengared to p-i-n and avalanche
photodiodes. The main causes for the low respdgsave the reflection from the surface
metals and semiconductor surface, the finite catifietime as the carriers traverse the
gap between the electrodes, surface recombinatiaerds, and deep traps within the
semiconductor material which may lower the detectetical signal. However a series of
amplifiers can be used to enhance the signal. €i§u shows a schematic illustration of

an interdigitated MSM photodiode.
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Figure 3.5. Schematic of interdigitated MSM photatli showing the applied voltage and the directibn o
the current.

Correct selection of the metal and semiconducteldgi a Fermi level difference
and a Schottky contact between these two materedsiting a depletion region in the
semiconductor. In the presence of light, photogateer electrons and holes move in the
electric field created by the applied voltage aadtgbute to the output current. The two
metal electrodes on the semiconductor form two 8kiaiodes connected back to back.
Regardless of the polarity of the voltage, one dialforward biased and the other is
reverse biased. This configuration results in l@axkdcurrent, which is the output current
when there is no incident light, due to one of tbeerse biased metal-semiconductor
junctions. Interdigitated geometry increases thal telectrode area and depletion region
allowing more carriers to be generated by light.

Medici simulations have been performed on intetdigd MSM photodiodes to
determine the critical parameters such as fingdthwand finger spacing. However due to
the 2D nature of these simulations, the desired&dponse of the diodes could not be

attained. These parameters are determined afteriengntal results.
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The material selection for the semiconductor sabstis Si since the micromotor
fabrication is performed on a Si wafer. Howeveg $ubstrate was changed to n type Si
from the original p type Si for attaining a Schegtttontact. One key requirement for the
Schottky diode is that the barrier height shouldchlg to yield low dark current. This is
desired to have a large difference between the dadkphoto currents. Schottky height
between a metal and Si is given by the equatiofi8DJL

Fg=Fun-cC (2.1)
whereF g is the barrier height v is the metal work function andis the electron affinity
of Si which is 4.05 eV. Therefore, a metal with atat work function greater than 4.05
eV should be selected for forming a Schottky barfiae work functions of some metals

are given in Table 2.1 below [81]:

Metal Work Funciton in eV
Al 4.28
Ti 4.33
W 4.55
Mo 4.60
Cu 4.65
Ni 5.10
Au 5.15
Pt 5.65

Table 2.1: Work function of common metals [81].
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Au and Al metals were available during the fabimatof the device. Moreover
they are compatible with the micromotor fabricatmmocess. Therefore efforts have been
focused on these two materials.

The high work function feature makes Au very apipggfor the metal selection.
It is also one of the metals used for interconia@ct electrode layer fabrication, making it
a good candidate for photodiode metal as well. dwi€ate Au photodiodes, the native
oxide layer on the substrate was first etched uluftered oxide etch (BOE) and a clean
metal-Si interface is attained. Next, Au was spatteon n-Si 20Acm substrate to a
thickness of 0.3:m. Photolithography has been performed after thdtepng using
AZ5214E photoresist and a mask which had interaligd features on it. However during
the development step of the photolithography, tattered gold completely peeled of
from the substrate due to the poor adhesion bettveeAu and Si. Therefore, it was not
possible to fabricate Au photodiodes on Si.

Al was also used to fabricate photodiodes and spmoeedures have been
followed. After a successful lithography, Al haseheetched using Transene Al wet
etchant type D and the photoresist has been stfippempleting the photodiode

fabrication. A picture of the fabricated photodisde shown in Fig. 3.6.
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Figure 3.6. A fabricated photodiode being tested.

The photodiode shown in Fig 3.6 has an ared afrGnf and it has a finger width
and spacing of 5 um. This interdigitated structwess previously used to investigate the
dielectric constant of BCB by creating many caawies in parallel when designing the
micromotor [77]. For the testing purposes, saméctiire has been fabricated to evaluate
the I-V characteristics of Al-Si MSM photodiodeseloutput current was measured at O-

5V applied bias voltage. The resulting I-V chaeaistics is shown in Fig. 3.7.

Dark and Photo Current vs Voltage for 5 mic fingers
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Figure 3.7. Photodiode I-V characteristics.
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This plot shows an expected reverse bias saturatiorent curve. Responsivity
was measured to be 0.2 A/W. The frequency respohdiee photodiode has also been
evaluated for the frequencies of interest, 0-50Q Np noticeable change in the
photodiode current has been observed at theseeinems. The rise and fall times of the
photodiode output were measured to be on the ofde#) microseconds.

This current-voltage curve varies from wafer to evafi.e the maximum and
minimum current values on the graph change for emafer. This is attributed to the
different doping values of the wafer varying frod ® 40\Wem wafer resistance. Also
the condition of the Al sputtering target might babeen different for each deposition, i.e
the same quality of metal can not be attained tepéa Therefore the variation in output

current was expected.

3.3 First generation photodiodes

The results obtained from the test photodiodes wesduated to determine the
important parameters of the interdigitated struetfinger spacing and finger width. The
operating frequency of the photodiodes favors stoger spacing for the photogenerated
carriers to traverse less distance. On the othed,h@sponsivity of the photodiodes favor
the large finger spacing and small finger widttaliow more light to reach Si surface. As
more photoactive Si area (depletion region) recelight, more photogenerated carriers
are created. Due to fabrication limitations, thegér width was selected to benth to
safely define the fingers. Furthermore, the tesults showed that photodiodes can
operate much faster than the frequency of intefiéstrefore finger spacing was not an

issue and increased tah. The final dimensions of the photodiodes weremheined to
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be 30rm” 1mm, 90rm” 1mm, and 18@m” 1mm corresponding to the motor designs with

different electrode widths. A picture of fabricatglbotodiodes is shown in Fig. 3.8.

Figure 3.8. A picture of fabricated first generatghotodiodes. The photodiode width is 180 pm.

A circuit composed of an opamp amplifier and comaparwas built to sense the
maximum photodiode current to detect the full hotetodiode alignment. A slider with
through holes was fabricated to test the sensincharm@sm. In this test, the slider was
moved manually on the photodiodes while photodibidgers were biased at 4 Volts.
Figure 3.9 shows two pictures taken during the &mst Fig. 3.10 illustrates the circuit

schematic.
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Figure 3.9. (a) Slider holes on top of a photodigtiewing a slight misalignment. (b) A slider holeda
photodiode in perfect alignment.

Photodiod

Vrefl | CI |+ Output voltage

Figure 3.10. Schematic illustration of the cirdoit detecting the maximum photodiode current.

Reference voltages in Fig 3.10 were set by consigeghe required bias for the
photodiode and the output current variation. Whtie state in Fig 3.9 (a) with a slight
misalignment of less than Ifim on a 90 um wide photodiode results in the cirtwit
output a low voltage (0 Volt), the full alignmerttasvn in Fig 3.9 (b) results in a binary
high voltage output (5 Volts). This shows that ¢hean be less than 11% error in the
alignment detection mechanism, which is adequatthtofeedback performance.

When the slider travels over the stator, the Siaabetween the adjacent
photodiodes also receives light. If the portiontlos area is very close to the reverse
biased photodiode electrode, then the diode cumeyt increase. If the partial hole-

photodiode alignment is also desired to be deteftted better feedback performance, it
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might not be possible to use this design. There$ednd generation photodiodes were

designed to alleviate this problem.

3.4 Second generation photodiodes

In second generation photodiodes, the Si surfatedes the photodiodes was
passivated with Al. To achieve this, the mask hesnbredesigned to include Al blocks
covering inactive Si surface and leave a safettadce of 8yém between the blocks and
photodiodes. The overall geometry of the interdigitl structure remained the same. A

picture of the fabricated second generation photies is shown in Fig. 3.11.

Inactive Si surface covered with Al

Microball trencl

Photodiode area

Interdigitated
photodiode

Figure 3.11. Second generation photodiodes witttive Si surface covered.
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The response of the photodiodes is investigatedibyicking the actual operation
before implementing this design into the micromotarthis test setup, stator with only
the photodiodes and the microball trenches waslfteea platform moving horizontally
with a sinusoidal velocity. The slider supportedroitroballs was kept stationary with
respect to the ground with a probe, so that aivelamotion between the stator and slider
is created as in the motoring operation. Howevehis case, the stator is moving and the
slider is stationary. This configuration was desi@since it was more difficult to move
the slider continuously with a device and keep steor stationary. During testing, a
white light source was provided to shine light be photodiodes. The schematic of the

test setup is shown in Fig. 3.12.

[llumination
ARRRRRat!
Slider Y sl'-loles‘,k
Microballs <|\__._1 = .L' l \_. l I
— | ) |
X / Stator fixed to platform ¢ > Amplifier
Platform oscillating in x direction with Photodiode ¢

velocity v=ysin(2 ft) Output waveform

Figure 3.12. Schematic of the test setup.

While the stator was moving, the output photodicderent was amplified and
transferred into a voltage waveform by an opamp léiep The holes pass over the
photodiodes as the stator moves with respect tglither, fluctuating the incident light in
a sawtooth waveform where the slope of the sawtdegiends on the relative speed. The

resulting voltage output for 90 um wide photodiogeshown in Fig. 3.13.
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Figure 3.13. Photodiode output when the stator mosi@usoidally with respect to the slider. The
photodiodes are 90 um wide.

Each minimum in Fig. 3.13 corresponds to a fulehahotodiode alignment due
to the negative opamp gain. The stator travelstimes the electrode width, in this case
180 um, between two consecutive minimum peaks &edtatal travel range in one
direction is 3mm. Since the motion is sinusoid&le time between the two peaks
corresponding to instantaneous stator velocity alsanges sinusoidally. In the region
labeled (1) the slider reaches the rightmost entheftrack and changes direction to the
left. As the slider speed increases, the peaksmhesonore dense as shown with label (2).
Then the slider slows down and approaches to tfimmdet end where it stops and
changes direction to the right (3). Next, it speagsagain as shown by (4) and slows
down as it approaches to the rightmost point. Tdrsph shows a good agreement
between the applied speed and photodiode resppnseing the functionality of the
sensing scheme.

One feature of the graph is that the peak valhesge as the stator travels under
the slider. The reason is that the light sourcal$® stationary and the stator actually
moves with respect to the light source as well.réfuge photodiodes receive different

maximum amount of light in time, changing the peakrent value. However during the
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actual operation, the stator will be stationary @herefore the peak current will not
change. Consequently the configuration shown in Bi@0 can be used to detect the

maximum alignment conveniently.

3.5 Control System

A feedback system was designed to process the gibd® signals and apply
proper voltages to the stator electrode phases.pho¢odiode readout mechanism is
explained above in section 3.2. Using the circaltesnatic shown in Fig 3.10, the full
alignment information is changed to short binarysps. These pulses are sent to a
programmable microcontroller on which a contrologithm was uploaded. Receiving the
pulses coming from the three photodiodes and ttoeiiti the microcontroller determines
the output voltages to be applied to the statoes€hvoltages are sent to a high voltage
amplifier (HVA) and amplified to 90-150 Volts. Afteamplification, the voltages are
applied to the stator by electrical probes. Theaitketabout the programmable
microcontroller, changes in the circuit for specifests, and the control algorithm are
given in Test Results chapter. Figure 3.14 showsloak diagram of the described

system.

40



MICROMOTOR

v

HIGH Position
VOLTAGE . .
AMPLIEIER information
from
i photodiodes
MICRO < CIRCUIT

CONTROLLER

Figure 3.14. Block diagram of the complete system.

The microcontroller used for the feedback system Texas Instruments
MSP430F1612. The algorithm is coded using the Ct#aggamming language on a

computer and loaded to the microcontroller usistgadard interface adapter.

3.6 Summary

A new micromotor design with a position sensing hagtsm is explained. This
design uses photodiodes on the stator as posigtattibn elements. In particular, MSM
photodiodes are well suited for this applicatiord @how adequate responsivity and
speed. First and second generation MSM photodiackedesigned, fabricated and tested.
Test results confirmed the functionality of the ifios sensing and alignment detection.
A microcontroller and a HVA are used to processhetodiode signals and complete
the feedback loop for driving this device in closedp fashion.

The next chapter focuses on the integration ofqufiotles and through holes into
the existing micromotor fabrication process, inahgdthe newly introduced process

steps. Alternative fabrication techniques are disoussed.
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4. Fabrication

The fabrication of the new generation electrostaticromotor with integrated

feedback system is described in this section. R work, the process flow of the

previously developed micromotor has been modife@eehtorporate the photodiodes and

through-holes. The most challenging part of theiation is integrating Aluminum (Al),

a highly reactive metal, to the existing processnggquently, new steps to protect the

photodiode layer have been introduced to the faban increasing the complexity. A

total of eleven masks have been used to completeptbcess. Detailed steps of the

process are summarized in table 4.1 and the scleafidhe wafer after each fabrication

step can be seen in Fig. 4.1. The detailed praeegses are given in Appendix A.

STATOR

Layer

Process

Details

1) Photodiode

Native oxide etching on the

wafer

Wet etching using BOE 6:1 solution

Aluminum deposition

DC sputtering of 0.3m thick Al

Photolithography

For Al patterning using AZ5214E|

Al etching

Using wet etchant

Photoresist stripping

Using Aleg 310 at 65°C

2) Alignment marks

Photolithography

For defining patterns using AZ9245

pm

Si etching

RIE

Photoresist stripping

Using acetone/methanol/IPA

3) First BCB for isolation

BCB deposition

BCB lithography — 3m
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BCB soft cure

In oven at 220°C for 40 minutes

Photolithography

For protecting Al from next steps

using AZ5214E

Descum

RIE of BCB residues

4) Interconnect

Cr/Au deposition

DC sputtering of 0.3mm thick Cr/Au

Photolithography

For patterning Cr/Au using AZ9245,

pm

6]

Cr/Au etching

Using wet etchants

Photoresist stripping

Using Aleg 310

5) Second BCB for isolation

BCB deposition

BCB digmaphy

BCB soft cure

In oven at 220°C for 40 minutes

Photolithography

For protecting Al from next step usin|

AZ5214E

Descum

RIE of BCB residues

Photoresist stripping

Stripping using Aleg 310

6) Electrodes

Photolithography

Negative photolithography for liftoff

using AZ5214E

Descum

RIE to remove photoresist residue

Cr/Au deposition

DC sputtering of 0.3rm thick Cr/Au

Lift off

Ultrasonic bath in acetone

7) Third BCB for passivation

BCB deposition

BCBhigraphy

BCB soft cure

In oven at 220°C for 40 minutes

Photolithography

For protecting Al from next step

Descum

RIE of BCB residues

Photoresist stripping

Stripping using Aleg 310

8) Trenches

Photolithography

Using AZ9245, 9 um

Si etching

DRIE for 135mm trench

43



Photoresist stripping

Uusing acetone/methanol/IPA

BCB hard cure

In oven at 260°C

SLIDER

1) Trenches, poles, holes

Photolithography

Usid9245, 9 um

Si etching

DRIE for 135mm trench

Photoresist stripping

Using acetone/methanol/IPA

2) Holes Backside photolithography Using AZ924% 8
Si etching DRIE for through holes
Photoresist stripping Using acetone/methanol/IPA
3) Wafer dicing Dicing individual sliders Using veaifsaw
4) Cleaning Removing residues Ultrasonic bath et@ee

Table 4.1. Fabrication steps

STATOR FABRICATION

1) Al sputtering

3) Al wet etching and photoresist stripping

5) RIE and photoresist stripping

2) Photolithography

4) Photolithography

6) BCB lithography and soft cure

4
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7) Photolithography for Al protection and Descum 8) Cr/Au sputtering

9) Photolithography for patterning Cr/Au 10) Cr/Au wet etching

11) Photoresist stripping 12) BCB lithography and soft cure

13) Photolithography for Al protection and Descum 14) Photoresist stripping

15) Photolithography for liftoff and Descum 16) Cr/Au sputtering

17) Lift off 18) BCB lithography

4
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19) Photolithography for Al protection and Descum 20) Photoresist stripping

21) Photolithography for trenches 22) DRIE of trenches, photoresist stripping and BGBd cure

SLIDER FABRICATION

1) Photolithography for trenches, holes and poles

2) DRIE of trenches, holes and poles

3) Backside lithography for etching holes
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[ n-Si

] Al

[l Photoresist
[] BCB

[] Cr/Au

4) Wafer through etching and photoresist stripping

Figure 4.1. Schematics of the stator and slider &#ach fabrication step. The thicknesses of Yerdaare
not drawn to scale.

4.1 Stator Fabrication

<1-0-0> n type 20-40V.cm Si wafer has been selected as the startingratd$or
the type of contact explained in the previous sectCleanliness of the wafer is very
crucial to have a good quality Schottky contactwleetin Al and Si for photodiodes.
Therefore fabrication starts with Al deposition apatterning on a new substrate for
forming the photodiodes. First, native oxide lagarthe wafer is etched using buffered
oxide etch (BOE). Subsequently, Al deposition hesrbperformed using DC sputtering
method to a thickness of 0.3 um. The depositionfati@wved by photolithography using
AZ5214E photoresist and wet etching of Al. Figure 4&hows a picture of the
photodiodes on the wafer after this step. Next,tests described in the previous section
have been performed on test structures to exarhmeuality of the Schottky contacts.
The wafers on which the photodiodes worked as d@rpewere selected to continue the

fabrication of the micromotor.
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Al passivation

/
/

Al-Si-Al

photodiodes

Figure 4.2. Picture of photodiodes and Al passivato block the light reaching inactive Si surface.

The process was carried on with reactive ion etgliRIE) of the alignment
marks on the wafer. All the masks used for the sgbesnt processes are aligned to these
marks inherited from the previous micromotor fahticn, therefore the alignment of
these marks to already deposited Al layer is veitical. Any misalignment would show
its effect on the position sensing and feedbackopaance. Figure 4.3 demonstrates the
successful alignment of the etched marks and phmedayer. The marks are 5 um — 7

pm in depth.
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Etched
Alignment
Marks

Figure 4.3. Alignment of Al layer and etched marks

RIE of alignment marks is followed by the first B&yer deposition for the
isolation of the interconnect layer from the suditslr BCB is a dielectric that can be
patterned using ultraviolet light [77-79, 82]. Teéfmre BCB features are defined
lithographically. The most important parameter listprocess is the thickness of the
BCB layer. The BCB should withstand the high vodsgn the range of 100-150 volts.
Also it should not be very thick to maintain thesidgmed 10um gap between the stator
and slider. Reported dielectric breakdown of BCB3B0 Viim [78] therefore a
convenient final thickness of 248m was chosen for this layer. BCB lithography is

followed by the soft curing which is done in a face at 220°C in nitrogen environment
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[78, 82] for the partial polymerization of the filnfkigure 4.4 shows the BCB thin film

after the soft cure.

BCB Layer
T~
4 \
' |
\ / BCB Residues
~
Al Layer Photodiode @ —»

Figure 4.4. Picture of BCB after soft cure. Resgtesulting from puddle development are also ilatsd.

A short descum in RIE chamber is needed to remoed8CB residues. However
descum affects the photodiode performance and aseescthe dark current drastically.
This effect is attributed to the ions getting stumk the silicon surface during RIE,
contributing to the undesired surface currentghdf dark current is already substantial,
the increase in photodiode current due to the ithation may become insignificant.
Therefore, photodiodes need to be protected frostuie step. To achieve this, a
lithography step is performed and a photoresiséray deposited on the photodiodes.

This protection lithography is also needed lateremwlithe interconnect layer is being
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defined, thus the photoresist is maintained onpghetodiodes for a few consecutive
fabrication steps. Next, Descum is done and fiGBBrocess is completed.

The fabrication is continued with creating the matenect layer on BCB. This is
the layer on which the voltages are carried todlleetrodes. In the previous micromotor
fabrication, the interconnect layer was fabricalbgdCr/Au deposition and wet etching.
Since least number of modifications in the fabrorais aimed, the same step is followed.
However depositing Cr/Au directly on photodiodes cat be performed since selective
etching of Au and Cr is not possible on Al. Theofamesist previously spun after the
BCB soft cure is used as a protection mask one o for this reason. 0.3 um thick
Cr and Au is sputtered on the wafer and intercotsnere defined by another
photolithography done on Cr/Au and wet etching.eAfthe etching, both photoresist
layers on Cr/Au and on Al are stripped. A differphbtoresist stripper, Aleg 310, is used
this time since the stripper used in the previousamotor fabrication, CLK 888, attacks
and etches Al layer.

One problem observed at this step is that althoagphotoresist layer was
protecting photodiodes, Al was still etched localyoughout the wafer. This is attributed
to the existence of pinholes in the thin Cr/Au layBuring the development of the
photoresist on Cr/Au, the developer may have gbneugh these pinholes and etch the
underlying photoresist while Cr/Au etchants mayenémlowed the same paths to etch

Al. The picture of these defects is shown in Fi§. 4

51



Al layer

f

Etched Al

Figure 4.5. Picture of Al layer after Cr/Au wet leittg and photoresist stripping. The pads fabricéved
electrical connection to the photodiodes were pliytetched.

As an alternative to Cr/Au sputtering and wet etghprocess, lift off could have
been preferred and this would not require the ptate of photodiodes from Cr/Au
deposition and etching. However, this is not recemded [77, 79] as it decreases the
interconnect layer fabrication yield.

Next, another BCB layer is deposited on top ofrtdanect layer for the isolation
between this layer and the electrodes. One phasenisected to every sixth electrode
through the vias on this BCB layer. The procedotoWed here is the same as the first
BCB layer except that the photoresist to proteet photodiode layer is stripped after
descum since there is no need for protection irfdhewing step.

Subsequently, Cr/Au is deposited to a thicknes90.8f um for forming the
electrode layer. For patterning, liftoff is prefedr over wet etching since previous
experiences showed that higher fabrication yielaktisined for this layer using liftoff [77,
79]. During this step, photodiodes did not need pmgtection as mentioned above.

Photolithography is performed, Cr/Au is sputterend diftoff is done to complete
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fabrication of the electrode layer. Electrodes emanected to underlying interconnect
layer through the vias on the second BCB layer.

A third BCB layer is deposited exactly the samehessecond BCB layer for the
passivation of the electrodes. This mask could haeen changed to passivate the
photodiodes as well. However even though the photed were not passivated, no
significant change in photodiode current over tisi@bserved during testing. Therefore
for the sake of low fabrication cost, integratedtoldiodes are not passivated.

The final process of stator fabrication is DRIEnaitroball trenches. This step is
crucial and extra attention has to be paid to the depth. The resulting etch dept should
yield a final stator-slider gap of around 10 pnur thick AZ9245 photoresist is used for
lithography to withstand the long DRIE etch. An mage etch depth of 134-137 um was
achieved after the DRIE. Next, the stator was puurnace for 1 hour at 260°C for the
completion of polymerization of BCB layers. The wmafs cooled down slowly to room

temperature and the stator fabrication is completed

4.2 Slider Fabrication

The slider wafer has to be highly conductive fag ilmage charges to move from
one pole to the next easily. Also the need for balgkalignment between the mask and
the wafer makes it mandatory to use infrared Idjiring the alignment. When either side
of the wafer is not polished, there is a lot ohtigcattering on the unpolished surface,
making it impossible to see back and front surfaatethe same time. Therefore another

requirement for the wafer is that it should be deubide polished. Due to these
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restrictions, slider wafer is chosen to be highdnauctive p type double side polished Si
wafer.

Slider fabrication starts with the lithography abB®IE to define the trenches,
poles and the holes. This step is also very clifica maintaining a 10 um gap. An
average etch depth of 128n — 134nm was achieved after the DRIE. The variation in
the etch depth is inevitable throughout the wafee tb the big etch area on the slider
wafer (DRIE loading effect).

Next, a photolithography step is performed on thekside of the wafer. Using
the infrared view feature of the mask aligner, s mask is aligned to the front side of
the wafer. Another DRIE is performed on the baoksihd fabrication of the holes is
completed. Finally, the sliders are diced usingndicsaw and cleaned in an ultrasonic
acetone bath. The picture of a complete devichasva in Fig 4.6.

Stator electrodes Microball trench

: /

b) c)

Slider poles—™

/ I

Through-holes Microball trench

Interdigitated photodiode

Figure 4.6. Picture of a) fabricated stator, bselwiew of interdigitated photodiodes, c) fabricaséder
showing bottom view.

54



Another process flow could have been followed tbritate the slider. The
trenches and poles could have been defined in itlke DRIE, as in the previous
fabrication, and the whole hole etch could havenbgerformed on the backside DRIE,
instead of splitting it between the two DRIE stelgewever maintaining a constant hole
width through the wafer is very difficult and if hachieved, this could negatively affect
the feedback system performance by decreasingqosinsing accuracy. Therefore it is
more advantageous to etch the holes in two DRIgsste

After the fabrication, sliders with 30 um holes ev&lamaged due to the fragility
of the Si pieces between the holes and could nosbkd in the experiments. Therefore all
the tests have been performed on 90 um and 180 lpatragle width designs, as

described in Test Results chapter.

4.3 Summary

The fabrication process of the micromotor with greted photodiodes and holes
is explained in detail in this chapter. Procespsstamportant fabrication parameters are
given and alternative fabrication techniques aseulised. The details of the process are
provided in recipes in Appendix A. The following agiter discusses the test setup,

control algorithms and test results with open dodex-loop configurations.
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5. Test Results

This chapter explains the test setup, system dparadnd the test results with
feedback and closed-loop configurations in compari® open-loop excitation for the
micromotors with 90um and 180um electrode widthke Teedback and closed-loop
terms are distinguished by the terminology. While term “feedback configuration” can
be used for any kind of system involving feedbaighal, closed-loop systems operate
based on the error between the desired and custatess of the control variable. The use
of the closed-loop systems results in a highergoerdnce with smaller settling times and
therefore these systems are preferred over bassdb&éek configurations for

implementation. The chapter ends with the summétieotest results.

5.1 Test Setup
The setup consists of photodiode signal processiirguits (amplifiers,
comparators, microcontroller) electrically connécte the micromotor system. A picture

of the test setup is shown in Fig 5.1 and 5.2 below
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High speed camera High voltage amplifier

Light

Circuit source

Power supply

Probes

Micromotor

Figure 5.1: Picture showing the individual elemenftthe test setup.

Figure 5.2: Closer view of the micromotor undet.tes

Ten probes are utilized for the tests. Six of thasdes are used for the electrical

excitation of the motor and the other four are fbe electrical connection to the
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photodiodes. One of these four probes is usechiowoltage bias to the photodiodes and
the remaining three are connected to three phatedialigned with the different phases
(A,B,C) of the motor. A light source is employed tbe illumination of the photodiodes.
The circuit consists of an interface circuit betwe¢éhe photodiodes, a
microcontroller, and several opamp amplifiers foe amplification of signals at different
stages. The first stage is the opamp transimpedangglifier which converts the
photodiode current variation into a voltage varyitygically between 0-6 volts. The
maximum microconotroller input voltage is 3.3 voltserefore there are additional stages
between the transimpedance amplifier and the macriooller to reduce the voltage
variation to 0-3.3 volts. These stages differ indiegack and closed-loop configurations
and they will be explained in the related subsestidMicrocontroller outputs are sent to
the high voltage amplifier having a gain value &f To make use of the full voltage
swing of the high voltage amplifier (0-150 voltshe microcontroller outputs, with a
maximum value of 3.3 volts, are pre-amplified byaow amplifiers with a gain of 3.
Finally, the high voltage amplifier outputs are kgxb to the micromotor electrodes using

the probes shown in Fig. 5.1. A picture of thewircs shown in Fig. 5.3.
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Interface Circuit

<4 \icrocontroller

Figure 5.3: Picture of the circuit

The microcontroller used in these experiments isxa$e Instruments
MSP430F1612. It is programmed using a computer@nd programming language in
combination with IAR Workbench program. While this®alog inputs for the photodiode
signals are used in all the experiments, the nurabeticrocontroller outputs change in
the feedback and closed-loop configurations. Thi be briefly discussed at the
beginning of each section.

Open-loop tests are performed using the microcetrmgnoring the photodiode
signals. On the other hand control algorithms Haeen implemented to the controller for
the feedback and closed-loop designs. In thesescdke microcontroller reads the
photodiode signals and reacts according to thegdedi algorithm. While the motor is
running, a high speed camera and an image tradaftgrare is used to independently

measure the slider displacement and compare watdekired motor behavior.
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5.2 Feedback Configuration

In this configuration, photodiode signals are ugedense the discrete electrode-
pole alignments and excite the electrodes. Whealignment is detected for one phase,
the microcontroller turns off the voltage appliedhat phase and turns on the voltage for
the next phase using the control algorithm. Theegfthe continuation of the motion
depends on the alignment events.

A set of comparators are used to digitize the afignt information from the
photodiodes for this system as shown in Fig. 3WWAen the photodiode current is at its
maximum, corresponding to maximum alignment, thengarator associated with that
photodiode gives a binary high signal of 1.5 vol#is signal is input to the
microcontroller, informing the microcontroller alkouan alignment with the
corresponding phase. According to the algorithmigiesl for different tasks, the
microcontroller makes decisions for the six outmgsig to the motor phases A, B, C, D,
E, and F. The voltages applied to the micromoterl&0 V p-p 33% duty cycle square
waves (phase A,B,C: 0 to +150 V, phase D,E,F: Q50 V and phases are such that D=-
A, E=-B, F=-C). The frequency of the applied sedianvoltages determines the

stepping speed.

5.2.1 Position Feedback

This experiment is intended for proving the funcabty of the system and shows
the mechanism described above. In this experintet,micromotor is desired to be
moved in discrete steps for different number opstat different stepping speeds in two

directions, forward and backward, periodically. piot more variety in the motion, the
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slider is kept stationary for a short period ofdimwhen the direction is switched from
forward to backward only.

A program written in C++ language is developed flois experiment. In this
algorithm, the microcontroller constantly looks falignment signals coming from the
photodiodes and comparators as explained abovesiReg a phase alignment signal,
the controller decides on what phase to be exeaieed according to the number of steps
desired to be taken in each direction. Next, tlstesy enters in a delay state for the slider
to settle down on the excited electrode. The domatif this delay state determines the
stepping speed. If the direction is switched froomwfard to backward, there is an
additional delay state the system enters. Photedsignals are ignored during these
delay time intervals. Finally the controller exitss state and returns to the initial state
where it expects alignment signal from the prevpw@xcited phase. Figure 5.4 shows
the basic logic flow diagram of the algorithm. Themplete program is given in

appendix B.

| Initialize |

e

Forward

v l

Chanae Applied Voltaa: | | Chanae Aoplied Voltaar
[ I

v

| Determire Directior |

v
| Delav for Adiustina Spee |

Figure 5.4: The logic flow for position feedback.
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The algorithm runs the slider 4 steps forward &tsteps/s, stops it for 2 seconds
and moves it backward 3 steps at 4 steps/s. Thétingsmotion for the micromotor with

180 pum wide electrodes is shown in Fig. 5.5 below.

Moving 4 steps in +x Waiting for 2 seconds
700 - direction at 1.5
steps/second

Moving 3 steps in —x [
direction at 4 /
steps/second

Time (sec)

Figure 5.5: Slider motion with position feedbacgaithm for 180 um electrode design.

The slider follows the algorithm as shown in Figbt8, proving the successful
use of the feedback signals. Every step in thelg@presponds to one electrode-pole
alignment and the device inherently takes stepgietwo thirds of electrode width, 120
mm in this case. The photodiode signals and micriwobtier voltage outputs resulting in

this motion are given in Fig. and Fig. 5.7 respesiyi.
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Figure 5.6: Photodiode signals during the motion

Figure 5.7: Corresponding microcontroller outpuitages.

It can be seen in the Fig. 5.6 that the photodiedmals have 120° phase

difference that is equal to the phase differencevéen electrode phases. When a
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photodiode and a hole align, the photodiode owipitage goes to zero. However when
there is misalignment, the voltage goes up to aevbketween 0 and 6 Volts. The voltages
at discrete misaligned states (corresponding th etep) of the photodiodes are different
due to the amount of light they receive and thdighly different characteristics.
However this difference does not affect the feelllf@@formance since these voltages
are compared to a very low voltage value (0.4 ydiyscomparators and the binary result
is sent to the microcontroller. Also since the datquisition is not synchronized with the
camera and the oscilloscope, there is a slightydeé&ween the voltage data and the
motion in Fig. 5.5.

The microcontroller outputs are 0-3 volts squareegaas seen in Fig. 5.7. As
explained previously, these voltages are amplifee@50 volts (for phases A, B, C) and -
150 volts (for phases D, E, F) using a HVA and egaplo the six phases of the motor.

Oscillations in slider motion after each step absewved (Figs. 5.5 and 5.6).
These oscillations result from the electrostaticingp force exerted by the excited
electrodes on the slider poles. The friction is aobugh to over damp (or critically
damp) the motion. Therefore, the slider goes bak farth over the excited electrode
until it loses its kinetic energy against the foat force and settles down on the
equilibrium point. Similar oscillations are alsosaloved in the micromotor with 90 pum
electrode width as shown in Fig. 5.8. Each steghis motor is 60 um long which is
again two thirds of the electrode width. Since phetodiode signals and microcontroller
outputs look similar, they are not shown for thetref the Feedback Configuration

section.
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Motion Analysis Data Sheet

400

350 | Waiting for 2 seconds
Moving 4 steps

300 - forward at 1.5

steps/sec

Position (micrometers)
N
o
S
Il

Moving 3 steps
backward at 4
steps/sec

Time (s)

Figure 5.8: Slider motion with position feedbacgaithm for 90 um electrode design.

As the stepping speed is increased for both ofldsgns, the oscillations start to
affect the uniform motion severely. If the nextadtede is excited before the slider settles
down, the slider starts to move to the next elggrwith an initial kinetic energy which
prevents the slider to stop or oscillate around riees equilibrium point. This kinetic
energy results in the slider to pass the nextdetand stop on another one, resulting in
loss of synchronization and control over the matidhe next subsection describes the

use of the feedback signals to avoid the loss tlsynization in such cases.

5.2.2 Acceleration and Critical Speed Detection

This experiment aims to detect the oscillationthenmotion using the photodiode

signals to adjust the speed such that the critsgged that results in the loss of
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synchronization is never exceeded. Two algorithemselbeen developed to accelerate the

slider from rest with and without the photodiodedback signals. The acceleration

without the feedback configuration is simply basedincreasing of the output voltage

frequency,

on the other hand the algorithm that ube photodiode signals is fairly

complex. In short, the microcontroller looks forettsequence of the photodiode

alignments for detecting the oscillations whilergesing the output voltage frequency for

speeding up the slider. If these oscillations dovanmish before the next signal is applied,

the frequency is not increased anymore and kepdtanhto avoid crossing the stability

limit. Figure 5.9 shows the resulting slider mosomith and without using the feedback

signals for 180 um electrode design.

m;

Position (

3000
Slider stops dueto ——
2500 1 oscillations
2000 . —— Without feedback
— With feedback

Overlapping
oscillations
detected, speed i
kept constant.

Uy

100 11 12

Time (sec)

Figure 5.9: Acceleration of the slider with andhaitit the feedback signals for 180 um electrodegdesi

The

parabolic section of the position versus tintapl corresponds to the

acceleration. As it can be seen from the graph ebitré constant acceleration with open-
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loop excitation results in the slider to lose sywoctization and eventually stop. On the

other hand, the microcontroller detects the odwmies and stops the acceleration

automatically using the photodiode signals as faeklbThe speed is kept constant for the

rest of the motion. Using this method, the higlgsted was measured to be 0.5 mm/s.

Figure 5.10 shows the acceleration of the slidarguhe photodiode feedback signals for

the 90 um electrode design at 150 volts. The maxirspeed was measured to be 0.15

mm/s for this micromotor design.

1000

900 -

800 -

700 ~

600 -

500 -

400 -

Position (micrometers)

300 -

200 +

100 +

Overlapping oscillations
detected, speed is kept
constant.

Figure 5.10: Acceleration of the slider at 150 sdtir the 90 um electrode design.

Time (s)

5.2.3 Overcoming Friction Barriers

1c

It is occasionally observed that the slider can catinue its motion in one

direction even though the excitation is appliedisTis attributed to the increase in the

friction that may be due to several effects (theamwprofile of the trench, surface
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roughness, balls located at the end of the treeith,.). Feedback configuration is used
to solve this problem. An algorithm to sense tifeésdon barriers and change the voltage
sequence is developed. The algorithm applies naces®ltages and tracks the slider
using the photodiode signals. If an alignment digghaot received from the photodiode
position sensor of the excited phase, this showassthie slider is stuck somewhere on the
way between the previously and newly excited ebelds. Then the slider is pulled back
one step and sent forward again. This loop consinuril the slider goes over the barrier
and continues its motion. Figures 5.11 and 5.12vshow the slider reacts to such
barriers when feedback system is used in motore W0 um and 90 um electrode

designs respectively.

1600
1400 -
1200 -
— - .
€ 1000 - E)llr(\?grg]gﬂlg Friction barrier
~ Stens /second impedes forward
c P motion
O 800 - A
=
9D 600 - Goes over the barrier,
8 continues its motion
400 -
200 - Autonomously moves back
one step and tries again
0 | T T T T T T T
0 1 2 3 4 5 6 7 8

Time (sec)

Figure 5.11: The slider response to friction basrier 180um electrode design.
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100 - Moved back one
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Figure 5.12: The slider response to friction basrfer 90um electrode design.

The slider is observed to meet these barriersllysoia an electrode rather than
between electrodes as it can be seen from the gréjawever, this algorithm also works
when the slider gets stuck between the electrodesg this system, the motor can
autonomously change the excitation sequence andtawe friction barriers when the

friction force is still low enough to be overcomgthe electrostatic force.

5.3 Closed-Loop Position Control

Closed-loop systems operate based on the errorebatihe desired and current
value of the control variable of interest. If implented with correct control parameters,
these systems improve the system performance mst@&f settling time, speed, and

reliability which are important factors for a mipasitioner. Therefore closed-loop
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position control is implemented in the micromotgr dhanging the interface circuit and
the controller algorithm. Proportional control lasvused for the sake of low algorithm

complexity.

5.3.1 System Operation

For this system, the interface circuit betweenghetodiodes and the controller is
changed slightly. Comparators are eliminated fromdircuit and photodiode signals are
amplified with a gain of less than 1, making thexmmaum photodiode feedback signal
voltage slightly less than 3.3 volts. This allowsede signals to be input to the
microcontroller directly. The photodiode signalse arot ignored at any given time,
enabling the microcontroller to calculate the positrelative to the starting point and
calculate the error between the measured and dedisgances. Another change in the
system is that, sinusoidal waves are used insté&@88% duty cycle square waves to
create additional damping and achieve smootheromoflhe frequency of the three-
phase sinusoidal waves determines the slider sgdex available two analog and one
digital outputs of the controller together with A0 (digital to analog converter), made
by an opamp and several resistors, are used ttegmaisoidal waves. Figure 5.13 shows

the system diagram.
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Microcontroller

Figure 5.13: Closed loop position control systeragdam, where xis desired position, xis measured
current position, Yis speed, Kis proportional constant andis error. Position tracker, Kand 3-phase
sine generator are parts of the code implementethéncontroller. The circuit composed of several
amplifiers between the photodiodes and the microbier is not explicitly drawn.

The closed-loop position control system works @fows: The microcontroller
generates three phase sinusoidal voltages usinfp@agram in the code and modifies
the frequency, that determines the slider speeskdan the error between the measured
and desired distances. By tracking the photodidideraent signals, the current position
is measured and subtracted from the desired posigtue. The system can also measure
the position of the slider when it is not aligneiihnany of the phases. However there are
unresolved issues with noise and microcontroll@abdity that limits the accuracy of the
measurement. Therefore the microcontroller upd#tes speed when there is a full
alignment between the slider poles and one stdtasgfor maintaining the reliability of
the control system. When one photodiode signal goe®ro (full alignment state), the
frequency of the signals is decreased by an amegunél to the multiplication of the
proportional value, i and the decrease in error to reduce the speedhéslider
approaches to the target, the speed goes to zkeocdde written for this algorithm is

given in Appendix B.
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5.3.2 System Step Response

The system response to a desired step in possiaharacterized for different
step heights at different voltages for motors wi® pm and 90 um electrode designs.
The term “step” refers to a travel distance, rattien individual steps that the slider
takes. Since this is a stepper motor, the travalistances are in multiples of slider step
sizes which are 120 um for 180 um electrode deaigph 60 um for 90 pm electrode
designs. Figure 5.14 shows the slider motion fdesired traveling distance of 1080 um

for 180 pm electrode design with g ¥alue and voltage of 16 and 150V respectively.

200
(@)

150

=

Voltage (V)
o & 8

—— Phase A —— Phase B —— Phase C

N
(@]

(b)

[y
al
|

V —~Actuation Speed
(mm/s)
o o

o

(€) e —
1000 a
£ 800 |
S I
S 600 A .
= ! — — . Xg— Desired
S 400 - ' M d
g | —— Xm— Measure

200 :
0
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

Figure 5.14: (a) Three phase sinusoidal microcdletr@utput voltages, (b) calculated slider spe@,
slider motion tracked by the camera. All three dsapave the same time scalg,i&set to be 16, and peak
sinusoidal voltage is 150 volts. The micromotordusethis experiment has 180 um wide electrodes.
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The sinusoidal microcontroller outputs shown ig Bil4 (a) are not perfectly
smooth since the microcontroller does not havenitgfianalog output resolution. The
voltages could have been made smoother howevdratie off would be the decrease in
the highest output frequency. In this configuratitme full sinusoidal wave is divided
into 24 discrete levels and the smallest periotheftwo adjacent sinusoids is 5.85 ms, or
171 Hz.

Figure 5.14 (c) shows the desired and resultingtipas. At time equals 0.04s,
the desired position goes to 1080 um and the cupesition is 0. This triggers the
control system to start applying forward excitati®nce the error at this time instant is
large, the initial applied frequency and the cqroesling speed is high as it can be seen
in Fig 5.14 (a) and (b). As the slider moves fomydhe error goes down. As a result, the
applied frequency and the speed decrease. Theadred of the slider displacement
shows this decrease in the speed. Finally therstigttles down on the desired position
and the frequency is set to zero, showing succeslsiged-loop control on the position.

The discrete nature of stator electrodes, discigtanges in the applied
frequencies and random friction behavior are belieto cause the instantaneous change
in the direction of the slider. However, these d¢ mepresent loss of synchronization as
the slider follows the excitation throughout thdinmotion, and the amplitude of the
reverse movement is relatively small. Same experirhas been repeated for different K

values and the results are illustrated in Fig. 5.15
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Figure 5.15: Slider trajectories for a desired @ispment of 1080 um for different,Kalues at 150 volts
sinusoidal peak voltage. The micromotor used is &xperiment has 180 pm wide electrodes.

The slider overshoots forp/alues higher than 16 and the synchronizationss |
for the K, values greater than 16.7. The maximum synchrospasd that the slider can
follow without an overshoot for the given travelidistance is calculated to be 17.28
mm/s and the initial instantaneous speed was medgarbe 19.5 mm/s. For low,s,
the individual slider steps corresponding to edehtede-pole alignments can be seen as
the slider moves. One important fact to noticénat the oscillations are less pronounced.
This is a direct result of additional electricalng@ing created by continuous sinusoidal
voltages.

Settling time is defined to be the time it takes sfider to settle down within 10%
of the desired position. The settling times forfetiént K, values for the motor with 180

pum electrodes traveling 1080 pum are shown in Etp.5
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Figure 5.16: Settling time versus foy, for 180 um electrode design traveling 1080 pm& dolts peak
sinusoidal voltage. The micromotor used in thisegipent has 180 um wide electrodes.

As it can be seen from the Figure 5.16, the sgttime decreases until the slider
starts to overshoot. Although the slider finallytles down on the desired point for the
values of K greater than 16.7, the measured settling timesotlshow repeatability due
to the loss of synchronization and unpredictabtieslbehavior.

A typical slider response to a desired travelirgjahce of 1080 um for the motor
with 90 pm electrodes at an applied sinusoidalaggtwith 150 volts peak value for g K

of 10 is shown in Fig. 5.17.
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Figure 5.17: The slider response to a desired lirayelistance of 1080 um for a,kof 10 at an applied
maximum peak voltage of 150 volts. The micromotegdiin this experiment has 90 um wide electrodes.

The maximum synchronous speed and the settling am@el0.8 mm/s and 0.17 s
respectively for this motor. This experiment isfpaned at the highest frequency the
microcontroller could output, thereforg, Kalues greater than 10 could not be tested. It is
believed that the slider for this motor design dolé moved faster than 10.8 mm/s and
that smaller settling times are achievable. Theianas smoother for this motor and the
amplitude of reverse movement is smaller due tontimeower electrode design (90 um
wide).

The same tests have been performed on the two rdetagns for different K
values for different traveling distances at variquesak voltages to study the motor
characteristics and find the optimal operating peeters. Figures 5.18, 5.19, and 5.20
show the settling time versus, i§raphs for the motor with 180 pum electrodes atovesr

traveling distance and voltage combinations.
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Figure 5.18: K versus settling time curve for 180 um electrodsigteat different voltage values for 360
pm travel distance.
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Figure 5.19: K versus settling time curve for 180 um electrodsigfeat different voltage values for 720
pm travel distance.
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Slider traveling 1080 micrometers

o o
al (o))
|

0.4 1 —e—at 90 wolts
—=—at 120 wlts

©
w
!

—a—at 150 wlts

©
N
|

Settling time (s)

©
=
|

(@)

10 15 20
Kp (1/9)

o
ol

Figure 5.20: K versus settling time curve for 180 pm electrodsigteat different voltage values for 1080
pm travel distance.

The slider can not follow the signals and lose Byogization for the Kvalues
above what is shown in the graphs. Therefore thténgetime data for higher Ks are
not presented. Since the micromotor did not operat@ably under 90 volts, lower
voltage data are not included. Also, the unexpertectase in settling time on Fig. 5.18
and Fig. 5.19 is believed to be due to small siep esulting in small ball rotation and
random friction. It can be observed from the grajhias as the step size increases, higher
voltages favor smaller settling times through tlse of high K values. The electrostatic
springs creating oscillations and the amount off todétion are believed to have effect on
this result. Figure 5.21 show the slider travel2@40 pum at 150 volts for the same
electrode design. The repeatability for the sanséadce at lower voltages could not be

achieved, consequently it is not possible to compghe outcome with the previous
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experiments. The initial synchronous speed wasutzkd to be 20.4 mm/s and the

measured initial instantaneous speed was 23.84.mm/s

Slider traveling 2040 micrometers

0.7

0.6
@ 0.5
0.4 1
0.3
0.2 1
0.1 1

—e—at 150 wolts

Settling time

Kp (1/s)

Figure 5.21: K versus settling time curve for 180 um electrodsigteat 150 volts for 1080 um travel
distance.

Similar type of behavior is observed for the micodor with 90 um electrode
design. However this motor did not work at 90 vatsl this is directly related to the
fabrication imperfections and the thickness of dgiregap between the stator and slider.

Figures 5.22, 5.23, and 5.24 show the resultsifterdnt travel distances at 120 and 150

volts.
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Slider traveling 360 micrometers
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Figure 5.22: K versus settling time curve for 90 um electrodeigiest 120 and 150 volts for 360 pm
travel distance. The general trend of the line sh@vdecrease in settling time with increasing K
Unexpected increase in settling time for severay#ues are observed due to the similar reasoriaierg
for the micromotor with 180 pm wide electrodes.
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Figure 5.23: K versus settling time curve for 90 um electrodeigiest 120 and 150 volts for 720 pm
travel distance.
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Slider traveling 1080 micrometers
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Figure 5.24: K versus settling time curve for 90 um electrodeigieat 120 and 150 volts for 1080 pum
travel distance.

The maximum synchronous speed is calculated toOb@ rhm/s and the initial
instantaneous maximum speed was measured to benb&$. Due to the limited output
frequency capability of the microcontroller, th&sl could not be moved faster as stated
previously. The device is expected to move at higpeeds with a faster controller. This
motor design is also tested for a traveling distanic2040 um, but complete set of data
for different K, could not be obtained due to the repeatabilityg@ss Figure 5.25 shows
one successful experiment with slider traveling@@dn for 90 um electrode design at
150 volts with a I§ value of 5, corresponding to an initial synchraa@peed of 10.2

mm/s.
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Slider traveling 2040 micrometers
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Figure 5.25: Position versus time graph for thdeslitraveling 2040 um on 90 um electrode desigibat
volts with a K, value of 5. The initial synchronous speed is I0r@d/s and the initial instantaneous speed is
15.3 mm/s.

The tests described above were performed for aimglythe step response of the
micromotor. Next section explains the experimergdgymed for evaluating the use of

this micromotor as a micropositioner.

5.4 Micromotor Tests for Micropositioning Applications

In all the tests described above, the slider mavigd respect to a random frame
of reference, i.e. the initial position is assunedbe the reference. However, it is crucial
for a micropositioner system to know the absoluteifon relative to a defined origin
during the operation rather than moving with resgecthe random initial position.

Consequently, a set of coordinates can be givéimetonicromotor for positioning instead
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of calculating and inputting the distance it isice$to travel each time. An algorithm has
been developed to implement this important feattings algorithm runs the slider to the
furthest point possible in one direction at a cansspeed. The system detects this point
when the slider does not respond to the excitatiod defines it as the origin. Next,
voltages are applied to move the slider to therddstoordinate. Figure 5.26 shows the

slider finding the origin and moving to the x comate of 1440 pum.

1600
1400 -
1200 - T
Starts at a random Sett he desired
© 1000 1 . - coordinate
£ Moves in —x direction to
g find the furthest point in
£ 800 1 this direction
&
= 600 - /
[%2]
o
[a 8
400 - Finds the furthest point
and sets as origin
200
O T T T T
0 0.5 1 15 2 2.5

Time (sec)

Figure 5.26: Slider setting the origin and movinghe x coordinate of 1440 um. The test is perfatme
the motor with 180 um electrodes at 150 volts Wit 10.

It is also very important for the system to respartl tolerate any outside
disturbances that the device may experience. Ifstiter is displaced from the desired
position by an outside source, the system shoalktthe new location of the slider and
return it back to the target. Figure 5.27 shows shder reacting to such disturbances

using an algorithm developed for implementing thature.
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Figure 5.27: Slider response to the disturbanceated by moving the slider manually with a pair of
tweezers. This test has been performed on 180 sigrdat 150 volts for K= 3.3.

The figure above shows the slider going back toadhginal settling coordinate
after displaced by a pair of tweezers. This autammsnresponse is independent of the
direction and amplitude of the disturbance. As sulte the reliability of the system is
improved and the system keeps its functionalitythe presence of outside effects
resulting in undesired displacements. This is a ddgantage of closed-loop position
control system and could not be achieved using -bp&m excitation. The system can
reliably respond as long as the displacement doesappen faster than 50-100 mm/s,
above which the microcontroller will be slow to dgahotodiode signals.

Finally, the device is run continuously between #aene two points with and

without the closed-loop system to evaluate theabdlty in continuous micromotor
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operation and compare with open-loop excitatiore fésulting slider motion with open-

loop and closed-loop systems are shown in Fig. &r2BFig. 29 respectively.
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Figure 5.28: The slider toggling between two poirtstinuously using open-loop system with sinusbida
voltages. The test is performed on the motor w@h [km electrode design at 150 volts.
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Figure 5.29: The slider toggling between two poiotsitinuously using closed-loop system. The test is
performed on the motor with 180 pm electrode deaigtb0 volts with K= 6.7.
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As it can be seen from Fig. 5.29, continuous oparatoes not have any effect on
the system performance and positioning accuracis iSha big improvement over open-

loop excitation demonstrated in figures 2.7, 2rf] &.28.

5.5 Summary

This chapter explains the results of the closeg-lexcitation of the micromotors
with 90 um and 180 pm wide electrodes. The feedlsaciiguration and the algorithms
developed for the microcontroller are describedetail. Successful operation using the
feedback signals has been demonstrated. Detedtithre @scillations at each slider step
is achieved and used for maintaining a stable motwaiction barriers were detected by
using the photodiode signals and were overcomeaugfirahe modification of the signal
sequence.

Closed-loop position control system using the propoal control law is
implemented in the device. This system changesapiied voltage frequency, that
determines the speed, depending on the positidheoklider. Device step response is
studied and characterized for different step heigat different voltages. Highest
synchronous speeds of 20.4 mm/s and 10.8 mm/schrevad for the motors with 180
pum and 90 um electrodes respectively. The devicalds tested for micropositioner
applications. Coordinate-based positioning in kiee to an origin and autonomous
response to outside disturbances have been dem@astFinally, the device is shown to
operate continuously without any degradation in pusitioning performance. Next

chapter summarizes the content of the thesis addrlimes the key accomplishments.

86



6. Conclusion

6.1 Summary

A closed-loop position control system based oncapposition sensing has been
designed and implemented into a linear variableaciégnce micromotor for long-range
micropositioning applications. Metal-semiconduatoetal photodiodes are incorporated
into the micromotor for electrode-pole alignmentedtion. Electrical circuits together
with a microcontroller have been designed to pregelsotodiode signals and apply
actuation voltages. This system allows for the onwotor to keep the synchronization
between the motion and electrical excitation, imprg accuracy, stability, and
reliability.

Metal-semiconductor-metal photodiodes made of alum and silicon have been
selected due to simpler fabrication and integratioio the stator. An interdigitated
structure has been designed to maximize the phidteagrea. Test results showed that
the increase in the output current was easily ttée in the presence of light. Based on
the initial test results, the critical photodioderameters such as finger width and finger
spacing were determined. The photodiodes are ldc¢atthe available peripheral area on
the stator to avoid the redesign of all the maségucing the design cost. The width of
the photodiodes and corresponding holes are sdl¢otenatch that of electrodes and
poles to relate the electrode-pole alignment dmeophotodiode output current.

The fabrication sequence of the micromotor was ifreat to incorporate
photodiodes on the stator and through holes irslider. First, the photodiode layer was

formed to have a good quality Schottky contact letw the silicon substrate and
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aluminum. This layer was covered with a photoresisisk during process steps for
protection against chromium and gold etchants. Algh this method has been shown to
be functional, aluminum was observed to be etcbedllly under the photoresist. This is
believed to be caused by the photoresist develapgémetal etchants going through the
pin holes in the sputtered chromium/gold layer. cdak of eleven optical masks and
thirteen lithography steps were used in the faboogprocess.

A test setup has been used to investigate theommtor performance with the
control system. Electronic circuits consisting ohpifiers have been designed and
implemented as an interface between the photodstgigals and microcontroller input
stage. The control algorithms are developed in Cémputer language. Test results
showed the successful excitation of the micromatdh photodiode signals used as
feedback.

A closed-loop position control system has beenlemented based on the error
between the desired and current slider locationgpd?tional control law was used and
the effect of the proportionality constant has beémvestigated for various stepping
distances and actuation voltages. A minimum setttime of 0.1s was achieved for a
1mm step at 150V. Closed-loop excitation has emnbdlstained synchronous motion and
a maximum speed of 20.4mm/s, representing a tHokeforease as compared to open-
loop operation. Implementing this control systehe tlevice was shown to establish a
necessary frame of reference for accurate pogitpraind respond autonomously to
external disturbances. These are direct resultheotuse of feedback sensors and could

not otherwise be achieved.
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The integration of photodiode sensors and feedlmsgk enabled this device to be
reliably used in long-range positioning applicaioMhe closed-loop position control
system presented in this work demonstrates thabfégsand functionality of smart

microsystems using integrated feedback sensors.

6.2 Future Work

Future work will focus on the improvement of theemll system and the control
architecture. The photodiode electrodes excluding fingers will be fabricated on an
insulating layer such as SiQo further reduce the dark current. This will reuhe
sensor noise and increase the position sensintuteso Consequently, a more accurate
and clearer signal will be fed into the microcolieig allowing for a more precise
position sensing.

The control algorithms will be improved to charnbe slider speed continuously
rather than at full phase alignment states. Thikresult in a more gradual decrease in
the slider speed and a smoother motion. Therefigie $peeds and low device settling
times can be achieved. Moreover, proportional-irglederivative (P1D) control law will
be used to enhance the dynamic performance. Firth#yimplementation of this control

system in other micromachines will be investigated.
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Appendix A: Process Recipes

Photolithography

AZ5214E AZ9245 AZ9245
Thickness 1.6 um 5um 9um
. 1750 rpm — 5 sec, | 300 rpm — 5 sec, 100
Spin 3000 rpm, 30 se¢ 3600 rpm — 40 sec rpm — 40 sec
Soft bake Hot plate 100 °C,| Hot plate 110 °C, 90| Hot plate 110 °C, 120
60 sec sec sec
Exposure 40 mJ/r?rrj at405| 300 ma/criat 405 nm| 720 mJ/chat 405 nm
Post exposure | Hot plate, 125 °C
bake 45 sec No No
1200 mJ/crhat
Flood exposure 405 nm No No
Develop AZ4OO§e(1::6’ 1201 Az400K 1:3, 180 sec|  AZ400K 1:3, 180 sé
Hard bake No No No
Strip Aleg 310 Acetone/Methanol/IPAAcetone/Methanol/IPA

BCB 4024-40 Lithography

Thickness

~3 um

Adhesion promoter

AP 3000, spinned at 3000 rpn3@osec

Spin 500 rpm — 8 sec, 5000 rpm — 30 sec
Soft bake Hot plate 65 °C, 90 sec
Exposure 150 mJ/chat 365 nm

Pre develop bake

Hot plate 55 °C, 30 sec

Development

Puddle development, DS 2100 spinned at 100 rprseeBdried

at 3000 rpm — 30 sec

Post develop bake

Hot plate 65 °C, 60 sec

Soft cure / Hard cure

5mi/min

220 °C 50 min / 260 °C 60 min, in furnace with fidw at

Descum

RIE chamber,O0CF; : 90sccm/10sccm, 30 sec

DC Sputtering

Al Cr Au
Thickness 0.3 um 0.05 um 0.2 um
T . 5 mtorr, 200 W, 10| 5 mtorr, 200 W, 10| 5 mtorr, 200 W, 10
arget Conditioning : : .
min min min

90

C



Ar Pressure 5 mtorr 5 mtorr 5 mtorr
Power 200 W 200 W 200 W
Temperature Room temperature Room temperature Reoperature
Time 40 min 8 min 20 min
Wet Etching
Al Cr Au
Etchant Al etchant type D, at Cr etchant TFD, at| Au etchant TFA,
50 °C 50 °C room temp
RIE
Si
Gases SE# O, : 40sccm/20scem
Pressure 200 mtorr
Power 100 W
Time 7 min
Etch Depth 5-6 um
DRIE of Silicon
Pass Cycle Etch Cycle
Coil RF 600 W 600 W
Plate RF ow 10w
C4Fs 100 sccm 0 sccm
Sk 0 sccm 130 sccm
Cycle time 3 sec 10 sec
Lift off

5 minute degas process
60 minutes ultrasonic vibrations in water. The wsigere placed in a wafer boat
filled with acetone.
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Appendix B: Microcontroller Programs

Open Loop Drive
#include <msp430x16x.h>
/IDAC1 = PHASE A, DACO = PHASE B, DIGITAL OUT = PABE C

void main(void)

{

WDTCTL = WDTPW + WDTHOLD,; /I Stopatchdog timer
/IDAC12_0ODAT = 0x0666; 111V

P4DIR |= Ox01;
P3DIR |= OXFF;

ADC12CTLO = REF2_5V + REFON;
DAC12_1CTL = DAC12IR + DAC12AMP_6; /I Interngdf gain 1
DAC12_0CTL = DAC12IR + DAC12AMP_6; /I Internadf gain 1

for (;;)
{

volatile unsigned int i,k;

for (k=1;k<3;k++) {
i =12000;
do{
i=i-1;
if (i<=12000 & i>8000) {

DAC12_0DAT=0x000;
DAC12_1DAT=0xFFF;
P30OUT = 0x00;}

if (I<=8000 & i>4000) {

DAC12_0DAT=0x000;
DAC12_1DAT=0x000;
P30UT = OxFF; }
if (i<=4000 & i>0){

DAC12_ ODAT=0xFFF;
DAC12_1DAT=0x000;
P30OUT = 0x00;}
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}
while (i'=0);

}

for (k=1;k<3;k++) {

i =12000;

do{
i=i-1;
if (ix=12000 & i>8000) {
DAC12_1DAT=0xFFF;
DAC12_0DAT=0x000;
P30OUT = 0x00;}
if (I<=8000 & i>4000) {
DAC12_1DAT=0x000;
DAC12 ODAT=0xFFF;
P30UT = 0x00; }

if (i<=4000 & i>0) {
DAC12_1DAT=0x000;
DAC12_0DAT=0x000;
P30OUT = OxFF;}
}
while (i'=0);
}
}
}

Steping Control
#include <msp430x14x.h>

volatile unsigned int i, cycle, speedright, eglleft, startingspeed;
volatile unsigned int moveleft, moveright,igacest;
volatile char nextelectrode;

void main(void)
{
WDTCTL = WDTPW+WDTHOLD,; /[ Stopatchdog timer
P6SEL = 0x07; // Elea/D channel inputs
P1DIR |= OXEF;
P5DIR |= OXFF;

speedright=50000; Il speed is inefgrproportional to this number

speedleft=20000;
cycle=0;
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moveleft=3;
moveright=4;
startingspeed=500;
nextelectrode='a’
ignorerest=0;

I = startingspeed,; [[starter
do {
i=i-1;
P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;
P50UT &= ~0x66;
}
while (i != 0);
| = startingspeed,;
do{
i=i-1;
P1OUT |= 0x44;
P1OUT &= ~0xAA,
P50UT |= 0x44;
P50UT &= ~0xAA,;

}

while (i '= 0);

do{

i=i-1;

P1OUT |= 0x22;
P1OUT &= ~0xCC;
P50UT |= 0x22;
P50UT &= ~0xCC;

}
while (i I= 0);

ADC12CTLO = ADC120N+MSC+SHTO_1,; /[l Tusn ADC12, extend sampling

time
/I teced overflow of results

ADC12CTL1 = SHP + CONSEQ_3; /Il Wsenpling timer, repeated sequence

ADC12MCTLO = INCH_0; Il retAVcce, channel = AO

ADC12MCTL1 = INCH_1,; /Il refAVcc, channel = Al

ADC12MCTL2 = INCH_2 + EOS; Il refAVcc, channel = A2

ADCI12IE = 0x04; Il Ef@ADC12IFG.2

ADC12CTLO |= ENC; /I Et@lconversions

ADC12CTLO |= ADC12SC; /I Steonversion

_BIS_SR(LPMO_bits + GIE); /l Entd°MO, Enable interrupts
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}

#pragma vector=ADC_VECTOR
__interrupt void ADC12ISR (void)

{

if (cycle < moveright) { /I movesoweright/2 electrodes right
/[P50UT |= 0x01;

if (nextelectrode=="a’){
if (ADC12MEM2 > 0x400){

P1OUT |= 0x22;
P1OUT &= ~0xCC;
P50UT |= 0x22;

P50UT &= ~0xCC,;
P50UT ~= 0x01;
nextelectrode='c’;
cycle=cycle+1;
ignorerest=1;

i = speedright;
do (i--);
while (i I= 0);
}
}

if (ignorerest==0){
if (nextelectrode=="c"{
if (ADC12MEMO > 0x400){

P1OUT |= 0x44;
P10OUT &= ~0xAA;
P50UT |= 0x44;

P50UT &= ~0xAA;
P50UT = 0x01;
nextelectrode="b',
cycle=cycle+1;
ignorerest=1;

i = speedright;
do (i--);
while (i I= 0);
}

}

}

if (ignorerest==0){

if (nextelectrode=="b"){
if (ADC12MEM1 > 0x400 ¥
P1OUT |= 0x88;
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}

P1OUT &= ~0x66;
P50UT |= 0x88;
P50UT &= ~0x66;
P50UT "= 0x01;
nextelectrode='a’;
cycle=cycle+1;

I = speedright;
do (i--);
while (i != 0);

}

if (cycle > moveright){

//P50OUT &= ~0x01;

if (nextelectrode=="a"){

}

if (ADC12MEM2 > 0x400){

P1OUT |= 0x44;
P10OUT &= ~0xAA;
P50UT |= 0x44;

P50UT &= ~0xAA;
P50UT ~= 0x01;
nextelectrode="b',
cycle=cycle+1;
ignorerest=1;

i = speedleft;
do (i--);
while (i I= 0);

}

if (ignorerest==0){
if (nextelectrode=="b"}{

if (ADC12MEM1 > Ox400){

P1OUT |= 0x22;
P1OUT &= ~0xCC,;
P50UT |= 0x22;

P50UT &= ~0xCC;
P50UT ~= 0x01;
nextelectrode="c’;
cycle=cycle+1;
ignorerest=1;

i = speedleft;

do (i--);

/Imosenoveleft/2 electrode left
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while (i 1= 0);
}

}

}

if (ignorerest==0){
if (nextelectrode=="c"){
if (ADC12MEMO > 0x400){

P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;

P50UT &= ~0x66;
P50UT ~= 0x01;
nextelectrode="a’;
cycle=cycle+1;

i = speedleft;

do (i--);

while (i I= 0);

}

if (cycle==moveright){

I = speedright;

do (i--);

while (i != 0);

i = speedright;

do (i--);

while (i I= 0);
cycle=cycle+1;

}

if (cycle>=moveleft+moveright+1){
cycle=0;}
ignorerest=0;

}
Critical Speed Detection
#include <msp430x14x.h>
volatile unsigned int i, j, cycle, speed, stayspeed, accelerate;

volatile unsigned int moveleft, moveright,igaogst, check, treshold;
volatile char nextelectrode, currentpd, lastpd;



void main(void)
{
WDTCTL = WDTPW+WDTHOLD; /I Stopatchdog timer
P6SEL = 0x07; I/l EleaB/D channel inputs
P1DIR |= OXEF;
P5DIR |= OXFF;

speed=30000; Il speed is inversedp@rtional to this number
cycle=0;

moveleft=0;

moveright=20;

startingspeed=500;

nextelectrode='b";

ignorerest=0;

i=0;
accelerate=4000;
check=1;
treshold=0.9*speed,;
ADC12CTLO = ADC120N+MSC+SHTO_1,; /l Tusn ADC12, extend sampling
time
/I tecad overflow of results
ADC12CTL1 = SHP + CONSEQ_3; /Il Wsenpling timer, repeated sequence
ADC12MCTLO = INCH_0; Il retAVcce, channel = AO
ADC12MCTL1 = INCH_1; /Il refAVcc, channel = Al
ADC12MCTL2 = INCH_2 + EOS; Il refAVcc, channel = A2
ADCI12IE = 0x04; Il Ef@ADC12IFG.2
ADC12CTLO |= ENC; /I Et@lconversions
ADC12CTLO |= ADC12SC; /I Steonversion
_BIS_SR(LPMO_bits + GIE); /l Entd°MO, Enable interrupts
}

#pragma vector=ADC_VECTOR
__interrupt void ADC12ISR (void)

{

if (i==0){
if (cycle < moveright) { /I movesoweright/2 electrodes right
[IP50UT |= 0x01;

if (nextelectrode=="a"){

if ADC12MEM2 > 0x400){
P1OUT |= 0x22;

P1OUT &= ~0xCC;
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P50UT |= 0x22;
P50UT &= ~0xCC;
nextelectrode='c’;
cycle=cycle+1;
ignorerest=1;
}

}

if (ignorerest==0){
if (nextelectrode=="c"){
if ADC12MEMO > 0x400)1

P1OUT |= 0x44;
P1OUT &= ~0xAA;
P50UT |= 0x44;

P50UT &= ~0xAA;
//P50UT = 0x01;
nextelectrode='b";
cycle=cycle+1;
ignorerest=1;
}

}

}

if (ignorerest==0){
if (nextelectrode=="b"){
if ADC12MEM1 > 0x400 )

P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;

P50UT &= ~0x66;
//P50UT ~= 0x01;
nextelectrode="a’
cycle=cycle+1;
ignorerest=1;

}

if (cycle > moveright){
/IP50OUT &= ~0x01;

if (nextelectrode=="a"){
if (ADC12MEM2 > 0x400){
P1OUT |= 0x44;

/Imosenoveleft/2 electrode left
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P1OUT &= ~0xAA;
P50UT |= 0x44;
P50UT &= ~0xAA;
//P50UT ~= 0x01;
nextelectrode="b',
cycle=cycle+1;
ignorerest=1;
}

}

if (ignorerest==0){
if (nextelectrode=="b"){
if (ADC12MEM1 > 0x400){

P1OUT |= 0x22;
P1OUT &= ~0xCC;
P50UT |= 0x22;

P50UT &= ~0xCC,;
//P50UT ~= 0x01;
nextelectrode='c’;
cycle=cycle+1;
ignorerest=1;
}

}

}

if (ignorerest==0){
if (nextelectrode=="c"){
if (ADC12MEMO > 0x400){

P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;

P50UT &= ~0x66;
//P50UT ~= 0x01;
nextelectrode="a’;
cycle=cycle+1;
ignorerest=1;

}

if (cycle==moveright){
cycle=cycle+1;}

if (cycle>=moveleft+moveright+1){
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cycle=0;}

if (ignorerest==1){
i=1;}
ignorerest=0;

}
if (I>0){
//P50UT ~= 0x01;
i=i+1;
if (check==1){
if (i>=treshold){
//P50UT "= 0x01;
if (nextelectrode=="a"){
if (ADC12MEM2 > 0x400){
check=1;}
If(ADC12MEMO > 0x400 || ADC12MEML1 > 0x400){
check=0;}
}
if (nextelectrode=="b"){
if (ADC12MEM1 > 0x400){
check=1;}
If(ADC12MEMO > 0x400 || ADC12MEM2 > 0x400){
check=0;}
}
if (nextelectrode=="c'){
if ADC12MEMO > 0x400){
check=1;}
if(ADC12MEM2 > 0x400 || ADC12MEM1 > 0x400){
check=0;}
}
}
}
if (i==speed){
if (check==1){
speed=speed-accelerate;
P50UT "= 0x01,
treshold=0.9*speed;}
i=0;}
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Overcoming Friction Barriers

#include <msp430x14x.h>

volatile unsigned int i, cycle, speed, starsipged, inbetween;
volatile unsigned int moveleft, moveright,igacest;

volatile char nextelectrode;

void main(void)

{

speed=40000;

WDTCTL = WDTPW+WDTHOLD;

P6SEL = 0x07;
P1DIR |= OXEF;
P5DIR |= OXFF;

cycle=0;
moveleft=100;
moveright=0;
startingspeed=500;
nextelectrode='a’;
ignorerest=0;

inbetween=0;
I = startingspeed,; /[starter
do {
i=i-1;
P1OUT |= 0x88;
P10OUT &= ~0x66;
P50UT |= 0x88;
P50UT &= ~0x66;
}
while (i '= 0);
| = startingspeed,;
do{
i=i-1;
P1OUT |= 0x44;
P1OUT &= ~0xAA;
P50UT |= 0x44;
P50UT &= ~0xAA;
}
while (i '= 0);
do{
i=i-1;
P1OUT |= 0x22;

P1OUT &= ~0xCC;

/I Stopatchdog timer

/l Elea/D channel inputs

Il speed is inversedp@rtional to this number
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P50UT |= 0x22;
P50UT &= ~0xCC;

}
while (i I= 0);
ADC12CTLO = ADC120N+MSC+SHTO_1,; /l Tusn ADC12, extend sampling
time
/1 teced overflow of results
ADC12CTL1 = SHP + CONSEQ_3; /Il Wsenpling timer, repeated sequence
ADC12MCTLO = INCH_0; Il retAVcce, channel = AO
ADC12MCTL1 = INCH_1; Il refAVcc, channel = Al
ADC12MCTL2 = INCH_2 + EOS; Il refAVcc, channel = A2
ADCI12IE = 0x04; Il Ef@ADC12IFG.2
ADC12CTLO |= ENC; /I Etalconversions
ADC12CTLO |= ADC12SC; /I Steonversion
_BIS_SR(LPMO_bits + GIE); /l Entd°MO, Enable interrupts

}

#pragma vector=ADC_VECTOR
__interrupt void ADC12ISR (void)

{

if (cycle < moveright) { /I movesawveright/2 electrodes right
//P50UT |= 0x01,

if (nextelectrode=="a’){
if ADC12MEM2 > 0x400 || ADC12MEM1 > Ox4@X ADC12MEMO < 0x400){

P1OUT |= 0x22;
P1OUT &= ~0xCC;
P50UT |= 0x22;

P50UT &= ~0xCC;

P50UT "= 0x01;

nextelectrode='c’;

if ADC12MEM2 > 0x400)1{
cycle=cycle+1;

}

if ADC12MEM1 > 0x400){

cycle=cycle-2;}

ignorerest=1;

inbetween=0;

}

if ADC12MEMO > 0x400) {

P1OUT |= 0x44;

P10OUT &= ~0xAA;
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}

P50UT |= 0x44;
P50UT &= ~0xAA,
P50UT ~= 0x01;
nextelectrode='b";
cycle=cycle+2;
ignorerest=1;
inbetween=0;

}

I = speed;

do (i--);

while (i != 0);

if (ignorerest==0){

if (nextelectrode=="c"){

if ADC12MEMO > 0x400 || ADC12MEM2 > Ox4@%& ADC12MEM1 < 0x400){

P1OUT |= 0x44;
P10OUT &= ~0xAA;
P50UT |= 0x44;

P50UT &= ~0xAA;
P50UT "= 0x01;
nextelectrode="b";

if (ADC12MEMO > 0x400){

cycle=cycle+1;

}

if (ADC12MEM2 > 0x400){

cycle=cycle-2;}
ignorerest=1;
inbetween=0;

}

if (ADC12MEM1 > 0x400) {

P1OUT |= 0x88;
P10OUT &= ~0x66;
P50UT |= 0x88;
P50UT &= ~0x66;
P50UT "= 0x01;
nextelectrode='a’;
cycle=cycle+2;
ignorerest=1;
inbetween=0;

}

I = speed;

do (i--);

while (i != 0);
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if (ignorerest==0){
if (nextelectrode=="b"}{

if ADC12MEM1 > 0x400 || ADC12MEMO > Ox4@%& ADC12MEM2 < 0x400){

P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;

P50UT &= ~0x66;

P50UT "= 0x01;

/[IP50UT "= 0x01;

nextelectrode='a’;

if ADC12MEM1 > 0x400){
cycle=cycle+1;

}

if ADC12MEMO > 0x400){

cycle=cycle-2;}

inbetween=0;

}

if ADC12MEM2 > 0x400) {

P1OUT |= 0x22;

P10OUT &= ~0xCC;

P50UT |= 0x22;

P50UT &= ~0xCC;

P50UT "= 0x01;

nextelectrode='c";

cycle=cycle+2;

inbetween=0;

}

i = speed;

do (i--);

while (i I= 0);

}
}

/I If the slider is stuck in between electrqdgs back to previous step

if (ignorerest==0){
if (ADC12MEM2 < 0x400){
if (ADC12MEM1 < 0x400){
if (ADC12MEMO < 0x400){
if (nextelectrode=="a"){
if (inbetween==0 || @lveen==2){
cycle=cycle-1;

P1OUT |= 0x44;
P1OUT &= ~0xAA;
P50UT |= 0x44;

PSOUT &= ~0xAA,
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I = speed,;
do (i--);
while (i != 0);
nextelectrode='b";
inbetween=1;
ignorerest=1;
}
if (ignorerest==0){
if (inbetween==3){
cycle=cycle+1;
P1OUT |= 0x22;
P10OUT &= ~0xCC,;
P50UT |= 0x22;
P50UT &= ~0xCC,;
I = speed,;
do (i--);
while (i != 0);
nextelectrode='c’;
inbetween=1;
ignorerest=1;
1}
}

if (nextelectrode=="c"){

if(inbetween==0 || illveen==1){
if (ignorerest==0){
cycle=cycle-1,
P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;
P50UT &= ~0x66;
i = speed;
do (i--);
while (i I= 0);
nextelectrode='a’;
inbetween=3;
ignorerest=1;
1

if(inbetween==2){
if (ignorerest==0){
cycle=cycle+1;
P1OUT |= 0x44;
P1OUT &= ~0xAA;
P50UT |= 0x44;
P50UT &= ~0xAA,;
i = speed;
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Hh
}

}

do (i--);

while (i I= 0);
nextelectrode="b",
inbetween=3;
ignorerest=1;

1}

if (nextelectrode=="b"){

if(inbetween==0 || illveen==3){

if (ignorerest==0){
cycle=cycle-1,
P1OUT |= 0x22;
P1OUT &= ~0xCC,;
P50UT |= 0x22;
P50UT &= ~0xCC,;
i = speed;
do (i--);
while (i = 0);
nextelectrode='c’,
inbetween=2;
ignorerest=1;
1
if(inbetween==1){
if (ignorerest==0){
cycle=cycle+1;
P1OUT |= 0x88;
P10OUT &= ~0x66;
P50UT |= 0x88;
P50UT &= ~0x66;
i = speed;
do (i--);
while (i I= 0);
nextelectrode='a’;
inbetween=2;
ignorerest=1;

1}

if (cycle > moveright){
[/P50UT &= ~0x01,;

if (nextelectrode=="a"){

/Imosenoveleft/2 electrode left

if (ADC12MEM2 > 0x400 || ADC12MEMO > Ox4@X8. ADC12MEM1 < 0x400){
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}

P1OUT |= 0x44;

P1OUT &= ~0xAA;

P50UT |= 0x44;

P50UT &= ~0xAA;

P50UT "= 0x01;

nextelectrode='b";

if (ADC12MEM2 > 0x400){
cycle=cycle+1;

}

if ADC12MEMO > 0x400){

cycle=cycle-2;}

ignorerest=1;

inbetween=0;

}

if ADC12MEM1 > 0x400) {

P1OUT |= 0x22;

P10OUT &= ~0xCC;

P50UT |= 0x22;

P50UT &= ~0xCC;

P50UT "= 0x01;

nextelectrode='c’;

cycle=cycle+2;

inbetween=0;

}

I = speed;

do (i--);

while (i != 0);

if (ignorerest==0){
if (nextelectrode=="b"){
if ADC12MEM1 > 0x400 || ADC12MEM2 > Ox4@X ADC12MEMO < 0x400){

P1OUT |= 0x22;
P1OUT &= ~0xCC;
P50UT |= 0x22;

P50UT &= ~0xCC;

P50UT = 0x01;

nextelectrode="c’;

if (ADC12MEM1 > 0x400){
cycle=cycle+1;

}

if ADC12MEM2 > 0x400){

cycle=cycle-2;}

ignorerest=1;

inbetween=0;

}
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}
}

if (ADC12MEMO > 0x400) {

P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;

P50UT &= ~0x66;
P50UT ~= 0x01;
nextelectrode='a’;
cycle=cycle+2;
ignorerest=1;
inbetween=0;

}

i = speed;

do (i--);

while (i I= 0);

if (ignorerest==0){
if (nextelectrode=="c"){
if ADC12MEMO > 0x400 || ADC12MEM1 > Ox4@X ADC12MEM2 < 0x400){

P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;

P50UT &= ~0x66;

P50UT "= 0x01;

nextelectrode='a’;

if (ADC12MEMO > 0x400){
cycle=cycle+1;

}

if ADC12MEM1 > 0x400){

cycle=cycle-2;}

inbetween=0;

}

if ADC12MEM2 > 0x400) {

P1OUT |= 0x44;

P1OUT &= ~0xAA;

P50UT |= 0x44;

P50UT &= ~0xAA;

P50UT "= 0x01;

nextelectrode='b";

cycle=cycle+2;

inbetween=0;

}

i = speed;

do (i--);

while (i I= 0);
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}
}

/I If the slider is stuck in between electrqdgs back to previous step

if (ignorerest==0){
if (ADC12MEM2 < 0x400){
if (ADC12MEM1 < 0x400){
if (ADC12MEMO < 0x400){

if (nextelectrode=="a"}{

if (inbetween==0 || @lveen==3){

cycle=cycle-1;
P1OUT |= 0x22;
P10OUT &= ~0xCC;
P50UT |= 0x22;
P50UT &= ~0xCC;
I = speed,;

do (i--);

while (i != 0);
nextelectrode='c’;
inbetween=1;
ignorerest=1;

}

if (ignorerest==0){
if (inbetween==2){
cycle=cycle+1;
P1OUT |= 0x44;
P1OUT &= ~0xAA;
P50UT |= 0x44;
P50UT &= ~0xAA;
I = speed,;

do (i--);

while (i != 0);
nextelectrode='b";
inbetween=1;
ignorerest=1;

1}

}

if (nextelectrode=="c"){

if(inbetween==0 || illveen==2){

if (ignorerest==0){
cycle=cycle-1,

P1OUT |= 0x44;
P1OUT &= ~0xAA;
P50UT |= 0x44;
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}

P50UT &= ~0xAA;

i = speed;

do (i--);

while (i = 0);

nextelectrode='b";

inbetween=3;

ignorerest=1;

1
if(inbetween==1){

if (ignorerest==0){

cycle=cycle+1;

P1OUT |= 0x88;

P1OUT &= ~0x66;

P50UT |= 0x88;

P50UT &= ~0x66;

i = speed;

do (i--);

while (i = 0);

nextelectrode='a’;

inbetween=3;

ignorerest=1;

1}

if (nextelectrode=="b"){

if(inbetween==0 || illveen==1){

if (ignorerest==0){
cycle=cycle-1,
P1OUT |= 0x88;
P1OUT &= ~0x66;
P50UT |= 0x88;
P50UT &= ~0x66;
i = speed;
do (i--);
while (i I= 0);
nextelectrode="a’,
inbetween=2;
ignorerest=1;
1}
if(inbetween==3){
if (ignorerest==0){
cycle=cycle+1;
P1OUT |= 0x22;
P1OUT &= ~0xCC;
P50UT |= 0x22;
P50UT &= ~0xCC;
i = speed;
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do (i--);

while (i I= 0);
nextelectrode="c’;
inbetween=2;
ignorerest=1;
1
}
333;
}

if (cycle==moveright){
cycle=cycle+1;}

if (cycle>=moveleft+moveright+1){
cycle=0;}
ignorerest=0;

}

Closed Loop Position Control with Proportional Contol Law
#include <msp430x16x.h>

/ DAC1 = PHASE A, DACO = PHASE B, DIGITAL OUT =HASE C
/l ADC12MEM2 = PDA, ADC12MEML1 = PDB, ADC12MEMO = RD

/I Current position in synthesizer

static unsigned dac_pos = 0;

/l Number of oscillation periods

static unsigned dac_periods = 0;

/I Advancement direction

static unsigned dac_dir = 0;

/I Number of oscillation periods before directi@verse
static const unsigned dac_reverse_periods = 4000;

/[ Number of data points in synthesizer

static const unsigned dac_count = 24;

/I Phase shift between synthesizer outputs

static const unsigned dac_shift = 8;

/I Look-up table of synthesizer values

static const unsigned int dac_table[] = {

128, 161, 192, 218, 239, 252, 255, 252, 239, 298, 161,
128, 95, 64, 37, 17, 4, 0O, 4, 17, 84, 95

3

volatile int stepcount=0, xcurrent=0, output, i, k;

volatile char lastaligned='c’;
volatile int error=0, errorold=0, errorderivative=€rrorintegral=0;
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/l THE PARAMETERS TO BE CHANGED

static int xdesired=240; //in micrometers

volatile int amplitude=150; // voltage amplitude
volatile double proportional=10, derivative=0, igtal=0;

void main(void)

{
WDTCTL = WDTPW + WDTHOLD,; /I Stopatchdog timer
P6SEL |= 0x07; // BleeA/D channel inputs
P4DIR |= 0x07;
P3DIR |= OXFF;

amplitude=amplitude*20/3;
proportional=proportional*3/20;
derivative=derivative*3/20;
integral=integral*3/20;

// Disable XT2 and set DCO to fastest speed

DCOCTL = DCO2|DCO1|DCOQ0; /I Highese&uency; Modulator Unused
BCSCTL1 = XT20FF|RSEL2|RSEL1|RSELOQ; // XT2 Ofgdtest Resistor
BCSCTL2 =0; /I MCLK=DCQ/$MCLK=DCO/1; Internal Resistor

/I ADC: Measure AO-A2 on Timer B1
ADC12CTLO = MSC|REF2_5V|REFON|SHTO02;
/l Multiple Sample & Hold, 2.5V Reference, ADZON
ADC12CTL1 = SHP|SHS1|SHSO|CONSEQO;
/l TimerB1 Timing, Sampling Timer, Repeat Satee Internal Timer/1

ADC12MCTLO = INCH_0; Il retAVcce, channel = AO
ADC12MCTL1 = INCH_1,; Il refAVcc, channel = Al
ADC12MCTL2 = INCH_2 + EOS; Il refAVcc, channel = A2
ADC12IE = 0x04; /I Trigger when chahii (EOS) finished

ADC12CTLO |= ADC120N;

/I DAC: Whatever Mustafa set it to
DAC12 1CTL = DAC12IR + DAC12AMP_6; /I Inteal ref gain 1
DAC12 OCTL = DAC12IR + DAC12AMP_6; Il Inteal ref gain 1

/I Timer A: Control DAC
TACTL=TASSEL_1 | TACLR;
TACCRO= 300000;
TACCTLO=CCIE;

I/l Timer B: Setup ADC
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TBCTL=TBSSEL_1 | TBCLR;

TBCCTLO = 0; // No modulation

TBCCTL1 = OUTMOD1|OUTMODO; /[ Set on compacéear on timer reset
TBCCRO = 20;

TBCCR1 =TBCCRO/ 2;

/I Main Loop: Enable ADC, Timers, Interrupts
ADC12CTLO |= ADC120N|ENC; // Enable ADC
TACTL |= MC_1;

TBCTL |= MC_1;

P30OUT |= OxFF;
DAC12_0DAT=0x000;
DAC12 1DAT=0x000;
for (k=1;k<12;k++){
i=50000;
do{

i=i-1;}
while (i'=0);}

_BIS_SR(LPMO_bits + GIE); /l Entd°MO, Enable interrupts
for(;:);
}

#pragma vector=ADC_VECTOR
__interrupt void ADC12ISR (void)
{
/l Ready ADC for next sample
ADC12CTLO |= ENC;
P40OUT ~= 0x02;

if (ADC12MEM2 < 0x100){
if (lastaligned=="b"}{
stepcount=stepcount+1;}
if (lastaligned=="c"){
stepcount=stepcount-1;}
lastaligned="a";}

if (ADC12MEM1 < 0x100){
if (lastaligned=="c"){
stepcount=stepcount+1;}
if (lastaligned=="a"){
stepcount=stepcount-1;}
lastaligned="b";}

if (ADC12MEMO < 0x100){
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if (lastaligned=="a"){
stepcount=stepcount+1;}

if (lastaligned=="b"}{
stepcount=stepcount-1;}

lastaligned="c";}

xcurrent=120*stepcount; // for the motor with 90 ghactrode design, step count should
I/l be multiplied with 60

/I calculate error

error=xdesired-xcurrent;

errorderivative=error-errorold;

errorintegral=errorintegral+error;

errorold=error;

if (error >0){
dac_dir=0;}

if (error < 0){
dac_dir =1,
error=-1*error;}

/[ MODIFY SPEED
output=proportional*error + derivative*errordering + integral*errorintegral,

if (output '= 01
TACCRO= 72000/output;}

if (output == 0){
TACCRO0=32000;}

if (TACCRO < 4){
TACCRO0=4;}

}

#pragma vector=TIMERAO_VECTOR
__interrupt void Timer_A (void) {
P40OUT "= 0x04;
/I Advance sin synthesis
if(dac_dir) {
dac_pos = (dac_pos + dac_count - 1) % dac_rount
} else {
dac_pos = (dac_pos + 1) % dac_count;

/I Check for direction reverse
if(dac_pos == 0) {
dac_periods++;
if(dac_periods >= dac_reverse_periods) {
dac_periods = 0;
dac_dir = !dac_dir;
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}

}
/I P3 has phase of O degrees

P30OUT = amplitude * ((unsigned long)(dac_table[dzos])) / 1000;

/Il DAC 1 has phase of 120 degrees

DAC12_1DAT = amplitude * (((unsigned long)dac l&ffdac_pos + dac_shift) %
dac_count]) << 4) / 1000;

/Il DAC 0 has phase of 240 degrees

DAC12_O0ODAT = amplitude * (((unsigned long)dac_l&ffdac_pos + 2*dac_shift) %
dac_count]) << 4) / 1000;

The programs written for micropositioner applicagoare slightly different than the
above program designed for closed-loop positiontrobn Therefore they are not
included.
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