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ABSTRACT OF THE THESIS

Design and development of a mudegee of-freedom nanopositioning

system for seHassemblybased nanomanufacturing of DNA patterns

by GREGORY AUGUSTUS MASTRIOANNI

ThesisDirector:

Qingze Zou, Ph.D.

This thesis presents @hdesign,developmentand controlof multi-degreeof-freedom
nanopositioningstage for applications in seldssemblybased nanomanufacturing of
DNA patterns.High speed nanopositioning is needed in a variety of applications, such as
nanomanufacture anewestruction. Particularly, nanopositioning developed in this work
can beutilized to study the effecthatinducing naneto micro scale oscillationsn the

DNA pattern seHassembly process ham the fabrication efficiency and qualityA
system was degned to prowde three degrees of freeddhmat provides botlversatility

and positioning precision to the study of the ssl$embly procesgctual component

manufacture was completed for two dimensional motions, with the third dimension



designed for corept. Piezoelectridoimorphactuatorsvere chosen for their low cost
and high precision positioning to provide motion to the system. For the applications
the bimorph actuatorsin multi-dimensional positioning however, adverse effecfs
including thevibration dynamics and the nonlinear hysteresis behavior of the actuators,
challenge the precision tracking of the desired trajectoljoreover, ncorporating
multiple degrees of freedom inherits an undesirabbssaxis dynamicoupling effect
betweentwo or more directions ofmotion. In this project, two recentigeveloped
iterative control techniques, timodelingfree inversebased iterative contrgMIIC) and

the highorder difference modelinffee iterative control (HODMIICXechniqueswere
compaatively studied through experiments to tackiese critical issues.These two
techniquesvere comparethrough their use in controlling ore@mensional nofcoupled
motion trajectorieof a variety of amplitude and frequency conditionShe superior
HODMIIC algorithm is then further proven through successful control of two

dimensional coupled motion trajectories across similar amplitude and frequencies.
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1. Introduction

1.1 Goal

The goal of this project was to gign and develop a multiegreeof-freedomprecision
positioning Stagefor applications such aselfassemblybas& nanomanufacturing of
DNA patterng1]. With the increasing miniaturization of electronics, nanostructures are
projected to become integral future technology and nanotechnology developments.
DNA can, in the right form, be a useful biomaterial in assisting the construction of
nanostructures. To be useful, the DNA should be formed into highly ordered strands. A
proven technique of producirtgese strandbasel in selfassemblyinvolves allowing a

drop of solution containing DNA solute to evaporate from a spbeiféat geometry.

Many works have produced results of highly ordered gradconcentric DNA ring

strandq2, 3].

This project offes a novel development to the basic static experimentation design for
DNA self-assembly nanomanufacturing. By introducing mdégreeof-freedom
vibration into the evaporation of the DNgblution droplet, various unique patterns of
highly ordered DNA saindsmay exist. Higkspeed nanopositioning control can be
implemented, as previously shown through use of piezoelectric actuatorsBy].
successfutontrol of threespace vibration over a range of different moti@glethora of
unique patters of DNAteands should exist. This increase in ordered DNA pattern
diversity means an increase in nanostructure foundatidnesh, in turn, expands the

resulting diversity of nanostructures offered in nanomantuifiag.



1.2  Objectives

There were multipart objectigefocused on to achieve the project goal. The first
objectivewas to design and build a physical system/ hardware which could both provide
dynamic motion to an evaporating droplet of DNA in three degrees of freedom, and
sense/quantify the motion. Thiscloded design and construction of both a mechanical

plant and electrical control/signal processing circuit.

The second objective was to implement and evaluate two rit@vative learning
control algorithms for precisionangositioning atboth high-speed(up to 25 Hertzand
relativelylargedisplacement rangg@ip to 1 millimeter) The target waveform to control
in this project was triangular. Although this system can be applied with sinusoidal
waveforms, the quasiondifferentiable nature of a triarglwave makes it more difficult

to control and thus a suitable candidate for testing the limits of the control system.

1.3  Motivation & Challenges

The motivation lies in offering a cesffective mechanical and electrical design which
would meet the underlyg project goals. However there are numerous challenges

regarding the compensation of existing adverse effects.

The nanpositioning feature lies in the concept of piezoelectric actuation. From
the standpoint of the pieetectric actuator, there are manydwerse effects which
challenge successful implementation and operatidrhe vibration dynamics of the

piezoelectric actuator can be excited footion of highspeed andwith frequencies



which approach the resonant frequency. Piezoelectric actuatortsam&factedby a
nonlinear hysteresis effeptominent when the actuator is displaced near its liffjt§].

In the actuators attempt to track a predetermined trajectory, larger trackimg &re
induced as trajectorgmplitude and frequency are inased. The success of tracking
alsosuffersfrom uncertainties and variations in the behavior of the piezoelectric actuator.
For example, the piezoelectric actuator suffers from the formationiaob cracksand
de-polarization over time as well as behl@vvariations due to environmental conditions
such as temperature and humidity. This speaks to the aging of the actuator and the

accompanied adverse effects.

In addition to actuator challenges, challenges arise from the aim to offer three degrees
of actuaion motion. For such mulaxis positioning, there is an inherent crasss
dynamicscoupling effectwhich can arise from misalignment of the actustand/or
positioning sensors [5,]6 Such crossxis dynamicscoupling effects can contribute
significant positioning errors in general for piezoeleet@tuatorbased positioning
systems T].Compensation for such coupling was a critical challenge to overcome when
considering implementation of the iterative learning control algorithms for precision

systemcontrol.



2. Design& Development othe Mechanical Systa

2.1 Overview

The design objectives were as follows. A system was to be devetopprbvide
precision positioning in three axes, either separately or simultaneously, and utilize this
Stageto provide controlled vibration either horizontally or vertically to the controlled
evaporation process of a DNA solution droplet and arrive at patterns <@fsselinbled

DNA strands The resulting oscillations should range between 0 and 25 Hertzpeastk
amplitudes up to Imillimeter and have a nanometkavel resolution. Additionally, the
system must be able to operate in normal room conditions and have a shelf life of at least
one year. Easily replaceable parts should be used whenever possible in ordentp pro

shelf life.

A PC-base data acquisition system involving a higbltage amplifier and analog
signal processing and filterirgrcuitry wasused to drive ancheaure the displacements
via infrared sensorsThe solidifying aim was tanvestigate advared control algorithms
alongsidethe MATLAB programming language and the Simulink software package to

analyze and contrahe system behavior.

The overall integrated system is represented by the diagrafgofl. Fig. 2

shows a SolidWorks 2012 rendweg of the final physical plant.
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Fig. 1. Mechanical and electrical system signal flow overview.



Fig. 2. SolidWorks rendering of final physical plant.



An overview of all system componeniscluding those componentsbeledin the
Physical Plantliagramcan befoundin Appendix A. List of System Componeretails
regarding design and manufacture, as well as developing a system model are provided in

Sections 2.2 and 2.3 driechanicalandElectrical Design and Development

2.2 Mechanical Design& Development

2.2.1 Develging a General Plant Model

The first design question answered pertained to the type of mechanism eémch
generate the desirgubsitioning Piezoelectriplatea ct uat or § ,mod pthlsedd fwke |
chosertor their relatively low coséind high precision pdgning. The bimorph operates

on the piezoelectric principle that an &pg voltage to a piezoelectrtgpe crystal will
produce a geometric deformation. Two polarized piezoelesgramic stripare adhered

to each other and given a ceramic coatisgpeotection. The bimorph is cuboidal in
shape with a very small thickness and a small aspect ratio. The piezoelectric crystals are
polarizedin the same direction and electricatpnnected irparallel. One end of the
bimorph is mounted using a fixedgport, while the other end is free. When electrical
input is applied, oneeramiclayer expands while the other contraatssulting as a
bending/flexing motion. In this project, the applied electrical signal has an alternating
current, and thereforegyclical bending motion, or vibration, occurs. The design utilized

the tip displacement of the bimorph as applied to a mass, thereby doing work on that

mass to achieve the desired vibration.



The Bimorph and itdehaviors and mechanical aspects are dsscl#n detail in Sec.
2.2.20ptimal Selection of Bimorphs

To achieve thredegreeof-freedom positioning two separate means were
employed. TheStagewas designed which would provide twlamensional/ planar
vibration, by means of bimorph$o the droplés deposited on itOne or more bimorphs
could act in tandem for both the Direction and theY direction(SeeFig. 2 and the
correspondingcomponent list, AppendixA. List of System Componentisr direction
definitions). Because theStageshould vibratein two dimensions independently, the
bimorphStageinterface needed to be dynamic and not static. The bimorph-siot
methodwas chosen as a simple solution, involving slots built intdStage With thetip
positionedwith appropriate clearancesidea slot, the slot surfads able to slide back
and forth across thieimorph tip surface perpendicularly to the pushing direction of the
bimorph tip. This means that while the bimorph of a particular direction is vibrating the
Stagein that direction, the bimorph of the orthgmnal direction can also vibrate tis¢age
Multiple bimorphs could also be incorporated, where each bimorph would have its own
slotspace

In order to achieve motion in the third, vertical, dimension, Rhebe which
contacts hie droplet from abovevas designed to kedherecdhear the tip of a horizontally
opposed bimorph. The vibration of this bimorph would introduce vertical motion to the
top of the droplet which is bridged between the silicon chip from below tBritietip
above. Thus the droplet undergoing evaporation would be affected by vibration, in some

form, with three degrees of freedom.



The driving mechanisms for motion of three degrees of freedom having been
clarified, thenext step was to develop a force modebé&scribe thesystembehavior.

The first model applies tihe positioningStage and the second to tipesitioningProbe

DynamicsModel of the PositioningStage

The goal of developing a dynamics model for 8tagein oneaxis was to provide a
basdine estimate on the critical limits for mass of the final system design. This model
guided system design by quantifying both the upper threshold for the allowed mass and

how this limit is both vibration amplitud@nd frequencylependent.

Eq. 1shows the basiequation of motion as the foundation, focussadely on
one direction of motion, which is arbitrarily chosen ¥é®Directionvibration. In theory,
the collective bmorph force, less the developed friction, should equate to the displaced
mass times acaetation. Although the target bimorph output waveform is triangular, the
model assumes a sinusoidal waveform so that displacement can be differentiated to yield

model acceleration.

E0, Q 5 Q y a1 6 0FTO (1)

The list of equation components follows:

€ Number of acting bimorphs X Direction
Op Individual force ofX Bimoiph
Qi Friction between th&¥ Bimorphand itsStageinterface

Q ; Friction between th&tageandBase
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a Total displaced mass
1 Operating frequency and amplitude of X®irection
0 Time

The basic friion formula is applied according to normal force and the coefficient
of friction. Notice how the ol bimorphStageinterface friction which shoultmpact
the X Direction forces is that friction which results from the orthogonélDirection
bimorphs vith theStage hence t he use FoftheY BirnorpeStages cr i pt
interface, the normal forces the net sum of forceacting in theY Direction The total

frictional force provided by th¥ BimorphStageinterface follows a&q. 2.

M 5 ¢ a1 6 OBl o (2)

Here,' represents the coefficient of friction for t¥eBimorphStageinterface
and ando represent th& Directionoperating frequecy and amplitude As friction
is independenbf the surface area of interface contact, the numbecioigY Bimorpls

is impertinent to the formulaEq. 3provides the frictional force fd8tageBasecontact.

Qo5 0 aQ (3

Here,’ represents the coefficient of friction f@tageBasecontactand™Qis

the gravitational accelerationata r sulates

These results are substituted, resultingan 4
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§0r ¢ @ 5 0BIO ¢ 4Q & b 08l @)

Focus then shifted to the individual bimorph applied force term, which has
remained ambiguous previously. This required a focus on bimorph @&rsm The two
most important properties to be considered wiesaluating piezoelectric actuator
performances arene blocking forceand free strokeleflection The blocking force refers
to the useable force the bimorph develops when deflection is blodkedn alternate
explanation, it isthe force required to push back a fully energized actuator to zero
displacement. The free strokefersto the displacement achieved by the actuator at a
given voltage level without the actuator working against angreal load. Typicallyas
a subset of piezoelectric actuators, bimorpkhibit lage deflection ranges but small
scale blocking forces. Thus, mass and interface friction became critical factors for the
Stageand interfacealesign.

Fig. 3 represents théypical linearbehaviorbetween free stroke deflection and

blocking force for a bimorph.
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Fig. 3. Bimorph stroke versus force cunkgure adapted from sourf.

Model assumptionare as follows:
1) The relationship between bimorph free stroke and blodkirag is linear
2) Although there is aegion of bimorph operation, frestroke and blocking force
combinations are restricted to the outside boundary, representing the max possible
pair values the bimorph can achieve.
Using the linear assumptiotine bimorphforce is solved and treated as the amplitude of a

sinusoidal bimorploutput yielding Eq. 5.

. 6 b6 O .. 5

Op 6—0 Ell o p 8 OOE]N o (5)
Here,0 is the bimorph free stroke amplitude dfdis the bimorph blocking

force. We assume th#orce is applied in a sinusoidal fashion through fime with the

previous model developmen$ubstitution ofeqg. 5 into Eq. 4 yields Eg. 6.
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. 0 O, .. . . PO
sé—OEﬂo ‘ a o ogl o ° aQ

(6)
a1 6 OBT o

Finally, the critical parameter, the total mass which the bimorph(s) displace in

planar motion simultaneously, can be solved fiég. 7 results.

z

o 'OO0OEBT o

£ 0
To ©* 1 6010 *

(7)

I

6 1 60

z This equation is limited for positiv& Direction displacement only. Frictioalways
opposes the direction of motion, and therefore the isgpantaneously flips for frictional

forces when the direction of motion changes.

Since the design development is guidedhsy limiting mass quantity, the worst
case scenario is evaluateddliminate time from the equation and quantify this mass

limit. Some general simplifications are also introduced.

The system was assumed symmetric vdntical numbers of bimorphs acting
per direction as well as identical operation amplitude and fregulem each direction.
Thus the directional subscripts were dropped. It was also assumed that the coefficient of

friction values are identical for each interface. This considers that each interface is lined
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with the same, friction reducing, material,ceuas commorPolytetrafluoroethylene
(PTFE).
In the worst case scema of forces, for simultaneousY Directionmotion,Eq. 7

is evaluated when each bimorph is at peak of the sinusoidal output. The mathematical

equivalent is that each sinusoidal tefnE|T ¢ andO BT 0, has a magnitude of 1.

This is the greatest magnitude the term can take on, and thus provides the worst case (or

largest) force against which the bimorph has to recover in order to oscillate in the
opposite direction
Furthermore at a peak or trough, the system is assumed instantaneously static,
and thus thestatic coefficient of friction values are used, which are also the worst case
over dynamic values. The interface friction values are now amended with a sutoscrip

denotethis and these worst case scenario simplifications ejds.

5 © ®

DynamicsModel of the Positioning®robe
The motion model for th& Direction follows the same basic outline as for the planar
motion model. Again, we start thi a force analysis. The sum of forces in the

Direction must overcome the mass and its acceleration as in Eg. 9.
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O a0 a! 5 0BT o (9)

The bimorph force is derived in the same way asasvehin Eq.5 with subscripts

being the only differenceEq. 10 results.

. 6 0 O, . .,
Or — s OEIll o (10)
Again, sinusaal output is assumed. Substitution and rearranging yieldetile

time dependent mass limitation moded;. 11.

o) 0 "O0EN o
o 1 6 OB1T o6 Q

a (11)

An important difference between thés Direction model and thex-Y Direction
modelis theindependencyf vibration in different directions. As describpteviously
the bimorphs forX-Y Direction motion act on the same mass, and therefore are
consequently coupled together. ThA&imorph however, acts completely independently
since itstargetmass to vibrate is therobe and there are no other degrees of motion tied
to theProbe

Another difference to note is the absence of friction. Again this is consequential
of the independency of Z motionFor all model cases, air resist (friction) is
neglected as a simplifying measure.

A similar worst case scenario analysis is tak&mce the force balance assumes
the bimorph is at the bottom of the sinusoid wave and gravity is working against the

bimorph effort, the sinusoidal teemtake ormagnitudel. In general,ie trough and peak
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of motion are not equivalestcenarios since the system forcesasgmmetric The mass
the system is able to handle at the trough is more limited than at thelpedk the

constant downward actingayitational force. Msslimiting Eq. 12results.

O ———s (12)

2.2.2 Optimal Selection of Bimorphs

The effects ofbimorph parameters on limiting the allowed massre analyzeé in a

Microsoft Excel documerghown as Table.1
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Parameter | Symbol | Units | Given Values| Secondary Calculatio
DESIGN VARIABLES

Amplitude of vibration displacement A w>Y8 500
frequency of vibration f [Hz] 25
angular velocity (frequency) . [rad/sec] 157.0796327
Bimorph Blocking Force

APC 40-2010 Fii [N] 0.420

APC 40-2020 Fai [N] 0.716

APC 40-2030 Fai [N] 0.064
Bimorph Free Stroke APC 40-2010 Ars [m] 6.31E-04

APC 40-2020 Acs [m] 2.13E-04

APC 40-2030 Acs [m] 2.46E-04

FIXED CONSTRAINTS
number of contributing bimorphs IN X ny 1
number of contributing bimorphs INY  ny 1
number of contributing bimorphsINZ  n, 1
MATERIAL SELECTION
Density of
) SI;[’);oobeStage : Porous Al Alloy ~ [kg/m?| 1799

ABS Plastic ’ [kg/m?| 1052

LDPE ’ [kg/m?| 913
Density of Wafer Silicon " [kg/m’] 1215.15
Volume of wafer Silicon Vi [m’] 9.6774E-07
Mass of Wafer Silicon My [kg] 1.18E-03
Density of droplet Water b [kg/m?] 28.32
Volume of droplet Water VA [m?] 1.00E-08
Mass of droplet Water mp [ka] 2.83E-07
PTFE Tape Coefficient of Friction, STATIE 1 0.2
ABS Coefficient of Friction, STATIC g 0 0.6

OTHER

Acceleration of gravity g [m/s?] | 9.81

Table 1. Excel documented created to aid bimorph optimization.

Input parameterso the documentncluded StagéProbe droplet, andSilicon
Chip density. Droplet density was estimated totlha&t of pure wate Three different
StagéProbe densities were inpubas@l on three example manufacture materials. A

typical coefficient of static friction value was used for PTFE.
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After careful research of companies offering piezoelectric actuators, the actuator
choie was narrowed to three final bimorpb§ered by the American Piezo Company
(APC). These bimorphs fall under design variables since the final bimorph selection is a
design choice. The blocking force and free deflection of each bimogrh fixed
propertes given by the manufactureihe number of acting bimorphs per direction was
limited to one bimorph due to limitations on the number of amplifier channels available
to drive the bimorphs.

The document outputs the max allowable mass oSthgeaccordng to bimorph
and Stagematerialand amplitude and frequency definition. It da@ seen from the
document that no analyzed bimorph produces a free deflection equal to or in excess of
one millimeter. This dictates thdéspite the target maximum ampliudf vibratoin 1
millimeter of haltdeflection cannot be achieved.Thus, the maximum operating
amplitude was constrained to be below the free deflection.

While frequency was kept constant, the amplitude limit was adjusted to yield a
reasonable volumenhit which could be achieved through design and manufacture. Initial
iterations ofStagedesign showed that a volume at least as low as 2.5 cubic centimeters
could be accomplishedl'able 2 shows the results for the three bimorph options and three

Stagematerials.
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Bimorph Total Mass Limit Component Mass Limit Stage / Probe Material  Component Volume Limit
(o] ] [cm?]

X -Y Direction Z Direction Mstage Mprobe Ystage Morobel
e | ___PoousAlAlloy 158 ____ 21¢
I APC 40-2010 5.20 3.94 2.85 3.94 _______ABSPlastc_ 271 374
| LDPE 312 4.3]

Porous Al Alloy -33.31 -24.24

APC 40-2020 -57.58 -43.59 -59.93 -43.59 ABS Plastic -56.97 -41.44
LDPE -65.64 -47.74

Porous Al Alloy -3.51 -1.674

APC 40-2030 -3.96 -3.00 -6.31 -3.00 ABS Plastic -6.00 -2.85
LDPE -6.91 -3.24

Table 2. Optimal bimorph selection for both ttf8ageandProbe Basal on a trajectory of 2t

Hz and 500 m.

Equations 8 and 12 were used to determine the totas limit for theX-Y
Direction and theZ Direction, respectively.The mass of th&tagewas determined by
subtractig the approximated mass o DNA solution droplets and two silicon wafters
from the total mass figure. The reason for a pair of waifero pl et 6 s was
symmetry in the finalStagedesign as is described in Sec. 2.233ageDesign and
Manufacture  The mass of thérobe was determined directly from the Total Mass
Limit since theProbe carries no extra massThree final allowedStageand Probe
volume figures result for each bimorph choice due to three possible material (density)
choices. The first choice is a porous aluminum alidiered for raw material sale from
the company McMaster Carr.This material candidate reflects the manual machining
option. The second choice Acrylonitrile Butadiene $rene(ABS) plastic. This
material candidate reflects the automated (Rapid Prototypmgghiningoption. The
third chotce is lowdensity polyethylene (LDPE) plastic, offered for raw material sale
from the company McMaster Carr. This candidate adflectsthe manual machining

option.
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As seen in the figure, the APC catalogue numbeR@ID bimorph is the best
choice asti allows theonly positive mass limitation across the range of candidate
Stage/Probematerials. Although LDPE was the lowest density material with which to
make theStagéProbe ABS was chosen as tfieal material. This is because the Rutgers
Mechanicé Engineering department has-hiouse rapid prototyping which was free of
charge. Choosing rapid prototyping with ABS plastic saved both time and money, as the

other options required both purchase of material and manual machining effort.

2.2.3 StageDesign& Manufacture

Design
In order to complete the first design step of buildingyatemmodel, some aspects of
Stagedesign had to be predetermined. For exampleSthgeshould allow space for a
silicon wafer, on which would be deposited the DNA solution pbito for
experimentation. The method of interface between the driving mechanism (bimorph) and
Stagewas a critical predetermined factor. It was discussed that any given interface must
serve two functions:
1) Allow the bimorph of the current interface to apjal force to displace th8tage
in the horizontal plane.
2) Allow the Stageto be displaced by a separate bimorph of a separate interface in
an orthogonal direction, still within the horizontal plane, and without interference

from the current interface.
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More importantly still, the interface must serve these two functsnailtaneously
and independently. The devised solution is referred to as theirtyslot method. The
Stagewas designed such that the actuating tip of the bimorph would fit into a sloéon t
Stage The walls of the slot would then fAsan
the bimorph a platform through which to apply a force to displace&tageback and
forth along one direction of motion. To achieve total planar motionStage would
need two slots oriented perpendicular to each other. If the proper slot width is designed,
this method also allows the slot walls to slide back and forth along the bimorph tip for
motion in the orthgoral direction. Careful consideration of sleidth was paramount.
If the slot width is less than or equal to bimorph tip width, a compression force is added
to the normal force term 6 |, in the evaluation oK Directionsum of forces. The
narrowerthis width, the more devastatiriige compression forceand therefore friction,
becomes. Theres a threshold where th€ Bimorph would no longer be capable of
displacing the bimorph. The same goes for a force analythe ¥fDirection.

Another problem scenario is for a slot width taegle. This scenario would result

in a pure time delay system.Time delays are a common phenomenon in many
engineeringsystemshowever they can provide instability and poor performance for such
systems[9]. Considering the tip of the bimorph in the sléte tip has to traverse a
certainamount of empty gap space before 8tageeven begins to move. Also, at the
peak or trough of the waveform, there isusmdlesirablempactwherethe back wall of the
sl ot Aramso i n tcleangédhirectiolh iConsaquemt to dhss behavior are

undesirablesibrations and dynamics.
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Another predetermined aspect &ftage design was the number of acting
bimorphs. Due to limitations in hardware such as the number of output channels for both
the amplifier and data gqaisition card allotted for this research project, the number of
bimorphs to drive th&tagewaslimited to one per direction. Early iterations and plant
prototypes involved more than one bimorph per direction by simply usingrapéfier
channel per dection and running multiple bimorphs off the same channel. Two
problems arose. There is a limiting factor since each bimorph draws its own power from
a constantamplifier power source. Also, each bimorph does not display quite identical
behavior. Fotwo bimorphs which are suppostmloperate in unison to position ame
direction, different behaviors can induce undesired vibrations and/or twisting motions of
the Stage

Considering these aspects, after many iteratiorStajedesign, the fineStage

design is represented in Fig.0s 4, 5, and




Fig. 4.

Fig. 5.

Stagetop view.

Stagebottom view.
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Fig. 6. Stagecut-section view.

The three views show several features of the fitatjedesign:
1) Two Square cubuts on the top side for fitting two separate silicon wsafer
the purpose of hosting two droplet evaporations
2) Thin walls extruded from the top of all four sides providing a wide enough
surface to bsensedy sensors located anywhere along all four sides
3) Two slots for hosting bimorph tips, oriented perpendictb each other and
positioned symmetrically at the center of both the top and bottom Shtaige
4) Triangular cutouts to reduc&tagemass.
A critical feature developed throu@tageiterations was the particular placement of the
slots for bimorphinterfacing. If the slots were positioned on tbeter edges of two

adjacentand perpendicular sides of tBéage there could arise a resulting net moment on
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the Stagedue to the bimorpistagefriction term. This is because this configuration gives
rise to aleverarm distance between tlsagecenter of mass and the line of action of the
opposing friction force. Earlier iterations provided multiple bimorphs per direction of
motion, with an even number of bimorphs being placed on each side Statlpe Thus,

the resulting moments would cancel. However, due to the single bimorph limitation,
there will arise a net moment. This has been shown in prototypes/earlier iterations to
cause anomegl i gi bl e f Stageduting mgtion, a Highlyt undesirabl
characteristic.

With the slot placement as shown, the friction force term acts along a line which
passes directly through tt&tagecenter of mass, thus resulting in a zero net moment.
However, this assumes a symme8iage Since the experimentalaferdroplet pair can
no longer be placed at the center of Btagearea, as it were in previous iterations, it
must be placed oftenter. In order to maintain symmetry, two silicon chips and droplets
are used, on pair on each side of $tegecenter. This has the added bonus of allowing
the user to conduct two evaporation experiments simultaneously.

The placement of slots itself predetermines the location of the acting bimorphs.
Since the slots would interfere and intersect when at the same veeight, lthey are
placed on the top and bottom of theage Due to this, the bimorphs must also be located
on two different sides of thetage Ore bimorph interfaces from the top and, by arbitrary
convention, displaces thH&tagein the X Direction Theother bimorph interfaces from
the bottom and displaced tl&tagein the Y Direction The overallStage bimorph

interfacing system is represedta Fig. 7
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Fig. 7. Interfacing between th8tageandX andY Bimorphs.

The output limiting volume figure guidechultiple iterations of CADStage
design. SolidWorks CAD software was used with theasurefunction to quantify
model volume. The findbtagevolume was virtually measured at 2.35 cubic centinseter
representing approximately 87 the critical, or maxnum allowed,Stagevolume.
This represents the achieved safety fadtwsugh minorfor Stagevolume. This was due
to the many simplifications and estimates that were assumed in the development of the
plant model. For example, there was no guarantatestich a low coefficient of friction
can be achieved, depending on if and how PTFE could be effectively applied. A
significant simplification was using a sinusoidal wave model for development of the
equation of motion. As the target wave is a triangéey there is significantly larger
acceleration with a greater force against the bimorph at the wave peak and troughs during

operation. This also increases the normal forces quantified for the friction calculations.
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Manufacture

As discussed previouslypyeomated machining called Rapid Prototyping was the chosen
manufacture method for th8tage The machine used was a department owned and
operatedStratasys Inc. U Print SE. This machined printed usingchnologycalled
FusedDeposition Modeling (FDM). As was part of the attraction, the printing and
material was free of cost.

There were included several posachining manufacture processes as well. The
outerface of each vertical senstarget wall on all four sides of tf&tagewas fitted with
a strip of white paper. Double sided scotch tape was usediherethe white printer
paper strips. These white paper strips provided the proper reflecting surface for sensor
operation, asliscussed in Sec. 2.33&nsing System Design.

The bimorphStage interface slots were ultimately machined with a gap
equivalent to the bimorph thickness. The post machining process included using a small
grit sandpaper to widen this gap and test the setup at a given gap width, repeating this
process until the gap width offere reduced friction but no useisible space between

the bimorph and slot wall.

2.2.4 Silicon Wafer Manufacture

A square shaped cut of silicon was chosen to prozidenooth and inert platform on

which the experiment with the DNA solution droplet can takeglaManufacture and
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cutting of two silicon chips to the one squameh size desired to fit th&tagewas

outsourced to a different department, as per thgesimn of the project advisor.

2.2.5 ProbeDesign& Manufacture

Design
Probedesign considerationslfow naturally fromderivation of thedynamicsmodel for
Probe positioning. Only oneZ Bimorphis responsible for inducing vibration in tize
Direction on asingle mass, th@robe Inherent from the&Stagedesign, this givethe
plant a total capacity of bimorphs for theZ Direction or one for each of two
experiments it is possible to conduct simultaneously.

As seen before, the interface between the bimorph and the mass to vibrate is an
important design consideration. In the case of Z vibration, thiglgm is a much simpler
one. Since there is only one degree of freedom tied td°tbbe mass, the interface
between thérobeandZ Bimorphis allowed to be rigid. This eliminates a need to worry
aboutfriction forces from a dynamic interface as welltiase delay uncertainties derived
from the gaps between bimorph and mass surfaces at the interface.

Another design consideration is the geometry ofRha&be Recall from earlier
that e droplet is deposited on ttg&licon Waferand theProbe is loweredto make
contact with the top of the droplet, all ow
silicon surface and thBrobe As per studied literature, it is common for the contact
region of theProbeto be spherical, and therefore tBasdine desig for this project is a
spherical Probe contact surface. Fig. 8hows the finalBasdine Probe design as

interfaced with & Bimorph
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Fig. 8. Subassembly of #robeandZ Bimorph.

The interfacedesign betweerthe Probe and bimorph is a slot. The slot is
mechined to a width sufficiently smaller than the bimorph thickness such thBRrobe
will remain stationary on the vibrating bimorph tip yet the interface is not too narrow for
bimorph mounting. For this project it has been termédp-t e a d This intedface
was a rather simple design which reduced the need for hardware and fraxdtbucnal
Probemass. The preload fit also eliminates the need f@Probeto-bimorph adhesion
substance, thereby allowing tHerobe to be interchanged with one of different
geometry without the need to change the bimorph as well. In this walrdbe was
designed to be cost effective.

The Probewas also designed with a flat surface of sufficient area to provide a
sensing surface for the reflective object sens@s seen in the figure, the top of the
Probestructure is flat and provides an area on which the proper material cathéed

for purposes of sensing displacement.
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Manufacture

The Probewas a proof of concept design and not physically manufactuféd critical
post machining process for tReobeis adheringa strip of white paper to the top surface
of the Probe using double sided scotch tap&hese white paper strips provided the
proper reflecting surface for sensor operation,isadiscussed inSec 2.3.2 Sensing

System Design.

2.2.6 BaseDesign& Manufacture

Design
After determiningthe subsystems to provideotion in theX, Y,andZ Directions,the
next design questioimvolvedthe method of containing / mounting thessdsystemand
their required sesory systems. Thus the logical next design was that ofBase
structure A list of features was devised which tiBase design was required to
accommodate for:

1. Aflat X-Y plane platform on which th8tagecan undergo planar vibration

2. A mounting system foeach system bimorpiX(Y, and twoZ Bimorpls) to be

contained with the correct orientation.
3. TheZ Bimorphvertical mounting height should be adjustable in order to place the

attachedProbecorrectly.
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4. A sensor mounting system so that all three directadmaotion, X and Y with the
Stageand Z with theProbe can be quantified
5. Room allowed for coating of surface with PTFE tape
After several design iterations using the CAD software SolidWiks,9 below shows a

rendering of the finaBasedesign

Fig. 9. Final Basedesign.

The design provides a flat platform surface on top, on whiclsthgeis able to
vibrate in planar motion.

Near center on the platform surface is a square cut which allowsBimorphto
mate with its corresponding slot on the bottofriace of theStagefrom below. The cut
was designed large enough so that Yn®&imorpld $ip i Stageslot mate would not

interfere with the walls of the cut during vibration.
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The Stageis centered over top of the cut. Considering a virtual rectarigieea
which encompassethe Stageas well as all possible platform space @iagecould
occupy during motion, other features of tBasé® s platform were des
interfere with this space. Slots were designed along three sides of this \adiaaigie
with a small distance from the rectangle. These platgidethe mountingsystem for the
planar reflective object sensors. The sensors themselves have a longitudinal slot. This
design allows a sensor to be mounted with the sensor slot orgereeindicular to the
Baseplatform slot. The sensor is mounted in place using a sbeest cap screw and
correspondingnex nut. Using th8aseslot, a sensor can be moved side to side in order
to target a particular section ofStagesensing face. Uisg the sensor slot, a sensor can
be moved forward and backward to alter the sensing distance between the sensor face and
Stagesensing face. This design hands the user complete control for sensing the planar
vibration of the physical plant.

The rear ofthe Baseplatform hosts three tapped hole features, evenly spaced,
which accept a total of three threaded rods. This feature provides the mechanism through
which the X Bimorph Z BimorptProbe assembliesand corresponding Direction
sensors are mountedilwo mounts, one for th& Direction bimorph and one for th&
Bimorpls and sensors, are designed with corresponding thilooige. These mounts
can slide onto the threaded rods and are held in place by the rods corresponding hex nuts
from above and belo each through hole. Design and manufacture are detailed for each
mount in their separate document sections.

Below the platform is a hollow area where theBimorphcan be mounted in a

vertical fashion. An extruded section provides the means to mounY tBanorph
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directly to theBase The extruded section width varies, with a smaller width where the
bimorph is centrally mounted and larger widths to each side of the center where the
socket head cap screws of the clamping mechanism get screwed irBasthe The
smaller thickness is designed to provide a stable surface area for clamping the bimorph
without constraining too much surface area of the overall bimorph. The face of the
extrusion which accepts the screws has a larger thickness so as to rezsteeds
concentration at the screlwole and reduce the probability of crack formation between the
hole face and top/bottom faces of the extrusion.

Along the bottom of théasethere is an outcrop/ledge around three sides of the
Base This ledge providematerial through which, if need be, holes can be drilled in
order to mount the overaBaseto a subBasewith bolts. This would increase the
amount of mass théase has and therefore decreaseasceptibility to unwanted

vibrational effects from the vibtimg bimorphs through thBasestructure.

Manufacture
The Baseunderwent both automated and manmaichiningprocesses. ThBasemodel
was split into two models in the CAD phase. One model did not include any hole
features of theBasebut did include theslot features. This model was used for rapid
prototyping purposes. As previously mentioned, raprdtotyping was a readily
available and financially optimal machining method for this project.

The second model included 8laseholes and was used asiser reference for the
manualmachiningpr oc e s s . A milling machine-20vas use

holes on théBasetop and two 4 40 holes along thBasefront for bimorph mounting.
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The post machining process involved layering two stpPTFE tape, one along each
long-side of theBaseplatform rectangle cut. This PTFE tape was the actual surface the
Stagewould vibrate on and provided the low coefficient of friction estimate included in

the system model formulations.

2.2.7 X Mount Design& Manufacture

Design
The X Mountrefers to the mechanism which mounts and holds in plack @ienorph.
This direction is defined as parallel to the short sides ofStage Fig. 10providesa

SolidWorks rendering of the fin Mountdesign.

Fig. 10. Final X Mountdesign.
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As discussed in thBasedesign section, two througtoles are designed intbis
mount which matchethe outerdiameter of the threaded rod. This is so that this mount
can slide over two of the three rods threaded intoBhsepiece. Itwas arbitrarily
chosen that the piece be designed to slide over the left and center threaded rod extending
from theBase when viewing thé&asefrom the front.

This mount is designed at 16 millimeters thick to provide a+ggidugh support
the vibratirg X Bimorphwithout taking up too much space. Similar to the extruded
section for mounting th¥ Bimorphto theBase an extruded section provides a smaller
width platform for mounting the bimorph and a larger width platform where the holes are
drilled to reduce the stress concentration. As withYhBimorphmounted to thdase
the X, Y BimorphClampwas used to mount the Bimorphto theX Mountusing socket

head cap screw hardware as shown in the follokiggl1

Fig. 11. Rendering oK Mountwith mountedX Bimorph.
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Manufacture

The X Mountwas machined using a combination of automated and manual methods. The
overall structure was machined usiRgpid Prototyping. The two togurface through

holes were manually drilled on the mill and the bimorph nhidwodes were both drilled

and tapped.

2.2.8 Z Mount & Z Sensor RaiDesign & Manufacture

Design

Fig. 12. Top-Front View ofZ Mount.
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Fig. 13. Bottom-Front View ofZ Mount.

Figures 12 and 13how partial top and bottom views of tEeMountwith a
viewing perspective frorthe front of the piece. The front of the piece is the side of the
piece where the reflective object sensors are mounted and where the bimorph free tips are
vibrating. From these views several features can be outlined.

On the bottom surface of the moutwo raised platforms are designed at the rear
of the mount, each with a pair of drilled and tapped holeach of twoZ Bimorpls is
mounted at these platforms, being held in place by the accompah@@tagnppieces and
a pair of socket head cap screwslhe screws thread straight into the holes since the

holes are tapped.

Three main quarter inch through holes are shown. This design allow& the
Mount to be positioned invertical space by sliding up and down the threaded rods
mounted into th&ase The mount is held in position by a total Eik Y071 20 hex nuts

which are screwed onto the threaded rods. Three nuts support the mount from below
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while three nuts screw in and clamp the mount in place from above. Screwing the sets of
nuts in a clockwise arounterclockwise fashion enables mount adjustment invérécal

plane with high resolution.

Two identical brackelike features extend from the top of the mount. These
brackets provide a channel through which theSensorRail, with accommodating
geametry, can slide to bedaustedforward and backwards. Fig. Bhows on&Z Sensor

Rail.

N

Fig. 14. Rendering oZ Sensor Rail

The slot seen in the sensor rail is a threagh allowing thesensor railto be
fixed in place by a socket head cap screw and matmxgnut. There are two holes seen
drilled from the bottom of th& Mount centeredunderneath each of the two sets of
bracket/track features for the sensor rail. These holes are drilled datéreliameter of

the socket head cap screws and are not tetcead®n the bottom end of the mount, the
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holes are designed withcaunter boreso that when the cap screw is mounted in place,
the screw head top surface is flush with the bottom surface a@fMaunt.

The font face of the sensor rail is designed itiole drilled and tapped to accept
a socket head cap screw. In this fashion, a reflective object sensor is mounted to the
sensor rail front face with a screw passing through the slot of the sensor and threaded into
the hole to secure the sensor in placéhe sensing face of the sensor is oriented
downwards and senses the reflective white paper top surface Bfdhebelow. The

final Z Mountwith addedZ Sensor Railss shown in Fig. 1%vithout the sensors.

.
. -
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Fig. 15. Z MountandZ Sensor Ratubassembly.

Manufacture

The Z Mount and Z Sensor Raildesigns are concept designs for addition to the
manufactured plant for this project. Machining would follow both manual and automated
methods. The overall body of tdeMountandZ Sensor Railare machined usingapid

Prototyping. The slot features of the sensor rails can also be Rapid Prototyped.
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2.3 Electrical Design& Development

2.3.1 Overview of Objectives

The overall objective was to design a circuit which conditions / prepares every sensor
output signal for recejmn by the Data Acquisition System. The signal conditioning
objectiveswere to perform leveshifting, noise filtering, and amplifying services to the
sensor signal prior to DAQ retrievalTheseobjectiveswere met by the design of an

analogue conditionig circuit external to the DAQ system.

2.3.2 Sensing System Design

Before design of the signal conditioning circuitry could take place, it was necessary to
know more about exactly what signal the circuitry would be receiving. This dictated that

the sensing sysm be fully developed.

Many sensor types were considered to quantify the motion output $fageand
Probes. The optimal choice was a reflective object sensor which operates with infrared
optics. The feasibility of using commercially availablew-cost IR reflective object
sensors for micro to suimicro scaleposition measurement @ncontrol has been
investigated.Experimental results show that the performance of the IR sensors compares
well with a commercial inductive sensor that costs signifigamibre[10].  Since cost
and shelf life/ easily replaceable parts were restricting factors for this projectscero

precision expectations were slightly relaxed in favor of the reflective object sensor type.
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The final sensor choice was Reflective €@dhj Sensor model OPB704
manufactured by TTElectronics Detailed information of this sensor can be found in

AppendixB. Reflective Object Sensor.

In order to determine the exact sensslationshipbetween outputoltage and
sensing distance, each sensaderwent a data collection process. The experiment was
run usingan SPI digital caliper. The sensor was adhered to the static jaw using double
sided adhesive tape. A straight edge was uséiddgap the sensor flat sensing edge in
plane with the flacontact edge of the jaw. A thin pieceadfiminumwith the adhered
white printer paper was used as the reflecting surface. Thisadlaredto the flat
contact face of the moveable jaw using adhesiveenTthe jaws were moved together,
with the refleting surface between them, and the caliper was calibrated to zero
displacement. Theetupwas checked to ensure no gap between the sensor and reflecting

surface.

The sensor was wired as shown in the final signal conditioning circuit of the next
section, vhere the power inpub was 5 Volts. The experiment consisted of moving the
reflective surface / jaw away from the static jaw with sensor by increments of 100
micrometers and measuring the sensor signal voltage output at each inarsimgran
oscilloscope The experiment was run for a distance range of 0 to 3.5 millimeters. The
results are shown plotted Fig. 16 for two separate sensors, designassssor land

Sensor 2
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Sensor 1 and Sensor 2 Voltage - Displacement Relationship
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Fig. 16. Voltagedisplacement relationship f&ensor andSensor 2.

As is show, the sensor outputs nearly the supply voltage of 5 volts when the
reflecting surface is at a zero displacement from the sensor. The relationship can be
described here as piecewise niaearity. The optimal sensao-reflective surface
displacement mege in which to operate the sensmould be the large central linear
portion of the curve with an apptionate displacement range of it® 2.5 millimeters.

This is the optimal range since the sensor exhibits the highest sensitivity here. Sensitivity
refers to the magnitude by which the sensor output changes in response to an incremental
change in surface to sensor distance. In another term, the sensor has the highest

resolution in this range.
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During control algorithm testing, prior to each control expent start, the sensor
is manually adjusted to provide an output voltage as close to the center of this
displacement range as possib®ncethe entire linear range is ~1rbillimeters this
allows for tracking motion aamplitudeof ~750 micrometers.This allowable sensing
range is acceptable considering the theoreticakimum amplitudethe bimorph can

achieve for theX or Y Directionis sub 500 micrometers.

2.3.3 Conditioning Circuit Design

The first design question answered pertained to the type dfiedécomponent(s) which
would achievethe signal conditioning objectives of the circuit. Operational Amplifiers
were employed as an obvious choicAn Op Amp can perform a greaumber of
operations and can provide a wide variety of services to atried¢circuit Basel on its
configuration. Op Amps are also readily available in integrated circuit form, making

them a compact option.

The Operation Amplifier IC OP400 manufactured by Analog Devicess
chosen. Furthedetails about this Op Amp can be dod in Appendix C.Operational

Amplifier.

Fig. 17shows the final signal conditioning circuit design to achieve the required

objectives.
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Electrical schematic created with the software Altium Designer, Release 13.2.
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Table 3shows the list of all ne®p Amp circuit components used in the final

design with corresponding values. The components are listed inralpherical order.
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Component Type Sub Type Value

C1l Capacitor Ceramic 0.1 ¢€H
C2 Ceramic 0.1 ¢H
Pot Variable N/A”

R1 Fixed 15 k q
R2 Fixed 180 q
R3 Fixed 56 kq
R4 Fixed 220 kq
R5 Resistor Fixed 100 Kk q
R6 Fixed 56 kq
R7 Fixed 470 k q
R8 Fixed 22 kq
R9 Fixed 22 kq
R10 Fixed 27 Kk
\Ya DC 5 Vv
VCC Power SourceDC - Symmetric +15 Vv
VEE DC - Symmetric - 15 V
"This value is frequently adjusted during level offset

Table 3. List of electrical circuit components.

The final circuit schematic is organized into four blocks. A reflective object
sensor outputs the raw data signal derived from sensing &tageor Probe motion,
depending on the sensor designation. This raw signal comprises the Signal In line. Level
shifting of the signal (removal of the DC offset) is accomplished by the Lviéter
block. Both noise removal and signal amplification are accomplished by the Active Filter
block. The Signal Follower, in general, allows its input to be isolated from effects which
happen on the downstream, or output, side of the blgklgeneraldiscussion of the

Signal Follower, Level shifter, and Active filter blocks is presented here. A detailed
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analysis the design of two block saiocuits, the Level Shifter and The Active Filter
blocks, is provided in théppendixD. Level Shifter Desigmnd Appendix E.Active

Filter and Amplifier Designrespectively.

I n total, three Op Ampsdé6 were employed
to as Op Amp SF (Signal Follower), Op Amp LS (Level Shifter), and Op Amp AF

(Active Filter).

Signal Follower Overview

The original signal conditioning circuitry consisted solely of two operational amplifiers
per raw sensor signal. The need for a signal follower configuration arose when it was
desired to measure the raw unaffected sensor output signal toreamplae conditioned
signal. The level shifter configuration actually affected both the output and input side to

the Op Amp LS. The signal/voltage follower configuration was then added.

The name of this op arripased sulzircuit derives from the abilitpf the output
voltage, or signal, to follow exactly that of the input voltage/signal. This configuration
creates a theoretical infinite input resistance, thereby permitting near perfect isolation
between source and load and eliminates loading effects mdant that the raw sensor
signal, as an input to the Op Amp SF would be isolated from effects of the level shifter.
The Op Amp SF was powered by a symmetric power source as indicated in the above

circuit component table.
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Level Shifter Overview

The seond OP Amp was configured as a level shifter. The level shifter configuration of
an Op Amp has the ability to add or subtract a DC offset to or from the signal. Level
shifting of the DC component of the sensor output is necessary due to certain physical

limitations of operational amplifiers.

In general, Op Amps are powered by DC voltage supplies which are usually
symmetric. These am O ‘@t -15 Volts andVCC at +15 Volts, as indicated in the
previous table. The effect of limiting supply voltages is that amplifiers are capable of
amplifying signals only within the range of their supply voltage. Furthermore, for most
manufactured ommps, the limit is actually approximately 1.5 V less than the supply
voltages. This has been verified in the project circuit. Any attempt to amplify a signal so
that any region of the signal fall outside the supply voltage range will result in signal

saur ation and a fAplateauing effecto of that

In order to maximize the amount to which the sensor signal can be amplified, the
DC component, or constant voltage component, must be forced to zero. This was

achieved through design of the Leveiffig sub-circuit.

Active Filter & Amplifier Overview

The third Op Amp was configured as a L-&ass Sallen Filter.Several filters were
proposed and analyzed before deciding on a final chAitere filter configurations for
op-amps were chosen duetteeir ability to shape the frequency response of tharop.

This allowed the configuration not only to filter signal noise but amplify the signal as



48

well. This is opposed to the limitation in passive filters which can only condition signal

noise.

The filter choice was further honed by order selection. dtuer of a filter is
equal to the order of the differential equation tihescribeshe inputoutput relationship
of the filter. In general, the higher tloeder, the faster the traition from pass landto
stop band, but at the cost of greater phase shifts and amplitude distortion. The second

order Lowpass Sallen filter was the chosen design for this project.

The control of the frequency response is characteristic of three parameters, Quality
Facor 0, cutoff frequency , and gain). A very desirable property of the Sallen filter
is the fact that the lovirequency gain of the filter is independent to the cutoff frequency.
The gain was designdd amplify thesignalwithin the limiting baunds of +/ 10 Volts,
which was the DAQ board limiting input voltag&he cutoff frequency was chosen to be
twenty times an absolute maximum operating frequency of 30 Hz, settiggpdahealue
at600 Hz. The last parameter, Quality Factor, was desigpethalyzing the frequency
response, using the designed cutoff frequency and gain, for several different Quality
Factor values.The choice ofY RY h handd followed from an iterative process such

that componentalues matched well with exisg manufactured values available.
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3. Implementatior& Evaluation of Advancetterative
Learning Control Techniqse

3.1  Overview of Objectives

As was previously outlined, the overall objectives were to achieve-seaie precision
of motion control for a system of large size and high spe@bapter2 described the
design and manufacture of the playstemand outlined speed and amplitudetion

characteristics for the mass being vibrated. This cuniespterdescribes how this was

achieved.

3.2 Control Law Approach

To achieve motion control of th8tageand Probein this project, two inversichasel
iterative learning control (IIC) technige were employedThe first is the recently
developed ModeFree InverséBased lIterative Learning Control method (MIIC). The
second approach is the novel Hi@inder Difference ModeFree Iterative Learning
Control (HODMIIC). Iterative learning control [IC) methods have eben shown to be
efficient in repetitive output tracking [115]. This includes the ability of ILC methods
for rapid convergence of the iterative control inputgoyantifying andaccounting for the
effect of dynamics uncertainfst6]. However, both MIIC and HODMIIGire modelree
control methods, signifying the elimination of the dynamics modeling protéss [

Eqg. 14represents the MIIC law.
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(13

Here,6 andwrepresent the system input and output respectiVidglg.subscripts
Qandr ef er to fdesiredo, I n terms of the
tracking control. Thé term is a pechosen constant which applies to the first, or
zeroth, iteration only, and is restricted not to be made z&iypically, this value is
chosen as the inverse gain of the system, as describ&#an3.3.1 Control Law
Implementation

In general the inpuand output are functions &, denoting they ar&ourier
transforms of the input and output signals. Thus, the IIC law is implemented as a
frequencydomain formulation scheme. The inverse dynamics model portion, or
0 7JTw ,is updated by using the quantified irjoutput data fom the sensors and
data acquisitiorsystem during each iteration. In the frequency domain formulation, this
is done only at the frequencies where tracking is sought. Through this formulation, model

error is essentially removed and the noigeafon the system can be ignored.

The HODMIIC control law is show iEquations 15 and 16.

For'Q p:

- (149
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mh

(15

The new terms presented fhel gmandiothet he

Forgetting Coefficient follows the patternigg. 17.

I 1 b QQop (16)

Here,! is baséne forgetting coefficient defined at the start of the control
algorithm, and"Qanges from 1 to the integer value of the current iteraf@nFollowing

this rule, the iterative adrol law pattern is as follows.
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The first dashed outlineshows the portion of the control law which lies in the
purely MIIC regime, and the second dashed outthews the portion of the control law
which follows the main HODMIIC algotitm. For simplicity, the€Yamotation has been

dropped but is implied.

For each iteration othe HODMIIC regime, the new input generated for the plant
begins at dasdine value, that is, the previous iteration input signal. Added to this signal
is acorrecting factor, which makes the nevggnerated input an improvement over the
previous iteration input by generating an output which accumulates less error than the
previous iterationThe correction factor iBasel ona weighted average of difference
based successive inverted dynamics termA. key difference between MIIC and
HODMIIC is in the amount of tracking history evaluated. In MIIC, only the previous
iteration results are used to generate the current iteration signal. In contrast, HODMIIC
usesthe complete history dferatedresults, since the first iteration, and averages them.
This speaks to the HODMIAEr o&.egi Tmee bFad rnge totf
takes care of weighting the average. Typibalséine values for the Forgetting
Coeficient range from 0.1 to 0.3, and therefore the power law dictating thalues
result in successively smaller values for an increa®® Inis thereforeseen that inverse
transfer function terms representing the resultdes$recentsuccessivaterations are
multiplied withf values of smaller magnitude. 0%, these terms influence the current
signal generation less than the more recent history of terms. To complete the weighted
average, the added inverse transfer function terms are divided by the summation of all

generated values,B | , to normalize the correcting factor. A difference term
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between the desired and last iterative output is multiplied. This is required since the
weighted average occurred with inverse transfer function terms. What is left is in essence
a corrective inpt oraadactor to be added to the last iteration input to generate an

improved input.

The last term to consider’is which alters this corrective factor. It is seen that
reducing” reduces the convergence speed but results in more accurate trackinigeand v
versa. This is evident in the control law, as redutimgakes smaller the corrective term,
thus reducing the change/difference in input signal between two successive iterations,
providing a slow convergence. A Typichasdine/start value for is 0.5. During
experimentation, the value has been tuned to provide a balance between tracking
accuracy and speed of tracking convergence. In general, tien, just like the
Forgetting Factor, make pliable the nature of the HODMIIC algorithm. These te
allow the end user to tune the behavior of the control algorithm in favor af the r 6 s

convergence speed and accurhagedheeds.

In this project, a focus was put on applying each of the two ILC schemes for
controlling the plant via bimorphs. Thidlaaved a compare rad contrast of the two
schemes. Ais shown through experimentakults in the following section, HODMIIC
proves superior over the MIIC algorithm. The reason HODMIIC outperforms MIIC lies
with how the algorithm specifically handles egped and random errors. Through the
addition or averaging portion of the control law, the random portion of error is removed
while the repeated errors are integrated. HODMIIC uses this integration of repeated
errors to continually correct the next geatern input and thereby improves on MIIC by

having visibility over the entire tracking history.
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3.3 Implementation & Evaluation

3.3.1 Control Law Implementation

The block diagranfor implementatiorof the MIIC or HODMIIC control lawsis shown

in Fig. 18.

Uy OCU) Yn (jﬂ))

_ Vre(jw)
»| Bimorph

MIIC/ <
<
<

HODMIIC

Ug41(Jw) ya(w)

Fig. 18. Block dagram representing control law implementation.

The dashed arrow type feedithe controlupdated input into the system signifies
the offline mode in which these control algorithms operate. That is, each iteration is
comprised of the system in dynamindastatic regime. The control law updates and

applies the system input to a static system.

As was discussed extensivaty Sec.2.2.1 Developing a General Plant Model

the X andY Directionsare coupled to each otheFigures 19 and 2below show theX
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Direction dynamics with the Y to X coupling dynamics effect as wellyaBirection

dynamics with the X to Y coupling dynamics effect.

X Direction Dynamics

ux(jw) _ Vxx(Jw)
) Gxx(Jw)
Y Direction to X Direction Coupling Dynamics
e | ]
uy(jw) : . 1 Yxr(jw) yx(jw)
— Gxy () -
1

Fig. 19. X Directiondynamics with the Y to X coupling dynamics effect.

Y Direction Dynamics

uy(jw) _ Yyy(jw)
) Gyy (jw)
X Directionto Y Direction Coupling Dynamics
A . .
ux(jw) ) 1 Yyx(jw) yy(jw)
: Gyx (jw) -
]

Fig. 20. Y Directiondynamics with the X to Y coupling dynaasi effect.

Two mainpositioningregimes were experimented on to evaluate the effectiveness

of MIIC and HODMIIC as control laws able to achieve high precision tracking over a
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range of plant motion. These two regimes were SiAgie positioningand DualAxis
simultaneouspositioning Specifically, since th& Direction model components were
presented as a concept design and not actually manufactureStatiesand X andY
Bimorpls were the pertinent syste plant during experimentation. The control flow
architectures for both the Singheis and DualAxis positioning regimes are represented

in Figures 21 and 22.

Initialize Direction: Apply 4 »

| Determine Inverse Gain: «,. |

—>| Perform MIIC or HODMIIC Control ‘

‘ Evaluate current tracking and compare to target tracking

|

Egrus, x Target Denied Egrus, x Target Achieved

Terminate Control
Program

Fig. 21. Single-Axis control flow architecture. Example KDirection.
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Initialize X and Y simultaneously: Apply y4  and ¥4 , as input to corresponding directions

X Y

Determine Inverse Gains: «, and o,

X Y

A 4

Compare Egpys, « to Egys, & Perform HODMIIC Control

o L ™~

ERMS,x > ERMS, b ERMS,x < ERMSJ y ERMS,x = ERMS, hY

v v '
X Y X X Y

Evaluate current tracking and compare to target tracking

Erus,x & Egpus, y Erms, x & Egys, y Terminate Control
Targets Denied Targets Achieved Program

Fig. 22. DualAxis control flow architecture representing the Coupiipigantification-Free

Oscillatory Control Approach with the HODMIIC algorithm.

For both singleaxis and duabxis positioning,the very first taskinvolves
initializing the active direction(s) by inputing soley the corresponding desired signal.
The output is used toatculate the inversgain alpha value(s). The zeroth iteration
follows with an input defined as alpha multiplied by the desired signal for both MIIC and

HODMIIC.

The architecture dtween the singlaxis and duabxis positioning flows
differentiates aftethe zeroth iteration. For singéxis control, only one direction is

activethroughoutthe control attempt. Either MIIC or HODMIIC is used in an iterative
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process until the desired error tareget for the active direction is achieved. At this point

theuser can terminate the control attempt.

For Dual axis motiona novelconcept was developed to compensate for the
inherent coupling effect of thé andY Directions The approach isalled theCoupling
QuantificationFree Oscillatory Control pproach This approactactively updates only
one direction at timeQuantificationfree heredictatesthat the coupling signal is neither
guantified nor pertinent for adequate simultaneous motion conkigure 22 outlines
this approach and shows HODMIIC as tlwescontrolalgorithm This is due to the
superiority of the HODMIIC regime, as is discussed in Section J&a8king Results &

Discussion.

The zeroth iteration is the only iteration in which both directions are
simultaneously updated, or activén eachsubsequeniteration, the control algorithm
updates onlyhe inputto that direction whose previous iterative input resulted in greater
tracking error. It is by arbitrary convention that théimorph/ X Directionreceive an
updated control inpushould the tracking error be equivalent between Xhand Y
Directionsfor any given iteration.The direction whichreceivesan updated control input
is consideredto be controlactive for that iteration. The contrivlactive direction
receives the samaput as it received in the previous iteration. The oscillatory nature of
this method isrnherent in the prognosis thatcantrolactive direction be driven to a
lower error than the control inactive direction, resulting in a switch of which direction is

control active, a cycle which would endure for the life ofékperiment
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This control law implementation for dual axis control is not only novel, but
efficient in tracking each direction simultaneously under planar motion since there is no
need to quatify system coupling. This raises the overall efficiency of a control system
where time is already saved due to both MIIC and HODMIIC control laws taking a

modelfree approach.

3.3.2 Plant Dynamics

Two frequency response analyses were completed regaftagg motion in the X

DirectionandY Direction. The frequency rggnses evaluated are showrTable 4.

Frequency Response Active  Inactive Measured
X Direction X Y X
XtoY Couplng X Y Y

Table 4. State of bimorphs for both evaluated frequency responses.

The active direction is defined as that direction whdssignatedbimorph
receivesan input signal. The iactive direction is defined as that direction whose
designatedbimorph receives no input signalThe measured column designates which

direction is measured and plotted for that particular frequency response.

To generate the data toawate each frequenagsponsgvarying baneimited
white noise signals were generated and subsequently input to the active diréction.

each frequencyesponsdest, the inputvas sent and data collected over a loop of four
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different white noise sigihs Each white noise signal was generated over a frequency
range of 5 to 700 Hertz and had a tidwmain duration of 5 seconds. The white noise
signals varied in their amplitude parameter. The amplitude parameters used were 1 ,
1.16, 1.3, and 1.5 Volt®r the respective four signals. However, as can be seen in the
provided code of the appendix, the actual maximum amplitude deeseasedn in
creation of the white noise signal. Since the amplifier gabDjsa voltage magnitude

input greater than 1okt would violate the maximum allowed voltage magnitude of 50
Volts to the bimorphs wired in parallel configuration. Several program checks ensured
that the bimorph operation thresholds were not violatéd. 23shows the set of white

noise signals usddr each frequency response test.

= White Noise Signal of Amplitude: 1 [V]

g é T T T T T T T T T

g -1 ‘ [ [ [ [ [ [ [ [ [

S 0.5 1 15 2 25 3 35 4 4.5 5
Time [s]

= White Noise Signal of Amplitude: 1.1667 [V]

g é ‘ T T T T T T T T T

8 _1 i [ L I i i I i I

g 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time [s]

> White Noise Signal of Amplitude: 1.3333 [V]

o H T ‘ T T T

g 1 ‘ [ [ [ [ [ [ [

g 0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time [s]

= White Noise Signal of Amplitude: 1.5 [V]

E‘ 1 T T T T T

§ _2 “ i i I ! i

£ 0 0.5 1 15 2 25 3 35 4 4.5 5

Time [s]

Fig. 23. The set of four white noise signals used for each frequency response test.

The resulting frequencyesponsdigures are now representedoth frequency

responsdestsarerepresented in a total of two plots. Thest plot represents the raw
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data unconditioned byhe builtin MATLAB smoothing functions. The second plot
represents that data as plotted using buildmooth( data , spanwhichs mo o théa 6 s
datadatain moving average fashion usisganas thenumberof points used to compute
each element of the function output. In this case, the data is conditionea syptnof

20.

Frequency Response of X Bimorph, X Driven with Varying WN Signals

20 ; ;
@ P RN gy S Ay AT
E‘ 0 ) T V - ’ { ",, k‘ —
L =20 — Amplitude =1 Mo /|
= —— Amplitude =1.1667 H‘f al ’
2401 Amplitude =1.3333 ry .
< — Amplitude =1.5 ‘\\ I
-60 ; ;
10" 10°
500 ; ;
o
5] )
6’ ° - M%%W “WWN\
(<5} Bt Pt . W
= — Amplitude =1 M,”
2 _500{|— Amplitude =1.1667 (I
T Amplitude =1.3333
— Amplitude =1.5
-1000 t t

10" 10
Frequency [HZz]

Fig. 24. Direct Frequency ResponseXBimorphplottedwith raw data.
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Fig. 25. Direct Frequency ResponseXBimorphplottedwith smoothed dat

Frequency Response of Y Bimorph, X driven with Varying WN Signals
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Fig. 26. Coupling Frequency ResponseYoBimorphplottedwith raw data.
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Fig. 27. Coupling Frequency ResponseYoBimorphplottedwith smoothed data.

The tracking results are shown in general to repreSegedynamics both for a
driven direction and couplg dynamics from the response of the Hloiven direction.
The dynamics results provide a valuable insight $teagebehavior. For the driven
direction, amplitude ratianagnitudesange from 1 to 3 throughout most of the lower
frequencies leading up thi@ resonant region. In contrast, the atmgeé ratio for the
coupling response, that is ndniven output to driven input, ranges from 0.1 to 0.001.
The nondriven output is significantly smaller than the driven input. These results verify
the success dbtagedesign and bimorph interfacing design in greatly reducing coupling

effects between th¥ andY Directionsof motion.

The resulting resonant peak also provides a caution for tracking results and
control algorithm testing. In general, the resonarakpef the magnitude plot occurs

around 8071 100 Hertz. This represents the region of the fundamental resonant















































































































