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Abstract— A novel complementary clamp piezoworm stage was
developed to be integrated into a two-axis configation for
tracking profiles in different size regimes. It isbased on novel
clamp designs which permit complementary action usg the same
flexure frame in a compact arrangement. A novel diect
connection to a commercial slide was used to elinate backlash
and the need for high precision alignment of a rodand slide. A
model was developed and used to design the contaglistructure
and choose thresholds for smooth operation. Completassessment
of the closed loop performance of a single axis artlial axis stage
in different regimes was performed. The average pdfoning
accuracy of the stage was +20 nm. For tracking apightions, the
average error of the two-axis stage was 8 nm in theanometer
regime, 1.72 pum in the micrometer regime and 1.85nu in the
millimeter regime.

Index Terms— Complementary, piezoworm, precision, tage,
control

M proteomics and MEMS/NEMS manufacture
require a two-axis stage capable of nanometer acguwhile
having a range of several millimeters. The stagey he
required to perform point-to-point positioning ar track a
profile. The typical approach to address both laa@e and
high accuracy is to mount a high accuracy actuatach as a
piezoelectric flexure stage, to a large range astuauch as a
linear motor [2,4,5]. However, this is bulky andngaex to
control especially if extrapolated to two axes obtion. A
different approach is to use a piezoworm-based (atdled

I. INTRODUCTION

also adjust its position within one step by keepamg clamp
fixed and finely varying the extender piezostackatthieve
nanometer accuracy. This paper investigates usitgpaaxis
complementary-clamp-based piezoworm stage to paailes
in the nanometer, micrometer and millimeter regimes

The complementary clamp piezoworm actuator conaagt
first described in [9]. The actuator's two clampse a
mechanically designed to grip on the opposite extse of a
common clamp signal. The clamp which grips at zaeitage
is termed the normally-clamped (NC) clamp, and d¢iiger
clamp which grips on high voltage is termed thenmadly-
unclamped (NU) clamp. This arrangement reducesitineber
of amplifiers from three to two for a significanbst savings.
The first generation design was developed for [i&tel
reflector distortion compensation but the designassuitable
for two-axis stage integration because of its sigeymp
mounting arrangement and control structure.

The footprint of the two-axis stage must be minidizo
facilitate its integration into more complex labimy systems

ANY active areas of research such as genomiCgng this leads to a preferred parallel-kinematicargement
[1-6lof the two axes. Mass must be minimized as weltesithe

lower axis must drive the mass of the second akis the
payload. High force capacity designs in the literaf6,11,23]
typically have an actuator moving through a guidgewsth

thick walls which makes the design too heavy taubed in a
parallel-kinematics configuration. The other proemihdesign
in the literature [8,9,10] has a fixed actuator arahslates a
rod. The actuator is small and is more suitableafgrarallel-
kinematics arrangement except that the rod musbhbpled to
a slide in order to mount the payload. The intexfatthe slide

inchworm®) system which has two clamping piezostacly the rod must be carefully assembled so thatethemo

actuators and an extender piezostack actuator mdunt a
flexure frame. To traverse long distances, a sexpienf
clamp-extend-clamp steps is executed [6]. The pierm can
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backlash at the coupling and that the slide andmoton are
in perfect alignment so that jamming will not occdrhe
design in this paper has a fixed actuator but ewtthe slide
directly without the need for a coupling mechanigmich
improves the ease of alignment and integration. désign
also has a novel complementary clamp design wradliges
the size of the actuator and permits it to be usea parallel
configuration.

A closed loop controller must be used for the hestking
performance. Controllers based on varying eithee th
frequency or amplitude full steps [24,25] do notketa
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advantage of the high accuracy performance withia step.
For the highest accuracy, a composite controlleisesd which
has one sub-controller to manage the clamps (sigoeyy and
another sub-controller (regulatory) to control teetension
piezostack [20,21,22]. The supervisory controléerule-based
which depends on the structure of the piezowormor
tracking control, the actuator should be in contobthe slide
at all times so that the error is minimized. In,[21, the stage
position was coupled to only one clamp so if thquieed
motion exceeded one step then the controller cainflaence
the stage position until the supervisory controtempletes
the cycle of: switching clamps, repositioning theteader
piezostack and then re-engaging the coupled clafie
complementary clamp piezoworm stage design presente
this paper has a fixed center section and eith@mgl can
engage the stage. Its controller resembles th@lgfout [21]
required an additional position sensor feedingsingervisory
controller the relative position of the clamps. Tdaatroller in
this paper instead uses the extender piezostat&geoivhich
does not require an additional sensor. Also, tharobler in
[21] would switch between coarse and fine positigninodes
whereas the controller in this paper does not switodes and
is always capable of fine positioning.

A dynamic model was used to simulate the performanfc
the stage system in order to evaluate switching lamd tune
the regulatory controller. It uses a lumped paramapproach
to the system as in [21] and [26] but it includesimproved
model for the clamp behavior accounting for the gaphe
interface and the friction capacity as a functioh ctamp
voltage. Previous models [21,26] had assumed its@ianus
switching which is not physically possible and thgroved
model was able to assess the effect of finite clamipching
time on tracking performance.

This paper describes the design, modeling and aoatra
two-axis stage based on an improved complementarypc
piezoworm actuator. Novel designs for the clamps a
presented which improve the control and permituse of the
piezoworm in a parallel-kinematics configuration. champ
arrangement more suitable for tracking was chosdreanovel
connection to a commercial slide is described whiatids the
need of precise alignment and eliminates backlasA.
simulation model is also described which capturksmp
behavior and allows study of tracking performandde
prototype complementary clamp piezoworm stage wlith
improved clamp designs is described in Section t#nT in
Section 3, the dynamic model with clamp behaviatatailed.
The development of the closed loop controller an
performance is detailed in Section 4. The two-atége and
tracking results in different regimes are preseimeSection 5.
Conclusions are summarized in Section 6.

. STAGEDESIGN

The objective is to design a stage to have a rahge least
50 mm, maximize speed, stiffness and thrust whitémizing
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Fig. 1. Piezoworm stage prototype.
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Fig 2. Piezoworm actuator.

the mass and size. Mass is critical for constrgctintwo-axis
stage because the second axis is mounted on tihe @ifst at
90° so the lower axis must be able to move thegaalylplus
the mass of the upper axis. Other design goaltoam@nimize
wear and cost.

The piezoworm stage prototype is shown in Fig. he T
piezoworm actuator is mounted on a base plate @edtly
acts on a friction strip mounted on a crossedrdlgle. An
encoder is mounted on the other side of the slitietwis used
for position measurement and has a resolution ofn&D
Unlike most other designs [6, 10, 11], this piezawactuator
pushes on only one side of the slide. This redticesforce
Hansfer to the slide but permits a commerciallgikable slide
to be integrated into the design which reduces ¢bst.
Jamming is also prevented with this arrangementesite
piezoworm can adjust for the deviations of the eslik it
travels through its range. With the direct couplibgcklash is
not an issue.

The piezoworm actuator is an improved version & th
complementary clamp actuator developed in [9] anshiown
in Fig. 2. The piezoworm design in [9] is not abie for two-
axis stage integration because of its size andglamunting



arrangement. The NC clamp was fixed to the strectund all

the equations of motion are given in (1) to (3)ack clamp is

the motion was performed by the NU clamp. This workepresented as a massy(, Myc) coupled to a rigid centre

presents an improved complementary clamp piezovsiage
design which has the clamps connected to a middiéos via
extension flexures. This allows both clamps to bebite
which will permit control of the slide no matter iwh clamp is
contacting the slide. The extension flexures aesluss return
springs to ensure that the piezostack does notriexge
damaging shear or tensile loads. Machined flexaresused
instead of springs that were in [9] to be able thieve
sufficient stiffness to ensure the frame resonaquency is
above the excitation frequency. The maximum opegati
frequency of the amplifier driving the piezocerasnis 800 Hz
which is determined by its peak current of 1 AGD %/.

A. Clamp Design

The clamp configurations are shown in Fig. 3. Bad#mps
use the same piezostack made of Navy Type |l PAhg&
Technology BM500) having a free expansion of 12 amd a
stiffness of 60 N/um. These piezostacks were chbseause
they offer good free expansion and high stiffnesa ismall
package size. The expansion dictates the strokleeoflamps
and the larger the stroke the more accommodatiorsiide
variation. Ceramic strips are glued to the fricteurfaces of
the clamps and to the slide to reduce wear.

Flexures are used to preload and protect the psdas
The clamps have almost identical flexure frames witly the
bottom hole being different. The NC clamp has g¢aphole
for a set screw, whereas the NU clamp has a thrbwogg to
permit adjustment of a set screw on the tab froenetktension
frame to preload the piezostack. The clamp fleXtaene is
bolted to the extension frame via four screws tgrodhe
mounting holes. The orientation of the tab thaeeds from
the extension frame through the clamp frame determi
whether the clamp acts as a NU or NC clamp. Theckithp
has the tab oriented such that the expansion opigmostack
will cause the clamping surface to move toward dlde and
maximum clamping force is achieved when the piemisis
fully energized. The NC clamp has the tab on the siosest
to the clamping surface. The extension of the Ek
causes the clamping surface to move away from lide s
eventually creating a gap when the piezostack iy fu
energized.

Using a common flexure frame configuration has ssve
advantages. The mass of the NU clamp and NC ardicdé
so that we can expect their dynamic behaviour #&bsde
identical. Additionally, several clamp frames canfabricated
simultaneously using wire electrical discharge naEnl
(EDM). This reduces cost and if a clamp is damagezhuld
be exchanged for a new clamp instead of scrappieghntire
piezoworm.

I1l. DYNAMIC MODEL

A simulation model was developed to assess the

controller structure and develop the controllerapagters for
the stage. The lumped parameter model is showigind and

section via a springk{u, kne) and damperdy, cne) which

represent the return flexures. The slide and aryyopd are
lumped into one mass, gnand the friction forceskyy and
Fne, are the interface between the clamps and the.shd
linear model for the extension piezostack was aztbftased
on the IEEE piezoelectric linear model [18} is the force
from the extender piezostack and is determinedipgigenk,

as the piezo stiffnesk, its free expansion afyax andVex is

the applied voltage.

My, XNU = Fp —Cuu XNU - kNU Xn ~ I:NU (1)

Myc Xne = —Fp —CpeXne — ch Xne ~ Fae (2)

MsXs = Fyy +Fyc +Fy ®)
kL,

Fo =—"=Vgq — kp (Xnu = %ne) ()
MAX

To determine the friction force between the clarapd the
slide, a method similar to that in [21] is used dsh®n the
stiction plus Coulomb friction model and is given (9a) and
(5b). This can be summarized as follows. If thdedénce in
velocity between a clamp and the slide is withitheeshold
((6a) and (6b)), then the friction force is propamtl to the
applied load Fayies. The clamp and slide may be considered
as stuck together, acting as a single mass, prdviat the
friction between them is below the maximuRi{max, Fncmax)-
If the applied load exceeds the maximum frictiomcéo the
clamp can provide or the relative velocity is abote
threshold, then the clamp friction force is equal the
maximum clamp friction force. A small threshold e€ity is
used in the simulation instead of zero to aid satioh
convergence.
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Fig. 3. @) NU clamp, b) NC clamp.
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Fig. 4. Piezoworm lumped parameter model.



An improved model is used to determine the maximumosition of the slidexs.

friction force FEnumax Fnemax) OF €ach clamp from the common

A sampling frequency of 10 kHz was chosen becaugavie

clamp voltage Vc. In [21, 26] the clamps were assumed taufficient time to complete all the control tasksone control

switch instantly from clamped to unclamped and tap
between the clamp and slide was ignored. Whileas shown
in [9] that the clamp force follows closely the &pgd voltage,
limits on the amplifier current restrict the ratevehich the
voltage can be changed. The finite switching time the gap
can significantly affect the tracking performancetsey must
be accounted for. The masses involved in clampchinigy are
small compared to the stiffnesses so their dynaffiects can
be ignored. The clamp behavior is based on the lm@thewn
in Fig. 5 and given by (7a) and (7b). The threshadttage

cycle and it also made favorable plant pole locetiovhen the
plant transfer function was discretized.

The supervisory sub-controller has two tasks; marthg
clamp switching and select the appropriate conéwlfor the
regulatory controller. The previous extension signgyr,
from the regulatory controller and the current esignal, e,
are used to determine if clamp switching is needéidthe
extension signal is at its limit and the currentoersignal
indicates the new extension signal will be outsiddimit then
a clamp switch is performed. This is summarizedtha

(Vnut, Vner) represents the gap between the clamping surfaceentrol law shown in (8) where the extension signpper

and the slide which exists in practical designsalow for
misalignment. The slope of the curveyy rne) and the
threshold can be calculated from the physical atarsstics of
the clamps as in [9] or could be experimentallyed®ined.

SONGraNU)FNU max  |Xreinu| 2 %o
F = Fapplied . . 5a
NU sat[—Fappl JFNU max |Xre|NU| <X (5a)
NU max
SONGanc)FNCmax  [Xreing] 2 %o
Fne = Fapplied . . 5b
NC %{;’L]FNC max  |%reiNc| <%0 (5b)
NC max
Xanu = Xnu ~ X (6a)
Xanc = Xne ~ Xs (6b)
F B 0 for V. <V
Mome T Ve =Vir)  for Vo 2V,
(7a)
= _ {rNC (Vc _VNCT) for Vc < VNCT
NCmax —
0 for Ve 2V (7b)
A
A NUmax

Max. Clamp Friction Force

- >V,
Common Clamp Voltage ‘

Fig. 5. Clamp friction force capacity vs. voltagecacteristic.

IV. CLOSEDLOOPCONTROL AND PERFORMANCE

Closed loop control of the piezoworm is requireddalize
accurate positioning and tracking. The controlleistraddress
the limitation on the extender voltage which limits stroke.
Also, the number of sensors required should bemik@d to
limit cost. A composite controller is employed this system
(see Fig. 6) separated into a supervisory and aatyy sub-
controller. The system uses only one sensor whichihe

limit is uy. and the lower limit is), . The clamp signal)c, is
used to account for which clamp is engagediIfs zero then
the NC clamp is engaged, and if it is ten thenNkkeclamp is
engaged. Use of the extender signg)r, is in contrast to the
switching law proposed in [21] which used the igkat
displacement of the two clamps measured by an iaddlit
sensor. This is more costly and the relative disgtaent will
vary depending on the load on the piezostacks whiakes
selecting the switching limits challenging.
(uEXT =uy. AND ex(-1)Yc >oj

(8)

OR (uEXT=uLL AND ex(—1)“6<oj

Indeed, the switching limits are the critical adpet the
supervisory controller. Noise on the error signald athe
glitching [6] that occurs when the clamps are dwétt can
cause the supervisory controller to oscillate betwswitch
states especially during tracking when the errgnaiis small
and perturbations can alter the sign of the erignas. This is
accommodated by having hysteretic limits as wagesigd in
[22]. Initially, the limits are set inside the rangf the
extension signal but when the switch condition &t the limit
involved is increased. The limit is maintained his tvalue
until the extender signal drops below a threshéldr the
piezostage, the maximum limits for the piezostagkal are
zero and ten volts and the initial limits were det@ed
through simulation studies to be set at two antiteiglts. This
was to give sufficient room for the regulatory cofier to

compensate for glitching.
Supervisory

e |

1 1
2502 ! Switch i
A Iy Clamps |1
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Fig. 6. Controller block diagram.



The supervisory controller also determines whicutatory
controller sends the output signal to the extermlerostack
based on which clamp is gripping the slide. Bothutatory
controllers receive the error and previous outmrtas so that
no initialization is required when switching fromne
regulatory controller to the other. Previous colidrs [20, 21]
used mode switching which can be problematic facking
since the profile may require constant alternabiegveen the
two modes and the regulatory controller may needbéo
initialized each time.

A. Regulatory Controller

The regulatory controller determines the extendgrad for
tracking control.
symmetrical so that the control law developed foe @lamp
will be the same for the other with a change ims@account
for the opposite actuation direction. The slide e®in the
positive direction when the piezostack elongates wie NU
clamp engaged as shown in Fig. 4. The controlledsdo be
designed to provide high accuracy, fast responséstaubject
to the extender piezostack voltage limitation. loyed
tracking accuracy may be achieved if hysteresispamsation
is used however the methods developed in the titard27,
28] require direct measurement and storage of Ktender
piezostack displacement. The controller in thiskumeasures
the slide position only. Hysteresis compensatiors wet
pursued.

Assuming the slide is rigidly connected to the Nantp, a
transfer function was developed by combining (1j4pusing
the parameters in Table |I. The transfer functiors wlaen
converted to its discrete-time equivalent using NLAB [15]
zeroth-order-hold approximation (i.e. intersamplehdwvior
assumed constant) at a sample frequency of 10 KHe.
resulting plant equation is shown in (9). Due tmeyetry, the
transfer function when the NC clamp is engagedsimed to
be the negative of (9).

Xs(2) _ 02822"+0.3632°+0.3152°+0.139z*

G(29) = -1 -2 -3 -4
Ver(2) 1-0407z27 +0.436z° +0.102z° + 0.544z (9)
TABLE | - SMULATION PARAMETERS

Parameter Value

My, Myc 45¢g

kNU, ch 37 N/pm

CNU, CNC 258 Nes/m

rnu 0.0533 N/V

Vnut 20V

mg 685 g

ke 38 N/um

Lo 19.5 um

rnc -0.0533 N/V

Vnet 180 V

Vmax 200V

The piezoworm was designed to b

RT
system
with
Labview

A

signal
conditioner

amplifiers

encoder / \

piezoworm
Fig. 7. Prototype experimental setup.

A closed loop controller was developed based onbg)
girect design using the z-plane root locus approath
MATLAB. The open-loop system is type zero which mea
that the closed-loop system would have a finitedyestate
error for a step input. A pole was added on thé cintle for
an integrator to eliminate the steady-state evkoradditional
pole at -0.1643 and zeros at 0.736 and 0.7561 sadeeted to
improve the transient performance. The final cdtgrdor the
NU clamp gripping the slide is given in (10) wik=3.132.
The controller for when the NC clamp is acti@(2), is the
negative of (10).

1-151927" + 057727
1-0.835iz" -0.16427 (10)

The prototype was subjected to several tests tesasis
performance and compare it to the dynamic model
implemented in Simulink [15]. The test setup iswshon Fig.
7. The piezoworm stage was mounted to a breadhadtd
with the NC clamp on the left side viewed from fregspective
of Fig. 7. The encoder mounted to the slide (Mic&¥stems
Mercury 3500 with a resolution of 10 nm) was used t
measure the positionxs. A signal conditioning module
changes the encoder signal into a standard sipaalcan be
read by Labview RT [16] running on a PC. The cdigrovas
implemented in the PC and supplied the controlagn: and
Uext, Which are from 0 to 10 V. The amplifiers, two DSK&-
500 [17], have a gain of 20 to boost the signal tmaximum
of 200 V. The common clamp voltagé;, splits to provide the
signal to each clamp, while the extender sig¥als;, controls
the extender piezostack.

First, the stage performance and open loop m&gglwas
verified experimentally in a similar manner to thecedure
presented in [20]. The stage had a top speedSofBn/s
which is faster than the commercially-available EXF
inchworm (1.5 mm/s) [29] but slower than the Plragbnic
stage (400 mm/s) [30]. The thrust force of 6 N antbad
carrying capacity of 17 kg are similar to EXFO lmitmuch
larger than the Pl stage which has a load capathykg [30].

Next, a closed-loop step command of 1 pm was issued
which tests only the regulatory controller. Thsulés in Fig. 8
show an excellent response time of about 10 ms wih
overshoot and a steady-state error of +10 nm, wisictue to
the resolution of the encoder. The model and pyptot
performance show good correlation. The oscillationthe
experimental results is from the controller combineth the

Cw(@=K



hysteresis effect. Sinusoidal tests of displacememhaller
than one full step showed a closed-loop bandwiflitbdHz.
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Fig. 8. Position vs. time for closed-loop step.test
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Fig. 9. Five responses to a step command of 100 um.
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The control system was tested using a command @{.h0.
Both the supervisory and the regulatory controleg active
since the command is greater than one step ofidz®worm.
This was repeated five times to observe the rep#iaya Fig.
9 shows that both sub-controllers functioned waell ahe
position was repeatable to £10 nm. The Pl ultrasstage can
only achieve a repeatability of +£300 nm [30].

The next test involves tracking a sine wave whichmiore

demanding than the step commands because theimgjtch

effect is more prominent and there are errors duhe finite
time to switch clamps. Fig. 10a shows the positamd
tracking error of the control system for a 1 Hz, |26 sine
wave. The spikes in the error are due to glitckang clamp
switching and can cause errors of +500 hm whet@agitrors
at other times are between +200 nm and even labg iérror
due to the phase difference is accounted for. Turatin of
the spikes is about 10 ms which corresponds tadhponse
time of the regulatory controller shown earlierFig. 8. The
simulation results in Fig. 10b show the error daeclamp
switching alone and even without glitching the esrcan be as

much as 375 nm. This is important since it putsrét lon the
achievable tracking accuracy of the piezoworm st&tigher
power amplifiers would allow quicker change of tignal and
should reduce the finite switch time effect.

25 0.8
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Fig. 10. (a) Experimental results for tracking 4, 20 um
sine wave. (b) Simulation results for tracking 2, 20 pm
sine wave.

adapter plate
Fig. 11. Two-axis stage prototype.

V. TwoO-AXIS STAGE

A second prototype was constructed and mountecheo t
slide of the first via an adapter plate as showRi@g 11. The
second axis was driven with an identical contralfeough its
own amplifiers.



Several tracking tests were performed on the tws-stage
covering different regimes. The first was in thenometer
regime and the commanded profile and results aogvrshn
Fig. 12a. The tracking error was calculated basethe root-
mean-squared (RMS) formula in (11) and is shown ERp.
Most of the error is due to noise in the encoddrlvis about
+20 nm. It is due to environmental conditions imtihg
building vibration and variations in temperatureal gressure
of the air. If a more controlled environment werglemented
then the low frequency noise could be reducedpite ©f the
noise, the two-axis stage shows good tracking is rbgime
and the average error is 8 nm.

The next test was in the micrometer regime traciagthe
same shape but at a larger scale as shown in Bay.with
error in Fig. 13b. The error contains the effectgbifching,
finite clamp switch time and cross-coupling betwdies axes.
The average tracking error was 1.72 pm.

Finally, the millimeter regime was explored usihg shape
scaled by two orders of magnitude. The profile isven in
Fig. 14a with the error in Fig. 14b. The averag®rein this
regime was 1.85 pum - a slight increase from theometre
regime. The error is composed of the same effdstsia the
micrometer regime.

. 2 2
tracking error =X~ + Yaror (11)
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3001 =
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Fig. 12. (a)Tracking profile in nanometer regim#.Tfacking
RMS error in nanometer regime.

VI.

A novel piezoworm stage was developed which was
designed specifically as a stage. It is based orlndamp
designs which permit complementary action using same
flexure frame in a compact arrangement. A novekedir
connection to a commercial slide was used to eftein
backlash and the need for high precision alignnoérd rod
and slide.

A closed loop tracking control was described whichased
on a supervisor which manages clamping and a regula
which precisely controls the extension actuatom &dl pm
step command, the closed loop system has no owrsho
settling time of 10 ms and a steady state err¢liémoise floor
of the encoder. Similar positioning accuracy wasaolestrated
for a command of 100 pm. The accuracy when tracking
sinusoidal inputs larger than one step is dependenthe
glitching when the clamps switch and also the diniime
required to switch the clamps.

A dynamic model used for simulation was presentééthv
included a model for the clamp behavior. This matelwed
that the tracking performance of the piezowormdimusoids
is also dependent on the finite time it takes tdtcdwelamps.
Future tracking improvements could be realized lghdr
power amplifiers.

The novel stage was integrated into a two-axistjposing
system and several profiles were tested to denaimesthe
stage’s ability to cover the different regimes leé imotion. In
the nanometer regime, the error is dominated byntiise in
the encoder signal. The errors in the other regimese
dominated by glitching when the clamps switch. Blege is
capable of high accuracy, point-to-point positigniaver a
large range which is useful for a wide range ofligations.
High accuracy tracking is possible if the profilged not cause
the clamps to switch. The stage could track anyaoh
nanometer-sized features and create micrometer-
millimeter-sized features on the same device.

Future work will include the investigation of using
hysteresis compensation or charge amplifiers torong the
tracking performance.

CONCLUSIONS
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