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Abstract

Piezoelectric-based positioners are incorporated into stereotaxic devices for
microsurgery, scanning tunneling microscopes for the manipulation of atomic and
molecular-scale structures, nanomanipulator systems for cell microinjection and machine
tools for semiconductor-based manufacturing. Although several precision positioning
systems have been developed for planar motion, most are not suitable to provide long
travel range with large load capacity in vertical axis because of their weights, size, design
and embedded actuators. This thesis develops a novel positioner which is being
developed specifically for vertical axis motion based on a piezoworm arrangement in
flexure frames. An improved estimation of the stiffness for Normally Clamped (NC)
clamp is presented. Analytical calculations and finite element analysis are used to
optimize the design of the lifting platform as well as the piezoworm actuator to provide
maximum thrust force while maintaining a compact size. To make a stage frame more
compact, the actuator is integrated into the stage body. The complementary clamps and
the amplified piezoelectric actuators based extenders are designed such that no power is
needed to maintain a fixed vertical position, holding the payload against the force of

gravity. The design is extended to a piezoworm stage prototype and validated through



several tests. Experiments on the prototype stage show that it is capable of a speed of 5.4

mm/s, a force capacity of 8 N and can travel over 16 mm.

Keywords: Precision Positioning, Compact Vertical Stage, Piezoworm Motor,

Complementary Clamp, Amplified Piezoelectric Actuator.
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Chapter 1

1 Introduction

1.1 Background

Precision linear stages have become essential devices in bio instrument systems,
optics, semiconductor-based manufacturing and machining industries because of their
salient features such as high positioning resolution, high stiffness, force capacity, speed,
and adequate dynamic range [1] - [4]. As an actuator for the precision stage, a
piezoelectric actuator is preferred to a conventional electro-magnetic actuator because it
provides better linear displacement-voltage characteristic, higher precision, faster
response time, and more compactness. Piezoelectric based positioners are widely used
for characterization of the surface properties of all types of materials, microsurgery
equipment and for the manipulation of atomic and molecular-scale structures including
biomolecules such as proteins and DNA where precise and rapid positioning is required.

Generally, most of the current positioning stages designed for above mentioned



applications are X positioners or XY positioners performed at the nanometre scale.
Therefore, the recent technological advances in precision engineering and the concurrent
developments of advanced manufacturing techniques and bio instruments have given
rise to an urgent requirement for the development of precision positioning systems
capable of executing large displacements in vertical direction with nanoscale resolution
and high load capacity or simply Z nanopositioner. Although several means of precision
positioning exist in literature, most of them are neither suitable nor readily lend
themselves to provide long travel vertical motion. Typically, the motion in this axis is
achieved by mounting a stage on an L-bracket which often has low force capacity and
lacks compactness. The actuator must have to provide enough output force to lift a mass
mounted on it along with positioner weight against the effect of gravity.

While a number of researches have been conducted in piezoelectric actuator
designs, such improvements have generally focused on the mechanics and control
systems to provide high resolution, better stiffness, increased output force and reduced
drift. Despite these improvements it is often desirable during an experimental or
manufacturing procedure to execute long range approach of a probe/tool with respect to
the target sample. Although current linear positioners can achieve nanometer resolution,
they have a very limited travel range (only a few hundred //m). This limitation has been
addressed by designing hybrid system or dual stage, where either the piezoelectric
actuator driven positioner with nanometer resolution is mounted piggy-back style on top
of a coarser micropositioners or the moving platform is decoupled from a brushless
linear motor, a lead screw or a ball screw of the positioner by frictionless flexure and

piezo actuators in order to provide the extended travel range. The performance of such



systems, in terms of design accuracy, resolution, travel range and drift, are obviously
determined by the coarser mechanical component. Therefore, such systems do not
provide reliable performance below the micron level. Some linear positioners employ
traditional rotary motors such as DC or stepper motors to achieve extended travel range.
These rely on transmission devices such as lead screw or ball screw and nut, rack and
pinion, or conveyer belt to convert rotational motions into linear motions. Such motors
are incapable of very high resolution movement due to some degrees of nonlinearity and
errors like friction or backlash, making them inadequate for nanopositioning
applications. Another common method to multiply the travel range is lever mechanism.
Lever mechanisms could amplify overall travel ranges from a dozens to a few thousand
pm at the cost of lower stiffness and speed. And this range is still too small to span the
area of interest in many applications.
1

In this research we pursued a new class of compact Z nanopositioning systems
that addressed the drawbacks of the traditional technologies and at the same time found
increasing usage in biomedical research and other applications requiring long range
vertical motion nanopositioning.
1.2 Literature Review

Nanopositioners are mechatronic systems designed to move objects over a
working range with high resolution, accuracy and fast response time. Such a system is
basically comprised of four elements: at least one actuator or a number of actuators that
provide motion, a mechanical translation mechanism or stage where the actuator is
typically integrated, a position sensor to measure the displacement, and control

electronics to maintain the desired position. The accuracy, speed, output force and



stroke are important performance factors of a precision stage. In general, a mechanical
stage consists of a moveable component with a rigid structure. The moveable and static
portions are machined from a metal block or bar and, sometimes, connected by flexure
hinges. The moveable component can move in any or all of three translational axes as
well as in angular axes such as rotation or tilt, depending on the design.

Piezoelectric actuators are promising because of their attractive features such as
high positioning resolution, high stiffness, high output force and high speed. Among
other advantages are no magnetic fields, vacuum and clean room compatible. The
limitations are very small range and significant hysteresis which is a function of
frequency, voltage and load [5]. This very limited displacement severely restricts its
immediate implementation for long-range precise positioning. This can be addressed by
an inchworm® or piezoworm motor consisted of three or more piezoelectric actuators
which can produce precisely controlled unlimited travel and is extraordinarily fast.

Applications in a variety of fields require novel positioners to provide faster
throughputs and high output force across longer travels with increasing dynamic and
static accuracy. In many applications, compactness is desired, yet long travel ranges are
demanded. Such novel nanopositioning tools have high demands in biomedical
applications, such as stem cell manipulation [6], in-vitro fertilization [7] and
electrophysiology [8]. The details on the application of the nanopositioners are presented
in the following sub-section.

1.2.1 Examples of Z-axis Nanopositioning Applications
In this section, some of detailed applications in established technologies are

discussed herewith for a review of emerging issues in nanopositioning systems that

4



provide vertical motion over extended ranges. This section also outlines the design
challenges associated with Z precision positioning stages.
1.2.1.1 Stereotaxic devices

Stereotaxic devices play important roles in breast skin calcifications [9] and in
minimally invasive surgical intervention in tumor surgery [10], and neurosurgery [11].
The stereotaxic instruments incorporate motorized stages and/or encoders mounted on
to linear stages which enable a probe/tool to be positioned with respect to the target
area prior to surgery. Recendy, Discovery Technology International has developed a
novel robotic system for stereotaxic surgery (Fig. 1.1). This new system combines two
main systems: the RoboMate system and a nanopositioning XYZ system that can
provide 100 mm of travel range in each direction. The whole system has total height of
600mm. The Z axis motion is achieved by a positioner attached to an L-bracket

mounted on the top of XY positioner.

Fine Z-axis

_ positioner
Coarse Z-axis

positioner

Piezoelectric
Rotary Motor
(PRM)

Fig. 1.1. DTI's NanoRobot-6AX for stereotaxic applications [12].



The RoboMate incorporates two pie2oelectric rotary motors and a vertical stage
which enable it to provide both the angular approach and the linear movement of the
probe/tool at the same time. As a result, the first rotary motor of RoboMate is mounted
via a secure bracket to the Z-axis of the nanopositioning system. This is actually the
limitation of a positioning stage designed for the motions in horizontal axis when used
for the purpose of achieving motions in vertical axis. Such configurations often have low
force capacity. Instead of mounting the motor directly on the positioner, secure and rigid
brackets are always needed. This is particularly inconvenient in biomedical applications
where long range to cover the entirety of the target body is required and miniaturization
of the system is also desirable. This wide range of applications with operation under such
critical conditions poses new challenges for Z-axis nanopositioning devices.
1.2.1.2 Scanning Probe Microscopes

Successful manipulation and interrogation at the atomic scale depends heavily on
the performance of Nanopositioning systems. The invention of the scanning tunneling
microscope (STM) [13] and atomic force microscope (AFM) [14] have opened the doors
of rigorous study of atomic and electronics structures of solid surfaces [15] which is an
important part of physics, with particular applications in semiconductor physics and
microelectronics. In chemistry, STM enables feasibility studies for a variety of
applications such as metal deposition and chemical reaction [16] on semiconductor and
metal surfaces.

One of the several difficult problems that the researchers creating and
developing STM faced was the precise positioning of the tip’s location and movement.

The distance between the tip and the surface must be within a few nanometers. By



appropriately controlling the piezoelectric based positioner, an STM achieves precise
control over the tip’s location over the sample. The movement in the Z direction directly
affects the scanning precision, while the X and Y directions define the area scanned at
the surface. The configuration shown in Fig. 1.2 places the STM tip on a fine Z-
positioner which is placed on combined XYZ coarse positioners and the sample is

placed on a combined XY fine positioner.

Fig. 1. 2. Experimental setup ofthe STM module positioner [17].

An ultrahigh vacuum STM with a piezoworm for coarse positioning is designed
in [18]. The piezoworm is composed of five piezoelectric stacks where three of them are
used as clamps and the remaining two as extender between the clamps. STM has
contributed to the innovations of various related probe-type measuring techniques like

the near-field scanning optical microscope (NSOM) and the magnetic force microscope

(MFM) [5]



Fig. 1. 3. Schematic diagram of piezoworm driven tunneling unit [18].

Precision positioning of the AFM-probe is critical to the investigation of
biological samples using AFMs [19], Typically, the sample is mounted on a piezoelectric
tube that can move the sample in the Z direction for maintaining a constant force, and
the X and Y directions for scanning the sample (see Fig. 1.3). The precision positioning
in Z axis between the AFM probe and the sample surface is needed to maintain the
probe-sample force at no more than 1nN [20, 21] for preventing the damage and
distortion of soft biological cells [22, 23]. In addition, high speed AFM probe positioning
is essential for imaging the movements of a living cell or the formation of surface
features during materials processing..

The near-field scanning optical microscope (NSOM) can generate images with a
resolution of about 15 nm if the probe-sample distance is within about 5 nm [24], Here,
Z nanopositioning is critical for a distortion-free and high-resolution image. A signal
generated by the probe scanning position (X-Y) and distance from the surface (Z) is

used to display an image of the topography in the same way that an electron beam paints



a television or computer screen image [24]. Optical distance regulation is a promising
solution to the problems arising due to electrostatic or van der Waals attraction between
the probe tip and a liquid. Two-photon microscopy [25] is of increasing utility to the
field of cell biology because of the reduction in out-of-focus photobleaching and
photodamage, allowing the study of living cells including those cases where UV imaging
is not possible. During three-dimensional (3-D) fluorescent particle tracking [26] in a
two-photon microscope, the Z-axis position is adjusted by moving the objective with a
piezoelectric based positioner. Traditionally, a piezoelectric Z nanopositioner equipped
with a linear variable differential transformer (LVDT) sensor and operated in closed-
loop configuration is placed below the objective. The function of the Z nanopositioner
on the objective is to change the laser focus at two planes. The difference of the
fluorescence intensity in the two planes is used to calculate the Z-axis position of the
fluorescent particle. Therefore, exploiting the full potential of these microscopes relies
heavily upon the development of high precision Z nanopositioning stages. Speidel et al.
[26] presents a method for 3-D tracking with a different basis that uses standard
epifluorescence video imaging in off-focus mode and allows the tracking of particles
with 100-ms temporal resolution. However, it is limited to particles moving less than 3

m in the Z direction. Therefore, improved microscopy techniques are demanded by
several fields, such as basic materials science, nanotechnology and life science. The
solution lies on long range high precision positioning systems with large load capacity. In
sum, long range Z axis nanopositioning is an emerging field in high-speed fluorescence

and confocal microscopy applications.



1.2.1.3 Nanomanipulator Systems

Nanomanipulator systems are used for micro and nano particle handling, micro
and nanoscale production processes such as MEMS assembly and nano welding. A
typical nanomanipulation tool used for these purposes accommodates piezo-motor
actuated nanopositioners in order to achieve several degrees of freedom - one in each
orthogonal axis (X, Y, and Z) and, in some cases, a fourth for tilting capability. Actuators
for micro and nanomanipulation must exhibit high resolution, large travel ranges,
robustness against external influences [28] and high bandwidth.

Cell microinjection procedure can be tedious for large numbers of cells and the
procedure frequently damages and kills the cells, even conducted by the highly skilled
operators [29]. One of the reasons to cell death is that most microinjection instruments
do not have very fine positioning and its precise control over needle movement during
injection. This can be addressed by designing proper microneedle [29] or microgripper
[30, 31] connected to an end-effector and a nanopositioner enables precise X, Y and Z
manipulation of the end-effector.

Precise high velocity in the Z direction is needed in the typical cell manipulation
such as clean penetration without dimpling, especially for tough cell membrane. Probing
of individual cells of primary plant tissues uses two techniques [32]:

1. Measurement of the static pressure on the vacuole of a cell by a fine tube. Here the
insertion of the extremely fine tube through the cell membrane is performed by
micromanipulation device. For better performance, nanomanipulation devices with

Z-axis nanopositioners are required.
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2. Application of a very fine glass probe and a highly sensitive load cell. In some cases,
it is necessary to achieve a load resolution of £15 pN for a load from 0 to 0.06N
[33]. The load cell has to be driven vertically downward into the test material. The
improvement of the results can be achieved by a Z-axis positioner that provides
travel upto several millimeters with positional resolution in nanometer scale.
1.2.1.4 Optics
Nanopositioning mechanism could provide the level of precision motion
required by optical alignment systems [34], [35], astronomical telescopes [36] or optical
fabrication. Future interstellar explorer missions will require a high-bandwidth
communications, preferably optical communications, link with a terrestrial monitoring
station [4]. One major difficulty in operating an optical communication system over such
great lengths is that the beam steering mechanism must have extended travel ranges with
very positioning accuracy. A nano-radian scale error in the beam placement when
transmitting data to a planet far away from Earth could result in kilometre scale error

when the beam reaches the planet or vise versa [4].

Fig. 1. 4. A nanopositioner used in Beam steering applications [4].
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1.2.1.5 Manufacturing

Most of the current positioning devices are used in biomedical applications and
research labs since they have their limitations in responding to manufacturing
requirements. High precision positioning over long range is becoming increasingly
demanding to bridge the gap between micro and nano fabrication when linking
compound geometric patterns containing nanostructures with their much larger 1/0
connections [37]. Today manufacturing techniques such as casting, grinding, milling and
even lithography are to continue the miniaturization trends. At the same time electronic
devices continue to grow more powerful and versatile while they continue to become
physically smaller. Semiconductor manufacturers now routinely use pm scale design
rules. Smaller feature sizes are providing the driving force for the development of next
generation lithography techniques such as electron-beam lithography and ultraviolet
photolithography [38].

With these changes comes a pressing need to inspect the wafers produced
rigorously, and even to inspect some of the tools used to produce the wafers such as
advanced photomasks [39]. With the smaller features it creates, next generation
lithography demands use of critical dimension (CD) surface metrology [40] that is faster
and more accurate. Providing CD metrology in turn requires the ability to move a probe
across a surface to be inspected in the X and Y directions, and to be able to move the
probe toward and away from that surface in the Z direction rapidly, repeatedly, and
accurately ,[40]. Therefore, the need of Z-axis precision positioning stages increased
drastically due to their crucial role in manufacturing world, especially for the fabrication

and assembly of micro and nano-sized objects. A magnetically levitated multi-axis
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nanopositioner for precision manufacturing applications has been designed in [41]. The
stage is capable of generating translation of 300 pm in Z axis and it can carry and
precisely position a payload as heavy as 0.4 kg with the pull-out force of 8.08 N in the
vertical direction.

In recent years, several Z axis precision positioning stages have been designed by
Physik Instrumente [42], However, the vertical travel ranges of these stages are limited
to micrometre range only and the output forces provided by these are also low. These
limited travel ranges are impractical considering the own heights of the stages. Although
Physik Instrumente has very recendy developed a linear stage for vertical motion termed
as M-714 that has long travel range and high load capacity, it relies on hybrid drive
technology that uses both piezoelectric actuators and DC servo motor. It requires
backlash and stick/slip compensations and simultaneous control of both drives.
1.2.2 Actuators for Nanopositioning

DC motors are used in positioning stages for general applications where high
output force and high speed are required. If an application requires linear motions, lead
screw or ball screw are used to provide rotator-to-linear motion. The lead screws have
the capacities of high stiffness, thrust, and speed, but suffer from backlash and stick slip.
The tradeoff between backlash and stick slip does not help in achieving high positioning
resolution and load capacity simultaneously. Ball screw actuators are capable of
providing even more thrust and longer range at higher speed. However, these motors are
bulky and this is particularly inconvenient in case of Z-axis stage positioners since the
effect of gravity has to be considered. On the other hand, voice coil motors are very

accurate but lack stiffness and sometimes generate significant electrical disturbances.
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Therefore, it can be concluded that the traditional motors are not suitable for
nanopositioning.

In this section, we discussed about five types of actuators suitable for precision
positioning. They are piezoelectric actuators, magnetic actuators, electrostatic actuators,
shape memory alloy actuators, and thermal actuators. Selection of actuators depends on
application requirements such as structural size, force, displacement, response speed,
power consumption, complexity of control and costs.
1.2.2.1 Piezoelectric Actuators

A piezoelectric ceramic is a mass of perovskite crystals, in which each crystal is
composed of a small, tetravalent metal ion placed inside a lattice of larger divalent metal
ions and O2 [43]. Common types of ceramic are BaTi03, PZT or (Pb(ZrTi)03), ZnO.
Although the piezoelectric effect was first used by Pierre Curie in 1880 to measure the
charge emitted by radium, it was not used for any practical applications for a third of a
century [44]. However, the use of piezoelectric materials as actuators exploits the
converse effect, i.e., gain of mechanical strain upon the application of an electric voltage.
The converse piezoelectric effect, that is the change in dimensions of the crystal on the
application of a voltage, was predicted theoretically by Lippman on thermodynamic
principles [44]. Piezoelectric actuators made of ceramic PZT have been common for a
long time, but recently thin-film actuators have started to appear in many applications

[45].
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Force Electrodes

Fig. 1. 5. (a) Direct Piezoelectric effect, (b) Converse Piezoelectric effect [56].

Piezoelectric actuators have excellent operating bandwidth and can generate large
mechanical forces in a compact design and for small amounts of power, but they have a
relatively small displacement range. The electromechanical equations for linear
piezoelectric material are given in [46], [47] as

Si = sfjTj + dmiEm (1.2)

Dm= "mi"i "f kK (1.2)

where the indexes i,j —1,2, ....,6 refer to electric field direction and m k —1,2,3 refer to

the direction of reaction (e.g., strain). S, T, D and E refer to the mechanical strain, stress,

electrical displacement, and electric field, respectively. The material properties sg, d, and

eTrepresent the elastic, piezoelectric strain, and dielectric constants respectively. The

second equation describes the direct while the first one describes the converse

piezoelectric effect. Depending on their electromechanical properties, different materials
are considered either for sensor or actuation.

1.2.2.2 Magnetostrictive Actuators
Magnetostrictive material has the ability to convert electrical energy into
mechanical energy due to magnetization which induces a dimensional change of the

material [48]. Typically, current passing through a coil located around a magnetostrictive
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rod produces the necessary magnetic field for actuation. This actuation mechanism is
important when large forces must be obtained over small distances. The disadvantage is
that the large coil makes the actuator bulky. The power requirements for
magnetostriction are greater than for piezoelectric materials, but the actuation offers a
larger displacement than a PZT actuator. Precision positioning can be achieved by
precise control of the current. Nanometer-scale precision is also achievable with
magnetic levitation systems [49] by using magnetic field to levitate an object. To keep the
balance between magnetic force and gravity, graphite is used as diamagnetic materials.

A planar electromagnetic nanopositioner having a travel range of 60 pm with an
average power consumption of 10 to 20 mW in each of X-Y axis is shown in Fig. 1.23.
This design is suitable for parallel probe-based mobile storage devices or as a generic

nanopositioning system for other nanotechnology applications.
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system
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table

Fig. 1 6. Silicon Microscanner [50].

1.2.2.3 Electrostatic Actuators
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Electrostatic actuators [51] widely used in the MEMS field because of their ease of
fabrication as only the structural material needs to be conductive. The electrostatic force

generated by two parallel plates is given by (1.3)

F= (1.3
where A is the plate area, V is the voltage applied, d is a gap between the parallel plates,
and £qis the permittivity of free space. The maximum displacement of the moveable

part depends on the initial gap dO as given in (1.4)
Ad, = Tdn (1.4)
And the maximum voltage can be calculated by (1.5).

8kdg

Voax = (1.5)

27AEn
where Kis the stiffness of the structure.

Another type of electrostatic actuator has comb like structure that consists of
two capacitors, one being fixed while the other is movable. Forces are generated between
the gaps while an electrical potential applied between the two combs. Electrostatic
actuators have been intensively explored as secondary actuators in dual stage servo
systems of hard disk drives (HDDs), particularly in the actuated-slider and actuated-head
configurations [52]. They are also used in microgripper applications [53]. Vertical
motions toward or out of a wafer surface are demonstrated in optical signal processing
applications [54]. However, the drawbacks of interdigitated comb drives are they

generate relatively weak force while they require high voltage [55].
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Fig. 1. 7. Electrostatic microactuators: (left) interdigitated comb actuator and
(right) parallel-plates actuator [56].

Another type of actuator known as electrostatic surface actuator also consists of
two periodic electrode structures: one fixed (to the stator) and the other movable (on the
translator) [57]. In-plane forces are generated between them that cause the translator to
move with respect to stable positions. These forces are determined by the spatial phase
relationship between the two sets of periodic electrodes and the voltages applied to them
[57]. For continuous motion, each surface has multiple periodic electrodes that can be
successively activated to create a voltage wave to move the translator in the desired
direction [56]. However, this type of actuator also exerts comparatively large forces,
which must be taken into account in the design of flexure springs used to hold the
translator above the stator. Still this range is too small to be utilized in many applications.
1.2.2.4 Thermal Actuators

The driving mechanism in thermal actuation is based on thermal expansion of
material and mechanical amplification. Two types of thermal actuators are commonly
available: the asymmetric type and the symmetric type. Asymmetric actuators include the
bimorph effect using cantilever beams and the pseudobimorph effect using hot-cold
arms [58]. Bimorph actuators consist of vertical bimorphs with silicon beams side-coated
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with aluminum that can be actuated in the wafer plane horizontally by heating due to
electrical current supply [59]. Vertical actuation can be achieved by stacking two

materials and utilizing their thermal expansion coefficients difference (see Fig. 1.8a).

@
Fig. 1. 8 Vertical thermal actuators (a) Bimorph and (b) Pseudobimorph [59].

A vertical thermal actuator has been designed with two layers of arms vertically
stacked [60] for out-of-plane actuation (see Fig. 1.8b). Here, microstructures with single-
layer material can produce in-plane motion because of the difference in thermal
expansion of a narrow hot arm and a wide cold arm. A MEMS hot-cold-arm thermal
actuator design is described in [60] with bidirectional vertical motion. This design is a U-
shaped structure with an active return current path that provides a larger deflection and

better electrical efficiency than the traditional vertical thermal actuator does.

Fig. 1. 9. Chevron beam thermal actuator [61].
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In chevron beam configuration, an array of buckled beams [61] are arranged
close together and connected to two similar arms at the both ends. This provides linear
deformation and force of millinewton range. However, the uses of thermal actuators in
nanopositioning applications are limited due to the ambient operating temperature.
1.2.2.5 Shape Memory Alloy Actuators

Shape memory alloys (SMAs) [62] are metal alloys that remember their original
shapes when heated above a certain temperature to recover permanent strains. Ni-Ti
alloys have been found to be most widely used in SMAs. Other shape memory alloys
include Cu-Al-Ni and Cu-Zn-Al alloys [63]. SMAs are useful for actuators that change
shape, stiffness, position, natural frequency, and other mechanical characteristics in
response to temperature or electromagnetic fields [64]. Bending, torsional, and
extending actuations have been accomplished by SMA actuators depending on their
designs. Some exploit integrated resistive heaters on the SMA films while some others
directly utilize electrical currents on the SMA wires. The torsional mechanism utilizes a
twisted SMA coil fixed inside a liner coil. When the SMA coil is heated above the
transition temperature, it becomes untwisted. Thermal sensors are used to precisely
control of the motions. Current SMA actuators suffer from some shortcomings such as
vulnerability to excessive power for extended periods, delicate protection system, low
bandwidth and highly non-linear behaviour.

1.2.3 Piezoworm Motor Concept

When an electric field is applied, the piezoelectric stack expands and produces

the linear motion output. When the electric field is withdrawn, the stack contracts which

causes the mechanism to return to its initial position. Piezoelectric actuators used in
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piezoworm configuration can achieve centimeter scale range motion with nanometer
scale accuracy by rapidly repeating a clamp-extend-clamp cycle. Fig. 1.10 shows six
actuations result in one step motion of piezoworm motor. The energized piezostacks are

shown by shaded color.

Fig. 1.10. Actuation sequence of a typical piezoworm motor in vertical direction.

In conventional piezoworm actuation, the gripping clamp is completely engaged
before the releasing clamp begins to unclamp. Each clamping action demands an
individual actuation step. In complementary piezoworm, the intermediate steps are
reduced since the unclamping and clamping occur at the same time as shown in Fig.
1.11. Here the both clamps can act simultaneously without losing contact with the

guideway which is important in safe vertical positioning.

Fig. 1. 11. Complementary clamp configuration results in less actuation steps.

Considering a constant coefficient of friction, the restraining force vs. applied

voltage characteristics for both NU and NC clamps are illustrated in Fig. 1.12. This
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characteristic depends on the properties of the piezoelectric stack, the stiffness of the
clamping flexure and the coefficient of the friction between the guideway and clamping

surfaces.

V!’
Fig. 1. 12. Force-voltage characteristics of the complementary clamps.

During each step of piezoworm operation, one of the two clamps grips while the
other one releases. Each of the piezoworm’s actuator can be operated independently, if
driven by individual amplifiers. The complementary clamp configuration allows the
clamps to share a common channel and, thereby, to reduce the required drive
electronics. It is also possible to enter the fine positioning mode with both clamps
unpowered. In normal piezoworm configuration, a fine positioning mode can be realized
by activating the extender section under continuous feedback control while one clamp is
on and the other is released [98]. While the complementary clamps concept is desired in
planar positioning stages due to reduction in costs and complexity by minimizing the
drive electronics, it becomes necessary in vertical positioning stages in order to hold the
moving stage as well as the payload during unpowered state. Therefore, piezoworm

based on complementary clamp concept allows safe vertical climbing by maintaining a
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fixed position of the stage at any time. For smoother and continuous vertical positioning,
it is important to slow down the unclamping relative to clamping during switching
transient.
1.2.4 Piezoworm Motor Design

The inchworm motors can also be categorized into different categories based on
the materials of the actuators used for the extending and the clamping mechanisms. The
first category is the piezoelectric inchworm or piezoworm motor [65], in which both the
extending and the clamping mechanisms are constructed of piezoelectric actuators. The
second category is the magnetostrictive inchworm motor [66], in which both the
extending and the clamping mechanisms are constructed of magnetostrictive actuators.
The disadvantage is that the actuator that uses magnetostrictive material requires a large
coil around it to create the magnetic field which makes the actuator bulky. Another
catergory is the electrostatic inchworm actuators [67] which make use of electrostatic
gap-closing actuators to generate high force densities at small displacements with low
power consumption. The last category is the hybrid inchworm motor [68], in which the
extending and the clamping mechanisms are made of the different types of actuators.

Piezoworm actuators operate by incrementally summing up micron-sized
displacements into a single large displacement. Due to the advantages of the piezoelectric
actuator and amplifier costs being significantly reduced in mid-90s, the piezoworm
development has been actively increased afterwards. The piezoworm designs are

generally of four types as shown in Table 1.1.
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Table 1 1. Different piezoworm actuator configuration

Type Shaft/Guideway Clamps Translate
| Shaft No
1 Guideway Yes
Il Guideway No
v Shaft Yes

Types | and 11l are simpler than type Il to produce. In the type | and Il
piezoworm, the fixed clamps reduce the complexity during large step positioning.
Nonetheless, the type Il has advantage of providing higher load capacity for the same
size motor because there is more surface area for the clamps to contact which means
higher friction forces.

One of the original piezoelectric piezoworm motors of type | was introduced by
Hsu in 1966 [69], The extending mechanism utilized a piezoelectric tube to create the
motion forth and back. The clamping mechanisms used a one-way clamping technique,
by means of two annular wedge surfaces inclined to the shaft's axis such that the wedged

members could prevent motion in either direction (see Fig. 1.13).
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Fig. 1. 13. Hsu piezoworm design [69].

Galutva et al. in 1972 [70] is the first example to use piezoelectric stacked
actuators to create a piezoworm motor of type Il. The piezoelectric stacked actuators
were used both to create the forward motion and to directly clamp the walls of the
guideway (see Fig. 1.14). The motor moves through a guideway by utilizing its clamps

and extension parts.

Fig. 1. 14. Galutva piezoworm design [70].

One of the most revolutionary piezoworm motors of type | was introduced by
R.A. Bizzigotti and W.G. May. The design created for Burliegh Instruments, Inc. [71]

was used as a basis for their production Inchworm motors in 1975 under the
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trademarked named Inchworm®. In this case, like type Il piezoworm, the clamps and
the extension actuator are stadonary and responsible for generating movements.

However, a shaft is moved instead of the motor body (see Fig. 1.15).

VT TIT 7272727 7r< 11T T IT2TTT2.

Fig. 1. 15. Burleigh Inchworm® design [71].

Zhang and Zhu [2] have proposed an piezoworm actuator (see Fig. 1.16) which
has very large output force 200 N with range of 300 mm and operates at 6 mm/s. Their
design included a structure created from a single flexural block. The flexure frame
contains three piezoelectric stacks producing both the clamping and extending motions.
Using the flexure frame allowed a preload to be created on the piezoelectric stacks and

protected the piezoelectric stacks from shearing forces during operation.

Quip | dshw

Guile» ay into jcniaor

Fig. 1. 16. Zhang & Zhu piezoworm design [2],

To achieve smooth and continuous motion, many researchers employed more
piezoelectric actuators in their piezoworm configurations, while in some cases the

26



researchers [72] used as many as 12. Amplified piezoelectric actuator (APA) was used to
provide extending motion in the piezoworm designed by Vaughan [73]. Their motor
produced a velocity of 4.9 mm/s at a drive frequency of 50 Hz and a stall load of 17

kilograms. The stall load of the design was severely limited by clearance losses.

Fig. 1. 17. Vaughan piezoworm motor [73].

Piezoworm based positioner designed by Tenzer and Ben Mrad [3] has also large
output force 150 N with long range of 200 mm at relatively higher speed of 8 mm/s (see

Fig. 1.18).

277 mm. ! 1

1 2 3 4 5 6

Direction of Motion ——

Fig. 1. 18. Tenzer piezoworm design and operation principle [3].
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While numerous piezoworm motors have been proposed in literature as shown
in Table 1.2, none of the approaches provide the large vertical travel actuation that is
required.

Table 1. 2. Survey of different piezoworm actuators performances

Researcher Type Range(mm) Speed(mm/s) Thrust(N)  Year
Burleigh [71] | 25 15 15 1975
Zhang [2] Il 300 6 200 1997
Galante [74] Il 6 8 200 1999
Vaughan [73] I N/A 5 170 2001
Tenzer [3] | 200 8 150 2004
Salisbury [65] | 50 85 10 2006
Moon [75] 1l 100 10.2 10 2006

1.2.5 Stage Driving Principles

The piezoelectric actuator based positioning stages can broadly be divided into
three types in terms of actuators driving force exploitation method. Designing of stages
are based on one of the three concepts shown in the following:

l. stick—slip induced friction,

1. lever mechanism,

1. clamp-extend-clamp piezoworm.

The first notable type | stage was investigated by Pohl [76] in 1987 where the
principles of inertial and frictional force were utilized in driving a stage by means of a
piezoelectric actuator. The stage provides step sizes of 0.04 - 0.2pm, speeds of up to 0.2
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mm/s and load capacity of 1 kg. The stick—slip friction principle to drive the stage was
also adopted by Niedermann et al. [77], Renner et al. [78], Smith et al. [79], Chang and Li

[80].

Fig. 1. 19. The stage designed by Pohl [76] can slide between end points A and B.

The first notable type 11 stage was designed by Scire and Teague [81] in 1978.
Fabricating the flexure-pivot-lever system stage involved machining the flexure pivots
and levers from a metal blank and integrating the piezoelectric actuator that produces the
required displacement input to the lever magnification system. They measured a
displacement travel of 501Jm and a displacement resolution of 1 nm. An XYO0z
positioning stage was developed by Wu and Zhou [82] in which 3-DOF motion in plane
could be obtained with one actuator. The piezoelectric actuator P causes block A to
move in X direction, block B to move in Y direction, and block C rotates round center.
Their results indicated that the three axis positioning stage was capable of displacements
of 10.6 and 10.3//m in the X and Y directions, respectively, and had a yaw motion of

approximately -27.5 /Jrad.
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Fig. 1. 20. Symmetrical flexure hinge mechanism designed by Wu and Zhou [82].

In a stage designed by Chang and Du [83], a piezoelectric actuator was used to
drive two sets of Scott-Russell straight-line mechanisms to amplify the output
displacement of the piezoelectric actuator and to ensure a linear displacement of the
positioning device output. They developed a compact positioning stage by forming the
flexure hinges and levers in one piece of metal linking a parallel guide spring to the

output end of the positioning device (see Fig. 1.18).

Fig. 1. 21. Chang and Du positioner design with flexure pivoted multiple linkages
[83].
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Chu and Fan [84] employed a lever mechanism to perform an initial
amplification of the actuator input and also a toggle amplification mechanism to perform
a second stage amplification function which ensures a precise straight line displacement
output. The results demonstrated that the use of precise cylindrical guides reduced
straightness error of 50 nm when the stage moves through a 10 mm displacement, (see
Fig. 1.19). Their stage can perform precision positioning over a displacement range in
incremental step sizes ranging from 70 nm to 35//m in the stepping mode and a

scanning motion over a displacement range of 50// m in the scanning mode.

Fig. 1. 22. Chu and Fan positioner design based on both stick—slip friction effect
and lever amplification [84].

Kihwan et al. [85] proposed a piezoworm driven stage along with hinge-lever
mechanism for motion reduction to a push-pull device instead of conventional hinge
levers amplifying the displacement of piezo actuators. Their stage could perform a step

movement of 1 nm up to 82.5 nm.
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Fig. 1. 23. Kihwan stage design with lever mechanism [85].

Travel amplification can be achieved using levers at the expense of force
capability, stiffness, and bandwidth. The system stiffness is the piezoelectric element
stiffness divided by the lever transmission ratio squared in addition to the lever stiffness
which can be modeled as a second spring in series with the system stiffness [86].
Nonetheless, the travel range is limited to micrometer scale.

Shamoto and Moriwaki [87] obtained long travel range with positioning
resolution of 5 nm based on clamp and release piezoworm drive method. The device
consists of one moving part and three pairs of fixed parts, and each fixed part has a feed
actuator and a clamp actuator. Each pair of the feed and clamp actuators produces the
feed and clamp motions within a short stroke by displacing a clamping block supported
by eight parallel beams.

Chen et al. [88] presented a Mesoscale Actuator Device (MAD) device of 50 mm
size and a pair of 25 mm2interlocked area for particular microridges that would support
large force output as large as 500 N. This design has similarity to the designs introduced

by Murata [89] and Lee et al. [90]. Mechanically interlocking microridges has been
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proposed for clamping sections instead of the traditional frictional clamping mechanisms
in the typical piezoworm. These interlocking microridges have been produced from
single crystal silicon through micro-machining techniques. The motor can produce
unloaded speeds up to 5 mm/s.

Clamp PZT elongator

Locked unlocked  Microrid g4

Housing

Fig. 1. 24. Piezoworm positioner with microridges interlocking [88].

Salisbury et al. [63] designed compact piezoworm actuators which were
integrated into commercially available planner positioning stages. The flexure frames of
the clamps and extender are based on improved stiffness model where the effect of
shear stress was taken into consideration. A complementary clamp concept is employed
so that one voltage signal drives both clamps instead of an individual signal for each
clamp. This reduces the driving requirements and control complexity. The stage is

capable of providing speed of 8.5 mm/s and load capacity of 10 N.
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Fig. 1. 25. Salisbury stage based on piezoworm actuator.

From a detailed survey of the literature reladng to the development of precision
positioning stages, it can be concluded that the clamp release piezoworm type stage has
the ability to perform long travel positioning. Conversely, both the stick—slip induced
friction drive stages and the elastic deformation type stages have the disadvantage of
limited positioning travel range. In addition, using a lever has its disadvantage since the
stiffness is inversely proportional to the square of the lever ratio.

1.3 Thesis Objectives

The main objective of this thesis is to develop a Z axis linear positioning system
capable of 20 mm stroke with nanometre accuracy and load capacity of 8 N. This can be
achieved through the following phases:

Develop analytical tools to aid piezoworm motor design for travel in vertical
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* Present unique design of the clamps and extenders for the piezoworm motor to
ease assembly.

» Integrate design features that facilitate stage design and optimization.

» Deploy mating drive surfaces through the application of ceramic drive strips to
maintain accuracy and minimize wear of the clamps

» Integrate piezoworm motor into an effectively designed Z-axis stage in order to
enable a more compact configuration

1.4 Thesis Outline

This thesis contains four main chapters (Chapter 2-5) with an introductory
chapter (Chapter 1) and concluding chapter (Chapter 6).

Chapter 2 presents an enhanced stiffness model for Normally Clamped (NQ
clamp to achieve high restraining force capacity as compare to the previous designs. This
model includes the effect of preloading and analyzed the forces transmitted through the
clamp flexure. The deformation induced by blocking force of the( moving platform is
also considered. This model aids to achieve good performance from flexure system by
estimating accurate stiffness and to avoid the instabilities such as buckling or even the
component fail down during operations.

Chapter 3 is an overview of the process used to design the piezoworm motor
based on flexure mechanism and complementary clamp configuration. This chapter
describes a wide range of design configurations to aid in the development of novel
vertical positioner. In case of clamp design, symmetrical configurations are preferred to

utilize the piezoelectric stack displacement on both sides. The amplified piezoelectric
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actuators are proposed as extenders to provide long range vertical motion during fine
positioning.

Chapter 4 describes the design and optimization of a novel vertical nano-motion
positioner. This design strategy is focused on the light piezoworm actuator as well as
compact positioning stage that can be readily configured into multi-coordinate systems
to form unique precision manipulators with high speed. A complementary piezoworm
configuration based on three piezoelectric stacks and two amplified piezoelectric
actuators for Z-axis motion has been described. The moving platform of the vertical
positioner consists of a top plate, two friction surfaces and two side plates.

Chapter 5 presents a prototype of the vertical positioning stage which is
subjected to static and dynamic evaluations. An experimental assessment of the effects
of the frequency and applied force on the piezoworm performance is demonstrated. The
similarities and differences between the analytical and experimental results are discussed
with possible explanations.

Chapter 6 summarizes the entire project, and proposes future work.

1.5 List of Contributions
The project presented in this thesis makes the following contributions:
e An analytical tool is developed to facilitate rapid design iterations for vertical
positioner.
* An improved model of flexure stiffness for Normally Clamped (NC) clamp with
effects of preloading has been taken into consideration. The deflection on the
flexure induced by the platform during assembly is considered.
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A piezoworm actuator in which the extending mechanism uses two compliant
amplified piezoelectric actuators is designed. Three piezoelectric stacks are
deployed for the clamps which make a total of five piezoelectric actuators in Z
axis configuration. This is due to achieve the objectives of large load capacity and
compactness of the structure.

New configurations of clamp flexure-based frame design are presented.
Complementary extension concept is implemented which allows both amplified
piezoelectric actuators to extend and compress at the same time by one control
signal. This arrangement allows uniform upward and downward movement of the
Normally Unclamped (NU) clamp and reduces the number of amplifiers required
to drive the extender section and complexity of control. The symmetrical
designed clamps normally hold the payload against the force of gravity and do not
require power to maintain a fixed vertical position of the platform.

The stiffness and weight of the positioning platform design is optimized. Both the
platform and the piezoworm actuator are designed to be easily assembled which
makes the Z-axis stage compact.

A prototype of the vertical positioning stage based on compliant piezoworm
actuator is developed. The prototype is subjected to several tests to assess its

performance.
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Chapter 2

2 An Improved Analytical Stiffness
Model for NC Clamp Flexures

2.1 Introduction

In Chapter 1, we discussed piezoelectric actuators based precision positioning
systems used in applications ranging from semiconductor lithography to photonics
packaging automation to biomedical research. Such systems require accurate
displacement over short distances. The first design rule in nanopositioning is that friction
has to be eliminated. It eliminates all devices with ball, roller, or sliding bearings except
frictionless air bearings and flexures. A flexure is a frictionless device with high stiffness
that relies on the elastic deformation of a solid material to permit motion. They are
relatively simpler to manufacture and assemble as the complete mechanism can be
produced from a single monolithic block. They do not undergo irreversible deformations

which make them free of wear, but at the same time, act as springs. If the stiffness is
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known, the spring action is utilized in sensors like accelerometers to get a force or
acceleration measurement after measuring the displacement [91]. The reason behind the
use of the flexure is that the piezoelectric actuator can withstand large compressive force
but generally vulnerable to shear and tensile stresses. Moreover, the piezoworm motor
shifts back and forth at a micrometer level during each clamping motion. This
phenomenon is known as glitching which is due to the dimensional change of the
interface areas between clamp and wall during a clamping motion. The spring action of
the flexure is used to preload and protect the actuator from tensile and shear loads [2] by
maintaining contact condition during the motion. On the other hand, flexures cannot
tolerate overload. If the stress is relatively higher than the ultimate tensile stress, failure
can occur after a few hundred cycles or less. Moreover, significant stresses could create
some hysteresis in the stress-strain characteristics. For flexure designs, it is desirable that
a design will be subject to stresses much lower than the yield stress. Therefore, it is
essential for a designer to consider the material properties, nature of applied load and
geometric dimensions to predict the force-displacement characteristics accurately.

The concept of complementary clamps in piezoworm is given in [65]. However,
the stiffness estimation for Normally Clamped (NQ clamp is based on the same stiffness
model considered for the Normally Unclamped (NU) clamp. This is not suitable for the
NC clamp flexures used in complementary clamp concept because its clamping force
mainly depends on its flexure stiffness, while the piezoelectric stack actuation has less
contribution to it, which is opposite to the NU clamp flexure working principle. The
displacement of clamp surface depends not just on the kinematics of the mechanism but

also on the installation method, which might impart a preload to the flexure in addition
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to driving actuation. To date, the effects of preload and driving force on stiffness
estimation of the flexures used in complementary piezoworm design have not been
reported.

This chapter presents an enhanced stiffness model for a flexure system used in
mechanically complementary clamp configuration in piezoworm motors. The long-term
linearity and repeatability of the flexure system is ensured by this improved model by
good compromising between stiffness the flexure and allowable stress of its material.
The stiffness obtained from the model is compared to FEA results.

2.2 Simple Flexure Stiffness Analysis

Flexures are monolithic with the mechanisms they are part of and the
mechanisms continue to operate until something fails due to fatigue or overloading.
Since repair cannot be done in the flexures, it is necessary to estimate their stiffness
accurately during design and to inspect the errors induced in the ideal geometry by

machining during fabrication.

@) ()

Fig. 2. 1. Common types of flexure mechanisms, (a) flexure hinge and (b) flexure
link.

The simplest flexure mechanism is the cantilever beam with both ends built in
(no rotation) and linear mechanism, i.e., only the vertical direction movement is

permitted. If the supporting structures on the ends of the beam are sufficiently stiff then
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the beam can be considered as a single flexure element [94]. In simple cantilevers, greater

deflection is achieved by making a longer and proportionally wider flexure.

Fig. 2. 2. One end fixed cantilever beam model of simple flexure mechanism.

A load F is applied to the end of the beam of length L and its subsequent
displacement in the y direction is obtained by (2.1). In case of a moment M applied to

the beam end, the displacement is obtained by (2.3).

Fx2 (2.1)
GNP . (2.2)
o e
Sax - e (24)

If the applied force (F) or moment (M) is known, this deflection is used to determine

stiffness of the beam according to (2.5).

K=- 25
y (2.5)

Alternatively, the stiffness of the beam with width (w), thickness (t) and modulus of
elasticity (E) is given by (2.6) without considering the effects of shear stress. An

improved model for the stiffness of a single beam is given in [93] where the effect of
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shear stress is considered along with bending stress. Equation (2.7) shows beam stiffness

(Kb+S) with shear stress correction factor (C).

K>=cecw i (2'6)
Is o Ew{)? .7)
b+s 1+2C (I+ 12)(£)2 '

Due to symmetry, the flexure link can be modeled as a cantilever beam with
point load and an end moment. While the above equations were developed for free or
unloaded state of the compliant mechanisms, addition stress occurs in flexure links due
to the preload is not taken into consideration. Consequently, the offset of the deflection
during the motion of the flexure links is also neglected during the analysis. This causes
alternations of flexure mechanism performance to the predicted results. The variation in
dynamic fatigue strength of the flexures due to the preloading is shown in [94]. The
driving force by actuator cause additional stress in the flexure.

If the stress induced during deformation exceeds the yield stress of the material,
permanent deformation or even fracture of the flexure will take place. Therefore, the
dimensions of the flexure links has to be chosen carefully since they significantly
influence the clamping force and effectiveness of the preload.

2.3 Normally Clamped (NC) Clamp Flexure Analysis

During installation of piezoelectric stack inside the flexure frame for NC clamp,
the gap between the stack and frame is adjusted with micron level compression by set-
screw rotation. Preloading causes compression within the actuator and tension within the

frame. During the preload step, an amount of deflection is occurred the NC clamp
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flexure as shown in Fig. 2.3(b). The stress is amplified in several times during driving
actuadon in energize step as illustrated in Fig. 2.3(c). Furthermore, blocking force of the
stage slide wall during assembly generates an additional stress on the NC clamp flexure.
From a kinematic perspective, the effect of preload would be lost completely if the

flexure stiffness represented by ATyare not strong enough to withstand the wall stiffness
represented by Kfa as shown in the Fig. 2.3 (d). If the internal dynamic forces are above

the preload, the actuator is in danger because of it goes in tensile stress and also the stack

loses contact with the frame interface.

Fig. 2. 3. Installation steps of Normally Clamped (NC) Clamp with improved

stiffness model: (a) at rest, (b) preload, (c) energize, and (d) de-energize.
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From Fig. 2.3, it is noted that a high stiffness flexure mechanism reduces the
actual working range of the clamp mechanism while increases the clamping force,
indicating that the deformation of the links will become larger under the same output
displacement. This helps the NC clamp to move the wall along its driving direction and
the preloading of the piezoelectric actuator is maintained (see Fig. 2.7(d)) in
Complementary Clamp configuration. On the other hand, if the flexure stiffness is low,
it reduces the output clamping force and adversely affects the preloading of the
piezoelectric actuator (see Fig. 2.3(d)).

To maintain the actuator preloading and to avoid flexure structural failure due to
overloading, it has been found useful to get a better estimate for flexure stiffness.
Accurate estimates of the overall stiffness of flexure mechanisms can be obtained by
force-displacment equation. The force is considered as the product of structural stiffness
and deflection. At first, the preloading cause the piezoelectric stack deflection (Apx) and
the flexure deflection (A/j) in the beam which can be expressed in terms of piezostack

stiffness (/fp) and flexure stiffness (Ay) as shown in (2.8) and (2.9).

Api = Sin 29)
A = S%-K:\+—|Zf (2'9)

The pressure on the piezostack is given by (2.9). Ap is the piezostack cross
sectional area and Fpis force applied on the piezostack due to the preloading which are

given by (2.11) and (2.12).

Po=F (2.10)



Ap = bh (2.11)
Fp = KpAPI (2.12)
As the piezoelectric stack expands (ApO) upon application of voltage, additional

piezostack deflection (Ap2) and flexure deflection (A/2) are induced as shown in (2.13)

and (2.14).

Ap2 = Ap0 (2.13)

Kp+Kf

A2 = Ao KpHa (2.14)

These deflections cause the resultant forces on piezostack (Fp) and on flexure (Ff)

which can be expressed in terms of total piezostack deflection (Ap) and flexure
deflection (A7) as shown in (2.14) and (2.15)

Fp = KpAp = Kp(API + Ap2) (2.15)

H = KFAf = Kf(Afl + A/2) (2.16)

Next, the piezostack returns to its initial form upon withdrawn of voltage. Therefore, the

remaining piezostack deflection can be obtained by (2.17) which is used in deriving net

force on piezostack (Fpa) as presented in (2.19).

Sp= Ap- Ap0 (2.17)
Fpa = FpSp (2.18)
P =~FP[**> +Cr(Kp+ - ApOK,] (2.19)

By deducing the total force on flexure from the net force on piezostack, we obtain the

clamping force (F¢) as presented in (2.20).
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Fe=Ff - Fpa (2.20)
"e-NTAN P A - Cor(Kr+ KON (2.21)

Using the properties of steel (E = 193 GPa, i9 = 0.27), a comparison of the
improved flexure model to the simple model is shown in Fig. 2.4. It shows the simple
model greatly under estimate the stress that can be produce by preloading. The stiffness

obtained by the improved model is validated to FEA results (see Fig. 2.5).

Fig. 2. 4. Stress comparison of the improved model to the simple model.
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40.00

Flexure Thickness (mm)
Fig. 2. 5. Stiffness validation of the improved analytical model to FEA results.
The thicker flexure causes significant loss of displacement provided by the
actuator as shown in Table 2.1. Therefore, the designer must choose a stiffness which
brings a balance between the performance parameters.

Table 2. 1. Loss of actuator displacement in flexure geometry variation

Thickness Varied Displacement Loss
t=0.111L 1.62%
t =0.222L 10.59%
t =0.233L 11.92%
t =0.267L 16.22%
t =0.280L 18.04%
t =0.312L 22.41%
t =0.351L 27.94%
t =0.467L 43.14%
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During assembly when the guide slide is loaded directly to the clamp surface, the
piezoelectric stack is energized. Since the fixed tab remains constrained, the deflection of
the piezostack causes the flexure to move backward. Consequendy a tensile force builds
up in piezoelectric actuator. When the piezostack will be de-energized, the clamp will
move forward. This forward movement will be impeded by the wall of the stage slide. If
the flexure stiffness is high enough, this causes an extra internal force and reduces the
deflection at which a peak stress occurs. Thus the buckling strength of the spring can be
improved and the internal stress generated due to the effect of actuator preload can be
reduced simultaneously by increasing the flexure thickness.

2.4 Conclusions

Flexure mechanisms are often used in nanopositioning to provide accurate linear
motion upon application of a force. The main aim of the flexure design is not only
limited to achieve precise displacement upon application of a specific applied force, but
also to achieve accurately known force upon application of a specific applied
displacement. The range of deflection of a flexure depends on by either its stiffness or its
elastic properties. Increase in stiffness causes increase in response time and resonant but
decreased deflection range. Slight alterations in geometry can produce results that are
sensible at the response level. This is particularly important in flexure mechanisms where
precision is a key performance parameter and the output is expected in terms of
displacement, force or frequency response. This model will help the designer to achieve
good performance from flexure system by estimating accurate stiffness and to avoid the
instabilities such as buckling or even the component failure during operations. This new

model included the effect of preloading and analyzed the forces transmitted through the
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clamp flexure. The deformation induced by blocking force of the moving platform is
also considered. This led to better estimation of the stiffness for Normally Clamped
(NQ clamp as compare to the previous designs which has low clamping force capacity.
The flexure stiffness is validated using FEA and allows the designer to choose suitable

preload and acceptable bending deformation of the links.
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Chapter 3

3 Design Considerations for Z Axis
Positioning Stage

3.1 Introduction

Actuation is an extremely important topic in assessing the overall performance of
precision positioning stage. In Chapter 1, we discussed several means of actuation that
can be utilized for precise positioning, depending on the applications and design
requirements. PZT ceramics achieve a high performance actuation because of high
piezoelectric properties through polarization produced by their morphotropic
composition that is coupled between two phases (tetragonal phase and rhombohedral
phase) [95]. However, high resolution is not the only issue for vertical positioning stage.
The effect of gravity has to be taken into consideration for vertical nanopositioning. A
pair of vacuum cylinders with noncontact seals has been proposed as gravity

compensator for a voice coil motor driven vertical nano-motion platform [96].
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Counterbalances with pneumatic cylinders are also widely used to minimize the gravity
effects. However, such systems suffer from fricdon and force fluctuations. An alternative
way is that the actuator responsible for the vertical motion must provide enough output
force. In the piezoworm motor configuration, all loads are ultimately supported by the
frictional forces between the guideway and clamps. Many researchers proposed different
actuation technologies for the clamp and extender sections [68], [97] to improve the
performance. Most of the piezoworm motors that have been designed so far use two
clamp sections and one extender sections.

This chapter is dedicated to designing a range of piezoworm configurations
based on mechanically complementary clamp concept for Z-axis motion. Some unique
designs for the clamp and extender are introduced and discussed in Section 3.2. Section
3.3 proposes the amplified piezoelectric actuator for the extender of piezoworm motor.
Then the section 3.4 presents the clamp model and its performance analysis. Several
design configurations for vertical positioning stage have been proposed in section 3.5. It
also describes the advantages and disadvantages of the configurations. The conclusions
are drawn in section 3.6.

3.2 Conceptual Designs

The compact vertical positioner with high speed and long travel range can be
achieved through the proper piezoworm motor design. In order to achieve the design
objectives shown in Table 3.1, the design tasks have been split into two major factions:
design of the basic components of the piezoworm motor and design of the basic

components of the positioning platform with compliant base.
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Table 3. 1. Stage Design Goals

Criteria Value
Range 20 mm
Force ION
Speed 6 mm/s
Capacitance (for amplifier load) 15 pF
Size 100x115x50 mm3

3.2.1 Clamping System Design

The clamping system as the key part in the piezoworm actuator determines the
force output. In recent years, considerable design effort has been devoted to improving
active clamps in order to acquire output force as high as possible. Since piezoelectric
actuators provide very small displacements, the clamp flexure frame has to be made with
tight tolerances in order to exploit the performance of the piezoelectric actuator.

A conceptual design configuration for the NC clamp for vertical positioning is
illustrated in Fig. 3.1. The clamp consists of a monolithic block with proper thickness of
two flexures inside. Two moving members are attached to the top and bottom sides of
the block by their ends so that they would act as cantilever beams. The mechanism is
further sandwiched by two covers. In this configuration, only one piezoelectric actuator
is required to provide actuation to both sides. The drawback of such mechanism is that
the cantilever beams will always have deflection at the ends which worsen the
positioning accuracy provided by the piezoelectric stack. Straightforward integration of

the moment distribution along a beam will result in the deflection shape of a beam for
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any load conditions. The driving force is transmitted through the beams, rather than
acting direcdy to the guide way. This results in low force which is detrimental to vertical

positioning.

Fig. 3. 1. Conceptual design and operation of a normally Clamp (NC) clamp.

Good design practices for precision positioning suggest that friction inside the
clamp mechanism has to be eliminated. Therefore, design for precision positioning relies
on highly stiff flexures. In particular, a broad range of flexures utilizing deflection of
slender and symmetric beams of uniform cross section can be fabricated. A unique
approach for complementary clamping task has been designed that allows all the NU and
NC clamps to be fabricated from a single metal circular block (see Fig. 3.2). The two NC
clamps are stationary and situated evenly among the three fixed parts by flexures. The
fixed parts can be attached to the base while the NU clamp frame can be attached to the

extender. The direction of the NU clamp driving force is toward the center of the
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cylindrical frame while the NC clamp driving force direction is outward from the center.
This allows the moving member at the center of the cylindrical frame to move upward

and downward.

NC Clamp

Fixed Parts

NU Clamp

Fig. 3. 2. Cylindrical flexure frame designed for complementary clamping task.

The flexures require the prediction of maximum stresses and strains as well as
deflections relative to a fixed frame (see Fig. 3.3 and Fig. 3.4). For the parts to remain
stationary, it is necessary that the total force due to the distributed stress is zero.
Consequently, the total sum of compressive stresses must equal to the tensile ones. Also
it is apparent that there will be a compressive stress at the outer surface and a tensile
stress on the inner one. Hence, there must be a plane running along the axis of the beam
in which the stress is zero which is termed as the neutral plane. If a cross section is taken
through the beam, the neutral plane would intersect along a line in the Z direction and
this is the neutral axis. This leads to a generalized method for the solution of beam

deflections in terms of the load distribution. Normally, for the purpose of deriving the
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shape of a flexure, it is necessary that the equation satisfies the boundary conditions at
each end or support or constraint. The simplest and often most usable conditions are

those having zero value.
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Fig. 3. 3. NC Clamp FEA results for 200 N load, a) deflection, b) von Mises
stress.
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Fig. 3. 4. NU Clamp FEA results for 200 N load, a) deflection, b) von Mises
stress.
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3.2.2 Extender System Design

Designing a proper flexure frame for extender in nanopositioning is challenging.
Slight alteration or rotation of the flexure could adversely affect the positioning accuracy.
Designing flexures with extremely tight tolerances may not feasible in terms of
manufacturability and cost effectiveness. Symmetrical I-shape extender frame design
allows the piezoelectric stack as a central drive as shown in Fig. 3.5. Since the compound
spring consists of two simple springs in series, its maximum stress is equal in each
section and governed by half of its total displacement. Hence, symmetrical drives will
lead to minimum stresses. The deflected shape of the platform reveals that most of the

bending occurs near the top, with the middle sections remaining relatively straight.

Platform

Leg with
flexures

Base

Fig. 3. 5. Extender frame design with platform on top.

The ideal extender mechanism will deflect without rotation. However, the

platform or the free end of an extender mechanism will always show some rotation as it
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deflects under transverse load. This imbalance cause some increase in susceptibility to

parasitic forces from the drive (see Fig. 3.6). If the drive is applied directly to the

platform from its bottom side and the legs constrain prevent end rotations each other, a

tensile force builds up in one side and a corresponding compressive force in the other to

provide a moment that bends the springs back into the symmetrical I-shape. Even

though this reduces the maximum bending moment in the springs, the platform can still

tilt which is detrimental to vertical nanopositioning.
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Fig. 3. 6. Extender FEA results for 200 N load applied, a) drive direction, b) top.

The fabrication of compound flexure devices introduces the problem of fixing

the component parts such as base at the bottom and platform on the top. Such flexures

will always cause some uncertainty both in the analysis with which they simulate a truly

built-in beam end. One way of overcoming these difficulties is to use a monolithic
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structure. However, it requires good machining quality flexure guidance, and so is
complex mechanism as well as expensive.
3.3 Amplified Piezoelectric Actuator

If an application requires a pie2oelectric actuator with the larger travel motion in
a pulling or contracting mode, Amplified Piezoelectric Actuator (APA) is a good option.
Here the kinematic design of actuator is reversed and causes the output or contact faces
of the frame to contract as the piezoelectric stack expands. In APAs, displacements are
amplified while forces are compressed. The amplification efficiency tj is obtained by (1)
as given in [99].

| = U9 (3.1)

UPRP
where Fo is the piezoelectric stack block force, Fa is the actuator block force when both
faces are clamped, up is the piezo stack free stroke and ua is the actuator free stroke.
From the equation, it is realized that the higher the amplification of displacement, the
lower the amplification efficiency.
Piezoelectric stacks can bear large compressive stress but they cannot bear tensile
forces with a good reliability. Therefore, the APA shells are designed to preload the

piezo stack in addition to the amplification function as shown in Fig. 3.7.
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Fig. 3. 7. Flexure shell for amplified piezoelectric actuator.

APAs can be a good choice to address the limitations of compound extender
frame since they provide specified output displacements and forces. If one side of an
APA is attached to the base and another to the NU clamp, it can move the clamp in
straight line with larger step size than typical piezostacks can. Fig. 3.8 shows an
improved piezoworm actuation in vertical direction that contains APA as extender and

complementary clamp mechanism.

Fig. 3. 8. Motion principle of a Z-axis positioning stage.

Use of two amplified piezoelectric actuators in parallel position eliminates the

necessity of guiding rods. The complex flexure mechanism originally thought to be
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needed to support the extending operation is now found to be avoidable. The guide rods
can be reduced or even eliminated depending on the application. The reduction of
extender mechanism complexity or elimination of the guide rods will greatly reduce
production cost, the size and the weight of the overall stage. Using direct extending
actuators would increase the piezoworm actuator's thrust and performance under high
loading conditions. The application of amplified piezoelectric actuator will most likely to
prevent deflection of the clamp and reduce in the piezoworm actuator's height as well as
the stage height, but more importantly will allow space for the NC clamps. The amplified
piezoelectric actuator as extender also allows the reduction in the height of the actuator
and improves the actuator's ability to be packaged and integrated into the stage. The
displacement range of the extender determines the step size and speed of the stage.
Amplified piezoelectric actuator provides extended displacement range which maximizes
the speed of the stage.
3.4 Clamp Model

Due to the characteristics of the piezoelectric stacks, the clamp can produce high
output in small displacement. The higher the displacement, the lower the output force as
shown in Fig. 3.9. The gap between the clamping surface and guideway is presented as
Q. Therefore, the estimation of the output displacement and force of the clamp is an
important part of clamping mechanism design. The prediction of the output
displacement and force requires the mechanical model of the mechanism. The
mechanical model for the NU clamp from Fig. 3.7 is considered and has fully

complementary characteristics.
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Fig. 3. 9. Force-displacement characteristics of a piezoelectric stack.

The static model of a compliant mechanism is expressed by
F = Kx (3.2
where F, K and x are the force vector, stiffness matrix, and displacement vector,

respectively.

Fig. 3. 10. NU clamp model in unclamped (V— 0) and clamped (V—Vp) states.
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From [100], the force generated by a piezoelectric stack (Fp) can be expressed as a
function of its voltage (V), stiffness (Kp), free expansion (Lp) of the piezoelectric stack
at maximum voltage (Ymax) and its displacement (rip).
FP = (LO- 8p)Kp 33)
The total displacement of the piezoelectric stack is a sum of the displacement to cover
the gap (Cr) and the deflection of the platform surfaces (yx) on both sides.
Sp= 2(Cr + yx) (34)
Using the simple linear spring equation, the flexure force can be presented as a function
of its stiffness (Fy) and the piezoelectric stack displacement(5p).
H = Kf8p (35)
By balancing the flexure force (fy) from the force generated by the piezoelectric stack
(Fp), the clamping force (Fc) can be obtained.
Fe=Mp-Ff (3.6)
Finally, the restraining force is calculated by multiplying the coefficient of friction (j)

with the clamping force(Fc).

Fru = & G-7)

3.5 Stage Designs and Configurations

Piezoworm motors should use actuators as small as possible. The actuator shown
in Fig. 3.11 has one NC and one NU type clamp. Moreover, since the piezoworm is to
serve as a positioner, it must be capable of generating a certain amount of thrust. The

displacement range of the extension flexure frame determines the step size and speed of
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the stage. The upper section of the extension frame is attached to the base wall and the
lower section is attached to the NU clamp so that its operation creates the motion. The
NC clamp is fixed to the base wall on the other side. The clamps are oversized to avoid
clamping force or applied force induced deflections. The motor is guided by a vertical
rail surface in the middle which supports a horizontal plate on top. Each guide and
contact surface is readily surface ground and finished smooth and flat. In this design,

the interface of slide-clamp has relative motion during the clamping motion.

Platform

Piezostack

Extender

Platform
Slide

Wall
Base
(b)

Fig. 3. 11. Conceptual design of a vertical positioner: (a) top view, (b) front view.
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In the design illustrated in Fig. 3.12, two APAs are used for both NU and NC
type clamps. The NC clamp is attached to a fixed frame and the NU clamp is placed on
top of the extender flexure frame. A multilayer piezoelectric stack is supported in a
flexure frame in order to maintain a moderate pre-stress and protect the stack from
external force stress. Thus both clamps are kept separate. The extender causes the slide
move upward with the help of NU clamp and the spring mechanism of the extender
frame returns it to the original position when it is de-energized. Both APAs normally
hold the slide and payload when de-energized. The NC clamp is used in such that no
power is needed to maintain a fixed vertical position, holding the payload against the
force of gravity. Both APAs have common surfaces with their contacts on each side. The
parallel tolerance of the two surfaces must be smaller than the maximum clamping
stroke, with consideration of some margin has to be saved for the flatness tolerance of
the surfaces, the wear of the surface-clamp interface, and the elastic deformation of the
clamps and surfaces. In this configuration, both APAs hold the slide and payload when
they are de-energized and release the slide and payload when they are energized. The
challenges with APAs used for clamping applications are the large compressive stress on

their output surfaces could nullify the effect of preloading inside the shell.
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Positioning
platform

NC Clamp

NU Clamp
Extender

Base

Fig. 3. 12. Conceptual design of a vertical positioner that uses APAs as clamps.

Some other configurations of vertical positioner based on complementary
piezoworm actuator are shown in Fig. 3.13. The symmetric frame simplifies the
piezoworm motor analysis, provides better performance and offers design flexibility. The
piezoworm in the first positioner uses two APAs for extender section (see Fig. 3.13(a)).
This design aims to make the positioner compact by utilizing the space between two
APAs used for extender section. The NC clamp will be attached to the middle section
of the base and each APA to the each side of the section. This increases the
manufacturing complexity and costs since both inside and outside surfaces of the slide
are needed to fabricated precisely with surface flatness of no more than Ipm. The

parallel tolerance of the all four surfaces and the elastic deformation must be smaller
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than the total clamping stroke. The alignment of NC clamp and the slide surface gap
during installation may also be a problem. The size of the NU clamp becomes bigger to
allow wider space for NC clamp in between two APAs. These problems make the design
difficult for microfabrication and thus may not be able to fulfull its ultimate role as a
precision positioner.

Both NC and NU clamps can be created from singular circular metal disk as
illustrated in Fig. 3.16(b). This allows more compactness and unique cylindrical
configuration where the clamping forces are pointed towards the center of the
positioner. The clamping forces will be exploited for vertical movements of the rigid rod
connected to the base of the platform. The disadvantage is the clamps do not have flat
surface which is extremely important for very small displacements provided by the

piezostacks.

Positioning
Platform

NC Clamp

NU Clamp
Extender

Base

@
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Fig. 3. 13. Several configurations for the proposed piezoworm vertical positioner
(a) external NC clamping mechanism, (b) exploded view of cylindrical shaped
vertical positioner (c) cross section of box-shape stage where piezoworm is

housed inside.

Another vertical positioner is proposed in Fig. 3.13(c). Here the fixed NC
Clamps are attached parallel to the base walls which make the positioner a box like
shape. In this design, both NU and NC clamp on each side have a common surface with
their contacts. This principle allows higher tolerances to surface flatness errors during
the linear motion of the slide caused by the clamps and extenders than the previous
design. Therefore, high precision can be assured. Cross rollers can be used in between
the surfaces of base and slide for smooth motion and to withstand normal and moment
load. This design requires two NC clamps instead of one as illustrated in the previous
designs. The drawback of such configuration is that the difficulty in the adjustment of

the NC clamps positions during assembly.
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Fig. 3. 14. Conceptual design ofvertical positioner with both types of clamps in
same level (a) top view and (b) side view.

Improving in the last design in which the NC Clamps are attached parallel to the
base walls, this symmetrical design presents the NC clamps normal to the base walls and
in the same level as NU clamp (see Fig. 3.14). Thus the configuration allows the
positioner to be more compact, but with compromising the increase in length. Like the
previous design, it allows enough tolerance to surface flatness errors. The interfaces of
slide-clamp have been increased as each NC clamp has two contact surfaces.
Furthermore, each NC clamps has a displacement amplification mechanism which
increases the clamping stroke. The drawback is that these clamps give angular
displacement on the flat surfaces. In addition, it is established that amplification
mechanism reduces the stiffness and speed.

3.6 Conclusions

A wide range of design configurations have been described and evaluated to aid

in the development of novel vertical positioner based on piezoelectric actuators. Since

the optimal designs are based on flexure mechanism and complementary clamp
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configuration, substantial considerations have been given to the design specification in
terms of accuracy, load capability, displacement range, size, manufacturability and ease of
assembly. The strategy of the design is to achieve symmetrical balance in centered
compositions. Such symmetrical design offer two advantages: utilization of the
piezoelectric stack displacement on both sides and proper lifting of the positioner
platform without tilt or rotation in any side.

An amplified piezoelectric actuator is proposed to perform the vertical motion of
a piezoworm motor which allows the designer to avoid complex flexure-based
mechanism design for extender section without compromising high resolution and
displacement. A mathematical static model for flexure based clamping mechanism driven
by piezoelectric stack is derived. This model is useful to predict the static characteristics
ofa clamp and to determine the stiffness of the flexure. The force and the displacement
of the clamps are decided by the relation between the stiffness of the piezo stack, the

stiffness of the flexure and the voltage applied to the piezo stack.
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surface to the actuator is carefully designed so that the slide and clamps are in proper
alignment in order to avoid backlash or binding.

In section 4.2, the piezoworm actuator configuration is presented. The
simulation model based design of NC type and NU type clamps are described in section
4.3. Section 4.4 asserts on stage design and its sliding mechanism. The stiffness of the
positioning platform is analyzed in section 4.5. For the given stiffness of the positioning
platform, the restraining forces provided by the both types of clamps are analyzed in
section 4.6. Conclusions are drawn in section 4.7.

4.2 Actuator Configuration

The configuration of the complementary piezoworm actuator is shown in Fig.
4.1. The actuator is mounted on a base plate and has two NC type and one NU type
clamp. Two amplified piezoelectric actuators (APA) act as the extenders of the
piezoworm actuator. The NU type clamp is directly connected to one-side face of each
APA shell while the other face is connected to the base. This allows the APAs to control
the movement of the NU type clamp. On the other hand, two NC type clamps are
attached to the chassis which is further attached to the base. The NU type clamps are
designed such that they can be accommodated in between two APAs. This reduces the
vertical distance between two clamping sections and thus aids the compactness of the
structure. The gap between two clamping surfaces is perfectly aligned by adjusting the
position of the chassis with respect to fixed base. In most of the piezoworm actuators,
two clamps are attached to the extender frame. To design more compact piezoworm as

well as positioner for vertical motion, the space in between two APAs is utilized here.
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Each component of the piezoworm actuator is separate and if a component is damaged,

it can be replaced by new one instead of replacing the entire piezoworm.

(@)

Fig. 4. 1. Piezoworm actuator a) general configuration, b) CAD 3-D model.

73



To step to the up, the APAs are energized to lower the NU type clamp and then
the NU type clamp grasps the slide while the NC type clamp releases it as both clamps
are energized at the same time. Then the voltage is withdrawn from the APAs the upper
clamp moves the slide to the up approximately total the displacement of the APAs. The
clamps switch such that the lower clamp now holds the slide and secure the position.
Thus by repeating this step large range can be achieved. Since the NU type clamp is
mobile, the fine positioning mode is performed with high voltage on both clamps. Here,
both clamps are driven by the common clamp signal due to mechanically complementary
clamp configuration. This permits the piezoworm actuator to hold the platform all the
time, no matter which clamp is gripping it, which is crucial for safe vertical positioning.
4.3 Clamp Design

A total of three flexure based frame are required for two NC type clamps and
one NU type clamp. Machined flexures are used to provide precise linear motion and
spring actions simultaneously. Bringing variation in the flexure geometry, sufficient
stiffness can be achieved to ensure the frame resonant frequency is more than the
excitation frequency. Both NC type clamps have identical flexure frame. Each of them
uses identical ceramic monolithic multilayer piezostack made of Physik Instrumente (P-
885.10) having dimension of 5x5x9 mm. The selected piezoelectric actuator can generate
a nominal displacement of 6.5 pm at 100 V, has stiffness of 100 N/pm and can deliver a
maximum driving force of 800 N. The NC type clamps are located in the same level in
the piezoworm arrangement. On the other hand, the NU type clamp uses longer
monolithic multilayer piezostack made of Physik Instrumente (P-885.50) having

dimension of 5x5x18 mm which can generate a nominal displacement of 15 pm at 100
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The goal of the NU type clamp flexure design is to minimize the stiffness as
much as possible so that the piezostack displacement is properly utilized. In contrast, the
clamping force direction in NC type clamp is opposite to the driving force direction of
the piezostack. Hence high flexure stiffness is required to provide considerable clamping
force. This tradeoff between clamping range and clamping force is solved by estimating
the correct stiffness model which is presented in Chapter 2. The stiffness is first
estimated from (2.7) at 28.88 N/pm and then finite element analysis (FEA) is performed
using Abaqus [101] where the stiffness is found as 24.17 N/pm. The clamp range can be
obtained by (4.4) where Kp, Kf, LO, Lf represent the piezostack stiffness, flexure
stiffness, piezostack expansion and flexure expansion respectively. Each NC type clamp
range is estimated to be 5.23 pm which will results a total clamping range of 10.46 pm in
the lower clamping section. The maximum von Mises stress in the flexure using Abaqus
is 112.9 MPa which gives a factor of safety 9.16. The FEA results for the NC type clamp
deflection and stress are shown in Fig. 4.3 with force of the piezostack is applied in the

form of pressure on the inner surface at the rear side only.

U, Magnitude S, Mists

.601e-03 (Avg: 75%)

.051e-03 +1.129*+02
.501e-03 +1.035e+02
.951**03 +9.41U+01
401 e-03 +8.470*+01
.851e-03 47.529«+01
.300e-03 +6.588e+01
.750**03 +5.647«+01
.200**03 +4.705«+01
.650**03 +3.764*+01
.100e*03 42.823e+01
.501e-04 +1.882«+01

.000e+00 +

applied pressure
Fig. 4. 3. NC Clamp FEA results for 160 N load, a) deflection, b) von Mises stress.
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In NU type clamp, the expansion of the piezostack will cause the clamping
surface to move toward the friction surface of the platform. The symmetric design is
applied to the NU type clamp in order to exploit the piezoelectric stack displacements
on both sides. This allows it to direcdy act from both sides on the positioning platform
which functions as the moving member. When the NU type clamp begins to push on the
platform, the extender shells help the clamp to balance itself by adjusting the deflections
on both sides. The stiffness is first estimated from (2.7) at 3.78 N/pm and then FEA is
performed using Abaqus where the stiffness is found as 4.44 N/pm. The NU type clamp
range is estimated to be 13.94 pm. The maximum von Mises stress in the FEA is found
as 881.1 MPa which gives a factor of safety 1.17. The FEA results for the NC type clamp
deflection and stress are shown in Fig. 4.4 with force of the piezostack is applied in the

form of pressure on the inner surface at the both sides.

Fig. 4. 4. NU clamp FEA results for 180 N load: a) deflection, b) von Mises stress.
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4.4 Stage Design

The objective is to design a stage to have a range of around 20 mm in Z-axis
direction, maximize speed, stiffness and thrust while minimizing the mass and size. After
selecting the proper configuration for piezoworm motor, the decision that has to be
made is how extensive the stage should be. The stage consists of a positioning platform,
a base, and chassis for each NC clamp. The chassis affects the positioner’s ease of
assembly, the adjustments between the NC clamps and the frictional surfaces, and how
effectively it accommodates the NC clamps in such compact piezoworm configuration.
The design of the NC clamp easily determines the chassis configuration as shown in Fig.
45. The orientation of the tab that extends from the chassis frame dictates the
performance of the NC clamp. While the base supporting the piezoworm actuator and
the platform seems to be simple, the ease of access to all components for
accommodation and adjustment heavily depends on it. The design of base aims to lower
weight and simpler fabrication. The base affects the positioner’s ease of handling and

installation to an automated stand.

(a) (b)
Fig. 4. 5. CAD models of stage components: a) Chassis, b) Base.
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The moving platform of the vertical positioner consists of a top plate, two friction
surfaces and two side plates. It has to perform two important tasks: to act as guide way
for the piezoworm motor while, at the same time, to provide truly straight sliding. To aid
the sliding mechanism, two commercially available precision ball slide guides built for
immediate installation are proposed as shown in Fig. 4.6. The slide guides are attached to
the base plate to guide the platform straight and provide extra rigidity. It also prevents
the moments applied to the platform which may twist the actuator inside and cause it to
bind. Cross roller slides provide better accuracy. However, they cannot provide accuracy
less than 10 pm which is not good enough for nanopositioning applications. For a given
size, they also have limited stroke ranges which adversely affect the compactness of the
stage. High force applied to the cross roller slide causes degradation in its resolution
while the piezoworm for vertical positioner is aimed to provide high output thrust.
Therefore, the positioning platform uses two side metal plates instead of roller sliding
mechanism as shown in Fig. 4.7. These side plates are attached to the friction slides at
the ends. This increases the stiffness and mass of the structure. Being compact, the
platform provides stable adjustment of height and width. It can provide long travel
range, and support large loads. While moving the platform stays parallel to the base and

thus eliminates the twist of the actuator during motion.
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Guide slide

Fig. 4. 6. Vertical stage with guide sliding mechanism.

Fig. 4. 7. Internai structure of the vertical stage (top view).
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4.5 Positioning Platform Stiffness Analysis

To exploit the small displacements of the piezoworm actuator, it is extremely
important to design the platform that has high stiffness. On the other hand, in order to
achieve a high dynamic frequency for the vertical positioner, the mass of the moving
platform should be limited to minimum level. This tradeoff between stiffness and mass
can be solved by analysis that allows us to estimate appropriate platform geometry where
the deformation induced by the clamping forces must be restricted to an acceptable
level. The platform, in instances, can be considered as the beam which is simply
supported at the ends, and subject to the bending moments from attachments occupying

a short span of the total beam length as shown in Fig. 4.8.

M

Fig. 4. 8. Deflection of simply supported beam with moment applied at the end.

Under these conditions it can be assumed that the load or bending moment (M)
appears at a point along the beam of /length. This can be included in the bending

equation and integrated to determine the displacement.

M
91~6E| (4.1
MI (42)
3= 3E|
Mix ( x2\
y- 6EI\ ~ P (43)

where, E and | are modulus elasticity of the material and moment of inertia respectively.
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Finite element analysis is one of the effective methods to examine dynamic
performance of mechanical structures. The boundary conditions for finite element
model are chosen as: the top edges of both sides of top plate are fixed and constrained
for all degrees of freedom as shown in Fig. 4.9. The force is applied to the ceramic strips

of 1.5 mm thickness placed inside and in the middle of the both frictional plates.

Fig. 4. 9. Finite element analysis of the stage platform: (a) meshed model, (b)
boundary condition, (c) applied load.
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)
Fig. 4. 10. Dimensions of the stage platform: (a) bottom view, (b) side view.

Using the properties of stainless steel 316L (E = 207 GPa,$ = 0.27), a comparison
of the platform model among the following three cases is shown in Fig. 4.11. The side

plate thickness Ts has been varied in the plot.
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Table 4. 1. Different geometry of platform model

Case Top plate thickness, Frictional slide thickness,
Tt (mm) Tf (mm)
1 25.4 25.4
2 12.7 25.4
3 12.7 12.7
45
4 m Deflection
i 35 m Mass
E 25
c 2
g 15
0.5
0
r* m . m ) in N m 9'5) . i
ihwbon pRolng bl
Case 1 Case 2 Case 3

Side Plate Thickness (mm)

Fig. 4. 11. Positioning stage deflection vs. mass for Stainless Steel.

Similarly, the properties of aluminum 2024 (E = 68 GPa, id = 0.33), a comparison of
the platform model among the three cases in shown in Fig. 4.12. It is noted that

platform models that are made of stainless still and having Case 2 geometry show better

84



balances between deflection and mass. The aluminum platforms are lighter in weights

but the deflections are too large to be acceptable.

12
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Fig. 4. 12. Positioning stage deflection vs. mass for Aluminum.

4.6 Clamping Force Analysis

The analysis done previously used to design the platform frame geometry provided
only a first approximation of the clamp performance. However, the effects of the
stiffness on the clamping forces were not considered. To determine the thrust force for a
given platform geometry, we select two piezostacks for the two clamps. The NU clamp
uses PZT stack that has 5mmX5mmXI8mm of dimension, 900N of blocking force and
15(cm of nominal displacement. To maintain the compactness, the NC clamp uses

another PZT stack that has 5mmx5mmx9mm of dimension, 800N of blocking force



and 6.5pm of nominal displacement. The equation for determining the restraining force

can be obtained by (2) as given in [8].

i Kl9+|}:ffa+ Kfa tKplo-(Kp+K)Cry F @4

Taking the effects of gravity into account for vertical positioning stage design, the

equation becomes

F= [KpLO - (Kp+ KF)Cr} n —mg (4.5)

Kfa
Ko+ HKfa

where Kfa,Kf, Kpare the frictional plate stiffness, clamping frame stiffness, piezoelectric

stack respectively and m represents the mass of the positioning stage platform.
The deflections obtained from previous analysis are considered here. The clamping
forces of both the NU and NC clamps with respect to different side plate thickness are

shown in Fig. 8 and Fig. 9. For the NC clamp, the value of Kf = 28.88 N/jum,Kp =
100 N/jum, p=0.2, and @ = 2.5 pm. For the NU clamp, the value of Kf =

4.05 N/\im, Kp = 50 A//pm, p=0.2, and O = 2.5 pm.
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It is noted that the platforms made of stainless steel exploit the piezoelectric
displacements better. Both piezoelectric stacks are sufficient to provide clamping forces
to lift a mass of 5 kg which is one of our design requirements.

The optimized platform design based on the analysis is made of stainless steel
with top plate thickness of 12.7 mm, frictional plate thickness of 25.4 mm and side
thickness of 9.53 mm. The stress distribution for this design is shown in Fig. 4.15 and
shows that stress level is minimal and that the stiffness requirement governs the design.

A platform model based on the previous analysis has been presented in Fig. 4.16.

S, Mises

(Avg: 75%)
+2.319e+06
+2.126e+06
+1,933e+06
+1.740e+06
+1,548e +06
+1.355e +06
+1.162e+06
+9.695e +05
+7.768e+05
+5.841 e+05
+3.913e+05
+1.986e +05
+5.830e+03

Fig. 4. 15. FEA stress distribution (Pa) of the vertical positioning stage platform
mechanism.
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Fig. 4. 16. CAD model of the vertical positioning stage platform mechanism.

4.7 Conclusions

Most of the previous designs in nanopositioning are focus on actuators alone and
they are too heavy to be effective as a vertical stage. This design strategy is focused on
the light piezoworm actuator as well as compact positioning stage that can be readily
configured into multi-coordinate systems to form unique precision manipulators with
high speed. A complementary piezoworm configuration based on three piezoelectric
stacks and two amplified piezoelectric actuators for Z-axis motion has been described.
The identical NC type clamps are fixed to the base through chassis and all the motion
was performed by the NU type clamp and the APAs. The APAs not only provide the

motion but also the guidance to the NU type clamp during vertical movement. This

89



configuration allows the piezoworm actuator to hold the positioning platform at any
state when unpowered. While designing, the efforts have been given to reduce the
production costs and times by using fewer mechanical elements in assembly, by
minimizing volume of materials, and by reducing machine setup times in fabricating the
device. Finite element analysis has been utilized to investigate the maximum stress and
deformations of the clamps and platform in order to improve the static and dynamic

performance of the positioning stage.
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Chapter 5

5 Prototype and Open Loop
Experimental Assessment

5.1 Introduction

The prototype of the vertical positioner included consideration of the properties
of the materials used, their method of fabrication into basic components, and the
assembly of those components into the finished positioning stage. The positioning
platform was made of stainless steel by machining the top plate, guide slides and side
plates from rectangular metal bars. The clamp flexures were manufactured in harden
stainless steel using a wire EDM process.

This chapter describes prototypes of a complementary clamp piezoworm with a
positioning platform and base and their assembly process. It also presents experimental
assessment of the basic components as well as the whole system. Since the piezoworm
actuator was to be integrated into the positioning stage, ease of assembly of the parts was

crucial. Ceramic strips were incorporated into the prototype in order to reduce the wear
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in the friction surfaces. A laser interferometer was used to measure the displacements of
the individual clamps, extenders and assembled positioner under the application of input
driving voltages with various waveforms.

5.2 Fabrication

Even though being time consuming and therefore expensive, maintaining tight
tolerances (as low as 0.013 mm) of the parts was an important design consideration for
fabrication of precision positioning stage. Other factors included size, weight and shape
of the parts, manufacturing techniques, availability of the tools. The design for
fabrication also considered additional spaces in the parts for further machining in order
to bring modifications if necessary. To achieve the proper alighment between the
clamping surfaces of the platform and piezoworm actuator, the holes were made bigger
so that necessary adjustments could be possible (see Fig. 5.1). On the other hand, to
ensure the machining precision and to simplify the assembly process within compact
size, the flexure based mechanisms of the clamps were machined using an electro-
discharge machining (EDM). This tolerance was decided to be sufficient for the NU and
NC clamp displacements capability of 7.5 pm and 6.5 pm respectively on each side. The
base and the two chassis were also important because they determined the flatness of the
system and the adjustment of the NC clamps respectively.

The top plate was, made of stainless steel, bolted to the top of the two guide
slides in order to provide the ability to maintain parallelism of the guide slides with
respect to the clamping surfaces. The platform before attaching the side plates provided
the ability to observe the actuator alignment inside the channel. The two side plates were

machined of stainless steel to produce the desired stiffness at the joints as optimized in
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Chapter 4. The holes were deliberately made bigger so that the plates can be bolted to

the guide slides and the top plate after making correct adjustment.

Fig. 5. 1. Photograph of the fabricated parts of vertical nanopositioner.

5.3 Test Results of Extending Mechanism

The extending actuators (see Fig. 5.2) used in the piezoworm had the capability
to produce the performance needed to raise the positioning stage with the help of the
clamps. The direct attachment of the NU clamp to the extending actuators enabled the
compact design and also increased the stiffness of the piezoworm. Increasing the
actuator's stiffness also allowed for higher drive frequencies to be achieved. This increase
in drive frequency increased the velocity in which the motor is able to obtain. However,

the most important advantage was to achieve longer ranges of the actuators in Z axis.
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Fig. 5. 2. Cedrat 40SM Amplified Piezoelectric Actuators and their test set-up.

5.4 Assembly and Test Results of Clamps

Fig. 5.3 shows the assembled NC and NU type clamps. The lengths of the
piezostacks for NU and NC clamps determined the width of the positioning stage. It was
also important to select a proper piezostack for the NU clamp that demonstrated the

same performance as the two piezostacks for the NC clamps together.

Fig. 5. 3. Photographs of fabricated and assembled clamps: (a) NC clamps, (b)
NU clamp.
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From the analysis presented earlier and experiments conducted here, the piezoworm has
the following characteristics at 100 V:

Table 5. 1. Piezoworm Prototype Properties

Results
Property Analytical FEA Experimental
NC clamps displacement 5.08 pm 5.23 pm 5.18 pm
NU clamp displacement 13.94 pm 13.77 pm 14.30 pm
Extension displacement 52 pm 49.55 pm 47.50 pm

Before preloading the piezostacks inside the clamps, separate tests were
performed to ascertain if the design parameters would be met. The first tests were of the
displacements of the piezostacks to check whether they met the performances specified
by the manufacturers. Due to unavailability of standard testing equipment or setup, the
piezostack alone was placed in between two L-brackets and the load was applied to its
one side by rotating a screw through a threaded hole of one of the L-brackets as shown
in Fig. 5.4. A trapezoidal waveform was generated by NI Labview RT system and the
signal passed through the amplifier. The displacement was measured by a laser
interferometer, Renishaw RLE10 and the load was applied to the front side of the clamp
through the load cell by rotating a screw. The laser interferometer has resolution of 20
nm and wavelength of 19.780938 nm. The results shown in Fig. 55 provide good

agreements between the actual and the desired displacements.

95



Retro-reflector

Piexoelectric
Stack

Elastic
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Fig. 5. 4. Experimental set-up for displacement measurement.

The second tests were of the stiffness of the NC clamp frames. The experimental
set-up is shown in Fig. 5.6. The clamp was attached to the chassis such that there was
gap between the tab and the inner surface of the clamp. Then the chassis is further
attached to the base. The displacement was measured by the laser interferometer, RLE10
and the force was measured by a compression load cell, Measurement Specialties FC22.
The load cell was attached to an wooden part which was placed between an L bracket
and the clamp as shown in Fig. 5.6. The load was applied to the front side of the clamp

through the load cell by rotating a screw.
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Retro-reflector

Load Cell

NC clamp

Fig. 5. 5. Experimental set-up for stiffness measurement.

One of the clamps flexure stiffness was found to be 5.01 N/pm while the other
one was found to be 4.18 N/pm. Both values are considerably lower to the analytical
and FEA results. Therefore, further investigations were required to identify the causes.
The retro-reflector was attached to one of the fixed wings of the NC clamp to check
whether there was any deflection. The laser sensor detected some deflections ranging
from 1.5 pm to 2 pm at the fixed parts of the clamps which was unexpected. As a result,
the NC clamps were not capable of generating the required forces and displacements.
This was believed to be detrimental to the performance of the positioner with high force
capacity. Therefore, the problem was identified as the fixed end condition was not met.
A relative comparison of the FEA and real fixed end condition has been demonstrated
in Fig. 5.6. In order to reach the identical fixed end conditions, four holes instead of two

holes can be proposed.
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Fixed Rotation

0)

Fig. 5. 6. Fixed end conditions ofthe NC clamps (a) FEA state, (b) actual state.

Displacement (pm)
Fig. 5. 7. NC clamp stiffness measurement results.
By using flexure structure the overall size and weight of the clamping
mechanisms were greatly reduced, while maintaining a preload on the piezostack
actuators and preventing shear stress from being transferred to the actuators. Fig. 5.7

shows the preloading process of the piezoelectric actuators in both types of clamps used
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in the piezoworm actuator. In case of the NC clamp, an initial load was applied to their
front ends while they were fixed. This caused the required deflection of the flexure and
the piezostack was tightened inside the frame by rotating a set screw at the rear end of
the clamp. On the other hand, the piezostack for the NU clamp was put in between two
flexures and tightened by rotating a set screw at the one end of the clamp. By doing this,

the displacement losses due to interface clearances were also eliminated.

w (b)
Fig, 5. 8. Preloading of piezostacks inside frames (a) NC clamp, (b) NU clamp.

Since all loads are ultimately supported by the frictional forces between the
guideway and clamps, the guideway-clamp interfaces to have high friction coefficient and
a low wear rate. If wear occurs, the clamping actuators cannot compensate for such a
small displacement provided. Lubrication can be an option to reduce wear but such
option is not suitable for the piezoworm since its working principle is based on high
friction force. Therefore, each friction surfaces was precisely ground and ceramic strips

were used for each of the surfaces. Once the clamps were fully assembled, the final tests
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on the individual clamps were performed. The displacement was measured by the laser
sensor while the piezostack was excited to 100 V in trapezoidal waveform. Both NC
clamps had displacements of 5.5 pm and the NU clamp had a displacement of 7.5 pm on
its each side. While the NU clamp results are consistent with the original design, the NC
clamps results are lower than the expected results due to the actual stiffness considerably

lower than the predicted analytical and FEA results.

Fig. 5. 9. Displacement result of one of the NC clamps.

Fig. 5. 10. Displacement result of the NU clamp on each side.
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5.5 Assembly of Positioning Stage

One of the objectives of the positioner design was easy of assembly of the basic
components. Each of the components was made separate and could be replaced if
necessary. The entire assembly process can be divided into two phases as shown in Fig.
5.11. The first phase in assembling was building the piezoworm actuator on the base
plate that already attached to the smart table. Hence the NC clamps with their chassis
were bolted to each side of the base. The screws that attached the chassis to the base
were kept loosen deliberately so that the clamps could be adjusted. Then the amplified
piezoelectric actuators were bolted to the base in between the NC clamps. Then the NU
clamp was bolted to the extending actuators directly. To make necessary clearance
between both types of clamps, some washers were used between the NU clamp and the
extending actuators.

Next, the two guide slides were brought in touch of the clamps on each side and
the top plate was placed on the top sides of them to implement the second phase of the
assembly process. The platform consisted of a five plates producing an enclosed
rectangular channel inside which the piezoworm actuator could operate. An alternative
way could be attaching the side plates first instead of the top plate. However, the former
method was found more effective. Therefore, the design of the top plate was made
rather bulky in an effort to eliminate any angular deviation during alignments. To achieve
the proper functionality of the NU clamp, 100 V is applied to its piezostack before
tightening the top plates on the guide slides. This enabled to verify whether the NU
clamp were able to hold the platform when it was energized. Then the NC clamps were

squeezed towards the guide slides to eliminate any gap in between them. When the
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voltage was applied to the NC clamp piezostacks, the gap increased that enabled the

guide slides to move. The assembled positioner is shown in Figure 5.11.

Fig. 5. 11. Photographs of vertical positioner prototype assembly.

5.6 Open Loop Experimental Results

Having completed the machining and assembly of the nanopositioning device, a
series of investigations were performed using the experimental setup as presented in Fig.
5.12 to assess its positioning performance. A PC was used to generate various
waveforms, i.e. sine waves, trapezoidal wave, and hybrid wave by using LabVIEW

software. These waveforms were output by a PCI-6733 DAQ interface card (National
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Instrument) to a Pl (Physik Instrumente) E-505.00 power amplifier, where they were
amplified and then supplied as drive signals to the piezoelectric actuator. The
corresponding displacement of the positioning stage was measured by means of retro-
reflector on the top of the stage connected by Z bracket. The measured displacement
values were acquired by the PC through another DAQ interface card PCI-6259
(National Instrument). To improve the precision and reliability of the experimental
results, the positioning stage was isolated from interference caused by external vibrations

by fixing it to laminar flow isolator supported smart table with 1Q Damping technology.

Fig. 5. 12. Experimental Setup.

Altering the waveform and phasing between input signal would lead to a optimal
set of input signals that produced the better positioner performance. In this test, a
trapezoidal waveform was used with duration of the rising and falling portions of the
waveform limited to 25% of the signal period. The maximum speeds of the piezoworm

were found as 5.4 mm/s during upward positioning and 4.8 mm/s during downward
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positioning at 200 Hz and 100 V. The results are shown in Fig. 5.13, Fig. 5.14 and Fig.

5.15.

¢ Testl

Test 2

Test 3

Test 4

X X >

Test 5

— AVE UP

Fig. 5. 13. Frequency response of the positioner during upward movement.

¢ Testl
m Test2
Test 3

Test 4

X X >

Test 5

— AVE DN

Fig. 5. 14. Frequency response of the positioner during downward movement.
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Speed vs Frequency - Average

Fig. 5. 15. Comparison of average frequency responses in both directions.

Additional testing of the positioner to higher frequencies was performed to
observe the affects of resonance on the piezoworm’s performance and to find the
resonant frequency for the piezoworm. It was found that maximum variation in the
speed occurred at 200 Hz. In static evaluation, the positioner could carry a maximum
mass of 2.9 kg while no voltage was applied to both types of clamps. When voltage was
applied to both types of clamps, the positioner was found to carry a maximum mass of 4
kg. However, the piezoworm actuator could not lift the platform in dynamic evaluation.
One of the possible reasons may be the NU type clamp drag was larger than the total
restraining forces provided by the NC type clamps. Another explanation may be the
amplified piezoelectric actuators which worked as extenders could not provide enough

stiffness. Therefore, the effect of the applied load was studied using counterweights
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which were applied to the positioner using the cable and pulley from the top (see Fig.

5.16).

Fig. 5. 16. Experimental set-up for the vertical positioner using counterweights.

The same waveform at 50 Hz was used this time. The results in Fig. 5.17 show
that the downward speed decreases quite sharply to a maximum load of about 3.4 kg.
Since the positioning platform has its own weight of 2.4 kg, the positioner has the
capacity to carry the load of 8 N. With proper counterweights, the positioner moved up
to 20 mm in both upward and downward directions. Some of the positioning results in

scanning modes are shown in Fig. 5.18 and Fig. 5.19.
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Fig. 5. 18. Experimental results for a downward scanning mode positioning test.
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Fig. 5. 19. Experimental results for an qula(;r(;)scanning mode positioning test.

5.7 Conclusion

By developing the working prototype and assessing it, the functionality of the
positioner was demonstrated which also helped to solidify requirements for the re-
design. After all necessary testing of each of the components as well as the whole
positioning system was concluded, the result demonstrated that the stage has sufficient
accuracy, speed and travel range but low force capacity. This may be due to the
deflection occurred at the fixed parts of the NC clamps which results in low stiffness.
The stage is still capable of carrying load of 8 N which is better many commercially
available piezoworm stages. The goals of the future design of the NC clamp will be to
include additional hole in each side of the NC clamp fixed parts. This will eliminate any
rotation or deflection of the fixed parts of the NC clamps, while improving its static and

dynamic performance.
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Chapter 6

6 Conclusion

6.1 Background

Nanopositioning technology proposes numerous applications in the fields of
semiconductor technology, biomedical research, micro/nanofabrication process, optics,
and metrology instrument. This wide range of applications requires the design and
development of large load capacity, long stroke and compact positioning stages without
compromising high speed and precision. This thesis deals with design-related research in
vertical nanopositioning based on piezoelectric actuators. A prototype of the Z-axis
positioning stage driven by flexure mechanism based complementary clamp piezoworm
actuator has been developed. The compact design of the Z-axis positioning stage
described herein makes it preferable for different applications. Traditionally, the motion
in Z axis is being achieved by mounting a stage on an L-bracket which often has low

force capacity and lacks compactness. Such arrangement also does not allow an object to
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mount directly on the positioning stage. Some vertical positioners mounted on coarser
micropositioners, for the extended travel ranges, are now commercially available and
they can provide several mm range of travels and high load capacity. However, such
systems suffer from non-linearities which are detrimental to the positioning accuracy and
require compensations for backlash and stick-slip. In this thesis, these limitations have
been addressed by developing a piezoworm actuator specifically for generating vertical
motions which utilized to drive a newly designed compact vertical stage with long travel
range and high speed capabilities. The actuator has long travel range and resolution to
move the sample placed on the top of the platform precisely to the desired location. The
stage does not require continuous electrical power to hold the sample in position.
6.2 Summary
Several researchers have previously developed piezoworm actuators for planner

motion, however this work focuses on designing the actuator for vertical positioning
with high precision. In addition, this work concentrates on designing an Z-axis stage and
integrating the actuator into the stage while most of the previous related research works
were concentrated on the actuators only. The benefit the structure becomes compact
and the friction surfaces are not exposed to dust or any other contamination. Therefore,
two major challenges have been faced and solved: proper installation of the actuator
within the stage and perfect alignment of the actuator to the stage. The research activities
on the development of vertical positioning stage have been divided into following
phases:

»  Development of analytical moddl - In this phase of the research, an improved

stiffness model for the clamp which normally holds the slide was developed
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and presented. The common stiffness model used in the literature is not
feasible for the two different types of clamps used in complementary clamp
piezoworm actuator. The effect of preload on the flexure mechanism was
considered in the stiffness model which is significant in short flexures as it
induces additional internal stress to the mechanism. This model was useful to
prevent permanent deformation or even fracture of the flexure mechanism and
validated by estimating the maximum stress during operations which is below

the yield stress of the material.

Development of conpleentary pie”oworm actuator - Five piezoelectric actuators were
used in this piezoworm configuration to achieve motion in vertical direction.
The designs of the stationary and moving clamps were aimed to be symmetric
in order to provide clamping forces to both directions. Each of the
components of the piezoworm actuator was separate and can be adjusted or
replaced if needed. FEA was used to select accurate flexure geometry of the
clamps and to optimize their performances. Two amplified piezoelectric
actuators were used in parallel for the extender sections. Such compact
configuration reduced the height and size of the actuator by eliminating guide
rods or flexure guides, allowing space for the stationary clamps and direct
expansion or contraction of the moving clamps in vertical direction.

Development of vertical positioning stage - An improved stiffness model for the
positioning platform was described as part of vertical positioning stage design.
The tradeoff between stiffness and mass was solved by estimating appropriate
platform geometry where the deformations induced by the clamping forces
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were restricted to minimum level. FEA was utilized to investigate the
maximum stress and deformation of the platform and thus to improve its
static and dynamic performance. For the given platform geometry, the
clamping forces provided by two different clamping sections are also analyzed.
Such platform design is useful to provide long travel range and support large
load without using the highly accurate guide sliding mechanism.

Prototype fabrication, assermbly and testing —In order to achieve high machining
accuracy, EDM technique was used to manufacture the flexure mechanisms
for the clamps. The friction surfaces were precisely ground to avoid
misalignment during rectilinear motion. Ceramic strips were attached to reduce
wear of the friction surfaces. During assembly, the piezoworm actuator was
well-suited inside the vertical stage and the stationary clamps were properly
aligned by adjusting the chassis. With the assistance of proper counterweights,
the platform of the stage developed could climb upto 20 mm with repeatability
of less than 20 nm. The actuator had load capacity of 8 N. The overall
dimensions of the finished stage were 115 mm (length) x 100 mm (width) x

57.25 mm (height).

6.3 Future Work

The future research efforts will be directed towards the development of a close-

loop controller for the positioning stage to track a wide class of signals. In order to

realize accurate positioning and tracking by addressing the non-linearities such as friction

induced between the surfaces, hysteresis in piezoelectric actuators between the voltage-
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displacement relationship, glitching during clamp switching, and misalignment between
surfaces during assembly, closed loop control of the piezoworm is required. The
clamping surfaces of the piezoworm clamps are coupled to the positioning platform
through ceramic strips which reduce wear of the clamping surfaces without
compromising the friction that is required to achieve high output force. This friction is
non-linear in nature since it varies along the length of the travel of the slide. All the non-
linearities can be addressed by closed loop control and highly precise positioning of the
platform can be achieved. The laser interferometry-based closed-loop control for the
vertical positioner will go under extensive testing. The vibration induced due to the
impact between the clamp and friction surface during each clamping step can be
addressed by proper control techniques.

There are several applications in which this vertical positioner can be found
useful such as cell manipulation, surface metrology, lithography, deep space optical
communication, molecular assembly and nano fabrication. The vertical positioner can
provide precise high velocity in the Z direction which is needed in the typical cell
manipulation such as clean penetration without dimpling, especially for tough cell
membrane. In 3-D particle tracking, this vertical positioner will enhance the range
capacity of the stand that uses standard epifluorescence video imaging in off-focus mode
and allows the tracking of particles with 100-ms temporal resolution. This long range
vertical positioner is expected to contribute to the emerging fields in high-speed
fluorescence and confocal microscopy applications.

This vertical stage can be integrated to planner stages in order to make XY Z-axis

positioning system that can provide centimeter of travel range in each direction.
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Furthermore, piezoelectric rotary motors (PRM) can be utilized into the positioning
system to achieve high resolution angular positioners. Thus manipulator that provides six
degree of freedom motions with high precision and extended ranges can be acheived.
Such system can provide great flexibility to the traditional stereotaxic devices used in
neurosurgery by allowing the probe/tool to be precisely positioned at variable angles
with respect to the target sample. High precision linear and rotary motion in extended
ranges will bring new opportunities in nanorobotics research. Since the piezoworm
actuator is integrated inside the positioning stage, the friction surfaces for this vertical
stage are not exposed and become free of contamination in biochemical applications.
The materials of the positioning stages can be made compatible with extreme
environmental conditions such as ultra-high-vacuum, cryo-temperature, high-magnetic

field etc.
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Appendix A

Drawings of Piezoworm Stage
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