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ABSTRACT

Flexure or compliant mechanisms are employed in many precisions engineered
devices due to their compactness, linearity, resolution, etc. Yet, critical issues remain in
motion errors, thermal instability, limited bandwidth, and vibration of dynamic systems.
Those issues cannot be negligible to maintain high precision and accuracy for precision
engineering applications. In this thesis, a novel fluidic pressure-fed mechanism (FPFM) is
proposed and investigated. The proposed method is designing internal fluidic channels
inside the spring structure of the flexure mechanism using the additive manufacturing
(AM) process to overcome addressed challenges. By applying pneumatic/hydraulic
pressure and filling media into fluidic channels, dynamic characteristics of each spring
structure of the flexure mechanism can be altered or adjusted to correct motion errors,
increase operating speed, and suppress vibration. Additionally, FPFM can enhance
thermal stability by flowing fluids without affecting the motion quality of the dynamic
system. Lastly, the motion of the nanopositioning system driven by FPFM can provide
sub-nanometer resolution motion, and this enables the nanopositioning system to have two
linear motion in a monolithic structure. The main objective of this thesis is to propose and
validate the feasibility of FPFM that can ultimately be used for a monolithic FPFM dual-
mode stage for providing high positioning performance without motion errors while

reducing vibration and increasing thermal stability and bandwidth.
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1. INTRODUCTION

Flexure or compliant mechanisms are utilized in many precisions engineered
devices due to their compactness, linearity, resolution, and bandwidth. However,
technological gaps for improvements exist, such as motion errors arising from stage-
actuator alignment error or manufacturing tolerance, thermal instability, which may cause
thermal displacement errors, limited bandwidth, and vibration of dynamic systems. Those
issues need to be enhanced and resolved to achieve high precision and accuracy motion
quality. Taking advantage of the additive manufacturing (AM) process that enables the
realization in the complex shaped design of the structure, the flexure mechanism that has
internal fluidic internal channels was additively manufactured to address current
limitations and challenges in precision-engineered devices. The FPFM with internal
fluidic channels can be operated by applying pneumatic/hydraulic pressure and flowing

and filling media such as air, water, or oil, as shown in Figure 1.1.

]
B A-B

{ 'L

F =11"g!
-4
’ < >
2_5.
5.0

Units inmm &

Figure 1.1. Design of flexure based FPFM: (a) 3D CAD model and (b) cross-section view.
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The proposed FPFM method has the following capabilities: 1) it can correct
angular motion errors occurred from manufacturing tolerance or stage-actuator alignment
by applying pressure into internal channels, which change the dynamic characteristics of
spring structures of the flexure mechanism, 2) by flowing fluids with a certain pressure
level or flowrate, the increased temperature of flexure mechanism which caused by
motors, sensors, or environment can be significantly lowered to reduce the thermal
displacement errors and to provide thermal stability, 3) FPFM driven by the
pneumatic/hydraulic pressure can suppress the vibration beget from resonance frequency
and alter the damping parameters to improve the positioning performance and control
bandwidth, 4) Finally, the FPFM based nanopositioning system can provide two linear
motion in a monolithic structure, which can be utilized for a dual-mode stage with FPFM
for a fine motion and piezoelectric (PZT) actuator for a coarse motion. The monolithic
FPFM based nanopositioning system has the ability to provide sub-nanometer motion
without motion errors induced from the separation of two axes or manufacturing tolerance,
together with increasing the system performance and bandwidth with vibration reduction
and providing high thermal stability. As a result, the FPFM nanopositioning system
fabricated by the AM process can be applied in a high-performance precision-engineered
mechanical system.

1.1. Thesis Outline
This thesis divided into multiple chapters, with each detailed preface in sub-

section, and the first three chapters include three papers that have already been published



in journals. The information of published journals is delineated at the beginning of each
chapter.

Chapter two provides an extensive review of the AM process, including the
limitation, process, capabilities, and materials of AM technology, and its current
utilization and application on the flexure mechanism for the nanopositioning system as
well as future applications.

Chapter three details the capability of the designed pressure-fed mechanism on
compliant structures to compensate for motion errors by adjusting pressure levels and
direction inside internal channels. The result of correcting motion errors driven by FPFM
and a preliminary study on the effects of FPFM on the dynamic characteristics will be
discussed.

Chapter four focuses on a novel thermal management method on the
nanopositioning system by using FPFM to preclude thermal displacement errors. The
increased temperature of the dynamic system with heater and motors could be significantly
lowered by flowing fluids to achieve high precision motion quality.

Chapter five mainly illustrates the damping characterization of FPFM. The
presence of media and pressure can modify the dynamic system identification leading to
improved positioning performance, bandwidth, and the stability of the nanopositioning
system. The effects of the presence of media and pressure in fluidic channels on the
damping of the nanopositioning system were experimentally characterized and discussed.

Chapter six presents the feasibility of a new actuation method driven by FPFM for

a fine motion that can provide sub-nanometer resolution. This novel actuation mechanism

3



will ultimately enable a precision monolithic dual-mode stage application with a PZT
actuator as of a coarse motion.
Finally, chapter seven includes a brief summary of the main results and discussion

as well as future works.



2. AREVIEW: ADDITIVE MANUFACTURING OF FLEXURE MECHANISM FOR

NANOPOSITIONING SYSTEM®

2.1. Overview

A comprehensive review relevant to the design and fabrication of nanopositioning
stages based on additive manufacturing (AM) technology has been for the first time
introduced in the academic society. With the development of AM technology, AM has
been applied in many engineering design areas such as aerospace, automotive, consumer
electronics, and so on. Due to current limitations of AM tolerance (surface quality, form
error), process obscurity (melting pool, layer adhesion) and cost (especially for metals or
composites), there are only a small number of AM-applied devices that are currently
available either in the market or in many industry sectors above. The flexure mechanisms
that are typically employed in nanopositioning applications can provide a sub-nanometer
resolution motion; however, their current manufacturing methods (milling, electric
discharge machining, water jet machining) not only limit complicated flexure mechanisms
in 3D geometries but also prevent designers from challenging novel topology
optimizations. AM can overcome those limitations of fabrication and material distribution.
Furthermore, it can allow new design approaches to topology optimizations. This review

presents current and future AM-based precision motion device applications. Here, both

* Reprinted with permission from the “A Review: Additive Manufacturing of Flexure Mechanism for
Nanopositioning System” by Heebum Chun, Xiangyu Guo, Jung Sub Kim, & ChaBum Lee, 2020, the
International Journal of Advanced Manufacturing Technology, 110, 681-703, Copyright 2020 by Springer
Nature.
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design and fabrication of flexure mechanisms applied with current AM technology and
the potential of further developments were discussed.

2.2. Preface

2.2.1. Additive manufacturing

The development of additive manufacturing (AM) technologies was driven by
industry, looking for ways to produce rapid prototypes at low cost without the need for
dedicated toolings such as injection molding. AM has offered solutions to shorten the
production development cycles and product lead time.

Since the 1980s, a number of rapid prototype (RP) technologies have been
developed. This technology builds 3-dimensional objects by adding materials layer by
layer from digital information. The transition of these technologies into the manufacturing
industry has been termed rapid manufacturing (RM) and the growth of this industry has
also been fed by the expiration of some of the early patents held on the fused deposition
modeling (FDM) process by Stratasys. Rapid manufacturing led to the expansions of the
open-source 3D printers, including the MakerBot, RepRap, and Solidoodle that can now
be easily purchased or built for under $1,000. The AM processes will have an enormous
impact on the manufacturing and design of components in the 21st century. Especially,
the metal AM industry is expected to grow 21% to $1.25 billion according to Wohlers
Associates [1]. This review addresses the use of AM to create precision-engineered
devices that cannot be manufactured by the traditional manufacturing processes, for

example, electric discharge machining (EDM, accuracy ~2.5 pm) [2], waterjet machining



(accuracy ~ 25 pum) [3], micro-milling (accuracy ~2 pm) [4] and polymeric/metallic
additive manufacturing (accuracy 50~200 pm) [5-10].

In precision devices, the material properties are main factors in the design stage to
evaluate static behavior such as deformation, stiffness, and even damping. Especially for
precision motion devices where the dynamic performance of the material is of primary
importance. Presently, precision-engineered devices applied to precision machine tools,
semiconductor equipment, high-resolution microscopes, and coordinate measuring
machines are traditionally manufactured by using high-performance materials and tightly
controlled processes. Such systems are quite expensive but necessary in technology,
increasingly high needs for low-cost, complex-shaped, multi-functional, multi-materials,
even internal-structured devices appear while traditional manufacturing technologies have
hampered creativity or design.

The emerging of AM is to address those challenges and becoming a game-changer
for individuals, academia, and industry. Yet, it has not been considered as a technology
that can be used for high-performance end-use devices because of a number of material
constraints and resolution issues. Enabling technologies for precision-engineered devices
are the sensing and control systems; whether this sensing and control are used in the
fabrication of devices such as micrometers and gauge blocks or in the device itself such
as precision motion devices, particularly for precision stages. When dynamic and thermal
behaviors of additive-manufactured structures are well-understood and characterized,
precision motion systems can perform as good as the sensing and control systems in an

easy, convenient, and low-cost manner.



2.2.2. Flexure mechanisms

The basic principles of compliant mechanisms have been known for a few decades,
and the design and fabrication methods that can be found in the literature have been well
documented in textbooks [11-13]. This development has been driven by the increasing
need for nanometer motion accuracies and achieving high-precision in industrial sectors
such as semiconductors, precision machine tools, and precision manufacturing.

Flexure design is nothing new. A wealth of design information existence enables
predicting flexure performance based on the theory of elasticity. A flexure, typically, is
any structural element or joint that connects two rigid bodies and it has been outlined as
components of elastic compliance. At present, its versatility has been contributing to major
breakthroughs in broad research areas and industrial applications together with bio-
nanotechnology, nanometrology, semiconductor manufacturing, chemical science and
engineering, nano-machining and nanofabrication, material science, high-density data
storage systems, and even to micro-electro-mechanical systems (MEMS) [14-16]. Most
current research relates to creating high-speed and high-precision positioning platforms
for scanning probe microscopy (SPM) and related technologies [17-20].

The flexure mechanisms are able to provide nanometer-scale displacements with
a total motion range of around, at least, tens of microns. To achieve such high
performance, the design of the positioning mechanisms, the selection of the sensors and
actuators, and the implementation of advanced controllers need to be systematically
investigated. Researches on flexure mechanisms focus on three key areas: (1) Mechanical

design of high-performance flexure mechanisms; (2) Control theory for enhancing the
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performance of flexure mechanisms and (3) Sensing technologies for measuring the
motion of flexure mechanisms.

As illustrated in Figure 2.1, when the force generated by a piezoelectric (PZT)
actuator acts on the mechanism, the flexure joints or flexure structures are deformed to
produce the desired displacement. Compared with conventional-scale motion slides,
flexure mechanisms provide infinite-motion resolution and preclude friction and backlash
found in sliding systems; thus, the positioning resolution is not limited by friction or
stiction [12]. The trade-off for the resolution capability of the flexure mechanisms is their
small range of displacement since the flexure joints must be operated at the elastic region
of the flexure material. If a large motion range is critical, some low friction slides such as

air-bearing slides, have to be selected to reduce the error from friction.

-

Figure 2.1. Schematic of flexure mechanism: d displacement.

The flexure mechanisms are manufactured in a monolithic configuration without
any separation of components. Those systems are usually machined with a mill, EDM,

waterjet, plasma-arc, electrochemical, laser, CNC (computer numeric control), and
9



abrasive jet that are precise in motion or minimal off-axis error motion to confirm the high
positioning accuracy and resolution [2-10]. These manufacturing technologies take away
materials (conductive materials, primarily metal) using planar processing methods (some
of the more elaborate machines are capable of additional axes of motion to enable rotations
of the planar machining operations). With the recent progress of MEMS technology,
several MEMS motion stages are introduced [21, 22]. The total displacement is limited to
a few tens of pm even though those are promising for high bandwidth and high resolution.
AM, providing three dimensional and freeform manufacturing, promises to be another
major contributor to further innovation in flexure mechanisms. All current design
approaches focus on the synthesis from individual elements, from which, the structure is
then translated into parts for manufacturing and subsequent assembly. The ability to
translate a mechanism design directly to a functional mechanism manufactured from a
single monolithic material represents the enormous potential for cost-savings and the
predictability of subsequent performance.
2.2.3. Additive manufacturing-based flexure mechanism design

Flexure designs based on AM differ from existing flexure designs. First, flexures
can be designed using AM process by emphasizing on the functional aspects without
considering whether they can be machined. For instance, the existing cooling channel can
be obtained by conventional machinability as shown in Figure 2.2 (a). However, if it is
manufactured using AM technology, forming the internal channel will not be affected by

its machinability. Therefore, it can be designed as Figure 2.2 (b) without considering the
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limitation of machinability and by focusing only on improving its cooling performance

[23, 24].

7 7 ////
00 A///// g7,
(a) conventional cooling channels (b) conformal cooling channels

Figure 2.2. Cooling channels: (a) conventional cooling channels and (b) conformal cooling
channels. Reprinted from [23, 24].

The flexure mechanisms can be designed by using AM to improve performance
aspects rather than to increase possibilities of machining. When designing a conventional
flexure mechanism, the machinability must be considered. Additionally, in designing a
flexure mechanism, the desired properties include high precision, long feed distance, and
high natural frequency. The flexure design can be performed using CAD software;
however, the design geometry might not be able to be machined due to the limitation of
conventional machining processes. A high-performance flexure mechanism is
meaningless unless it is machinable. AM enables the completely new design type of
flexure mechanism, which is, otherwise, unachievable through conventional machining.

Furthermore, a compact-sized flexure design can be achieved using AM. One of the most
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important aspects when creating a nano-precision positioning system using the flexure
mechanism is symmetric design. In the ideal design, the flexure can move linearly in the
driving direction without parasitic motions. Furthermore, the ideal motion is generally
designed symmetrically from one side to another to account for the thermal expansion of
materials and machining errors. Therefore, the symmetrical design is structurally stable
but the design results in a large and heavy system. Hardware size and weight are issues in
precision equipment. In general, sophisticated technology is required to fabricate smaller
systems while maintaining the desired performance. Flexure designs based on AM enables
a compact system as well as maintaining the symmetry of the system. A typical example
of the flexure mechanism designed using the advantages of AM is depicted in Figure 2.3
[25]. While maintaining the symmetrical shape for the XY motion of the platform, the XY
amplification mechanism was placed in one part of the outer section. The example flexure
design as shown in Figure 2.3 cannot be achieved through conventional machining;
however, it can only be realized using AM. Overall, flexure mechanisms are allowed to

be compact, symmetric, and complex shaped geometry by using AM technology.

12



e D
. Rlatfor,

Figure 2.3. AM-printed nanopositioning flexure mechanism. Reprinted from [25].

2.2.4. Patent and journal paper map

Because the research on the nanopositioning systems or flexure mechanisms has
been of interest in academia and industry a long time ago, many patents and journals are
published. Novel ideas and approaches have been historically introduced in terms of
design, control, and fabrication. There exist few records for intellectual property (IP) and
journal publications that are based on AM technology. In this review, the IP filing and
journal publication database archived since 2010 were collected. The keywords (additive
manufacturing, 3D printing, flexure mechanisms, positioning stages, and compliance
mechanisms) were used to search the patents registered or filed from the United States
(US), Europe (EU), China, Japan, and South Korea in the patent search engines (Google
patents and KIPRIS), and all searched patents were manually filtered. There were five
patents (US 1, EU 1, China 1, and South Korea 2) searched [26-30]. Four patents were

disclosed based on polymeric structures, and one patent from China was based on metal
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structures. Similarly, publications were searched with the same keywords in Elsevier,
Springer, Institute of Physics, Hindawi and Google Scholar. Since 2010, 11 journals (3
metal printing, 8 polymer printing) [8-10, 31-38] and 4 conference papers (2 metal printing)
[39-42] have been published. It is expected that the precision positioning stage
applications with AM processes will be dramatically increased with the development of
AM technology and the popularization of AM machine tools. Thus, the novel design,
control and implementation approaches created by AM technology will increase the
number of patents and publications in the near future. This review will shed light on a new
perspective of AM technology toward precision motion devices.

2.3. AM Design and Manufacturing Technology

2.3.1. Process characterization of AM

To achieve the high-performance flexure mechanisms, the AM process has been
reviewed for selecting an appropriate AM technology and a corresponding build layout.
As shown in Table 2.1, the AM process has been classified AM technologies into seven
categories: (1) Material extrusion; (2) Powder bed fusion; (3) Vat photopolymerization;
(4) Material jetting; (5) Binder jetting; (6) Sheet lamination; (7) Directed energy
deposition [43].

Among those, the powder bed fusion (PBF) process uses an energy beam to build
the 3-dimensional parts layer upon layer by sintering/melting fine powders in the powder
bed. The powders in each layer are used together with a laser beam or electron beam which
is used at a specific location for each layer specified by the design [44]. The PBF process

includes the following commonly used these technologies: Selective laser melting (SLM),
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Selective laser sintering (SLS), Direct metal laser sintering (DMLS), Laser metal fusion
(LMF), Direct laser melting (DLM), Direct metal printing (DMP), and Electron beam
melting (EBM) [45]. The advantages of PBF process are mostly about next. First, there is
a wide range of materials that can be processed from polymers to metals. Second, the parts
that are fully or even partially sintered/melted can have significant density, strength and
stiffness advantages over non-sintered/melted processes as the material properties can be
close to that of feedstock. Third, depending on the PBF process and the materials, support
structures may not be needed, as the powder bed becomes the support. Fourth, the PBF
process that uses laser beam or electron beam results in a high level of accuracy and details
[44]. Therefore, the PBF process is most suited to design and fabricate the flexure

mechanisms due to these advantages.

Table 2.1. Classification of AM Process. Adapted from [43].

Categories  Technologies Materials Energy sources  Strengths / Weaknesses
Material Fused Thermoplastics, Thermal energy - Inexpensive extrusion
extrusion deposition ceramic slurries, machine

modeling metal pastes - Multi-material printing
(FDM) - Limited part resolution
Contour crafting - Poor surface finish
Powder Selective laser Polyamides, Laser beam - High accuracy and details
bed fusion  sintering (SLS) polymer - Fully dense parts
Direct metal Metal powder, - High specific strength
laser sintering ceramic powder & stiffness
(DMLS) - Powder handling
Selective Laser & recycling
Melting (SLM) - Support and anchor
Electron beam structure
melting (EBM) Electron beam
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Table 2.1. Continued.

Categories  Technologies Materials Energy sources  Strengths / Weaknesses
Vat photo Direct metal Photopolymer, Ultraviolet laser - High printing speed
polymeriza  laser sintering ceramics (alumina, - Good part resolution
tion (DMLS) zirconia, PZT) - Overcuring, scanned line
shape
- High cost for supplies
and materials
Material Selective Laser  Photopolymer, wax  Thermal energy - Multi-material printing
jetting Melting (SLM) /Photocuring - High surface finish
- Low-strength material
Binder Electron beam Polymer powder, Thermal energy - Full-color printing
jetting melting (EBM) ceramic powder, - Require infiltration
metal powder during
post-processing
- Wide material selection
- High porosities on
finished parts
Sheet Laminated Plastic film, Laser beam - High surface finish
lamination object metallic sheet, - Low material, machine,
manufacturing ceramic tape process cost
(LOM) - Decubing issues
Directed Laser Metal powder Laser beam - Repair of damaged /
energy engineered net worn parts
deposition shaping - Functionally graded
(LENS) material printing

- Require post-processing
machine

Electronic beam
welding (EBW)

2.3.2. Material characterization of AM

Two types of material such as polymer and metal have been used in the PBF
process, representatively. Due to the low-cost and flexibility, the polymers have been
applied for decades in the AM process. The polymers have the ability to soften and flow
when sintered/melted and regain firmness when cooled, making them ideal for the AM

process. High-quality polymers such as ABS, PLA, and PC have excellent mechanical
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properties [46]. However, in the flexure mechanisms, most of polymer parts manufactured
by the PBF process are still used as conceptual prototypes rather than functional parts,
since the pure polymer parts manufactured by the PBF process are lack of strength and
functionality.

Meanwhile, metals have become a continuous trend in the AM process. Its main
advantage lies in continuous expansion in the range of metals that can be produced in the
PBF process. Currently, the available metals enable to produce parts of any desired design
and mechanical and chemical properties. Therefore, nowadays, metals have been actively
applied to the PBF process to achieve high-performance flexure mechanisms [6].

In the PBF process, the feedstock such as a high-quality metal powder is especially
important for a successful process. The most established and verified feedstock includes
Stainless steel, Aluminium alloys, Cobalt alloys, Nickel alloys, Iron alloys and Titanium
alloys. Among those, Stainless steel and Aluminium alloys are used in the flexure
mechanisms thanks to their peculiar combination of properties and 10 ~ 30 % cheaper than
other materials. Stainless steel exhibits few mechanical properties favored in the PBF
process, including hardness, tensile strength, formability, and impact resistance.
Especially, 316L Stainless steel is mainly used as feedstock to manufacture the flexure
mechanisms due to its advantages in weldability, corrosion resistance and high strength.
In the case of aluminium alloys, it demonstrates high strength to weight ratios, good
resistance to metal fatigue and corrosions. Additionally, aluminium alloys typically offer
better build rates than other metal feedstocks used in PBF process. They possess fine-

grained microstructures with grains roughly equal in size and they are typically as strong
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as wrought parts. Therefore, excellent fusion characteristics make them well suited for
flexure mechanisms. As a result, they are actively applied to the flexure mechanisms [43-
47].
2.3.2.1. Mechanical property of AM part

The mechanical properties of part manufactured by AM process are important to
obtain desired characteristics. Thus, many researchers have investigated the mechanical
properties of part manufactured by the PBF process. Mower et al. measured the flexural
modulus of melted materials and compared with those of bulk materials that are
chemically identical or similar [47]. The results of flexural modulus measurements are
listed in Table 2.2. The SLM aluminum proved to be about 10% stiffer than bulk Al 6061
(machined by CNC). The comparison is useful since the only aluminum available at
present for commercial SLM or DMLS production is AISi10Mg. Specimens of this
material produced with SLM in the vertical orientation demonstrated slightly higher

modulus (73.8 GPa) than those fabricated in the horizontal orientation (71.8 GPa).

Table 2.2. Measured flexural modulus of part manufactured by PBF process. Adapted
from [47].

Material Longitudinal Horizontal Vertical
(GPa) (GPa) (GPa)
Bulk Al6061 65.5 - -
AM SLM AISi10Mg - 71.8 73.8
Bulk Ti6Al4V 114.0 - -
AM DMLS Ti6Al4V - 115.3 116.5
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Table 2.2. Continued.

Material Longitudinal Horizontal Vertical
(GPa) (GPa) (GPa)
Am D'Vzh?P;mAMV : 1175 119.4
Bulk 316L 191.3 - -
AM DMLS 316L - 187.3 189.1
Bulk 17-4PH 193.9 - -
AM DMLS 17-4PH - 172.2 192.9

2.3.2.2. Common defect of AM part

Many researchers examined the impact of different types of defects on the
mechanical performance of AM parts [48-54]. The existence of defects can be the source
to possess poor mechanical properties and accuracy of mechanical motions under certain
loading conditions. Variations such as heat source power, layer thickness, feed rate of
powder, powder size distribution, scan speed, the spacing of scan lines, surface chemistries
in the process of parameters, and the attribute of powder influence the microstructural
characteristics present in PBF parts (e.g., grain size, texture, solute distribution) and these
may have effects on the quality of deposited materials and the generation of defects [55-
58]. Several studies are conducted to understand and quantify the effects of parameters on
the final microstructural characteristics, e.g., Rombouts et al. [59] and Slotwinski [60-63].
As the combined influence of all related parameters is not fully understood yet, critical

experiments and vigorous process models are still in need of developing [58, 59, 64-67].
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The common defects are classified into three types: (1) Porosity; (2) Lack of fusion;
(3) Crack. The porosity, lack of fusion, and crack are types of common defects found in
AM parts as shown in Table 2.3 and these defects are induced to the AM parts during the
AM process. Especially, several process parameters and feed material attributes have been
associated with these defects of AM parts. The localized heating and rapid cooling along
with consuming powdered material as the feed stock create a favorable environment for
defect formation by leaving the porosity, lack of fusion regions, or crack [68, 69].

Porosity is formed when high energy source causes the materials to be vaporized
locally. In order to prevent the inclusion of porosity, the process condition like high energy
density caused by high energy source and low scanning speed should be avoided. Lack of
fusion is generated due to the insufficient energy source and it generally contains un-
melted metal powders in AM parts. Hence, the process condition should be optimized in
order to create perfect AM parts. Crack is being caused by thermal histories such as
complex heating and cooling cycles, and this could affect the fatigue crack growth.

Therefore, post-processing is required to prevent crack [68-74].

Table 2.3. Common defects in PBF part. Adapted from [68-74].

Defect Description Effects on part quality Example
Porosity Voids either within a layer - Decreased mechanical properties
i . Gas porosity
or between layers caused by - Increased fatigue crack initiation : e

lack of fusion or gas -Increased anisotropic effects

entrapment, typically due to

100 um

improper energy densities
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Table 2.3. Continued.

Defect Description Effects on part quality Example

Lack of Unfused powder in final part - Decreased mechanical properties

Unmelted Powder

fusion  caused by improper energy - Increased fatigue crack initiation lack of fusion
source densities, primarily - Increased anisotropic effects
very low energy source (

100 pm
—_—

densities
Crack  Cracks formed inside final - Decreased high and low cycle
part, typically from residual  fatigue performance

stress due to complex

heating / cooling cycles

experienced

2.3.3. Technological challenges in metrology and inspection of AM part

The flexure mechanism for nanopositioning system has begun to adopt AM
technologies. With the maturation of AM technologies, it is essential to characterize the
performance of AM machine tools, focusing on in-situ process monitoring, in-process
measurement, process feedback, and correction [75-80]. Especially, the PBF process is no
longer simply a prototyping technology, and in consequence, metrology is an ever-present
area of focus in this field. This transition comes to an array of considerations that must be
dealt with the validation of the accuracy, precision, and effectiveness of parts made [79,
80]. Existing examination and metrology techniques are not optimized for PBF process,
materials, or parts, although there is a growing need for PBF part inspection and quality
control. In-situ non-destructive inspection technique is required to discover the defects

that severely affect the performance of nanopositioning stages.
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Several non-destructive techniques have been identified for the detection of
defects, process monitoring, and analysis of materials in PBF parts and are in varying
stages of development. A brief introduction of defect detection techniques under the
development for monitoring PBF processes is described in Table 2.4.

Optical inspection such as Visual inspection and Dye inspection are useful tools
for non-destructive techniques of AM parts due to its low-cost and ease of implementation
[81-85]. Ultrasonic testing has a wide range of applications in materials testing and
evaluation [86-91]. These techniques can be extensively applied for inspection of AM
parts. Recently, electromagnetic testing can be utilized to detect changes in capacitance

due to porosity, lack of fusion, and crack [92-97].

Table 2.4. Classification of metrology techniques for detecting defects of PBF part.
Adapted from [81-97].

Categories Strengths Weaknesses
Visual inspections - Rapid - Mainly superficial defects
- Minimal evaluations - Require adequate illumination
- Easy to automate - Relative evaluations
Dye inspection - Detect subsurface defects - Require preparation
- Wide range of materials - Time consuming
- Low cost - Limited to small areas
Electromagnetic - Rapid - Only magnetic materials
testing - Subsurface defects - Single point measure
- Low cost - Penetration depth
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Table 2.4. Continued.

Categories Strengths Weaknesses

Radiographic testing - Subsurface defects - Laboratory usage
- Metallic and non-metallic materials - Part size
- Penetration depth
Laser testing - Full field image technique - High stable mounting setup
- Scanning area - Expensive

- Several materials

Ultrasonic testing - Penetration depth - Single point measure
- Accuracy - Only simple shape
- Low cost
Acoustic emission - Low cost - Metallic materials
- Continuous monitoring - Inaccurate location of failure
- Fatigue failure prediction - Materials damping properties
Vibration analyses - Rapid - Dependent of material stiffness
- Low cost - Require preparation

2.4. Current Applications
2.4.1. Polymer AM flexure mechanisms

Lee et al. [8-10, 14-17] designed and tested a polymeric flexure mechanism for a
long-working range and high-resolution. The monolithic double compound notch flexure
mechanism (DCNFM) was constructed to demonstrate this concept, and the flexure

geometric effects of the AM stage were investigated by estimating the compliance, stress,
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and force applied to the flexure. The fundamental limitations of the proposed positioning
system such as resolution, bandwidth, and control effectiveness are discussed following.
The DCNFM, well-known as a precision stage, employed in this study is illustrated
in Figure 2.4. It has a symmetric design that consists of four compound springs attached
to each side of the moving platform and the shuttle. The use of joined four compound
springs constrains the stage motion to inhibit deviation from rectilinear motion. The
translation of the shuttle is controlled by two identical four-spring mechanisms in the
condition of elastic deformation. Another advantage of the implementation of two
symmetrical four-spring mechanisms is to permit self-compensate for thermal expansion.
Each spring was designed with circular flexure hinges at both ends as shown in Figure 2.4
because these hinges are used in compliant micro-motion stages for high-precision control.
As shown in Figure 2.4, Ax and Ay are the lengths of the hinge, T is the thickness of the
hinge, B is the width of the hinge, L is the length of the flexure, and H is the height of the
flexure. These kinds of flexure hinges are precise in rotation since their center of rotation
does not displace as much as other hinges, such as the leaf-type or the corner-fillet.
Besides, the circular flexure hinge for the flexure stages can prevent abrupt changes in the
cross-sectional flow area whereas generating typically pure rotation. The flexure stage was
fabricated by the stereolithography process (Projet® 6000HD, 3D Systems Inc.) using a
photo-sensitive photopolymer (Visijet® SL Tough, 25um fabrication resolution). It took
only an hour to complete the fabrication of a full monolithic structure with a dimension of
100 x 110 x 15 mm?. As seen in Figure 2.5, the flexure hinge was fabricated: Ax= 0.6 mm,

Ay=0.2mm, T =0.6 mm, H = 1.0 mm. The surface quality of the AM stage along the
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height direction was evaluated by using a high-resolution optical scanning microscope

(VHX-2000, Keyence Inc.).

Actuator

Figure 2.4. Configuration of double compound notch flexure mechanism.

The flexure surface quality introduces an additional stress concentration to the
flexure, which considerably affects the fatigue strength due to the possibility of crack
nucleation and propagation on the surface [27, 28]. The top surface of the printed flexure
was smooth and shiny (Figure 2.5 (a)). The surface profiles along the vertical direction
and horizontal direction were measured (Figure 2.5 (b)) and it showed approximately 6
um and 1 pum surface waviness along with the vertical and horizontal directions,
respectively. Compared with typical electrical discharged machining (EDM) tolerance

(5~10um), the AM approach to nanopositioning devices is able to provide high tolerance
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design (6 pum), low printing time (1 hour), low cost, and freedom of design. The
compliance of the AM stage was measured using a force sensor with a digital micrometer
(resolution 1um) and compared to FEM results. The measurement result of 0.317 mm/N
was 23.0% lower than the FEM result of 0.413 mm/N. We conclude that the discrepancy
can be arisen from the AM tolerance and fabrication conditions: the layer-to-layer printing

thickness, printing speed, printing temperature, and curing temperature and time.
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Figure 2.5. Fabrication results: (a) top surface flexure and (b) flexure wall surface image.
Reprinted from [10].
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Sharkey et al. [35] presented a new methodology to overcome several restrictions
of 3D printed mechanisms by exploiting the compliance of the plastic to produce a
monolithic 3D printed flexure translation stage. This structure is capable of sub-micron-
scale motion over a range of 8 x 8 x 4 mm. Parallelogram structures form the basis of the
microscope mechanism: the four-bar linkage enables the objective to vertically translate
while not changing orientation or lateral position. This is close to the yield strain of both
the PLA and ABS plastics which are typically utilized in 3D printing. They implemented
a simple optical microscope based around the printed translation stage (Figure 2.6) to
quantify their mechanical performance in a realistic situation. This allows us to measure
its stability over a range of time scales and to demonstrate the precision which can position

a sample relative to the objective lens.
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Figure 2.6. Flexure mechanism for vertical motion of the microscope objective, (a) plan
view, (b) orthographic projection, and (c) elevation showing the flexure hinge points as
circles. Reprinted from [35].
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2.4.2. Metal AM flexure mechanisms

Wei et al. [32] reported the fabrication and characterization of a flexure parallel
mechanism through the laser beam melting (LBM) process to demonstrate the
development of the proposed AM technique. The geometrical accuracy of the AM flexure
mechanism was investigated by three-dimensional scanning.

Figure 2.7 shows the deviation of geometry between the AM flexure mechanism
measured by 3D laser scanning and the designed 3D model. This result of measurement
indicates the overall fabrication error (or tolerance) of the LBM process for the flexure
mechanism. It was found out that 77% of the geometry deviation was within £0.093 mm
and the deviation along the width (printing direction) was larger than that along with the
thickness. The deviation can be mainly caused by the layer-by-layer process of the AM

and the thermal stress due to the high cooling rate during the LBM process.
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Figure 2.7. Geometrical analysis of the LBM AM flexure mechanism through 3D laser
scanning: (a) 3D deviation, (b) cross-section at the middle of the hinge and (c) cross-
section at the middle of the hinge along the width direction. Reprinted from [35].
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Fowler et al. proposed a large-displacement monolithic compliant rotational hinge
(Figure 2.8) was fabricated by three materials (polypropylene, titanium, and carbon
nanotube), the so-called Flex-16, which attains 90° of rotation from monolithic
construction and is aimed for application of compliant satellite deployment hinge [98].
Advances in electron beam melting (EBM) enable AM with a variety of metals, including
alloys of Titanium. Two grades of Titanium powder are currently available for the use in

EBM machine tools: Ti6AlI4V and Ti6Al4V ELI (extra low interstitials).

Figure 2.8. A compliant Titanium hinge produced with electron beam melting (EBM).
Reprinted from [101].

Pham et al. [33] presented the synthesis and evaluation method for a 3-D printed
three degree-of-freedom spatial-motion compliant parallel mechanism by EBM
technology (Figure 2.9). A 0.5 mm thick linear spring mechanism was fabricated by EBM
technology with the identical material and building direction as the compliant mechanism
prototype. The stiffness of the printed linear spring mechanism was then evaluated using

the experimental setup as shown in Figure 2.9. A micrometer was applied to produce the
29



input displacement and a six-axis force/torque (F/T) sensor (ATI, MINI-40) was employed
to measure the actuating force. A force was applied to the flexures through a rod that was
rigidly connected to the free end of the linear spring mechanism. Under the actuating force,
the free end of the linear spring mechanism would be displaced along the horizontal
direction, which was parallel to the input displacement from the micrometer. To ensure
the accuracy of the measured force, a linear guide was used to eliminate the parasitic
motion perpendicular to the main motion of the linear spring mechanism due to the elastic

deformation of two flexures.
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Figure 2.9. Experimental setup for AM stage fabricated by EBM technology. Reprinted
from [33].

2.4.3. Composite AM flexure mechanisms
Whilst the mechanism possesses excellent mechanical properties overall, the

comparatively low ratio of compressive-to-tensile strength for carbon fibers may be a
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disadvantage for the use of carbon fiber-reinforced polymer (CFRP) composites when it
is utilized as members of a structure subjected to compressive and/or flexural loading [99-
101]. Notwithstanding glass fibers have a lower tensile strength in comparison even to
low strength carbon fiber [102-104], their strain-to-failure is higher than carbon fiber due
to the lower modulus. Thus, it is possible to incorporate high elongation fibers e.g. glass
into low elongation fibers e.g. carbon to enhance the failure strain.

Previous studies about the effects of hybridization on the flexural properties of
fiber-reinforced composites have shown varied results. Sudarisman and Davies [105]
reported the replacement of 33% of E-glass fibers by S-2 glass fibers produced an increase
in the flexural strength of 23%, without any significant effects of hybridization to the
flexural modulus. Kalnin [106] found that the flexural strength rapidly decreases as an all-
glass reinforcement is gradually replaced by graphite fiber. The theoretical maximum
strain failure criteria showed slight positive deviations. A recent study by Sudarisman et
al. [107] delineated that the optimal placement of glass fibers on the compressive side of
a test specimen would magnify flexural performance in CFRP. As such, the study showed
an intriguing result that was noted to display a positive hybrid effect through the partial
substitution of carbon fibers for glass fibers in the flexural strength, strain at maximum
stress, and energy storage at maximum stress. Dong et al. [108] presented the flexural
properties of hybrid glass and carbon fiber reinforced epoxy composites by conducting
both experiments and FEA. Three combinations of the carbon and glass fibers, i.e. S-
2&T700S, S-2&TR30S, and E&TR30S, were used to make hybrid composite specimens.

Specimens were created by the hand lay-up process in an intra-ply configuration with
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varying degrees of glass fibers added to the surface of a carbon laminate. Both the
experiments and FEA suggest a decrease in flexural modulus with an increasing
percentage of glass fibers as shown in Figure 2.10. Positive hybrid effects exist by
substituting carbon fibers with glass fibers, and applying a thin layer of GFRP on the

compressive surface yields the highest flexural strength.
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Figure 2.10. Load-displacement curves from flexural tests: (a) S-2 glass and T700S
carbon, (b) S-2 glass and TR30S carbon and (c) E glass and TR30S carbon. Reprinted
from [108].

2.5. Future Applications and Properties Analysis
2.5.1. Pressure-fed mechanisms
Flexures are primarily constraint elements that utilize material elasticity to produce

small, yet frictionless and precise in motions, and an ideal flexure provides infinite

Jo



stiffness and zero displacements along its degrees of constraint (DOC). Dynamic and
thermal characteristics of the flexures are influenced by constitutive properties of
materials, geometric compatibility, or force equilibrium conditions as illustrated in Figure
2.11. In other words, AM technology that makes use of the flexibility in mechanical design
can effectively control the material distribution (channel size, shape, and placement) in
terms of stiffness, damping, resonance frequency, and heat dissipation of the flexures. In
this study, the pressure-fed mechanism applying different pressure across the internal

channel was firstly characterized by dynamic and thermal testing.
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Figure 2.11. A concept of pressure-fed flexure mechanism. Reprinted from [38].

The pressure distribution and direction around each channel surface will be
dependent on the channel shape, and the dynamic characteristics of flexures will rely upon
the cross-sectional geometry of the channel. Thus, test samples (30x10x100 mm?3) of a

one-dimensional cantilever beam with various internal channel shapes (Circular,
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triangular, semicircular, inverse triangular, and inverse semicircular) were designed and
fabricated by the AM machine (Connex 500, high fidelity) with the same cross-sectional
area. The channel surface area remained constant at 19.625 mm?. This design compared
when only a cross-sectional area affecting material and mechanical properties, a real and
volumetric variation of the channels was not taken into account.

The major focus of this paper is on the utilization of AM process for testing
dynamic behaviors of AM-manufactured pressure-fed flexures, with the idea of providing
controllability of structural stiffness and damping performances. This controlled variable
stiffness and damping mechanism can be advantageously applied in robotics [109],
adaptive vibration control [110], bio-engineering [111], haptics [112], aerodynamics
[113], and architectural structures and manufacturing [114]. As a preliminary study [38],
in this paper, the pressure-fed mechanisms with five fluidic channel geometry were tested
under various pressure conditions to experimentally study dynamic characteristics of
pressure-fed flexure mechanisms. Stiffness, damping ratio, and natural frequency of each
cantilever according to varying air pressure conditions were characterized, and dynamic
behaviors of each cantilever were discussed.

2.5.2. Dynamic and thermal behaviors of flexures with fluidic channel

Lee et al. [38] investigated the effects of the pressure distribution around the
surface of the channel on the stiffness of the polymeric flexure with a circular fluidic
channel. First, the stiffness of the air tube (inner diameter 88 mm, outer diameter 10 mm)
was measured according to air pressure condition as shown in Figure 2.12. The

displacement data were collected by a capacitive displacement sensor while applying force
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to the tube that measured at the same time. It showed that the pressure-fed mechanism

could increase the structural stiffness by approximately 33.3%.
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Figure 2.12. Stiffness test results according to the pressure condition in the fluidic channel.

To test the thermal behavior of the AM pressure-fed flexure with an internal fluidic
channel, the polymeric cantilever (10x24x100 mm3) with circular (85 mm) fluidic channel
was designed and fabricated by AM process. The heat source was placed at the end of the
cantilever and 5 thermocouples were placed in the flexure. The temperature data were
collected under unpressurized condition, pressurized condition (60 psi) and water-filled
condition respectively while heating the end area of the cantilever as shown in Figure 2.13 (a).
The temperature increased approximately 17 “C in 10 min under unpressured condition.
Whereas the temperature increased only 10 °C in 10 min under the pressurized condition and

water-filled condition, as shown in Figure 2.13 (b).
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Figure 2.13. Thermal behavior of flexure: (a) temperature distribution along the flexure
and (b) cooling effectiveness of medium-fed mechanism. Reprinted from [38].

Water and air pressure conditions showed similar cooling performance. These
results indicate that the air or water-fed mechanisms can be used for thermal management
in precision systems that are critical to thermal expansion and deformation or thermal
noise. As a result of this preliminary study, it was confirmed that the pressure-fed
mechanism has a significant influence not only on dynamic characteristics but also on the
thermal behavior of the flexure [27]. Further investigation of the pressure-fed AM flexures
will allow for adaptive dynamic and thermal control of precision positioning systems and
will provide new insight into how to design mechanical system controls.

2.5.3. Thermal issues in flexure mechanisms

The mechanical structure is influenced by environmental conditions. For example,
the thermal expansion of a 5 cm long aluminum bar (typical size of nanopositioning stages)
subjected to 1 “C change (A typical change that may happen in a controlled environment)

may thermally expand 1.2 um which is roughly 1000 times the resolution of the stage.
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Several works have been made to deal with nanopositioning stages [115-117] highlighting
the need for using a geometric model combined with thermal compensation. Tan et al.
[118] notably quantified the influence of thermal drift by creating thermal models.
Improvements in performances of the nanopositioning stage were investigated through
robot calibration (i.e., open-loop approach) and two models (static and adaptive models)
were proposed to compensate for both geometric errors and thermal drift. Validation
experiments were conducted over a long period (several days) that showed the accuracy
of the stage is improved from a typical micrometer range to 400 nm using the static model
and even down to 100 nm using the adaptive model. The experimental results demonstrate

that the model efficiently improved the 2D accuracy from 1400 nm to 200 nm.

Lee et al. [119] preliminarily investigated the thermal effects of the polymeric AM
nanopositioning system. The temperature of three points at the voice coil motor (VCM),
the frame near the VCM, and the frame far from the VCM was measured. The temperature
was monitored while the flexure was subjected to cyclic loading of 3.6 million cycles in a
temperature-controlled lab environment. The temperature of the VCM and the frame near
the VCM rapidly increased and saturated at 6.09C and 2.5C, respectively, after
approximately 2 million cycles as shown in Figure 2.14; however, the temperature at the

frame far from the VCM remained constant with small fluctuation.
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Figure 2.14. Temperature effects: temperature measurement during 3.6 million cycles.
Reprinted from [119].

Therefore, to reduce the thermal issues, a novel thermal management strategy for
a nanopositioning system architecture for extreme temperature conditions that is capable
of low-cost, high signal-to-noise ratio (SNR), high closed-loop dynamic performance, and
user-friendly interfaces, have recently proposed by authors. For hardware architecture, the
nanopositioning stages will be fabricated using additive manufacturing (AM) technology
to maximize the thermo-mechanical design flexibility. As illustrated in Figure 2.15, this
flexibility will enhance the passive (conduction) and active (convection) cooling by a
fluidic channel array, control of material distribution (overall size and shape), material
selection, and manufacturing time and cost. The hydraulic pressure-fed cooling

mechanism will be applied to accelerate heat dissipation.
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Figure 2.15. Thermal management method using fluidic channels: A and B are the
dimension of the beam and D is a diameter.

Through this study, a new thermo-mechanical topology synthesis approach based
on AM will also be investigated to eliminate the positioning control issues raised in the
stage, sensor, actuator, and controller of nanopositioning systems due to increased
temperature. Although the nanopositioning system can avoid an extreme situation by the
proposed cooling method, the residual heat that is not removed during the conduction and
convection heat transfer can cause positioning error. Thus, advanced control algorithms
(e.g., adaptive, iterative, and linear quadratic regulator (LQR) control) [120-122]
combined with a thermal compensation based on the reliable mass-spring-damper model
of nanopositioning systems (Figure 2.16) will be investigated to achieve accurate and
effective positioning control by creating a nanopositioning hardware and software
architecture with AM technology for better performance at the extreme temperature

conditions.
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Figure 2.16. Thermo-dynamic model of nanopositioning system.

The dynamic thermo-mechanical model of the moving parts can be built with the
parameters: m, mass of moving part; br, damping coefficient of flexure; ke, spring constant
of flexure; ba, damping coefficient of piezo actuator; ka, spring constant of piezo actuator;
T., lower temperature; and T, upper temperature. All parameters are temperature-
dependent, and the displacement measured will include the piezo actuator input
displacement (dy), thermal elongation (dat), flexure drift (3p), and piezo actuator drift (5a).
Theoretical models of hardware and software architecture will need to be created.

2.5.4. Static and dynamic motion compensation

Dynamic characteristics of compliant mechanisms are highly dependent on
constitutive properties of material, geometric compatibility, or force equilibrium
conditions [12]. Unlike conventional manufacturing methods such as electric discharge
machining, waterjet machining, and micro-milling, an additive manufacturing technology

applied with mechanical design flexibility can impressively control the material
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distribution in terms of stiffness, damping, and natural frequency. Also, AM methods can
fundamentally change the current design principles to improve their own performance
such as accuracy, precision, repeatability, or removing motion error at a low-cost.

In the author’s preliminary study [123], as shown in Figure 2.17 (a), the internal
fluidic channels in the spring structures of the compliant mechanism were designed to give
a different compressed air pressure across the internal fluidic channels. The pressure
distribution can be monitored from four pressure gauges installed in inlets and outlets. The
stiffness (kxL, kx,r) and damping (cx., Cx,r) may be disparate due to AM tolerance, and
the displacement dx,L and dxr may also be different when the force (F) applied to the
shuttle part might not be perfectly aligned with the principal direction of the compliant
mechanism as it can generate yaw error depending on the two displacement amplitudes as
described in figure 2.17 (b) and (c). Since the bilateral spring structures are monolithically
connected and there are force-displacement interactions between each spring structure, it
is difficult to estimate or measure the dynamic parameters (stiffness and damping)
independently. It could be rather convenient or preferred to measure the motion error of
compliant mechanisms. The proposed pressure-fed mechanism can separately control
bilateral spring structures, and the difference in pressure can be in-situ adjusted according
to the linear motion results to make the displacement dx,. same as the displacement ox r.

Moreover, it can play a crucial role to assist the actuator to push and pull the shulttle.
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Figure 2.17. Operating principle of the proposed pressure-fed mechanism: (a) schematic
description, (b) dynamic model and (c) dynamic model when the force is not applied along
the principal direction. Reprinted from [123].

2.5.5. Dimensional metrology for additive manufacturing by X-ray computerized
tomography

AM, perhaps, is most appealing to industries aim at low-volume production of
highly customized parts for specific applications. The main challenge for the continued
adoption of AM in industries is the uncertainty in structural properties of fabricated parts.
In a previous study [10], it was found that this uncertainty arises from the microstructural
heterogeneities of AM parts and randomly dispersed defects. There still remain significant
gaps in fully understanding and establishing the relationship between the process,
structure, property, and performance of AM parts. In this past research, the characteristics
of crack and related challenges inherent to metallic parts fabricated via laser-assisted AM
were analyzed by an X-ray computerized tomography (CT) scanner.

The current CT scan software supplies extensive analysis tools for quantifying

defects and deviations of wall thickness and creating nominal to actual comparisons.
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Figure 2.18 (a) presents an example of the features that can be measured by using this
technique. The right image shown in Figure 2.18 (c) is a cross-section of the scan of a
solid flexure and a solid model obtained using the CT scan data and the sectional planes
are shown in Figure 2.18 (b). Furthermore, the quality of the AM stage was investigated
by the use of X-ray CT (METROTOM?® 800, resolution ~5 pm). The scanned data was
compared with the original CAD data, and the error of fabrication was analyzed. The
variation (error of fabrication) over the whole flexure area was less than 0.1 mm (Figure
2.18 (a)), and the air-voids were not found in the flexure area as well as the ground frame
(Figure 2.18 (b)). In addition, the geometry of the cross-sectional area at the half-plane
along the Z-direction was monitored as seen in Figure 18c and the obtained data shows
that the designed stage was successfully fabricated without any air-voids and shape
irregularity within the CT scanning-resolution limit. We concluded that the X-ray CT
scanning to be an alternative method for investigating the defect of AM-applied devices

and the fabrication performance of the AM process.
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Figure 2.18. Images of the flexure mechanism measured by X-ray CT: (a) fabrication error

analysis, (b) defect analysis, and (c) cross-sectional view at the half-plane. Reprinted from
[10].

2.5.6. Reliability and repeatability of flexure mechanism motion and AM

manufacturing process

To obtain high precision motion quality, precision devices should have the ability
to perform the repeatable motion and therefore it can be considered as a reliable motion
mechanism. As discussed in section 2.5.3, Lee et al. [119] preliminarily conducted
research on the thermal effects of flexure mechanism as well as investigating the
performance of flexural deflection and stress. The polymeric flexure mechanism was
fabricated by AM. The VCM ran the cycle loading of 3.3 million cycles to compare the
results of the step response before and after the cycle loading. The positioning accuracy

and control of the step response did not significantly influenced by the number of cycle
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loadings as shown in Figure 2.19. Moreover, two measurements tracked the reference

input with almost no variation in the steady-stated response characteristics. However, the

small distinction was observed in rising and falling time. It was assumed that the

temperature variation in the flexure structure after 3.6 million cycles had influenced the

material properties of the flexure mechanism as well as the dynamic characteristics of the

designed flexure mechanism.
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Figure 2.19. Positioning control effectiveness after 3.6 million cycle loadings: forward (a)

and backward (b). Reprinted from [119].

Though the step response showed little distinction in rising and falling time, the

overall motion behavior of AM manufactured flexure mechanism showed the repeatable

response and it was found out that the positioning accuracy was reliable comparing with

the reference input.

45



Utilizing the AM manufacturing enables to create intricate geometry such as
internal channels that could not be able to achieve through traditional manufacturing
methods. Chun et al. [123] investigated the proposed flexure-based compliant mechanism
that was additively manufactured (metal power bed). Since the flexure mechanism was
additively manufactured, the AM manufacturing material, denoted as AM SS, was
characterized and evaluated with conventional manufacturing material, denoted as Bulk
SS, to validate the AM process as the alternative manufacturing methods. X-ray powder
diffraction (XRD) was utilized to determine the composition of material composition. The
results, as shown in Figure 2.20, indicated that the AM SS and the Bulk SS showed

identical material compositions due to the same angles of sharp intensity peaks.
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Figure 2.20. Comparison of the XRD pattern of AM SS and Bulk SS samples. Reprinted
from [123].
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Further investigation was done by comparing the dynamic characteristics in
damping coefficient and natural frequency which are the crucial parameters for flexure
mechanisms. The comparison results indicated that, as shown in Figure 2.21, in the natural
frequency, there exists approximately 1% difference between AM SS and Bulk SS. In
addition, the range of damping coefficients of the two samples was from 0.005 to 0.01.
Hence, it was considered that the compliant mechanisms manufactured by AM process
can be considered as one of the manufacturing methods to fabricate compliant

mechanisms.
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Figure 2.21. Free-vibration comparison between (a) Bulk SS and (b) AM SS. Reprinted
from [123].

The void analysis was also performed to detect the flaw such as cracks and
porosities by an industrial CT scan. As shown in Figure 2.22, while the bulk SS sample
exhibits the uniform void size as approximately 3,000 um, the void size of AM SS sample
reveals irregularly up to 120,000 pm. It was considered that the AM SS material was layer-

by-layer printed. However, it was hard to draw the conclusion that the AM manufacturing
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process is not suitable for the flexure mechanism since it may be attractive to some
designers to fabricate the flexure mechanism as long as the dynamic characteristics meet

the criteria.
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Figure 2.22. Void analysis of (a) Bulk SS and (b) AM SS. Reprinted from [123].

As discussed in section 2.5.5, the polymeric flexure mechanism fabricated by the
stereolithography (STL) method showed around +0.1 mm surface variation for its
fabrication error when the printing resolution was 0.5 um. Additionally, the flexure
mechanism was fabricated without exhibiting any shape irregularity and air-voids within
the resolution limitation of CT scanning. Villarraga et al. [48] assessed the different
polymeric flexure stages with the X-Ray CT method, and it was found that the surface
tolerance was within + 0.15 mm when the same printing resolution was applied to fabricate
the flexure mechanism. The difference of surface variation in two different flexure
mechanisms when the same printing resolution applied might be from other uncertainties
such as the printing temperature. Though it showed some differences in surface variations,

the difference was about + 50 um and if the printing condition is properly controlled such
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as heating and cooling rate, operating temperature, and printing speed, then the differences
in surface variations expected to be less. Therefore, the AM process can be considered as

one of a repeatable process and considered as one of the attractive fabrication methods.

Figure 2.23. Fabrication error comparison with printing resolution of 100 pm (AM1) and
0.5 um (AM2). Reprinted from [48].

2.5.7. New materials and structures of flexure mechanisms

The two biggest issues with conventional mechanisms are fabrication and selection
of materials. Plastic prototypes can be readily manufactured with a low-cost using 3D
printing or molding and employed the large elasticity of polymers. However, the use of
polymer mechanisms is inappropriate for structural applications because of their low
strength and degradation, particularly in spacecraft (polymers degrade in space due to the
high UV exposure). Hence, the utilization of amorphous metals and their composites [124-
128], the so-called AMCs (amorphous metal composites), is ideal for both the mechanical

properties and processing of compliant mechanisms and flexures. AMCs are composite
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alloys that have high strength, the elasticity of polymers, and the processability of plastics,
which provide similar properties and processing ability to monolithic AM structures.
Thus, they can be easily fabricated into a monolithic mechanism at a significantly lower
cost than machining, and exhibit better performance than any other crystalline material
under the same application. Since AMCs can be fabricated using reusable steel or brass
molds, many parts can be fabricated by spending only the initial material cost and the
initial mold cost which allows for many mechanisms to be cheaply made. These materials
have the capability to be much tougher (to avoid brittle failure), much higher fracture
toughness, and fatigue life. It can also be controlled to have a low coefficient of thermal
expansion (CTE) by utilizing low CTE inclusions [129]. Until now, these combinations
of properties (mechanical performance and processing ability) have not been utilized for
compliant mechanisms.

AM alloys (which are also known as bulk metallic glasses or BMGs) and their
composites [130-135] can be easily made up into optomechanical, compliant, or flexure
mechanisms at a low-cost. To accomplish the fabrication, a selected composition of AM
or AMC needs to be fabricated into a feedstock material that is heated (using
radiofrequency heating or resistance heating) and forged into a final part with either net
or near-net shape. Because AM alloys have the characteristic of low-melting temperatures,
just like plastic, they can be melted and forced into a very complex mold, but
simultaneously form a glass under the high cooling rate that obtained by cooling lines in
the mold. The quenched part does not react with the mold and is mechanically robust

enough to survive from the ejection process. The final part has the equivalent tolerances
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as the mold (since there is very little shrinkage when forming a glassy metal) and yet can
be removed without damage to the mold. This offers the potential to develop mechanisms
that outperform currently available metals (aluminum, titanium, and steel) but that also
can be fabricated at a low-cost with a repeatable process.

It has been shown in the literature that microstructure and its corresponding
mechanical properties are a crucial function of the printing parameters that control the
thermal history of the so-called “melt-pool” [136-139]. Moreover, many researchers have
demonstrated the application method of flexibly controlling the print parameters during
printing to create a gradient of microstructures and mechanical properties across the part.
The basis of this idea was following ‘paths’ in phase diagrams to achieve certain phases
by controlling the temperature of the melt pool at the nozzle. Building off this idea, it is
likely possible to also manipulate dynamic properties in a similar way.

Granato and Lucke [140] established a model with the damping and modulus
changes to dislocations quantitatively and they also presented the inverse relationship
between the modulus and damping. Dislocations within the lattice are considered as a
defect because of their inverse relationship with stiffness or moduli. However, dislocations
have a positive correlation with mechanical damping. These relationships motivate a
material for flexure mechanisms to form a technique that can achieve a highly damped
core, stiff outer layers, and tight control on the topological gradient of these properties.
Dislocations are generated by four major factors:

e Homogeneous nucleation

e Grain boundary initiation
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e Interfaces between the lattice and the surfaces

e Interfaces between precipitates and/or dispersed phases.

AM techniques in the present state for metals can feasibly control the interface
between the lattice and surfaces as well as precipitates and/or dispersed phases. The
porosity can be controlled by a feed; a more porous core will greatly generate surface area
which causes an increase in dislocations. Furthermore, the control of the melt pool
temperature along with the concentration of alloying agents can manage the formation,
density of precipitates, and/or dispersed phases. Besides, temperature control leads to
control over the size of the grain, which further increases the number of dislocations to be
damping.

Using these ideas and the findings of the preliminary research, a monolithic flexure
can be generated, including a highly damped core that gradually stiffens along with the
thickness. The success of this idea will lead to further researches on the application for
flexure systems such as a metrological nanopositioning stage that exhibits strong
resistance to out of plane motions and faster-operating speed than conventional stages.
Furthermore, the geometrical benefits of additive manufacturing over traditional
machining will lead to facilitate topology optimization. This can be combined with micro
and macrostructure design to create significant increases in performance.

Due to the need in stringent breaking strength and constraints of design, flexures are
commonly made out of non-transparent materials that interfere with the use in
miniaturized optics in general and especially in integrated optomechanics. Here, Bellouard

[141] reported on the mechanical properties of transparent flexures made out of fused
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silica. By using a femtosecond laser, this report proved that high flexural strength can be
achieved, which opens new opportunities in the design of monolithically integrated
optomechanical devices.

The amorphous phase of SiO, fused silica (a-SiOz) is one of the most common high-
quality optical substrates transparent to a broad spectrum (from about 170 nm to above
2.5 um). It is inert to most chemicals, which also makes it a wide range of material
selection for broad biological studies. Fused silica has a very low coefficient of thermal
expansion (0.55 10-6 /°C) and is resistant to thermal shocks. It also possesses a low density
(2200 kg/m®) and Young’s modulus (72 GPa) comparable to that of aluminum alloys. It

IS an attractive material for flexures, though initially counterintuitive.
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Figure 2.24. A single-degree-of-freedom translational flexure stage made of 1 mm-thick
fused silica. Reprinted from [141].

2.6. Summary
The AM technology for precision engineering motion devices has been first
reviewed in academic society. The AM fabrication method with its materials and

properties are compared with those current traditional manufacturing methods. Moreover,
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the common defects and its proper inspection methods in AM technology which directly
influence the performance of nanopositioning systems are discussed, where fatigue is the
most sensitive property. Some researches focused on thermal, static and dynamic
performance, new material, and structure design for further applications are also
summarized. This review provided the potential for new insights in using AM technology
for smart structures-based precision engineering devices to break through the current
performance and structural limitations. The AM technology promises to create a new
structural/thermal design principle for flexures and to provide the most outstanding
performances in terms of precision, long-term stability as well as the advantages of
compactness, low-profile, and low-cost. The reviewed technology will quickly lead to
high productivity, innovation, higher-quality products, and energy efficiency. Ultimately,
the technology will offer solutions with a variety of options for smart materials, structures,
and advanced manufacturing.
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3. PRESSURE-FED MECHANISM TO COMPENSATE FOR MOTIONS AND

DYNAMIC CHARACTERISTICS OF COMPLIANT NANOPOSITIONING STAGES”

3.1. Overview

This paper introduces a novel pressure-fed mechanism that can correct or
compensate for motions and dynamic behavior and characteristics of compliant
mechanism-based nanopositioning stages. The nanopositioning stages with double
compound spring structures are typically bilaterally symmetric. However, due to
themanufacturing tolerances and actuator-stage alignment errors, stiffness or damping
characteristics of bilaterally symmetric spring structures could be different. Such results
lead to motion error and a shift in the natural frequency of the system, and can adversely
affect nanopositioning performance. The novel pressure-fed mechanism proposed here
could solve such problems. The monolithic nanopositioning stage made of Stainless Steel
was fabricated by metal 3D printing process, and the internal fluidic channels inside the
spring structures were designed to apply pneumatic pressure to each channel. The
pressure-fed mechanism was designed to pneumatically pressurize the internal channels
of the nanopositioning stage. By controlling the pneumatic pressure level inside of the
internal fluidic channels, the linear motion, yaw motion, stiffness, damping, natural

frequency and positioning behavior of the additively manufactured nanopositioning stage

* Reprinted with permission from the “Pressure-Fed Mechanism to Compensate for Motion and Dynamic
Characteristics of Compliant Nanopositioning Stages” by Heebum Chun, JaeMin Han, Lesly Wright, Alaa
Elwany, Herminso Villaraga-Gomez, & ChaBum Lee, 2020, Precision Engineering, 63, 33-40, Copyright
2020 by Elsevier.
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were experimentally characterized. As a result, the proposed pressure-fed mechanism
could control yaw motion and natural frequency of the system by changing the air pressure
within the two fluidic channels.

3.2. Preface

The basic principles of compliant mechanisms have been known for a few decades,
and the design and fabrication methods that can be found in the literature have been well
documented in textbooks [1-3]. This research has been driven by the increasing need for
nanometer motion accuracies and the efforts to achieve high precision in many
semiconductor, machine tool, automotive and aerospace industries.

Most of the nanopositioning systems adopt compliant mechanisms, and are used
in high precision instruments, as they can provide nanometer-scale motions with a total
range of at least tens of microns. When the actuation force acts on the mechanism, the
bearing structures are deformed to produce the desired displacement. In general, compliant
mechanisms are monolithically-manufactured and therefore prevent assembly errors. The
monolithic construction also implies a relatively easy manufacturing process and a
potentially compact design. Electric discharge machining [4] (accuracy ~2.5 um), waterjet
machining [5] (accuracy ~ 25 um), micromilling [6] (accuracy ~2 pm) and
polymeric/metallic additive manufacturing (AM) [7-12] (accuracy 50~200 um) are the
most common manufacturing methods for compliant mechanisms. However, their part
accuracy or manufacturing tolerance (width, height, total length, and sometimes
roughness) realistically increase in most cases due to complex geometries such as hinges,

or machining compliance issues [13, 14] in the case of machining thin slabs. In compliant
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mechanisms that are typically bilaterally symmetric, such part accuracy errors challenge
the stiffness or damping design of the bilateral symmetric spring structures, as it results in
motion error and changes in the natural frequency of the system. Since compliant
mechanisms are commonly used in mechanical systems requiring high precision and
accuracy, such as atomic force microscopy or fast tool servos, part accuracy errors are not
acceptable. In addition to the manufacturing tolerance, in many cases, part accuracy errors,
combined with actuator-compliant mechanism alignment errors or contact errors [15, 16],
will ultimately affect positioning performance. For example, the stiffness, k, of a
rectangular cross-section cantilever [16] can be expressed as its geometric parameters k =
(% )(bh3/L3)(E). It can be seen from the expression that k is linearly proportional to the
base width b and Young’s modulus E, and it strongly depends on the third power of the
ratio (height/length) or (h/L). Therefore, in designing a flexure, one can “grossly tune” the
stiffness by varying the ratio (h/L), or one can “fine-tune” the stiffness by varying the base
width b. However, it is only valid if there exist no manufacturing error. Since the part
machining accuracy error can occur 3-dimensionally within the manufacturing tolerance
ranges, the variation of the part stiffness is unavoidable and unpredictable.

Many studies identifying such errors and measuring the effects (e.g., motion error,
cross-talk error, positioning accuracy, and resolution) [2, 9, 10] have been reported, but
error compensation methods were not well introduced. Most of the studies were stiffness
model-based [17-21]. Since these approaches require an update or correction to the model
according to the input changes or environmental conditions, they cannot be considered as

ultimate solutions. Therefore, there is no method to physically correct these errors,
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providing the convenience of real-time tuning the dynamic parameters of the compliant
mechanisms.

This study introduces pressure-fed mechanism through hollow-type spring
structures, to overcome these challenges. The monolithic compliant mechanisms made of
Stainless Steel is fabricated by metal 3D printing process, and the internal fluidic channels
inside the spring structures are designed to apply pneumatic pressure to each channel. The
pressure-fed mechanism can correct or compensate for motion error of the compliant
mechanism by pneumatically pressurizing the internal channels. Here, by controlling the
pneumatic pressure level and flow direction inside the internal fluidic channels, the linear
motion, yaw motion, stiffness, damping, natural frequency, and positioning precision of
the compliant mechanism are analyzed.

3.3. Method

Dynamic characteristics of compliant mechanisms are highly dependent on
material constitutive properties, geometric compatibility, or force equilibrium conditions.
Unlike conventional manufacturing methods such as electric discharge machining,
waterjet machining, and micro milling, an AM technology that makes use of mechanical
design flexibility can effectively control the material distribution (channel size, shape, and
placement) in terms of stiffness, damping, and natural frequency. Also, AM methods can
fundamentally change the current design principles to improve performance, such as
accuracy, precision, repeatability, or removing motion error at a low-cost.

In this study, as shown in Figure 3.1 (a), the internal fluidic channels in the spring

structures of the compliant mechanism are designed to allow for pressure variation within
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the structure. The pressure distribution can be monitored from four pressure gauges
installed in inlets and outlets. As discussed in Section 3.2, the stiffness (kx., kxr) and
damping (cx ., cx,r) may be different due to AM tolerance as seen in Figure 3.1 (b), and
the displacement ox,. and dx,r may be different when the force (F) is applied to the shuttle,
which will cause yaw error depending on the two displacement amplitudes. In addition to
the stiffness mismatching, the force (F) applied to the shuttle part may not be aligned with
the principal direction of the compliant mechanism as seen in Figure 3.1 (c). Since bilateral
spring structures are monolithically connected and there are force-displacement
interactions between each spring structure, it is difficult to estimate or even measure the
dynamic parameters (stiffness and damping) independently. It is rather convenient to
measure the motion error of complaint mechanisms. The proposed pressure-fed
mechanism can independently control bilateral spring structures, and the pressure can be
in-situ adjusted depending on the linear motion results to make this displacement dx,.
equal to the displacement doxr. In addition, it can assist the actuator to push and pull the

shuttle.
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Figure 3.1. Operating principle of the proposed pressure-fed mechanism: (a) schematic
description, (b) dynamic model and (c) dynamic model when the force is not applied along
the principal direction.

3.4. Characterization

Since the proposed compliant mechanism was additively manufactured (metal
power bed), the AM Stainless Steel material, here denoted as AM SS, was characterized
and compared with the baseline comparison of bulk SS material properties. Three
comparison tests were conducted in this study.

X-ray powder diffraction (XRD), which is primarily used for phase identification
of a crystalline material, was used to determine the bulk material composition. As seen in
Figure 3.2, the material compositions of the bulk SS and the AM SS were found identical
because the sharp intensity peaks were found at the same angles. This result indicates that
additively manufactured compliant mechanisms can be designed the way conventional

compliant mechanisms are designed.
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Figure 3.2. XRD pattern results: the bulk SS and AM SS samples.

The void analysis of the two samples above was performed by an industrial CT
scan that can detect internal features and flaws such as porosity, inclusion or crack,
displaying this information in 3-dimension [9]. As seen in Figure 3.3, the void size of the
bulk SS sample was uniform, approximately 3,000 pm?3. On the other hand, the void size
of the AM SS sample was irregularly distributed up to 120,000 pm?® the peak count
amounting up to 15.000 um?* Since the AM SS sample was layer-by-layer printed, there
exist air voids between metal powders. As a result of the void sizes and their distribution
of the AM SS sample, it is, however, difficult to draw a conclusion that the AM materials
and the fabricated parts are not adaptable to compliant mechanisms. Although the AM SS
material is less homogeneous than the bulk SS part, it could be attractive to the designers

of the compliant mechanisms if it meets its requirements in dynamic aspects.
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Figure 3.3. Void analysis results of (a) bulk SS and (b) AM SS samples by industrial CT
scan.

The dynamic characteristics such as the natural frequency and damping coefficient
are key parameters for compliant mechanisms. As seen in Figure 3.4, the natural frequency
on and damping coefficient & of the bulk SS and AM SS samples were obtained from the
free vibration test that measures the displacement while applying an impact at the tip of
each cantilever. The capacitive sensor (Lion Precision, 15 kHz bandwidth, 10 nm
resolution) was used to measure the oscillation signal of each cantilever. To equally
compare the outputs of free vibration test, the dimensions of the AM SS sample were
measured and the bulk SS sample was machined to have the same width, height, and
length. The Vernier calipers with 1 pm reading resolution was used to control the
dimensions of two samples. As a result, there existed approximately 1% discrepancy in
the natural frequency, and the damping coefficients of the two samples ranged from 0.005
to 0.01. The natural frequency was estimated by taking the reciprocal of the oscillation
period and the damping coefficient was calculated by using a logarithmic decrement

method.
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Figure 3.4. Free vibration test results: (a) bulk SS sample and (b) AM SS sample.

3.5. Experiments

The double compound-type compliant mechanism, the so-called nanopositioning
stage, was designed and fabricated with spring structures (width 5 mm, height 5 mm,
length 40 mm). The printed mechanism was scanned by the industrial CT scanner, and its
cross-sectional channel areas (2.5 mm x 2.5 mm) were visualized as shown in Figure 3.5.
Due to the metal AM tool tolerance (1 mm), the wall thickness is maintained as1.25 mm,
in consideration of compressed air-filled pressure condition. The internal fluidic channels
were formed as designed, but there existed surface integrity issues, especially on the
bottom surface of the channel. It was considered as printing tolerance, which is beyond

the scope of this research.
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Figure 3.5. Cross-sectional images by CT scan.

Prior to the experiment, the finite element model was developed. The 3D model of
the compliant mechanism was drawn by SolidWorks, and then, was exported to the
commercial structural analysis package, ANSYS. As shown in Figure 3.6 (a), the stiffness
of pressure-fed compliant mechanisms was estimated approximately 5.18 kN/mm from
finite element analysis (FEA), and was also measured 4.99 kN/mm by using a force sensor
and capacitive sensor (CS). There existed approximately 3% discrepancy between the
FEA results and experiment results. In addition, the natural frequency and damping ratio
of the compliant mechanism was found 2,520 Hz and 0.004 from the free vibration
experiment, and the vibration mode of FEA model at 2,590 Hz was obtained as shown in

Figure 3.6 (b).
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Figure 3.6. Stiffness curves of pressure-fed compliant mechanisms.

The internal fluidic channels (2.5 mm x 2.5 mm) were incorporated to apply a

pressure distribution (P) inside the structure. The entire stage was 3D printed with metal

and is shown in Figure 3.7. The pneumatic lines were connected to the fluidic channels,

the pressure gauges were installed in each pneumatic line, and the two CS were placed

near the measurement target installed on the shuttle. Here the two CS placed in the left

and right sides were denoted as L_CS and R_CS. The stack-type piezoelectric (PZT)

actuator was inserted between the shuttle and the ground parts, and was controlled by a

PZT driver.
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Figure 3.7. Experimental setup.

As aresult, the two CS showed identical responses to the PZT input voltages under
the ambient condition, and the displacement increased as the PZT input voltage increased

as shown in Figure 3.8. In this test, the DC 30V was given to the PZT actuator as an offset

voltage.
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Figure 3.8. Displacement measurement results according to PZT input voltages.
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Since the concept of pressure-fed mechanism is to compensate for the
manufacturing tolerance-induced discrepancy in dynamic characteristics of the compliant
mechanisms, it would be limited to visualize the increase of the structural stiffness by the
pressure-fed mechanism. As seen in Figure 3.9, the CS outputs were collected under
pressure-fed conditions (compressed air pressure and direction) according to the PZT
input voltages. Here the displacement can be obtained from the ratio of stiffness of
compressed air in the channels, PZT actuator and compliant mechanisms and the applying
force. Therefore, the direction comparison with the results (Figure 3.9 (a)) would be
difficult with the PZT actuator’s stiffness unknown. This study primarily focused on the
characterization of pressure-fed compliant mechanisms. Overall, the CS outputs linearly
increased as the PZT input voltage increased. Compared to the two CS outputs collected
under the ambient condition, those collected under 80 psi conditions at both channels
increased approximately 3~4% although the same PZT input voltages were applied. The
CS outputs measured under the pressure-fed condition applied to only one channel, either
way, were too small to make a clear difference from those results obtained under the
ambient condition. Assuming that the PZT input voltage is proportional to the force
applied to the shuttle, the stiffness was estimated. These results indicate that pressure-fed

mechanism can slightly increase structural stiffness.
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Figure 3.9. Displacement measurement results according to PZT input voltages under
pressure-fed conditions: (@) L_CS outputs and (b) R_CS outputs under pressure-fed
conditions.

3.6. Results

The effectiveness of the pressure-fed mechanism was tested by reading the two CS
outputs with respect to the two compressed air pressure conditions, 50 psi, and 80 psi. The
internal structure was pressurized by closing the valves at the outlet of the channel while
regulating the pressure into the channel. Therefore, the air pressure could be set at a
constant value of 50 psi or 80 psi. Since the PZT actuator can affect the fundamental
characteristics of the compliant mechanism, the PZT actuator was removed from the
compliant mechanism. In a similar way, as detailed in the previous section, the two CS
outputs were collected under various pressure conditions and pressure-fed directions as
seen in Figure 3.10. The condition (L, R) indicates the pressure-fed conditions in the left
(L) and right (R) channels, that is, the condition (0, 0) indicates the ambient condition in

both left and right channels, and the condition (B, F) indicates the pressure-fed condition
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when the compressed air pressure difference is applied backward in the left channel and
is applied forward in the right channel. The initial position information of the compliant
mechanism was set to zero because there was no actuator to move the shuttle. The
displacement information obtained under a few pressure-fed conditions was compared
with the initial position information. From the experiment results, the pressure-fed
mechanism could move the shuttle up to 50 nm range at 50 psi condition (Figure 3.10 (a))
and up to 100 nm range at 80 psi condition (Figure 3.10 (b)). Also, the displacement of
the spring structures in the left and the right side could be adjusted by controlling the
pressure level and pressure-fed direction. More interestingly, the angular displacement
(Figure 3.10 (c) and (d)), yaw motion, could be calculated by dividing the difference of
the two CS outputs with the distance of two CS (here approximately 20 mm). The two
angular displacements according to the pressure conditions showed a similar trend as
shown in Figure 3.10 (a) and (b). Yaw motions increased in a higher pressure condition.
This result showed that pressure-fed mechanism can effectively control the linear and
angular motion of the nanopositioning stage by fine-tuning the stiffness of each spring

structure independently.
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Figure 3.10. Linear and angular displacement measurement results according to pressure-
fed conditions.

The PZT actuator was again installed between the shuttle and the ground parts.
Binary pulses were applied to the PZT actuator to obtain the step responses of the
nanopositioning stage under the pressure-fed direction while measuring the displacement
by the two CS. Similar to the previous experiment, the two CS were installed to produce
the identical displacement information of the nanopositioning stage at the ambient
condition (0, 0). This initial condition was set to the reference for the relative comparison
of the nanopositioning stage behavior between the ambient (0 psi) and pressure-fed (80

psi) conditions. As seen in Figure 3.11, four different pressure-fed conditions, (0, 0), (F,
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0), (0, F) and (F, F), were tested while moving the stage approximately 40 nm range. The
results of (F, 0) and (0, F) conditions showed a similar trend but the displacement
directional information is reversed. In Figure 3.11 (b), the right and left sides of the spring
structures moved approximately 50 nm and 30 nm in a negative X direction under the
condition (F, 0). On the other hand, the right and left spring structures under the condition
(0, F) moved opposite to the case of condition (F, 0) as exact as it was moved. Also, at the
condition (F, F), the stage moved approximately 80 nm toward the PZT actuator, and there

was no difference in the two CS outputs.
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Figure 3.11. Linear displacement results of the step responses according to pressure-fed

conditions.
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More interestingly, the angular displacement of the step responses under pressure-
fed conditions was calculated by dividing the difference of the two CS outputs (Figure
3.11) with the distance of the two CS. As seen in Figure 3.12, yaw motion could be bi-
directionally controlled approximately 0.8 prad according to the pressure condition (0 and
80 psi) and pressure-fed direction. The signal spikes were considered due to the slight

difference in the sensitivity of the two CS.
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Figure 3.12. Angular displacement results of the step responses according to pressure-fed
conditions.
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In addition to the motion control of the pressure-fed mechanism, the impulse
hammering test with a dynamic signal analyzer (DSA) was conducted and the Bode plots
were obtained according to the pressure-fed conditions. It is obvious that the natural
frequency peak shifts to higher bandwidth because the stiffness increases when the preload
is applied to the mechanical system. Similarly, the pressure-fed mechanism can produce
the DC offset displacements (Figure 3.11) and can slightly increase the stiffness of the
compliance mechanism (Figure 3.9), which means that the pressure-fed mechanism can
effectively control the natural frequency shift. From Figure 3.13, the frequency peak of
the compliant mechanism was shifted from 936 Hz to 952 Hz when each spring structure
was pressure-fed. Also, a few more peaks were shifted a few tens of Hz. The 1% peak was
considered as a natural frequency of PZT actuator and the later peaks were from the
compliant mechanisms. This result indicates that pressure-fed mechanism can control
fundamental behaviors of dynamic systems; hence this method can be used to compensate
for errors and to tune the dynamic characteristics of the compliant mechanisms in real-

time.
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Figure 3.13. Dynamic system responses of the compliant mechanism under conditions
(0, 0) and (F, F).

3.7. Summary

The pressure-fed mechanism was experimentally validated with the double
compound compliant nanopositioning stage. It showed that the pressure-fed mechanism
not only compensates for motion errors of the compliant mechanisms but also in-situ tune
their dynamic behaviors to be compatible with their applications. According to the shape
and arrangement of the internal fluidic channels, fluid types (air, water, oil, mixed fluids)
and pressure conditions, the performance of the pressure-fed nanopositioning stages can
be significantly improved. Also, the further development of AM processes and materials
will accelerate the fundamental approaches to pressure-fed mechanisms for various
dynamic motion systems. In future, the pressure-fed mechanism will be tested in the

feedback positioning-controlled conditions and at the elevated temperature conditions to
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test if this mechanism can effectively compensate for thermal drift. Also, the fluidic
dynamic effects and geometry and surface integrity effects of the fluidic channels will be
investigated to determine the right FEA model for system parameter identification.
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4. CHARACTERIZATION OF THERMALLY STABLE COMPLIANT

STRUCTURES WITH INTERNAL FLUIDIC CHANNELS"

4.1. Overview

This paper represents a novel method to suppress the thermal effects of flexure
mechanism-based nanopositioning system by fluid (air or water) flow under certain
pressure conditions through the internal fluidic channels of the compliant structure. The
nanopositioning system made of stainless steel was additively manufactured, and the
rectangular fluidic channels were formed on each side of the double compound type
flexure mechanism-based compliant structure. The motion behavior was characterized by
measuring the stiffness and frequency responses of the compliant structure with the
hammering test while filling compressed air or the water through the fluidic channels. The
thermal behavior was characterized by measuring the temperature distribution over the
compliant structure and thermal displacement under the various compressed air pressure
and water flow-rate conditions. Dynamic behaviors of the nanopositioning system under
various fluid-fed conditions were also characterized by the Finite Element Method and
were validated with experimental results. As a result, the compressed air- or water-fed
mechanisms have the following characteristics: (1) the damping may increase when the

fluid exists in the channels, (2) the compressed air-fed mechanism can move the stage with

* Reprinted with permission from the “Characterization of Thermally Stable Compliant Structures with
Internal Fluidic Channels” by Heebum Chun, JaeMin Han, Lesly Wright, Alaa Elwany, Herminso Villaraga-
Gomez, & ChaBum Lee, 2020, Precision Engineering, 66, 201-208, Copyright 2020 by Elsevier.
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nanometer precision with fast response time, and (3) the media filled in the fluidic
channels significantly lower the temperature increase and reduce thermal displacement
error. Interestingly, two-fluid flows of the compressed air and water showed a similar
tendency in suppressing the temperature increase. The proposed method is expected to
meet the increasing needs for nanometer motion accuracies and the efforts achieving high
precision in the thermally stable environments requiring from semiconductor industries

and precision machine tool industries.

4.2. Preface

In precision engineering, thermal stability of the mechanical, electrical or chemical
systems has always been important to keep high accuracies and precision manners [1-4].
Although most of the precision systems such as atomic force microscopes (AFM),
scanning electron microscopes (SEM), semiconductor manufacturing systems or precision
machine tools are set up and used in vibration-isolated and temperature-controlled
environments, precision system performances are still highly dependent on thermal
stability because the most of motion mechanisms are driven by motors and motors are
generally major heat sources in the precision motion systems [5-7]. In addition to the
motors, power consumptions of frictions or laser-based sensors could be also the heat
sources in the precision machine systems. Such heat prevents the machine system from
achieving high accuracy and precision because the machine frames, guides, feedback
sensors, control systems, or the motors themselves are vulnerable to deformation and
changes in their dynamic behaviors such as mechanical properties, travel range of motion

system, and natural frequency due to the heat source. Although temperature sensors may
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directly monitor the temperature changes and may allow the motion controller to
compensate for such errors caused by heat, even a relatively small heat source can have a
dramatic effect on the stability of precision system and the heat sources are unpredictable
in most cases [8-10]. Thus, there still exist needs for improving and maintaining the
thermally stable environment for the precision machine systems in convenient, low-cost
and reliable ways.

The flexure (or compliant) mechanisms are one of the most commonly used
precision motion systems [9, 10]. Nowadays compliant mechanisms made of metals,
polymers, composites, silicon or glass can be fabricated by traditional machining
processes (wire electric discharge machining, milling, water jet machining) [8-11],
additive manufacturing processes [12-19], or semiconductor lithography processes [20,
21]. Those mechanisms are driven by electrostatic, thermal, magnetic or piezoelectric
actuation, even microscale gears [22]. The compliant mechanisms are articulated by the
flexure joints, the so-called hinges or springs. The advantages of elastic bending or
torsional motion include frictionless, stictionless, backlash-free configuration and
compact design. On the other hand, the motion is limited by small flexure joint deflection,
low load capacity, and fatigue [23]. As addressed above, the uncertainty induced by
thermal effects is unavoidable as long as the electrical motors are used in the motion
mechanisms. A majority of studies on the compliant mechanisms have been focused on
system design, modeling, actuation, motion control, long-stroke, and high-speed
manipulation methods to improve the positioning performance although their motion and

dynamic characteristics are extremely sensitive to the temperature variation. The thermal
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issues cannot be completely eliminated by calibration or compensation. Zhang [24]
characterized dynamic motion behavior of the compliant mechanisms considering the
thermal effects at various temperature conditions based on the Finite Element Method
(FEM). Furthermore, Zhang [25] characterized the thermal-structural coupling effect of
flexure compliant mechanism due to temperature raised from voice coil motor actuating
at a high speed. Moreno [26] reported the effect of thermal ageing on the impact and
flexural damage behavior. There was an increase in the maximum strength and a decrease
in the mechanical properties at high temperatures. Nguyen [27] presented the frequency
dependence of thermal noise in aluminum and niobium flexures with a range of 10 ~
10,000 Hz. Also, it was found that the frequency dependence of thermal noise is relevant
to the flexural surface damage or ageing behavior. Awtar [28] proposed the double
parallelogram flexure configuration that is fairly insensitive to thermal disturbances. It is
obvious that those approaches are attractive to thermal management of the
nanopositioning stages toward high positioning performance. Lee [29] reported his
preliminary experimental results on dynamic characteristics and temperature effects of
pressure-fed mechanisms by using simple cantilever structures with internal fluidic
channels. However, there is still insufficient study to directly perform thermal
management of flexure mechanisms in an efficient, convenient, low-cost manner as well
as avoiding additional attachments or structures to achieve thermal management.
Significant contributions of this study include a new thermal management method
to achieve high precision motion quality and new actuation mechanisms by pneumatic

pressure and piezoelectric force to minimize the heat source-driven effects on the machine
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precision. The static and dynamic behavior of the fluid-fed flexure mechanism-based
compliant structure was characterized. The thermal management performance was
evaluated by measuring the temperature distribution over the compliant mechanism and
thermal displacement under the various compressed air and water flow conditions.
4.3. Mechanism Design and Fabrication

The double compound-type flexure mechanism-based compliant structure with the
internal fluidic channels (2.5 mm x 2.5 mm) was designed as shown in Figure 4.1, and
was fabricated by metal (Stainless Steel) additive manufacturing. The piezoelectric
actuator (5 mm x 5 mm x 10 mm) has placed and the rectangular fluidic channels have
symmetrically implemented on each side of compliant mechanism. Pressure gauges are
placed at the inlet and outlet of the fluidic channels, so the pressure level (pressure

difference) in the internal fluidic channels can be monitored.
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Q

Figure 4.1. Configuration of compliant structure: (a) 3D model and (b) cross-section view.
All units are in mm.

Modal analysis of the fluid-fed flexure-based compliant structure was performed
by FEM. The 304 Stainless Steel material properties (density 8,000 kg/m?3, elastic modulus
193 GPa, Poisson’s ratio 0.29), compressed air properties (density 1.2 kg/m? at ambient,
4.0 kg/m?3 at 50 psi and 6.4 kg/m? at 80 psi, bulk modulus 101 kPa) and water properties
(density 998.2 kg/m® at ambient, 996.7 kg/m? at 50 psi and 996.7 kg/m? at 80 psi, bulk
modulus 2.2 GPa) were used for the FEM analysis. Tetra type mesh was used and the
number of nodes and elements were 155,766 and 87,382, respectively. As shown in Figure
4.2, the stiffness of the compliant structure showed a similar trend without reference to the
fluid media and pressure levels. On the other hand, the high-frequency vibration modes of
the compliant structure showed somehow discrepancy in the compressed-air filled
conditions. The fundamental and second mode natural frequencies were estimated
approximately 3,030 Hz and 3, 050 Hz. The experimental validation was conducted in

limited conditions because the compressed water conditions are somehow different to set
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up in a lab environment. The water was fully filled in the fluidic channels and ran at a
certain flow rate. As depicted in Figure 4.3, the pressure gauges were installed in the inlet
and outlet of the fluidic channels colored in yellow, respectively. The capacitive sensor
(CS, 10 nm resolution) was used, and the displacement was collected by using the data
acquisition device (LabVIEW DAQ) while applying force to the shuttle part of the
compliant structure. The pressure difference (P1-P2) as denoted as AP here was manually
controlled by reading the pressure gauges. Similar to the FEM result (Figure 4.2 (a)), the
experimental results indicated that the stiffness of the compliant structure reveals a similar
trend without reference to the medium and pressure. The discrepancy of stiffness between

FEM results and experimental results showed approximately 5%.
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Figure 4.2. Stiffness curves (a) and vibration modes (b) of the flexure-based compliant
structure calculated by FEM.
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Figure 4.3. Experimental results: stiffness curves.

Two cross-sectional views of the metal additively manufactured compliant
structure can be seen in Figure 4.4 and the views were obtained from X-ray CT images.
Figure 4.4 (a) shows a 3D reconstruction of the part from CT data and a two-dimensional
view of the internal grooves of the part at the location indicated by the green plane in the
figure. In the two-dimensional image, it showed two opposite surfaces, top and bottom (or
roof and base-floor), with substantially different surface roughness. This can be attributed
to the layer growing direction of the printing process. Figure 4.4 (b) shows a two-
dimensional CT image at the middle plane between the top and bottom surfaces of the
part. From visual inspection, it can be seen that the part is symmetric with respect to the
right and left features within CT scan resolution (10~20 um). Regarding the CT scan
details, scanning conditions are listed in Table 4.1. The CT data was reconstructed with a

Feldkamp-Davies-Kress (FDK) type algorithm [30, 31] through a cropped Ram-Lak or
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ramp filter using 3600 projection radiographs for each sample, which were obtained with
a Nikon XTH 225 ST system using a tungsten reflection target. The CT data was analyzed
with VGStudio MAX (Volume Graphics GmbH) software by applying local adaptive
thresholding for surface determination. Since the current CT metrology technique still
encounters technical issues to quantify measurement uncertainties associate with the
feature recognition dimensional accuracy, the evaluation of surface integrity of the
additively manufactured part would be challenging [32]. Therefore, a proper method to
compensate for unexpected motion that could not be recognized through conventional

scanning systems might require to achieve a high precision level of motion quality.

10 mm

10 mm

Figure 4.4. CT scanning results: (a) X-direction scanned image and (b) Z-direction
scanned image.
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Table 4.1. Experimental settings for the X-ray CT scans performed on the metal additively
manufactured compliant structure. SOD = source-to-object distance, SDD = source-to-
detector distance, Vx = Voxel size, V = tube voltage, | = tube current, Fs = Focal spot size,
It = integration time, G = Analog gain.

SOD SDD VX V | Fs It G Pre-filter
(mm) (mm)  (um) (kV)  (HA)  (um) (s) (mm)
187.2 1125 25 205 89 18.2 1 30x Culb

4.4. Experiments and Results
4.4.1. Motion behavior characterization

The experimental setup was constructed on the vibration-isolated optical table.
Since the flexure-based compliant structure can be affected by the media and pressure
conditions inside the fluidic channels, the stability tests were conducted under ambient,
AP=50 psi, AP=80 psi, and water-filled conditions. The CS outputs were collected for 5
minutes under four experimental conditions. From Figure 4.5, the drift due to the
compressed air or water existence inside the fluidic channels was not observed. The
displacement noise was approximately 20 nm, root-mean-square (rms) value, for four
experiment conditions. As a result, it was confirmed that the media and pressure levels
inside the fluidic channels did not have a significant influence on motions of flexure-based

compliant structure.
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Figure 4.5. Stability test.

The frequency responses of the compliant structure according to the various media
and air pressure conditions were obtained by the hammering test. The impact hammer and
CS were used and the dynamic signal analyzer (DSA, Agilent 35670a) was used to collect
two inputs and to plot the Bode plot as shown in Figure 4.6. The fundamental resonance
peak was found out to be approximately 3.2 kHz. It was clearly observed that the existence
of media and pressure inside of channels increase damping of the compliant structure and
reduce its high-frequency noise. The hammer and sensor were limited to the bandwidth
(~5 kHz). Consequently, it is expected that the frequency responses beyond 5 kHz have
uncertainty. Based on the response curve, the Q-factor that represents the resonance
behavior of the dynamic system between before and after passing through the dynamic
resonance regime was also calculated to validate the damping increasing in Table 4.2. As
a result, the ambient case showed the highest Q-factor which implies the smallest damping

ratio following by water-filled, 50 psi, 80 psi. Therefore, the existence of media in the
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fluidic channels increased the damping ratio. These results could be improved by using

high bandwidth sensor and hammering test units.

Table 4.2. Calculated Q-factor based on the frequency response curves.

Condition Ambient A 50 psi A 80 psi Water-filled

Q-factor 386 277 117 305
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Figure 4.6. Frequency response curve (Bode plot) of the compliant structure under various
conditions.

In addition to static and dynamic system characterization, the motion
characteristics of the compliant structure was tested. By applying pressure difference,

denoted as AP, between the inlet and outlet of the fluidic channels, the CS measured the
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motion of the shuttle part of compliant structure as shown in Figure 4.7. It was found that
the flexure-based compliant structure moves up to approximately 160 nm at AP 75 psi
condition. Although the motion did not linearly increase as the pressure increased because
of the open-loop control, the structure promptly responded to the pressure difference.
Since the experiment was conducted manually with increasing and decreasing the pressure
levels every 5 minutes at the inlet of the compliant structure, this study was limited to
obtain the exact response characteristics (rising time, settling time, steady-state error).
However, this result implied that such compressed air-driven motion mechanisms can be
integrated with piezoelectric (PZT) actuation as coarse-fine motions. The solenoid-based
compressed air pressure controller may be employed to properly characterize the
compressed air-driven motion mechanisms and to implement a closed-loop positioning

control method for better performance.
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Figure 4.7. Open-loop pneumatic pressure-driven stepwise motion: here (15) indicates the
pressure difference AP=15 psi.
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4.4.2. Thermal behavior characterization

The experimental setup for thermal behavior characterization is shown in Figure
4.8. One cartridge heater was placed on the center of the shuttle part and the five
thermocouples (TC) were attached on the top surface of the flexure stage. The CS was
placed to measure the variations of thermal displacement as the temperature increases and

the compressed air or water starts to flow through the fluidic channels.

Figure 4.8. Experimental setup for thermal management characterization.

The cartridges heater increased the temperature at TC1 up to 76 °C from the room
temperature, and the temperature was saturated within 15 min. The piezoelectric actuator
was not included in this experiment. The temperature variations of six different cases (no
treatment (ambient), AP (10, 20, 50, 80) psi, water flow rate 470 mm/s) at TC1 were

measured for 30 min as shown in Figure 4.9. The temperature at TCy continued to rise up
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to 76 °C from the room temperature when any thermal management plan was not applied.
The compressed air and water started to run at 15 min when the rising in temperature was
saturated. From the experiment, the water case showed the best cooling performance. The
temperature dropped to approximately 43 °C in 3.5 min in water cases, whereas the
compressed air 10, 20 and 50 psi cases showed the temperature drop by 30~35 °C and it
took 5.5 min. Interestingly, in the case of compressed air 80 psi showed only 17 °C
temperature drop. It was considered that the compressed air 80 psi may exceed the critical
fluidic flow rate for the convection heat transfer, and the thermal boundary layer growth

could block heat transfer. Further investigation by FEM will be followed-up in a near

future.
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Figure 4.9. Temperature distribution at the hot spot (TC1) according to the media and
pressure conditions.
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The temperature distributions of each thermal management conditions with five
thermocouples were summarized in Figure 4.10 (a)-(f). Although the temperature increase
at TCy (near the heater) is inevitable, the temperature at TCs (near the piezoelectric
actuator) was decreased to the room temperature for all cases (Figure 4.10 (b)-(f)). These
experiment results indicated that the media and air pressure conditions in the fluidic
channels can effectively control the temperature increase. Such thermal management
mechanisms have the potential for high precision instruments that require proper thermal

environmental controls.
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Figure 4.10. Temperature distribution on the compliant structure according to the media

and pressure conditions.
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Figure 4.11. Thermal displacement at the shuttle part of compliant structure according to
the media and pressure conditions.

While heating up the shuttle area of compliant structure, the thermal displacement
was collected under the six different cases similar to above. The CS was used to measure
the displacement. As shown in Figure 4.11, the thermal displacement at the shuttle
exponentially increased as the heater was on. Although the thermal displacement could
not be zero, when the compressed air and water started to run through the fluidic channels,
thermal displacements were back up somehow and saturated depending on the media and
pressure conditions. Similar to the results in Figure 4.9, the water case had the most effect
on the thermal displacement and the AP 80 psi case was not efficient to reduce the thermal

displacement error compared to other cases.
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Figure 4.12. X, Y, and Z axes thermal displacement at the shuttle part of compliant
structure according to the media and pressure conditions.

To evaluate the performance of proposed thermal management method in
uncontrolled directions (e.g. y and x), three CS sensors, indicated as gray cylinder in
Figure 4.12, were placed and the data were collected over 30 min. The cartridge heater
was placed at the shuttle part to heat up the compliant structure and the compressed air
and water started to flow at 15 min. The thermal displacements were collected under three
different cases: Ambient, AP 20 psi, and water flow at 470 mm/s. Similar to Figure 4.11,
thermal displacements induced by heat in all three axes were exponentially increased as
temperature raised. By introducing the media and pressure conditions, the increased
thermal displacements were backed up and saturated. The thermal displacements could
not be all compensated by flowing media; however, when the water started flowing, the
thermal displacement significantly reduced to approximately 1.2 um in the case of y and
z axis. Also, the experiment results showed that the water case had most influence in the

thermal displacement compare to the compressed air. These experiment results indicated
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that the proposed method can effectively minimize the thermal displacement errors not
only in the fundamental direction but also in the uncontrolled directions.
4.4.3. Thermal management

After setting up the piezoelectric actuator on the compliant structure, the motions
of the flexure mechanism-based compliant structure were measured under four different
conditions as shown in Figure 4.13. The sinusoidal and binary inputs were applied to the
piezoelectric actuator under ambient, AP 50 psi and 80 psi, and water-filled conditions.
The actuator was operated in open-loop and the displacement was measured by the CS.
Similar to the results of Figure 4.5, the motion quality had no significant difference
according to four different conditions. It was considered that the medium-fed mechanisms

do not make any fluctuation or variation on the linear motion quality.
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Figure 4.13. Open-loop piezoelectric actuator-driven flexure stage motion according to
the media and pressure conditions: (a) 2.5 um, 1 Hz sine wave input (b) 2.5 um, 1 Hz
binary wave input.
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While moving the flexure-based compliant structure (Figure 4.13 (a)), the thermal
behaviors at TC: (near the piezoelectric actuator) were measured under three different
conditions: ambient, AP 20 psi, and water flow V 350 mm/s. Similar to the results of
Figure 4.9 and 4.10, the temperature increased up to 7 °C by the heat dissipation of the
actuation motor. The compressed air flow and water flow could significantly reduce the
temperature increase by approximately 5 °C and 7 °C, respectively. Also, the temperature
dropped the semi-equilibrium conditions in 6.2 min and 2.6 min for the compressed air

and water cases, respectively.

Ambient
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Figure 4.14. Thermal management performance comparison.

The five thermocouples were placed on the compliant structure to measure the
temperature variations at different locations. The thermocouples TC1 and TCs near the

piezoelectric actuator showed the large temperature increase compared to the other cases
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because the piezoelectric actuator dissipated the heat to the frame in contact with the
motor. For 30 min observation, the temperature was increased by approximately 7 °C. The
thermocouple TCs showed the temperature increase faster than the thermocouple TC;.
However, the decrease in temperature at TC, after flowing media in TC1, showed smaller
than TCs due to the measured location at TCy was not in the direct path of internal
channels. In consequence, the compressed air and water flow conditions showed

significant temperature decreasing and the water case showed the faster temperature drop.
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Figure 4.15. Temperature distribution and thermal management performance according to
the media and pressure conditions.

4.5. Future Work

This research includes a preliminary FEM analysis and experimental results to
validate the proposed thermal management method at the early stage. Because the
compliant structure used in this study was additively manufactured, its material properties
(density, elastic modulus) could be different from those of bulky material. Moreover, the
air voids and surface integrity shown in CT scan results (Figure 4) could be the significant

error sources for analysis. In the near future, (1) the material properties of additively
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manufactured compliant structure according to printing orientation will be experimentally
characterized, (2) static and dynamic behavior of the additively manufactured flexure-
based compliant structure will be modeled by FEM, (3) another additive materials will be
used to build the flexure mechanisms to enhance the thermal conduction heat transfer
performance, and (4) coarse-fine motions by the piezoelectric motor and pneumatic
pressure will be tested by constructing feedback positioning control systems.
4.6. Summary

Here the pneumatic motion mechanism with a novel thermal management method
was proposed and preliminarily tested under various media and pressure conditions inside
of compliant structure fluidic channels to achieve high precision motion quality. The
thermal behavior was characterized by measuring the temperature distribution over the
flexure-based compliant structure and the thermal displacement under the various
compressed air and water flow conditions. As a result, the piezoelectric actuator-induced
heat can be conveniently dissipated by applying compressed air flow or water flow
through the internal fluidic channels. In addition, the existence of fluidic flows inside of
internal channels can increase the damping of the dynamic motion system. Because the
temperature variation in precision motion devices negatively affect the positioning
accuracy and control in long-term effectiveness, the proposed method can be used in many
nanopositioning applications as a proper thermal management method. It is expected that
the developed technology can meet the increasing needs for nanometer motion accuracies
and meet the efforts to achieve the thermally stable environments in a low-cost, effective,

convenient way.
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5. DAMPING CHARACTERIZATION OF

FLUIDIC PRESSURE-FED MECHANISM (FPFM)*

5.1. Overview

This paper represents a novel approach capable of in-process control of the
damping parameter of nanopositioning systems by implementing a fluidic pressure-fed
mechanism (FPFM). The designed internal structures of nanopositioning stage fabricated
by a metal additive manufacturing process can be filled with various fluids such as air,
water, and oil under certain various pressure conditions. The damping with respect to
fluids and corresponding pressure levels was experimentally characterized through free-
vibration tests, hammering test, and sine input sweeping test in open-loop and closed-loop
conditions. As a result, the FPFM has the following characteristics: (1) damping may
increase when the internal channels filled with fluids and certain pressure level, (2) the
dynamic system showed the highest damping when the water exists in internal channels
(3) existence of fluids and pressure in the channel does not have a significant influence on
the motion quality and positioning control. It is expected that the investigated FPFM
method will potentially provide new and efficient approaches to vibration and noise

control applications for high precision dynamic systems.

* This chapter includes the paper submitted by Heebum Chun, Jungsub Kim, Hyo-Young Kim, &, ChaBum
Lee to the Precision Engineering journal.
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5.2. Preface

The bandwidth and resolution of dynamic systems such as nanofabrication [1],
scanning probe microscopy [2-4], aerospace systems [5], and precision optics [6] are
limited due to the presence of lightly damped characteristics whether from material
properties or designs of systems which are potential causes of resonance vibration. The
existence of resonance may significantly degrade the performance of dynamic systems
and its control, produces high pitch squealing noise, accelerate the aging of the system,
and, in the worst-case scenario, can eventually damage the system that correlates with the
safety of operators and system downtime.

Conventional methods for enhancing damping, such as tuned-mass absorbers or
viscoelastic damping, are bulky and may not proper for mechanical systems that require
compactness. Moreover, those methods do not work well in the low-frequency region. The
electromagnetic dampers and shock absorbers are also utilized in many practical
applications; however, it requires additional equipment (e.g., pneumatic/hydraulic
cylinders, springs, or electromagnetic coils) and periodic maintenance because of wear,
friction, or changes in pre-load as it uses over a period of time. Electromagnetic damper,
also called regenerative dampers, that use contactless magnetic force, is environmentally
friendly since there is no need to use oils, and therefore friction and wear issues can be
avoided. Nonetheless, critical issues are still remaining with the ageing of the system,
frequency tuning, and reduction of external electromagnetic interferences. The resonance
vibration can be significantly reduced or removed by decreasing control loop gains,

designing the dynamic system less stiff, and employing the analog/digital low pass filters

117



(LPF) to the closed-loop control. Yet, those methods will limit the performance and reduce
the dynamic system bandwidth. Recently, an active damping control (e.g, positive position
feedback [7], polynomial based control [8], shunt control [9-11], resonant control [12],
force feedback [13-16], and integral resonance control [17-20], etc.) can be realized by
utilizing sensors and feedback control loops for artificially adjusting the damping ratio to
desired value of the dynamic systems. Hence, utilizing active damping control is rely on
precision feedback sensors and reliable software but the high-performance sensors and
software are not only quite expensive but also requires a periodic maintenance.
Additionally, damping characteristics of dynamic systems are highly dependent on the
design of structure, materials, and system operating conditions. Possessing both high
mechanical stiffness and high control loop gains allows the dynamic systems to achieve
higher performance while effectively suppressing disturbances. However, in reality, there
still exists room for enhancement of technological gap to attain both high system stiffness
and high closed-loop loop control gains at the same time while keeping high positioning
performance.

Flexure mechanisms are widely used in precision engineering-based systems [21,
22]. However, due to the frictionless bearing structure which acts as pure springs and the
presence of light damping in precision positioning systems, it is challenging to design
them to have a high bandwidth system and stability. Proportional-integral-derivative (PID)
controllers may not work very well for nanopositioning systems [23, 24] because small
damping does not suppress the vibration. Although, proportional double integral (PI1) [25,

26] controllers are typically used for nanopositioning systems because they can
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compensate for the tracking error track in a convenient way, it limits the control
bandwidth. Many advanced algorithms (e.g,, robust controller (RC) [27], iterative learning
controller (ILC) [28], or linear quadratic regulator controller (LQRC) [29]) have been
widely introduced to achieve high performance (bandwidth and resolution) of
nanopositioning systems. However, in fact, these controllers require high computational
effort and time to be implemented.

In this study, flexure-based damping-tunable structures, the fluidic pressure-fed
mechanism (FPFM), are monolithically embedded in the linear motion system that can
potentially maintain high mechanical stiffness while suppressing the noise and vibration
of the dynamic system in an easy, simple, efficient, and low-cost manner. Significance of
this study lies to new mechanisms to add damping for achieving high precision motion
quality. The proposed FPFM is driven by the pneumatic/hydraulic pressure in the fluidic
channels created inside of the compliant mechanism that enables in-situ tune the dynamic
characteristics (damping and stiffness) of the dynamic systems to improve the limitation
of control bandwidth and positioning performance toward high-speed dynamic systems
and control applications.

5.3. Design of Fluidic Pressure-Fed Mechanism (FPFM)

With the advancement of additive manufacturing, complex geometry that could
not be obtained by traditional manufacturing methods, now, can now be easily
manufactured. AM technology takes advantage of the design flexibility and it can more
effectively manage the material distribution (channel shape, size, and placement) in terms

of stiffness, damping, and resonance frequency. FPFM can compensate or correct for
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motion errors and unexpected or undesired dynamic behaviors occurred from
manufacturing tolerances or alignment errors by controlling compressed air pressure level
inside of internal fluidic channels [30]. Additionally, by flowing fluids into embedded
internal channels, the increased heat induced by motors or sensors could significantly be
lowered to achieve a thermally stable environment and to have the high precision quality
of motion in nanopositioning systems [31, 32].

In the study, the double compound-type flexure mechanism with the internal
fluidic channels (2.5 mm x 2.5 mm) was fabricated by AM metal (Stainless Steel) process
as shown in Figure 5 (a), The piezoelectric actuator (5 mm x 5 mm x 10 mm) can be
placed to cause the linear motion of flexure mechanism, and the created rectangular fluidic
channels are bilateral symmetry. Pressure gauge is placed at the inlet of the fluidic

channels, so the pressure level in the internal fluidic channels can be monitored.
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Figure 5.1. Configuration of compliant mechanism with embedded FPFM: (a) cross-
section view and (b) dynamic model.
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Three different mediums which are air, water, and oil and corresponding pressure
levels at 80 psi can be maintained in the internal channels. Considering the geometric
effects and pressure-fed medium, the dynamic model of the FPFM can be developed and
the developed model will be implemented in the closed-loop control system available for
the compliant mechanism as shown in Figure 5.1 (b), where ko is the stiffness of the
compliant mechanism, the co and cyv are damping parameters of the compliant mechanism

and FPFM respectively, and mes is the effective mass of the system.

5.4. Experiments

The experiment was set up for the damping characterization as shown in Figure 5.2.
The piezoelectric (PZT) actuator has placed to cause the linear motion of nanopositioning
system and the capacitive sensor (CS, bandwidth of ~10 kHz) was placed to measure the
displacement caused by PZT actuation force for free-vibration, frequency responses, and
sine input sweeping responses in open-loop and closed-loop controlled conditions
according to types of fluids and corresponding pressure levels. Six different cases of fluids
conditions (ambient, compressed air pressure at 80 psi, water-filled, hydraulic water
pressure at 80 psi, oil-filled, and hydraulic oil pressure at 80 psi conditions) were evaluated
and compared to characterize damping affected by FPFM. The outlet of FPFM was
blocked so that the media can be filled, and 80 psi of pressure was applied from the inlet

of FPFM when media filled in the channels.
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Figure 5.2. Experiment setup for damping characterization.

The stiffness of the fluidic pressure-fed mechanism was experimentally
characterized under six different fluidic conditions. The stiffness was measured by CS
located at the shuttle part and the displacement data were collected by using the LabVIEW
data acquisition device while the shuttle part of the flexure mechanism was forced to cause
linear motion of the dynamic system. The result, as shown in Figure 5.3 (a), indicated that
the stiffness of the nanopositioning system was measured approximately 7.30 KN/mm. It
showed some discrepancy in stiffness measurement with respect to varying media with
the maximum difference of 2.6 %. Considering uncertainties involved during the
experiment which are the alignment of sensors, force input, and any drift, the result
implied there existed no significant difference in stiffness of nanopositioning system as
varying media filled inside of fluidic channel. From the finite element analysis as shown
in Figure 5.3 (b), the stiffness of the flexures was estimated approximately 7.20 KN/mm

for all conditions. These results showed a good agreement with the experimental results.
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Figure 5.3. Stiffness curves according to the fluid type and corresponding pressure level:
(a) experimental results and (b) finite element analysis results.

The frequency responses of FPFM were obtained by impact hammering tests to

characterize the damping ratios according to fluid types and corresponding pressure levels.

In this experiment, dynamic signal analyzer (DSA, Agilent 35670a) was used to gather

displacement by CS sensor and excitation force (PCB 086C03) inputs to plot the frequency

response curves as shown in Figure 5.4.
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Figure 5.4. Frequency response curve of FPFM with varying media conditions.

The fundamental resonance frequency was estimated to be approximately 3.1 kHz,
and the following second mode (torsional vibration) was approximately 4.8 kHz. The
result of the frequency response curve showed that the existence of media in the fluidic
channels, and according to fluid types and pneumatic/hydraulic pressure condition, the
resonance peaks remarkably shifted towards to left which decreased the natural frequency
in both cases of the first and second mode of resonance and the amplitude of the peak due
to increase in damping. At the second-mode vibration, the difference of amplitude with
varying media and pressure conditions may not be precisely present the damping effect
since the CS sensor is optimized in measuring the linear but not in the torsional motion.
However, it clearly showed that the frequency has shifted toward left. Interestingly, the

water-filled case, denoted as a green line in the bode plot, showed the highest damping on
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FPFM by looking at the amplitude and the stance width at the fundamental resonance
frequency.

The quality-factors (Q-factor) were able to acquire which assist to compare the
distinction of damping of the dynamic system under varying conditions based on the
results in the frequency response curve. As a result, the water-filled case showed the
smallest Q-factor as 50.2 which implies the highest damping ratio followed by oil-filled,
hydraulic oil pressure (80 psi), hydraulic water pressure (80 psi), compressed air pressure
(80 psi), and ambient as shown in Figure 5.5. Hence, it was confirmed that the existence
of fluid types and pneumatic/hydraulic pressure inside of fluidic channels can affect the
dynamic characteristic of the nanopositioning system and changes the damping

parameters.
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Figure 5.5. Calculated Q-factor based on frequency response curve.
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In addition to frequency response tests, free-vibration test was performed to
characterize the effects of existing fluid and pressure conditions inside fluidic channels on
damping. The CS was used to collect the displacement data while the FPFM was freely
excited at the shuttle part and oscillations under varying conditions occurred due to the
excitation that conveys the damping characteristics were able to evaluate. Five trials were
performed for each different condition to verify the repeatability. Based on the free-
vibration test result as shown in Figure 5.6 (a), envelope curves shown in Figure 5.6 (b)
were able to draw by using Hilbert transformation to assess the damping ratio. When
evaluating the envelope curve, the first 30 milliseconds of oscillation information results

were used to show the optimal damping comparison under varying conditions.
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Figure 5.6. Normalized free-vibration results (a) and envelope curves drawn from the free-
vibration result (b).

From the envelope curve, as similar in the case of frequency response, the highest

damping ratio in water-filled condition can be deduced from the radical exponential
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decaying tendency. To further examine the effects of varying media conditions on
damping, damping coefficients were calculated by taking the coefficient of exponential
decaying function from the envelope curve and the natural frequency obtained from
frequency responses. The result of the calculated damping coefficient under varying
pressure-fed conditions showed the estimated maximum difference of 44.1% of damping
coefficient as shown in Figure 5.7. As same to the Q-factor calculation shown in Figure
5.5, the calculated damping coefficient indicated that it is highest when internal channels
of FPFM filled with water while it had a comparably smaller effect on damping when the
channels filled with oil and applied the pneumatic/hydraulic pressure. The highest
damping in water-filled condition was thought due to the higher density of water property.
Additionally, although pneumatic/hydraulic pressure applied conditions still showed
damping increasing; however, applying pressure rather makes the system to be rather rigid.
Therefore, fluidic channels filled with the pressure applied conditions on air, water, and
oil had comparably less effect than media filled conditions without pressure, and, as a

result, damping was decreased as pressure increasing.
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Figure 5.7. Damping coefficients under varying media conditions based on the envelope
curve.

The damping parameters of compliant mechanism (co) and FPFM (cyv) were able
to evaluate with obtained damping coefficient ({) from the envelope curve, effective mass
(mesf) computed by spring constant (k) from the stiffness curves, and natural frequency
(wn) from the frequency responses. The damping parameter of FPFM can be found by
taking the difference between media filled and ambient conditions since viscous damping
connected in parallel in the developed dynamic models. As shown in Table 5.1, the
damping parameter of FPFM had the highest effect in water-filled case followed by water
80 psi, oil-filled, oil 80 psi, and air 80 psi condition. When the pneumatic air pressure
applied, cy showed a minimal effect on damping with less than 1 % difference. However,
the maximum difference in the case of water-filled condition showed an approximately

47.1 % increase in damping. Therefore, Implementing FPFM on dynamic systems has the
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potential for high precision instruments to achieve high bandwidth while maintaining
stable performance and high mechanical stiffness by controlling the damping parameters

and suppressing noise and vibration.

Table 5.1. Calculated damping parameters (co and cv) based on the damping ratio.

Condition  Ambient  Air 80 psi Water-filled Water 80 psi  Oil-filled  Oil 80 psi

Co 431 4.31 4.31 431 431 4.31
Cv ~0 0.04 2.03 1.26 0.26 0.12

The motion of FPFM was evaluated by implementing the piezoelectric (PZT)
actuator to characterize FPFM dynamic effects while the stage is operating in open- and
closed-loop condition. Closed-loop positioning control of FPFM was performed by
employing the analog proportional-integral (PI) feedback controller and the control loop
gain was tuned on the basis of ambient condition. The sine input responses of the dynamic
system showed the damping effects according to six varying conditions. In the open-loop
control, as illustrated in Figure 5.8 (a), other than the delayed response time compared
with command signal and tracking errors occurred due to the delayed response which
estimated to be 100 nm, any difference under six different fluidic conditions was not
observed in the system response. On the other hand, when the feedback loop was applied
and response of dynamic system well tracked the command input and, as shown in Figure
5.8 (b), the root-mean square (RMS) tracking error was estimated 1.46, 1.44, 1.36, 1.37,

1.42 and 1.44 nm for ambient, air 80 psi, water-filled, water 80 psi, oil filled and oil 80
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psi conditions, respectively. The water case showed the smallest tracking error. Again,
similar to the results of the open-loop experiments, the dynamic system exhibited no
remarkable discrepancy in response with respect to varying media filled inside of fluidic
channels because the controller performance is sufficient powerful to compensate for

tracking errors. However, the water case showed the smallest tracking error although those

tracking errors are similar.
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Figure 5.8. Sine motion (1 um, 1 Hz): (a) open-loop (b) and closed-loop responses.

The step responses were followed to compare the dynamic effects of FPFM when
the stage was driving in open- and closed-loop conditions. The result of open-loop
responses under varying fluidic conditions showed some steady-state errors as well as
delayed response time when rising and falling, and the various vibration modes were found
from oscillation with the peak amplitude of more than 700 nm as shown in Figure 5.9 (a).

However, it was difficult to evaluate any differences under different fluids and pressure-
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fed conditions. When the nanopositioning system was operated under closed-loop control,
the response time has improved as well as steady-state errors. Moreover, the various
vibration modes were suppressed by applying control loop gains. The closed-loop
response showed no significant discrepancy in system response with respect to varying
media filled inside of fluidic channels due to the sufficient controller performance for

compensating tracking errors.
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Figure 5.9. Step responses (1 um amplitude and 1 Hz frequency): (a) open- and (b) closed-
loop response.

With the stepwise input (1-sec interval in rising and falling), the response of the
system showed the same result as step input. The noise level stayed the same under 15 nm
and the overall responses showed the same tendency according to varying fluidic pressure-
fed conditions. It was thought that the operating speed of the nanopositioning system was

too low which was not in the range of resonance vibration, and hence, the presence of
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fluids and pressure on FPFM at low-speed does not have a remarkable influence on motion

quality.

Command —— Ambient - Air 80 psi
Water-filled Water 80 psi Oil-filled

[# Oil 80 psi

v/

o 100 nm/div
e 100 nm/div

~
B
=
£
d
()
ln N\
QA [2.000 2.(106 2.012 10ms .000 8;)06 8.012
= % 10 /' \ 3
5 ? ‘: OIUHMWWf‘M r_,l’
E B if =10 nl
5} i HH
= ' i
= [ =9
ns
a
<
1 1 1 1 1
0 2, 4 6 8 10

Time (sec)

Figure 5.10. Closed loop stepwise motion control results.

To characterize the damping effects according to six different conditions, the sine-
sweeping method was performed to discover the damping differences in the higher
frequency range, and 0.1 Hz to 10 kHz sine wave inputs were swept. As shown in Figure
5.11 (a), the fundamental resonance frequency was observed around 4.38 kHz and the
second mode of vibration (torsional vibration) was estimated at 4.94 kHz. The
fundamental resonance vibration had increased compare from the frequency response
curve which was around 3.1 kHz because implementing the PZT actuator has connected

the spring in parallel and therefore the overall stiffness of FPFM has increased. In a
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fundamental resonance frequency, it was clearly observed that as media filled in fluidic
channels shifting in natural frequency has occurred. Furthermore, the water case showed
the lowest magnitude which implies the highest damping. However, in the 2nd mode
vibration, the oil-filled cases showed the smallest magnitude but considering the capability
of CS limited by measuring linear motion, it was hard to say that the oil-filled case has the
highest damping on the torsional mode of vibration. Yet, in both cases of fundamental
resonance vibration and torsional mode of vibration, overall damping has increased with

respect to varying media conditions since the frequency shifted toward left.

Similar trend showed when the sweeping sine wave was performed under the
closed-loop condition. Vibration and resonance of the dynamic system has reduced as
media filled into fluidic channels that demonstrated by shfting in frequency and reducing
the magnitude as shown in Figure 5.11 (b). Additionally, from the result of open-loop and
closed-loop sine sweeping test, the bandwidth of PZT amplifier was observed around 5

kHz.
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Figure 5.11. Result of sine sweeping test: (a) open and (b) closed-loop responses.

Even though the high stiffness of current flexure system, its damping
controllability by FPFM were observed and the medium effects showed the differences in
dynamic characteristics of FPFM. It is expected that the FPFM has a significant influence
on damping and stiffness for the dynamic systems with low stiffness. The FPFM, therefore,
has potentials to effectively control the damping and suppress the vibration by filling

media and applying pressure into internal channels and this new approach will ultimately
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provide the stable and precise motions of nanopositioining sytem while increasing the
limitation of system bandwidth.
5.5. Summary

Here the new approach of in-process control of the damping parameters by the
FPFM was proposed and was preliminarily investigated. Damping was characterized by
acquiring frequency responses and free-vibration test under open-loop and closed-loop
control conditions according to the fluid types and corresponding pneumatic/hydraulic
pressure conditions. As a result, the existence of fluids and pressure inside the fluidic
channel can increase damping. Furthermore, the motion of FPFM showed a stable
response even when the fluids and pressure are filled in the internal channel. Results
indicated that the FPFM enables to slightly tune dynamic responses of precision motion
system because of its relatively high stiffness. Those effects could become significant as
dynamic system becomes compliant. In summary, the FPFM could be implemented in
dynamic systems and enhance the motion quality of the nanopositioning system in terms
of operating speed, resolution, and stable motion in a low-cost, convenient, and effective
way.
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6. AMONOLITHIC LINEAR MOTION PLATFORM DRIVEN BY

PIEZOELECTRIC AND FLUIDIC PRESSURE-FED DUAL MECHANISM™

6.1. Overview

This research presents a novel dual-mode actuation method capable of generating
sub-nanomotion in a monolithic linear motion platform. Unlikely conventional dual-mode
stages that utilize piezoelectric and electromagnetic-combined actuation mechanisms
consisted of two independent motion axes, the dual-mode actuation, in this study, was
developed by combining a piezoelectric actuator for coarse motion and a fluidic pressure-
fed actuator for a fine motion, and was implemented in a monolithic flexure stage
fabricated by metal additive manufacturing. The fluidic pressure-fed mechanism actuates
the flexure stage by pneumatically pressuring the fluidic channels that were created inside
the flexure spring structures. Experimental tests were performed to investigate the
performance boundary of the fluidic pressure-fed actuation mechanism and a monolithic
linear motion platform. A proportional pressure controller was used to generate a fine
motion. The piezoelectric actuator showed a sensitivity of 4.73 um/V found from previous
chapter 5, and the fluidic pressure-fed actuator showed the forward sensitivity of 158
pm/psi and 110 pm/psi for backward direction. The proposed dual-mode actuation method

enabled to achieve pico-scale resolution motion.

* This research work will be submitted to the Precision Engineering Journal and it is under preparation.
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6.2. Preface

Nanopositioning requiring nanoscale positioning accuracy and precision is a key
enabling technology for multidisciplinary research interconnecting nanoscale science and
engineering [1-3]. To achieve such high positioning accuracy and precision at high speeds,
dual-stage mechanisms combined with robust closed-loop controls are often used in the
field of optical recording [4], robotic manipulation [5, 6], wafer fabrication, mask
correction, or scanning applications [7, 8].

The dual-stage mechanisms consist of two separate coarse and fine motion axes.
The dual-stage adapts merits of both coarse and fine actuation mechanisms to achieve high
positioning performance; for example, the fine stage driven by piezoelectric (PZT)
actuator, voice coil motors, or micro-electric-mechanical system (MEMS)-based actuators
compensates for positioning error resulted from the coarse stage driven by leadscrews or
ball screws. Consequently, the feedback positioning control has been also widely studied
to look for the master-slave control strategy available for various dual-stage applications
[9]. Traditionally, because the fine motion stage is typically placed on the coarse motion
stage, dual-stage motion systems adapt two separate motion axes [10, 11]. Although two
stages could be built into the same traveling axis, there must be offset distance between
two axes along the vertical direction, which could result in an Abbe error. Also, leadscrew-
or ball screw-driven mechanisms are not vacuum compatible, and linear motors produce
heat generation that degrades the dynamic system performance [12]. Thus, there exist
dual-stage system design issues: alignment of two motion axes, an increase in the weight

and size of the system, thermal instability between two motion axes, and synchronization
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of dual-stage servo systems [9, 12, 13]. Those issues must be taken into account in the
dual-stage system and controller design process. However, the design and control
approaches to dual-stage systems are more sophisticated than those of a single-axis motion
system and require advanced control methods.

Many approaches have been studied to improve the dual-stage positioning
performance by innovating the mechanical-electrical system design [14,15] and
implementing advanced closed-loop feedback and feedforward control algorithms
[16,17]. Also, a few unique displacement feedback sensors were developed to enhance
positioning control effectiveness at high speeds [18-21]. Conventionally, piezoelectric,
electrostatic, electromagnetic, and magnetomotive force-driven mechanisms are more
conveniently used than pneumatic or hydraulic pressure-driven motion mechanisms [22-
25]. Moreover, it is considered that piezoelectric actuators are used for fine motion
mechanisms in a majority of dual-stage applications. However, pneumatic or hydraulic
actuators have advantages such as low heat generation, non-magnetic use, and clean
energy source over the other actuators [26]. Tadano et al. developed a single axis coarse-
fine dual positioning stage by utilizing a pneumatic cylinder with air bearings and a
pneumatic bellows-driven actuator [27]. Chiang proposed XY servo pneumatic-PZT
hybrid actuators and control methods for long-stroke and high positioning accuracy [28,
29]. Pneumatic or hydraulic actuators used in many previous dual-stage applications had
to have air bearing cylinder-type mechanisms in their own linear axes. Therefore, still,
there is little study on novel design approaches to pneumatic or hydraulic actuation

mechanisms.
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In this paper, the fluidic pressure-fed mechanisms (FPFM) driven by pneumatic
pressure for a fine motion was combined with the PZT actuator for a coarse motion, and
those actuation mechanisms was implemented into a single axis flexure stage. In general,
the PZT actuators are used for a fine motion. The FPFM does not have a physical system
for actuation, but utilizes the fluidic channels created inside the flexure springs. Pneumatic
pressure control enabled to generate a sub-nanoscale motion. In this paper, preliminary
study for pneumatic actuation in a monolithic flexure mechanism, hysteresis and
nanoscale motion quality of the FPFM including were discussed.

6.3. Dual-Stage Design and Fabrication

The proposed dual-stage mechanism based on the flexure stage includes the PZT
actuator for a coarse motion and the FPFM actuator for a fine motion as shown in Figure
6.1. Here m is the mass of flexures, and the k and c indicate the stiffness and damping of
body (flexures), FPFM and PZT actuator, respectively. The fine motion can be achieved
by pressurizing the fluid (compressed air or oil) filled in the fluidic channels.
Conventionally, the pneumatic or hydraulic actuation involves the cylinders and air/oil
bearing configuration. However, the FPFM utilizes fluid flow under the corresponding
pressure level to actuate the flexure stage for the fine motion. Therefore, the FPFM does
not require additional cylinders or air/oil bearing configuration, but can be integrated with

the system at ease and low-profile.
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Figure 6.1. Dynamic model of PZT-FPFM dual-stage.

The dual-stage mechanism was implemented with the flexure stage used for the previous
studies: thermal stability characterization and dynamic motion characterization [30-32].
This flexure stage was fabricated by Stainless Steel additive manufacturing (AM). Due to
the dimensional tolerance of metal AM printer, the minimum wall thickness of the fluidic
channels was set to 1.25 mm, fluidic channels were designed 2.5 mm x 2.5 mm as seen in
Figure 6.2. At the early stage, proportional pressure controller (PPC) and pressure sensor
(PS), capacitive sensor (CS) are used to characterize the pneumatic pressure driven motion
of flexure mechanism. Because the pneumatic pressure-driven motion mechanisms
include the hysteresis according to the actuation direction, the bidirectional proportional
pressure controller (BPPC) and CS for the feedback will be employed and investigated.

PZT actuator will also be feedback controlled to generate dual-mode motion.
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Figure 6.2. Concept of PZT-FPFM dual-stage system.

Computational approaches to the motion and dynamic behavior characterization of the
FPFM could be attractive to understand its mechanism better. However, it involves the
fluid-coupled dynamic analysis, and requires an accurate dynamic modeling capable of
analysis of nanometer scale deformation and fluidic pressure distribution over the channel.
Thus, in this study, experimental approaches to implementing the FPFM with the dual-
stage mechanism for preliminary feasibility tests were mainly focused.
6.4. Experiments and Results

The initial experiment setup is shown in Figure 6.3. To identify and characterize
the actuation direction, PPC was placed at the inlet of the fluidic channel, and CS was
placed in the opposite direction. PS was utilized at the outlet of pressure to monitor the
variations of pneumatic pressure. PZT was also placed since pneumatic actuation will

eventually be combined with PZT for a coarse-fine motion.
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Figure 6.3. Initial dual-stage experiment setup.

The PPC was able to receive analog signals such as sine wave or square wave.
Hence, the characterization of FPFM driven motion was performed under various inputs.
Figure 6.4 shows the open-loop responses of pneumatic pressure-driven motion. When
1Hz binary input was given to PPC, the maximum response of pressure controller was
identified approximately as 2 Hz with some induced vibration from PPC due to the
difficulty of controlling pneumatic pressure in the lab scale. The nanopositioning stage
was promptly responded and moved up to approximately 11 nm at the maximum 80 psi
pneumatic pressure under two different signals (sine and square wave with 1 Hz
frequency). Although the actuation direction was correctly found regarding fluid direction,

the result showed that springback in the motion did not occur in the open-loop response.
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Figure 6.4. Open-loop pneumatic pressure driven motion results: (a) 1 Hz sine wave input
and (b) 1 Hz binary input.

Therefore, the hysteresis, according to the actuation direction, was analyzed based
on the obtained open-loop response with five sine wave input. To find a hysteresis loop,
the pressure was calibrated into the force with the measured stiffness of the flexure
mechanism in the previous chapter 5. Consequently, shown in Figure 6.5, the flexure stage
motion with the maximum displacement of 11 nm was in the hysteresis region so that the
elastic restoring did not occur. Flexure mechanism generates motion with the nature of
elastic bending of the material. However, it was thought that, in the sub-nano scale motion,
the spring structure of the flexure mechanism is in between elastic and plastic regions, and
thus, the relaxation time takes long for making the nanopositioning stage to move back.
Therefore, to mitigate the hysteresis, applying bidirectional pneumatic pressure was

concerned to restore the flexure stage back to the starting position.
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Figure 6.5. Hysteresis loop of FPFM driven motion.

After applying bidirectional pressure into fluidic channels, it was able to calibrate
the stage motion, and the directional sensitivity of the fluidic pressure-fed actuator was
able to obtain. Here, the actuation direction is denoted as the forward direction, while the
other direction was defined as the backward direction. As shown in Figure 6.6, although
the stepwise motion showed that applying the pneumatic pressure in a backward direction
could not move the nanopositioning stage back to the original position, bidirectional
pressure was able to mitigate the hysteresis effect and if a proper control method is applied,
the motion of the nanopositioning system was thought to be controllable. As a result, when
applying pressure into the forward and backward direction, the sensitivity was estimated
as 158 nm/psi and 110 pm/psi, respectively. FPFM driven motion showed the feasibility

of using as a fine motion, and the FPFM actuated the flexure stage to generate a sub-nano
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scale motion. Interestingly, the forward direction response showed some minimum

pressure load to move the nanopositioning stage linearly.
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Figure 6.6. FPFM driven motion under bidirectional stepwise input.

Currently, the FPFM driven motion using bidirectional pressure with compressed
air and oil is under investigation, as shown in Figure 6.7. Furthermore, soon, BPPC and
CS, as shown in Figure 6.2, will be implemented for feedback control to achieve dual-
mode motion control. The switching mode or master-slave control loop of air actuation
for a fine motion and PZT for a coarse motion will be developed to enable the dual-stage
system that provides high precision sub-nanometer motion and high positioning
performance. Additionally, the actuation performance with respect to hydraulic (oil)

pressure will also be analyzed and compared with compressed air.
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Figure 6.7. Experiment set up for bidirectional pneumatic/hydraulic pressure driven
actuation.

6.5. Summary

This study showed the feasibility that the FPFM combined with the PZT actuator
can be used for a fine motion generation in dual-stage applications. Positioning control
effectiveness of the FPFM was experimentally evaluated. The use of the FPFM has
advantages such as low heat generation, non-magnetic use, and clean energy source over
the other conventional actuators and is vacuum environment-compatible due to no
contamination source. Also, the FPFM can be integrated with the linear motion system at
ease, low-profile, and low-cost not only for actuation applications but also for vibration
and noise control of mechanical systems because it does not require additional cylinders
or air/oil bearing configuration. The FPFM contribution to the motion range and dynamic
characteristics of the stage can be significantly prominent as the AM technology develops
further to fabricate the internal fluidic channels with various shapes or structures more

accurately and precisely. For future work, computational approaches to dynamic

149



characterization of the FPFM will be conducted to establish the FPFM dynamic models

for dynamic system identification and hysteresis compensation.
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7. CONCLUSIONS

7.1. Conclusion

The research works presented in this thesis includes characterizing and
investigating the novel FPFM for addressing current challenges and limitations in
precision mechanical systems such as angular motion errors, limited bandwidth, vibrations,
low thermal stability, resolution, and positioning performance. As a result, FPFM can
correct up to 0.8 urad angular (yaw) motion errors when 80 psi of pneumatic pressure is
applied, and it can improve the thermal stability approximately 90% with flowing fluids
into internal channels under certain flowrate and pressure when the nanopositioning stage
IS in operating. Moreover, the FPFM affects the dynamic characteristics of the flexure
mechanism. Consequently, the damping of the dynamic system increased by 44%, which
enables in-situ control of the damping parameters. Lastly, FPFM driven motion can
provide sub-nanometer level motion that can be used for a monolithic FPFM dual-mode
stage for precision applications along with increasing the system performance in
bandwidth, resolution, thermal stability while reducing the motion error and vibrations.
Therefore, FPFM can be applied in high performance engineered devices, and it is
expected to meet the requirement for achieving high precision in a simple, low-cost,
convenient, and effective way.
7.2. Future Works

The designed metal flexure mechanism for the characterization has high stiffness.
However, if the FPFM is applied in a more compliant structure, the effect of FPFM is

presumably significant for increasing the stability and operating speed of dynamic
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systems. Furthermore, bidirectional FPFM driven fine motion using proportional pressure
controllers with a solenoid valve is currently in the investigation stage. After investigating
the FPFM driven motion, the monolithic FPFM dual-mode stage (FPFM for a fine motion
and PZT for a coarse motion) will be developed by constructing an advanced control

method for a switching mode dual-stage control.
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