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Abstract

The demand for miniature devices and parts has increased significantly over the past decade.

During this period, research and development of mechanical micromachining processes, including

micromilling and microdrilling, have enabled fabrication of intricate three-dimensional micro- and

meso-scale components and features on a broad range of materials. One of the key concerns in

micromilling is related to the cutting tool. The currently available carbide micro-endmills have

the following issues: (a) relatively large cutting edge radius (typically 2 µm - 5 µm) compared to

commonly used uncut chip thickness levels, (b) poor tolerance in diameter (typically +/- 10%), and

(c) rapid wear when used for machining of hard materials or at high-temperatures. Such non-ideal

tools affect the machining process significantly and lead to both poor dimensional accuracy and

rough machined surfaces, thus limiting the wide-spread application of micromachining.

This Ph.D. research addresses aforementioned issues by developing a mandrel-based precision

polishing process using ultra-high-speed (UHS) miniature spindles, to fabricate single-crystal dia-

mond and tool-grade ceramic micro-endmills which will be superior to the existing carbide micro-

endmills in terms of accuracy and sharpness. The presented work has two specific aspects: The

first involves the development of the mandrel-based polishing process and experimental analysis

of the polishing characteristics of single-crystal diamond and tool-grade ceramics. And the second

involves the design and analysis of precision polishing equipment for the mandrel-based polish-

ing process. Together, these two aspects are aimed to provide experimental understanding of the

mandrel-based polishing process and to enable identification of favorable polishing conditions that

will allow accurate fabrication of micro-tools from single-crystal diamond and ceramics. A ma-

jority of the work is devoted to analyzing the (unwanted) motions of UHS spindles used for the

mandrel-based polishing process, with the aim of identifying a favorable set of spindle parameters

that would allow for accurate and repeatable fabrication of the micro-tools. This included develop-

ing spindle-metrology and analysis techniques applicable to measurement of axial and radial error

motions of UHS spindles that currently do not exist in literature.

Initially, the effectiveness of the mandrel-based polishing process in removing single-crystal dia-

mond is demonstrated by polishing and shaping diamond to create smooth surfaces and sharp edges

(≤ 1 µm edge radius). Among others, an important issue that was identified in the mandrel-based

polishing process was the poor dimensional and form accuracy during material removal. To address

this issue, a dual-stage polishing test-bed was designed and constructed to include 1) a large-wheel-

based traditional diamond polishing system with high material removal rates for “rough” polishing,

and 2) a rigid, mandrel-based polishing configuration with capability to create intricate micro-scale
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features and high-aspect-ratio structures on single-crystal diamond and ceramics.

Next, polishing characteristics of various tool-grade ceramics were experimentally analyzed to

evaluate their applicability for micro-scale cutting. Almost all the ceramic materials tested yielded

a better surface roughness than sub-micron grade carbide that is commonly used for micro-tools.

All ceramic materials were capable of being sharpened to edge radii less than 2 µm, which is less

than the edge radii of sub-micron grade carbide.

One of the most important factors governing the effectiveness of the mandrel-based polishing

process in creating accurate features is the speed-dependent axial and radial error motions of the

UHS spindle. Undesired motions of the UHS spindles have a direct influence on the dimensional

and form accuracy, as well as the surface finish, of the polished surfaces. A thorough quantitative

analysis of these motions for the specific UHS spindle used on the dual-stage polishing test-bed

is essential to understand their influence on the polishing characteristics. However, there is no

existing metrology technique to quantify the error motions of UHS spindles.

To address this need, a laser Doppler vibrometry (LDV)-based methodology was developed to

measure the axial and radial error motions of UHS spindles from the surface of a custom-fabricated

sphere-on-stem precision artifact. The measured axial and radial motions were post-processed to

obtain different components of the error motions, including synchronous and asynchronous compo-

nents of the axial and radial error motions in both fixed-sensitive and rotating-sensitive directions.

The sources and amounts of uncertainties in measuring the motions and in calculating the error

motions were then analyzed. The developed methodology is then applied to analyze the radial and

axial motions of the electrically-driven hybrid-ceramic-bearing UHS spindle used on the dual-stage

polishing test-bed. The measured axial and radial motions were seen to be strongly dependent upon

the spindle speed, thermal-state of the spindle, and the over-hang length of the artifact (tool). Cer-

tain speed/over-hang length combinations were identified that could potentially induce significant

dimensional errors, shape distortions, and surface roughness to the polished surfaces.

The developed UHS spindle-metrology technique was advanced further by implementing error-

separation methods to remove the artifact form error and quantify the true spindle error motions.

Two different error separation techniques were developed - Multi-Orientation Technique and a

modified Donaldson Reversal Method. Both techniques were successfully demonstrated to remove

artifact form error from radial motions measured at speeds up to 150 krpm.

The thesis concludes with a discussion of future work that is needed for successful fabrication of

accurate single-crystal diamond and ceramic micro-endmills in a predictable fashion. Specific tasks
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that should be completed to ensure that the potential high-impact nature of this work is realized

have been identified and described in detail.

The specific contributions of this research include: (1) Design and development of a two-stage

high-precision polishing test-bed to enable accurate fabrication of micro-scale tool geometries; (2)

Development of laser Doppler vibrometry (LDV)-based methodology for measurement of axial and

radial error motions when using miniature ultra-high-speed (UHS) spindles; (3) An experimental

characterization of the radial and axial error motions of a typical UHS spindle with hybrid-ceramic

bearings, identifying the various sources of error motions and quantifying them; (4) Implementation

of two different error-separation techniques (Multi-orientation technique and Donaldson reversal

method) to remove the artifact form error and obtain the true spindle error motions, and (5) An

experimental understanding of the mandrel-based polishing process and the polishing behavior of

single-crystal diamond and various tool-grade ceramics.
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Chapter 1

Introduction

1.1 Motivation

During the last decade, mechanical micromachining has emerged as an effective technique to create

complex, three-dimensional micro- and meso-scale features on metals, polymers, and composites

[1–7]. Mechanical micromachining uses micro-scale milling and drilling tools (as small as 10 µm

in diameter) within high precision machining environments to fabricate three-dimensional features.

Although micromachining is kinematically similar to its macro-scale counterpart, scaling effects,

especially those arising from the large edge radius (edge sharpness) of the existing carbide tools,

bring significant changes to both practical and fundamental aspects of the process [1, 8, 9].

One of the vital issues that hinder the further progress and wide application of the micromilling

process is the non-ideal characteristics of the commercially available carbide micro-endmills, specif-

ically their blunt/chipped cutting edges. A scanning electron microscopy (SEM) image of a ϕ 250

µm micro-endmill is given in Fig. 1.1. The tool material is composed of sub-micron grade tungsten

carbide (WC) within a soft cobalt binder matrix (6 - 15% by weight). These micro-endmills are

created by a mechanical grinding process referred to as pinch grinding which imposes fracture on

the boundaries of carbide grains, rather than intra-granular fracture of carbide grains. As a result,

the edges have the carbide grains pulled out, thus leading to blunt/chipped edges with the edge

radius in the range of 2 - 5 µm. This range is commensurate with the feed rates typically used

in micromilling. The large edge radius (as compared to the uncut chip thickness) has significant

consequences in terms of both process mechanics and process performance.

Due to the large edge radius, the effective rake angle in micromachining is highly negative. This
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Figure 1.1: SEM images of an unused ϕ 250 µm carbide micro-endmill.

negative rake angle makes the machining process ploughing-dominated as opposed to shearing-

dominated [1, 9–12]. For uncut chip thickness values below a certain ratio of the edge radius

(generally 9% to 38% depending on material and tooling) no chip is generated, and the entire ma-

terial is ploughed under the tool [1]. This phenomena is referred to as the minimum chip thickness

effect and overall, it results in large and erratic forces with associated tool/workpiece deflections

leading to reduced surface quality, large burr formation, rapid tool wear, and catastrophic tool

failure. As a result, the micromachining process becomes unrepeatable and unpredictable.

To address the above-mentioned problems arising from the non-ideal characteristics of com-

mercially available carbide micro-endmills, solid single-crystal diamond micro-endmills provide an

excellent solution. Single-crystal diamond possesses superior mechanical and thermal characteris-

tics that renders it as an outstanding tool material [13]. Polished diamond surfaces exhibit very

low coefficients of friction. Furthermore, single-crystal diamond can be sharpened to a very high

degree (with edge radii less than 10 nm) [33], and can withstand high pressures even at such levels

of sharpness.
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Though diamond machinable materials constitute a large and important portion of materials

of interest to micromachining, diamond tools show very rapid wear with certain materials such as

ferrous materials and nickel, due to thermo-chemical wear phenomenon [46] and hence cannot be

used. Further, there are new applications of micromachining, such as micromachining of hardened

tool steels, where diamond is not suitable. For such applications, the choice of tool-materials

available for micromachining can be expanded by utilizing the large variety of tool-grade ceramic

materials, currently being used for macroscale cutting [14, 15]. Due to their extreme hot-hardness

and chemical inertness at high temperatures, ceramic tool materials offer unique advantages for

many applications. If the tool-grade ceramics can be sharpened to edge radius values less than

2 µm without chipping and if they can retain their edge sharpness without breakage, then they

could be an excellent option for micro-scale cutting. Together with single-crystal diamond, they

can enable application of micromachining to a wide set of materials.

Research and development of methods to shape single-crystal diamond and ceramics precisely

are critically needed to enable the fabrication of precision single-crystal diamond and ceramic

micro-tools. The next section gives a brief overview of the literature on (a) fabrication of single-

crystal diamond micro-tools, (b) the variety of ceramics available for use as micro-tools, as well as

methods currently available to shape these ceramics precisely, and (c) new techniques and designs

of micro-endmills and their evaluation.

1.2 Literature Review

1.2.1 Shaping Single-crystal Diamond

The shaping of single-crystal diamonds is accomplished through a process referred to as diamond

polishing [16] in the diamond trade. Diamond polishing has been practiced as an art for many

centuries (especially in jewelry making), and the technique of polishing diamonds has changed very

little through the years.

Diamond polishing is carried out by pressing the diamond against a diamond (powder) charged

rotating ferrous wheel called scaife with surface speeds in the range of 10 m/s to 50 m/s (see

Fig. 1.2) [16]. Before the process, the cast-iron scaife is pre-machined and scored to create small

grooves/pores on its surface. These grooves/pores allow embedding of the diamond grits into the

scaife.

The preparation of scaife is critical to the success of the polishing process. A thin film of oil is
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Figure 1.2: The conventional diamond-polishing process.

first rubbed onto the scaife surface. Then a small amount of diamond powder (with grit size from

0.1 µm to 20 µm) is distributed around the wheel, which turns the color of the surface to gray. The

scaife is than rotated at the polishing speed (3000-6000 rpm), and a low quality diamond called

boart (or break-in diamond) is used to work the powder manually into the scaife. After a period

of time, the scaife surface is seen to change its color to a dark gray or black. Once this color is

attained, the scaife surface is considered to be ready for polishing.

The diamond to be polished is placed on a fixture called dop, which is attached to a post referred

to as tang. The tang allows obtaining the required polishing orientation. The polishing is conducted

by manually pressing the diamond onto the scaife by a skilled technician. A trial-and-error process

continues until the polishing is deemed complete.

One of the most important characteristics of the diamond polishing process is the anisotropy

of the polishing with respect to crystallographic orientations of the diamond [13, 17–20]. On any

given facet with a certain crystallographic orientation, the polishing direction was seen to make

a significant difference in polishing rates. At different orientations/directions, the polishing rate

under similar polishing conditions were seen to vary by as much as an order of magnitude. This

was recognized centuries ago, and the easily polishable orientations/directions were referred to as

“easy” (or “soft”) directions. These orientations/directions are associated with high polishing rates,

low vibration during polishing and result in a highly polished surface. The orientations/directions

that yield very low polishing rates are referred to as “hard” (or “difficult”) directions, and the

polishing in these directions is associated with grating sounds, considerable vibrations and poor

quality of polished surface. For instance, the cube plane {100} has four easy directions <100>

and four hard directions <110>. On the other hand, the octahedral plane {111} is very resistant

to wear in any direction. It was seen that the polishing rates exhibit symmetry according to the
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crystallographic symmetry of diamond. Furthermore, even few degrees of misorientation/tilt from

the soft orientations causes the polishing rates to vary by as much as three times.

In addition to crystallographic anisotropy, a number of experimental studies in the literature

have indicated that the surface speed, the powder grit size, and the applied load affect the amount

of material removal and the surface roughness obtained from the process [13, 21]. Hird et al. [22]

obtained the wear map of diamond polishing as a function of applied load and polishing surface

speed. The wear rate of diamond is highly non-linear with respect to the polishing speed.

Although applied for centuries, there is limited fundamental understanding regarding the basic

mechanisms and anisotropy of the diamond polishing process. Recently many studies have been

conducted by analyzing the debris on the diamond polishing wheel (both during its preparation

and during polishing) [23, 24] and studying of the morphology of the polished surfaces [25, 26] to

understand the material removal mechanisms during diamond polishing and explain the anisotropy

in the soft and hard directions. Several models have been proposed to explain the polishing mech-

anism [27–31]. The general consensus is that in the soft direction, the polished diamond undergoes

a structural transformation due to the plastic deformation produced from frictional sliding. A thin

layer of diamond on the surface is converted into a much softer form of sp2 bonded carbon (as

opposed to sp3 bonded carbon in diamond). This softer layer is easily removed by the following

grits of the scaife surface. This type of mechanically-induced chemical activation leads to surfaces

smoother that what abrasive removal alone would achieve. In the hard directions, the polishing

proceeds mainly as a result of micro- and nano-scale fracture and hence the removal rates are low

and the polished diamond surfaces are rough.

The conventional diamond polishing process has been effectively used to produce single-crystal

diamond cutting tools. Edge radii less than 10 nm have been demonstrated using this process

[32, 33]. The basic issues and design factors involved in fabrication of diamond cutting tools for

ultra-precision cutting have been studied [34, 35] and the various factors affecting the edge radius

have also been analyzed [21, 36, 37]. While this conventional technique is capable of providing

rapid material removal, smooth surface finish, and sharp-edge creation, its polishing configuration

does not allow effective fabrication of miniature, high-aspect-ratio diamond tools. Due to its load-

based nature, the feature-size control is limited. Custom-made diamond micro-endmills can be

fabricated using this polishing configuration. However, due to the manual application of the process

(commonly by very experienced technicians), these tools are extremely expensive (>$2000 per tool)

which hinders their wider commercial applicability.

A number of alternative techniques have been attempted to fabricate miniature single-crystal
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diamond tools. Bonded wheels are also used as scaifes [13]. These wheels are considerably more

expensive than cast-iron scaifes, and they do not show major improvement in terms of polishing

rates. Non-traditional techniques, such as focused-ion beam (FIB) [38–43] and femto-second laser

[44,45] were utilized to fabricate micro-tools with sharp edges. The material removal rate and the

cost of the FIB and femto-second laser processes hinder their industrial application for fabricating

single-crystal diamond tools. Furthermore, these processes necessitate special configurations to

make sharp, 3-D features. In another technique, thermo-chemical wear of single-crystal diamond,

when rubbed against ferrous surfaces, was explored as a possible technique of diamond polishing

[46]. The material removal rate, however, was significantly lower than that of the conventional

polishing technique.

In conclusion, the conventional diamond polishing is the most effective and efficient process in

shaping single-crystal diamond. However, this process configuration is not appropriate for fabri-

cating micro-scale tools with more complex geometries and high-aspect-ratios.

1.2.2 Tool-grade Ceramics and Polishing

Development of tool-grade ceramic materials can be categorized under (i) monolithic forms of

ceramics and ceramic composites, (ii) ceramic thin coatings and (iii) whisker-reinforced ceramic

composites [14, 47]. For the purpose and scope of this thesis, we will limit the discussion to

monolithic forms and whisker-reinforced composites. Within both categories, the materials can be

broadly classified relative to their base material matrix - Alumina-based and Silicon Nitride-based.

Alumina-based cutting tools consistently have higher chemical inertness whereas the silicon-nitride

based cutting tools have a greater strength and fracture toughness. In general, the wear resistance

and thermal shock resistance (a tool material property required to overcome the effects of heating

and cooling cycles seen in intermittent cutting operations (like milling)) is lower in ceramic cutting

tools compared to tungsten carbide tools [47, 48]. To overcome the ceramic tool material limita-

tions and improve their cutting performance, different components - additives, particulates and

whiskers [47] are added to modify the tool material composition and fabricate advanced ceramic

composites. TiC, TiN, ZrO2 particulates and SiC whiskers are added to alumina to improve its frac-

ture toughness and/or thermal shock resistance. Silicon nitride-based ceramics can be classified into

three different families based on their composition - silicon nitride containing sintering additives,

silicon-nitride-aluminum-oxygen solutions(SiAlONs) and particulate-based silicon nitride ceramic

composites. The material composition along with the processing and densification techniques [49]

significantly affect the material properties of these tools. Sialons have excellent thermal shock
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resistance, while silicon-carbide whisker reinforced alumina-based ceramic composite has excellent

fracture toughness. Variations of these alumina-based and silicon-nitride based ceramic composites

are active areas of research [50–57], and new composite materials are being developed at a rapid

pace to significantly enhance the properties and applicability of the ceramic tool materials.

Due to their inherent material properties, ceramics are used in high-speed machining of hard and

difficult-to-machine materials. Ceramic tools, in general, can be used to machine many different

types of steels, cast-iron, Ni, Co and Fe based superalloys and many nonferrous alloys and compos-

ites [58]. Particulate-toughened alumina-based cutting tools have a lower fracture toughness and

thermal shock resistance. In general they are only used for continuous high-speed finish machining

without coolants. Sialon and SiC whisker-reinforced ceramic composites, due to their high fracture

resistance, are commonly used to machine high strength superalloys at high material removal rates.

These tool materials are also used for interrupted cutting of superalloys. However, due to excessive

chemical reactivity between silicon nitride or silicon carbide and steel, silicon nitride-based cutting

tools and SiC whisker-reinforced ceramic composites are not suited for steel machining [59,60].

The choice of the specific tool material depends on the workpiece to be machined, the particular

machining process - turning, milling etc. and the type of operation - finishing or roughing. Some

of these tools have been used in interrupted cutting operations like endmilling [61] and face milling

[62, 63] as well, and have been demonstrated to show a better cutting performance compared to

carbide tools in certain applications [63,64].

In addition to the above tool selection criteria, for a given tool material to be used for microma-

chining, the tool should be fabricated to have smooth surfaces and sharp, un-serrated cutting edges

with edge radii less than 2 µm. This capability combines both the smoothability, sharpenability,

and edge retention capability of the given ceramic material and the ability of the tool-fabrication

process to maximize surface smoothness, minimize edge-rounding / edge-chipping and prescribe

a certain edge profile (edge preparation). The edge preparation determines the strength of the

cutting edge [48,60]. Typically, ceramic tools are used with a negative rake angle to utilize the high

compressive strength and overcome the low transverse rupture strength of these materials [48, 60].

The sharpenability, smoothability, and edge retention capability are hypothesized to be directly re-

lated to (a) the size and shape of the different components forming the ceramic-matrix composite,

(b) the mechanical properties- transverse rupture strength and fracture toughness, of the ceramic

composite, which quantify the ease of brittle fracture and the propagation of cracks within the

material, and (c) the processing technique used during fabrication of the ceramic composite, which

governs the density of packing of the different components and the porosity of the ceramic [49].

7



Grinding and polishing of structural ceramics have been the focus of many studies [65]. These

processes have been known to be the most efficient methods to shape tool-grade ceramic materials

and create polished surfaces. Different types of grinding wheels, mostly with diamond abrasives

have been used. The selection of the appropriate grinding wheel plays an important role in the

grinding efficiency and surface finish of the polished ceramics. The bond type (resinoid, metal,

vitrified and electroplated), the diamond grit type, the grit size and concentration are the various

critical parameters that need to be taken into account to make the right choice of the grinding

wheel for polishing a given ceramic material [66]. Porous cast-iron bonded grinding wheels were

also used to demonstrate a much improved grinding efficiency [67].

One of the main issues in grinding ceramic materials has been the surface defects induced

during the grinding process [68–71]. These defects tend to reduce the strength of the ceramic

tool material significantly. The grinding parameters have a significant effect on the grinding forces,

type of defects (and hence the strength) and surface finish on different ceramic materials [66,72–74].

Selection of grinding parameters which lead to a mode of grinding referred to as ductile mode of

grinding, where plastic deformation is the major mode of material removal, is shown to produce

a smooth surface finish with minimum surface defects and sub-surface damage while also reducing

the overall processing time [75–79]. Ductile mode of grinding has been demonstrated on ceramic

materials under both the conditions of constant pressure [80] and prescribed depths of cut [81]. The

machine loop stiffness has been shown to play an important role in obtaining a good surface finish

and defect-free surface [82, 83]. In addition to all these factors, the micro-structure of the specific

ceramic has also been shown to affect the presence of surface defects and surface finish [84] in the

grinding and polishing of ceramics. Many studies have tried to understand and summarize the

grinding mechanism for ceramics [85–87]. Also, some researchers have tried to model the grinding

process to predict the surface roughness and grinding damage [76,88–90].

Based on all of the above literature, the selection of the right tool-grade ceramic for a specific

micromachining application is critical to maximize the tool performance. Further, it is important

to evaluate the sharpenability, smoothability and edge retention capability of the ceramic material,

before it can be shaped as a micro-tool. Grinding and polishing processes are the most effective

methods in shaping and polishing ceramic materials. The ceramic material’s grain size, composition

and properties, the grinding wheel type, the rigidity of the machine tool and the grinding parameters

used - all play a critical role in affecting the surface defects, surface finish and the processing time.
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1.2.3 Micro-tool Design

The single-crystal diamond and ceramic micro-tools that are intended to be fabricated during this

work will be used for micro-planing and micromilling applications. The shape of the micro-planing

tools is in the form of a monolithic block rigidly attached to a base, with the desired rake and

clearance angles. The micro-endmills are rotary tools (with 3 mm shank diameter) and have fluted

or straight cutting edges at the tool-tip.

There are two categories of micro-endmills - ball end-mills and flat end-mills. For the purpose of

this work, we limit the scope to fabrication of flat end-mills. Conventionally, tungsten carbide micro-

endmills shapes are just scaled-down versions of the macro-scale endmills with fluted edges. Recent

studies have shown that the fluted design is not necessary and simple straight cutting edge design

will be more effective for micro-endmills [91–94]. A variety of new micro-endmill designs are actively

being proposed and fabricated [91, 94–98]. New technologies to fabricate micro-tools such as Wire

Electro Discharge Machining (WEDM) or Wire Electro-Discharge Grinding (WEDG) [96, 99–104]

and Electrolytic In-process Dressing (ELID) [105] are topics of active research. In all these studies,

the tool materials used were either sintered Poly-crystalline diamond (PCD) or sub-micron or

ultra-fine grade tungsten carbide.

1.3 Research Objectives

The literature review presented above has clearly identified that a mechanical polishing process,

such as the one used for conventional diamond-polishing, is one of the most effective methods to

create smooth surfaces and sharp cutting edges on single-crystal diamond and ceramics. How-

ever, effective application of polishing to fabricate high-precision micro-tool geometries requires a

different polishing configuration with an ability to create complex micro-scale geometries with high-

aspect-ratios, smooth surfaces, and sharp cutting edges in a predictable fashion on single-crystal

diamond and ceramics.

To address this need, this Ph.D. thesis research focuses on precision fabrication of single-crystal

diamond and ceramic micro-tools for micromilling using a precision polishing (lapping) process,

referred to as the mandrel-based polishing. The mandrel-based polishing process utilizes mandrel-

type polishing tools (electroplated, bonded or diamond-paste charged cast-iron mandrels) with

shank diameter of 3 mm (or 0.125 in.) and a precision micromachining platform. The polishing

tool is mounted on a ultra-high-speed (UHS) miniature spindle that can run at speeds up to 200
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krpm, and the tool material (single-crystal diamond or a tool-grade ceramic) to be polished is

mounted on precision XY Z slides. The desired shape and edges are obtained through accurately

prescribed XY Z motions of the slides with respect to the rotating mandrel.

The overarching research objective of this Ph.D. research is to gain an understanding

of the mandrel-based polishing process and equipment to enable identifying favorable polishing

conditions that will lead to accurate fabrication of micro-tools from single-crystal diamond and

ceramics in a predictable fashion. We will address this goal through the following specific objectives:

• To analyze the mandrel-based polishing process and the polishing characteristics of single-

crystal diamond and tool-grade ceramics through experimental studies. Addressing this need

requires design and construction of a precision polishing test-bed.

• To develop spindle-metrology and analysis techniques applicable to measurement of axial and

radial error motions of UHS spindles in order to identify a favorable set of spindle parameters

for accurate and repeatable fabrication of the micro-tools.

1.4 Research Contributions

The specific contributions of this thesis research include

1. An experimental understanding of the mandrel-based polishing process and the polishing

behavior of single-crystal diamond and various tool-grade ceramics.

2. Design and development of a two-stage high-precision polishing test-bed to enable accurate

fabrication of micro-scale tool geometries.

3. Development of laser Doppler vibrometry (LDV)-based methodology for measurement of axial

and radial error motions when using miniature ultra-high-speed (UHS) spindles.

4. An experimental characterization of the radial and axial error motions of a typical UHS

spindle with hybrid-ceramic bearings, identifying the various sources of error motions and

quantifying them.

5. Implementation of two different error-separation techniques (Multi-orientation technique and

Donaldson reversal method) to remove the artifact form error and obtain the true spindle

error motions.
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1.5 Thesis Organization

Chapter 2 provides a description of the mandrel-based polishing configuration. Experimental stud-

ies to understand the effect of some of the process parameters on the polishing behavior of single-

crystal diamond are also given. Chapter 3 presents the design and construction of the dual-stage

polishing test-bed. Details of the design and features of the test-bed are illustrated. Chapter 4

describes an experimental evaluation of various tool-grade ceramics to understand their polishing

behavior and assess their applicability for micro-scale cutting. Chapter 5 describes the LDV-

based methodology for measurement of axial and radial error motions of UHS spindles. Chapter 6

presents a thorough quantitative analysis and characterization of the radial and axial error motions

of a typical UHS spindle with hybrid-ceramic bearings. Chapter 7 presents implementation of two

error-separation techniques (Multi-orientation technique and Donaldson reversal method) on UHS

spindles to measure the true spindle error motions. Chapter 8 summarizes the conclusions from the

presented research. Chapter 9 discusses the future work that is needed for successful fabrication of

accurate single-crystal diamond and ceramic micro-endmills in a predictable fashion.
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Chapter 2

Mandrel-based Polishing Process and

Experimental Studies on

Single-crystal Diamond

2.1 Introduction

To address the need for an efficient process to fabricate precise and accurate single-crystal diamond

and ceramic micro-endmills, the mandrel-based polishing process was conceived and developed. An

evaluation of this process in terms of creation of smooth surfaces, creation of sharp edges (less

than 2 µm), and ability to shape micro-scale features precisely and accurately on tool-materials is

essential before its application towards tool fabrication.

In this chapter, the mandrel-based polishing configuration and the effectiveness of the process in

polishing and shaping single-crystal diamond at the micro-scale is evaluated. Further, studies are

conducted to understand the influence of some of the important polishing parameters, including

powder grit size, polishing path and boart material in polishing single-crystal diamond. Edges

are created by polishing two adjacent faces. The quality of the polished surfaces, sharpness and

condition of the created edges, and the ease of material removal are qualitatively and quantitatively

evaluated.
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Figure 2.1: The setup for the mandrel-based diamond polishing configuration.

2.2 Description of the Mandrel-based Polishing Configuration

Figure 2.1 shows the setup of the mandrel-based polishing configuration. It uses a small-diameter

mandrel (typically ≈ ϕ 3 mm or 0.125 in.) rotated at ultra-high speeds (up to 200 krpm) on an

UHS spindle as the polishing tool. The small diameter of the mandrel provides access to create

high-aspect-ratio features. In addition to the polishing tool, the main components of the setup

include 3-axis precision slides, a mandrel-preparation subsystem, and a goniometry-based fixture

for holding (and aligning) single-crystal diamond workpieces. A 3-axis force dynamometer (Kistler

9256C1 MiniDyn) is used to measure the polishing forces. An optical microscope allows viewing

the initial approach and progression of the polishing.

Electroplated, bonded or diamond-paste charged cast-iron mandrels could be used as the pol-

ishing tool. All the studies conducted in this chapter use a diamond-charged cast-iron mandrel.

Figure 2.2 describes the procedure followed in the mandrel-based polishing process when using the

cast-iron mandrel. The diameter of the mandrel used is 3.125 mm. The preparation of the man-

drel, i.e., charging of the mandrel with diamond particles, is critical to the success of the polishing

process. The mandrel is first scored with a rough sand paper to create sites for embedding the
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Figure 2.2: Overview of mandrel-based polishing process when using cast-iron mandrel.

diamond particles. An oil-based diamond paste that includes powdered diamond particles with a

specific grit-size range is applied on the mandrel to be prepared, while rotating the mandrel at

relatively low speeds. A break-in stone (also called a boart), which is either a low-quality single-

crystal diamond or a polycrystalline cubic-boron nitride (PCBN) stone, is pressed on the mandrel

surface to facilitate embedding the diamond particles on the mandrel surface. The stone is moved

back and forth on the mandrel surface along mandrels axial direction. This process is continued

until the surface of the mandrel darkens to a dark-gray color.

The single-crystal diamond workpieces are attached to the fixture using super-glue. The channels

pre-fabricated on the fixture facilitate rough positioning, while the goniometers provide the fine

positioning and orientating of the workpieces. Since the polishing rates are highly dependent on

the crystallographic orientation of the single-crystal diamond, the orientation of the workpieces

with respect to the mandrel is critical. To confirm the crystallographic orientation specified by the

manufacturer, Laue X-ray diffraction technique is used. It was seen that the orientation specified

by the manufacturer was correct within the resolution of the measurement (approximately 1o).

Next, the spindle speed is increased to the polishing speeds. Generally, speeds above 10 m/s are

needed to obtain sufficient levels of polishing rate since the material removal increases considerably
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with increase in speed. For this reason, an air turbine-driven UHS spindle with hydrostatic air

bearings is used to rotate the mandrel. A specific polishing path, in-feed/polishing depth, and

cross-feed are then provided by prescribing the motion of the precision slides using a G-code. In

this preliminary study a simple (back-and-forth) and a complex (“figure-8” type loops) polishing

path are tested. The cross-feed direction is also prescribed as desired. As the polishing process

continues, the diamond particles on the mandrel dislodge, causing material removal to seize. For

this reason the mandrel preparation is repeated periodically during the process. This cycle of

preparation and polishing is continued until the desired amount of material is removed.

2.2.1 Feasibility Studies of the Mandrel-based Polishing Process

To demonstrate the basic capability of the new diamond-polishing configuration, four sides of a

synthetic single-crystal diamond workpiece with approximately 1.1 mm x 1 mm cross-section and

4 mm length were polished. The raw diamond workpiece was first brazed onto a carbide shaft to

gain access to all four sides. Another fixture was designed to hold the carbide shaft (rather than

the fixture described above).

During this feasibility study, a set of polishing conditions were selected. Two different diamond

pastes with grit sizes of 0-2 µm and 20-40 µm were used. Only the straight polishing path with

front-to-back motion was utilized. At each step, a polishing depth of 0.5 to 2.0 µm was provided.

The cross-feeding direction was chosen to be along the axial direction of the carbide shaft on which

the diamond workpiece is mounted. The single-crystal diamond workpiece was oriented to set the

polishing surfaces to be the {100} planes and polishing direction to be the [010] direction. During

polishing, the workpiece was moved along the mandrel axis to use a larger area of the mandrel

surface, and thereby to reduce the frequency of the mandrel preparation. The polishing speed was

maintained at approximately 16 m/s by setting the spindle speed to be 100 krpm. At a set polishing

depth, the front-to-back motion was repeated 15 times. After the completion of five polishing-depth

steps, the mandrel was re-charged with diamond particles.

Figures 2.3(a) and 2.3(b) show the raw and removed portions on the diamond workpiece after

the polishing operation. Approximately 250 µm of diamond was removed from each of the four

sides of the workpiece. It is clear from the figures that the polishing process is capable of removing

considerable amount of material. Furthermore, it is shown that small structure can be created on

single-crystal diamond (the final size of the created feature is approximately 500 µm.) The SEM

images of two surfaces polished using 20-40 µm grit size (with 2 µm polishing-depth steps) and
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0-2 µm grit size (with 0.5 µm polishing depth) are given in Figs. 2.3(d) and 2.3(e), respectively.

While the material removal rate was higher for the larger grit size, the surface roughness was also

higher. The large grit size was seen to leave grooves on the surface, with approximately 40 µm

separation. However, the surface created using the small grit size is considerably smoother. In

addition, the material removal with the smaller grit size seems to be ductile (rather than brittle)

in nature, resulting in crack-free surface. The edges that were created along the intersection of the

polished surfaces were also examined under SEM. Figure 2.3(c) shows a portion of the edge created

during this study. The edge radius for the region shown can be estimated to be considerably below

1 µm.

This preliminary study demonstrated that the mandrel-based diamond polishing configuration

has the basic capability of creating miniature structures on single-crystal diamond. It was also

shown that the smooth surfaces and sharp edges can be attained.

2.2.2 Effect of Grit Size, Polishing Path and Boart Material

A number of polishing parameters, including the powder grit size, crystallographic orientation of the

workpiece, mandrel preparation process (including the boart material), polishing path, polishing

speed, cross-feed rate, cross-feed direction, and incremental polishing depth, have a significant

effect in performance of the mandrel-based polishing process. In this work, two of the parameters,

including diamond grit size and the polishing path and boart material are investigated. The surface

roughness, the actual amount of material removed and the edges created while using three different

grit sizes were examined.

2.2.3 Experimental Parameters and Setup

During this experimental investigation, three (diamond powder) grit sizes, including 0-2 µm, 5-

10 µm, 20-40 µm, were considered. For each grit size, a simple (back-and-forth) and a complex

(“figure-8” type loops) polishing path were tested. Two boart materials, including (low-quality)

diamond and polycrystalline cubic-boron nitride are also considered.

Each single-crystal diamond workpiece was fixed on the goniometer-based fixture as in Fig. 2.1.

For each grit size, a separate diamond workpiece was used. Two distinct regions were polished

on each workpiece surface corresponding to the two polishing paths. The cross-feed (along the

X-direction in Fig. 2.4) was prescribed as 600 µm along the [010] direction on {001} orientations.

A single polishing pass involves cross-feed motion in both forward (-X) and backward directions
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Figure 2.3: A single-crystal diamond polished using the mandrel-based polishing configuration.

(+X). To reduce the number of mandrel-preparation steps, the workpiece was moved along the

axis of the mandrel (± Y ) by 130 µm (step-feed) for each polishing pass. For every alternate

polishing pass, a polishing depth of 25 nm (along the -Z-direction) was prescribed. The mandrel

preparation frequency is set to be every 2 µm and every 1.2 µm of prescribed polishing depth for

the simple and complex polishing paths, respectively. For all cases, the preparation removal cycle

was repeated for a total prescribed depth of removal of 120 µm. Except for the manual application
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Figure 2.4: Sketch of the polishing configuration.

of paste, all motions for mandrel preparation and diamond polishing were automated using G-code

programming.

2.2.4 Results and Observations

Figure 2.5 shows the SEM image of all the blanks on which the experiments were conducted.

Note the individual blanks used for different grit sizes. Also note the two regions on each blank,

corresponding to the two polishing paths, where material was removed.

Polishing Forces: A sample force signature collected during polishing is given in Fig. 2.6. During

each polishing cycle the forces were seen to fluctuate within a certain range. It was seen that the

forces in the Y -direction were the highest for any of the tests conducted. The X- and Z-forces

were similar in magnitude (the Z-forces were slightly less than the X-forces). Typically, the force

ranges of 5 N to 15 N were experienced. The forces experienced during the complex motion were

lower than those for the simple motion. For both simple and complex tool paths, the forces were

seen to reduce with increased grit size.

Surface Roughness: To assess the surface roughness, the polished surfaces of the diamonds were

measured using white-light interferometry (WYKO). Before the measurement, the polished surfaces

were cleaned thoroughly with alcohol. Without using a reflective coating, it was difficult and time-

consuming to obtain sufficient reflection from the polished surfaces. Accordingly, the surfaces to be
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Figure 2.5: Diamond blanks used for experimentation showing the material removed in various
cases.

Figure 2.6: Typical polishing-force data.

measured were sputtered with a conformal layer (approximately 5 nm) of gold to attain sufficient

optical reflectivity. The surface roughness values were obtained from four regions on the polished

surface along the location of maximum material removal. Each measurement region was 60 µm by

46 µm.

Figure 2.7 shows the surface roughness parameters (Ra, Rz ) with grit size and polishing path
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Figure 2.7: The variation of Ra, Rz with grit size and polishing path.

when using the diamond boart. The triangles indicate values for each of the four measurement

regions. The hollow circles indicate the average of the four values. Error bands for the 95%

confidence interval are also included in the figures. While Ra gives an estimate of the average

deviation from the mean surface, Rz provides an estimate of the average peak-to-valley deviations.

For this work, Rz is calculated as Rz = 6xRq, where Rq is the root mean square value of the surface

roughness.

For the simple motion, the surface roughness was seen to increase with increased grit size. This

result is expected since the height variation of the individual diamond particles and their spatial

distribution are expected to be larger for larger grit sizes, and the simple polishing path imposes the

height variation along the surface. For the complex motion, such a correlation was not observed.

Indeed, the average surface roughness did not vary significantly with grit size, and the lowest

value was observed with the intermediate grit size. In the case of the complex motion, the surface

roughness is determined by the combination of the grit size and polishing path, rather than by only
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Figure 2.8: The variation of Ra, Rz for two different boarts.

the grit size. Generally, the surface roughness obtained from the complex motion was lower than

that obtained from the simple motion.

Figure 2.8 compares the Ra and Rz values for the simple polishing path when the mandrel

preparation was completed using diamond and CBN boarts, while all other conditions remained

the same. The trend of increasing Ra and Rz with grit size is observed in both cases. In addition,

the surface roughness values were seen to be comparable. This indicates that the polishing tests

were repeatable, and the surface roughness was insensitive to the boart material.

Actual Depth of Material Removed : While a certain depth of material removal was prescribed

during the experiments, the actual material removal amount could be different from the prescribed

amount. The actual depth of material removal was determined by measuring the maximum depth

with respect to an unpolished region of the workpiece using the WYKO. Figure 2.9 shows the actual

depth of removal for both polishing paths and the three grit sizes and for a prescribed total depth

of 120 µm. As expected, the actual material removal is less than the prescribed one. The largest

21



Figure 2.9: Effect of grit size and polishing path on actual depth of removal.

removal was observed for the medium grit size (5-10 µm). In addition, the complex polishing path

led to higher material removal than the simple polishing path.

The prescribed removal depth includes not only the depth of actual material removed, but also

the mandrel-wear, dynamic runout of the spindle (which includes the axis of rotation errors of the

spindle) and the elastic deflections within the structural-loop (including deflection of the mandrel,

deflection of the spindle due to it radial stiffness and deflection of the precision slides). In assessing

the feasibility of the mandrel-based polishing technique, it is important to understand the actual

depth of material removal versus the prescribed depth.

To get a better understanding of this, actual depth of removal versus prescribed depth was

studied with two different grit sizes as the polishing process progressed. Figure 2.10 shows a plot

obtained through these studies of the actual depth versus the prescribed depth of removal while

polishing. The 45o red line represents an ideal case where the actual depth of material removed

is equal to the prescribed depth. Difference from the ideal case accumulates as more material is

prescribed to be removed. In the case of 20-40 µm grit size, the actual depth is lower by up to 75-80

µm when the prescribed depth is 150 µm. Such large differences can lead to significant errors in

the fabricated shapes and will render the micro-tool unusable. A fundamental approach is sought

to understand this issue and to identify and quantify the possible sources that cause this issue.

Mandrel wear is estimated using SEM images (Fig. 2.11). It was seen that the mandrel radius

was reduced by 10-25 µm for different cases. Even in the worst case scenario, a mandrel wear of 25

µm is estimated.

For the polishing forces measured, the elastic deflection of a 3 mm mandrel with an overhang
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Figure 2.11: Estimation of mandrel wear.

length of 15 mm is calculated using beam theory to be up to 30 µm. Furthermore, the deflection

of slides was estimated to be 5 µm. Thus the sum total of mandrel wear and elastic deflections of

the mandrel and slides account for up to 60 µm of the difference between the prescribed depth and

actual depth of removal. The remainder 15-20 µm of the difference is still unaccounted for.

Due to the ultra-high rotational speeds and relatively low stiffness of the miniature UHS air-

bearing spindle used in these studies, the dynamic radial and axial motions when using the UHS
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Figure 2.12: Edges created with different grit sizes.

spindle will be the next most significant contributor. Axis of rotation errors of the spindle are a

component of these motions. It is also hypothesized that the synchronous axis of rotation errors

can lead to shape (form) errors on the polished surfaces while the asynchronous axis of rotation

errors can lead to increased surface roughness of the polished surfaces.

Edge Condition and Sharpness: To qualitatively assess the edge quality, the edges created by

the intersection of two polished surfaces were examined under SEM. Figure 2.12 shows the edges

formed for the different grit sizes with the simple path. In all cases, the edges were chipped at

various locations. The edge radius was approximated to be 1 µm for 0-2 µm grit size, and few

micrometers for the two larger grit sizes.

It is considered that the polishing path had an important influence on the edge quality. During

the use of straight (simple) polishing path with the cross-feed direction aligned with the created

edge, only a set of diamond grits are interacting with the edge location. It is therefore expected

that smoother and sharper edges may be created if the polishing tool is fed normal to the axis of

the edge to be created.

24



2.3 Summary

This chapter presented the mandrel-based diamond polishing process for fabricating miniature,

high aspect ratio structures with smooth surfaces and sharp edges required for micro-endmills.

Preliminary studies were conducted to investigate the effects of grit size, polishing path and boart

material on the performance of the mandrel-based diamond polishing configuration. The feasibility

of the configuration is demonstrated by removing approximately 250 µm depth of material on each

of the four facets of a single-crystal diamond workpiece (the final size of the created feature was

approximately 500 µm). Sharp edges (≤ 1 µm edge radius) and smooth surfaces were attained

during this preliminary study. It was seen that the mandrel-based diamond polishing configuration

is capable of removing considerable amount of material, creating sharp edges and attaining smooth

surfaces.

It is seen that the surface roughness depends on both the grit size and polishing path. For the

simple polishing path, the average surface roughness was seen to be proportional to the grit size.

This dependence was insensitive to the boart material used. For the complex polishing path, the

surface roughness was seen to be insensitive to the grit size. As compared to the simple motion,

the complex motion produced smoother surfaces. Chipping was observed along the created edges,

extent and severity of which was seen to be correlated to the grit size and polishing path.

The actual depth of material removal was seen to be less than the prescribed depth in every

case. In addition to mandrel-wear and the elastic deflections within the structural-loop (including

deflection of the mandrel, deflection of the spindle due to it radial stiffness and deflection of the

precision slides), the dynamic axial and radial motions of the miniature UHS air-bearing spindle

(due to its relatively low stiffness) could be the dominant factors causing this difference. In addition

to affecting the accuracy of material removal, all these factors could affect the form errors of the

polished surface.

To address some of these important issues, a rigid polishing test-bed is designed and constructed.

The details of the design and various features of the test-bed are described in the next chapter.
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Chapter 3

Dual-stage Polishing Test-bed for

Fabricating Single-crystal Diamond

and Ceramic Micro-endmills

3.1 Motivation

In the previous chapter, a few disadvantages of the mandrel-based configuration itself and further

specifically related to the setup used in the previous study were identified. One of the issues

related to the previous setup was the stiffness of the miniature UHS spindle. The spindle used had

aero-static air-bearings whose radial stiffness is quite low. This, in addition to the low-stiffness of

the mandrel and mandrel-wear, contributed to significant differences between the actual removal

depth and the prescribed removal depth. Also, the spindle was air-turbine driven and had very low

power (14 W). During the diamond polishing experiments, it was seen that the spindle slowed down

significantly and hence the polishing speed, which is a significant parameter in diamond polishing,

could not be controlled accurately. To address and overcome these issues, there was a need to

design a rigid platform to allow for accurate fabrication of single-crystal diamond and ceramic

micro-endmills. This need was satisfied through the conception of a dual-stage polishing test-bed.

This chapter presents the design and construction of the dual-stage polishing test-bed. The two

stages of the machine include: 1) the large-wheel based traditional diamond polishing system for

“rough” polishing with high material removal rates, and 2) the mandrel-based polishing configu-

ration (discussed in the previous chapter) with capability to create intricate micro-scale features
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and high-aspect-ratio structures on single-crystal diamond and ceramics. Diamond-paste charged

cast-iron wheels/mandrels or resin-bonded wheels/mandrels could be used on either systems. Other

sub-systems such as the automated paste application system were simultaneously developed to be

included as part of the machine to facilitate automation of the polishing process.

3.2 Machine Design

The first step in the design of the new test-bed was to list down all the basic capabilities required

from the machine. The diamond/ceramic being polished should be able to access the individual

polishing stages in an automated fashion. Apart from these polishing stages, the diamond/ceramic

should be able to access an in-situ probe-based measurement system which can be used to measure

feature dimensions on the workpiece. Another basic capability is that the system should have

enough space to mount a high-magnification camera for viewing the polishing process at both

stages and also various sensors, including an LDV, a microphone and an acoustic emission sensor

to measure different response variables.

3.2.1 Machine-design Layouts

Different machine-design layouts were considered which satisfy the basic capabilities. Finally a

couple of these were short listed. The layout designs are shown in Fig. 3.1. The design shown

in Fig. 3.1(a) is a gantry-based design. The diamond to be polished is mounted on a fixture and

is moved between the two polishing stages and the measurement system using a precision gantry

frame. The second layout, shown in Fig. 3.1(b), includes a precision XY Z assembly mounted on

a motorized rotary platform. The rotary platform is used to access the individual polishing stages

and the measurement system. There are many disadvantages of the gantry-based design. Firstly

the gantry has to be made quite large to accommodate the physical dimensions for the two stages.

The accuracy of such motion axes is much lower than the more compact stage system shown in

Fig. 3.1(b). Another disadvantage is that the gantry system has a much larger inertia than the

system shown in Fig. 3.1(b). This limits the maximum speeds achievable and the acceleration

profiles that could be obtained. Because of the much more compact nature of the layout shown

in Fig. 3.1(b), it can be designed to achieve a better system performance. Hence this layout was

chosen for the machine.

The finalized design of the layout shown in Fig. 3.1(b) is shown in Fig. 3.2. As illustrated
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(a)

(b)

Figure 3.1: Machine design layouts.
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Figure 3.2: Dual-stage diamond-polishing test-bed.

in the figure, the core of the machine is a precision XY Z assembly mounted on a motorized

rotary platform. The accuracy, repeatability, resolution and continuous force specifications of the

precision XY Z stages and the motorized rotary stage will determine the system capability to

accurately fabricate miniature features on diamond. These requirements were listed and presented

to many precision stage manufacturers. Custom XY Z stage designs were obtained from a couple of

these manufacturers to meet the specified requirements. The chosen precision XY Z stage met the

specifications shown in Fig. 3.3. The custom XY Z stage required a high-stiffness custom design

of the angle bracket to support the Z-stage. Many designs were evaluated using FEA by applying

a unit load at a typical diamond mounting location to determine the bending stiffness in all three

axes as shown in Fig. 3.4. Among these, the one with highest stiffness for a given mass was chosen.

The main requirements of the rotary platform are repeatability of motion, high stiffness to

provide a stable and rigid mounting platform and large load capacity with sufficient power to rotate

the XY Z assembly. The motorized rotary platform that was finally selected is a stepper-motor

controlled worm-gear based design with a ratio of 450:1 from the motor to the rotary platform.

Due its solid steel construction, the rotation stage provides a rigid platform for the XY Z assembly
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Figure 3.3: Custom designed precision XY Z stage specifications.

Figure 3.4: FEA of angle-bracket designs.

with a high load capacity. Also, because of its precision assembly and fine tuning, backlash is

minimized and a very high repeatability of motion is guaranteed. High-precision limit switches

(with a repeatability of ≤0.5 µm) located at both polishing stages ensure that the rotary platform

consistently positions the XY Z stage accurately at the same physical location.

The rotation platform with the XY Z assembly mounted on it is fixed on an active pneumatic

isolation table. The adapter plates between the rotary platform and the table and between the

XY Z assembly and rotary platform are made of stress-relieved high strength aluminum adapter

plates which are ground to within 0.0005 inch flatness. This ensures a flat mating of the XY Z

assembly to the rotation platform and of the platform to the isolation table.

Figure 3.5 shows a closer view of the rough-polishing stage with the large wheel. A resin-bonded
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Figure 3.5: Large-wheel based polishing configuration for rough polishing.

wheel (or a traditional cast-iron wheel) is mounted on a large spindle which can be spun up to

3600 rpm. To true and dress the wheel, truing and dressing sticks are mounted on the stage. The

diamond to be polished is mounted on a special fixture, which is fixed to a dynamometer that

measures the forces during polishing.

Figure 3.6 shows a detailed view of the mandrel-based polishing configuration along with the

other sub-systems that were developed to automate the process. An UHS spindle is used to rotate

the 3 mm (or 0.125 inch) polishing mandrel at speeds up to 160 krpm, to provide the necessary

polishing speeds required for material removal. Automated diamond-paste application and spread-

ing systems are used to replenish the cast-iron mandrel with diamond particles, whenever it gets

depleted. The break-in stone is used to press the diamond particles onto the mandrel so that the

mandrel gets charged with diamond particles that hold on to the pores in the cast-iron mandrel.

Figure 3.7 shows a closer view of the polished diamond indicating the micro-scale shape.

3.3 UHS Spindle for Mandrel-based Polishing

The required specifications for the UHS spindle were first listed. These are mainly the required

torque rating at a given speed, axial and radial stiffness of the bearings and maximum dynamic

run out of the spindle. Based on these, three different spindle manufacturers were short-listed who

manufacture products which met some of the specifications. These manufacturers were requested to

run dynamic analysis of their spindles to evaluate the mandrel deflections with different over-hang

lengths. The specifications for the UHS spindle that was finally chosen to be part of the system
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Figure 3.6: Mandrel-based polishing configuration for finish polishing.

Figure 3.7: Closer view of the polished diamond.

design are given in Fig. 3.8. As can be seen, this spindle has significantly higher power and torque

rating compared to the existing air-turbine spindle (peak power of 500 W compared to the existing

peak power of 14 W). Hence it should be quite capable of reaching high speeds during polishing

without slowing down. Another nice feature of this spindle is that it has hybrid-ceramic bearings

which have a much higher axial and radial stiffness values compared to the air-bearing spindle that

was part of the older setup. The support structure for the UHS spindle shown in Fig. 3.2 is made

of solid cast-iron. This ensures rigidity of the mounting as well as provides sufficient damping of

any vibrations from the spindle to the table.
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Figure 3.8: UHS spindle specifications.

3.4 Spindle for Rough Polishing

The basic torque and speed requirements for the traditional polishing spindle were first listed. The

spindle that was finally used is one which is used in the diamond-tool making industry. Its power

rating is 1 hp and it has an adjustable frequency inverter that allows adjusting the spindle speed

from 1200 - 3600 rpm. The support frame for this spindle was designed with 80/20 structures. The

frame was designed with many over-constraining pieces to ensure rigidity of the design.

3.5 Other Sub-systems

Another feature of the machine is to eliminate the need for manual intervention during polishing as

much as possible. As mentioned in the previous chapter, there is a need to replenish the diamond

particles on the mandrel frequently to ensure that effective polishing of the diamond will occur

and this was done manually in the previous setup. To automate this process, both the diamond-

paste release and spreading have been automated. This diamond-paste release from a syringe is

automated by electronically controlling the opening/closing of a pneumatic valve which controls the

air pressure to the back-side of the syringe. When the valve is opened, a set pressure is applied to

the piston in the syringe which starts releasing the diamond-paste at a certain rate. Based on the

pressure and time for which the valve is opened, the total quantity of paste released is controlled.

For spreading the released paste evenly on the mandrel, a mini-motor with a swab attached to it

is activated (Fig. 3.9). A +/-5 V pulse voltage to the motor provided a sweeping motion which

distributes the paste on the mandrel. The speed of this motion can be controlled by the frequency

of the pulse voltage.
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Figure 3.9: Paste spreading system.

3.6 Controller

The motion of the XY Z axes and the rotary platform is controlled by a 4-axis Delta Tau Controller.

The X-, Y - and Z-stages have high-resolution encoders which provide position feedback from

sensors mounted on the moving platform. The rotary is an open-loop stepper motor controlled

platform. However, the controller ensures that the rotary platform is accurately positioned at

either of the polishing stages using the signals from the high-precision limit switches.

Another feature of the machine design is the usage of the +/-10 V analog output from Delta

Tau controller to drive either of the spindles. The frequency inverters of both the spindles allow

speeds to be set using analog voltage inputs. Since only one of the spindles is active at any given

point of time, speed setting of both the spindles can be controlled separately using a double-pole

single-throw relay which is energized using the digital signals from the Delta Tau controller. The

dual poles allow switching feedback signals also from any speed sensors mounted on the spindles,

if closed-loop spindle speed control is desired.

Also, the opening/closing of the pneumatic valve for diamond-paste release and sweeping motion

of the mini-motor are controlled by digital signals from the Delta Tau controller. Using a common

timing base, the entire process can be automated to go between both polishing stages and do

polishing independently at each stage without manual intervention.
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3.7 Summary

This chapter presented the design and construction of a dual-stage polishing test-bed for fabri-

cating micro-scale features on single-crystal diamond and ceramics. The new test-bed combines

the advantages of both the traditional polishing and the mandrel-based polishing configurations by

having the capability to remove material at a high rate and at the same time being able to create

accurate and precise meso-and micro-scale geometries.

Many issues with the setup used in the previous chapter were identified. These issues have

been addressed and overcome in the dual-polishing test-bed. The layout chosen makes the system

design quite compact. The XY Z precision stages have superior performance specifications than

the precision slides used in the previous setup. The rotary platform is quite rigid and provides a

flat and stable base for the XY Z assembly.

The UHS spindle that is chosen has significantly higher power and torque capacity than the one

used on the earlier setup and hence should be able to maintain the speeds during polishing. Also,

due to the hybrid-ceramic bearings used, this spindle has much higher radial and axial stiffness

than the air-bearing spindle used earlier. Also, the angle bracket for the XY Z assembly has been

designed to ensure high-stiffness. Both these aspects of the design will ensure that the effective

structural deflection is lower than what was seen in the earlier setup.

By having different sub-systems that work independently and by automating them using one

controller, the polishing processes at both the stages can occur without any manual intervention.

Overall, the test-bed can be used to automate the entire process of fabricating micro-scale features

on single-crystal diamond and ceramics. Starting from a relatively large-sized roughly cut diamond

to the finishing of meso- and micro-scale features with smooth surfaces and sharp edges- all of this

can be accomplished in one single test-bed with almost complete automation.

The next chapter describes an experimental evaluation of various tool-grade ceramics to assess

their applicability for micro-scale cutting. The qualitative and quantitative evaluation that is

presented allows in understanding the polishing characteristics of tool-grade ceramic materials

under conservative conditions.
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Chapter 4

Evaluation of Tool-grade Ceramics for

Micro-scale Cutting

4.1 Motivation

For any tool-grade ceramic to be used for micro-scale cutting, one of the most important require-

ments is the creation of uniform un-serrated cutting edges with sharp edge radii and smooth surfaces

(rake faces for lower friction). This capability is related to the ability to create smooth surfaces and

sharp, high-quality cutting edges on ceramic materials, including the ability of the tool-fabrication

process to minimize edge-rounding/edge-chipping and maximize surface smoothness. While the

tool-fabrication process is dependent on various process parameters, the edge and surface quality

of the fabricated tools are hypothesized to be directly related to the (1) the size and shape of the

different phases that form the ceramic composite and the binding strength between them, (2) the

mechanical properties-transverse rupture strength and fracture toughness-of the ceramic compos-

ite, which quantify the ease of brittle fracture and the propagation of cracks within the material,

and (3) the processing technique used during fabrication of the ceramic composite, which governs

the density of packing of the different phases and the porosity of the ceramic.

The aim of this work is to assess the potential of tool-grade ceramics as tool material for micro-

scale cutting operations. This is done by an edge/surface quality-based evaluation of various tool-

grade ceramics. Sharp (cutting) edges are created by lapping two adjacent surfaces of various tool

materials using a two-stage lapping process under conservative conditions. The surface roughness

of the lapped faces and the edge sharpness of the created edges are measured using white-light in-
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Figure 4.1: Composition of the materials evaluated.

terferometry (WLI) and atomic force microscopy (AFM), respectively. Lapped surfaces are further

examined using an environmental scanning electron microscope (ESEM) to examine the existence

of voids and edge serrations.

4.2 Tool-grade Ceramics Evaluated

Tool-grade ceramics can be categorized under (i) monolithic forms of ceramics and ceramic compos-

ites, (ii) ceramic thin coatings and (iii) whisker-reinforced ceramic composites. The materials that

have been evaluated are limited to monolithic forms and whisker-reinforced composites. Within

both categories, the materials can be broadly classified relative to their base material matrix:

Alumina-based and Silicon Nitride-based. Alumina-based cutting tools consistently have higher

chemical inertness whereas the silicon-nitride based cutting tools have a greater strength and frac-

ture toughness. To span the wide variety of ceramic tool materials, five different commercially

available tool-grade ceramics were chosen for this study. As a reference, sub-micron grade tungsten

carbide with cobalt binder and 99.9% pure alumina were also studied. The materials chosen and

their respective composition are listed in Fig. 4.1.

4.3 Experimental Procedure

All the materials were first diced into small blocks with rough dimensions of 3 mm x 4 mm x 3 mm

using a diamond saw. Each block was mounted and cured in an epoxy resin system. The cured
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epoxy, with the block encased inside, was cut to dimensions of approximately 10 mm x 10 mm x

5 mm to make a sample for lapping. The 10 mm x 10 mm face closest to the block surface was

first lapped on a lapping machine using a certain lapping recipe. Then the sample was removed

and cleaned in an ultrasonic cleaner for 30 minutes with a 50-50 mixture of acetone and DI water.

The lapped surface on the block was then analyzed by first measuring the surface roughness using

a WYKO NT3300 WLI and then imaging the surface using a Quanta 600 ESEM.

After analysis, a piece of cured epoxy (cut to size and shape close to the sample’s dimensions) was

glued to the back surface of the sample parallel to the lapped front surface, to increase the sample’s

thickness. This glued assembly was diced perpendicular to the lapped surface to a thickness of

approximately 5 mm such that another surface of the block was barely exposed. The sample was

remounted and this surface was now lapped using the same lapping recipe as the first surface.

The material block encased in the epoxy now has two adjacent surfaces lapped and a sharp edge

formed at the intersection of the two surfaces. The sample was now removed and ultrasonically

cleaned as before. Then the second surface’s roughness was measured using the WLI. The second

surface and the edge were imaged using the ESEM. Further, the sharpness of the created edge was

measured using a Nanoscope Dimension 3100 AFM.

4.4 Lapping Process

Figure 4.2 shows the Logitech PM5 Precision Lapping and Polishing machine that is used for

lapping of all the materials. The lapping machine consists of a spindle on which different types of

ϕ12-inch lapping plates can be mounted.

The lapping recipe used to lap both faces of each material includes two stages- (1) rough-lapping

with 9 µm calcined alumina powder suspended in DI water followed by (2) finish-lapping with 0.02

µm colloidal silica solution. A cast-iron lapping plate is used for rough lapping and a polyurethane

padded lapping plate is used for finish lapping. The machine has different reservoirs for the two

different types of abrasive slurries and different flow channels made near the reservoirs that allow

the abrasive slurries to drip onto the lapping plate. Drip rates of both the alumina and silica

solutions were kept constant during lapping of all materials such that there is a visibly similar

concentration of the slurry on the surface of the plate.

Before rough-lapping the sample, the cast-iron plate is first conditioned using a conditioner

with radial grooves. The conditioning is done at a spindle speed of 70 rpm for approximately 20
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Figure 4.2: Precision lapping and polishing machine.

minutes. The conditioner with a loading weight is placed within a half-circle shaped arm with

rollers on it. This arm is mounted on a shaft that can provide a sweeping motion to move the

conditioner back-and-forth across the plate to ensure uniform conditioning across the surface of

the plate. For finish-lapping, the cast-iron plate is replaced with the polyurethane-padded plate.

A conditioner with a different surface structure is used and conditioning of this plate is done at a

spindle speed of 35 rpm for approximately 10 minutes.

The sample to be lapped is mounted on a ϕ3-inch glass plate using molten wax. The glass plate

with the sample is vacuum-mounted on a mounting fixture. The fixture has a spring inside, whose

preload can be adjusted to provide a constant load on the sample during lapping. It also has a

reference flat annular surface that comes into contact with the lapping plate surface during the

lapping process. The fixture is designed to fit against the rollers of the half-circle shaped roller

arm.

For rough-lapping, the sweeping motion of the roller arm is turned off and the roller arm is

positioned such that the fixture is centered on the lapping surface of the cast-iron plate. The

sweeping motion is kept on for finish-lapping. When the lapping plate rotates at a set speed, due

to the friction between the flat annular surface on the fixture and the abrasive-laden plate, the

mounting fixture rotates between the rollers on the half-circle arm, thus randomizing the lapping

process-kinematics. This prevents a fixed pattern of scratch marks from occurring on the lapped
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surface and ensures a more uniform polish throughout the sample surface thus improving the surface

finish. On each surface, rough lapping is done for 1 hour after the entire surface of the sample is

lapped flat and finish lapping is done for 75 minutes.

4.5 Results and Discussion

4.5.1 Scanning Electron Microscope Images

The ESEM images of the different lapped surfaces are shown in Fig. 4.3. All the scanning electron

microscope images were taken in the Low Vac mode of the ESEM which allowed the samples to be

imaged without depositing a conductive coating. None of the lapped surfaces show the presence

of any scratches induced due to lapping. This provides evidence that the lapping process was well

randomized in direction and also validates the assumption that under the conservative lapping

conditions used, the process was close to ideal for creating flat lapped surfaces.

These images show the presence of various phases in each material. In a few materials (C, F), the

packing of the various phases is such that there are no visible voids at the scale shown. However,

voids can be observed on the lapped surfaces in the case of a few ceramics (A, D). Sample A (99.9%

Al2O3) does not have a binder phase and is formed by hot isostatic-pressing (HIPing), as stated

by the manufacturer, which is supposed to provide a bulk density close to the theoretical density

of alumina. However, this final processing still allows the formation of voids at the intersection of

certain grains. Sample D (whisker-reinforced ceramic) also shows voids which might be related to

the processing technique used during its fabrication.

As mentioned earlier, edges are created by lapping two adjacent faces on each material. The

edge length is about 3-4 mm. Figure 4.4 shows the ESEM images of the edges at a certain location

along the edge which is representative of the general characteristic observed for that material.

Note that in all the materials, at the scale shown, the lapping process did not cause grains of

any phase of the material to be pulled out and that the grains on the edge have been lapped from

both sides. Further, the different phases can be more clearly observed than on the surfaces, since

these images give a three-dimensional perspective.

The voids seen on the surface of ceramics A and D show as gaps on the edge. This may not be

beneficial for micro-scale cutting since these gaps act as cracks at the micro-scale. This can cause

a higher stress at the base of the grains that are physically active in the cutting process and hence

lead to fracture of the edge. Furthermore, poor edge quality will also result in reduced machined
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Figure 4.3: Examination of lapped surfaces using ESEM.

surface quality.

The sharpness of the edges can be qualitatively discerned as the thickness of an imaginary line

that is drawn to define the edge. Qualitatively it can hypothesized that SiN based ceramics (E and

F) have the sharpest edges and also that the edge of the sub-micron grade carbide (G) is rounded

and does not seem to be as sharp as some of the ceramics.
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Figure 4.4: Examination of edges using ESEM.

4.5.2 Surface Roughness

In order to quantify the large-area and small-area surface characteristics, the surface roughness of

the lapped surfaces was measured for two different sizes of sampling areas. The sizes of the large

and small sampling areas were 237 µm x 181 µm and 61 µm x 46 µm respectively. For each size,

ten sample areas were measured spanning the entire lapped region. Depending on the measured

roughness, the appropriate scanning mode (PSI/VSI) was used to record the data.

The cylindricity and tilt errors in the data were removed by post-processing and the average

and root-mean squared roughness parameters, Ra and Rq respectively, were calculated for each

sampling area. The average and standard deviation of Ra and the root-mean-squared average
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Figure 4.5: Surface Roughness: (a) Ra, (b) Rq.

and standard deviation of Rq across the ten sample areas and the two lapped surfaces for a given

material are calculated. These values are used to compare the roughness on various materials.

Figures 4.5(a) and 4.5(b) show the plot of the average Ra and the root-mean-squared average

Rq respectively for both the sampling areas. The error bars represent ± one standard deviation

of the respective parameter. Except for the materials A, D and G, all the other materials have

large-area and small-area Ra less than 12 nm.

For materials A, D and G, there is a large difference between the large-area roughness and small-

area roughness. Materials A and D are known to have voids, as seen in the images of their surfaces.

The significant increase in the roughness parameters at the larger scale could be directly related to

the presence of a greater number of voids in the larger sampling area. However, in the case of G,

the large difference may be attributed to the presence of residual form errors after cylindricity and

tilt removal.
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Using a two-sample t-test for unequal variances, different pairs of materials are tested for the dif-

ference in Ra and Rq. Based on this analysis, for the large-area roughness, the following statistically

significant inequalities can be established.

Ra: F < C < E < B < G ≈ D < A

Rq : F < C < E < B < D < G < A

For the small-area roughness, the statistically significant inequalities are:

Ra: F < C < E < B < G < D < A

Rq : F < C < E < B < G < D < A

From a point of view of surface roughness, it can be concluded that except for SiC whisker-

reinforced Al2O3 (D), all the other ceramic materials tested are better than sub-micron grade

tungsten carbide (G) and alumina (A). Further, the silicon-nitride based ceramic SiAlON (F), and

alumina-based ceramic (Al2O3+TiC+TiN) (C) have small-area and large-area Ra less than 5 nm,

which would make them the most favorable ceramic tool materials for micro-scale cutting.

4.5.3 Edge Radius

The edge length on all the materials ranged from 3-4 mm. Through the AFM microscope, the edge

to be scanned was first aligned perpendicular to the cantilever tip. The scanning direction was set

to be perpendicular to the edge. The edge profile was scanned in the contact-mode of the AFM.

Four to seven different locations along the edge are scanned with up to twenty five different scans

around each location to ensure local repeatability. The scan lengths used ranged from 5 µm to 10

µm.

Algorithms have been developed in literature [106] to characterize the edge radius. In this work,

for each edge profile, edge radius was determined using two methods. Both methods fit straight

lines on either side of the edge and a circle to the edge through least squares minimization. In

either method, the data used for each of the fits is varied by changing the locations corresponding

to the transition from circle to straight line on both sides. A range of locations are searched on

either side, to find the transition locations which minimize the sum total of the normalized residual

errors of the straight line and circle fits. The radius of the fitted circle in this case is defined as the

edge radius.

The main difference between the two methods is that in the first method, there is no specific

relation between the straight lines and the circle, whereas in the second method, the straight lines
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Figure 4.6: Methods to estimate edge radius.

are constrained to be tangential to the circle at their end points. Figures 4.6(a) and 4.6(b) illustrate

the application of these methods respectively to find the edge radius.

Figure 4.7 shows the average edge radii of the various materials determined using the above

methods. The error bars represent ± one standard deviation. The difference between the two

methods is within a maximum of 0.2 µm.

All the lapped materials have an edge radius of less than 3.5 µm. In the case of SiC whisker-

reinforced Al2O3 (D), the standard deviation across the different locations was 0.6 µm, which is

at least double of what is observed on the other materials. This could be related to the fact that

scans at locations where silicon-carbide whiskers are present could be significantly different from

those on base material matrix due to the differences in their morphology.

Using a two-sample t-test for unequal variances, different pairs of materials are tested for the

difference in their edge radii calculated using both methods. The following statistically significant

inequalities can be established for the radii calculated using both methods.
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Edge Radius: F < E ≈ B ≈ D ≈ C < G < A

Based on this data, SiAlON (F) is the most sharpenable material. It has a radius of approxi-

mately 0.5 µm with low variability across different locations on the edge. The other four tool-grade

ceramics have edge radii less than 2 µm and are all statistically similar. The edge radii of all

tool-grade ceramics are less than that of sub-micron grade carbide (G) and 99.9% alumina (A).

4.5.4 Summary

The sharpenability and smoothability of five different tool-grade ceramic materials, sub-micron

grade tungsten carbide and 99.9% pure alumina was evaluated. A dual-stage lapping process

under conservative conditions is used to lap two adjacent faces and create an edge to evaluate

these materials. In SiAlON (F) and (Al2O3+TiC+TiN) (C) the packing of the various phases was

observed to be very dense with no visible voids. However, voids were seen on the lapped surfaces of

pure alumina and SiC whisker-reinforced Al2O3 (D). These were believed to be present due to the

processing technique used during their fabrication. In all the materials, the lapping process does

not cause grains of any phase of the material to be pulled out and it was observed that the grains

on the edge were lapped from both sides. The voids seen on the surfaces show as gaps on the edge.

Except for SiC whisker-reinforced Al2O3 (D), all the other ceramic materials tested had a better

surface roughness than sub-micron grade WC+Co (G) and pure alumina (A). Also these materials

had large-area and small-area Ra less than 12 nm. SiAlON (F) and (Al2O3+TiC+TiN) (C) have

small-area and large-area Ra less than 5 nm.

Edge radius was measured using two different methods. The results from both the methods
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were quite similar. All ceramic materials have edge radii less than 2 µm, which is less than the

edge radii of sub-micron grade WC+Co (G) and pure alumina (A).

The next set of chapters are devoted to development of spindle-metrology techniques for UHS

spindles and analysis of the UHS spindle used for mandrel-based polishing. Chapter 5 describes the

development of an LDV-based spindle-metrology technique to measure the speed-dependent axial

and radial error motions of miniature UHS spindles. Chapter 6 utilizes the developed technique to

analyze the axial and radial motions of the specific UHS spindle used on the dual-stage polishing

test-bed. Chapter 7 describes further advancement of the metrology technique by implementing

error-separation methods to remove the artifact form error and quantify the true spindle error

motions.
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Chapter 5

An LDV-based Methodology for

Measuring Axial and Radial Error

Motions when using Miniature

Ultra-High-Speed (UHS)

Micromachining Spindles

5.1 Introduction

As mentioned in Chapter 2, one of the most important factors governing the effectiveness of the

mandrel-based polishing process in creating accurate features is the speed-dependent axial and

radial error motions of the UHS spindle. The undesired motions of the UHS spindle have a direct

influence on the dimensional and form accuracy as well as the surface finish of the polished surfaces.

A thorough quantitative analysis of these motions for the specific UHS spindle used on the dual-

stage polishing test-bed is essential to understand their influence on the polishing characteristics.

However, there is no existing metrology technique to quantify the error motions of UHS spindles.

Measurement and characterization of error motions of ultra-precision spindles used in precision

machining have been the subject of many works in the literature, e.g., [107–113]. Two international

standards [114, 115] have been published for characterization of axes of rotation. These standards

define the concept of error motions (of the axis of rotation, of the spindle and of the structural loop),
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outline the test procedures for their measurement, and describe the measurement configurations

and measurement artifacts. Most of the works in the literature share certain basic measurement

concepts (to measure error motions) that include the use of non-contact displacement sensors

to measure displacements from the surface of a precision artifact mounted on the spindle, e.g.,

[107], or from the surface of the stator of a master axis of rotation [110], and then eliminate the

artifact roundness/master axis errors from the data to calculate the true error motions of the

spindle. The shape of the precision artifact is either a simple high-precision cylinder [114,115], or,

more commonly, a sphere-on-stem that has a cylindrical stem with one or two spherical targets

[114, 115]. Although majority of research was conducted when the spindle rotated at very low

speeds (sometimes manually), some works considered the measurement of spindle vibrations from

the surface of a rotating tool blank at higher rotational speeds (up to 24 krpm) [116–118]. In

addition to commonly used non-contact capacitive sensors, e.g., in [107, 110, 111], various other

instruments using non-contact optical sensors have also been proposed and developed to measure

the error motions of spindles [109, 119–124]. LDVs [116–118] have also been used for measuring

tool vibrations from a milling spindle.

Although well-established for large sized precision spindles and for relatively low rotational

speeds, measurement of error motions of UHS miniature spindle poses various challenges. First,

most UHS miniature spindles can only accommodate tool shanks with 3 mm (or 0.125 in.) diameter,

and thus, available sphere-on-stem artifacts used in measuring error motions of larger spindles

cannot be utilized. The need for small precision artifacts imposes limitations to displacement-

measurement sensors by increasing the curvature errors and sensor nonlinearities. For instance, the

capacitive measurements (even with the smallest sensor sizes available) would induce relatively large

measurement errors [125,126] when measuring from a 3 mm spherical target. Second, UHS spindles

cannot be operated at near-zero speeds. The ultra-high-speed operation and miniature size of the

UHS spindles could result in increased dynamic effects, and thus, considerably change the nature

and magnitude of the error motions with speed. For this reason, measurement instrumentation

should possess sufficient bandwidth (greater than 30 kHz) to enable measurement of high frequency

motions from the surface of a rotating artifact. And third, a majority of UHS miniature spindles do

not have a built-in tachometer or encoder, which is required for accurate angular synchronization

of data from successive revolutions in the presence of spindle speed fluctuations.

To address some of the aforementioned challenges, we recently developed an LDV-based method-

ology to measure radial and tilt error motions when using UHS miniature spindles [127]. The

methodology uses a precision cylindrical artifact, and enables determining the radial and tilt error
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motions when using a UHS spindle through radial motion measurements in two mutually-orthogonal

directions from two axial locations of the artifact. The measurements are conducted with the LDV

sensor heads mounted on a metrology frame with no significant resonant frequencies above 800 Hz.

The advantages of this approach include a high measurement bandwidth, good measurement accu-

racy, and the use of small precision artifacts. Despite the fact that the effectiveness of LDV-based

spindle-error measurements of UHS spindles was proven, the methodology was only applicable to

measuring error motions in radial directions, i.e., the use of cylindrical artifact did not allow mea-

surement of axial error motions. In addition, relatively large uncertainties (as compared to the

measured error motions) were contributed from the large out-of-roundness of the precision artifact

(a Class-XX gage pin), and from the compounded effects of laser misalignments and curvature.

Significant improvements that have been realized compared to our previous work by (i) in-

corporating the axial measurement capability, (ii) developing a new three-dimensional precision

laser-beam alignment technique, (iii) incorporating a method to determine the absolute angular

(rotation) position, and (iv) reducing the uncertainties (through the use of a custom fabricated

sphere-on-stem artifact, better laser-beam alignment, and improved data processing). Although

the uncertainty in the measurement of error motions is significantly reduced by using a high-

precision artifact, in this work, artifact form errors are still considered as a source of measurement

uncertainty and no attempt is made to separate the form errors to obtain the true error motions.

This chapter presents the enhanced LDV-based methodology for measurement of axial and radial

error motions when using miniature UHS spindles used for micromachining applications. The new

methodology measures three-dimensional displacements from the surface of a custom-fabricated

sphere-on-stem precision artifact using three mutually-orthogonal laser beams. A precision align-

ment technique is developed to configure the three laser beams mutually orthogonal to one another.

An infra-red sensor is used to provide a reference for the rotational angle of the spindle. The ax-

ial and radial motion data measured at operational speeds is then post-processed to obtain the

synchronous and asynchronous components of the error motions in both directions. The presented

approach enables obtaining error motions along both fixed-sensitive and rotating-sensitive direc-

tions. The methodology is then demonstrated by measuring axial and radial error motions when

using a miniature UHS spindle at four different speeds. Analysis of the measured data indicated the

significant effect of spindle speed on the error motions along both fixed-sensitive and the rotating-

sensitive directions. Finally, an uncertainty analysis is presented to quantify the overall combined

uncertainty on the error measurements when using the new methodology.
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5.2 Background

Ideally, when rotated on a spindle, the tool-tip trajectory (e.g., of a micro-endmill) should be

circular—with a diameter equal to that of the tool diameter—in a plane perpendicular to the co-

inciding tool and rotational axes. However, the actual tool-tip trajectory deviates from the ideal

(nominal) trajectory along the radial and axial directions due to (1) tool-spindle centering errors

(i.e., eccentricity and tilt arising from the attachment of the tool to the spindle), (2) tool-profile

errors (i.e., misalignment of tool-tip with respect to the tool-shank axis), (3) spindle error motions

(radial, axial, and tilt, as defined in [114]), which are the axis of rotation error motions due to

bearing error motions and the noise and vibration from within the spindle, and (4) structural vi-

brations of the structure supporting the spindle. These axial and radial motions of the tool tip could

significantly affect the dimensional accuracy, surface quality, and form accuracy of micromachined

features. The deviations of the tool tip from the ideal trajectory are sometimes referred to as the

tool-tip runout. Based on the standards [114, 115], the definition of runout (or equivalently the

total indicator reading (TIR)) is limited to a single value representing the peak-to-peak amplitude

of the motions sensed by an indicator during one or more revolutions of the spindle. An analysis of

the motions of the tool-tip (except tool-profile errors) is best conducted through the measurement

of axial and radial motions from the surface of a precision artifact.

A perfect spindle is described in the standards [114,115] as one that “has no motion of its axis of

rotation with respect to a reference coordinate axes”. Based on these standards, error motion refers

to any motion, relative to the reference coordinate axes, of the surface of a geometrically “perfect”

artifact∗, with the artifact centerline coincident with the axis of rotation. The main sources of the

error motions are (a) spindle error motions, which are error motions measured from the spindle

stator to the spindle rotor and (b) structural error motions, which are the error motions measured

from the stator to the displacement measurement sensor.

To describe these error motions, first an axis average line is defined as the average location of

the axis of rotation over one or more revolutions. An XY Z cartesian reference frame is set up such

that the Z axis coincides with the axis average line. Error motions perpendicular to the Z axis

(i.e., motions projected to the X − Y plane) are defined as radial error motions and those along

the Z axis are defined as the axial error motions.

To describe the tool-tip trajectory, we will refer to the schematic illustration given in Fig. 5.1.

The ideal trajectory (TI) is traced when a “perfect” tool (i.e., one that has no tool-profile errors) is

∗Geometrically perfect artifact is a rigid body having a perfect surface of revolution about a centerline.
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Figure 5.1: Depiction of Ideal and Actual cutting edge trajectories. CE: Cutting Edge; FSD:
Fixed-Sensitive Direction; RSD: Rotating-Sensitive Direction; TI : Ideal tool trajectory; CC : Tool-
axis trajectory due to centering errors from a quasi-static perspective; TC−QS : Tool trajectory due
to centering errors from a quasi-static perspective; TC : Tool trajectory with only centering errors
(quasi-static and dynamic effects included); TA: Actual tool trajectory

attached (with no attachment errors) on a perfect spindle with its geometric axis coincident with

the axis average line. The trajectory TI is circular in the X − Y plane with a diameter equal to

the tool diameter.

When the perfect tool is attached to a perfect spindle through a collet, the inaccuracy in at-

tachment can radially displace and/or tilt the geometric axis of the tool with respect to the axis of
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rotation. These errors in attachment are referred to as the centering errors. From a quasi-static

perspective, the centering errors cause the tool axis to rotate orbitally about the axis average line

in a circular path (CC) on the X−Y plane, resulting in a circular tool-tip trajectory (TC−QS) with

a diameter larger than the diameter of the tool. From a dynamic perspective, however, the ec-

centricity (rotating unbalance) caused by the centering errors alters the tool-tip trajectory further.

A circular tool-tip trajectory (yet, with a larger diameter than that of the quasi-static one) can

only be attained when the radial stiffness of the spindle is distributed in a uniform axisymmetric

fashion. In reality, however, the radial stiffness of the spindle, the housing, the collet and the tool

are non-uniform, causing the tool-tip trajectory to differ from a circular one. For instance, consid-

ering the stiffness variations in two principal directions, the axis of rotation rotates orbitally about

the axis average line, resulting in an elliptical tool-tip trajectory, whose major and minor axes are

aligned with the principal axes. A sample trajectory for the case with only the centering errors,

including both the quasi-static and dynamic effects, is indicated as TC in Fig. 5.1(a). It should be

noted that the effect of the tool-profile errors of the actual (imperfect) tool can be accounted for

in a manner similar to that of the quasi-static perspective of the centering errors.

In addition to the centering errors, the actual tool-tip trajectory, TA, includes the tool-profile

errors of the actual tool, the spindle error motions and structural vibrations of the structure sup-

porting the spindle arising from the spindle operation. The trajectory TA is shown for only one

revolution of the spindle. If the motions of the tool tip include only the rotational frequency (i.e.,

the fundamental frequency) and its harmonics, the same trajectory would repeat every revolution.

However, due to the non-harmonic components of the tool tip motions, the trajectory deviates from

one revolution to another both radially and axially.

The tip of a milling tool as it moves along the actual trajectory during rotation is shown in

Fig. 5.1 at a rotation angle θ = Ωt, where Ω is the rotational frequency corresponding to the

nominal spindle speed. This rotation angle is defined based on a unit radial vector (e⃗(θ)) that

rotates at the nominal spindle speed. Without the loss of generality, e⃗(θ) can be defined to be

aligned with the X axis at the rotational orientation corresponding to θ = 0.

For processes such as turning, where the tool tip is stationary and the workpiece rotates, charac-

terizing the error motions along a fixed-sensitive direction is sufficient. For rotating-tool processes

such as micromilling, however, the interest is the undesired motions of the cutting edge relative

to the ideal trajectory at a given angular location: The direction of interest is referred to as

the rotating-sensitive direction. Referring to Fig. 5.1(a), measurements conducted along X- and

Y - directions (with a stationary sensor) are fixed-sensitive, and the measurement along the unit
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radial vector, e⃗(θ), is rotating-sensitive. An accepted method of measuring motions along the

rotating-sensitive radial direction is to conduct simultaneous radial motion measurements along

two orthogonal fixed-sensitive radial directions, and then project these motions onto e⃗(θ) [114,115].

This method will be adopted in this work.

In addition to the above sources, the measured axial and radial motions include the form (error)

of the artifact. When the artifact is mounted without any centering errors and rotated on a

“perfect” axis of rotation, its form around the circumference will be measured at frequencies that

repeat every revolution along a fixed-sensitive radial direction. In general, the artifact’s form can

be expressed as

S(θ) =

n∑
i=1

Aisin(iθ + ϕi), (5.1)

where θ is the angle around the circumference or the rotation angle, n is the number of harmonics

contributing to the shape and ϕi is the phase of the i
th harmonic relative to an arbitrary reference.

Furthermore, in the presence of centering errors, the artifact form errors will also be measured

along the axial direction.

The measured axial and radial motions can be analyzed by separating them based on their fre-

quency content. In the X−Y plane, the fixed-sensitive radial motions measured at the fundamental

(spindle) frequency (i.e., the once-per-revolution, or once-per-rev, component) arise from (a) the

centering errors, (b) the fundamental component of the artifact form errors (i.e., with i = 1 in

Eq. (5.1)), and (c) the structural error motions from the spindle stator to the LDV sensor head

due to vibrations at the fundamental frequency. The radial motions that occur at the harmonics

of the fundamental frequency (referred to as the synchronous frequencies) include (a) the radial

spindle error motions at synchronous frequencies, (b) the radial structural error motions at syn-

chronous frequencies, (c) the artifact form errors other than the once-per-revolution component,

and (d) the radial motions due to the curvature effects. In this work, these motions are referred

to as the synchronous radial error motions since the curvature effects are removed and the artifact

form error is separately considered as a source of measurement uncertainty. The frequencies other

than the fundamental frequency and its harmonics are referred to as the asynchronous frequencies.

In this thesis, the radial motions that occur at the asynchronous frequencies are considered as the

asynchronous radial error motions. Asynchronous radial error motions mainly arise from the radial

spindle error motions at asynchronous frequencies (which are composed of asynchronous bearing

error motions and the noise and vibrations from within the spindle with respect to its stator in the
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radial direction), and the radial structural error motions at asynchronous frequencies. The struc-

tural vibrations of the frame at the asynchronous frequencies that are included in those motions

are considered as motion measurement uncertainties, which are quantified separately.

For the axial motions, the axial components of the spindle error motions and structural error

motions both contribute to the motions that occur (and measured) at the fundamental frequency

and its multiples (harmonics). In addition, due to the centering errors, the artifact form errors

contribute to the motions that occur at the fundamental frequency and its multiples. In this thesis,

the entire axial motions that occur at the fundamental frequency and its multiples are referred to as

the synchronous axial error motions. The artifact form’s contribution included in this measurement

is considered to be a source of measurement uncertainty, which is quantified separately. The motions

at the fundamental frequency are referred to as the fundamental axial error motions and the

motions at harmonics of the fundamental frequency are referred to as the residual synchronous axial

error motions. Similar to the radial error motions, axial motions at the asynchronous frequencies

are referred to as the asynchronous axial error motions with a measurement uncertainty due to

the axial structural vibrations of the frame at the asynchronous frequencies. Asynchronous axial

error motions are composed of asynchronous axial spindle error motions and asynchronous axial

structural error motions.

The range of synchronous error motions is quantified by a synchronous error motion value,

which is defined as the difference between the maximum and minimum synchronous error motions

within a full revolution. For the radial error motions, this value is equivalent to calculation of

the difference in radii between two concentric circles, centered at the least-squares circle center,

that are just sufficient to contain the entire synchronous radial error motions. For the axial error

motions, this value is equivalent to calculation of the difference in radii between two concentric

circles, centered at the polar-chart center, that are just sufficient to contain the entire synchronous

axial error motions.

Typically, as per the standards [114,115] the range of asynchronous error motions is quantified

by an asynchronous error motion value, which is defined as “the maximum scaled width of the

asynchronous error motion polar plot, measured along a radial line through the polar chart center.”

However, this metric is susceptible to outliers in the data and can overestimate the range. When

the asynchronous error motions have a normal distribution, the standard deviation (σ) can be used

as an alternative measure for the axial error motions in lieu of the maximum scaled width [111].

In this case, the 6σ band centered around zero provides a more robust estimate of the range of

asynchronous error motions by containing 99.7% of the motion values. Since the asynchronous
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Figure 5.2: A model of the 3 mm (or 0.125 in.) diameter sphere-on-stem precision artifact fabricated
to conduct the axial and radial motion measurements.

error motions are normally distributed for the spindle that was tested, we will use the standard

deviation of the asynchronous error motions measured across multiple revolutions as the metric to

obtain an overall assessment of the asynchronous error motions.

5.3 Measurement Methodology

In this section, we describe the technique developed for measuring axial and radial motions, in-

cluding the data processing steps to determine the radial and axial error motions. The procedure

is described by considering “ideal properties”, such as perfect alignment of lasers and perfect arti-

fact geometry. The uncertainties arising from the measurement equipment and procedure are then

quantified thoroughly in Section 5.5.

As described above, simultaneous measurement of the axial and radial motions necessitate use

of a sphere-on-stem type precision artifact. Since small precision artifacts are not available com-

mercially, we fabricated a sphere-on-stem precision artifact (see Fig. 5.2) by assembling (using a

high-strength glue) a Grade 3 hardened steel sphere to the end of a stem (a Class-XX gage pin). By

rotating the artifact on an UHS spindle, and comparing the peak-to-peak radial motion amplitude

measured from the sphere to that measured from the stem (at a position about 1 mm from its

end), an (upper-bound) estimate of the relative eccentricity is obtained to be approximately 1 µm.

It should be noted that the dominant effect of this eccentricity is revealed in the measurements as

a component at the fundamental frequency, and thus, will be removed and will not effect the error

calculations.
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5.3.1 Measurement Setup

The configuration of the LDV-based three-dimensional error measurement setup for measuring

radial and axial motions is illustrated in Fig. 5.3. An aluminum frame is constructed around the

spindle under test, and the entire setup is placed on an vibration-isolation (optical) table. Two

independent laser sources, each with differential fiber-optic carriers, are used for the measurements.

The laser beams used for measurement are mounted on a six-degree-of-freedom kinematic mount

attached to the measurement frame. The kinematic mounts that provide independent translational

and angular positioning within ± 1 mm and ±5o ranges, respectively, are used during the alignment

procedure. To obtain the rotational angle of the artifact during measurements, the voltage output

from an infrared (IR) sensor is used. The IR sensor senses the passing of a black mark painted on

the artifact surface as the artifact rotates, thus providing an angular reference for every revolution.

The laser beam from each of the two laser sources is transmitted through a fiber-optic cable

with a split end, providing two laser beams from the same laser source. The LDV can be used

in an absolute measurement mode by using one of the two laser beams of the same source as the

measurement beam and the other as the reference beam, which is obtained by shining the laser

beam onto a stationary mirror surface. This measurement mode is referred to here as the single-

point measurement mode. Alternatively, when both of the laser beams from the same laser source

are used simultaneously, relative motion between the two points are measured. This measurement

mode is referred to as the differential measurement mode.

Since only two displacement measurements can be simultaneously conducted using the two

independent laser sources available, to obtain both axial and radial motions, the tests are performed

by pairwise measurements of (X,Y ) and (Z, Y ) motions. The modifications to the measurement

setup for conducting each of the (X,Y ) and (Z, Y ) pairwise motion measurements are shown

in Figs. 5.3(a) and 5.3(b), respectively. A single-point measurement mode for the Y -direction

is obtained by attaching one of the split fiber-optic carriers (for the measurement beam) to the

kinematic mount in the Y -direction, and by blocking the other split fiber-optic carrier (for the

reference beam) using a mirror cap. The split fiber-optic carriers from the other laser source are

attached to the X- and Z- direction mounts. To perform single-point measurements along one of

the X or Z axis, the other laser beam is used as the reference beam by diverting it to a mirror

surface using a pentaprism.
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Figure 5.3: Measurement setup used for obtaining (a) the (X,Y ) motion measurements, and (b)
the (Z, Y ) motion measurements.

5.3.2 Three-Dimensional Alignment of the Laser Beams

The alignment of the three laser beams in a mutually-orthogonal fashion is critical for conducting

measurements of radial and axial motions accurately. This section describes the alignment pro-
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cedure used for aligning the three laser beams mutually orthogonal and incident to the spherical

target on the sphere-on-stem artifact attached to the spindle.

The alignment procedure uses the voltage signals provided by the laser controller that correspond

to the intensity of the reflected laser beam. The reflected-laser intensity, and hence, the magnitude

of the voltage reading, depends upon the perpendicularity of the incident laser beam to the surface

at the point of incidence, the reflectivity of the surface, and the focus of the incident beam onto the

surface. When the laser beam is focused on a highly reflective (non-diffusive) surface, the changes

in the voltage amplitude are directly correlated with the changes in the angular orientation of

the laser beam with respect to the local surface normal: The voltage reaches its maximum level

(for a given surface) when the beam is perpendicular to the surface. Furthermore, focusing can

also be monitored from the laser intensity, and the optimum focus yields the maximum intensity

level. It should be noted that the laser reflection from highly-reflective (mirror-like) surfaces are

not very sensitive to the focusing, but very sensitive to the angular orientation. By maximizing the

voltage levels at each step of the alignment procedure, the laser beams can be focused and made

perpendicular to the surfaces of interest.

The steps of the alignment procedure are described in Figs. 5.4(a)-5.4(e). A measurement

cartesian frame of reference [XY Z] is considered; after the completion of the alignment procedure,

each laser beam axis is coincident with one of the axes of the reference frame. The Z laser beam is

aligned to coincide nominally with the axis average line, and the other two (X and Y ) laser beams

are aligned perpendicular to the Z axis.

The initial alignment of the three laser beams is completed when the spindle is rotated at 40

krpm. First, each of the laser beams are shined onto the sphere, and roughly aligned using the

kinematic mounts to obtain sufficient reflection. Subsequently, the optimal focus for each laser

beam is obtained by moving a focusing objective attached to the end of the fiber-optic carrier to

maximize the reflected-laser intensity (see Fig. 5.4(a)).

Several steps are completed to make the laser beam axes coincide with the axes of the reference

frame: (1) The X and Y laser beams are moved to the cylindrical portion of the artifact, and

the six-axis kinematic mounts are used to perform translational and angular movements iteratively

until the voltage level corresponding to reflected-laser intensity is maximized (see Fig. 5.4(b)).

This step makes each laser beam perpendicular to the axis average line. (2) The X and Y laser

beams are then moved back to the sphere using only the translational degrees of freedom of the

kinematic mounts. Subsequently, a rhomboid prism† is used to deflect each laser beam to a corner

†A rhomboid prism shifts an incident laser beam parallel to its original axis by a fixed distance (for this case, by
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cube‡, which is then placed in front of the artifact (displaced in the Z-direction)(see Fig. 5.4(c)).

The corner cube is mounted on a fixture to enable translational and rotational adjustments. The

orientation of the corner cube and the fine angular movements of the kinematic mounts (about

an axis approximately parallel to the axis average line) are then adjusted until the maximum

reflected-laser strength is obtained. After this step, the two radial laser beams become mutually

perpendicular to each other, and normal to the axis average line. The rhomboid prisms are then

removed, and both the radial laser beams are moved to the cylindrical portion of the artifact to

confirm that their perpendicularity with respect to the axis average line is retained. (3) The laser

beams are then moved to the sphere, and using only the translational degrees of freedom of the

kinematic mounts, the signal levels are maximized. When this step is completed, the X and Y

laser beams become mutually orthogonal, lie on the same plane normal to the axis average line, and

intersect at the sphere center. (4) Next, the axial (Z) laser beam is aligned to be perpendicular

to the plane formed by the X and Y laser beams by shining the Z laser beam on the third face of

the corner cube (Fig. 5.4(d)). Without disturbing the orientation of the corner cube, the angular

orientations of the Z laser beam are adjusted using the kinematic mount until the reflected-laser

strength (voltage signal) is maximized. This makes all the three laser beams perpendicular to the

corresponding three faces of the corner cube, and hence, renders them to be mutually orthogonal

to each other. (5) The corner cube is then removed to shine the Z laser beam on the sphere. By

using only the translational movements of the kinematic mounts, the reflecting-laser strength is

maximized for the Z laser beam. As a result, a set of three mutually orthogonal laser beams is

obtained that intersects at the sphere center with the Z laser beam coincident with the axis average

line.

When the spindle speed is changed, axial-, radial-, and tilt-axis shifts (of the axis average line)

could occur. If those shifts reduce the reflected-signal strength, the laser beams can be moved

using only the translational degrees of freedom of the kinematic mounts to regain the optimal

signal strength. Due to the spherical shape of the target, those movements would enable finding

positions on the sphere such that the incident laser beams are perpendicular to the measurement

surface. In addition, the translational movements do not disturb the mutual orthogonality of the

three laser beams.

35 mm).
‡The corner cube is fabricated by sputter-coating the back side of a commercial retroreflector with a thin layer of

aluminum.
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5.3.3 Data Acquisition and Post-Processing

Data acquisition and post-processing steps are critical to performing accurate measurements and

decomposition of axial and radial motions. The LDV systems output voltages that are correlated

linearly with the measured motions. To obtain high-resolution motion data, a 16-bit data acquisi-

tion card (National Instruments NI-6259) is used at a sampling rate of 500 kHz. To eliminate the

low-frequency (< 15 Hz) drift inherent to the LDV system, the motion data is filtered using a zero

phase-shift high-pass filter with a cut-off frequency of 50 Hz.

Once the test setup is completed, the physical location of the IR sensor is fixed, and the artifact

is not removed from the spindle. Hence, the 5-volt pulse signal that the IR sensor outputs when the

black mark painted on the artifact is sensed corresponds to the same physical rotational orientation,

and can be used as the reference signal. To more accurately capture the “sharpness” of the pulse

signal, and thus to resolve the reference angular position accurately (i.e., the zero degree rotational

orientation), the IR sensor voltage is measured with a data acquisition card with 5 MHz sampling

rate (National Instruments NI-6115). The angle at which the trailing edge of the pulse crosses 2.5

V amplitude is chosen as the beginning of each revolution, which is θ = 0 for every revolution,

where θ is the rotation angle. A LabViewTMcode is used to synchronize the LDV data with the IR

voltage using a common clock signal. For each pairwise motion measurements ((X,Y ) or (Z, Y )),

two sets of voltage data corresponding to the motions from the two LDV systems and the pulse

signals from the IR sensor are simultaneously acquired.

The speed of the spindles could exhibit (albeit slight) fluctuations about the nominal (set)

spindle speed, which could be as much as ± 200 rpm for most UHS spindles. Thus, the time taken

between successive marker locations may vary. To obtain the motion data at the same angular

locations across multiple revolutions, data corresponding to each revolution is mapped from the

time domain to an angular domain. For this purpose, the angular speed Ωi for the ith revolution

is calculated as Ωi = 1/Ti, where Ti is the time it takes between ith and (i + 1)th pulses from

the IR sensor. Subsequently, the angular location θi(t) corresponding to each time increment t

within the ith revolution is determined. Using the data at θi(t), a shape-preserving piecewise cubic

interpolation is used to obtain the motion data corresponding to the same angular orientations for

each revolution. These angular orientations correspond to a set of fixed angles that are chosen by

dividing one rotation into fixed number of intervals, magnitude of which is determined based on

the spindle speed. This value is calculated as
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∆θ =
2π

I[360/∆θnom]n
, (5.2)

where I is a function that determines the integer portion of a number, ∆θnom is the angular

resolution at the nominal spindle speed and n (an over-sampling factor) is an integer which deter-

mines the level of over-sampling within a revolution. The reason for over-sampling is to minimize

the interpolation errors later, when the data from the angular domain is mapped back to the time

domain. ∆θnom is calculated as

∆θnom =
2π

Tnomfs
. (5.3)

where Tnom is the time per revolution at the nominal speed and fs is the sampling rate. To

accurately interpolate the motion data at the beginning and the end of each revolution, the data

from the previous and next revolutions are used. Using this approach for every revolution, the

motion data is now obtained at the same angular locations across the entire data set with multiple

revolutions. It should be noted that this analysis assumes the variations of the spindle speed within

a revolution to be negligible. If the motion data needs to be mapped back to the time domain from

the angular domain, the motion data at the fixed angular locations is interpolated to the angles

θi(t) that correspond to the physical time increments (as calculated above) for the ith revolution.

By repeating this for each revolution, the motion data in the time domain across all revolutions can

be retrieved. The processed motion data (X(θ),Y (θ),Z(θ)) from a test at 80 krpm spindle speed

for 1000 revolutions is shown in Fig. 5.5 in the angular domain as an example.

From the radial motion data given in Fig. 5.5, it can be observed that there are sharp notches

present in both the X and Y measurements at two angular locations (≈ 30o and ≈ 260o as seen

in Radial X) which occur at the same angular orientation across all revolutions. Also, the angular

locations of the notches in the X data are shifted by exactly 90o from those in the Y data. These

notches correspond to physical scratches on the surface of the sphere that were possibly created

during the artifact fabrication. The scratches were imaged using white light interferometry, and

were seen to be approximately 200 µm wide and 250 nm deep. These notches are individually

removed from the data and replaced with data interpolated using the motion values at the beginning

and end of the notch locations before further post-processing. It should be noted that, instead of IR

sensor data, the notches could also be used as the angular reference for the rotational orientation

of the artifact.
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Figure 5.5: (X,Y, Z) motions for 1000 revolutions at 80 krpm.

5.3.3.1 Removal of Curvature Effects

Due to the small diameter of the sphere (3 mm or 0.125 in.), the axial and radial motions include

displacements measured due to the effect of curvature. Since the curvature effects do not contribute

to the actual tool-tip trajectory, their removal is critical to obtain more accurate measurements of

motions, and thus, to determine the tool-tip trajectory.

To quantify the contribution of curvature to the measured motions, a computer code is written

to simulate measurements of the displacements from the surface of a sphere that moves following

a certain trajectory (see Figure 5.6). In particular, the trajectory of the sphere is specified as

the motions measured during the experimentation, and the curvature effect is calculated as the

difference between the simulated measurements and the measured motions. This approach provides

a good approximation of the curvature effect so long as the curvature effect is considerably smaller

than the measured motions.

The determination of the curvature effect, and thus the simulations of measurements, requires

consideration of the finite spot size of the laser beam, and the distribution of the laser light intensity
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Figure 5.6: Simulation configuration to assess the curvature effects.

within the spot. In the simulations, we used a spot with a 50 µm diameter, and modeled the laser

light intensity distribution within the spot to be Gaussian. A finite number of “rays” (50) within

the spot size are used for the simulation, where the measurement from each ray provides the

displacement of the sphere surface measured along the ray axis. The total displacement is obtained

from the weighted average of the measurements from all the rays, where the weighing factors for

each ray are chosen based on the Gaussian distribution.

Measured radial and axial motion data in the angular domain (X(θ),Y (θ),Z(θ)) are used as

the trajectory of the sphere center, and the simulated displacements (Xsim(θ),Ysim(θ),Zsim(θ)) are

calculated.

The difference between the simulated and experimental (input) motions (Xsim(θ)-X(θ),Ysim(θ)-

Y (θ),Zsim(θ)-Z(θ)) are then calculated as the displacements due to the curvature effects. For each

set of measured data, this procedure is completed, and the calculated curvature effect is removed
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from measured motion data to obtain the motion data without curvature, which is used for further

post-processing.

5.3.3.2 Decomposition of Measured Motion Data

The decomposition of the motion data into its various components is explained in this section, using

the data given in Fig. 5.5 (after removing the notches and the curvature effects) as an example.

The processed data (after removal of curvature) is first averaged across all revolutions to calculate

the average motions. The average motions include all the frequency components which are at

integer number of cycles-per-revolution. The once-per-rev component can be obtained by fitting

a sine function of the form A sin(θ + ϕ) to the average motions, where the amplitude A and the

phase ϕ are calculated using least squares minimization within a tolerance of 1x10−8.

The synchronous radial error motions along the two orthogonal fixed-sensitive radial directions

(X,Y ) are obtained by removing the once-per-rev component from the average motions. On the

other hand, the synchronous axial error motions are equal to the average motions measured along

the axis average line. The fundamental component of the synchronous axial error motions is

subtracted from the average motion data to obtain the residual synchronous axial error motions.

Figure 5.7(a) shows the decomposition of the average radial (X) motions into the fundamental

component and the synchronous radial error motions. Figure 5.7(b) shows the decomposition of

the synchronous axial error motions into the fundamental component and the residual synchronous

axial error motion components. The synchronous error motions calculated in this manner span one

complete revolution and, by definition, repeat every revolution. Hence, before transforming the

data, to obtain a higher frequency resolution, the total (angular) duration of the data is expanded

by duplicating and appending the single revolution data over the total number of revolutions.

To analyze the different frequency components of the synchronous error motions, the error

motions are transformed into the frequency domain from the angular domain using the Fourier

transform. Since the synchronous error motion data is in the angular domain, the unit of frequency

is cycles-per-revolution (cpr). Although this analysis could also be performed using the time-

domain data, the spindle-speed fluctuations would distort the spectral content of the signal, and

would make it harder to interpret the synchronous error motions. Figures 5.8(a) and 5.8(b) show

the magnitude of the Fourier transforms of synchronous error motions in the X- and Z- directions,

respectively.

Asynchronous error motions for each revolution are obtained in the angular domain by sub-
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Figure 5.7: Decomposition of average motions into once-per-revolution component and the other
integer multiples of fundamental frequency for measurements obtained at a spindle speed of 80
krpm: (a) along the fixed-sensitive X-direction, and (b) along the Z-direction.

tracting the average motion data from the total motion data. The major sources of asynchronous

error motions are the asynchronous spindle error motions and structural error motions. Since these

motions have direct relevance to the physical time, it may be preferred to analyze and interpret

asynchronous error motions in the time domain rather than in the angular domain. To perform

the time-domain analysis, asynchronous error motions in each revolution are mapped from the an-

gular domain to the time domain. The frequency content of the asynchronous error motion data

is performed by transforming the time-domain data to the frequency domain, where the units of

frequency are cycles per sec (Hz). Figures 5.9(a) and 5.9(b) show the magnitude of the Fourier

transforms of asynchronous error motions in the X- and Z- directions, respectively.

Figures 5.10(a) and 5.10(b) show the measured motions, average motions, and the asynchronous

error motions in the time domain for the X- and Z- directions, respectively.

The rotating-sensitive motion data R(θ) for the angular location θ can be calculated by project-

ing data measured along two orthogonal fixed-sensitive directions onto the direction of the rotating

unit radial vector e⃗(θ) as

R(θ) = X(θ) cos(θ) + Y (θ) sin(θ). (5.4)
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Figure 5.8: Magnitude of the Fourier transforms of synchronous error motions for measurements
obtained at a spindle speed of 80 krpm: (a) along the fixed-sensitive X-direction, and (b) along
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Determination of synchronous and asynchronous components of the rotating-sensitive motions

and their analysis in the frequency domain are performed by following the same procedure used for

processing the motions along fixed-sensitive directions.
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Figure 5.10: Decomposition of measured motions into different components for measurements ob-
tained at a spindle speed of 80 krpm: (a) along the fixed-sensitive X-direction, and (b) along the
Z-direction.

5.4 Demonstration of Methodology

In this section, we demonstrate the presented methodology by conducting measurements on an

electrically-driven UHS spindle with hybrid-ceramic bearings (Fischer-Precise SC1060A). After

completing the alignment procedure, the radial and axial error measurements are conducted at

spindle speeds of 40, 80, 100, and 160 krpm. The spindle is cooled through continuous circulation

of a water-based coolant, which ensures that the internal temperature of the spindle is controlled

to within ±1oC of the set temperature of 20oC. Before the collection of the data, the spindle

was allowed to continuously run at the test speed for at least 15 minutes to obtain the thermal

equilibrium, thus minimizing the influence of thermal-effects on the measured displacements.
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Since the sampling rate for the motion measurements is kept at 500 kHz, the angular resolution

of the measured data is different at different spindle speeds. For instance, the angular resolutions

are 0.5o and 1.9o for the nominal speeds of 40 krpm and 160 krpm, respectively. The time duration

of each data capture is also kept constant throughout the tests at 750 ms, corresponding to 500 and

2,000 revolutions for the speeds of 40 krpm and 160 krpm, respectively. The sampling rate for the

IR sensor is also kept constant at 5 MHz, which resulted in a resolution of 0.05o for 40 krpm, and

of 0.19o for 160 krpm, for locating the angular position of the artifact. The sensitivity of the LDV

is selected to be 2 µm/V for the radial measurements and 200 nm/V for the axial measurements.

This corresponds to a displacement resolution of 0.6 nm in radial motions and of 0.06 nm for axial

motions when using the 16-bit acquisition card.

5.4.1 Radial Motions

The synchronous radial error motions for the fixed-sensitive and rotating-sensitive directions are

obtained using the procedure above. Figures 5.11 and 5.12 provide the polar plots of synchronous

radial error motions obtained at each of the four spindle speeds for the two fixed-sensitive directions

and for the rotating-sensitive direction, respectively. The variation of synchronous radial error

motions with the spindle speed is clearly observed from these figures.

The frequency content of the synchronous radial error motions are given in Fig. 5.13 for the fixed-

sensitive and the rotating-sensitive directions at the four different spindle speeds. As expected, the

shape of the polar plots given in Figs. 5.11 and 5.12 are directly correlated to the frequency content

of the synchronous radial error motions. It should be mentioned here that, during processing of

the rotating-sensitive synchronous radial error motion data, the entire once-per-rev component is

removed by eliminating not only the best-fit circle (which is a constant shift in R(θ) versus θ plot,

equal to the radius of the best-fit circle), but also the sinusiodal component at the fundamental

frequency [114,115].

The frequency content of the asynchronous radial error motions along the two fixed-sensitive

directions and the rotating-sensitive direction are given in Fig. 5.14, where the units of frequency

is Hertz (Hz). The vertical lines given in Fig. 5.14 indicate the harmonics of the nominal rotational

frequency. It can be seen that the same frequency components are present in both X- and Y - fixed-

sensitive directions; however, the amplitude of those components vary, possibly due to the (non-

uniform) operating deflection shapes of the dynamic response corresponding to those frequencies.

Furthermore, the rotating-sensitive asynchronous radial error motion data exhibits responses at
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Figure 5.11: Synchronous radial error motions along the X- and Y -fixed-sensitive directions at
spindle speeds of (a) 40 krpm, (b) 80 krpm, (c) 100 krpm, and (d) 160 krpm.

frequency that are not present in the fixed-sensitive asynchronous radial error motion data. These

differences could be arising from the well-known phenomenon in rotating system dynamics, where

the frequency content of the same motion differs whether the motion is observed by a fixed observer

or by a rotating observer [128].

To quantify the ranges of radial error motions, the synchronous radial error motions values and

the standard deviation of the asynchronous radial error motions are calculated. Figure 5.15(a)

provides the synchronous error motion values for the radial error motions at the four test speeds.

The standard deviation (1σ) of the asynchronous radial error motions is given in Fig. 5.15(b).

Again, the large effect of spindle speed on the radial error motions is clearly observed in this data.

5.4.2 Axial Motions

As described earlier, in the case of axial measurements, the motions at all integer multiples of

the fundamental frequency (including the fundamental frequency) are considered inherent to the

synchronous axial error motions. Figure 5.16 shows the polar plots of the synchronous axial error

motions at the four test speeds and Fig. 5.17(A) shows the corresponding frequency content (Fourier
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Figure 5.12: Synchronous radial error motions along the rotating-sensitive direction at spindle
speeds of (a) 40 krpm, (b) 80 krpm, (c) 100 krpm, and (d) 160 krpm.

transform amplitudes). The significance of the spindle speed on the synchronous axial error motions

is observed from the figures. Furthermore, it is also seen that the relative magnitude of once-per-

revolution component (compared to the other components) increases significantly as the speed

increases. This could plausibly be due to the influence of the residual unbalance couple on the axial

error motion [129].

The frequency content of the asynchronous axial error motions is given in Fig. 5.17(B) for the

four test speeds. Also shown are lines representing the integer multiples of the nominal rotation

frequency for each case. Furthermore, the synchronous axial error motions values and the (1σ)

standard deviation of the asynchronous axial error motions are presented in Fig. 5.18.
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Figure 5.13: Magnitude of the Fourier transforms of synchronous radial error motions: (A) along the
fixed-sensitive X-direction, (B) along the fixed-sensitive Y -direction, and (C) along the rotating-
sensitive direction at spindle speeds of (a) 40 krpm, (b) 80 krpm, (c) 100 krpm, and (d) 160 krpm.
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Figure 5.14: Magnitude of the Fourier transforms of asynchronous radial error motions: (A) along
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5.5 Quantification of Uncertainty of Motion Measurements

This section presents quantification of uncertainties in the radial and axial motion measurements

when performed using the presented methodology. The uncertainty quantification follows the pro-

cedure outlined in the Guide to the Expression of Uncertainty in Measurement (GUM) docu-

ment [130]. The total uncertainty is considered to arise from four major sources, each with multiple

contributors: (1) the measurement device and artifacts, (2) the environmental effects, (3) the laser

beam-alignment procedure and curvature effects, and (4) the data processing.

5.5.1 Calculation of Uncertainties

For the uncertainty analysis, each contributor i is assumed to have either a Normal (Gaussian), a

U-Shaped, or a Rectangular statistical distribution. The range value associated with the variation

of the contributor can be converted to a standard uncertainty ui by multiplying the range value by

a factor f corresponding to the distribution type. The rounded values of the factor f are 0.25, 0.35

and 0.29 for the Normal, U-shaped and Rectangular distributions, respectively.

Under the assumption that each contributor is independent from the others, the square root of

the sum of squares of the individual standard uncertainties yields the combined standard uncertainty

uc as

uc =

( n∑
i=1

u2i

)1/2

, for n contributors. (5.5)

Furthermore, to provide a measure of the overall uncertainty of a measurement, an interval is

defined around the motion measurements by using an expanded uncertainty U as

U = k uc, (5.6)

where k is the coverage factor. As such, the motion measurements are expected to lie within ±U

with a specified level of confidence. For the uncertainty analysis presented here, the combined effect

of all the different contributors of a particular source is assumed to have a normal distribution. By

using a coverage factor k = 2, the motions lie within ±U with a level of confidence of approximately

95%.
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5.5.2 Measurement Uncertainty due to Measurement Device and Artifacts

The nominal resolution of LDV systems depends upon the type of displacement decoder and the

laser sensitivity setting used for measurements. The nominal resolution is realized provided that the

strength levels of the reflected beam are above 60% of the full strength. For all the measurements

conducted during this work, the strength levels were 90% or above, and hence, the measurements

have the nominal resolution.

For the measurements shown in this thesis, DD-500 displacement decoders (Polytec, Inc.) were

utilized. The laser sensitivity setting used for radial and axial measurements were 2 µm/V and

200 nm/V, respectively. This corresponds to the 0.6 nm nominal resolution for the radial mea-

surements and 0.06 nm nominal resolution for the axial measurements. These contribute to the

standard uncertainty of the LDV measurement device. Since the analog-to-digital data conversion

is completed using a 16-bit data-acquisition card, the resolution of the measured data is 0.6 nm for

the radial motion measurements and 0.06 nm for the axial motion measurements. Together, the

uncertainty due to the LDV measurement device and the A/D card is the summation of half of the

individual resolutions, which is 0.6 nm for the radial motion measurements and 0.06 nm for the

axial motion measurements.

The overall noise from all the sources, including the LDV systems, the data acquisition cards and

electrical noise, was measured to have a standard deviation of around 5 nm. Therefore, compared to

this noise level, the uncertainty due to the effect of measurement resolution can be neglected. The

noise and resolution will only contribute to uncertainty in the measured motions at asynchronous

frequencies since their effect will be averaged out to a negligible level during the calculation of

synchronous error motions. Assuming a normal distribution, the standard uncertainty due to

system resolution and noise is 5 nm for both radial and axial motion measurements.

Another source of uncertainty arises from the precision artifacts used during the measurements.

For this work, the artifact form error is considered as a source of measurement uncertainty. The

sphericity of the Grade 3 hardened steel sphere used in the sphere-on-stem artifact is 76 nm, which

is equal to its maximum out-of-roundness. The uncertainty caused by the out-of-roundness of the

sphere affects both the synchronous radial and synchronous axial error motions. Assuming a normal

distribution, the standard uncertainty due to artifact form error is calculated to be 19 nm.

The uncertainty due to the measurement device and artifacts is summarized in Table 5.1. The

expanded uncertainty, U , due to the measurement device and artifacts at asynchronous frequencies

is 10 nm for both radial and axial measurements. At synchronous frequencies, the expanded
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Table 5.1: Measurement uncertainty due to the measurement device and artifacts.

Uncertainty Input Contributes to Uncertainty at Range (nm) ui (nm)

System Resolution and
Noise

Asynchronous Frequencies (Radial,
Axial)

5

Artifact Out-of-Roundness
Synchronous Frequencies (Radial, Ax-
ial)

76 19

Expanded Uncertainty (nm)

(coverage factor, k = 2)

At Asynchronous Freqs. (Radial, Axial) 10, 10

At Synchronous Freqs. (Radial, Axial) 38, 38

uncertainty for radial and axial measurements is 38 nm.

5.5.3 Measurement Uncertainty due to Environmental Effects

The environmental effects that could cause measurement uncertainty are mainly composed of the

thermal effects and the structural vibrations of the aluminum frame due to the excitation from

the rotating unbalance and noise from the spindle. If the temperature inside an UHS spindle is

not controlled, relatively small temperature changes may cause considerable variations in the error

motions. The electrically-driven UHS spindle used in this work for demonstrating the methodology

has a temperature controller that continually circulates a water-based coolant. The controller keeps

the temperatures within ±1oC. Furthermore, to attain a steady-state temperature distribution, the

spindle was run for a period of time before the data was collected. Due to these reasons, the thermal

effects are considered negligible for the presented data.

In order to estimate the vibrations of the structural frame during testing, displacements (along

the axial and radial directions) were measured from the surface of a large steel block (300 mm x

160 mm x 100 mm) that is bolted down to the isolation table while the spindle is running at various

operating speeds. Due to the high rigidity and large mass of the steel block, it is assumed that the

measured motions arise only from the structural vibrations of the frame. The measured motions

were decomposed into their synchronous and asynchronous components to estimate the uncertainty

in each frequency component (see Fig. 5.19).

It was seen that the peak-to-peak amplitude of structural vibrations at synchronous frequencies

is below 7 nm at any speed along either the radial or the axial directions. For the asynchronous

frequencies above 50 Hz, the root-mean-square amplitude of structural vibrations are below 15 nm

at any speed along any direction. These maximum values were taken as conservative estimates for
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Figure 5.19: Decomposition of structural vibrations of the aluminum frame into motion components
at synchronous and asynchronous frequencies to evaluate the measurement uncertainty.

the uncertainty values for the respective frequency components.

81



5.5.4 Measurement Uncertainty due to Laser Beam Alignment and Curvature

Effects

The curvature effects of the artifact and the alignment procedure outlined in Section 5.3.1 are

critical contributors to the overall measurement uncertainties. When the laser beam is well-focused

on a highly reflective surface, the changes in the reflected-laser intensity directly correspond to

the variations in the relative angular orientation of the incident light with respect to the local-

surface normal. The sensitivity of the reflected-laser strength (voltage) to the changes in relative

angular orientation depends upon the stand-off distance between the reflective surface and the

laser source. The sensitivity is determined experimentally by shining a laser beam to a mirror

mounted on a 2-axis goniometer. The stand-off distance between the mirror and the laser source

(the end of the fiber-optic carrier) was arranged to be in the vicinity of the stand-off distances

used during the motion measurements. After the laser beam is focused on the mirror, and the

orientation of the mirror is adjusted to maximize the voltage reading, one of the axes of the

goniometer is rotated to change the relative angular orientation by a specific amount. The voltage

change corresponding to this new orientation is noted. This experiment is repeated for a number

of relative angular orientations about the normal. The relative angular orientation that results

in the minimum (robustly) detectable voltage change of 0.01 V was seen to be 0.04o. Since the

surface of the spherical (and the cylindrical) target is highly reflective and since the first step of

the alignment procedure is to focus the laser beam onto the surface, it can be concluded that the

alignment method can be used to obtain a relative angular orientation of 90o within a resolution

of 0.04o.

Optical components used during the alignment procedure may also induce angular misalign-

ments. As per the manufacturer’s specifications, the rhomboid prisms could deviate the angle of

the incoming light by up to an angle of 30 seconds, and the faces of the corner cube are orthogonal

to each other within an angle of 10 seconds. All these possible angular misalignments cause an

uncertainty in the alignment of the X, Y and Z laser beams with respect to the XY Z reference

frame. Figure 5.20 shows the misaligned laser beams and the misalignment angles δX , δY , δZ

and β which quantify the misalignments. By following the steps of the alignment procedure and

summing up the contributions from the various sources, the maximum values of the misalignment

angles are estimated as δX−max=0.04o, δY−max=0.04o, δZ−max=0.13o and βmax=0.1o.

The simulation that is used earlier for estimating the curvature effects can be utilized to es-

timate the uncertainty in the motion measurements due to the convolved effects of laser beam

misalignments, the curvature of the sphere, and the motions of the sphere (see Fig. 5.20). Since
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the components at the fundamental frequency are significantly larger than the others for both the

radial and axial motion measurements, it is sufficient to calculate the uncertainty levels only due

to the fundamental motion components of the sphere. To assess the uncertainty, simulations are

performed using three different amplitudes of fundamental components in the radial directions (2.5

µm, 4.5 µm, 6.5 µm, which span the range seen during the experimentation above). The funda-

mental amplitude along the Z-direction was kept constant at 75 nm, which represents the average

amplitude of the fundamental component in the axial error motions during the experiments.

The misalignment of each laser beam can be represented by considering the laser beam to

lie within a cone about the nominal laser orientation, with a cone angle equal to the maximum

misalignment angle for that laser beam, and with an apex that passes through the origin of the

XY Z reference frame. For each amplitude, 12 different orientations (lying on the outer surface of

the cone) of each laser beam are simulated. Figure 5.20 shows the nominal orientation and the

sample orientations of each of the laser beams.

At a given rotation angle, the differences between the nominal curvature effects (calculated for

the nominal laser beam orientations) and the maximum and minimum curvature effects (calcu-

lated across all the 12 orientations) are evaluated. These differences represent the positive and

negative ranges of the uncertainty in the motions arising from the convolved effects of laser beam

misalignments, curvature of the sphere, and the motions of the sphere.

Figure 5.21 shows the simulation results for the various levels of fundamental amplitudes across

one full revolution of the sphere. For a given spindle speed, the uncertainties are repeated in every

revolution, and thus, they only contribute an uncertainty to the synchronous error motions. The

uncertainty graphs for the X and Y measurements are seen to have a phase difference due to the

effect of the misalignment angle β, i.e., Figs. 5.21(a) and 5.21(b) are offset by (90±βmax). It is also

seen that the uncertainty in axial measurements varies with the amplitude of fundamental radial

motions, but does not vary with the rotation angle.
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Figure 5.20: Simulation setup to calculate the uncertainties due to the convolved effects of laser
beam misalignments, curvature of the sphere, and the motion levels (radial and axial) of the center
of the sphere from the origin.
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Figure 5.21: Calculated measurement uncertainties due to the convolved effects of laser beam
misalignments, curvature of the sphere, and the motion levels (radial and axial) of the center of
the sphere from the origin: (a) and (b) the uncertainty in the radial motion measurements along
the X- and Y -fixed-sensitive directions, respectively; and (c) the uncertainty in the axial motion
measurements.
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5.5.5 Uncertainty due to Data Acquisition and Post-processing

As mentioned in Section 5.3.3, when using a sampling rate of 5 MHz to sample the IR sensor signal,

the beginning of a revolution can be resolved to within 0.05o and 0.19o at the nominal spindle

speeds of 40 krpm and 160 krpm, respectively. This angular resolution causes an uncertainty by

an equivalent amount in the determination of the rotation angle. This uncertainty will propagate

into the overall uncertainty in the radial motions along a rotating-sensitive direction. Its effect is

coupled with the effect from other uncertainties and is analyzed in the next section.

During post-processing, the data is mapped from the time domain to the angular domain, and

then back to the time domain in the case of asynchronous error motions. This process involves

application of either one or two sets of data interpolations, which could cause uncertainties in

accurately separating synchronous and asynchronous error motions. This uncertainty is dependent

upon the over-sampling factor (n) chosen during interpolation. For all the data presented in this

chapter, we have chosen n=10, which results in a low value of uncertainty due to interpolations.

To evaluate this uncertainty, all measurement data sets were interpolated from the time domain

to the angular domain and re-interpolated back to the time domain. The maximum peak-to-

peak value of the difference between the measurement data and the processed data across all

spindle speeds was found to be 1 nm. This value is considered as the contribution of the data

processing to the expanded uncertainty in both synchronous and asynchronous error motions. The

spindle-speed variations do not cause any additional uncertainty in separating synchronous and

asynchronous error motions, since the procedure of mapping from the time domain to the angular

domain appropriately accounts for the correct rotation angle within the angular resolution of the

IR sensor.

The procedure for curvature removal assumes that the input to the simulation are purely mo-

tions of the sphere center, without any curvature effects. However, the measured motion data

already includes the motions measured due to curvature effects of the sphere. This gives rise to

an uncertainty in our calculation of the contribution due to curvature effects. To estimate this

uncertainty, after subtracting the effect of curvature from the measured motion data, the modified

data is input to the simulation again. The modified simulated data are now subtracted from the

modified input data to obtain a second estimate of the motions due to curvature. The two estimates

of the displacements due to curvature are compared and their difference is quantified as the uncer-

tainty due to the procedure of curvature removal. For all the spindle speeds tested, the maximum

difference between the two estimates is found to be within 1 nm (peak-to-peak) for both axial and
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radial measurements. This is considered as the expanded uncertainty due to the curvature removal

procedure.

5.5.6 Total Combined Standard Uncertainty of the Motion Measurements

Taking into account the combined standard uncertainties from all four sources (Measurement device

and artifacts (MDA), Environmental Effects (EE), Laser Beam Alignment and Curvature Effects

(LACE) and Data Acquisition Parameters and Post-processing Steps (DAPPS)), a total combined

standard uncertainty (uTotal) can be calculated as

uTotal =
(
u2MDA + u2EE + u2LACE + u2DAPPS

)1/2
. (5.7)

Using a coverage factor k = 2, the total expanded uncertainty can be given as

UTotal = 2uTotal. (5.8)

Since a normal distribution was assumed for the combined errors of each sources, the assumption

of normality would hold for the total errors from all the sources as well. Therefore, including

contributors from all the four sources, the measured motions are within ±UTotal with a level of

confidence of approximately 95%.

Tables 5.2 and 5.3 show the expanded uncertainties for the individual sources and the total

expanded uncertainty for the motions measured at synchronous frequencies (excluding the funda-

mental frequency for radial measurements) and asynchronous frequencies, respectively. For the

calculations presented in Tables 5.2 and 5.3, maximum uncertainty levels due to laser beam align-

ment and curvature (removal) effects are used: For a once-per-rev amplitude of 6.3 µm seen at 160

krpm, an uncertainty of 5 nm occurs in the radial motions (at a rotation angle of 90o) and of 15

nm occurs in the axial motions. A rectangular distribution is assumed to determine the standard

uncertainty due to this source. Overall, it was seen that the total expanded uncertainty for the

fixed-sensitive radial and axial motions at synchronous frequencies are 38 nm and 15 nm, respec-

tively. At asynchronous frequencies, the total expanded uncertainty due to all the sources in both

fixed-sensitive radial and axial motions is found to be 32 nm.
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Table 5.2: The expanded uncertainty for the motions measured at the synchronous frequencies.

Contributing Sources Expanded Uncertainty (nm)

(coverage factor, k = 2)

• Radial

Measurement device and artifacts 38

Environmental Effects 3.5

Laser Beam Alignment and Curvature 5

Data Analysis 0.7

• Axial

Measurement device and artifacts 38

Environmental Effects 3.5

Laser Beam Alignment and Curvature 15

Data Analysis 0.5

Total Expanded Uncertainty including all sources, UTotal (nm) (coverage factor, k = 2)

Radial 38

Axial 41

Table 5.3: The expanded uncertainty for the motions measured at the asynchronous frequencies.

Contributing Sources Expanded Uncertainty (nm)

(coverage factor, k = 2)

• Radial

Measurement device and artifacts 10

Environmental Effects 30

Laser Beam Alignment and Curvature 0

Data Analysis 0.7

• Axial

Measurement device and artifacts 10

Environmental Effects 30

Laser Beam Alignment and Curvature 0

Data Analysis 0.5

Total Expanded Uncertainty including all sources, UTotal (nm) (coverage factor, k = 2)

Radial 32

Axial 32
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5.5.7 Uncertainty in the Rotating-Sensitive Direction Measurements

The overall uncertainty in the radial motions measured along the rotating-sensitive direction can be

calculated using the Law of Propagation of Uncertainty (LPU ) as outlined in [130]. The uncertainty

in the radial motions along both X- and Y - fixed-sensitive directions (tabulated in Tables 5.2 and

5.3), the angular uncertainty (β) between the X and Y laser beams, and the uncertainty in the

rotation angle are propagated through a modified version of Eq. (6.1) given below (Eq. (5.9)).

R(θ) = X(θ) cos(θ) + Y (θ) sin(θ + β). (5.9)

Assuming that the uncertainties in each of the individual quantities are independent, according

to the LPU, the overall uncertainty in R(θ) can be written as

δR =

((
∂R

∂X
δX

)2

+

(
∂R

∂θ
δθ

)2

+

(
∂R

∂Y
δY

)2

+

(
∂R

∂β
δβ

)2)1/2

, (5.10)

where δX and δY are the uncertainties in the radial motions along the X- and Y - directions

that are functions of the rotation angle, δθ is the uncertainty in the rotation angle (i.e., the angular

resolution of the zero degree angle), and δβ is βmax. The uncertainties δX and δY are calculated

by root sum square of the total expanded uncertainties at the fundamental frequency, synchronous

frequencies and asynchronous frequencies of the motion measurements along the X- and Y - fixed-

sensitive directions, respectively. The uncertainties δX and δY are functions of rotation angle

because the uncertainties arising from the compounded effect of laser beam misalignments, cur-

vature of the sphere, and the motions of the sphere are all dependent upon the rotation angle.

Since Eq. (5.10) couples uncertainties from different frequency components, the uncertainties for

the synchronous and asynchronous components along the rotating sensitive direction cannot be

separated when using this procedure.

5.6 Summary and Conclusions

This chapter presented an LDV-based methodology for calculation of axial and radial error motions

when using UHS miniature spindles through measurement of motions from the surface of a sphere-
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on-stem precision artifact. A measurement setup and an alignment procedure are used to align

three laser beams in a mutually orthogonal fashion, where the axial laser beam was aligned to

coincide with the axis average line. The measured motion data are post-processed, including the

removal of artifact-curvature effects, to obtain the synchronous and asynchronous components of

the axial and radial error motions in both fixed-sensitive and rotating-sensitive directions, as well

as the synchronous error motion values and the standard deviation of asynchronous error motions.

The sources and amounts of uncertainties in measuring the motions and in calculating the error

motions are then analyzed.

The developed methodology is demonstrated by measuring the error motions when using a UHS

spindle with hybrid-ceramic bearings at four different spindle speeds; the measurements confirmed

the existence of a significant effect of spindle-speed in error motions when using UHS spindles.

An uncertainty analysis of the presented technique showed that the total expanded uncertainty

(±UTotal with a 95% confidence level) of the synchronous radial error motions is 38 nm in the fixed-

sensitive direction. Similarly, the total expanded uncertainty of asynchronous radial error motions

is calculated to be 32 nm in the fixed-sensitive directions. For the axial measurements, the total

expanded uncertainty is calculated to be 41 nm and 32 nm for the synchronous and asynchronous

error measurements, respectively. The most significant contribution to the uncertainties was identi-

fied to be the form error of the artifact. Therefore, it is concluded that the presented methodology

can be used to determine the axial and radial error motions when using UHS miniature spindles

accurately within the aforementioned uncertainty levels.
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Chapter 6

Analysis of Axial and Radial Motions

of the Miniature UHS Spindle

This chapter presents an experimental analysis of the radial and axial motions of the electrically-

driven hybrid-ceramic-bearing miniature UHS spindle used on the dual-stage polishing test-bed.

The LDV-based spindle metrology technique described in the previous chapter is used to mea-

sure radial and axial motions of the spindle from a sphere-on-stem precision artifact. The pre-

sented analysis focuses on identifying the sources of error motions and quantifying them. Since

effective application of the mandrel-based polishing process requires a high level of dimensional

accuracy, form accuracy, and surface finish, the (unwanted) motions of the UHS spindles must be

well-understood. The influence of temperature fluctuations, dynamically-induced effects, contact-

bearing defects, and tool-attachment errors on the fundamental, synchronous, and asynchronous

components of motions are analyzed. The spindle speeds were varied from 40 krpm to 160 krpm,

and the over-hang lengths of 15 mm and 7.5 mm were considered. The variations arising from tool

attachment to the collet are also studied.

6.1 Introduction

In addition to slide motions and process mechanics/dynamics [131, 132], attainable accuracy and

surface finish during machining processes that utilize spindles are dictated by (unwanted) radial

and axial motions of the spindle [5,133–135]. Although an ideal spindle provides rotation about an

axis (i.e., axis of rotation) with no axial and radial motions, actual spindles exhibit error motions
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that result in non-ideal tool-tip trajectories. The radial tool-tip motions (amplitude of which is

known as the tool-tip runout or the total indicator reading (TIR)) have been identified as the

leading contributor to the overall error budget on a micro-scale machine tool [136]. Furthermore,

the unwanted motions of the tool tip also affect the cutting process mechanics [5,137] and dynamics,

as well as the tool wear [5, 138], e.g., by varying the nominal feed rate or depth of cut. Therefore,

although there is a consensus on the significance of detrimental effects from unwanted motions of

the tool-tip when rotated by a spindle, the radial and axial motions of the UHS spindle that are

currently used for micromachining have not been thoroughly analyzed.

As mentioned in the previous chapter, the undesired axial and radial motions of the tool-tip arise

from the centering (tool-attachment) errors, tool-profile errors, spindle error motions, and structural

error motions [114, 115, 139]. In addition to the quasi-static errors (e.g., due to misalignment of

the axis of rotation with the tool axis due to the centering errors), these error sources also result

in speed-dependent dynamic error motions of the tool tip [139–141]. The axial and radial motions

measured from the shank are also affected by the axis shift caused by the thermal drift of the

spindle [114, 115, 142–145]. Thermally-induced growth of the UHS spindles have been shown to

have a significant effect during micromachining [146,147].

Figure 6.1 summarizes the various frequency components and their sources of radial motions

along fixed-sensitive directions. The component of radial motion at the fundamental frequency

is sometimes referred to as the once-per-revolution component. The spindle error motions do

not contribute to the radial motion measured at the fundamental frequency [114, 115], i.e., the

fundamental radial motion is not considered to be a property of the spindle. However, the dynamic

effects (arising from the centering errors) vary not only with the spindle speed, but also with the

non-uniform radial stiffness around the spindle axis as the spindle rotates.

In this chapter, the radial motions at the synchronous frequencies are referred to as the syn-

chronous radial error motions. The two other sources of radial motion at the synchronous frequen-

cies have been dealt with separately: the contribution from the curvature effects is removed from

the measurements through simulations during post-processing, and the artifact form errors are con-

sidered as an uncertainty in the measurement of the true synchronous radial error motions. The

only contributors to the radial motions at asynchronous frequencies are the spindle and structural

error motions. The source of the asynchronous radial spindle error motions are the asynchronous

bearing error motions and the noise and vibrations from within the spindle with respect to its

stator.

Figure 6.2 shows the decomposition of the axial motion into its various frequency components and
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Figure 6.2: Axial motion components and the associated sources.

their sources. The axial motion at the fundamental frequency is referred to as the fundamental axial

error motion and the motion at synchronous frequencies is referred to as the residual synchronous

axial error motion. Both these axial motions together are referred to as the synchronous axial error

motion. The axial motion at the asynchronous frequencies are referred to as the asynchronous axial

error motion.

A measure of the synchronous error motion is obtained by calculating the synchronous error

motion value and the asynchronous error motion is quantified by calculating its standard deviation

across multiple revolutions. These metrics are used for both the radial and axial error motions. In

addition, a measure of the residual synchronous axial error motion is obtained by evaluating the
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residual synchronous error motion value, which is defined as the difference between the maximum

and minimum residual synchronous axial error motion within a full revolution. In general, the

synchronous error motions affect mainly the form accuracy, whereas the asynchronous error motions

affect mainly the roughness of the polished surfaces.

6.2 Experimental Methods

The LDV-based measurement technique used for the experimental analysis presented is described

in detail in the previous chapter. The radial and axial motions are measured from the surface of a

custom-fabricated sphere-on-stem precision artifact.

The UHS spindle used on the dual-stage polishing test-bed is electrically-driven, with hybrid-

ceramic bearings (Fischer Precise Model SC1060A). The spindle has two angular contact-bearings

with silicon nitride rolling elements and steel races. The bearings are lubricated using an oil-air

lubrication system. The spindle is cooled through a continuous supply of a water-based coolant

circulated through a refrigeration unit. The refrigerant unit operates through an on/off control

system which maintains the coolant temperature at a set point within a certain control dead-

band. This causes the coolant temperature to fluctuate about the set point by a certain value

determined by the control dead-band. In order to measure the temperatures in the coolant line,

miniature resistance temperature detectors (RTDs) are installed at the inlet and outlet locations of

the coolant to the spindle (see Fig. 5.3). All experiments are carried out in a lab where the room

temperature is controlled to within ±1oC, with no external heat sources/sinks near the spindle. For

all the tests, the spindle is run under no-load operating conditions with the set point temperature

in the refrigeration unit set to 20.5oC with a control dead-band fixed at ±1.25oC around the set

point.

6.2.1 Data Acquisition and Post-Processing

For each pairwise LDV measurements, a data set consisting of (X,Y ) or (Z, Y ) motions of the

sphere surface, the pulse signal from the IR sensor, and the inlet and outlet coolant temperatures

is simultaneously acquired for a short-term period of 0.75 seconds. A LabViewTMcode is written

to synchronize the data from the LDV systems, IR sensor and the RTDs. In addition, a separate

set of measurements of the inlet and outlet coolant temperatures are conducted for relatively long

durations (up to 6 minutes). As per the manufacturer’s recommendation, each time the spindle
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Table 6.1: Measurement parameters at the lowest and highest spindle speeds.

Data Sampling Zero Degree Total Number

Angular Resolution Resolution of Revolutions

Minimum Spindle
Speed (40 krpm)

0.5o 0.05o 500

Maximum Spindle
Speed (160 krpm)

1.9o 0.19o 2000

was first started, it was run at 40 krpm for at least 15 minutes before any data is acquired.

6.2.1.1 Radial and Axial Motion Data

The radial and axial motion data are acquired at a sampling rate of 500 kHz using a 16-bit data

acquisition card (National InstrumentsTM(NI)-6259). In order to resolve the reference angular

position accurately, the 5 V pulse signal from the IR sensor is acquired at a much higher sampling

rate of 5 MHz using a different data acquisition card (NI-6115). The angle at which the trailing edge

of the pulse crosses 2.5 V amplitude is chosen as the beginning (i.e., θ = 0) of each revolution, where

θ is the rotation angle. Due to the fixed sampling rates and data acquisition period, the angular

resolution of the motion data, resolution of the zero-degree orientation, and the total number of

revolutions for which data is acquired will change with the spindle speed (see Table 6.1).

Accurate decomposition of the motions into their various frequency components requires care-

ful post-processing. To eliminate the low-frequency drift due to the LDV systems and ambient

conditions, the raw motion data is filtered using a zero phase-shift high-pass filter with a cut-off

frequency of 50 Hz. The transient effects of the high-pass filter are removed by discarding 15% of

the total revolutions at the beginning and end of the data. The reference signal from the IR sensor

is used to map the motions from the time domain to an angular domain.

For the sphere-on-stem artifact used in this work, sharp notches spanning approximately 7.5o in

the angular-domain are observed in both the X- and Y -motions at two different angular locations in

each revolution. By examining the sphere using a white light interferometer, these were identified

as defects on the surface of the sphere that are approximately 200 µm wide and 250 nm deep.

Before further post-processing, the notches are removed individually from the data and replaced

with interpolated data obtained through a shape-preserving piecewise cubic interpolation of the

motions at the beginning and end of the notch locations.

As described in the previous chapter, a computer code is used to simulate the axial and ra-
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dial measurements by assuming nominal orientation of the laser beams. Curvature effects along

the (X,Y ,Z)-directions are estimated by subtracting the measured motions from their respective

simulated motions. The actual motions of the sphere center are then obtained by subtracting the

curvature effects from the measured motions. This is done for each revolution of the measured

data, resulting in a new set of (X,Y ,Z)-motions without the curvature effects.

Further processing is done to calculate (a) the centering errors, (b) the synchronous and asyn-

chronous radial error motions along the fixed-sensitive and rotating-sensitive directions, (c) the

fundamental axial error motion, (d) the residual synchronous axial error motion and (e) the asyn-

chronous axial error motion. The asynchronous error motions have a better physical interpretation

in the time domain rather than in the angular domain. Hence, those motions are mapped back to

the time domain for subsequent analysis.

6.2.1.2 Temperature Data

The inlet and outlet RTDs are calibrated and the resistances of their output circuitry are chosen to

maximize the overall temperature sensitivity. With this setup, the minimum detectable temperature

change is 0.05oC. All temperature measurements are acquired at a sampling rate of 1 kHz. For

the temperature data acquired along with the displacements signals, it is sufficient to calculate

just the mean values of the inlet and outlet temperatures. However, the long-term temperature

measurements require further data processing.

A typical plot of the raw long-term inlet and outlet temperature data is shown in Fig. 6.3(a).

Due to the on/off cycling of the coolant refrigeration unit, the inlet and outlet temperatures of

the coolant circulating through the spindle are observed to change at a certain frequency. These

temperature measurements are used to determine the mean and range statistics of both the inlet

and outlet temperatures within one thermal cycle. As a first step, the temperature data is passed

through a zero phase-shift low-pass filter with a cut-off frequency of 10 Hz to eliminate the high-

frequency temperature fluctuations. The transient effects of the low-pass filter are removed by

discarding 20 seconds of the filtered data at the beginning and the end. Then, a computer code is

used to identify one full thermal-cycle and compute the inlet and outlet temperature means and

ranges for that cycle. Figure 6.3(b) illustrates the results for one of the cycles of the raw data

shown in Fig. 6.3(a).
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Figure 6.3: (a) Typical temperature data from the inlet and outlet, and (b) Temperature data after
low-pass filtering and calculation of the mean and the range.

6.3 Thermal Characteristics of the Spindle

The inlet and outlet temperatures of the coolant are considered to be representative of the internal

thermal state of the spindle. Characterization of the thermal behavior of the spindle involves (i)

quantifying the time it takes for the internal thermal state of the spindle to reach a thermal equi-

librium when a step change in speed occurs, and (ii) identifying the change in the internal thermal

state with spindle speed. Two sets of experiments, which comprise of only long-term temperature
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measurements, are conducted to study these characteristics. The first set of experiments is con-

ducted to study the thermal state of the spindle for a long duration (an hour) after a step change in

spindle speed is imposed. Five different step changes are considered (40 krpm to 50 krpm, 50 krpm

to 100 krpm, 100 krpm to 160 krpm, 160 krpm to 100 krpm and 100 krpm to 50 krpm), spanning

the total speed range of the spindle. After each speed change, the inlet and outlet temperature

data is acquired for a period of six minutes with 10 minute intervals, for a total period of an hour.

The mean values and ranges of the thermal cycles are calculated and analyzed as a function of

time.

For the second set of experiments, the spindle speed is changed in steps of 10 krpm spanning

the entire range from 40 krpm to 160 krpm. After each speed change, the spindle is allowed to run

for 5 minutes before acquiring the inlet and outlet temperature data. The mean values and the

ranges of the thermal cycles are calculated to quantify the changes in thermal state as a function of

spindle speed. Both sets of experiments are repeated on two different days to check repeatability.

Figure 6.4 shows the variation of mean values and ranges of the inlet and outlet temperature as

a function of time for two of the five step changes studied - step up from 100 krpm to 160 krpm

(Fig. 6.4(A)) and step down from 100 krpm to 50 krpm (Fig. 6.4(B)). The step changes shown

represent the worst case scenarios in temperature changes as observed from the results of all the

five cases. In both cases, the mean temperatures on the two different days are repeatable within

0.1oC. There is a weak transient behavior observed in the first 15 - 20 minutes after the step change

in speed. However, the magnitude of the change in the mean (or range) of the outlet (or inlet)

temperatures within the transient period is less than 0.3oC. The thermal equilibrium is reached

after the first 20 minutes of a speed change. In the case of the smallest step change in speed (from

40 krpm to 50 krpm (not shown)), it is observed that the thermal equilibrium is reached within 5

minutes.

Figures 6.5(a) and 6.5(b) show the mean values and temperatures ranges, respectively, of the

inlet and outlet temperatures as a function of spindle speed. The mean temperatures are repeatable

within 0.25oC on the two different days. It is observed that while the mean inlet temperature

remains constant across the entire speed range, the mean outlet temperature steadily increases

with spindle speed following a certain trend, and changes by about 1oC when the speed changes

from 40 krpm to 160 krpm. The range of inlet and outlet temperatures are almost constant with

spindle speed.

The constant nature of the mean value of inlet temperature and the ranges of both inlet and

outlet temperatures can be explained by considering the fact that these parameters are directly
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reduced from 100 krpm to 50 krpm. The temperature ranges when the speed is (c) increased from
100 krpm to 160 krpm, and (d) reduced from 100 krpm to 50 krpm.

controlled by the coolant refrigeration unit. The set point temperature in the refrigeration unit

governs the mean inlet temperature while the range of the control dead-band governs the inlet and

outlet temperature ranges. The outlet temperature range being lower than the inlet temperature

range is due to the large thermal mass of the spindle which would attenuate the inlet temperature

swings. The mean values of the outlet temperature, however, are governed by both the mean values

of the inlet temperatures as well as the heat generated from within the spindle. Since there is a

greater amount of heat generated within the spindle at higher spindle speeds, the mean outlet

temperatures are seen to rise with spindle speed.

99



M
e

a
n

 T
e

m
p

e
ra

tu
re

 (
o
C

)

T
e

m
p

e
ra

tu
re

 R
a

n
g

e
 (

o
C

)

Spindle Speed (krpm) Spindle Speed (krpm)

(a) (b)

20.2

20.6

21.0

21.4

21.8

22.2

30 50 70 90 110 130 150 170
1.5

1.7

1.9

2.1

2.3

2.5

2.7

30 50 70 90 110 130 150 170

Outlet

Inlet

Outlet

Inlet

Figure 6.5: Inlet and outlet temperatures as a function of spindle speed: (a) Mean temperature,
and (b) Temperature range.

6.4 Experimental Analysis of Radial and Axial Motions

6.4.1 Effect of Thermal Cycling on Radial and Axial Motions

The changes in the internal thermal state could affect the radial and axial motions of the spindle.

To quantify this effect, axial and radial motions are measured at different thermal states of the

spindle at a given speed by acquiring the short-term data sets (which include axial and radial

motions and temperatures) for a period of 0.75 seconds, at 20 second intervals throughout at least

one thermal cycle. These measurements are performed for at least two temperature cycles to ensure

repeatability. The speeds studied are 40 krpm, 50 krpm, 70 krpm, 100 krpm, 130 krpm and 160

krpm.

For the subsequent experimental studies, to eliminate (or reduce) the effects of thermal cycling

on the measured axial and radial motions, the inlet temperature is monitored, and the radial and

axial motion measurements are conducted at the same thermal state that corresponds to the inlet

temperature at its maximum value.

Figures 6.6 and 6.7 show changes in the different components of radial and axial motions,

respectively, during various thermal cycles. The different components that are shown in these

figures are: (A) amplitude of the fundamental frequency, (B) synchronous radial error motion

value (or residual synchronous axial error motion value), and (C) 1σ of the asynchronous error

motion. For each of these components, the tested speed that shows the maximum correlation

between the thermal cycling and the variation of the values of that component is shown in these

plots. The inlet and outlet temperatures shown are the respective mean temperatures calculated

over the 0.75 seconds, during which time the displacement data was acquired.
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At some spindle speeds, a high level of correlation between the radial and axial motion compo-

nents and the thermal state of the spindle is observed. The thermal cycling is seen to cause up

to 30 nm change in the amplitude of the fundamental component of radial motion, which is a low

percentage compared to the mean value of the fundamental component observed in this work. On

the other hand, the synchronous radial error motion value is seen to change by up to ±30%, and

the 1σ asynchronous radial error motion is seen to change by up to ±4%. For the axial motions,

up to ±40% change in fundamental axial error motion is observed. The changes in the residual

synchronous error motion value and the 1σ asynchronous axial error motion are seen to be as large

as ±10%. In the synchronous radial and residual synchronous axial error motions, in addition to

the error motion values, amplitudes of the dominant harmonic components are also observed to

follow a cyclic pattern in correlation with the thermal cycling. Although all the effects mentioned

are not present at all speeds, at certain speeds, some of the changes in radial and axial motions

due to thermal cycling are significant and would affect the spindle performance when fabricating

micro-scale features at those speeds.
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6.4.2 Effect of Spindle Speed and Over-hang Length

The dynamic behavior of the spindle directly affects its error motions. The dynamic response of

the spindle depends upon the spindle speed and the artifact (tool) insertion and over-hang lengths.

Further, for contact-bearing spindles, the defects in the inner and outer races of the bearings also

affect the performance of the spindle as a function of speed.

To quantify the effects of the spindle speed and over-hang length, experiments are conducted

at spindle speeds ranging from 40 krpm to 160 krpm in steps of 10 krpm for over-hang lengths of

7.5 mm and 15 mm. The total length of the artifact is 26 mm. It is noted that since the total

artifact length is constant, when the over-hang length is changed, the insertion length also changes

accordingly. After each speed change, the spindle is run for 5 minutes. Subsequently, the short-term

data sets are acquired. Three sets of measurements are conducted to assess repeatability.

Unless otherwise specified, all the plots shown in this section show averaged quantities, with the

average taken across the three different runs of the motion data. Further, along with the average

value, error bars are shown on either side of the average to represent the minimum and maximum

values measured during the three runs.

6.4.2.1 Radial Motions

Figure 6.8 shows the amplitudes of motion at the fundamental frequency along fixed-sensitive

X- and Y -directions versus spindle speed at both over-hang lengths. For a given over-hang length,

since all the tests were conducted in one single setup, the quasi-static portion of the centering

errors does not change. It can be seen that up to 100 krpm, the fundamental amplitudes of motion

are almost constant at both over-hang lengths, which may indicate dominance of the quasi-static

effect. Above 100 krpm, the dynamics effects begin to dominate, resulting in the fundamental

amplitudes increasing with spindle speeds. The over-hang length also plays a significant role: the

longer the artifact over-hang, the faster the rate of increase of fundamental amplitude with spindle

speed. As observed in the case of 7.5 mm over-hang length, it is possible that the increase will

peak at a certain higher spindle speed, which may occur when the rotational frequency overlaps

with a natural frequency of the system. Such a phenomena was also observed in one of the earlier

works [127].

The amplitude and phase (from 90o) differences between the X- and Y -motions at the funda-

mental frequency are indicative of non-axisymmetric radial stiffness of the spindle. In such cases,

the dynamic effects result in elliptical trajectories at the fundamental frequency. Figure 6.9(a)
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Figure 6.8: Amplitudes of motion at the fundamental frequency along fixed-sensitive X- and Y -
directions versus spindle speed: (A) Over-hang length = 15 mm, (B) Over-hang length = 7.5
mm.

shows the amplitude difference between the fundamental amplitudes along fixed-sensitive X- and

Y -directions versus spindle speed at both over-hang lengths. Across most speeds, at both over-hang

lengths, the differences are below 75 nm, with a maximum of 100 nm. Figure 6.9(b) shows the

phase difference between X- and Y -motions at the fundamental frequency versus spindle speed at

both over-hang lengths. To ensure that the phase differences observed are not due to misalignment

of the X- and Y -laser beams from 90o, the angle between the laser beams is verified (using the

phase difference between the average angular location of the notches as seen in X- and Y -data) to

be within the angular resolution of the data (as indicated by the gray dashed lines). Hence, for the

speeds at which the fundamental phase difference between X- and Y -motions is higher than the

angular resolution, it can be concluded that the dynamic effects are prominent.

Figure 6.10 shows polar plots of synchronous radial error motions along the fixed-sensitive and

rotating-sensitive directions for one of the three repetitions. Since the location of the black mark

varies when the artifact is re-attached, the physical angular orientation of the spindle corresponding

to the zero-degree differs between the tests conducted at different over-hang lengths. Significant

differences in synchronous radial error motions are observed across various speeds for both over-

hang lengths. For example, for 15 mm over-hang length, the motion along the fixed-sensitive

X-direction changes from a 6-lobed pattern at 40 krpm to a 3-lobed pattern at 120 krpm. Also, the

error motions along X- and Y -directions have similar shapes but different amplitudes. Further, for

some speeds (e.g., 90 krpm and 160 krpm), the over-hang length changes the shape significantly.

The amplitude levels at the longer over-hang length are generally higher than those at the shorter
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over-hang length at most speeds. At certain speeds (e.g., 120 krpm and 160 krpm), this difference

is very significant.

When calculating the synchronous radial error motions along the rotating-sensitive direction, a

constant-radius least-square circle is fitted and removed from the average motion across multiple

revolutions. Due to this procedure, an elliptical trajectory (caused by the fundamental frequency

components along the fixed-sensitive directions) would result in a 2-lobed residual motion, as ob-

served in the polar-plots in many cases. Figure 6.11 shows the magnitude of the Fourier transforms

of the synchronous radial error motions (along fixed-sensitive and rotating-sensitive directions).

The motions observed in Fig. 6.10 are equivalently seen as amplitudes of the respective harmonics

corresponding to the lobed-shapes.

The significant difference in shapes of error motions along the rotating-sensitive direction com-

pared to the fixed-sensitive directions could be explained as follows. For motions X(θ) and Y (θ)

along the fixed-sensitive directions that are composed of only the nth harmonic, the motion R(θ)

106



along the rotating-sensitive direction can be written as

R(θ) = X(θ) cos θ + Y (θ) sin θ

= A1 sin(nθ + ϕ1) cos θ +A2 sin(nθ + ϕ2) sin θ

= K1 sin((n+ 1)θ + α) +K2 sin((n− 1)θ + β),

(6.1)

where θ is the rotation angle, K1, K2, α and β are functions of the amplitudes (A1, A2) and phases

(ϕ1, ϕ2) of the motions along the X- and Y -directions. The motions at the nth harmonic along the

X- and Y -directions would be observed at both (n+1)th and (n−1)th harmonics along the rotating-

sensitive direction. For motion at the fundamental frequency along fixed-sensitive directions, n

becomes unity. In this case, if A1 ̸= A2 and/or (ϕ1-ϕ2) ̸= 90o, then K1 ̸= 0, implying the presence

of a 2nd harmonic component along the rotating-sensitive direction due to the amplitude and phase

(from 90o) differences between the X- and Y -motions at the fundamental frequency. Large 2nd

harmonic amplitudes can be observed in Fig. 6.11 for cases corresponding to large amplitude and

phase (from 90o) differences seen in Fig. 6.9. However, if the 3rd harmonic is also present along

either of the fixed-sensitive directions, it would further distort the amplitude of the 2nd harmonic

along the rotating-sensitive direction.

Figure 6.12 shows synchronous radial error motion values (along fixed-sensitive and rotating-

sensitive directions). Similar values are observed for motions along the X- and Y -directions. At

speeds of 110 - 130 krpm and 160 krpm with 15 mm over-hang length, the synchronous error motion

values are greater than 250 nm and reach up to 500 - 600 nm. At all other speeds, the values are

less than 250 nm. The values observed for the shorter over-hang length are 15% to 75% lower

than those at the longer over-hang length for all the speeds. Overall, it can be concluded that the

synchronous radial error motion shapes and values are highly dependent on the dynamic effects,

and are thus affected significantly by the spindle speed and over-hang length.

Figure 6.13 shows the magnitude of the Fourier transforms of the fixed-sensitive asynchronous

radial error motions along the X-direction. Many of the dominant peaks exhibit a speed-dependent

shift in frequency. Although some dominant frequencies are different for different over-hang lengths,

others do not vary with the over-hang length. The amplitudes of the dominant peaks are generally

lower at the shorter over-hang length than those at larger over-hang length.

When the frequencies of the dominant peaks are compiled at different rotational frequencies,

linear trends are observed at different slopes. Such a behavior is common to the bearing frequen-
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cies of rolling-element contact-bearings [148, 149]. Therefore, to determine whether the measured

asynchronous frequencies arise from the angular contact-bearings used on the test spindle, the four

characteristic bearing frequencies are calculated as,

ωt =

[
0.5− Db

2Dp
cosθc

]
Ω, (6.2)

ωs =

[
Dp

2Db

(
1−

(
Db

Dp
cosθc

)2
)]

Ω, (6.3)

ωo =

[
Nb

(
0.5− Db

2Dp
cosθc

)]
Ω, (6.4)

ωi =

[
Nb

(
0.5 +

Db

2Dp
cosθc

)]
Ω. (6.5)

where Ω is the rotational frequency, ωt is the fundamental train frequency, ωs is the ball spin

frequency, and ωo and ωi are the ball pass frequencies for outer and inner race, respectively [148,149].

Note that these frequencies are linearly related to spindle frequency, where the slopes are given in

the square parentheses. For the test spindle, the ball diameter, Db, is 3.175 mm, pitch diameter,

Dp, is 13.343 mm, the number of rolling elements, Nb, is ten, and the contact angle, θc is 13
o. Using

these bearing parameters, the slopes mt, ms, mo, and mi (corresponding to ωt, ωs, ωo, and ωi) can

be calculated as 0.384, 1.988, 3.841, and 6.159, respectively. It is expected that the bearing error

motions are present at frequencies not only corresponding to these slopes, but also their various

combinations [149,150].

As seen in Table 6.2, the slopes observed in the asynchronous radial error motions match very

closely with the slopes calculated from various frequency combinations. Therefore, it can be con-

cluded that most of the asynchronous radial error motions arise from the error motions of the

contact-bearings. It is also expected that those frequencies do not vary with over-hang length,

which is further observed from measurement results shown in Table 6.2.

To examine the complete frequency content, a surface plot of the magnitude of the Fourier

transform of asynchronous radial error motion is created as a function of spindle speed as shown

in Fig. 6.14. Since the same frequencies were observed in both radial directions, only the fixed-

sensitive asynchronous radial error motion along theX-direction is analyzed. The identified bearing

frequencies are shown as white dots and their trend is illustrated by lines (with slopes given in Table

6.2).

For the over-hang length of 15 mm, dominant peaks at three other frequencies are observed (as
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Table 6.2: Comparison of frequency-speed slopes calculated from the bearing frequencies with those
from the experiments for fixed-sensitive asynchronous radial error motions.

Calculated slopes using bearing frequencies Observed slopes
Frequency combination Slope L = 15 mm L = 7.5 mm

mωt 0.384 0.384 0.384
mωo − 2 1.841 1.841 1.839
mωo − 1 2.841 2.833 2.833
mωo 3.841 3.834 3.832

mωt + 2mωs 4.361 4.358 4.359
mωo + 1 4.841 4.825 4.828
16mωt − 1 5.145 5.131 5.133
2mωo − 2 5.681 5.669 5.670
mωo + 2 5.841 5.821 5.822

mωt + 3mωs 6.349 6.344 6.347
2mωo − 1 6.681 6.682 6.682
16mωt + 1 7.145 7.121 7.125

2mωo 7.681 7.663 7.666

dark bands) between 6.5 - 11.5 kHz at speeds below 100 krpm. Above 100 krpm, two of these peaks

attenuate significantly. The remaining peak shifts gradually from 6.5 kHz at 40 krpm to 5.3 kHz

at 160 krpm. For the over-hang length of 7.5 mm, only two peaks (at 7.7 kHz and 10.2 kHz) are

observed and they are visible only up to 80 krpm. These observed frequencies for both over-hang

lengths could be related to the natural frequencies of spindle, artifact, and structural dynamics.

The frequency content of the rotating-sensitive asynchronous radial error motions is analyzed in

Fig. 6.15. A significantly larger number of dominant frequencies are seen in the rotating-sensitive

direction than those in the fixed-sensitive directions. This could be explained by Eq. (6.1), by

considering n to be a non-integer. Hence, any asynchronous frequency ω present in the motions

along the fixed-sensitive directions will give rise to two frequencies (ω ± Ω) in the motions along

the rotating-sensitive direction.

To provide a measure of the magnitude of asynchronous radial error motions, the 1σ values are

calculated for both the fixed-sensitive and rotating-sensitive directions (see Fig. 6.16). Except for

a few speeds, the 1σ values for the shorter over-hang length are lower by 30% to 80% than those for

the longer over-hang length. The maximum 1σ values of the asynchronous error motions are seen

at 60 krpm along the X-direction: This motion is mainly at 3.8 kHz, which overlaps the ball pass

frequency of the outer race (ωo) at 60 krpm. However, since the large amplitude is seen only along

the X-direction (and not along the Y -direction), this motion could be arising from a structural

resonance of the spindle housing, with a mode-shape having a large motion along the X-direction.

For all other speeds, the 1σ values are below 800 nm and 600 nm for the 15 mm and 7.5 mm
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over-hang lengths, respectively.
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mm, (B) Over-hang length = 7.5 mm.

111



75
160 krpm

75
150 krpm

75
140 krpm

75
130 krpm

50
120 krpm

125
110 krpm

50
100 krpm

75
90 krpm

50
80 krpm

50
70 krpm

75
60 krpm

50
50 krpm

1 2 3 4 5 6 7 8 9 10
0

25
40 krpm

0

325
160 krpm

75
150 krpm

75
140 krpm

125
130 krpm

250
120 krpm

250
110 krpm

100
100 krpm

75
90 krpm

100
80 krpm

75
70 krpm

75
60 krpm

50
50 krpm

0 1 2 3 4 5 6 7 8 9 10
0

25
40 krpm

X Y Rota!ng Sensi!ve

Cycles Per Revolu!on (cpr) Cycles Per Revolu!on (cpr)

A
m

p
li

tu
d

e
 o

f 
H

a
rm

o
n

ic
s 

(n
m

)

(A): L = 15 mm (B): L = 7.5 mm
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6.4.2.2 Axial Motions

Figure 6.17 shows polar plots of synchronous axial error motions at different speeds for both

over-hang lengths. It can be observed that the synchronous axial error motions are highly sensitive

to spindle speed. At speeds below 90 krpm, the motions are dominated by multiple harmonics, while

above 90 krpm, the motions are dominated by the fundamental axial error motion. At all speeds,

other than the fundamental frequency, 2nd and 3rd harmonics are the only dominant harmonics

present in the synchronous axial error motions.

Figure 6.18(a) shows the amplitude of the fundamental axial error motion. The fundamental

component does not vary with the over-hang length. The amplitudes are less than 400 nm at

all speeds except 130 krpm, at which the amplitude increases to 1 µm. Figure 6.18(b) shows the

amplitudes of the 2nd and 3rd harmonics. The 2nd harmonic shows a peak at 70 krpm, whereas

the 3rd harmonic shows a peak at 50 krpm. Figure 6.19 shows the synchronous axial error motion

value including the fundamental component. This value does not change with the over-hang length.

Except 70 krpm and 130 krpm, at all speeds, the synchronous axial error motion value is less than

500 nm. The value increases to 750 nm and 2 µm at 70 krpm and 130 krpm, respectively.

Figure 6.20 shows the magnitude of the Fourier transforms of the asynchronous axial error

motions. There are multiple dominant peaks, a few of which do not vary with spindle speed. Many

of them, however, demonstrate a speed-dependent shift. Similar to the fixed-sensitive asynchronous

radial error motions, the frequencies corresponding to the dominant peaks that shift (compiled at

different rotational frequencies) are observed to follow linear trends with different slopes. The

slopes observed in asynchronous axial error motions match closely with the slopes calculated from

a combination of bearing frequencies (see Table 6.3). Also, when compared to the radial error

motions, a different set of combinations are observed in the axial error motions.

Surface plots of the magnitudes of Fourier transform of the asynchronous axial error motions

are shown in Fig. 6.21 to analyze the overall frequency content. The frequencies explained by the

bearing frequency combinations are plotted as white dots along with their linear trends (with slopes

given in Table 6.3). At both over-hang lengths, apart from the bearing frequencies, there is a single

dominant peak around 2.1 - 2.5 kHz which decreases gradually with increasing speed.

To summarize and provide a measure of the asynchronous axial error motion, the 1σ values are

shown in Fig. 6.22. For spindle speeds greater than 80 krpm, the 1σ value is not affected by the

over-hang length and is less than 50 nm. The maximum 1σ value is observed at 70 krpm with

7.5 mm over-hang length. This value is about 425 nm, more than double of the value for 15 mm
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Table 6.3: Comparison of frequency-speed slopes calculated from the bearing frequencies with those
from the experiments for asynchronous axial error motions.

Calculated slopes using bearing frequencies Observed slopes
Frequency combination Slope L = 15 mm L = 7.5 mm

mωt 0.384 0.3838 0.3838
mωs 1.988 1.9932 1.9905

mωo − 1 2.841 2.8294 2.8303
mωo 3.841 3.8258 3.8275

mωo + 1 4.841 4.8212 4.8243
16mωt 6.145 6.1262 6.1303

2mωo − 1 6.681 6.6656 6.668
2mωo 7.681 7.6512 7.655

2mωo + 1 8.681 8.6518 8.6576

over-hang at the same speed.
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Figure 6.17: Polar plots of synchronous axial error motion at various spindle speeds: (A) Over-hang
length = 15 mm, (B) Over-hang length = 7.5 mm.
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6.4.3 Effect of Repeated Artifact Attachment on Radial Motions

The fundamental frequency components of the radial motions along fixed-sensitive directions

are composed of centering errors. The errors in attaching the artifact to the precision collet induce

a radial shift (eccentricity) and rotation (tilt) to the artifact (tool) axis with respect to the axis

of rotation. In addition to quasi-static effects, the centering errors (eccentricity and tilt) induce

dynamic effects due to the rotating unbalance. Each time the artifact is removed and re-attached,

the centering errors vary, causing changes in both the quasi-static and dynamic effects. Further,

the collet torque could have an effect on the dynamic behavior.

To quantify the effect of repeated artifact attachments on the radial motions, the sphere-on-stem

artifact is removed and reattached with the same over-hang length of 15 mm at least 30 times and

the collet is tightened with the same nominal torque of 0.75 Nm using a torque wrench. For each

attachment, three sets of (X,Y ) radial motions are collected at two speeds of 80 krpm and 120

krpm. Before each attachment, the artifact and the collet are handled with care using gloves and

cleaned with alcohol to make sure that they are free of dust particles. To ensure the repeatability

of over-hang length during these tests, each time the artifact is removed and re-attached, the axial

position of the artifact is adjusted such that the strength of the X-laser beam reflected from the

stationary surface of the sphere (read as a voltage signal from the laser controller) is maximized

within 0.01 V. This corresponds to an over-hang length resolution of 2 µm.

Figures 6.23(a), 6.23(b) and 6.23(c) show the variation of the fundamental amplitudes, syn-

chronous radial error motion values and 1σ of the asynchronous radial error motion, respectively,

versus the artifact attachment number at 80 krpm and 120 krpm spindle speeds. The fundamental

amplitudes are shown only for (X,Y ) fixed-sensitive directions, while the values for synchronous

and asynchronous error motions are shown for fixed-sensitive and rotating-sensitive (referred to

as R) directions. Since sufficient care was taken during experimentation to ensure that all other

sources of variation were minimized, the observed variability is hypothesized to be mainly governed

by the performance of the collet and how well it controls the centering errors and the boundary

conditions.

To check if the variations observed in the different frequency components could be explained by

a normal distribution, Anderson-Darling normality tests are conducted on each of these different

quantities [151]. The null hypothesis during this test is that the distribution is normal. For a 95%

confidence level, if the calculated p-value exceeds 0.05, then the hypothesis of normality can be

accepted. Table 6.4 shows the p-values calculated for the fundamental amplitudes, synchronous
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error motion values and 1σ asynchronous error motions. Except for the p-value for rotating-sensitive

synchronous error motion value at 120 krpm, the p-values for all other components at both speeds
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Table 6.4: The p-values calculated from Anderson-Darling Normality test to assess distribution
characteristics of the spindle attachment variations.

80 krpm 120 krpm

Fundamental Amplitude
X 0.327 0.106
Y 0.331 0.113

Synchronous error motion
value

X 0.201 0.69
Y 0.851 0.898
R 0.203 0.023

1σ Asynchronous error
motion

X 0.76 0.85
Y 0.137 0.888
R 0.959 0.293

Table 6.5: Descriptive statistics of the various components of the radial motion due to spindle
attachment variations.

80 krpm 120 krpm
µdata Range µdata Range

Fundamental
Amplitude (nm)

X 2614 ±1278 2601 ±1385
Y 2593 ±1283 2539 ±1385

Synchronous error
motion value (nm)

X 153 ±28 309 ±141
Y 149 ±16 210 ±73
R 174 ±48 221 +160/-114

1σ Asynchronous error
motion (nm)

X 236 ±17 468 ±45
Y 174 ±8 412 ±58
R 207 ±12 424 ±84

show that the null hypothesis is true and that the variations observed in all these quantities can

be explained by using normal distributions.

Table 6.5 shows the mean (µdata) and the range for each of the different components at both

speeds. For all the cases which have a normal distribution, the range containing 95% of the values

is reported by calculating ±1.96 σdata, where σdata is the standard deviation of the data of that

particular component. For the rotating-sensitive synchronous error motion values at 120 krpm, the

true range around the mean is calculated from the data and reported.

It can be observed that the range of variation of the fundamental amplitude is quite large at

both speeds (close to 50% of the mean value on either side). Also, the synchronous error motion

values at 120 krpm vary by up to 45% of the mean value along fixed-sensitive directions and by up

to 73% of the mean value along rotating-sensitive direction. The synchronous error motions at 120

krpm are more sensitive to the variations in the attachment error compared to 80 krpm.
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Table 6.6: Total combined standard uncertainty and total expanded uncertainty for motions mea-
sured at various frequencies.

Contributing Sources
Combined Standard Uncertainty, uc (nm)

Fundamental Synchronous Asynchronous

Radial Axial Radial Axial Radial Axial

Measurement Device and
Hardware

0 0 19 0 5 5

Environmental Effects 50, 85 50, 85 2 2 15 15

Laser beam-alignment and
Curvature effects

0 0 3 8 0 0

Data Processing 0 0 0 0 0 0

Total Combined Standard Un-
certainty, uTotal

50, 85 50, 85 19 8 16 16

Total Expanded Uncertainty,
UTotal (k=2)

100, 170 100, 170 38 16 32 32

6.5 Uncertainty Analysis of the Radial and Axial Motions

The uncertainties associated with each of the fundamental, synchronous and asynchronous motion

components are obtained by following the procedure described in the previous chapter. Table 6.6

summarizes the combined standard uncertainty contributions. Note that the two values reported

for the fundamental frequency correspond to speeds other than 160 krpm and 160 krpm, respec-

tively. The combined standard uncertainty due to data processing is considered to be negligible as

compared to the other sources and hence its value is taken as zero.

The expanded uncertainty in the measurement of radial motions along the rotating-sensitive

direction is calculated using the Law of Propagation of Uncertainty (LPU) as outlined in [130]. The

procedure described in our previous work [139] was followed to obtain this uncertainty. It should be

noted the uncertainties in the synchronous and asynchronous frequencies cannot be separated for

the calculations along the rotating-sensitive direction. Using the values for the uncertainties given

above (for the fixed-sensitive directions), and by assuming a worst case uncertainty of 0.19o in the

rotation angle along with a value of 0.12o for the maximum misalignment from 90o between the X-

and Y -laser beams, the expanded uncertainty in the motions measured along the rotating-sensitive

direction is 112 nm for all speeds except 160 krpm and is 177 nm for 160 krpm.

It is to be noted that the total expanded uncertainty calculated for the synchronous frequencies

is the uncertainty in determining the true error motions of the spindle. However, if the same artifact

is used and measurements are conducted without disturbing the location of the laser spot relative

to the sphere, the artifact’s contribution to the measured radial motion at a given angle would be
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similar across various operating conditions (e.g., at different speeds and different thermal states of

the spindle). Therefore the uncertainty in the relative changes observed at a certain rotation angle

due to changes in operating conditions will not have any contribution from the artifact.

6.6 Summary and Conclusions

This chapter presented a thorough experimental analysis approach to analyze and quantify the

sources affecting the radial and axial motions of the electrically-driven hybrid-ceramic-bearing

UHS spindle used on the dual-stage polishing test-bed. The effect of temperature cycling and

artifact over-hang length on the spindle motions are analyzed at different spindle speeds. The

repeatability of artifact (tool) attachment to the collet and the associated effect on spindle motions

are also studied. The uncertainty of measurements and analysis are quantified. The measured

axial and radial motions were seen to be strongly dependent upon the spindle speed, thermal-state

of the spindle, and the over-hang length of the artifact (tool). At certain speeds, the measured

spindle motions may induce significant dimensional errors, shape distortions, and surface roughness

to the polished surfaces. Therefore, effective application of the mandrel-based polishing process

necessitates analysis of the UHS spindle motions and associated selection of favorable process

conditions.

The experimental analysis approach presented in this work enables (a) rigorous quantification

of the performance of any UHS spindle under various operating conditions, (b) identification of

the different sources (along with their relative contributions) contributing to the fundamental,

synchronous and asynchronous frequency components of the axial and radial motions, and (c)

assessment of the suitability of a given UHS spindle for micromachining processes. For the spe-

cific spindle studied, the following conclusions can be drawn. Some of these conclusions could be

generalized to the class of UHS spindles with contact-bearings:

• Even under steady-state conditions, the on-off nature of the coolant controller imposes a cyclic

behavior to spindle temperatures, which results in up to ±30% variation in synchronous radial

error motion value, and up to ±40% change in the fundamental axial error motion amplitude.

The effect of thermal cycling on other motion components is less than ±10%.

• The fundamental component of the radial motions is dominated by the quasi-static effects of

the centering errors for speeds up to 100 krpm. Above 100 krpm, the dynamic effects become

dominant, resulting in increased amplitude at higher spindle speeds. In many cases, the two
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radial motion components (X and Y ) exhibited amplitude and phase (from 90o) differences

at the fundamental frequency. This is considered to arise from the non-axisymmetric stiffness

of the spindle, resulting in variation of deflections (from the rotating unbalance) at different

angular locations.

• The synchronous components of the radial motions also vary strongly with the spindle speed.

Both the shape (orbit) and amplitude of motions change significantly with the spindle speed.

Furthermore, the effect of spindle speed is confounded with that of the over-hang length.

Consistently, longer over-hang length produces higher synchronous radial error motion values.

• A majority of the asynchronous radial motions of the spindle arise from the bearing frequen-

cies, which result in a linear shift in dominant frequencies with the spindle speed. Few other

dominant frequencies are also observed, which may be arising from the natural frequencies of

the spindle, artifact and/or structure. The over-hang length also has a significant effect on

asynchronous motions: Except for a few speeds, the 1σ values of asynchronous radial error

motions are 30% to 80% lower for the shorter over-hang length. For both over-hang lengths,

large asynchronous motion amplitudes are observed at 60 krpm, reaching 2.5µm and 1.3µm

1σ values, respectively, for 15 mm and 7.5 mm over-hang lengths.

• The synchronous axial error motions are highly sensitive to the spindle speed. At speeds

below 90 krpm, the motions are dominated by multiple harmonics, whereas above 90 krpm,

the motions are mainly composed of the fundamental axial error motion. The synchronous

axial error motion values do not vary with the over-hang length. Two peaks were observed

at 130 krpm and 70 krpm with values of 2 µm and 750 nm, respectively. At all other speeds,

the synchronous axial error motion values are less than 500 nm.

• The frequencies arising from the bearing error motions also dominate the asynchronous axial

error motions. For spindle speeds greater than 80 krpm, the 1σ values of asynchronous axial

error motions are less than 50 nm, and do not vary with the over-hang length. A maximum

1σ value of 425 nm is observed at 70 krpm for 7.5 mm over-hang length.

• The variations caused by artifact attachment to the collet have a critical effect in the radial

motions of the spindle. Generally, the variations arising from the artifact attachment exhibit

normal distributions. The amplitude of the fundamental component varies up to ±50% of

the mean value. The sensitivity of the motions to attachment variations are higher at higher

speeds, especially for the synchronous error motions. The artifact attachment variations cause

up to 75% error in synchronous error motion values.
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Chapter 7

Error-Separation Techniques

Implemented on UHS Spindles to

Determine True Spindle Error

Motions

The radial motions measured from the UHS spindle also include the surface profile (form error or

out-of-roundness) of the artifact around the circumferential measurement track. For the measure-

ments shown in the previous chapters, the form error has been considered as a source of uncertainty

in the measurement of synchronous radial error motions of the spindle. Since the motions measured

at synchronous frequencies are of the same order of magnitude as the sphericity specification of

the sphere, the uncertainties in the measurement of synchronous radial error motions are relatively

high.

In this chapter, we have implemented two different error separation techniques - Multi-Orientation

Technique and Donaldson Reversal Method, on UHS spindles. Both techniques have been success-

fully demonstrated to remove artifact form error from radial motions measured at speeds up to 150

krpm. First section of the chapter describes the multi-orientation technique implementation. The

second section illustrates the implementation of the Donaldson reversal method as applied to UHS

spindles.
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7.1 Background

In order to reduce the uncertainty due to artifact form error, and accurately determine the spindle

errors, i.e., eliminate the artifact form errors from the measurements, various error separation

techniques have been developed in literature [152–165]. Error separation techniques can be broadly

classified into three categories: (1) Reversal techniques [152–157]; (2) Multi-probe techniques [156–

160]; and (3) Multi-step techniques [157, 161–163]. A detailed and thorough description of these

techniques has been clearly summarized in [152,154]. All these techniques require extremely precise

and rigid fixturing, as well as precise angular measurements in order to achieve accurate and

repeatable separation. Reversal techniques are the only ones that allow for perfect separation of

artifact and spindle errors. The other two techniques are limited in terms of accuracy due to the

issue of harmonic suppression [154,162]. Full separation cannot be achieved by using these methods.

Many works have attempted to minimize the effect of harmonic suppression. Angle probes along

with displacement probes have been tried to obtain high accuracy roundness measurements [164].

Judicious choice of the angles and the number of probes/steps have also been used to enable

higher bandwidth of separation [154, 156, 161, 163]. As a result, all these techniques have been

successfully implemented to measure spindle error motions at the sub-nanometer level of ultra-

precision spindles [156,157].

Even though the error separation techniques mentioned above have been effective in separating

errors for macro-scale spindles, implementation of those techniques to miniature UHS spindles pose

considerable challenges. Those challenges arise from the smaller size (typically ϕ3 mm or 0.125 in.)

of the artifact and the associated curvature effects, and the need to measure at higher speeds, since

majority of the UHS spindles cannot be operated below a specific speed (usually more than 10

krpm). Another difficulty arises from repeatable attachment of the artifact. Most error separation

techniques require very precise re-attachment and orientation of the artifact relative to the spindle.

7.2 Multi-Orientation Technique for Error Separation

A single-probe multi-orientation technique is implemented to remove the artifact form error from

the radial measurements to obtain the radial spindle errors of miniature UHS spindles. The ap-

proach involves measurements of radial motions using a single LDV by keeping it stationary, and

conducting measurements at multiple orientations of the artifact. Although this technique has been

theoretically shown to work and has been implemented for a two-orientation case [154,165], it is not
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widely used. In this thesis, we have established an unique implementation scheme of this technique

that allows its application using multiple arbitrary orientations of the artifact, without the need

for any extra fixtures. For each orientation, the orientation angle of the artifact with respect to an

angular reference on the spindle is measured in-situ from the reflectivity signal of another LDV.

This implementation has been experimentally demonstrated to measure the spindle error motions

of a typical miniature UHS spindle across its operational speeds. Although the implementation

scheme has been demonstrated for miniature UHS spindles, the same approach can be readily used

for error separation on macro-scale spindles as well.

This section is organized as follows. First, a brief introduction of the multi-orientation technique

is provided. Then, the details of the implementation scheme developed in this thesis are described,

with a focus on measuring spindle error motions of UHS spindles. Next, using a typical UHS spindle,

measurements are conducted (a) to demonstrate the functionality of the implementation scheme by

measuring spindle error motions from the sphere and stem portions of the sphere-on-stem artifact

(note that the artifact form profile for the sphere and stem portions are significantly different),

and (b) to study the effect of the number of orientations (used for error separation) on both the

repeatability and bandwidth of error separation. Finally, to demonstrate the effectiveness of the

implementation scheme across a wide range of speeds, radial spindle error motions of the tested

UHS spindle are obtained at four speeds (40 krpm, 90 krpm, 120 krpm, and 150 krpm) that span

the entire operating range of the spindle along both the fixed- and rotating-sensitive directions.

7.2.1 Description of the Single-probe Multi-Orientation Technique

The details of the single-probe multi-orientation technique have been described in [154]. This

technique requires measurements from at least two orientations of the artifact. It involves using

a single displacement sensor to measure the radial motions from the surface of an artifact that is

attached to an axis of rotation provided by the spindle. The motions measured when the spindle

is run at the operating speeds can be decomposed into motions at the fundamental frequency,

synchronous motions and asynchronous motions [114,115]. The synchronous motions consist of the

artifact form error and the speed-dependent synchronous spindle error motions [114,115]. In order

to obtain the true synchronous spindle error motions, the synchronous radial motion measurements

from multiple orientations of the artifact are combined to calculate and separate the artifact form

error.

A description of the steps involved in the multi-orientation technique is shown in Fig. 7.1 for
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Figure 7.1: Steps involved in multi-orientation technique when using three orientations.

an implementation along the fixed-sensitive X-direction. After conducting the first measurement,

the artifact is removed and rotated by a certain angle and re-attached to the spindle for the

second measurement. This step is repeated until all the measurements from the desired number

of orientations are completed. The measured displacement data from each orientation is post-

processed to obtain the synchronous radial motions for each orientation.

Denoting the spindle error motions and artifact form error measured along the fixed-sensitive Y -

direction as S(θ) and A(θ), respectively, the synchronous radial motions for the three orientations

M1(θ), M2(θ), M3(θ) can be related to S(θ) and A(θ) as

M1(θ) = A(θ) + S(θ)

M2(θ) = A(θ − α1) + S(θ)

M3(θ) = A(θ − α2) + S(θ) (7.1)

where α1 and α2 are the rotation angles of the artifact (with respect to the first orientation) in

the second and third orientations, respectively, as shown in Fig. 7.1. It is important to note that

the angular reference (θ=0) between the different orientations corresponds to the same physical

orientation of the spindle.

Mathematically, we can eliminate the spindle error motions, S(θ), from the three measurements

by considering a combined sum T (θ) which can be written as

T (θ) = 2M1(θ)−M2(θ)−M3(θ)

= 2A(θ) −A(θ − α1) −A(θ − α2). (7.2)
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Since the measured synchronous motion data is sampled at finite number of angular locations

(θi, with i=1,2,...N, where N is the total number of angular sampling points), by taking the discrete

Fourier transform of the sequence T (θi) and rearranging it, we obtain the discrete Fourier transform

of the artifact form error as

Ak =
Tk

2− e−jkα1 − e−jkα2
, k = 1, 2, ...N. (7.3)

The artifact form error, A(θi), is obtained by taking the inverse discrete Fourier transform of

Ak, and the spindle error motion is then calculated as

S(θi) = M1(θi)−A(θi). (7.4)

It can be clearly seen from Eqn. 7.3 that the denominator term can approach zero for certain

values of k that satisfy kα1 = 2πN1 and kα2 = 2πN2 simultaneously, where N1 and N2 are

integers. The artifact form error and hence the spindle error motion cannot be separated at these

kth harmonics. This is the main drawback of the multi-orientation technique. The harmonics that

cannot be separated are commonly referred to in the literature as the harmonic losses and this

issue is referred to as harmonic suppression. The highest value of k until which all the harmonics

are separated can be referred to as the bandwidth of the error separation technique. If the number

of orientations is kept fixed, in order to extend the bandwidth, researchers have suggested choosing

specific rotation angles (or range of angles) [156, 165]. Another way to improve the bandwidth (as

suggested by [154]) is to increase the number of orientations. For example, if N orientations are

used, the equation for calculating the artifact form error becomes

Ak =
Tk

(N − 1)−
N−1∑
c=1

e−jkαc

, (7.5)

where Tk is the discrete Fourier transform of the sequence given by T (θi) = (N − 1)M1(θi) −
N−1∑
c=1

Mc+1(θi) and αc is rotation angle of the artifact in the (c + 1)th orientation with respect to

the first orientation. The first value of k at which

N−1∑
c=1

e−jkαc = (N − 1) is potentially higher for a

larger N, thus allowing for a higher bandwidth with greater number of orientations.
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Figure 7.2: Measurement setup used for implementation of the multi-orientation technique on UHS
spindles along radial Y -direction.

7.2.2 Implementation of the Multi-Orientation Technique

7.2.2.1 Measurement Setup

The measurement setup used for implementation of the multi-orientation technique on UHS spin-

dles is shown in Fig. 7.2. An LDV in the single-point measurement mode is used to measure the

motions along a fixed-sensitive radial direction from the surface of a rotating sphere-on-stem ar-

tifact attached to a miniature UHS spindle. As mentioned in [127, 139], the LDV can measure

displacements at picometer-level accuracy with a frequency bandwidth up to 350 kHz. A high-

magnification microscope is used to ensure that the artifact over-hang length is within ± 2.5 µm

across various orientations. After attaching the artifact to the spindle, the measurement location

of the laser spot on the sphere is fine-tuned using translation adjustments on the 6-axis precision

kinematic mount such that the reflectivity signal is maximized and the laser beam is perpendicular

to the average surface of rotation on the sphere. This procedure ensures that the axial measurement

location on the sphere is repeated across multiple orientations within ± 2.5 µm.

In addition to the displacement measurement, another LDV is setup in the relative measurement

mode (as shown in Fig. 7.2) to measure the relative angle between the artifact and spindle for a

given orientation. When the LDV is used in the relative mode, a single laser source is split into
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two laser beams, each of which is focused independently on different measurement surfaces. The

laser beams are arranged such that one of the laser beams is focused on a rotating surface of the

spindle near the collet, and the other laser beam is focused on the stem portion of the artifact. The

procedure used for the relative angle measurement is explained in the following section.

7.2.2.2 Measurement of Relative Angle between Artifact and Spindle

The measurement of the relative angle between the artifact and the spindle is conducted in-situ

when the spindle is running at its operating speed. The LDV controller outputs a voltage signal

(reflectivity signal) that corresponds to the intensity of the reflected laser beam from the measure-

ment surface. In the case of relative measurement mode, the reflectivity signal corresponds to the

combined intensities of the reflected lasers from the two measurement surfaces.

Physical marks are engraved and painted black at an arbitrary angular location on the stem

portion of the artifact as well as a rotating component of the spindle. The locations of the laser

beams are axially adjusted such that the physical marks pass through the respective laser spots

when the spindle is rotated. When the spindle rotates at a certain speed, the reflectivity signal is

fairly steady except for the angular locations when either of the marks pass through their respective

laser spot. At such angular locations, the reflectivity signal drops sharply, causing two drops in

signal for each revolution corresponding to the physical marks on the artifact and the spindle.

For a given speed, the shape and character of the signal drop depends on the physical nature

of the mark (width and speckle within the mark). Since the two marks are fairly distinct, each

of the two resulting signal drops have an unique pattern. Pattern templates (referred to here as

spindle search-pattern and artifact search-pattern) for the two marks are obtained from one of the

orientations during one of the revolutions. A signal processing technique using a pattern-matching

algorithm is developed and implemented to search for the exact locations of these two search-

patterns in each revolution. This technique scans through each successive revolution of the relative

reflectivity signal and identifies the locations within the revolution where the signal shows the max-

imum correlation with each of the search-patterns. The indices corresponding to these locations are

stored as spindle- and artifact-markers for that revolution. Figure 7.3 shows a typical reflectivity

signal for five revolutions of data, along with the spindle and artifact search-patterns. The effec-

tiveness of the search algorithm used in finding the locations of these search-patterns within the

reflectivity signal can be seen in the exact pattern-matches accomplished for both spindle and ar-

tifact search-patterns in other revolutions. The spindle-markers for every revolution corresponding
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to the matched locations are shown as dotted lines.

Within a revolution, using the spindle-marker as a reference, the relative angle of the artifact-

marker is calculated. These calculations are repeated over all the acquired number of revolutions

for that particular orientation. The mean value of all the calculated relative angles is defined

as the relative angle of the artifact with respect to the spindle for that particular orientation.

Whenever the orientation is changed, similar relative angle measurements are conducted for the
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new orientation with the same artifact and spindle search-patterns. The difference between the two

relative angles gives the rotation angle between the orientations. Thus, the rotation angle of the

artifact between orientations can be directly measured in-situ by acquiring the relative reflectivity

signal.

7.2.2.3 Data Acquisition

For each orientation, the displacement and reflectivity data are acquired using NI 6259 (set to

1.25 MHz sampling rate) and NI 6115 (set to 10 MHz sampling rate) data acquisition cards,

respectively. Data acquisition from the two cards at the different sampling rates is synchronized

and simultaneously acquired using a LabView code.

7.2.2.4 Data Processing

The data post-processing technique used to separate the fundamental, synchronous and asyn-

chronous components of the radial motion is explained in detail in our previous work [139]. The

only difference in this work is that in order to map data from time-domain to angular-domain (to

eliminate the effect of spindle-speed fluctuations), instead of using the pulse-signal from an infra-red

sensor corresponding to each revolution, the spindle markers obtained by searching for the spindle

search-pattern are used. The data in the angular-domain is averaged across all the revolutions

at each angular location. A sine function is fitted to this data in a least-squares sense and the

fundamental component is removed. The remaining data is the synchronous radial motion, which

includes both the artifact form error and the synchronous radial spindle error motions. Further

post-processing is done by following the mathematical formulation shown in Section 7.2.1.

As mentioned in the Section 7.2.1, the multi-orientation method suffers from the issue related

to harmonic suppression at certain harmonics where the denominator approaches zero. Ideally, the

harmonics that would be suppressed for a given set of orientations, say for the three-orientation

case, are the set of ks (with k=1,2,...N ) that simultaneously satisfy

|e−jkα1 | = 1 and |e−jkα2 | = 1. (7.6)

However, from a numerical stand-point even as the denominator gets closer to zero, it could cause

increased uncertainty in the accurate estimation of certain harmonics. Hence, in order to be
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conservative, we discarded the kth harmonics that satisfied the following condition

|e−jkα1 | > 0.85 and |e−jkα2 | > 0.85. (7.7)

The bandwidth for a given set of orientations is the first value of k in this set of kth harmonics.

Further, since we are interested in measuring a maximum of up to only the first 50 harmonics, a

zero phase-shift low pass filter is used to discard all the harmonics greater than 50 throughout the

analysis.

7.2.3 Evaluation of the Method

A successful implementation of the multi-orientation technique (i.e., accurate separation of the

artifact form and spindle error motions) requires (a) accurate displacement measurements, keeping

all the factors affecting the spindle error motions constant, (b) measurement at the same axial

plane of the artifact (i.e., the same circumferential track on the artifact for all orientations), and

(c) accurate measurement of the artifact rotation angle between the different orientations.

The fundamental assumption behind any error-separation technique is that the spindle error

motions do not change between the different orientations. There are many important factors that

are known to influence the spindle error motions. These factors include the artifact over-hang

length, spindle speed and spindle thermal state. In addition to the factors, in the case of UHS

spindles, due to the ultra-high speeds, the dynamic effects due to the rotating unbalance could also

affect motions measured at the synchronous frequencies. The centering errors (radial offset and

tilt) of the artifact are the most significant contributors to the rotating unbalance.

While the artifact over-hang length and spindle speed could be prescribed, and the thermal

state could be controlled using a closed-loop temperature controller across different orientations,

the difference in centering errors between orientations is almost entirely governed by the collet-

type used for attaching the artifact to the spindle. Based on the performance of the collet in

controlling the repeatability of attachment, the centering errors could change between orientations,

thus resulting in different dynamic effects and hence possibly different contributions to the motions

measured at synchronous frequencies. All these factors should be addressed while implementing

the multi-orientation technique (or any other error separation technique) on UHS spindles.

The multi-orientation technique is implemented on the Fischer Precise spindle that would be

used on the dual-stage polishing test-bed. This spindle has an operational speed range between 40

krpm and 160 krpm. The artifact over-hang length and the circumferential track corresponding to
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Figure 7.4: Thermal cycling observed in the tested spindle.

the artifact form error are held within ± 2.5 µm across various orientations. Spindle speed, except

for small fluctuations of ± 100 rpm, is fairly constant and is set using the spindle controller.

Although this spindle is continuously cooled with a coolant and refrigeration unit, even at the

steady state, i.e., after the spindle has equilibrated with the ambient conditions, the thermal state of

the spindle (as characterized by the inlet/outlet temperatures of the coolant) is known to fluctuate

due to the on/off cycling of the coolant temperature controller (see Fig. 7.4). This thermal cycling

could potentially cause fluctuations in the synchronous error motions of the spindle. In order to

reduce this effect, the inlet temperature is monitored real-time and the displacement data for each

orientation is acquired at multiple (at least ten) thermal states (corresponding to various inlet

temperatures) spanning the range of thermal fluctuations, with at least three repetitions for each

state. The synchronous motions used for the mathematical formulation shown in Section 7.2.1 are

the average of the synchronous motions measured at the multiple thermal states, including all the

repetitions. Thus, any potential changes in the spindle error motions due to thermal cycling effects

are averaged out for each orientation before going through the error separation calculations. Once

the artifact form error is calculated from these averaged synchronous motions, the synchronous

spindle error motions for a specific thermal state are calculated by using the original synchronous

motions measured for that particular thermal state.

The main factor that could not be controlled for the spindle tested in this paper are the centering

errors between different orientations. The spindle uses a thread-in style collet, which has been seen
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to cause relatively large variations (up to 100% change) between repeated attachments. Hence, in

order to minimize the dynamic effects due to differences in centering errors across orientations, the

lowest operational speed of the UHS spindle is used to implement the error separation technique and

obtain the artifact form error. The obtained artifact form would remain the same across different

speeds and can be directly subtracted from the synchronous motions measured at higher speeds to

obtain the spindle error motions.

7.2.3.1 Effectiveness of the Implementation

To evaluate the effectiveness of the multi-orientation technique in error-separation for UHS spindles,

measurements are conducted on the Fischer Precise spindle at its lowest operational speed of 40

krpm along a fixed-sensitive Y -direction for fifteen different (arbitrary) orientations of the artifact.

All tests are conducted on the custom-made sphere-on-stem artifact, from both the sphere and stem

(cylinder) (≈ 3 mm away from the sphere) regions of the artifact for all the fifteen orientations.

For each orientation, displacement and reflectivity data are acquired for ten different thermal

states covering the total temperature fluctuation range, with three repetitions for each state. The

average of the synchronous motions across all these thermal states and repetitions is used within the

mathematical formulation of the multi-orientation technique to calculate the artifact form error.

The data obtained from the fifteen orientations is used to characterize the effect of different

combinations and the number of orientations (used for error separation) on the bandwidth of error

separation and the repeatability of measuring the artifact form error. For a certain fixed number of

orientations, different combinations of the number of orientations are picked from the set of fifteen

orientations. For a given combination, the corresponding rotation angles are used in respective

equations to calculate the bandwidth. Those combinations that result in a bandwidth less than 50

harmonics are considered invalid for further processing. For the valid combinations, the average

synchronous motions corresponding to each of the orientations of a certain combination are used

within the framework of the mathematical formulation described in Section 7.2.1 to obtain the

artifact form error for that particular combination. After discarding extreme outliers (using the

quartile-based outlier detection method [151]), repeatability of the calculated artifact form error is

analyzed for a given number of orientations. Beginning from three-orientation implementation, all

possible number of orientations up to fifteen-orientation implementation are studied.

In addition to this study, the acquired data also allows for a direct evaluation of the effectiveness

of the technique in error separation from different regions on the artifact (sphere and stem) that
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Figure 7.5: Histograms of the measured relative angles for two of the fifteen orientations.

have significantly different form errors. The spindle error motions obtained from the two regions

of the artifact are compared and analyzed.

7.2.3.2 Results and Discussion

The relative angle for a given orientation is defined as the mean of the relative angles between the

artifact- and spindle-markers, measured across all the revolutions for that particular orientation.

The mean includes data from both the sphere and stem measurements which corresponds to ≈
33,000 revolutions for each orientation. Histograms of the relative angles for two of the fifteen

orientations are shown in Fig. 7.5. It can be clearly seen that the distribution is nearly of normal

type. This was the case for all orientations. Hence, we can use the standard deviation of the relative

angle measurements to characterize the variability and angular resolution.
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Table 7.1: Descriptive statistics of the measured relative angles and the rotation angles for all
orientations.

Orientation Relative angle statistics (in degrees) Rotation angle (in degrees)
µ 3σ (Total range: −89o - 219o)

1 108.280 0.040 0
2 66.474 0.092 -41.806
3 91.116 0.067 -17.163
4 19.224 0.096 -89.056
5 118.853 0.075 10.573
6 300.617 0.152 192.337
7 236.772 0.046 128.493
8 274.997 0.109 166.718
9 255.078 0.093 146.798
10 270.953 0.059 162.673
11 159.691 0.046 51.411
12 185.157 0.061 76.877
13 219.863 0.104 111.583
14 37.430 0.095 -70.850
15 327.084 0.131 218.805

Table 7.1 shows relative angles for all the orientations, including their 3σ values. The measured

3σ values are less than 0.1o, indicating that that the resolution of the reflectivity-based pattern-

detection technique to identify spindle- and artifact-markers, and hence the rotation angles is better

than or equal to ±0.1o. By arbitrarily setting the rotation angle of the first orientation to be zero,

the rotation angles of the remaining fourteen orientations with respect to the first one are calculated.

During these tests, while changing orientations, specific attention was paid to turn the artifact in

such a manner that it covers a wide range of angles (−89o - 219o). This can be observed from the

measured rotation angles.

Figure 7.6 plots the percentage of the number of combinations, for a given number of orientations,

whose bandwidth lies within specified harmonic ranges. The harmonic range of the bandwidth

increases in a highly non-linear fashion when the number of orientations is increased. The specific

percentage values are strong functions of the angles used in the implementation of the multi-

orientation technique. For the given set of angles used in this study, the harmonic range for almost

all of the two-orientation implementations is less than 10 harmonics. However, when the number of

orientations is increased to five, close to 90% of the five-orientation combinations have bandwidths

whose harmonic range is greater than 100 harmonics. To ensure that the first 50 harmonics are

captured as accurately as possible, we have considered only those combinations with a bandwidth

greater than 50 harmonics.

Figure 7.7 shows the repeatability of the artifact form errors (for the sphere and stem portions)
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as obtained from valid combinations of five-orientations after rejecting the outliers. The associated

histograms display the range of variation of the artifact form errors across one full revolution. The

artifact form error of the sphere shows slightly lower variations compared to the form error of the

stem portion.

There could be a few reasons for the observed variability. First, the artifact form error could be

measured from slightly different circumferential tracks due to small differences (within ±2.5 µm)

in the axial measurement locations for the various orientations. Second, even though the lowest

operational speeds of the spindle was used, the fundamental component of the measured motions

(caused by the centering errors and the resulting dynamic effects) between orientations varied as

much as 100%. These variations in centering errors and their effects could result in differences in

the synchronous motions between orientations, and hence, cause variability in the measured artifact

form error when different sets of orientations are used. Finally, any noise in the measurement of the

synchronous motions (due to environment effects, data acquisition and processing related effects

(see [127,139]) could also be causing these variations.

The average value of the range of variation is plotted versus the number of orientations in

Fig. 7.8. As the number of orientations increases, the mean value reduces significantly. This could

be explained by the fact that when greater number of orientations are used, the formulation of the
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mentation: (a) Measurement from the sphere, (b) Measurement from the stem.

combined sum (Eqn. 7.2) naturally causes an averaging effect, thus reducing the effect of the various

sources causing differences and uncertainty in measurements between orientations (see [166]). In

the case of lower number of orientations, variations between orientations would not be completely

averaged out and thus could be amplified at certain harmonics, causing increased variability between

the artifact form errors obtained from different combinations. It was further observed that when

the number of orientations is increased, the average artifact form error (calculated from all valid

combinations) seems to converge to the artifact form error obtained from combining all the 15-

orientation measurements.

For ease of practical implementation of the multi-orientation technique, we desire to choose the

minimum number of orientations that allows calculation of the artifact form error within an average

repeatability of ± 10 nm (i.e., an average range of 20 nm). From Fig. 7.8, the desired repeatability

level is attained if a five-orientation implementation is used. Hence, for further analysis within
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this thesis, the artifact form error is obtained as an average from different combinations of the

five-orientation implementation.

To demonstrate the effectiveness of the multi-orientation technique in calculating the spindle

error motions, the artifact form errors for the sphere and stem portions are subtracted from their

respective synchronous motions measured at various thermal states for a certain orientation. The

synchronous motions and the calculated spindle error motions (after form removal) as measured

from the sphere and the stem are shown for ten different thermal states (with three repetitions

per state) in Fig. 7.9. Even though the artifact form errors on the sphere and stem portions are

significantly different (up to ten times), the multi-orientation technique is very effective in removing

the form errors. This can be observed by noting that certain characteristic features of both the

form errors are completely removed from their synchronous motions. Also, it can be seen that

the spindle error motions measured from the sphere and the stem are quite similar in shape and

magnitude. The slight differences that are observed could be due to the tilt error motions of the

spindle, since the measurement locations on the sphere and stem are axially offset by ≈ 3 mm.
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7.2.4 Error Motions at Ultra-high Speeds

The previous section demonstrated the effectiveness of the artifact form error removal at the lowest

operating speed of the spindle. The procedure for obtaining the error motions at ultra-high speeds is

similar to what was explained in the previous section. The multi-orientation method is implemented

with a certain number of orientations and the average artifact form error with the desired number

of harmonics is obtained for the lowest operational speed. Using this form error as a template, it

is first accurately aligned and interpolated to the angles at which synchronous motion is measured

for the ultra-high speed. Spindle error motions at the ultra-high speed are then calculated by

subtracting the artifact form from the synchronous motion data.

To demonstrate this procedure, spindle error motions are determined along two orthogonal

fixed-sensitive radial directions (X and Y ) at four spindle speeds (40 krpm, 90 krpm, 120 krpm

and 150 krpm). Because we have only two LDV systems, the X- and Y -measurements have to

be conducted separately. The multi-orientation error separation procedure is first completed along

one of the directions (say Y -direction). Then, the same procedure, however with a different set of

(arbitrary) orientations is repeated by measuring the synchronous motion along the X-direction.

Prior to conducting any measurements, X- and Y -laser beams have to be aligned perpendicular

to each other. The setup shown in Fig. 7.2 is used as the starting point for alignment. The X-laser

beam that will be used later for displacement measurement is kept open, while the other X-laser

beam is blocked off with a pentaprism and mirror arrangement (as explained in [139]). Using the

kinematic mounts on which the laser beams are mounted, the angular alignments are adjusted such

that both the X- and Y -laser beams are perpendicular to two of the surfaces of a three-faced corner

cube retroreflector∗, while simultaneously being perpendicular to the average surface of rotation

(i.e., axis average line). This procedure is iterative and is explained clearly in [139].

Once the alignment procedure is complete, the measurement lasers along X and Y are perpen-

dicular with respect to each other and with respect to the axis average line. The pentaprism and

mirror arrangement used to block the second X-laser beam is removed and the laser beams are

moved such that one of them is focused on the stem portion of the artifact that has the phys-

ical mark, while the other is moved to the rotating surface of the spindle that has the physical

mark. Once all the Y -measurements are completed, without disturbing the Y -laser, the X-laser is

shifted from a relative mode to single-point mode by capping off the second laser with a mirror.

The measurement X-laser beam is then focused on the sphere portion of the artifact. Since the

∗The faces of the corner cube are orthogonal to each other within an angle of 10 seconds
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Figure 7.10: Measurement setup for implementation of the multi-orientation technique on UHS
spindles along radial X-direction.

Y -laser remains untouched throughout this process, we use it as a reference. The corner-cube is

used again and one its faces is made perpendicular to the Y -laser. The alignment of the X-laser

is then fine-tuned such that it becomes perpendicular to the adjacent face of the corner-cube, and

thus to the measurement that was conducted along the Y -direction. The Y -laser is then split into

two lasers (by removing the mirror-cap from of one of the lasers). The two lasers are arranged in a

parallel fashion, with one of them focused on the stem portion of the artifact with the black mark,

while the other is moved to the same axial location on the rotating surface of the spindle that has

the physical mark. The setup for the X-measurements is shown in Fig. 7.10. By going through

this procedure, initially all the measurements are completed along the Y -direction, followed by the

measurements along X-direction. Spindle error motions along the rotating-sensitive direction are

calculated by projecting the error motions along X- and Y -directions onto a rotating vector (as

per [114,115]).

Five different orientations are measured for each direction. Just after the measurements from

all orientations are completed, using the calculated rotation angles, it is checked if there is any

suppression of harmonics that are below the 50th harmonic. If there is, then additional measure-

ments are conducted as needed from more orientations of the artifact, until a valid combination

of at least five orientations could be obtained without harmonic losses below 50 harmonics. The

artifact form error is then calculated from the measurements conducted at 40 krpm, using the valid
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Figure 7.11: Synchronous motions and calculated spindle error motions along radial Y -direction
for 90 krpm, 120 krpm and 150 krpm.

combinations of five orientations. This form error is used as a template and its interpolated version

is removed from the synchronous motions measured at the four tested speeds. The effectiveness of

this procedure is demonstrated in Fig. 7.11 at 90 krpm, 120 krpm and 150 krpm, for measurements

conducted along the Y -direction. Both the synchronous motions as well as the spindle error mo-

tions (after form error removal) are shown for a given thermal state. It can be clearly seen that all

the features of the artifact form (notches etc.) are completely removed at the higher speeds and

the procedure is quite successful in accurately determining the spindle error motions at ultra-high

speeds. The spindle error motions along X and Y fixed-sensitive directions as well as along the

rotating-sensitive direction are shown in Fig. 7.12 for all the four speeds. The speed-dependent

nature of both the shapes as well as the magnitudes of these error motions is quite evident from

the plots.
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Figure 7.12: Spindle error motions along fixed-sensitive directions (X and Y ) as well as along the
rotating-sensitive direction for all the tested speeds.

7.3 Donaldson Reversal Method for Error Separation

This section describes an effective implementation of a slightly modified Donaldson reversal method

using two LDV systems to remove artifact form error from the measured synchronous motions.

Unlike the multi-orientation technique, this method allows complete separation of the artifact form
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Figure 7.13: Standard implementation of Donaldson reversal procedure.

error and the synchronous spindle error motions.

The standard implementation of Donaldson reversal procedure (as given in [114, 167]) is illus-

trated in Fig. 7.13. The method requires two measurements (M1(θ) and M2(θ)) from two different

configurations as shown in the figure, where θ is the rotation angle. It is assumed that the physical

angular orientation of the spindle corresponding to θ = 0o is the same for both configurations.

For the second configuration, both the master (artifact) and the displacement indicator have to

be reversed by 180o relative to the spindle. The relative position of master (artifact) and the dis-

placement indicator is unchanged while the spindle radial error motion as seen by the displacement

indicator at both configurations is equal and opposite. The specific quantities measured in the

two configurations are shown in Fig. 7.13, where A(θ) refers to the artifact form error, and S(θ)

refers to the true spindle error motions, both as a function of the rotation angle. The true spindle

error motions can be computed as the average difference between the measurements from the two

configurations.

In order to conduct the Donaldson reversal procedure on the Fischer Precise UHS spindle, the

spindle is retro-fitted with custom-designed precision fixtures as shown in Fig. 7.14. The two mea-

surement configurations used for the Donaldson reversal method are shown in Fig. 7.15. At each

configuration, simultaneous displacement measurements are conducted using two laser beams (from

151



Artifact

Housing

Spindle

180o rotation

 �xture

Referencing

 �xture

Dowel pins

Precision

 spheres

Figure 7.14: Fixture designs for implementation of Donaldson reversal method on the UHS spindle.

two different LDV systems) that are coincident and aligned to be within 180 ± 0.08o. The refer-

encing fixture provides a reference plane perpendicular to axis of the outer body of spindle. Three

spheres on the 180o rotation fixture contact this plane so that the artifact’s axial position could be

repeatedly controlled. Under ideal conditions, this allows for the perimeter of measurement to be

repeated (i.e., the same circumferential measurement track on the artifact) for both configurations

of the reversal procedure. The tolerance of the pin-in-hole arrangement with the two dowel pins is

strictly controlled so that the two configurations are within 180± 0.1o with respect to each other.

The UHS spindle used on the dual-stage polishing test-bed has a collet that is tightened (or

loosened) through a nut to hold the artifact. While attaching or detaching the artifact between

configurations, the relative angular position between the spindle and artifact should not be dis-

turbed. Hence, a wrench is used to lock the spindle and a special set-screw arrangement is used to

lock the artifact to the 180o rotation fixture, before changing configurations.

The implementation of the Donaldson reversal procedure on the UHS spindle is shown in

Fig. 7.16. The implemented technique has some modifications compared to the standard pro-

cedure. The main difference comes from the fact that the reference angle θ = 0o for a given

configuration is defined as the passing of a black reference mark on the artifact as sensed by the

stationary IR sensor. When the artifact is rotated by 180o between configurations, the reference

locations for the two configurations do not correspond to the same physical angular location of the

spindle (they are rotated by 180o). Hence, the spindle error motions cannot be calculated directly

from the measurements. One of the measurements has to be phase-shifted by 180o before taking

the average difference with the other measurement to obtain the spindle error motions.
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Figure 7.16: Implementation of Donaldson reversal procedure on the UHS spindle.

To assess the feasibility of this implementation, experiments from both the configurations are

conducted from a tungsten-carbide cylindrical artifact on the Fischer Precise UHS spindle at speeds

of 40 krpm and 80 krpm. Fig. 7.17 shows the results of the error separation after going through

the reversal procedure conducted at both speeds. The success and validity of the implementation

can be clearly seen from the fact that the artifact form errors obtained at the two spindle speeds

are the same, with the spindle error motions being quite different.
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7.4 Summary

This chapter presented implementations of two error separation techniques - Multi-Orientation

Technique and Donaldson Reversal Method that are utilized to remove the artifact form error

from the measured synchronous radial motions from an UHS spindle. A thorough experimental

evaluation of the multi-orientation technique and its effectiveness at ultra-high speeds is presented.

The following specific conclusions can be drawn from the work presented in this chapter.

• For the implementation of the multi-orientation technique:

– The harmonic range of the bandwidth increases in a highly non-linear fashion when the

number of orientations is increased. For the given set of angles used in this work, the

harmonic range for almost all of the two-orientation implementations is less than 10 har-

monics, while for the five-orientation implementation, close to 90% of the combinations

have bandwidths whose harmonic range is greater than 100 harmonics.

– The average range of variation of the artifact form errors reduces significantly as the

number of orientations increases. Based on the desired level of repeatability for the

calculation of the artifact form error, we can choose the minimum number of orientations

required to attain that level.

– Even though the artifact form errors on the sphere and stem portions are significantly

different (up to ten times), the spindle error motions obtained from both locations (that

are axially offset by ≈ 3 mm) are very similar in shape and magnitude, thus demon-

strating the effectiveness of the technique.

– By using the form error at 40 krpm as a template, spindle error motions at ultra-high

speeds were successfully quantified along both the fixed-sensitive (X, Y ) and rotating-

sensitive directions at 90 krpm, 120 krpm and 150 krpm.

• A slightly modified Donaldson reversal method using two LDV systems is successfully im-

plemented by using two simultaneous displacement measurements for the two measurement

configurations.

• The modified reversal method is shown to be quite effective in the removing the artifact form

error at speeds up to 80 krpm.
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Chapter 8

Conclusions

The research presented in this work aimed to gain an understanding of the mandrel-based polishing

process and equipment to enable identifying favorable polishing conditions that will lead to accurate

fabrication of micro-tools from single-crystal diamond and ceramics in a predictable fashion. The

mandrel-based polishing process was demonstrated to be highly effective in polishing and shaping

diamond to create smooth surfaces and sharp edges (≤ 1 µm edge radius). The polished surface

quality was observed to be a strong function of polishing parameters such as grit size, polishing path

(kinematics) and the boart material used during polishing. One critical issue identified with the

process was the poor (dimensional and form) accuracy of removal. Mandrel-wear, elastic deflections

within the structural-loop (including deflection of the mandrel, deflection of the spindle due to it

radial stiffness and deflection of the precision slides), and the dynamic axial and radial motions of

the miniature ultra-high-speed (UHS) air-bearing spindle were hypothesized to be the dominant

factors affecting the accuracy.

A dual-stage polishing test-bed was designed and constructed as a hybrid-solution to include

1) the large-wheel based traditional diamond polishing system with high material removal rates

for “rough” polishing, and 2) a rigid mandrel-based polishing configuration with capability to

create intricate micro-scale features and high-aspect-ratio structures on single-crystal diamond and

ceramics. The machine components of the mandrel-based polishing configuration were intentionally

designed/chosen to be extremely rigid in order to address the issues identified earlier. The test-bed

was also designed such that the entire tool-fabrication process, starting from a relatively large-sized

roughly cut diamond to a finished micro-scale cutting tool with a specified shape and diameter as

well as with smooth surfaces and sharp edges, is almost completely automated.
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Finally, the polishing characteristics of various tool-grade ceramics were experimentally analyzed

to evaluate their applicability for micro-scale cutting. Sharp (cutting) edges were created by lapping

two adjacent surfaces of various tool materials using a two-stage lapping process under conservative

conditions. Almost all the ceramic materials tested had a better surface roughness than sub-micron

grade carbide. Two of the five materials (SiAlON and (Al2O3+TiC+TiN)) could be polished to

surface roughness (Ra) values less than 5 nm. All ceramic materials were capable of being sharpened

to edge radii less than 2 µm, which is less than the edge radius obtained for sub-micron grade

carbide. SiAlON is the most sharpenable material, with an edge radius of approximately 0.5 µm.

For effective application of the mandrel-based polishing process to fabricate accurate features and

smooth surfaces, a thorough experimental analysis of the radial and axial motions of the electrically-

driven hybrid-ceramic-bearing UHS spindle used on the dual-stage polishing test-bed was seen to

be essential. Due to the lack of a reliable spindle-metrology technique that could be applied to UHS

spindles, a laser Doppler vibrometry (LDV)-based methodology for measuring the axial and radial

error motions of UHS spindles was developed. The axial and radial motions were measured from

the surface of a custom-fabricated sphere-on-stem precision artifact. A measurement setup and an

alignment procedure were used to align three laser beams in a mutually orthogonal fashion, where

the axial laser beam was aligned to coincide with the axis average line. The measured axial and

radial motions were post-processed to obtain the synchronous and asynchronous components of the

axial and radial error motions in both fixed-sensitive and rotating-sensitive directions. The sources

and amounts of uncertainties in measuring the motions and in calculating the error motions were

then analyzed.

A thorough experimental analysis of the radial and axial motions of the electrically-driven

hybrid-ceramic-bearing miniature UHS spindle used on the dual-stage polishing test-bed was con-

ducted using the LDV-based spindle metrology technique. The effect of temperature cycling and

artifact over-hang length on the spindle motions were analyzed at different spindle speeds. The

repeatability of artifact (tool) attachment to the collet and the associated effect on spindle motions

were also studied. Some of conclusions that can be drawn are:

• Even under steady-state conditions, the on-off nature of the coolant controller imposes a cyclic

behavior to spindle temperatures, which results in up to ±30% variation in synchronous radial

error motion value, and up to ±40% change in the fundamental axial error motion amplitude.

• The fundamental component of the radial motions is dominated by the quasi-static effects of

the centering errors for speeds up to 100 krpm. Above 100 krpm, the dynamic effects become
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dominant, resulting in increased amplitude at higher spindle speeds.

• The synchronous components of the radial motions vary strongly with the spindle speed. Both

the shape (orbit) and amplitude of these motions change significantly with the spindle speed.

Furthermore, the effect of spindle speed is confounded with that of the over-hang length.

• A majority of the asynchronous axial and radial motions of the spindle arise from the bearing

frequencies, which result in a linear shift in dominant frequencies with the spindle speed.

Few other dominant frequencies are also observed, which may be arising from the natural fre-

quencies of the spindle, artifact and/or structure. The over-hang length also has a significant

effect on asynchronous radial motions.

• The synchronous axial error motions are highly sensitive to the spindle speed. At speeds

below 90 krpm, the motions are dominated by multiple harmonics, whereas above 90 krpm,

the motions are mainly composed of the fundamental axial error motion. The synchronous

axial error motion values do not vary with the over-hang length. Two peaks were observed

at 130 krpm and 70 krpm with values of 2 µm and 750 nm, respectively. At all other speeds,

the synchronous axial error motion values are less than 500 nm.

Certain speed/over-hang length combinations were identified that could potentially induce signifi-

cant dimensional errors, shape distortions, and surface roughness to the polished surfaces. Hence,

this analysis provides a basis for selection of favorable process conditions for effective application

of the mandrel-based polishing process.

The developed UHS spindle-metrology technique was advanced further by implementing error-

separation methods to remove the artifact form error and quantify the true spindle error motions.

Two different error separation techniques were implemented - Multi-Orientation Technique and a

slightly modified Donaldson Reversal Method. For the implementation of the multi-orientation

technique,

• The harmonic range of the bandwidth increases in a highly non-linear fashion when the

number of orientations is increased.

• The average range of variation of the artifact form errors reduces significantly as the number

of orientations increases. Based on the desired level of repeatability for the calculation of the

artifact form error, we can choose the minimum number of orientations required to attain

that level.
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• Even though the artifact form errors on the sphere and stem portions are significantly dif-

ferent (up to ten times), the spindle error motions obtained from both locations (that are

axially offset by ≈ 3 mm) are very similar in shape and magnitude, thus demonstrating the

effectiveness of the technique.

• By using the form error at 40 krpm as a template, spindle error motions at ultra-high speeds

were successfully quantified along both the fixed-sensitive (X, Y ) and rotating-sensitive di-

rections at 90 krpm, 120 krpm and 150 krpm.

The slightly modified Donaldson reversal method has also been shown to be quite effective in

the removing the artifact form error at speeds up to 80 krpm.
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Chapter 9

Future Work

The research conducted as part of this thesis has to be extended further in order to successfully

fabricate accurate single-crystal diamond and ceramic micro-endmills in a repeatable fashion. Cer-

tain specific tasks have to be completed in the near-term to ensure that the potential high-impact

nature of this work is realized. These tasks are described in the following sections.

9.1 Further Refinements to Multi-Orientation Technique for UHS

Spindles

The implementation of the multi-orientation technique presented in this work has worked quite well

in separation of artifact form errors. However, there are currently certain open issues that need to

worked upon.

Specific objectives of this work are:

• Improving the accuracy of the relative angle measurement through more robust pattern-

matching algorithms and fabrication of accurate physical marks.

• Using infra-red- and laser-based sensors to provide angular reference triggers every revolution

that could be used for angle measurement as well as for synchronizing the data.

• Comparing the form errors obtained using this technique with a direct roundness error mea-

surement.
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9.2 Analysis of the Implementation of Donaldson Reversal Method

on UHS Spindles

Even though the Donaldson reversal method has been shown to successfully remove artifact form

error at ultra-high speeds, there were certain issues that we encountered during the experiments

that require careful analysis. Further, after resolving these issues, we need to use this technique to

determine the spindle error motions for various operating conditions.

Specific objectives of this work are:

• Resolve open issues that were encountered during the initial experiments.

• Conduct measurements to separate the artifact form errors from sphere-on-stem and cylin-

drical artifacts to obtain the true spindle error motions.

• Characterize the true spindle error motions at different spindle speeds and over-hang lengths.

The Donaldson reversal procedure should be implemented on the electrically-driven hybrid-

ceramic-bearing UHS spindle to be used for mandrel-based polishing. The procedure should be

implemented with different types of artifacts, at different overhang lengths and spindle speeds.

The experimental matrix for these tests is given below (Table 9.1). For each case, the procedure

should be carried out at least ten times to study the repeatability in error separation.

Table 9.1: Experimental matrix for Donaldson reversal studies.
Artifact Type sphere-on-stem artifact, cylindrical carbide blank

Spindle Speeds 40 krpm - 160 krpm, in steps of 10 krpm

Over-hang length 7.5 mm, 15 mm

All artifacts should be attached to the spindle with the same collet-torque. For a given artifact,

spindle speed and over-hang length, differences in the true spindle error motions are due to issues

with the repeatability of the procedure and of the artifact attachment to the spindle. If the

differences are negligible, then comparisons should be made across different over-hang lengths and

artifact types. In all cases, the polar plots of the synchronous radial error motions and synchronous

radial error motion values should be used as comparison metrics.
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9.3 Studying the Effect of Spindle Error Motions on Polishing

Accuracy

To understand the effect of axial and radial error motions on the geometric accuracy and surface

roughness of the polished surfaces, numerical simulations should be conducted using the measured

spindle error motions as an input. The polished surfaces should be generated through the simulation

by taking into account only the polishing process kinematics with no forces/dynamics. These

generated surfaces should be analyzed to correlate the influence of spindle error motions on the

form errors and surface roughness at various polishing speeds.

9.4 Understanding Polishing Behavior of Single-crystal Diamond

and Ceramics

A thorough understanding of the polishing characteristics of single-crystal diamond and ceramics

when polished using the mandrel-based polishing process is essential to create smooth surfaces,

sharp cutting-edges, and accurate micro-scale features on the respective materials.

Specific objectives of this work are:

• To experimentally correlate the polishing forces, geometric characteristics, and polishing

rate/mandrel wear as a function of polishing parameters during mandrel-based polishing

process of single-crystal diamond and ceramics.

• To develop semi-empirical mechanistic models of the mandrel-based polishing process for

single-crystal diamond and ceramics in order to predict the polishing forces, polishing rates,

surface roughness, polishing-tool wear, as a function of the polishing parameters.

Based on literature [36], the best edge radius is obtained with a tool orientation that has the rake

and flank faces being the cube plane {100}. For the scope of the experiments that are envisioned

in this work, the crystallographic orientation of the faces being polished should be restricted to the

{100}. Two different sets of studies should be conducted to understand the polishing characteristics

of single-crystal diamond.

The first set of studies should be conducted to investigate the effect of polishing directions on

the {100} planes. In this study, single-crystal diamond workpieces should be polished along two

of the {100} planes – (100) and (010). On each plane, the polishing direction should be changed
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in discrete steps of 30o to obtain a total of 12 different polishing directions. For each plane, two

different workpieces should be polished to ascertain repeatability. The polishing forces, polishing

rate, polished surface roughness, and the polishing-tool wear should be studied. The mandrel

type, the polishing speed, the size of abrasive particles, and the polishing path should be kept

constant. The desired outcome of this study is an experimental understanding of the effects of

polishing direction (crystallographic orientation) on polishing rate and surface roughness during

mandrel-based polishing of single-crystal diamond.

The second set of studies should be conducted to analyze the effect of polishing parameters,

while keeping the crystallographic orientation of the polished faces constant. This should be done

by polishing the adjacent {100} faces – (100) and (010) in the “optimal” directions (the “optimal”

direction should be the one that provides the lowest surface roughness) to obtain a cutting edge.

The polishing parameters that should be studied include the mandrel-type, polishing speed, the

polishing depth, polishing feed rate, the size of abrasive particles, the polishing motion path, the

polishing configuration relative to the edge, and the crystallographic orientation and direction (for

diamond). A family of potential test conditions using which the experimental test matrix should

be created is provided in Table 9.2. Each test should be repeated twice ensure the repeatability of

the results.

Table 9.2: Experimental matrix for studying the effect of polishing parameters on single-crystal
diamond.

Mandrel Type Diamond-paste charged cast-iron, Bonded

Polishing Speed (m/sec) 20, 40

Prescribed polishing depth per pass (nm) 50, 100

Prescribed cross-feed rate (mm/sec) 1, 5

Size of abrasive particles (µm) 0-2, 5-10

Polishing motion path Straight back-and-forth, Circles with discrete steps

Polishing configuration relative to the edge Perpendicular, Parallel

The response parameters should include polishing forces, polished surface roughness, edge sharp-

ness and condition, polishing rate, and the polishing-tool wear. The main and interaction effects of

the polishing parameters on the response parameters should be analyzed. The desired outcome of

these polishing tests is to obtain a thorough understanding of the mandrel-based polishing process

when used in polishing single-crystal diamond.

A similar set of studies (as shown in Table 9.2 should be conducted on tool-grade ceramics as

well.

163



9.5 Fabrication and Evaluation of Single-crystal Diamond Micro-

endmills

Using the understanding obtained through the polishing studies, following these studies, complex

micro-endmill geometries should be fabricated using the mandrel-based polishing process. The

overall effectiveness of the process in creating functional endmills with accurate geometries (include

the cross-sectional form, size, and aspect ratio) and sharp edges should be evaluated.

The specific objective of this work are:

• To plan the kinematics of the polishing process to efficiently fabricate single-crystal diamond

micro-endmills.

• To perform cutting tests in order to evaluate the fabricated micro-endmills.

All of the micro-endmills that are planned to be fabricated include single straight cutting edges.

Two different tool-designs with complex geometries should be considered, with a tool-diameter

between 250 µm – 500 µm and an aspect ratio between 1.5 – 3. Each micro-endmill should be

evaluated for geometric accuracy (form, waviness, surface roughness), edge sharpness and edge

condition.

The fabricated endmills should be evaluated by conducting micromilling tests on different mate-

rials such as PMMA and naval brass. Full immersion cuts should be performed on each workpiece

for each tool. The cutting forces, surface roughness of the machined surface, and the burr formation

should be evaluated.
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