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Abstract

There is a growing demand for miniature, high-precision components and devices with micro-scale

features for applications in biomedical systems, aerospace structures, and energy storage/conversion

systems. Mechanical micromachining has become a leading approach to address this demand. In

micromachining, a micro-scale cutting tool, such as a micro-endmill with a diameter as small as

10 µm, is rotated by an ultra-high-speed (UHS) spindle (speeds greater than 60,000 rpm, reaching

up to 500,000 rpm) to mechanically remove the material from a workpiece. Although microma-

chining resembles the traditional computer numerically controlled (CNC) machining processes, the

micron-scale cutting tools, ultra-high-speed (UHS) spindles, and considerably tighter tolerance re-

quirements bring unique challenges to micromachining.

A specific challenge related to the process accuracy and reproducibility is the characterization

of the non-ideal motions of the micro-tool tip when rotated using UHS spindles. The tool tip

trajectory dictates both the dimensional accuracy and the surface roughness of micromachined

features, and thus, must be well-characterized to satisfy the stringent quality requirements. The

deviation of the tool tip trajectory from the ideal trajectory arises from (1) geometric errors of

the micro-tools; (2) imperfect interfaces within the tool-collet-spindle assembly (resulting in setup

errors); (3) manufacturing errors of the spindle (imperfect bearings, non-straightness of the spindle

shaft); (4) the changes in spindle’s structure (deflections) and bearing preloads when forces from

machining are in effect; and (5) vibrations caused by the system components or environmental

effects. Although many works in the literature have addressed the aforementioned aspects towards

understanding the errors in tool-tip trajectory for macro-scale machining processes, very limited

effort has been devoted to addressing those for micromachining with its unique challenges. As

such, a comprehensive understanding of tool-tip error motions and their effect on dimensional and
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surface quality parameters in micromachining is still lacking.

To address this need, the objective of this doctoral research is to develop experimental

methods and the associated analysis tools to characterize the non-ideal motions of the tool tip, as

well as to evaluate the impact of those motions on dimensional and surface quality of micromachined

features. The non-ideal tool tip trajectory is described by the radial throw, which refers to the

radial motions of the tool axis as well as those reflected at the individual cutting edges of the

tool. We address our research objective through four thrust areas: (1) Development and evaluation

of a measurement approach to characterize the spindle-speed-dependent radial throw when using

an UHS spindle; (2) Characterization of changes in radial throw under static loading of the UHS

spindle; (3) Development of a measurement approach and a statistical characterization of geometric

errors of micro-tools; and (4) Development of a simulation tool to determine the effect of radial

throw on the dimensional and surface quality of the micromachined features. Each of these thrust

areas are briefly described below.

First , a measurement approach to obtain magnitude and orientation of radial throw at the tool-

tip is developed. The approach involves measuring the radial throw using laser Doppler vibrometers

(LDVs) from two axial locations on the tool shank at a given spindle speed, and then using a vectorial

approach to calculate the radial throw at each cutting point along the cutting edges of the micro-

tool. To this end, a method to relate the orientation of radial throw with respect to the cutting

edges of the microtool is devised. The developed approach is experimentally validated by comparing

predicted and measured radial throw at the tip of a custom-fabricated microtool blank. Following

the validation, radial throw at tool-tip for a commercial microtool is experimentally studied for

a range of operating conditions, viz., varying spindle speeds, tool attachment/detachment cycles,

and thermal cycling of the spindle. The uncertainty of the approach is also evaluated through a

statistical analysis. Finally, an approach to relate the speed dependence of radial throw to the

dynamic response of the spindle is proposed and demonstrated.

Second , the changes in radial throw arising from static loading of the spindle is studied. It is

well known that loads applied on a spindle can alter its motion and error characteristics. Since

such loads are present in micromachining processes (thrust and radial forces), understanding the

changes in radial throw arising from axial and radial loading of the spindle is important. To this

end, we created an experimental facility, where radial and axial loads are applied to the spindle

using permanent magnets, which enable providing controlled and repeatable forces to the spindle

in a non-contact fashion. To aid in selection of magnet type, dimensions and its placement, a

finite-element based model of magnet-to-magnet and magnet-to-artifact interactions is developed

in COMSOL Multiphysics and experimentally validated. The effect of external loading on all fre-

quency components of radial throw (i.e., fundamental, synchronous and asynchronous) are studied.
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The results are presented in both the time and the frequency domain.

Third , a metrology approach to assess the geometric errors of microtools is developed and

demonstrated. The geometric errors of microtools, particularly the misalignment between the

shank and tool-tip axis and inaccuracies of the positions of cutting edges, directly affect the tool-tip

motions. An optical approach including high-magnification objectives and high-resolution rotary

states is used for measuring tool geometry in three-dimensions. Novel measurement approaches

and post-processing techniques are developed to measure the geometric axis of the tool-shank and

the axis-offset between the shank and the fluted region of the microtool.

And fourth , results from different error sources are combined to obtain the total radial throw,

and its effects on dimensional and surface quality parameters of the micromachined features are

studied through numerical simulations. A three-dimensional tool model (with geometric errors)

is considered, where the radial throw is calculated and added at each axial location to accurately

represent the trajectory of the cutting edges. The magnitude and orientation of radial throw is

varied (corresponding to experimental observations) to evaluate its effects on peripheral (sidewall)

surface roughness, dimensional errors and changes in the uncut chip thickness.
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CHAPTER 1

Introduction

This chapter introduces the thesis by presenting the research motivation. The subsequent section

provides a brief background on the radial throw and its components, per ISO 230-7:2015. This is

followed by a brief overview of the literature on (a) the measurement of radial throw/run-out when

using miniature ultra-high-speed (UHS) spindles, (b) the measurement of spindle error motions in

UHS spindles, and (c) the evaluation of manufacturing errors in micro-tools, is presented. Lastly,

research objectives for the thesis work are outlined followed by research contributions.

1.1 Research Motivation

Mechanical micromachining processes, such as micromilling, have been increasingly used by many

industries to manufacture meso- and micro-scale parts and devices with three-dimensional (3D)

micro-scale features [1–4]. In micromachining, micro-scale (as small as 10 µm in diameter) cut-

ting tools are used to create the features on high precision miniature machine tools (MMTs) (see

Fig. 1.1(a)-(d)). MMTs are commonly equipped with an ultra-high speed (UHS) spindle (>60,000

revolutions per minute) to attain the effective material removal rates while using micron-scale

tooling (see Fig. 1.1(e)). Although micromachining is perceived as a scaled-down version of con-

ventional machining, the smaller cutting tools and higher spindle speeds bring critical and unique

challenges to application of micromachining .
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Figure 1.1: A miniature machine tool (MMT): (a) the physical setup [5], (b) a micro-endmill, (c and d)

parts fabricated with MMT [6], (e) an ultra-high-speed spindle [7], and (f) the tool-tip during rotation of the

spindle [8].
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Absolute tolerance requirements for micromachining processes are very strict due to micron-

scale dimensions of the fabricated features. One of the key issues that affects the accuracy of a

micromachining process is the unideal trajectory of the cutting edges at the tool tip (see Fig. 1.1(f)).

The motion at the cutting edges of the tools rotated in the UHS spindles is highly correlated with the

attainable dimensional accuracy and surface roughness, as well as with the cutting forces [9]. One

of the major contributors to dimensional/form errors and surface roughness of the micromachined

features is the radial throw of tool-axis. In contrast to run-out, which is the total displacement of a

rotating surface within a full rotation at a given axial location along a given direction (as described

in [10]), radial throw of an axis depends on the rotational angle and indicates the instantaneous

position of geometric axis at a given axial location [10].

The radial throw (of tool axis) translates to each cutting point of the micro-tool through an

orientation angle, and causes the deviation of the trajectory of that cutting point from the ideal

trajectory (i.e., a circular trajectory with a diameter equal to the tool diameter at that cutting

point). In micromachining, the magnitude of radial throw can be commensurate with the prescribed

feed value. Hence, in addition to impacting practical aspects of dimensional, form, and surface

accuracy, radial throw also alters the instantaneous chip thickness significantly [9], and thus, is

critical for process-modeling efforts. However, accurate determination of radial throw at the cutting

points is very challenging due to the micron-scale tool dimensions and high rotational speeds used

in micromachining processes.

The effect of radial throw can be seen via the output quality of the micromachined components

and the resulting tool-wear. Figure 1.2 presents the motion at the tip of a micro-tool during a slot

milling operation. In the ideal case, the cutter produces a trajectory with a diameter equal to the

tool-diameter (Fig. 1.2(a)-(c)). However, in the presence of radial throw, the trajectory is altered

and in consequence, one cutting edge participates more than the other (see Fig. 1.2(d)-(f)). This

is further highlighted by comparing the machined slots with a simulation, and also confirmed by

the one-sided tool wear. In this case, an average radial throw of 10 µm could introduce a 17.75 µm

dimensional error in the machined part, apart from affecting the resulting surface quality.

The deviation of the trajectory of a cutting point from its ideal trajectory results from both

the kinematic and dynamic errors [10, 11]. The kinematic errors arise from the geometric inaccu-

racies of the tool-collet-spindle assembly, as well as of the interfaces between the components of

the assembly. When measured at low rotational speeds, the radial throw only reflects those geo-

metric inaccuracies. On the other hand, dynamic errors arise from the rotation of the spindle (i.e.,

spindle error motions) and associated dynamic response (i.e., rotating unbalance and the associ-

ated dynamic response of the assembly), thereby rendering the radial throw speed-dependent [12].

Furthermore, since the dynamic behavior of the assembly is not axisymmetric at every frequency
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Figure 1.2: Machining (feed) marks and the associated tool wear: (a) an unused micro-endmill, (b)-(c)

feed marks without radial throw, (d)-(e) feed marks showing greater participation of one cutting edge, and

(f) one-sided tool wear.

( i.e., it is not identical in two mutually-perpendicular directions), the form of the radial throw

will deviate from a circular trajectory at those frequencies [11–13]. As a result, for UHS micro-

machining processes, the radial throw must be measured at different spindle speeds simultaneously

along two mutually-perpendicular directions, and the contributions to the radial throw from the

tool-collet-spindle assembly and the dynamic response should be understood. As such, novel mea-

surement and analysis approaches are needed to quantify the kinematic and the dynamic errors to

fully understand the dynamic tool-tip trajectory (i.e., speed-dependent radial throw) when using

ultra-high-speed spindles.

The trajectory of cutting points also deviate from the ideal when the tool-collet-spindle assembly

experiences external load during micromachining . Such loads (or forces) are applied in both the

thrust (axial) and the radial directions. Accordingly, to understand the changes in radial throw

arising from axial and radial loading of the spindle, measurements must be conducted both with

and without loading.

In addition to the external loads, any inaccuracies in the geometry of a micro-tool, particularly

the misalignment between the shank and tool-tip axis, directly alters the resulting trajectory of the

cutting points. Therefore, the micro-cutting tools must be characterized for geometric inaccuracies
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that affect the trajectory of the cutting points.

To summarize, to gain a complete understanding of the dynamic tool-tip trajectory, novel mea-

surement and analysis approaches are required to obtain the speed-dependent radial throw, both

with the without forces along with the tool-geometry errors. Furthermore, their effects on the

resulting dimensional accuracy, sidewall surface roughness and changes in the uncut chip thickness

should be quantified.

1.2 Background

In this section, we review the definition of the radial throw of tool axis and how it is different from

the traditionally run-out definition. Further, the radial throw is divided into various components

and a review of the terminology used to classify them is presented. This classification is conducted

in both the angular and the frequency domain for complete understanding. The frequencies are

typically specified as undulations per revolution (UPR) [14] for rotational systems (i.e., rotational

or fundamental frequency = 1 UPR etc.).

To describe the radial throw of the tool axis, first, an axis average line is defined. The axis

average line is defined as a straight line segment representing the average location of the axis of

rotation over one of more revolutions [10]. An xyz cartesian reference frame is set up such that

the z axis coincides with the axis average line. Motions perpendicular to the z-axis (i.e., motions

projected to the x − y plane) are defined as radial motions. According to the ISO standards [10],

radial throw of a rotary axis at a given point is defined as the “distance between the geometric axis

of a part (or test artifact) connected to a rotary axis and the axis average line, when the two axes

do not coincide.” This is further explained using Figure 1.3.
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Figure 1.3: Difference between the radial throw of tool axis and the run-out is highlighted: (a) 2D trajectory

of radial throw at various x−y planes, (b) radial throw magnitude ρ(θ) and orientation η(θ), and (c) a sample

run-out measurement.
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Figure 1.3(a) describes a tool-axis q rotated along an axis Oz. Ideally, the tool-axis coincides

with the rotation axis; presence of radial throw causes the tool-axis to deviate from its ideal position.

The instantaneous position of tool-axis at a particular x− y plane is described by a vector OzB in

Fig. 1.3(b). This instantaneous vector is termed as radial throw of tool-axis, and is a function of

rotation angle θ.

Where radial throw ρ = ρ(θ) provide instantaneous trajectory of the tool axis (i.e., it depends

on the rotational angle θ), run-out (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, and

along a specific direction during one or more revolutions of the spindle (see Fig. 1.3(c)). Therefore,

analysis of the trajectory at the tool-tip is best conducted through determination of the radial

throw.

Motion at the tool-tip
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Figure 1.4: Motion at the tool-tip and its components at various frequencies.

The radial throw (of tool axis) at the tool tip can be divided into different frequency components.

Such a classification is presented in Fig. 1.4 by means of a flowchart. This flowchart is supported by

a schematic diagram in Fig 1.5 representing an average motion (or trajectory Ti) of tool axis over

multiple revolutions in an x− y plane. In an ideal case, the tool axis will coincide with the z-axis

which is represented by a point TI . Next, the quasi-static fundamental motion (i.e., 1 UPR) is

generated as a result of inaccurate tool-attachment and once-per-rev component of tool-geometric

errors, which is represented by TQS . This trajectory further extends to TD to include the dynamic

effects arising from the rotation of the spindle. These dynamic effects include rotating unbalance

effects, response to frequency response functions of the spindle and once-per-rev component of

structural vibrations.
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The high-frequency components (i.e., n UPR, where n 6=1) of radial throw contains the error

motions of the spindle and the structural vibrations. The sources of spindle error motions are

discussed here in brief. A spindle, in kinematic terms, is a device constrained in five degrees of

freedom (3 translations and 2 rotational). Therefore, an ideal spindle only contains a single degree

of freedom, i.e., pure rotation. However, to provide stiffness, it is over-constrained through line

contacts provided by spindle bearings and housing, that results in small motions in each of the

constrained degrees of freedom. These give rise to spindle error motions. These error motions

can also be caused as a response to an external influence, such as thermal gradient, applied forces,

external vibrations etc. As these quantities change when the spindle speed changes, therefore,

spindle error motions are strongly dependent on spindle speed. They can be further classified into

synchronous error and asynchronous error components [10]. The synchronous error component is

obtained by taking a mean of the tool-tip trajectory over the number of revolutions (shown as

TDS). This synchronous error motion component can be subtracted from each revolution of the

measured data to obtain the asynchronous error motion component (not-shown).

xO
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T

QS
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Figure 1.5: Evolution of the trajectory of the radial throw.

The radial throw measurements are typically conducted by using a precision test artifact rotated

on the spindle. The motion of the tool-axis is then measured using a displacement measurement

instrument. Since the instrument only captures the deviation in the radial direction, it is insensitive

to the actual diameter of the part or test artifact. For this reason, the deviation directly reflect

the motion of the tool-axis and/or the form error of the artifact, at the measurement plane. These

motions may decomposed into various frequency components such as fundamental, synchronous

and asynchronous. It is noted that the relative contribution of the various frequency components
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depend on the type of spindle, collet and tool combination.

Figure 1.6: Spindle error motions: synchronous and asycnhronous [15].

There are a number of ways to quantify the fundamental component of radial throw. Lu et. al.[11]

considered the elliptical trajectory as a sum of two vectors rotating in opposite directions at 1 UPR.

Alternatively, the elliptical motion can be described by three distinct variables (major-axis, minor-

axis, and ellipse orientation, i.e., orientation of the major-axis with respect to the x-axis). The

quantification of synchronous and asynchronous error motions is standardized by [10]. 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. 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 (see Fig. 1.6). Similarly, the range of asynchronous error motions

is quantified by a 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.” This method is susceptible to outliers in the measured data and can over-estimate the

range. For this reason, as asynchronous error motions typically show a normal distribution, a ±3σ

band centered around zero provides a more robust estimate of the range of asynchronous error

motions values.
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1.3 Literature Review

1.3.1 Radial throw/run-out in micro-machining

This section reviews literature towards the identification of fundamental component of radial throw

or the traditionally measured run-out. A number of approaches have been presented in the literature

in the context of determining run-out when using micromachining spindles. Many researchers used

static measurement methods (e.g., dial-gage and optical microscope based techniques) to measure

run-out from the surface of the tool-shank (see Fig. 1.6(a)) or by observing the tool from the top,

as the tool is rotated by hand [8, 16–19]. However, those methods failed to capture the speed-

dependent behavior of radial throw, which was shown to have significant effect on radial throw

magnitude [12].

A few studies attempted to address this issue by estimating dynamic run-out using indirect

methods such as analysis of cutting forces [20, 21] or machining marks [22]. In case of estimation

through observed machining forces, a mechanistic model is used with run-out as an unknown

parameter. The run-out values that best fits the model is considered. For example, in Fig. 1.7(b)

And in the case of estimating run-out from the machining marks (see Fig. 1.7(c)), the maximum

diameter of the machined hole is considered as run-out. However, those indirect methods have

yielded poor accuracy results, mainly due to the lack of effective approaches to measure output

parameters (e.g., cutting forces) with sufficiently high accuracy and to isolate the run-out from

other parameters (e.g., elastic deflections of the micro-tools and workpiece material variability)

from the measurements of cutting forces and/or feed marks.

(b) (c)

(a)

Figure 1.7: Indirect methods to obtain run-out: (a) using dial gage [8], (b) estimating through machining

forces [21], and (c) by observing machining marks [22].
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A few researchers have adapted high-accuracy measurement approaches to obtain and analyze

the radial motions of rotating artifacts and/or micro-tools at varying spindle speeds. Liu et. al.[23]

used a capacitive probe based method to measure run-out and the orientation of the maximum

radial throw (which they referred to as the run-out) from a single point on the tool shank at vary-

ing spindle speeds. Similarly, Anandan et. al.[24] conducted radial measurements from a single

point on the surface of a custom-made sphere-on-stem precision artifact using an LDV-based tech-

nique, and analyzed speed-dependent fundamental (one-per-rev) and spindle-error (synchronous

and asynchronous) motions from those measurements. More recently, Lee et. al.[13] developed a

optical system utilizing curved-edge diffraction to measure radial throw profile at a single location

on the tool-shank at 3200 rpm spindle speed. Although those measurements captured the effect

of spindle speed, since the tilts and cutting-edge orientations (with respect to the measured radial

motions) were not obtained, they did not satisfy the requirements for accurate and comprehensive

measurements of the radial throw.

Figure 1.8: Capacitive probe used by [23] for run-out measurement.

Jun et. al.[25] performed single-axis measurements of run-out at multiple points on the surface

of the micro-tool shank using a capacitance probe. From those measurements, they predicted the

run-out and its orientation at the micro-tool tip to calculate the instantaneous chip loads toward

investigating the dynamics of micromilling. They considered the contributions of the eccentricity

and tilt in tool-attachment, and the additional eccentricity resulting from the tool-geometry errors.

More recently, Anandan et. al.[26] used an LDV based technique and conducted measurements at

two different axial planes on the surface of a cylindrical gage pin for obtaining the tilt information
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in addition to the radial motions. Although the aforementioned studies provided a foundation

for measuring radial motions from micro-tool surfaces, a comprehensive, experimentally validated

approach to determine the radial throw at each cutting point and the associated analysis to reveal

the effects of spindle speed, dynamics, and statistical variation of radial-throw parameters has yet

to be completed.

1.3.2 Spindle error motions in ultra-high-spindles

This section focuses on identification of high frequency (both synchronous and asynchronous) com-

ponents of radial throw for miniature UHS spindles. Although this thesis focuses on the micro-scale

spindles used for micro-machining applications, it is worth mentioning the Spindle Error Analyzer

(SEA) − a commercial product to measure radial throw and its components in macro-scale spin-

dles. This system uses multiple capacitive probes for displacement measurements on a macro-scale

test artifact attached to the spindle. The system outputs both the synchronous and asynchronous

motions as well as tilt error motions which can be used to determine resulting error motion at the

tool tip. However, the capacitive sensors used in SEA cannot be used for accurate determination

of radial throw in the case of miniature spindle systems. This is due to the non-linearity of the

charge between a curved surface and a flat plate (sensing area) and a curved surface (measuring

target area) and the effective sensing area being larger than the measuring target area [27, 28].

One of the important aspects in accurate determination of spindle error motion is the separation

of artifact form errors. As mentioned earlier, the displacement measurement is insensitive to the

diameter of the test artifact used for the measurement, but it is sensitive to the high frequency

form errors of the test artifact. As depicted in Fig 1.9 [29], depending on the surface smoothness

of the artifact, the artifact form errors can be comparable or an order of magnitude higher than

the spindle error motions. Therefore, accurate measurement of spindle error motions necessities a

procedure to separate the artifact form errors from the displacement measurements. In this regard,

various techniques have been developed in literature for error separation, that can be classified into:

(1) reversal techniques, (2) multi-probe techniques, and (3) multi-step techniques. A thorough

description of these techniques is provided in [30].
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Figure 1.9: A multi-step error separation method implemented by [29] where both sphere and stem portions

are part of a custom made sphere-on-stem precision artifact.

To solve the limitation of the capacitive-type displacement sensors, some optical measurement

systems are discussed in literature to measure the spindle error motions in micro-scale spindles.

Fujimaki et. al.[31] used an optical measurement method based on auto-collimation, which evaluates

the radial error motion according to the movements of a laser beam reflected from a target sphere

attached to the spindle end. Similarly, Murakami et. al.[32] developed an optical measurement

system using a rod lens, a ball lens and photo-diodes for simultaneous measurement of five-degree-

of-freedom error motions of an UHS spindle. However, both the techniques do not separate the

form errors of the test artifact which significantly affects the measurement accuracy.

A few studies attempt to separate form errors of the test artifact towards accurate measurement

of spindle error motions in UHS spindles. Castro [33] used a high-precision sphere as test artifact

and developed a laser interferometery based measurement technique to measure the radial error

motions of the spindle. The roundness of the sphere (12 mm diameter) was measured using a high

accuracy roundness tester and the profile is input to the software for subtraction. More recently,

Anandan et. al.[29] implemented a multi-orientation error separation technique to separate the

artifact form error using laser Doppler vibrometers. The radial error motions were quantified at

various spindle speeds. These studies are promising in obtaining the true spindle error motions of

the UHS spindle after separating the form errors of the artifact. However, in both the studies, the

error motions are measured under no load conditions. When an external load is applied, such as the

forces experienced during micromachining processes, a change in the behavior of error motions could

be observed [34]. Furthermore, the amount of changes in the error motions could be different at

different rotational speeds [29]. Therefore, a complete understanding of spindle behavior demands

the error motions to be measured and quantified under a range of loading conditions and at various
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rotational speeds.

Few studies in literature discusses the effect of loading on error motions of a macro-scale spindle.

Sharma and Patterson [35] loaded upper and lower bearings of a macro-scale spindle by applying

static load in axial direction and studied axial and radial spindle error motions. The axial error

motions remain unchanged on application of external loads up to 140lbs. Similar behavior was

obtained for asynchronous radial error motions except for measurement at 1000 rpm where ap-

preciable increase was noticed on loading. ASME B89.3.4M [36] prescribes the use of master axis

method to load spindle for dynamic compliance measurements. In [34], master axis was used to

characterize radial spindle error motions of a macro-scale spindle under load. In this work, a master

axis was attached to the rotor of the spindle under test via a rigid connection. Static load was

applied to the stator of the master axis, kept stationary, to load the spindle in radial direction. The

characteristics of synchronous error motions were found to vary with load as well as with spindle

speed. However, in case of UHS spindles, the use of master axis is not suitable as the radial stiffness

of these spindles are very low and in many cases, ambiguous. Even a slight misalignment with the

master axis would cause permanent damage to the spindle bearings. Hence, a non-contact loading

approach is required.

In conclusion, there are many different approaches discussed for the measurement of error mo-

tions of in UHS spindles. Yet, none of the studies focused on spindle error motions under the

application of external forces. Further, there is a lack of well characterized loading devices to apply

non-contact loading to the generally fragile UHS spindles. Therefore, it is important to develop

non-contact static loading approaches to study the effect of external loading on the the spindle

error motions, and on the changes in the radial throw of tool axis.

1.3.3 Geometric errors in micro-tools

The last component in completely understanding the motion at the tool-tip is the tool-geometric

errors. Due to the complex nature of a micro-tool profile, there could be a large number of features

to assess. However, the features affecting the radial throw at the cutting edges include: (1) the

non-straight tool-axis, (2) the imprecise tool diameter, and (3) the inaccuracy in the location of

the cutting edges. Therefore, the methods discussed here are limited to the determination of the

selected features.

To estimate the contribution of tool-geometric errors, both online and offline methods are preva-

lent. An online measurement include measurement of effective tool diameter at the tip of the tool.

The effective tool diameter consists of both the radial throw of the tool axis and the tool-geometric

errors. On the other hand, in an offline measurement approach, the tool is measured outside of the
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machine tool spindle to measure/estimate individual geometric errors and are later combined with

the radial throw to obtain the dynamic tool-tip trajectory.

There are various approaches available in the literature for an online measurement of effective

tool diameter. Some commercial products such as tool-setters (e.g., Marposs) and vision systems

(e.g., Dyna Vision) are being used to measure effective diameter of the tool when it is installed on

the spindle. However, the usage of these commercial products are limited to low spindle speeds.

Inoue et. al.[37] proposed an optical method to measure the tool diameter using laser diffraction.

The results were promising when measured during hand rotation but not at spindle rotation speeds.

This could be due to low camera frame rate which is unable to cope up with the high spindle speeds.

For offline measurement, currently, the scanning electron microscopy (or SEM), appears to be the

most common tool of investigation used in assessment of tools [38]. With suitable post processing,

it can provide both the tool-diameter and the inaccuracy in the location of the cutting edges at the

tool-tip. Other approaches include some form of optical microscopy at high magnifications, followed

by post processing. The measurement of non-straightness of the tool is relatively challenging due

to complex 3D profile of the tool and micron scale tool diameter.

Marsh et. al.[39] characterized cylindrical micro-tools with 50 µm diameter and 1.5 mm in

length using scanning white light interferometery. In this work, they analyzed the surface of the

cylinder along its axis for inaccuracies in surface profile. Standard height and shape parameters

were computed from the roughness, waviness and form profiles. Because of the lack of rotation

arrangement, full 3D profile of the cylindrical tip could not be measured. Later Marsh et. al.[40, 41]

developed a precision instrument based on scanning probe microscopy for measurement of roundness

profiles of micro shafts. However, this procedure measures one cross-section at a time which could

be time consuming to measure the length of the shank portion, and is only limited to axially-

symmetric micro-components.

More recently, the focus variation based optical microscopy [42], in conjunction with a motorized

rotation stage, is able to capture the tool profiles in 3D. It does so by measuring multiple arcs of

the tool along its length, one at a time, and then stitches the data together with the help of

software capabilities. Such a measurement of a drilling tool is presented in Fig. 1.10. The standard

deviation of in the measurement of major radius of the drill was in the nanometer range. Thus,

focus variation based microscopy is seen as a strong contender to quantify non-straight tool axis.
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Figure 1.10: 3D dataset of a micro milling cutter [42].

From the presented literature, the common metrology equipment are only suitable for 2D mea-

surements and/or limited 3D profile measurement. The focus variation microscopy shows promise

in capturing the 3D profile of a micro-tool and therefore, more research is needed to assess the

technology and to develop appropriate measurement and post-processing techniques to extract the

geometric errors in the tool-axis and its contribution to the radial throw.

1.4 Research Objectives

To date, the dynamic tool tip trajectory when using UHS spindles has not been studied compre-

hensively. Prior research mainly focused on measurement of single-axis tool run-out, which cannot

be used to obtain instantaneous trajectory of the cutting edges of the tool. Towards gaining a bet-

ter understand and characterize the dynamic motions of the tool tip (dynamic tool-tip trajectory)

when using UHS spindles, the specific objectives of this doctoral research are:

1. Measurement and analysis of radial throw when using UHS spindles: An approach

to determine the trajectory of the cutting edges of a micro-tool in the presence of radial

throw is presented. The approach involves (1) a mathematical framework to determine the

trajectory of the cutting edges from measurements of the radial throw at two locations on

the tool shank (see Chapter 3), and (2) an experimental method, based on non-contact dis-

placement measurements, for simultaneous radial throw measurements on the tool shank at

two mutually-perpendicular radial directions (see Chapter 4). The dynamic response of the

spindle at different spindle speeds and its relation to the trajectory (form, magnitude, and

orientation) of the radial throw are investigated. A statistical analysis of radial throw param-
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eters for repeated attachment-detachment of a micro-tool on an UHS spindle is performed.

Subsequently, a study is conducted to determine the main contributors of the radial throw

orientation within the tool-collet-spindle assembly. The results are presented in Chapter 4.

2. Effect of static loading on the radial throw when using UHS spindles: As the

rotational motion (errors) of the spindle is expected to change when external loads (i.e.,

micormachining forces) are applied, an experimental method is devised to measure the spindle-

error motions when the spindle is under axial and radial loading. In this regard, a non-contact

force application setup is constructed using permanent magnets. For different loads, the

resulting changes in the radial throw components—fundamental (one-per-rev), synchronous

and asynchronous—are analyzed. The results from this study are presented in Chapter 5.

3. Assessment of geometric errors in microtools: The geometric errors of the microtools,

specially the non-straight tool axis, the variations on the tool diameter, and the inaccuracy

in the location of the cutting edges, directly affect the radial throw at (and the trajectory

of) the cutting edges. Accordingly, a measurement approach to to quantify the geometric

errors of microtools is developed. Subsequently, the mathematical framework presented in

Chapter 3 is also extended to integrate tool-geometric errors towards a precise determination

of the radial throw at the cutting edges of the tool. The results from this study are presented

in Chapter 6.

4. Effect of radial throw on the quality parameters of the micromachined part: This

study integrates the obtained knowledge (and results) from all the error sources and systemat-

ically studies their effects on dimensional and surface quality parameters of the micromachined

features through numerical simulations. A 3D tool model (with geometric errors) is created in

MATLAB where the radial throw is calculated and added at each axial location to accurately

represent the trajectory of the cutting edges. The results from this study are presented in

Chapter 7.

1.5 Research Contributions

The specific contributions of this thesis research include [43–48]:

1. A mathematical formulation to capture the radial throw at the tool-tip.

2. Development and validation of a laser Doppler vibrometer (LDV)-based methodology to mea-

sure speed-dependent radial throw (magnitude and orientation) at the tool-tip. Obtaining
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accurate measurements required design and installation of a epoxy-granite metrology frame

for low uncertainty measurements.

3. A simplified model to predict the speed-dependence of radial throw of the tool-axis based on

dynamic response of the UHS spindle.

4. Design and development of a novel magnet based loading setup to apply axial and radial

loading to the UHS spindles. This required implementation of a multi-probe error-separation

technique to remove the artifact form error and obtain the true spindle error motions.

5. A microscopy-based technique to measure the geometric errors (axis offset between the shank

and the tip portion) of the micro-endmills.

6. A MATLAB based 3D tool simulation to study the effect of radial throw on surface location

error (SLE), peripheral surface roughness and uncut chip thickness.
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CHAPTER 2

Design of a Metrology Frame for Low Uncertainty Measurements

2.1 Introduction

This task focuses on enhancing the accuracy and repeatability of LDV-based measurements by

reducing the effect of noise and vibrations originating from rotating spindle and surrounding envi-

ronment. Earlier, a measurement frame constructed from extruded aluminum (80-20 Inc.) pieces

was used on which the LDVs were mounted to characterize UHS micromachining spindles. The

vibration damping characteristics of aluminum frame is a concern when taking precise measure-

ments. Therefore, a material with better vibration damping than aluminum is considered, upon

recommendation by Dr. Gregory Vogl (NIST).

2.2 Material - Epoxy Granite

Polymer granite has excellent vibration damping characteristics compared to aluminum and other

structural materials such as cast iron and natural granite. It can be casted into any shape and

the cast can also be integrated with threaded inserts which provides a means to attach fix-

tures/instruments to the frame. A comparison of key mechanical properties for both aluminum

alloy (6105-T5) and epoxy granite (also known as Castinite [49]) is presented in Table 2.1.
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Table 2.1: Comparison of material properties between Al 6105-T5 and epoxy granite.

Property Al 6105-T5 Epoxy Granite

Density (kg/m3) 2700 2300

Modulus of Elasticity (GPa) 69 31

Poisson’s ratio 0.33 0.25

Damping ratio [50] ∼0.0004 ∼0.05

2.3 Frame Design and Analysis

The functional requirements for the metrology frame can be listed as:

1. Isolate the natural frequencies from the operating range of the spindle, between 800 — 3000

Hz.

2. Drive down the first ten natural frequencies of the frame below the lower bound (i.e., <800

Hz).

3. Modular design to mount various instruments.

4. The frame can be used as a machine tool frame at the end-of-life (i.e., completion of mea-

surements).

To achieve this, a number of different frame designs (see Fig. 2.1) were conceptualized and

subsequently analyzed in ANSYS. For each design, harmonic analysis was conducted to compare

the frequency response functions (FRFs). The frame is divided into 10-node tetrahedral elements

and is harmonically excited from the base between 1 — 3000 Hz (corresponding to speeds from 0 —

180,000 rpm). The response was measured at two different locations, points A and B, corresponding

to the LDV mounting positions (see Fig. 2.2). For each design, FRFs were generated for points A

and B from the simulation data. The design with the minimum number of peaks falling between the

spindle operating frequencies, i.e., 833 — 3000 Hz (which corresponds to 50,000 — 180,000 rpm)

is selected. After the selection of design, an design of experiments (DOE) study was conducted

by varying the major dimensions of the frame in order to minimize the amplitude of the peaks in

FRFs.
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Figure 2.1: Various frame designs considered for the analysis.

x

y

z

(a) (b)

Figure 2.2: Harmonic analysis of the frame (a) setup in ANSYS APDL, and (b) frequency response function

(FRF) at Point A along z-direction.
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2.4 Manufacturing and Testing

After selecting the design and finalizing the frame dimensions, detailed drawings were created with

appropriate location and orientation tolerances (see Fig. 2.3(a)). The metrology frame was man-

ufactured by Precision Polymer Casting, LLC and was installed on the vibration isolation table

replacing the existing aluminum frame. After installation, an experimental modal analysis was con-

ducted to find out natural frequencies of the frame. A modally tuned impact hammer (PCB 086B03)

was used to excite the structure and the response was measured with the help of a single-axis ac-

celerometer (PCB U352C66) placed close to the impact location. Three separate measurements

were taken from different locations corresponding to three mutually orthogonal directions (x, y

and z), as shown by the yellow dots on the frame in Fig. 2.3(b). An acceleration-to-force FRF

were obtained in each of the measurement direction and they were combined to get a resultant

FRF as shown in Fig. 2.4. From the FRFs, three distinct regions (I, II and III) were identified

which can lead to increased vibration amplitudes in the frame during measurements. Thus, during

experiments, we will be aware of these ranges which could increase the measurement uncertainty.

y-axis

z-axis

x-axis

(a) (b)

Figure 2.3: (a) One of the drawings for the frame indicating dimensions and tolerances, and (b) modal

testing after installation.
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Figure 2.4: Resuls from the modal testing of the frame.

2.5 Summary

1. A new spindle-metrology frame (and the associated auxiliary components) was designed to

reduce the noise and vibrations and their influence on the measurements, thereby, reducing

the uncertainties of the LDV-based measurement technique. All testbed components were

fabricated from cast epoxy-granite, which possesses superior vibration damping properties

with respect to commonly used structural materials.

2. An experimental modal analysis was conducted to determine the natural frequencies of the

structure. Based on the results, two ranges of frequencies within the frequency ranges of

interest were recommended to be avoided since those ranges could cause larger uncertainty

in measurements. Although the machining process may generate excitation beyond 3000 Hz

(higher harmonics), due to the large mass of the frame, it will be increasingly difficult to

excite it at higher frequencies.
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CHAPTER 3

Mathematical Framework to Determine Radial Throw

In this chapter, we present a general mathematical framework to calculate the trajectory of the

cutting edges of a microtool in the presence of radial throw. The framework uses a vectorial

approach that relates the radial throw measured at two distinct axial location of the tool-shank to

the radial throw at the tool-tip. Subsequently, the radial throw at the tool-tip is translated to the

cutting edges through an orientation angle.

3.1 Mathematical Description of Radial Throw

Figure 3.1 illustrates the end of a cutting tool rotated on a spindle. The tool rotates about an axis

z, which is referred to as the rotational axis or the axis average line. Two mutually-orthogonal axes,

x and y, defined perpendicular to the z axis constitute the plane illustrated in Fig. 3.1. As will

be described in the next section, x and y axes are our measurement axes. The radial throw of the

(tool) axis is defined by the vector ρ(z, θ), where θ is the angle of rotation of the tool (referenced

at the ”first” bottom cutting edge or C1) measured from the x axis and z is the axial location of

the z plane measured from the spindle nose. Subsequently, the trajectory of the mth flute pm, on

the z plane can be written as,

pm(z, θ) =
(
ρx(z, θ) + r cos(θ + 2π(m− 1)/n)

)
i+

(
ρy(z, θ) + r sin(θ + 2π(m− 1)/n)

)
j, (3.1)

where i and j are the unit vectors along the x and y directions, respectively. Variables ρx and ρy

are the x and y components of ρ, r is the radius of the cutting tool and n is the number of cutting
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flutes. The radial throw of each cutting point can be obtained by subtracting the actual trajectory

pm with the ideal one (i.e., circular trajectory with diameter equal to the twice the tool-radius).

At any rotation angle θ, the orientation of radial throw is denoted by ηz = ηz(θ) and is defined

as the counterclockwise angle from the reference cutting edge towards the radial throw vector at

a given axial location z. As described in the following section in this work, θ is determined from

separate angular measurements of the tool cutting edge with respect to a reference mark on the

tool shank.

C

xO’

y

C

C

C

η

r

ω ρ(θ)

θ

z

1

2

3

4

p
m(m=2)

Figure 3.1: Description of radial throw, ρ(θ). The magnitude of radial throw is significantly exaggerated

in this figure to help the visualization. Cm indicates the mth cutting edge.

Figure 3.2(a) describes the tool axis and its relation to the rotational axis z. The tool axis,

which is assumed to be straight, is defined with a vector q, which extends out of the spindle nose

(from point A). The eccentricity vector, e, is the radial throw of the (tool) axis at the z = 0 plane

(see Fig. 3.2(b)). The angle ηz, which is the orientation of ρ(z, θ) with the reference cutting edge,

changes with axial location z and rotation angle θ due to tilt and change in the magnitude of radial

throw, respectively. In general, the effect of tilt at any axial location z can be represented by a

projection vector (or tilt vector) EB (as shown in Fig. 3.2(c) where points A and E are coincident),

obtained by projecting q on the xy plane, and it is oriented at a counterclockwise angle δ to the

eccentricity vector OzE (also coincident with OA).

Determination of the trajectory pm at each cutting point entails calculation of each of the
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parameters in Eq. (3.1) from the measurements performed at two axial positions (z1 and z2) of the

tool shank along the x and y directions. Those measurements provide x and y components of ρ at

the two axial locations, i.e.,

ρ1 = ρ(z1, θ) = ρ1xi+ ρ1yj, and ρ2 = ρ(z2, θ) = ρ2xi+ ρ2yj. (3.2)

In general, any component of ρ at any z location (e.g., ρ1x) could contain many frequency compo-

nents, each could be represented by a sine with a magnitude (e.g., σ1xk) and a phase (e.g., φ1xk),

where k is a multiple of the rotational frequency. From Fig. 3.2(a) (see inset for clarity), a vectorial

equation

ρ1 + q12 = (z2 − z1)k + ρ2 (3.3)

can be written, where q12 = q12(θ) indicates the vector along the tool axis, spanning from the z1

plane to the z2 plane and k is the unit vector along the z direction. Since ρ1, ρ2 and (z2 − z1)

are known, using Eq. (3.3), the unit vector eq = eq(θ) along the tool axis (i.e., along q) can be

calculated from

eq =
q12∣∣q12

∣∣ =
ρ2 − ρ1 + (z2 − z1)k∣∣ρ2 − ρ1 + (z2 − z1)k

∣∣ . (3.4)

Furthermore, the tilt angle (not shown), which is the acute angle between the rotational axis z and

the tool axis, can be determined from

ζ(θ) = cos−1
(
eq · k

)
, (3.5)

where “·” indicates the inner product operation.

At this point, finding the eccentricity vector e from the measurements will simplify the deter-

mination of the radial throw at any cutting point along the flutes. To determine the eccentricity

vector from the measurements, we again consider Fig. 3.2(a) and write the vectorial equation

e+ q01 = z1k + ρ1, yielding e = z1k + ρ1 − q01 (3.6)

Here, q01 is the vector along the tool axis spanning from the spindle nose (z = 0 plane) to the z1

plane and can be calculated as

q01 =
z1

cos
(
ζ(θ)

)eq (3.7)

The radial throw of the axis at any axial location z satisfy the vectorial equation (refer to Fig. 3.2(a))

ρ(z, θ) + zk = q0z + e (3.8)
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where q0z =
(
z/ cos ζ(θ)

)
eq. Thus, ρ(z, θ) can now be written as

ρ(z, θ) =
z

cos ζ(θ)
eq + e− zk. (3.9)

Therefore, trajectory of a cutting point can now be determined by finding ρx(z, θ) = ρ(z, θ) · i and

ρy(z, θ) = ρ(z, θ) · j from Eq. (3.9) and substituting them into Eq. (3.1). The orientation of ρ(z, θ)

can now be given as

ηz = cos−1

(
ρ(z, θ)∣∣ρ(z, θ)

∣∣ · i
)
− θ. (3.10)
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CHAPTER 4

Measurement and Analysis of Radial Throw of the Tool-axis

In this chapter, we present a detailed measurement approach for accurate determination of the

trajectory of the cutting points of micro-scale cutting tools while rotating at ultra-high-speeds. The

approach involves a non-contact LDV based displacement measurement method to obtain radial

throw characteristics at two locations on the tool shank along two mutually-perpendicular radial

directions (to obtain parameters of Eq. 3.2). Afterwards, the equations presented in the Section 3

can be used to obtain radial throw at the tool tip. The measurement approach is validated through

custom-devised experiments (i.e., by comparing the predicted and independently measured radial

throw when rotating a micro-tool blank on a hybrid ceramic ball bearing miniature spindle at

varying rotational speeds). Subsequently, the validated approach is used to measure the speed-

dependent radial throw when rotating a commercially-available micro-scale cutting tool on the

same spindle.

4.1 Introduction

In this chapter, we focus on the fundamental component of radial throw. The major contributors of

radial throw in micromachining arises from the mechanical interfaces involving spindle-collet-tool

and the dynamic behavior of the spindle structure [12, 24, 51]. These contributions are reflected as

motions at the fundamental rotational frequency. The spindle error motions and the effect of tool-

geometric errors will be discussed in later chapters. As such, this chapter presents an approach
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that allows incorporation of all the contributors of radial throw (i.e., fundamental component,

spindle error motions, and tool-geometric errors), and focuses on accurate determination of its

major component i.e., radial throw at the fundamental rotational frequency.

The factors affecting the magnitude and orientation of radial throw such as tool-attachment and

inaccuracies in the tool-collet-spindle interface are studied. Subsequently, a study is conducted to

analyze the contribution of spindle-dynamics on radial throw. As such, the presented comprehensive

approach can be used for accurate determination of the spindle-speed dependent radial throw of

tool-axis and its contribution towards the trajectory of cutting points for a micro-tool rotated on

an UHS spindle.

4.2 Experimental Methods

4.2.1 Experimental setup

The experimental setup used in this work is shown in Fig. 4.1. The radial motions are measured

using two laser Doppler vibrometers (LDVs) with fiber-optic laser heads. Each fiber-optic carrier

terminates at an objective that allows focusing the laser on the target. Each objective is attached to

a 6-axis precision mount (Thorlabs, K6X) with high-resolution rotational and translational motions,

facilitating precise adjustments of the laser position and orientation. The kinematic mounts are

attached on a single-axis linear stage (Newport 423, angular deviation < 200 µrad) to enable

translating the lasers axially to selected positions along the rotational axis (the axis average line).

The two lasers are arranged in a mutually-perpendicular orientation within a plane (i.e., the plane of

measurement, which is perpendicular to the axis average line) by following the procedure described

in [52]. The x and y measurement axes are set by the orientations of the two lasers. The vertical

(y) laser is attached to a custom-made polymer granite arch (see Sec. 2), which is specially designed

to provide a high level of damping and minimal vibrations. The horizontal (x) laser is attached to

a polymer granite block. The spindle is housed in a cast iron holder, which is bolted onto another

polymer granite block. Each of the polymer granite components are then fixed to an optical table

(Newport RS 4000 with tuned damping). A tube microscope (1,667X magnification; 180 x 135 mm

field of view) with a charge-coupled device (CCD, Sentech-07H6491) camera is also placed on the

optical table to assist in axial placement of the tools while clamping them on the spindle.

The LDV systems (Polytec OFV-552 with fiber-optic sensor head) are used with a displacement

decoder (DD-500 analog displacement decoder), providing a frequency bandwidth of 350 kHz and

a resolution of few picometers [53]. For accurate LDV measurements, the lasers are required to

be perpendicular to and focused on the measurement surface. The procedure in [52] was used to

29



100µm

Reference mark

Micro-endmill Spindle

Collet

Collet

Nut

Spindle

Microtool-blank

Micro-endmill

y-LDV

x-LDV

Tube

microscope

Cast iron

mount

RTD sensor

Optical

table

Objective

Polymer granite

 block

Polymer granite

arch

x

y

z

33 5

37.3 0.8

(a)

(b)

(c)

(d)

(e)

Figure 4.1: (a) The experimental setup used for the measurement of radial throw, (b) a micro-endmill is

attached to the spindle, (c) reference mark on the tool, (d) a four-jaw collet and clamping of collet using a

collet nut, and (e) microtool-blank and micro-endmill used in this work. (dimensions not to scale)

align and focus the lasers on the measurement surfaces by adjusting the 6-axis mounts and the

objectives, respectively. For this purpose, the strength of the reflecting laser light was monitored

using a voltage indicator provided by the LDV system.

Although the approach presented in this work is applicable to any microtool-collet-spindle as-

sembly with an ultra-high-speed spindle, the experiments presented in this study were performed

on an electrically driven, hybrid ceramic ball bearing miniature spindle (IBAG HT 45S140) with a

maximum rotational speed of 140 krpm. The axial and radial static stiffness values at the spindle

nose are specified by the manufacturer as 21 N/µm and 24 N/µm, respectively [7]. The spindle is

water cooled to maintain the internal temperature at 27◦± 2◦C through an external chiller unit.

The spindle works with a MEGA4S collet system for clamping the tools (see Fig. 4.1(d)). The

collet features a four-jaw design, and a collet nut is used to attach microtools onto the spindle. A

collet wrench is used to tighten the collet nut to the recommended torque of 10 Nm.

For the radial throw measurements presented in this work, a commercial micro-endmill (254 µm

diameter tool with a 3.175 mm shank diameter) and a custom-fabricated microtool blank (1.5 mm

diameter at tip with a 3.175 mm shank diameter) were used (see Fig. 4.1(e)). For each of the two

samples, the form errors were estimated to be below ±500 nm from radial throw measurements at

multiple locations at the shank portions. Since the overhang length of the tools affect the radial
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throw due to the tilt errors, the overhang length between different tests were kept within 5 µm. For

this purpose, the tube microscope is used to determine the edge position of the sample attached

to the spindle, and subsequent adjustments to the attachment length are made until the overhang

length is within ±5µm of the desired length of 15 mm. Before attaching each tool to the collet, and

prior to taking each measurement, the tools are cleaned with pure ethyl alcohol using foam swabs.

The angular orientation of the spindle, θ, must be recorded simultaneously with the radial throw

measurements. This is critical not only for correlating the radial throw with the rotation angle,

but also for synchronizing separate measurements from multiple axial locations, as required for the

determination of the tilt angle. For this purpose, an infrared (IR) sensor (Monarch Instrument,

IRS-W) with a binary voltage output of 0 V or 5 V is used. The sensor outputs a 5 V signal when

the infrared light is reflected from the surface to the sensor, and the signal sharply drops down

to 0 V when a non-reflective surface, such as a small engraved mark, is encountered. On each

tool shank, a 200µm-wide reference mark parallel to the tool-axis (see Fig. 4.4 in Sec. 3.3) was

created using laser engraving (LPKF ProtoLaser U3). For this mark width, a sharp voltage drop

occurs within two sampling points of the IR sensor, corresponding to a response time of 2 x 10-7

seconds. By tracking the voltage-drop location along the measured rotating surface, the start and

end of each revolution can be detected with an angular resolution better than 0.08 deg. for spindle

speeds up to 130 krpm. The “reference” angle, θIR, measured by the IR sensor is directly related

to the rotation angle θ, which is defined based the reference (first) cutting edge of the tool. The

relationship between these two angles are described in the following section.

Although the cooling system retains the coolant temperature within ±2◦C, this small tempera-

ture variations could still cause variations to radial motions of the spindle [24]. To assess the effect

of spindle (coolant) temperature and the associated thermal cycles on radial throw measurement,

a miniature resistance temperature detector (RTD, with ±0.1◦C accuracy) is integrated into the

coolant outlet line at 50 mm from the spindle outlet.

4.2.2 Data collection and post processing

Although the radial throw includes many frequency components, in the majority of UHS microma-

chining spindles, the radial motions are dominated by the one-per-rev components. As such, in this

work, we focus on the one-per-rev (fundamental) component of the radial throw. In this section, we

describe the post-processing of the measured data for obtaining one-per-rev radial throw magnitude

and orientation at any location along the tool axis.

The radial throw variations due to thermal cycling were first assessed. For all the measurements

presented in this work, the spindle was thermally stabilized by operating it for a 30 min warm-up
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period prior to any measurements. After the warm-up period, the thermal fluctuations and the

associated changes in radial throw (at z = 5 mm) within a thermal cycle were obtained at two

speeds. The temperature fluctuations follow a cyclic pattern with a period of 16 mins for 60 krpm

and 8 mins for 120 krpm, respectively. Within each cycle, the fundamental component was seen to

vary less than ±42 nm at 60 krpm and ±90 nm at 120 krpm, respectively. The variations in x and

y directions were within 5 nm of each other. In reporting the results below, we provide the radial

throw values obtained by averaging five measurements that are uniformly distributed within the

entire thermal cycle for the selected spindle speed.

To determine the radial throw of the rotational axis at a given z position, the radial motions from

the x and y directions at two separate axial positions (z1 and z2) of the tool shank must be measured

while the tool is rotated at the selected speed. The angular orientation θIR is simultaneously

obtained from the IR sensor measurements. A LabVIEWTM code was written to manage and

synchronize the measurements.
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Figure 4.2: The post-processing steps to obtain amplitude and phase of best fit sine: (a) raw displacement

data along the x and y axes as ρix and ρiy, respectively, (b) cycle-by-cycle averaged data, and the sinusoidal

fit to obtain amplitude and phase of displacement components along x and y axes.

The construction of radial throw from the measurements involves several post-processing steps

before using the formulation described in the previous section. First, a 10 Hz non-causal high-pass

filter is used remove any LDV-related drift from the measured displacement data. Second, the IR

sensor data is used to identify each rotation cycle (dashed lines in Fig. 4.2(a)) on the measured

displacements. Third, the displacement from at least 500 cycles are superimposed to obtain the
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displacements in the angular domain as seen in Fig. 4.2(b). In this step, the angles (θIR) calculated

from the IR sensor are transformed into rotational angle θ using the approach outlined below.

Fourth, following the formulation in [10], the synchronous motion at a given rotation angle is

calculated from the mean of the superimposed data at that angle. A sine function is then fitted to

the synchronous motion in the least square sense to extract the amplitude (ρix, ρiy) and phase (ϕix,

ϕiy), of the fundamental (one-per-rev) motions for each of the two measurement planes i = 1, 2

(see Fig. 4.2(b)). The obtained amplitude and phase values are then substituted in the formulation

to obtain the radial throw magnitude and orientation of an axis or of a cutting edge at any axial

plane z.

4.2.3 Determination of the rotation angle

The rotational angle, θ, is defined as the angular orientation of the reference cutting edge at the

bottom of the tool—labeled as the first cutting edge—and is zero when the first cutting edge is

passing through the positive x axis. Since θ cannot be directly obtained during the experiments,

the angular orientation is measured with respect to the reference mark using the IR sensor data.

In this section, we describe an approach for transforming the measured angular orientation θIR to

the rotation angle θ.

Figure 4.3 depicts a radial throw measurement. The IR sensor is located at an angle λ from

the x axis, and the angle β identifies the orientation of the first cutting edge with respect to the

reference mark. The rotation angle θ can be calculated as θ = θIR + λ+ β − 2π. Thus, obtaining

θ from θIR necessitates determining the angles β and λ.

The angle β indicates the relative orientation of the first cutting edge to the reference mark on

the tool shank. As such, β is a property of the particular tool (with the reference mark) and is

independent from the rotation angle. To find β for the micro tools used in our experimentation,

a focus-variation microscope (Alicona G4 Infinite Focus) is used (see Fig.-4.4). The microscope is

equipped with objectives up to 100X magnification and with a high-precision rotation unit that

provides roll and pitch motions. First, the microtool is attached on the rotation unit, and the

alignment of the reference mark with respect to the edges of the tool shank is measured. Considering

less than 500 nm of form error on both tools, this measurement indicated that the reference mark

is aligned with the tool axis within 0.5 deg. Second, with the help of the microscope software, the

orientation of the rotation unit is adjusted using micrometers to align the reference mark with the

lateral direction of the field of view within 0.1 deg. This position was set as the reference position

of the rotary stage. Third, the rotation unit is used to apply a 90 deg. rotation about an axis

perpendicular to a plane created by the reference mark and the tool axis. This makes the field of

33



view to be normal to the tool axis, thus enabling viewing the bottom (cutting edges) of the tool.

And fourth, the angle β is measured as the angle between the horizontal axis (where the reference

mark was aligned) and the first cutting edge (see Fig.-4.4(c)). For each tool, the measurement is

repeated five times, which indicated that the angle β is determined within ±0.2 deg. using this

approach.
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Figure 4.3: x− y plane at tool-tip to obtain orientation of radial throw with respect to cutting edge of the

tool. For clarity, the cutting tool is drawn at a much smaller dimension than the magnitude of radial throw.

To determine the angle λ (the orientation of the IR sensor with respect to the x axis), the x-axis

LDV and the IR sensor are simultaneously used to measure the orientation of the reference mark.

For this purpose, the single axis linear stage is used to move the LDV along the tool axis until the

laser spot is centered along the length of the reference mark. For this purpose, the reflectivity of

the LDV is monitored to find the two lengthwise ends of the reference mark, and then the laser

spot is moved to the center of the two ends using the precision stage. With this configuration,

both the LDV (reflectivity signal) and the IR sensor monitors the reference mark. The spindle is

then operated at a relatively low speed (30 krpm), and the LDV-reflectivity and IR-sensor data

are simultaneously recorded. In the angular domain, the LDV and IR reflectivity measurements

are superimposed. The angle λ is identified as the angle between two subsequent signal drops.

Measurements at low spindle speeds increase the resolution of angular measurements for a given

sampling rate. At 30 krpm spindle speed, this approach enables determining λ within ±0.3 deg.
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Figure 4.4: Optical procedure to find angle β between the reference mark and the cutting edge of a micro-

endmill: (a) micro-endmill clamped to the rotary stage of the Alicona measurement system, (b) reference

mark on the tool shank, and (c) tool-tip view after rotating the micro-endmill by 90 deg.

4.3 Analysis of Radial Throw and Experimental Validation

The formulation presented above requires measurement of the radial throw at two axial positions

along the shank region of a tool to predict the radial throw at the tip region of the tool. Thermal

fluctuations, tool form errors, and uncertainties arising from environmental sources induce varia-

tions in radial throw measurements, thereby causing variations on the predictions. Furthermore,

those variations could change with spindle speed. In this section, we first analyze the variations on

radial throw at different spindle speeds. We then experimentally validate the radial throw predic-

tions at different spindle speeds using a microtool blank. It is important to note at this point that,

due to the nature of the one-per-rev data, the radial throw follows a perfectly elliptical trajectory

(including a circle being a special case of an ellipse).

4.3.1 Variations on radial throw predictions

Since we focus only the one-per-rev component of the radial throw, the post-processing of the data

eliminates any variation or uncertainty that does not contribute to the one-per-rev component [10].
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In other words, any uncertainty/variation at asynchronous frequencies and at (super-) harmonics of

the spindle frequency is removed by the data processing. However, uncertainties/variations at the

spindle frequency will cause variations to the radial throw predictions. As described in [26], among

different sources of environmental and measurement uncertainties, the largest contribution to the

one-per-rev component of the radial throw arises from the vibrations between the laser objectives

and the spindle base. Since the spindle is the main driver of those vibrations, they depend on

the spindle speeds. As discussed in [24], although controlled in a closed-loop fashion within ±2

degrees, the temperatures within the spindles follow a cyclic pattern about the set temperature,

yielding relatively large variations on radial throw. In microtool shanks, form errors could be as

large as (or larger than) ±500 nm. When measured from a single axial location, the form errors

contribute only to the harmonics of the rotational frequency: that is, they do not contribute to

the one-per-rev component of the radial throw. However, when the radial throw is measured from

two axial positions, the measurements yield a different rotational center (axis average line) for each

position. As such, any non-straightness of the tool axis contribute variation to the calculated tilt,

and thus, to the radial throw predictions.
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Figure 4.5: Sample temperature variation with time at 120 krpm spindle speed. Five temperature points

selected for radial throw measurements are represented.

In this work, we followed an experimental approach to evaluate the aforementioned uncertainties

and variations on radial throw predictions. The experiments were conducted using a commercial

micro-endmill with 254 µm diameter, and the tool was not removed from the spindle during the

entire experimentation after being clamped on the collet. First, the thermal cycling of the spindle

is determined by measuring the coolant temperature on the outlet of the spindle. Second, the radial

throw is measured from five axial locations along the shank of a commercial micro-endmill at five

specific temperatures that span the thermal cycle (see Fig. 4.5). These measurements are done

at five spindle speeds (60k, 80k, 100k, 120k and 130k rpm). In each case, the radial throw data
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were collected for at least 600 revolutions. Third, the radial throw data is divided into sections of

20 revolutions, and the post-processing is performed to obtain the one-per-rev component for that

data section. Thus, for each given set of axial location, temperature, and spindle speed, at least 30

one-per-rev components are obtained (one per each of the 20-revolution data section). Fourth, for

each given set of spindle speed and temperature, separate combinations of data are formed. Each

combination include data from two axial locations (out of five) and the radial throw from one of the

data sections (out of more than 30). All combinations of the data from are then used to predict the

radial throw at 15 mm away from the spindle nose. Fifth, after compiling the data for each specific

temperature, for a given spindle speed, all the radial throw predictions from the five temperatures

are combined to determine the radial throw distribution for that spindle speed.
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Figure 4.6: (a) Semi-major, and (b) semi-minor axes and radial throw orientation (η) are presented as a

function of spindle speeds.

Figure 4.6 presents the predicted radial throw by providing the semi-major axis, semi-minor

axis and radial throw orientation (at θ = 0) at each of the tested spindle speeds. To represent

the variations, a box-and-whisker plot is used. After removing the outliers using ±2.5σ̄ approach

[54], the median value is calculated, and the boxes are used to indicate the ±σ̄ = ±1.4826×MAD,

where MAD is the median absolute deviation [54]. In the case of normal distribution, σ̄ is equal

to the standard deviation. The whiskers are used to indicate the entire range after the outliers are

removed.

As seen in Figs. 4.6(a)-(b), for this particular spindle-collet set, the difference between the semi-

major and semi-minor axes is very small with respect to their average value. In other words,

the trajectory closely resembles a circle. Since a circular trajectory has an arbitrary major axis,

the orientation of major axes exhibits significant variations, spanning the entire 360 deg. in some

cases. As such, the orientation of the major axis is excluded from the present analysis. For other

spindle/collet combinations, when the trajectory is distinctly elliptical, this parameter should be
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analyzed. The range of variations in semi-major and semi-minor axes is seen to be within ±500

nm with σ̄ = 200 nm. As a percentage of the median values, this corresponds to a range of ±5%

and a σ̄ of 2%. The largest variation is observed for 80 krpm. The variations on radial throw

orientation (at θ = 0) were seen to reach ±5 deg. (at 120 krpm). Considering that these variations

include those arising from thermal fluctuations, form errors, and environmental uncertainties, they

are deemed reasonably small.

We will now assess the relative contribution from the three sources on radial throw variations

(2.5σ̄). First, to assess the contribution only from the thermal cycling, data from only two axial

locations (the first and the fifth) are used, thereby eliminating the variations due to the form error.

By using only the median values of radial throw parameters for the entire 600+ revolutions, rather

than considering the data-sections, the effect of environmental uncertainties are eliminated. The

variations (one-sided) in semi-major axis, semi-minor axis and radial throw orientation due to the

temperature cycling at each speed is presented in the form of bar chart in Fig. 4.7. A maximum

variation of 85 nm in semi-minor diameter is observed at 130 krpm and a variation of less than one

deg. is observed in radial throw orientation across the tested speeds.
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Figure 4.7: One-sided variations (2.5σ̄) due to various uncertainties (temperature, environmental and form

errors) compounded one at a time for z = 15 mm.

Next, the contribution of environmental effects as variations from data-section to data-section

are added at each temperature step. Cumulative variations resulting from both the temperature

and environmental effects are presented in Fig. 4.7. The variation in semi-major and semi-minor

diameters increased by approximately 100 nm at most speeds when environmental effects are added.
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The variability in radial throw orientation increases by up to 1.5 deg.

Lastly, the effect of form errors are added to the thermal cycling and environmental effects.

Addition of form errors increases the variations in semi-major and semi-minor diameters by ap-

proximately 200 nm at all speeds except 60 krpm (only 100 nm increase.) Similarly, the variation

in radial throw orientation is found to increase by up to 3 deg. at 120 krpm. From the presented

analysis, it can be argued that the addition of form errors significantly increased the variations in

the prediction of radial throw at the tool tip. Large variations due to form errors are expected

because when two axial locations are sufficiently close to each other, small variations in the form

will result in a larger variation at the tip because of the resulting larger tilt-angle variation.

4.3.2 The effect of spindle speed on radial throw parameters and associated

variations
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Figure 4.8: The effect of spindle speed on radial throw: (a) polar plots in x − y plane, where the center

of the polar plot indicates the axis average line, (b) ratio of semi-major and semi-minor axes (as a ratio of

their average), and (c) trends in radial throw orientation, η and angle between tool-axis and eccentricity in

x− y plane, δ. The presented data corresponds to z = 15 mm.

Spindle speed directly affects the radial throw through the rotating eccentricity effect. This

includes two components: the increase in radial force due to the rotating eccentricity, which changes

with the square of the frequency of rotation, and the change in effective stiffness due to the speed-

dependent dynamic response of the spindle. Later, we will discuss the effect of dynamic response

by using the frequency response functions obtained from the spindle through modal testing. In any

case, the effect of spindle speed on radial throw could be significant.

The effect of spindle speed on radial throw magnitude is presented in Figs. 4.8(a)-(b). For this

figure, the data measured from the microtool is used and the radial throw trajectories at 15 mm

away from the spindle nose are predicted. Fig. 4.8(a) provides the polar plots of the radial throw,

and Fig. 4.8(b) provides the median values of semi-major and semi-minor axes (as a ratio of their
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average) at different speeds. A significant increase in radial throw magnitude (both semi-major

and semi-minor axes) is observed. Indeed, the radial throw magnitude almost doubles from 8 µm

to 16 µm when speed is increased from 60 krpm to 130 krpm. The largest difference in major and

minor axes is seen at 120 krpm at 3.92%: the trajectories at 60 krpm, 80 krpm, 100 krpm, and

130 krpm may be considered circular. The trajectory at 120 krpm is somewhat elliptical, but still

quite close to a circular.

Figure 4.8(c) shows the effect of spindle speed on radial throw orientation (solid line). The radial

throw orientation is seen to decrease with increasing spindle speed. The radial throw orientation

is determined from both the magnitudes of the radial throw at two measurement planes, and the

relative phase between the two radial throw trajectories. In other words, the orientation of the

radial throw depends on not only the eccentricity and tilt, but also relative angle between the two.

In our formulation, this relative angle is represented at the spindle-nose (z = 0) plane by angle δ

(the dotted line in Fig. 4.8(c)). For the present case, δ was seen to vary between 7.93 deg. and 13.83

deg. across tested speeds, and the magnitude of eccentricity (not shown) increased from 3.65 µm at

60 krpm to 7.49 µm at 130 krpm. These combination of parameters resulted in a decrease in radial

throw orientation by approximately 10 deg. from 60 krpm to 130 krpm. When the radial throw

trajectory is elliptical, the radial throw orientation also varies with the rotation angle because of

the difference in the rotational speed of the angle θ and the radial throw ρ. For 120 krpm, the

variation in radial throw orientation was seen to be within ±2 deg. within a rotation.

4.3.3 Experimental validation of radial throw predictions

A set of experiments is conducted to validate the presented approach by comparing the predicted

radial throw to that directly measured from the tip portion. Since the flutes on a micro-endmill

preclude measurements from the tip portion, a custom precision-ground carbide microtool blank

with a cylindrical tip portion (3.125 mm shank- and 1.5 mm tip-diameter) is used for the validation

experiments.

To account for the uncertainties and variations, the same experimental approach described

above for the micro-endmill is performed here for the tool blank. The only difference is that the

measurements are obtained from eight (instead of five) axial locations along the shank portion,

since the longer length of the tool blank allowed measuring from more axial locations. The radial

throw at the tool tip (17.63 mm from the spindle nose) is measured for at least 600 revolutions,

and the data is processed by using 20-revolution data sections to incorporate the variations in the

measured radial throw. The formulation is used to predict the radial throw at the same location,

along with the associated variations.
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Figure 4.9 shows the semi-major axis, semi-minor axes, and the orientation (at θ = 0) of the

measured (black dots) and the predicted radial throw at the tip, where the predictions indicate

the entire data range after removing the outliers. Since there are no cutting edges to use as a

reference for the radial throw orientation, we used the reference mark as the reference position

in the calculations. The predictions include all the variations due to thermal fluctuations, form

errors, and environmental uncertainties, including a median value, ±σ̄ variations about the median

(indicated with the box), and the entire data range (indicated with whiskers) after removal of

the outliers. The maximum variation (2.5σ̄) in measured data is found to be 150 nm for both

semi-major and semi-minor axes, and 0.5 deg. for radial throw orientation. Since the variation in

measured data is reasonably small compared to the that of the predictions, only the median values

are plotted in Fig. 4.9. It is noted that the predictions and measurements from the tool blank

demonstrated the same trends (e.g., increased radial throw with increased speed) as those from the

micro-endmill.

As seen in the Fig. 4.9, all three radial throw parameters are predicted accurately, since the

measured data falls within the median ±σ̄ ranges. The largest errors between the median values of

the prediction and the direct measurements were 3.5%, 1.5%, and 0.3 deg. for the semi-major axis,

semi-minor axis, and radial throw orientation, respectively. Based on these results, we conclude

that the radial throw parameters are predicted accurately using the presented approach.
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Figure 4.9: (a) Semi-major, and (b) semi-minor axes and radial throw orientation (η) are presented as

a function of spindle speeds for tool-blank at 17.63 mm. The black dots represent the median of measured

values.
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4.4 The Effect of Tool-Attachment Reproducibility on Radial Throw

Parameters

As outlined in the literature [24, 55], the nature and precision of micro-tool/collet/spindle interfaces

strongly affect the radial throw (and error) motions, and this effect is largest for the one-per-

rev component. In this section, we present a statistical analysis on the changes of radial throw

parameters due to repeated attachment-detachment cycles of the tool to the spindle. To isolate

the variations arising only due to the attachment, the study is conducted at a single spindle speed

(60 krpm), at a constant temperature within the thermal cycle (27 deg.), from only two points

along the shank of the micro-endmill, and without data-sectioning (that is, using the entire 600+

revolutions rather than 20-revolution sections). Since the radial throw trajectory closely resembles

a circle at 60 krpm, the radial throw is only measured along the x direction, and the y direction

radial throw is obtained by applying a 90 deg. phase shift to the x data. The data is collected

from 18 attachment/detachment cycles. For each subsequent attachment, the tool is completely

taken out of the collet, cleaned with alcohol swabs and slid inside the collet after a random rotation

about its axis. While tightening the collet nut, the tool is left untouched to prevent any bias that

could be introduced by the operator. The overhang length of the tool is kept at 15 mm ± 5 µm

using a high magnification tube microscope.

We analyzed five parameters: the eccentricity e; the tilt angle ζ; the angle δ between the tool axis

and eccentricity in the x−y plane at z = 0; the radial throw magnitude ρ15; and the orientation η15

at z = 15 mm from the spindle nose. Note that the radial throw parameters become independent

of the rotation angle θ for a circular trajectory.

Figure 4.10 provides the histograms for each of the five parameters. The Anderson-Darling

normality test indicated that all parameters except the radial throw orientation follow a normal

distribution with p > 0.05. However, the variations of the radial throw orientation span from 0 to

360 degrees which indicate that it can practically take any value. We discuss the nature and source

of radial throw orientation variations in the following section. The standard deviations (as a ratio of

the mean value) of eccentricity and tilt angle was seen to be 7.4% and 7.3%, respectively. Although

there is a significantly larger variation on δ (σδ/δ̄ = 28.8%), the effect of δ on the predicted radial

throw is indirect and depends on the eccentricity and tilt parameters. As a result, the predicted

radial throw magnitude was seen to have a relative standard deviation of 6.8% with respect to

its mean value of 8.17 µm. As expected, the attachment/detachment cycles were found to have a

significant effect on radial throw parameters.
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Figure 4.10: Variation in the radial throw parameters: (a) eccentricity, e, (b) tilt angle, ζ, (c) angle

between tool-axis and eccentricity in x− y plane, δ, (d) magnitude of radial throw, ρ, and (e) orientation of

radial throw, η, at z = 15 mm.

4.5 Contribution of Spindle, Collet and Tool Interfaces on Radial

Throw Orientation

The analysis presented in the previous section showed that the attachment/detachment cycles cause

the radial throw orientation to vary considerably, spanning the entire range of 0 to 360 degrees.

To better understand the nature and source of those variations, in this section, we present a study

where the relative orientations between the spindle rotor (nose), collet, and microtool are specified,

and the resulting changes in radial throw orientation are analyzed.

In reality, due to the limitations posed by the spindle and the collet, exact specification of the

relative orientations is not feasible. For this reason, approximate orientations relative to the spindle

rotor are provided to the collet and the tool as close to target orientations as possible, and then,

the actual orientations are obtained through direct measurements. The orientation of the spindle

is obtained using a laser sensor pointed at the hexagonal nut that is permanently attached to and

rotates with the spindle rotor. Due to the limitations of the laser sensor (Monarch Instruments,

ROLS-W) and discontinuous data obtained from the nut’s surface, this arrangement has a limited

bandwidth of approximately 665 Hz. For this reason, all measurements in this study were performed
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at a rotational speed of 30,000 rpm (500 Hz). The relative orientation of the microtool with respect

to the spindle is obtained by simultaneously measuring the angles of the nut (using the laser

sensor) and the reference mark on the tool shank (using the LDV). To obtain the collet orientation,

measurement of which from the radial direction is infeasible due to the specific collet geometry and

how it is attached to the spindle, the axial surface of one of the four jaws of the collet was painted

in black. High resolution images from a digital camera (oriented in the axial direction) are then

obtained when the spindle is stationary, and the images are post-processed using MATLAB Image

Processing Toolbox to determine the relative orientation between the collet and the spindle rotor.

During the measurements, the tool overhang length is kept at 15 mm ± 5 µm.

Table 4.1: Targeted and measured radial throw orientations.

Config Collet, ηc (deg.) Tool, ηt (deg.) Radial Throw Orientation (deg.)

Targeted Measured Targeted Measured η ∆ηt −∆η

(I) 0 0 0 0.0 0.0 0

(II) 270 280.5 0 350.6 357.1 -6.4

(III) 180 192 0 331.2 343.8 -6.2

(IV) 180 195.6 90 61.4 68.3 5.7

(V) 180 196.6 180 150.8 155.8 2.0

(VI) 270 290.6 270 238.5 248.6 -5.1

(VII) 0 16.2 0 312.8 315.4 7.6

Figure 4.11 illustrates the seven different targeted configurations. In each configuration, different

orientations of the collet and the tool are specified with respect to that of the spindle. Table 4.1

gives the targeted and measured orientations of the collet and the tool relative to configuration I.

In each configuration, the radial throw was measured from the shank at two positions, and the tool-

tip radial throw orientations were predicted. Since our reference for the radial throw orientation

is the “first” cutting edge of the tool, when the tool is reoriented by an angle α, the radial throw

orientation is expected to change directly by α since our measurement direction remains unchanged

(see Fig. 4.3). Any other contributions due to the tool and collet interfaces will be superimposed

to this direct change in orientation. Accordingly, the last column of Table 1 provides the difference

between the change in orientation of the tool (from the previous configuration) and change in the

radial throw orientation.

From configuration I to II and from configuration II to III, the tool orientation with respect to the

spindle was kept approximately constant, while the collet was rotated by approximately 90 degrees
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Figure 4.11: Schematic representation of different spindle-collet-tool configurations. The white lines denote

physical marks on each component.

each time. Based on the last column of Table 4.1, these two 90-degree changes in collet orientation

only brought 6.4 deg. and 6.2 deg. change to the radial throw orientation, respectively. From

configuration III to IV and from configuration IV to V, the tool orientation is varied by 90 degrees

each time while keeping the collet orientation constant (at approximately 180 deg.). Similarly, these

modifications only provided 5.7 deg. and 2 deg. change to the radial throw orientation, respectively.

From configuration V to VI and from configuration VI to VII, the tool and the collet were rotated

together by 90 degrees each time with respect to the spindle. The relative change in radial throw

orientation was seen to be 5.1 and 7.6 degrees, respectively.

Based on these results, we conclude that the relative orientations between the tool, collet and

the spindle induces only small changes to the radial throw orientation. That is, in the previous

study when the spindle orientation was arbitrary, we observed that the radial throw orientation

spanned the entire 360 degrees. However, when the spindle orientation is kept constant here, the

change in radial throw orientation from the relative spindle/collet/tool orientations were less than

7.6 degrees. This indicates that the major contribution to the radial throw orientation arises from

imperfections of the spindle itself. For instance, the non-straightness of the spindle rotor, or a

misaligned spindle nose (the collet fitting) could cause such radial throw orientations. As such,

when the spindle orientation is kept constant between attachment/detachment cycles, significantly

smaller variations to the radial throw orientation would be observed. Note that this conclusion is

only valid for this particular spindle/collet combination.

Interestingly, this finding indicates that by specifying the orientation of the tool (i.e., the first

cutting edge) with respect to that of the spindle, the radial throw orientation may be dictated
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within a broad range of angles (see the data from the previous section for radial throw magnitude).

This may enable determining the most favorable radial throw orientation and setting that value

during micromachining to reduce the surface location error, surface roughness, and/or chip thickness

variations.

4.6 The Effect of Spindle Dynamics on Speed Dependence of Ra-

dial Throw

We previously hypothesized that the changes in radial throw with spindle speed are controlled to a

large extent by the dynamics of the spindle through a rotating unbalance response. A comprehensive

model to predict this phenomenon necessitates devising a three-dimensional dynamic model of the

spindle/collet/tool assembly. Although such a model is beyond the scope of the current work, a

simplified modeling approach is proposed here to capture the rotating unbalance effect and the

associated dynamic response of the assembly. For this simplified approach, the force arising from

the rotating unbalance effect is written as

Fe =

FexFey

 = mω2ρ0d

 ejβ

−jejβ

 ejωt, (4.1)

where ω is the rotational frequency, m is the effective unbalance mass, ρ0d is the effective dynamic

eccentricity, and β is the effective phase between the geometric axis of the tool and the orientation

of the effective unbalance mass. This rotating force excites the dynamics of the assembly, resulting

in deflections—i.e., the dynamic components of radial throw—along the x and y directions. The

resulting dynamic portion of the radial throw, ρd can be given as

ρde
jωt =

ρdxρdy
 ejωt = mρ0d ω

2
[
H(jω)

]
Ω

 ejβ

−jejβ

 ejωt, (4.2)

where [H(jω)]Ω is the spindle-speed dependent frequency response function (FRF) of the spindle in

the form of receptance (displacement/force). This formulation assumes that the FRFs are obtained

at different operational speeds Ω and thus capture the rotational effects on dynamics. The radial

throw can now be written as

ρejωt =

ρxρy
 ejωt =

(
ρ0 + ρd

)
ejωt, (4.3)

where ρ0 is radial throw measured at the ”zero” speed. This zero-speed radial throw only arises from

the kinematic motion of the geometric center (rather than the mass center), and during rotations,
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it can be expressed as

ρ0ejωt =

ρ0xejαx

ρ0ye
jαy

 ejωt. (4.4)

This expression considers that, in general, the zero-speed radial throw follows an elliptical (rather

than only a circular) trajectory, including magnitudes ρ0xe
jαx and ρ0ye

jαy in the x and y directions,

respectively.

To apply this formulation to our case, two sets of information are needed: the speed-dependent

FRFs [H(jω)]Ω, and the unbalance parameters mρ0d, β, ρ0x, ρ0y, αx and αy. As shown in our

previous work [12], the dynamic response of UHS spindles vary with spindle speed. To obtain the

speed-dependent frequency response function, we followed the spindle-dynamics characterization

approach presented in [12]. The microtool used for the radial throw measurements was attached to

the spindle. The spindle was then rotated at the desired speed, and the dynamic excitation to the

system was provided to the microtool shank at 2 mm away from the spindle nose (z = 2 mm) in

the x and y directions using a custom impact excitation device [56]. The ensuing dynamic response

along the x and y directions was measured from the tool shank (at z = 2 mm) using the LDVs.

This procedure was repeated for the five spindle speeds (60, 80, 100, 120, 130 krpm), and for each

speed, the data was post-processed to obtain a 2x2 FRF matrix,

[
H(jω)

]
Ω

=

Hxx(jω) Hxy(jω)

Hyx(jω) Hyy(jω)

 , (4.5)

which includes both direct and cross components.

The magnitude plots of the obtained speed-dependent FRFs are given in Figure 4.12. Although

the rotational effects are most prominent in the vicinity of resonance frequencies (e.g., inducing

mode splitting), the changes in spindle speed also cause relatively significant changes to FRF mag-

nitudes at frequencies relevant to this work (see the insets). Since the radial throw measurements

in this work focus on the one-per-rev component, the relevant frequencies are those that correspond

to spindle speeds used during the measurements, e.g., 1 kHz for 60 krpm.

To determine the unbalance parameters, we followed a curve-fitting approach using the measured

radial throw data from two of the spindle speeds (60 and 130 krpm). The total radial throw is given

by substituting Eqs. (4.2) and (4.4) into Eq. (4.3). This radial throw equation was first separated

into its real and imaginary parts for each of the x and y components. Corresponding to these four

equations, the data from the two spindle speeds provided eight values (real and imaginary parts

from each of the x and y components.) Since the current form of the equations are not linear, a

linear regression approach cannot be used for curve fitting. For a select value of β, however, the
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Figure 4.12: Magnitude of [H(jω)]Ω at different spindle speeds. For references to the colors used in, readers

are referred to the web version of this paper.

equations become linear, and a least-squares curve fitting can be applied. Accordingly, we varied

β values from -90 deg. to 90 deg. with 0.1 deg. resolution, and for each β value, a least-squares

curve fit was performed to determine the other unbalance parameters. The resulting least-square

error for each β value was then calculated, and the final set of parameters is selected as the set

which resulted in the minimum least-square error. Using this procedure, the following unbalance

parameters were obtained:

mρ0d = 1.196× 10−7kg m, β = −0.3 deg., ρ0x = 7.60µm,

ρ0y = 7.49µm, αx = 48.51 deg., αy = −39.65 deg.

An interesting observation here is that the determined β = −0.3 deg. seems to indicate that the

effective mass center is aligned with the effective geometric center. In further examination, it was

seen that the change in β between -1 deg. and 20 deg. resulted in a very small change in the least
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square error. Therefore, the conclusion about the coincidence of the mass and geometric centers

may not be accurate, and this result may be produced by the model equivalency and/or by the curve

fitting approach. Another observation is that, as expected, the zero-speed radial throw magnitudes

in x and y directions were very close to one another, and the difference between the x and y phase

angles is α1 − α2 = 88.16 deg., which is very close to 90 deg. This indicates that the zero-speed

trajectory closely resembles a circle.

Table 4.2 provides measured and calculated (from the presented model, using the parameters

given above) radial throw parameters and the error percentage considering the mean value of the

measured parameter as a reference. The error in radial throw magnitudes between the model and

the experiments is below 4.8%. In all cases, except the y radial throw at 80 krpm, the calculated

radial throw magnitudes are within the±σ̄ bounds (refer to Fig. 4.6.) Similarly, the calculated phase

between x and y closely follows that measured during the experiments. Overall, it is concluded

that the presented simplified model can be utilized to capture the effect of spindle speed on radial

throw resulting from the dynamic response due to rotating unbalance.

Table 4.2: A comparison between the measured and the calculated radial throw.

Radial Throw, x Radial Throw, y Phase Difference, y-x

Speed Measured Calculated Error Measured Calculated Error Measured Calculated

(rpm) (µm) (µm) (%) (µm) (µm) (%) (◦) (◦)

60k 8.47 ± 0.23 8.63 1.79 8.54 ± 0.16 8.54 0.02 -89.69 -88.56

80k 9.63 ± 0.69 9.45 1.90 9.68 ± 0.31 9.22 4.77 -90.89 -89.20

100k 11.33 ± 0.43 10.99 2.99 11.16 ± 0.30 11.08 0.67 -89.70 -90.15

120k 13.28 ± 0.31 13.17 0.82 13.81 ± 0.28 14.02 1.53 -89.84 -89.25

130k 15.30 ± 0.41 15.16 0.90 15.58 ± 0.36 15.63 0.30 -90.40 -90.90

4.7 Summary

This chapter presented a comprehensive approach for determination of spindle-speed dependent

radial throw of the tool-axis and a novel method to calculate its orientation with respect to the

cutting point of the tool. The approach was directly validated though LDV-based measurements,

conducted at the tip portion of a custom-made microtool blank. A statistical study was conducted

(at 60 krpm) to explore the statistical variation in the radial throw parameters such as eccentricity

and tilt angle. Further, the contribution of mechanical interfaces such as spindle/collet/tool towards

setting up of radial throw orientation was studied through detailed experiments. Lastly, impact
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testing on a rotating tool was conducted using custom made IES system to obtain speed-dependent

frequency response functions which were used to construct a complex curve-fitting model to predict

speed-dependent radial throw. The following specific conclusion were drawn from this chapter:

� The major source of uncertainty in the prediction of radial throw trajectory: form error

of the micro-tool/micro-tool blank, introduced a variability amounting to <3% the average

magnitude of radial throw and hence it was deemed insignificant. However, for cases where

the percent standard deviation is significant, a tool with better circularity will be required

for conducting measurements.

� The validation of the presented approach was accomplished by comparing the predicted and

the measured radial motions at the tip (z = 17.63 mm) of the micro-tool blank. Validation

error between the median values of the prediction and the direct measurements was found to

be less than 3.5%, and the measured data lies within ±σ̄ for all spindle speeds.

� For the system under test, the average magnitude of radial throw shows a monotonous in-

creases from 8 µm at 60,000 rpm to 16 µm at 130,000 rpm. This implies an absence of natural

frequencies of the structure with-in the tested frequency range of 1-2.167 kHz.

� At 120,000 rpm spindle speed, axi-asymmetry in spindle/bearing structure is observed (see

Fig. 4.8), highlighting the need for two-axis measurements. FRF magnitudes obtained along

the two-axes using impact testing confirm the hypothesis.

� The orientation of radial throw shows a decline (<10 deg.) as the spindle speed is increased

from 60,000 rpm to 130,000 rpm. Such small deviations in orientation across speeds allows a

good control over orientation dependent process output such as the dimensional error.

� The parameters of radial throw were found to be normally distributed at 60,000 rpm spindle

speed. However, the orientation of radial throw (when referenced at cutting edge of the tool)

spanned the entire range from 0-360 degree and hence needed further investigation.

� The source of radial throw orientation was studied by precisely tracking the relative orien-

tation of mechanical components such as the rotor, collet and the tool. It was found that

the orientation is majorly dictated by the defects coming from the rotor (spindle), and the

contribution of collet and tool towards orientation was found to be inconsequential.

� Lastly, a simplified complex curve-fitting model was presented which included the rotating

unbalance effect and complex FRFs to predict the speed dependent radial throw of the tool-

axis. The maximum error in the radial throw magnitudes between the model prediction and

the measurement was 4.77% at 80,000 rpm spindle speed.
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CHAPTER 5

Measurement of Radial Throw under External Loading

5.1 Motivation

Although methodologies have been developed for characterizing the error motions (high frequency

components of radial throw) of UHS spindles, to date, these methodologies have not involved ap-

plying loads to the spindles. Under operating conditions, such loads arise from the micromachining

forces. The ISO standard (for axes of rotation metrology [10]) does not explicitly describe a pro-

cedure for measurement of error motions of an externally loaded spindle. However, as shown in

the case of macro-scale spindles [34], radial (static) loading has a significant effect on the spindle

error motions. Correspondingly, we hypothesize that external loading (axial and radial) will have

a substantial effect on the error motions of an UHS spindles. As spindle speed also affects the

error motions significantly [29, 34], an analysis of UHS spindle error motions should involve mea-

surements at different spindle speeds. Such error motions have a direct impact on the geometric

accuracy and surface finish of the micromachined parts.

5.2 Introduction

Being able to apply axial and radial loading to (generally fragile and miniature) UHS spindles at

their operating speeds poses considerable challenges. Well-characterized non-contact load appli-

cators with variable magnitudes are required, in addition to using non-contact 2D measurement
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methods to identify error motions. In addition, a suitable method to remove the form error of the

artifact is also required.

Non-contact loading approaches typically involve the use of electromagnets in the form of active

magnetic bearings [57] or dedicated loading devices [58–60], to load the tool in a radial direction.

Rantatalo et. al.[58] used a custom-built contact-less dynamic spindle testing (CDST) equipment

consisting of electromagnets to apply dynamic loads to a dummy tool along a radial direction.

This dynamic load provided the required excitation amplitude to the tool which aided in the

measurement of frequency response functions of the spindle assembly. The results from CDST

measurements illustrated the speed dependent system dynamics which may not captured using

traditional tap test, typically conducted at 0 rpm. Matsubara et. al.[59] used a similar device

based on electromagnet to load a dummy tool along a radial direction to measure (radial) static

stiffness. From the results, an increase in spindle speed brought a decrease in radial stiffness which

is attributed to the increase in centrifugal forces. Wang et. al.[60] used an electromagnetic loading

device to measure the static and the dynamic stiffness of a rotating spindle. The results show

that the stiffness, along with the damping ratio declined with an increase in spindle speed due

to an increase in the centrifugal forces. Most of the studies present in the literature uses non-

contact loading devices to evaluate the stiffness of macro-scale spindles; none of them studies the

effect of loading on changes in the radial throw. Further, these loading devices are massive and

requires larger tools/bearings for its functioning and hence are limited to be used on the macro-scale

spindles. Thus, there is a need to devise novel non-contact loading approaches to enable loading

miniature UHS spindles without the risk of damaging it.

In this work, a non-contact loading approach involving permanent magnets is demonstrated. The

magnets for the loading setup are chosen through a validated FEM model such that the magnets

can apply a wide range of static loads which are commonly encountered in micromachining process.

The effect of axial and radial loading on both the fundamental component and the radial error mo-

tions (synchronous and asynchronous) of an UHS spindle are studied. A LDV-based measurement

approach is adopted to measure the radial motions from the surface of a precision artifact. To

remove the artifact form, a multi-probe error separation technique is adopted. The results are

presented in both time and frequency domain, and in accordance with the ISO specifications.
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Figure 5.1: Experimental setup for (a) axial loading, and (b) radial loading.

5.3 Experimental Methods

5.3.1 Experimental Setup

The experimental setup used for this study is shown in Fig. 5.1. It consists of an ultra-high-speed

(UHS) spindle mounted on a vibration isolation table through a polymer granite block. The spindle

consists of a pair of hybrid ceramic bearings (IBAG HT 45 S 140) and possesses a maximum speed of

140,000 rpm. The spindle is water cooled where the temperature of the water is maintained within

±2 ◦C about the 27◦set-point through an external chiller unit. The rotation axis of the spindle is

defined as the z-axis (also denoted as axial direction) where x- and y- axes denote radial directions.

A custom-made loading setup is installed to apply static loads in axial and radial directions, one at

a time. A pair of laser Doppler vibrometers (LDVs) are used to measure simultaneous displacement

along x- and y- directions from the rotating surface of custom test artifacts. A third LDV is also

used (along r-axis, shown in Fig. 5.2), to aid in conducting multi-probe error separation procedure.

An infra-red (IR) sensor is used to obtain revolution marker by sensing a reference mark located

on the collet-nut. The thermal state of the spindle is monitored using a temperature sensor fitted

to the coolant outlet line. A custom LabVIEW environment is created to simultaneously collect

four different quantities : displacements (x, y and r), revolution marker (IR-sensor), temperature

of the spindle and static forces from the load cell.

The loading setup consists of a precision Newport-462-XYZ-M ULTRAlign slides with a reso-

lution of 1 µm on each of the three axes. A strain-gage-based load cell (Omega LCM105-10) is

used to measure static forces, and is attached to the 3-axis slides as shown in Fig. 5.1(a)-(b). The
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cumulative uncertainty (linearity, hysteresis and repeatability) of the load cell is 0.09% FSO (Full

Scale Output) which corresponds to ±0.09 N. A five-point calibration of the load cell was per-

formed in tension using dead weights, as prescribed in the ASTM standards [29]. After calibration,

1 N corresponded to 0.079 V. The magnet is enclosed inside a 3D printed enclosure, made from

VeroWhite. An adapter, made from Aluminum, is used to connect the magnet to the load cell.

5.3.2 Form Error Separation

A method to separate the form of the artifact from the measured radial motions is required to obtain

spindle error motions. A number of methods are discussed in literature such as reversal [61, 62],

multi-probe [30, 63, 64] and multi-step [29, 43, 65]. Reversal methods are considered true separation

methods but they require expensive setup to precisely rotate the orientation of artifact or spindle

by 180◦. Other two methods, i.e., multi-probe and multi-step suffer from harmonic suppression

[66] that affects the accuracy of the separation. However, the effect of harmonic suppression can

be reduced by optimizing the angle between the probes or the artifact rotation angles [30, 67].

The multi-step method require one probe but demands relative orientation of artifact/spindle to

be changed a few times. This change is orientation and further alignment is facilitated by using

a sphere-on-stem artifact [52]. This requirement puts significant restriction on the type of artifact

that can be used. On the other hand, in the multi-probe method, three or more probes (with

known sensitivities) are aligned precisely to pre-defined angles. Once aligned, this method can be

used with any type of artifact and is applicable for real time measurements as it does not require

any change in the setup. Therefore, this work implements multi-probe error separation technique

with three laser Doppler vibrometer (LDV) probes.

x-LDV

y-LDV

r-LDV

Loading  Setupx

y

β
α

Artifact

M1

M2

M3

Figure 5.2: Arrangement of probes in a multi-probe error separation technique.
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A review of the mathematical formulation of the multi-probe error separation technique [67] is

presented here. Fig. 5.2 show the arrangement of three displacement probes (M1, M2 and M3) in

an x − y plane. Probes M2 and M3 are offset from M1 by angles alpha and beta. The artifact

form error and spindle error motion is represented by P(θ) and S(θ), respectively. The component

of the spindle error motion is represented by x(θ) and y(θ).

M1(θ) = P (θ) + x(θ) (5.1)

M2(θ) = P (θ − α) + x(θ)cos(α) + y(θ)sin(α) (5.2)

M3(θ) = P (θ − β) + x(θ)cos(β) + y(θ)sin(β) (5.3)

M(θ) is defined as a weighted combination of three measurements using coefficients 1, a and b

which are chosen to cancel the x and y direction of spindle error motion in M .

M(θ) = M1(θ) + a ·M2(θ) + b ·M3(θ) (5.4)

where a =
−sin(β)

sin(β − α)
and b =

sin(α)

sin(β − α)
. The equations can be represented in Fourier domain

as

M(k) = P (k) ·W (k) (5.5)

And with M(k) and W (k) known, we can get artifact form error P (k) by taking an inverse Fourier

transform

P (k) = F−1
(M(k)

W (k)

)
(5.6)

The harmonics k where W (k) is close to zero cannot be determined accurately. Ideally one

would like k to be as large as possible by optimizing α and β, which may not be possible due

to setup constraints etc. To determine a minimum acceptable value of k, a simple measurement

of radial motion from the surface of the artifacts used in this work is conducted. The frequency

spectrum of the radial motions revealed that major harmonic components (> 1 nm) lie within first

25 harmonics. To avoid harmonic suppression within 25 harmonics, the angles between the probes

α and β are carefully chosen keeping in mind the physical constraint of the existing metrology

setup. A threshold of 0.20 is chosen for |W (k)| above which the solution is accepted. According to

this criterion, Fig. 5.3 show the favorable and non-favorable angles in green and red, respectively.

A favorable set of angles is determined at α = 90± 2◦and β = 175± 2◦. The displacement probes

are roughly aligned within the ±2 deg. tolerance and the exact angles are measured afterwards by

following a procedure described in Section 5.3.4.
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Figure 5.3: Optimization of the probe angles α and β. Plot of the minimum values of |W (k)| for a

combination of 80 < α < 100 and 150 < β < 200 degs. Green colored regions represent |W (k)| >0.2 and

vice-versa for red colored regions.

5.3.3 Application of Loading

Overall, the requirements from the loading setup are: (1) selectable force magnitude spanning the

entire force range of interest, (2) low fluctuations in forces, and (3) low profile so that the position

of application is well known. For this purpose, first, a brief comparison between two different

classes of magnets (electromagnet vs permanent magnet) is conducted. Based on the performance,

permanent magnet is selected and its interaction with the artifact is numerically modeled to aid in

the selection of appropriate magnet geometry.

5.3.3.1 A comparison of electromagnet and permanent magnets

To assess the relative performance of both classes of magnets, a comparison of magnetic pull force

as a function of air-gap on a 3.175 mm diameter gage pin is made through experiments. For this

comparison, magnets with a nominal dimensions of 10 mm were chosen. A commercially available

permanent magnet made from Neodymium (pyramid shape, grade N50) with 10 mm square base

was used. On the other hand, a DC electromagnet with soft cylindrical core of 10 mm diameter

was used. Fig. 5.4 compares the pull force as a function of air-gap between the magnet and the

gage pin. Because of the higher forcing capability with a smaller footprint, permanent magnet is

preferred over DC electromagnet for static loading applications. Note that, a similar magnitude of

force can be achieved with permanent magnet with much larger air-gap which is desired to keep
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the loading setup sufficiently away from the rotating artifact, for safety reasons.
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Figure 5.4: Comparison between DC electromagnet and permanent magnet.

5.3.3.2 Selection of permanent magnets

A FEM based modeling of magnet-to-magnet and magnet-to-artifact interaction is performed using

COMSOL Multiphysics modeling software. The numerical model is used to obtain magnetization

and to calculate force generated by permanent magnets. The magnetic field for permanent magnets

is best represented by magnetic scaler potential Vm. The underlying physics [68] in the calculation

of Vm and the magnetic force per unit volume F is discussed here in brief.

In the absence of electric currents, Ampere’s law can be written as

∇×H = 0, (5.7)

where H is magnetic field intensity and ”∇” is the gradient operator. The magnetic field of a

permanent magnet can be described using magnetic scaler potential Vm, defined as

H = −∇Vm. (5.8)

In the absence of electric current, the Gausss law can also be simplified as

∇B = 0, (5.9)

where B is magnetic flux density. Using the following constitutive relation

B = µ0µrmH +Br, (5.10)

the magnetic scaler potential can be derived; where µ0 is the permeability of the vacuum, µrm is the

relative permeability of the magnet, and Br is the remanent flux density in the magnet. Therefore,
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the magnetization can be obtained from Eqs. 5.7-5.10 as

−∇(µ0µrm∇Vm −Br) = 0. (5.11)

The magnetic force per unit volume F is defined using the Maxwell stress tensor σ [69] as

F = ∇σ. (5.12)

Using divergence theorem, force on a volume V can be calculated as an integral of Maxwell stress

tensor over the surface area S as

F =

∫
V
∇σdV =

∮
S
σdS. (5.13)

To set up this physics in COMSOL Multiphysics, the Magnet Fields, No Currents interface is

selected. To define the magnet, relative permeability µrm and remanent flux densityBr are specified

in the model. For artifact, only the relative permeability µra is sufficient. A free tetrahedral mesh

is selected to mesh both the magnet and the artifact. The air-gap g between the magnet and the

artifact is identified as one of the key parameters and therefore, variation of magnetic force as a

function of g is obtained. This simulation framework can be used to obtain the forces between a

magnet-magnet or a magnet-artifact pair.

To validate the simulation, the forces between two axially aligned 3.175 mm diameter cylindrical

neodymium magnets (grade N38) at different air-gaps were obtained through experimentation and

is compared with the simulations. Fig. 5.5(a) depicts the variation in forces with change in air-

gap, where a close match between the experimental and the simulation data is obtained. A slight

discrepancy between the curves is seen that could be due to slight misalignment between magnets

during experimentation.
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Figure 5.5: (a) force vs air-gap for a pair of axially aligned cylindrical magnets, (b) force vs air-gap for

axial loading, (c) force vs axial location at an air-gap of 500 µm, and (d) magnetic flux density for the

selected magnet geometry at 500 µm air-gap.

Based on a number of micromilling studies [16, 21, 70] on commonly used materials and with

reasonable process conditions, the static component of micromilling forces in thrust and radial

directions can reach up to 5 N. This peak force should be at the minimum permissible air-gap g,

which is chosen to be 0.5 mm for safety reasons. Therefore, the minimum requirement from the

axial and the radial loading are a minimum peak force of 5 N at g=0.5 mm. Using the COMSOL

simulation framework, various geometries of the permanent magnets are explored. In general,

a large magnet that can be accommodated in the setup without interfering components (except

artifact) is desirable. This restricts the cross-section area of magnet to be less than 10x10 mm2

(overhang length of the test artifact being set at 20 mm). Also, attempts should be made to

minimize the interaction area with artifact so that the position of application is well known. In

this regard, a custom made step-artifact with 3.175 mm shank portion and 5 mm cylindrical tip

portion is designed. And to satisfy high energy density requirement within a small footprint, only

Grade N50 Neodymium magnets are considered.
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Axial Loading To load the spindle in axial direction, a push type loading is required where

the tool can be pushed towards the collet. To achieve this, a pair of cylindrical Neodymium magnets

(grade N50, 5 mm diameter and 2 mm thickness) are used, in a manner such that same magnetic

poles face each other (see Fig. 5.6(a)). One of the magnets is attached to the loading setup and

the other magnet is attached to front face of the step-artifact using a high-strength glue (Loctite

480). The magnitude of push force is varied by changing the air-gap, g. A cap on the minimum

permissible air-gap gmin is placed at 500 µm considering the safety of the spindle. Based on

the simulation results presented in Fig. 5.5(b), at gmin, the axial push force is expected to be 4

N. To increase the force magnitude, we tried replacing the magnet mounted on the loading setup

with a bigger diameter magnet. However, the smaller diameter magnet located at the tip of the

step-artifact demagnetized when the bigger diameter magnet came sufficiently close to it. This is

because opposite poles create a demagnetizing field for each other where the intensity of the field

is proportional to the size of the magnet [71]. Therefore, the axial loading of up to 4 N is achieved

with 5 mm magnets (at g = 0.5 mm), without any loss of magnetism at either end.

Radial Loading To load the spindle in radial direction, a pull type loading is sufficient. A

ferromagnetic test artifact in the form of Class-XX gage pin is used. To select an appropriate mag-

net, different geometries such as cylindrical, conical and pyramidal were simulated using COMSOL

Multiphysics for their forcing capability and compactness. The end result is a pyramid shaped

geometry with 25.4 mm square base, 25.4 mm height and 3.1 mm square top. This magnet could

apply a peak radial load of 10 N at 500 µm air-gap. Fig. 5.5(c) present radial forces at 500 µm

air-gap as the magnet is traversed axially. The artifact overhang is 20 mm and the magnet is ref-

erenced at its geometric center. It is observed that the forces along z-axis stays consistent between

16.5 mm and 8.5 mm axial location. This defines the axial range where a pure radial load can be

applied to the spindle. The distribution of magnetic flux density, which is used to calculate radial

force, using the selected magnetic geometry is presented in Fig. 5.5(d). The axial length of the

distributed (peak) force is estimated to be 5 mm.

5.3.4 Alignment and Measurement

The magnet interacts with the test artifact (clamped to the spindle) where the magnitude of

applied load is a function of magnets’ placement in the 2-D space and the air-gap (g) between

the magnet and the step-artifact. To apply loading at a particular location on the test artifact,

two-axis adjustment on the loading setup is required. The third axis is used to control the air-gap

between the magnet and the test artifact. The selection of axes varies for both axial and radial

loading (see Fig. 5.6). In axial loading, a symmetric placement of the magnet with respect to the
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face of the test artifact in the x − y plane is required. The symmetricity is checked by traversing

the slides along the x and y axes while continuously monitoring the force from the load cell. For

each axis, the location of maxima results in a symmetric placement. In the case of radial loading,

the two-axis alignment is conducted in the x − z plane. For x-axis, a symmetric placement of

magnet with respect to the cylindrical surface of the step-artifact is sufficient. The alignment in

z-axis is achieved by (1) locating the one end of the magnet to the tip of the artifact using a square

with level indicator, and (2) translating the magnet along the negative z-axis to the desired force

application position.

x

y face of 

step-artifact

Magnet

Displacement

x

z

xx-gage pin

Magnet

(a) (b)

Fo
rc

e

Figure 5.6: Alignment between magnet and test artifact for (a) axial loading, and (b) radial loading. Note

that the magnet on the tip of the step-artifact for axial loading is not shown for clarity.

The measurements are conducted for two different outcomes: (1) form error removal at zero

loading, and (2) radial motion measurements under axial and radial loading. The configuration of

the test artifacts for the both axial and radial loading are presented in Fig. 5.7. For each of the

experiments, the radial motions are measured from two distinct axial locations, P1 and P2. For the

case of radial loading, the load is applied at three distinct axial locations indicated by S1, S2 and

S3.
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Figure 5.7: Measurement scheme for (a) axial loading, and (b) radial loading. All dimensions are in mm.

To perform the form removal using multi-probe technique, the setup requires three displacement

probes to align in the same axial plane with specified angles between them (see Fig. 5.2). All three

probes are mounted on individual kinematic mounts, providing 6-degree of freedom to facilitate

alignment. First, the probes are set perpendicular to the axis average line by maximizing the

reflectivity signal coming from a rotating artifact. Second, to align the probes in the same axial

plane, an alignment technique discussed in [52] is used which utilizes a Grade 3 sphere for alignment.

The probes are made to reflect from the surface of a stationary sphere and are translated along

z-axis until the reflectivity signal is maximized. This process ensure that the probes lie in the same

axial plane where the plane containing the probes is also normal to the axis average line. Third, to

measure the angular distance between the probes, an artifact containing a non-reflective reference

mark (straight line of 200 µm width) is used to obtain reflectivity signals from the probes. As

the reference mark passes though the sight of probe, a drop in the signal is observed from each of

the probes at different times. This difference in time when converted into angular domain, using a

pattern correlation algorithm [29], indicates the angular offset between the probes.

5.3.5 Experimental Conditions

The radial motion measurement are conducted with the without loading from both x− and y−axes.

For axial loading, forces at 0, 2 and 4 N are applied. And for radial loading, forces at 0, 3 and 6

N are applied. A range of spindle speeds were tested between 60-120 krpm, at 10 krpm intervals.

For each spindle speed, radial motions are measured from two distinct axial locations, P1 and P2,
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to obtain the changes on both the eccentricity and the tilt.

In case of radial loading, the reaction at the spindle nose not only consists of a radial load but

also a moment. To understand the effect of moment on the changes in radial motions, the radial

load is applied at three distinct axial locations, S1, S2 and S3. Applying loads at different axial

locations results in different moment arm which changes the resulting moment at the spindle nose

(see Table 5.1).

Table 5.1: Radial loading: Effect of moment arm

Force (N) Moment Arm (mm) Moment (N-mm)

0 8.5 0

0 12.5 0

0 16.5 0

3 8.5 42.5

3 12.5 62.5

3 16.5 82.5

6 8.5 85

6 12.5 125

6 16.5 165

5.3.6 Data collection and post processing

For conducting multi-probe error separation, pairwise LDV measurements consisting of (x, y) and

(x, z) motions from the surface of the artifact, pulse signal from IR sensor, and temperature mea-

surements from coolant outlet line are simultaneously acquired. For each speed, the data is collected

for a time duration of 1 seconds, corresponding to at least 600 revs., after warming up spindle for

at least 30 mins. This procedure is repeated for each speed under consideration. At each speed,

data is collected at five different temperatures covering the coolant cycle.

A sample measurement and associated data processing at 60 krpm is presented in Fig. 5.8.

Fig. 5.8(a) plots the raw radial motions as observed from the x−axis displacement probe. The raw

motion is separated into three different components [10]: fundamental, asynchronous and residual

synchronous components as depicted in Figs. 5.8(b)-(d), respectively.

The residual synchronous motions presented in Fig. 5.8(d) consists of form error of the artifact

and the spindle error motions. The residual synchronous motion from three separate probes M1, M2

and M3 are plugged into Eq. (5.4) to obtain the artifact form error using Eq. (5.6). The resulting

form error of the artifact is presented in Fig. 5.8(e). The artifact form error is the subtracted from
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the residual synchronous error motions to obtain the true residual synchronous error motions as

presented in Fig. 5.8(f). The pure residual synchronous error motions are typically represented

using a polar plot as shown in Fig. 5.8(h) and a synchronous error motion value v is defined as the

difference in the radii of the two circles that encloses the motions. The preferred way to present

asynchronous error motion is by calculating the standard deviation, as shown in Fig. 5.8(g).
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Figure 5.8: The data processing scheme for a single axis measurement is presented: (a) raw displace-

ment data, (b) one-per-rev, (c) asynchronous error, (d) synchronous error, (e) artifact form error, (f) true

synchronous error, (g) standard deviation σ for asynchronous errors, and (h) synchronous error value v.
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5.4 Analysis

5.4.1 Effect of tool-eccentricity on radial loading

Although our intent is to apply a pure static load to the spindle, small magnitude of dynamic forces

(mainly one-per-rev) could be generated due to resulting tool-eccentricity at the force application

position. The eccentric attachment of the tool to the spindle results in a finite radial offset. This

offset causes the air-gap to vary during rotation, thereby altering the force magnitudes. To quantify

the magnitude of the dynamic forces generated by this offset, a 3-axis high frequency dynamometer

(Kistler 9256C1, specified first natural frequency of 5 kHz) is used. We hypothesize that these

dynamic forces are small in magnitude compared to the static forces we intend to apply and hence

can be ignored. To test the hypothesis, the dynamometer is installed in the experimental setup

to capture the dynamic component of forces during static loading (see Fig. 5.9). It is observed

that the oil-air lubrication from the spindle introduces additional noise in measurements at the

rotational frequency. To quantify the noise, in a separate experiment, a dummy magnet (3D

printed) is attached in place of the actual magnet and the experiments are repeated. Since the

dummy magnet does not influence the test artifact in any manner, the forces obtained using the

dummy magnet are classified as noise in the measurements.

Figure 5.9: Dynamometer experiments to assess the dynamic forces.

To conduct the experiments, first, the magnet is translated at the tip portion of the test artifact

(Class-XX gage-pin) and this position is noted. Second, the air-gap is varied between 0.5 mm and 6

mm in steps and at each step, forces from dynamometer are recorded for both magnet and dummy

magnet. Fig. 5.10 compares the forces along x-axis with and without the magnet. The average

66



magnitude of radial throw (or offset) is measured to be 8 µm at the force application position. The

experiments, both with and without the magnet, resulted in similar magnitude forces at rotational

frequency. The difference between the forces is within 20 mN (0.4%) for a static load of up to 5 N

at 0.5 mm air-gap. Such small values of dynamic forces can be assumed to be negligible for this

study.

Figure 5.10: Magnitude of once-per-rev forces both with and without (dummy) magnet at 60 krpm spindle

speed.

5.4.2 Deflections due to radial loading

One-sided radial loading on the test artifact could result in deflection of either the artifact or

the spindle or both. To assess the stiffness of the artifact, the Euler-Bernoulli beam theory is

used. The Euler-Bernoulli beam theory was also used in [70], where the stiffness of micro-tool was

successfully modeled as a cantilever beam. Using this theory, the deflection of a cantilever beam

for a concentrated load P at any axial location z is given as

δ(z) =
Pz3

6EI
(5.14)

Assuming attachment of artifact to collet as a fixed boundary condition (for obtaining the

stiffness of Class-xx gage-pin) and radial load as a point force, the stiffness of a cylindrical artifact

(3.175 mm diameter) at z = 16.5 mm (maximum moment arm, see Sec. 5.3.5) was found to be

692 N/µm. The stiffness of the spindle is quoted to be 21 N/µm and 24 N/µm in axial and radial

directions, respectively [7]. On comparison, the stiffness of the spindle is an order of magnitude

lower than the artifact, and therefore, the spindle is more likely to deflect on application of force

and deflection of the artifact can be assumed to be negligible.
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5.4.3 Validation of multi-probe error-separation method

Figure 5.11: Separation of artifact form and spindle error motions after performing multi-probe error

separation technique at four different spindle speeds: (a) synchronous erros, (b) artifact form at all tested

speeds (overlapped on each other), and (c) true synchronous errors.

The multi-probe error separation method is validated by comparing form errors of the artifact

at four different spindle speeds at a fixed axial location. Displacement data is collected from three

displacement probes (M1, M2 and M3); rotational angle information is obtained through IR-sensor

and temperature of the spindle through RTD. The raw displacement data is post-processed to obtain

synchronous error motion using a procedure described in [10]. These synchronous error motions

are used to obtain artifact form error and spindle error motions (see Sec 2). Fig. 5.11 present

artifact form error and spindle error motions at different speeds. Since the (axial) measurement

location is kept fixed, the artifact form remains constant at all speeds. The maximum deviation in

the artifact form error between different speeds is less than 30 nm. There could be a few reasons

for this discrepancy: (1) uncertainty of a few nm due to the synchronous components of structural

error motions [26], and (2) gradual axial growth of the shaft, as a result of change in preload or

temperature, by a total of 10 µm as the spindle speeds is increased from 60k to 130k rpm (figure

not shown) which changes the measurement location on the artifact by the same amount.

5.5 Results and Discussion

This section presents the measurement results from the radial loading. The experiments are con-

ducted at load levels of 0, 3 and 6 N and at three moment arms of 8.5, 12.5 and 16.5 mm.
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5.5.1 Effect of radial loading

The effect of radial load for a fixed moment arm (16.5 mm) is analyzed in this section. The

measurements are conducted at an axial location of 5 mm from the spindle nose. The measured

motions are decomposed into various components using the data processing scheme presented in

Sec. 5.3.6.

Fig. 5.12 presents the amplitude of fundamental (or one-per-rev) component of radial throw

at different radial loads for a range of spindle speeds. The amplitude of fundamental component

is presented for measurement along x- and y-directions, respectively. At 80 krpm, the maximum

change of 254 nm (∼2.5%) in average fundamental component is observed along x-direction. Along

y-direction, a maximum change of 550 nm in average fundamental component is observed at 120

krpm (∼3.5%). For majority of cases, the change in fundamental component is less than 1 % which

can be assumed to be negligible. This is expected because as static loading only brings static

shift in the location of axis average line as a result of the finite radial and bending stiffness of

the spindle. The attachment error or the dynamic response is not expected to change during pure

static loading. Hence, the effect of static loading on the fundamental component of radial throw is

considered inconsequential.
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Figure 5.12: Fundamental (or one-per-rev) component of radial throw along x- and y-axes at varying radial

loading levels.
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Fig. 5.13 shows polar plots of synchronous radial error motions at selected spindle speeds of

60, 90 and 120 krpm. Significant differences in synchronous radial error motions are observed at

different speeds and at different loading levels. At 60 krpm, the predominant motion along the

x-direction changes from a 3-lobe at 0 N to a 2-lobe at 6 N force. For 120 krpm, the synchronous

radial error motions does not show a significant change in amplitude on application of radial loading.

The trends and the magnitudes are similar for motions along both the x- and the y-direction on

application of radial loading.

0°

45°

90°

135°

180°

-135°

-90°

-45°

-200

0

200

0°

45°

90°

135°

180°

-135°

-90°

-45°

-200

0

200

0°

45°

90°

135°

180°

-135°

-90°

-45°

-400
0

400

0°

45°

90°

135°

180°

-135°

-90°

-45°

-400
0

400

0°

45°

90°

135°

180°

-135°

-90°

-45°

-200

0

200

0°

45°

90°

135°

180°

-135°

-90°

-45°

-200

0

200

(a) (b) (c)

(d) (e) (f )

x-
a

xi
s 

(n
m

)
y-

a
xi

s 
(n

m
)

60 krpm 90 krpm 120 krpm

0 N 3 N 6 N

Figure 5.13: Polar plots of synchronous radial error motions along the x- and y-axes at varying spindle

speeds and radial load levels.

Fig. 5.14 shows the magnitude of the Fourier transforms of the synchronous radial error motions

along the x- and y-directions at selected spindle speeds. These bar charts are equivalent to the

motions observed in Fig. 5.13. E.g., a 2-lobed shape is represented as 2 cpr in Fig. 5.14. The effect

of radial loading is clearly identified as a significant jump in 2 cpr values for both 60 and 90 krpm

when a radial load is applied. The 120 krpm spindle speed shows marginal increase in 2 cpr.

Fig. 5.15 shows synchronous radial error motion values along x- and y-directions for a range of

spindle speeds. At speeds of 90-100 krpm, the synchronous radial error motion values are greater
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Figure 5.14: Magnitude of the Fourier transforms of synchronous radial error motion along x- and y-

directions at varying radial loads.

than all other speeds by about 50%. On increase in radial loading, the synchronous radial error

motion values are found to increase for all speeds, except for 3 N load at 110 krpm. The increase

in the synchronous radial error motion values are dis-proportionally higher for 90-100 krpm spindle

speeds when a radial load of 6 N is applied. Both x- and y-directions follow similar trends.

Fig. 5.16 shows the 1σ values as a measure of asynchronous radial error motions. The 1σ values

are calculated for motions along both the x- and y-directions. For most speeds, except 110-120

krpm, the change in 1σ values is within 15%. The maximum 1σ values of the asynchronous error

motions for x-direction are seen at 80 krpm. However, the amplitude of motion at 80 krpm is

significantly lower along y-direction. For all other speeds, the 1σ values are below 100 nm and 150

nm for motions along x-axis and y-directions, respectively.
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Figure 5.15: Synchronous radial error motion values along x- and y-directions at varying radial loads.
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Figure 5.16: 1σ of asynchronous radial error motion along x- and y-directions at varying radial loads.
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5.5.2 Effect of moment arm

In this analysis, the radial load is kept constant at 6 N and the moment arm is varied between 8.5

mm to 16.5 mm, in three steps. The measurements are conducted at an axial location of 5 mm

from the spindle nose. As earlier, the measured motions are decomposed into various components

using the data processing scheme presented in Sec. 5.3.6.
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Figure 5.17: Fundamental (or one-per-rev) component of radial throw along x- and y-axes at varying

moment arm.

Fig. 5.17 shows the variation in the fundamental (or one-per-rev) component of radial throw when

a constant force is applied at different moment arms. As expected, for both x- and y-directions, no

significant changes in the fundamental components is observed.

Fig. 5.18 shows polar plots of synchronous radial error motions at spindle speeds of 60, 90 and

120 krpm. Significant differences in synchronous radial error motions are observed at 60 and 90

krpm at different moment arms. At 90 krpm, the 2-lobe motion along the x-direction is pronounced

when the moment arm is increased from 8.5 mm to 16.5 mm. On the other hand, the synchronous

radial error motions at 120 krpm is relatively stable at all values of moment arm. The trends and

the resulting magnitudes are similar for motions along both the x- and the y-direction when the

moment arm is varied.

Fig. 5.19 shows the harmonic content of the polar plots presented in Fig 5.18. The magnitude
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Figure 5.18: Polar plots of synchronous radial error motions along the x- and y-axes at varying spindle

speeds and moment arm.

of 2 cpr increases linearly with moment arm for 60 and 90 krpm spindle speed. However, the

amplitude of 3 cpr remain constant when moment arm is changed. Similar to the case of change in

force magnitude (in Sec. 5.5.1), 120 krpm spindle speed shows marginal increase in the amplitude

of 2 cpr with an increase in moment arm.

Fig. 5.20 shows synchronous radial error motion values along x- and y-directions for a range

of spindle speeds. The trends are similar to one observed when the force magnitude is varied.

However, the increase in magnitude of synchronous radial motion is linear, compared to the earlier

case where a non-linear increase at 6 N in observed. At speeds of 90-100 krpm, the synchronous

radial error motion values are greater than all other speeds by about 50%. On increase in moment

arm, the synchronous radial error motion values are found to increase, except for 120 krpm. Both

x- and y-directions follow similar trends.

Fig. 5.21 shows the 1σ values as a measure of asynchronous radial error motions. The 1σ values

are calculated for motions along both the x- and y-directions. In general, the change in 1σ values is

marginal on increase in moment arm. The maximum 1σ values of the asynchronous error motions
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Figure 5.19: Magnitude of the Fourier transforms of synchronous radial error motion along x- and y-

directions at varying moment arm.

for x-direction are seen at 80 krpm. As before, the amplitude of motion at 80 krpm is significantly

lower along y-direction. For all other speeds, the 1σ values are below 100 nm and 150 nm for

motions along x-axis and y-directions, respectively.
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Figure 5.20: Synchronous radial error motion values along x- and y-directions at varying moment arm.
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Figure 5.21: 1σ of asynchronous radial error motion along x- and y-directions at different radial loads.
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5.6 Uncertainty Analysis

The uncertainty analysis for the spindle metrology work is conducted as per [72]. The uncertainty is

considered to arise from: (1) measurement instrumentation related (LDV, DAQ), (2) environmental

factors (acoustic noise, air flow, temperature fluctuation, vibration induced due to rotation of

spindle), (3) laser beam alignment and curvature effects, and (4) data processing.

In general, the uncertainty can be grouped into two categories according to the way in which its

numerical value is estimated: (1) Type A those which are evaluated by statistical methods, and (2)

Type B those which are evaluated by other means. They are characterized by estimated variances,

si and approximated variances ui, respectively. Depending on the (assumed) distribution, various

coverage factors kp are used to relate the range to the standard uncertainty ui given as

ui = kp.(range) (5.15)

The value of kp for normal and rectangular distributions are 0.25 (95.45% confidence) and 0.29

(100% confidence), respectively. The combined uncertainty uc can be characterized by the numerical

value obtained by applying the method for the combination of variances.

5.6.1 Measurement instrument related

The uncertainty due to LDV and NI-DAQ affects all frequency components. To quantify the

magnitude across the frequency spectrum, displacement measurement is conducted from the surface

of a tool clamped to the spindle at rest. At rest, the measured motions are classified as noise

of the measurement instrument. In addition to instrument noise, these measurements contain

contributions from the environment such as ground vibrations and airflow, which is difficult to

isolate. The measurements are conducted in time domain and is converted to frequency domain in

Fig. 5.22. The noise is below 1 nm for frequencies above 500 Hz along both x- and y-axes. The

frequencies below 500 Hz typically constitute asynchronous frequencies since we do not run spindle

below 30,000 rpm (500 Hz). Therefore, the uncertainty towards fundamental and synchronous

frequencies is much less than 1 nm at all spindle speeds and hence can be considered negligible.

5.6.2 Environmental effects

The environmental effects include airflow, thermal effects, vibrations of the LDV mounting structure

(induced by rotating unbalance) and acoustic noise (from the rotating spindle). To evaluate the

uncertainty due to environmental effects, a massive cast iron block is mounted on the isolation

table. From the surface of the block, displacement measurements are conducted when the spindle

77



Figure 5.22: Uncertainty due to measurement instruments.

is running at operating speeds. The block is assumed to be completely stationary because of its

massive size and hence the measured displacements correspond to the vibration of the LDV mounts

due to environmental effects [26]. The measured displacements are decomposed into fundamental,

synchronous and 1σ asynchronous motions and are presented in Tables 5.2-5.3. The standard

uncertainty in fundamental component is found to be less than 30 nm for all speeds except for

80 krpm where it is 62 nm. The standard uncertainty in synchronous motions is found to be less

than 5 nm at all spindle speeds, except 110 krpm where it is 7 nm. The standard uncertainty in

asynchronous motions is found to be less than 25 nm at all spindle speeds.

Table 5.2: Spindle speed dependent uncertainty: fundamental component.

Spindle Speed Range (nm) Distribution Standard uncertainty (nm)

60k 90 Uniform 26.1

80k 213 Uniform 61.8

100k 104 Uniform 30.1

120k 83 Uniform 24.1
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Table 5.3: Spindle speed dependent uncertainty: synchronous and asynchronous components.

Spindle Speed Range (nm) Distribution Standard uncertainty (nm)

Synchronous frequencies

At 110 krpm 24 Uniform 7

Except 110 krpm 10 Uniform 2.9

Asynchronous frequencies

All speeds 80 Uniform 23.2

5.6.3 Alignment and curvature effects

The uncertainty due to alignment and curvature effects are observable when a finite eccentricity is

present in the system. Therefore, the uncertainty due to alignment and curvature is a function of

eccentricity and hence cannot be generalized. The readers are encouraged to read [26, 73] where the

contribution of alignment and the curvature effects towards measurement uncertainty are discussed

in detail.

5.6.4 Data processing

Data processing involves separating the measured displacements into fundamental, synchronous

and asynchronous components. When a sufficiently large number of revolutions (>500) are taken,

the error in the calculations reduces significantly and hence can be considered negligible.

5.7 Summary and Conclusions

This chapter presented a comprehensive approach to measure radial throw under the effect of

external axial and radial loading. The approach involves an implementation of multi-probe error

separation technique to isolate the artifact form errors from the synchronous component of the

radial throw. A well characterized non-contact loading setup is realized using permanent magnets

and custom artifacts. The following specific conclusions are drawn from this chapter:

� A favorable set of probe angles were identified (α = 90±2◦and β = 175±2◦) for accurate

separation of artifact form errors up to 25 harmonics, considering the constraints posed by

the experimental setup.

� The multi-probe method for error separation was successfully implemented on an UHS spindle.

The implementation is validated by comparing the artifact form extracted at a fixed axial
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location for four different spindle speeds. The artifact form error was found to be similar

at all spindle speeds (<30 nm variation out of ±300 nm); the spindle error motions show

significant variations (upto ±500 nm) at different speeds, similar to that observed in [29].

� The magnet-magnet and magnet-artifact interactions are modeled in COMSOL Multiphysics.

The magnet-magnet interaction model (forces) is then validated using experiments. The

validated model was used to optimize both the magnet and the artifact geometry to satisfy

the axial and radial loading requirements.

� The dynamic forces generated due to an average radial throw of 8 µm were found to be <1% of

the applied (static) radial force at 60,000 rpm. Therefore, the dynamic forces are considered

to be negligible during static radial loading.

� The theoretical stiffness of the artifact in bending is calculated to be 30 times higher than the

radial stiffness of the spindle (data provided by the manufacturer), and therefore, the effect

of radial loading on the bending of the artifact is considered negligible.

� On varying radial loads, the fundamental component of radial throw remains within 1% for

the majority of spindle speeds, whereas the synchronous spindle error motions are found to

increase by more than 200%.

� The synchronous spindle error motions depend strongly on the magnitude of force as well as

the moment arm. In both the cases, an increase in 2 cpr was observed for both the x and y

directions.

� In general, the 1σ of asynchronous spindle error motions were found to be affected by change

in radial forces (up to 15%) and no appreciable change was observed when the moment arm

is varied.
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CHAPTER 6

Evaluation of Micro-tool Geometric Errors

6.1 Motivation

As discussed in Section 1, the geometric errors of the micro-tools − specifically the non-straight tool-

axis, variations in the tool-diameter and the inaccurate location of the cutting edges − contribute

directly to the radial throw and to the trajectory of the cutting edges at the tool-tip. These

geometric errors can either add or subtract to the existing radial throw of the tool axis at the

tool-tip. In this chapter, we develop procedures to quantify the geometric errors of a microtool

and integrate them to the radial throw calculation at the tool-tip by extending the mathematical

formulation presented in Chapter 3. Although, the procedure in this chapter is described considering

a micro-endmill geometry, the approach can be applicable for other micro-tools.

6.2 Introduction

An ideal micro-endmill is presented in Figure 6.1(a). It consists of a 3.175 mm diameter shank, a

fluted tool-tip and a tapered region which connects the shank to the fluted tool-tip. The geometric

errors of interest to us, affecting the radial throw at the cutting edges, are are highlighted in

Figs. 6.1(b)-(c). First, a non-straight tool axis is shown in Fig. 6.1(b). This non-straightness

directly affects the radial throw prediction at the tool-tip. Second, the tool-diameter can deviate

from its nominal diameter. And third, the inaccuracy in the location of the cutting edges is
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depicted in Fig. 6.1(c) with: (1) an included angle less than 180 degrees for a two-fluted micro-

endmill resulting in a deviation ∆θp, and (2) a difference in the magnitude of effective radii (r1, r2

where r1 6= r2).

Tool-axis

Angle <180°

(b)

(a) (c)

r
1

r
2

Diameter

Δθp

Figure 6.1: (a) An ideal 2-fluted micro-endmill [Source: www.harveytool.com], (b) Non-straight tool-axis

(significantly exaggerated), (c) imprecise tool-diameter and inaccuracy in the location of cutting edges depicted

by effective radii (r1, r2 where r1 6= r2) and deviation in the included angle (from 180◦) between the radial

vectors.

The tool diameter appears to be the most fundamental factor affecting the accuracy. For tools

with diameters below 1 mm, most commercial tool manufacturers (e.g., Performance Micro Tools

and Harvey Tools) have a tolerance specification of ±0.0005” (12.7 microns). For this reason, many

machine tool manufacturers offer tool-setter [74], an instrument capable of measuring effective tool-

diameter when the tool is clamped to the spindle. The effective tool diameter is the diameter of

the biggest circle created by the cutting edges of the tool when it is rotated (= 2(max(r1, r2))).

The tool setter is capable of measuring both the static and the dynamic run-out at the tool-tip

but the accuracy is limited to 2 µm and works reliably at a maximum speed of 80,000 rpm (when

measuring dynamic run-out). Alternatively, there are many offline methods to measure the tool-

diameter such as using Scanning Electron Microscopy (SEM), optical microscopy and focus variation

based microscopy to name a few. Similarly, the inaccuracy in the placement of cutting edges can

also be determined through the discussed offline measurement methods followed by appropriate

post processing.

From the presented literature (in Chapter 1) and the methods discussed above, the determination

of the non-straightness of the tool-axis appears most challenging due to its three-dimensional nature

and micron-scale tool dimensions. To address this challenge, focus-variation microscopy seems

promising in determining the complete tool profile in 3D. Therefore, an effort is made to measure

the aforementioned tool-geometric errors with focus-variation-based microscopy.
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6.2.1 Focus variation based microscopy

In this section, a brief overview of the focus variation based microscopy is presented. The instrument

has 4 degrees of freedom: 3 translation and 1 rotational. The rotational allows the tool-to be

measured along its full circumference. The instrument is equipped with objectives from 2.5X to

100X, thus, capable of providing high resolution measurements. The working of the instrument is

described using a schematic presented in Fig. 6.2. Light is introduced into the optical path using

a beam-splitting mirror and is focused onto the specimen using an objective. The reflected light is

bundled together using optics and is gathered by the charge-couple device (CCD) image sensor).

This technique relies on the shallow depth of focus (see label 8 in Fig. 6.2). For a particular

specimen and a given working distance, only a small region is sharply imaged. This sharpness

is determined by software based methods. The objective is then translated to scan the specimen

in the vertical direction yielding one sharp image per vertical step. The software algorithm then

stitches all the sharp images, thus, constructing a 3D profile of the specimen.

Figure 6.2: Schematic of a focus variation instrument. 1, Sensor; 2, optical components; 3, white light;

4, beam-splitting mirror; 5, objective; 6, specimen; 7, vertical scanning; 8, focus information curve with

maximum position; 9, light beam; 10, analyser; 11, polariser; 12, ring light; 13, optical axis. Source: [75]

The scan volume of the instrument is 100 mm x 100 mm x 50 mm, which is achieved by using high

precision xy stages and a software based stitching algorithm. The vertical step size depends on the

chosen objective and can go as low as 10 nm. At the same time, the lateral resolution is diffraction
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limited and is controlled by the magnification of the objective and/or the pixel spacing of the sensor.

Some of the key specification are listed in Table 6.1. The main advantage of this instrument is that

the maximum measurable slope angle is not dependent on the Numerical Aperture of the objective

[75]. This is made possible by employing a range of different illumination sources (e.g., ring light),

which allows the measurement of slopes angles upto 85 degrees. This is one of the key enabler when

measuring highly steep cutting tool profiles. In addition, the light can be polarized using filters to

remove the specular light components.

Table 6.1: Key specifications of the Alicona focus variation based microscope.

Objectives 2.5X 5X 10X 20X 50X 100X

Working Distance (WD) µm 8.8 23.5 17.5 19 11 4.5

Lateral sampling distance µm 3.52 1.76 0.88 0.44 0.18 0.09

Max. lateral resolution µm 6.92 3.49 1.75 0.88 0.64 0.44

Best vertical resolution nm 2300 410 100 50 20 10

Minimum repeatability nm 800 120 30 15 8 3

6.2.2 Measurement Concept

An ideal procedure to obtain the tool-axis of a micro-tool is discussed here. The non-straight tool-

axis can be represented as a function, q = q(x′, y′, z′), dependent on all the three axes. The z′-axis

aligns with the average (ideal) axis of the tool. The radial directions are represented by x′ and y′

axes. In an ideal case, the function q yields a straight line with (x′, y′) = (0, 0). However, it deviates

from a straight line as a result of manufacturing errors. A two-step procedure can be followed to

obtain the true axis of the tool: (1) by measuring the circumference of the tool, perpendicular to

the z′-axis, to obtain a 2D cross-section in the x′−y′ plane, and (2) finding the center of the best-fit

circle (in least square sense) to the obtained cross-section [76]. This process can be repeated at

each discretized axial location and the centers of each of those circles can be connected together to

obtain the actual tool-axis. This method of finding the tool-axis is known as cross-section strategy

[76] as depicted in Fig. 6.3(a). There are few other measurement strategies discussed in literature

such as generatrix strategy, bird-cage strategy and points strategy (see Fig. 6.3).
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Figure 6.3: Strategies for measurement of cylindricity [76]: (from left to right) cross-section strategy,

generatrix strategy, bird-cage strategy and points strategy.

6.3 Integrating Tool-geometric Errors with Radial Throw Formu-

lation

The radial throw formulation presented in Eq. (3.9) assumes tool-geometric errors to be non-

existent. In this section, we drop this assumption and include a tool-geometric error as a function

and integrate in the formulation. In particular, the non-straight geometric axis of the tool and the

inaccuracies in the position of the cutting edges, directly affects the tool tip motions (see Fig. 6.4).

(a)

(b)

(c)

Error

z
1

z
2

z

Figure 6.4: Tool-geometric errors: (a) ideal tool, (b) error in the shank region, and (c) error in both the

shank and the tool-tip.

The non-straight tool axis is represented as a function, q = q(x′, y′, z′). A straight line is then
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fit to the curve q to represent the average (ideal) tool-axis, represented as dotted lines in Fig. 6.4.

Since radial throw measurements at the tool-shank gives the displacement between the geometric-

axis of the tool and the axis average line, the non-straightness of the tool is included. Therefore, to

obtain the true radial throw value, the contribution from non-straightness needs to be removed. It

is noted that z and z′ axes show a axis offset due to tilt errors. However, for small enough tilt angle

(< 0.05 degs.), the location error in the determination of non-straightness is calculated to be under

20 nm, and hence can be ignored. Therefore, for the purpose of adding/subtracting tool-geometric

errors, the axis z and z′ are assumed to be parallel.

A generatrix based approach is adopted to explain the measurement approach. A total of 10

different crest of the tool (along the length) can be measured by rotating the tool by 36 degrees at

each step. Each measurement along the axis results in a profile of the tool along the length. The

tool also possess a reference mark on its shank portion and it is also measured during one of the

measurement when the reference mark is on the top (typically the first measurement since will be

easier to align). Each of the profile are filtered by using an approach presented in [39]. At this

point, an average of all the collected profiles can be taken to obtain a 3D curve representing the

true tool-axis. A straight line is then fit to the curve to represent the average (ideal) tool-axis. The

average tool-axis pass through point A′. The ideal tool-axis aligns perfectly with the z′-axis. The

function q can be calculated which represent the true tool-axis in the x′y′z′ coordinate system.

Since the first measurement is aligned with the reference mark and with from measurements, the

ideal and the actual tool-axis is known - the information is sufficient for calculating the orientation

angle αi and displacement di for an axial location i, as depicted in Fig. 6.5.

The next set of measurements is presented with the help of Fig. 6.5. In the schematic diagram

we focus on a single x − y plane of measurement, where the radial throw is described by ρ and

the average tool-axis is located at ρ′. From the tool-measurements, the displacement relationship

between ρ and ρ′ (length of AA′, d) as well as its orientation α with respect to the reference mark

(reference mark represent the average axis of the tool-shank) is known. Therefore, we find ρ′1 and

ρ′2 at two of the measurement locations i = 1, 2. The obtained ρ′1 and ρ′2 are used to calculate

ρ′z at the tool-tip using Eq. (3.9). And lastly, ρ′z is transformed to ρz using vector addition of the

tool-axis error, given as

ρz = ρ′z + dz. (6.1)

The measurement of tool-diameter and inaccuracy of each of the cutting tools is also accomplished

using the focus variation based microscopy. These results can be added in a straightforward sense
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Figure 6.5: Schematic diagram to include non-straightness of tool axis in the radial throw calculations.

The physical location of tool-axis is point A, the average tool-axis lies at point B, where vector d represent

the non-straightness of the tool-axis at an angle α with respect to the reference mark.

to the ρ at the tool-tip, yielding trajectory of the mth cutting edge as

pm(z, θ) =
(
ρx(z, θ) + rm cos(θ + 2π(m− 1)/n+ ∆θpm)

)
i

+
(
ρy(z, θ) + rm sin(θ + 2π(m− 1)/n+ ∆θpm)

)
j, (6.2)

where i and j are the unit vectors along the x and y directions, respectively. Variables ρx and ρy

are the x and y components of ρ, rm is the effective radii of the mth cutting edge, n is the number

of cutting flutes, and ∆θpm is the deviation of the pitch angle from its nominal value.

6.4 Measurement Approaches

6.4.1 Identification of tool-axis using 3D profile measurement (points strategy)

Using the focus variation microscopy, the 3D profile of a 1 mm diameter, two-fluted micro-endmill

is measured. The tool is attached to the rotary stage (real 3DTM rotation stage) of the instrument

(as shown in Fig. 6.6(a)). The measurement length span from the shank portion of the tool to the

tool-tip. A 20X objective with lateral and vertical resolution of 2 and 0.1 microns, respectively,
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is selected for this measurement. The brightness and contrast is chosen to minimize the specular

light components. The tool was thoroughly cleaned before taking measurements. To obtain a

3D measurement of the tool profile, the circumference is divided into twelve equal portions where

each portion is measured at a time. This resulted in an overlap of 30% between two adjacent

sections. The entire measurement scheme is software controlled and thus, is fully automated. The

measurement took approximately 24-30 hours to complete.

Figure 6.6: (a) Real 3D rotation stage, (b) a 3D measurement of a 2-fluted micro-endmill, and (c) mis-

alignment angle γ between shank axis and the flute axis.

The software identifies the sharp features from the collected images and stores it as a three-

dimensional point cloud. To assist in visualization, the software interpolates between three adjacent

points to create a surface and also preserves the color information. The result of this measurement

and post processing procedure is presented in Fig. 6.6(b). The 3D profile contains both the shank

and the flutes portion. The bright and dark bands seen on the reconstructed profile is a visual

artifact created as a result of overlapping adjacent portions of the circumference.

For the current analysis, it is assumed that the major error in the tool-axis originate from the

axis offset between the shank portion and the fluted portion [25] (as shown in Fig. 6.6(c)). To find

the axis offset, it is required to find the axis of the cylindrical shank portion and the axis of the

fluted portion. For this purpose, the 3D point cloud data is exported from the machine as a text

file and is imported in MATLAB for post processing.

To obtain the axis of the shank portion, a least square cylinder is fitted to the 3D point cloud
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data corresponding to the shank portion (see Fig. 6.7(b)). To this end, a MATLAB based code is

written where the algorithm outputs two parameters: (1) the orientation of the axis of the cylinder

in 3D space, and (2) the radius of the fitted cylinder.

Similarly, to obtain the axis of the fluted section, a least square cylinder is fitted to the fluted

portion. Due to the presence of flutes, an additional post-processing step is required. In this step,

the 3D points falling inside the 1 mm cylinder are omitted based on a threshold value, leaving

behind the points lying on the circumference of the flute. To omit the points, the distance of

each point from an approximate center line is determined and the points falling under 95% of the

nominal radius are omitted. This cleanup procedure is important to reduce the error in the least

square fitting. After the cleanup procedure, a best fit cylinder is fitted to the remaining data (see

Fig. 6.7(a)). Using this procedure, the axis offset at the tool-tip (i.e., eccentricity dz) is calculated

to be 17.33 µm. Based on the prior experience with the tools during micromachining , the obtained

value is considered to be an overestimate.

Figure 6.7: Least-square cylinder fitting to a measured 3D point cloud of a micro-endmill: (a) fluted portion,

and (b) shank portion.

On close examination, it is noted that the distribution of 3D points on the circumference (of

the flute) is uneven. For some locations, a higher number of points are segregated when compared

to other locations. This is caused due to highly reflective nature of the cutting tools and/or

high undercut present at the cutting edges resulting in a loss of data. This unevenness in 3D

point distribution introduces error in the least square fitting as the fitting is sensitive to the overall

number and the distribution of points. Unfortunately, there does not seem to be a way to uniformly

sample the points during a measurement. Therefore, a different approach is needed to quantify the

errors.

During this procedure, it is also realized that the tool-axis may not be reliably determined
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using the read-3D rotation stage of the instrument. For reliable measurement, the rotation stage

should compensate for the attachment-tilt angle when the microtool is clamped to the stage. The

inefficient tilt angle compensation of the real-3D rotation stage introduces location error in the

3D point cloud data. As a result, measurement error of upto 12 µm at 60 mm overhang length

is reported in [77]. Therefore, appropriate compensation techniques are needed to make reliable

measurements using the read-3D rotation stage.

6.4.2 Quantification of non-straightness in tool-shank through LDV-based mea-

surements

LDV-based measurements directly provides the location of local (for a particular measurement

plane) geometric-axis of the tool-shank. Therefore, the measurements conducted in Section 4 can

be analyzed for the straightness of the tool-axis. The one-per-rev component of radial throw

is plotted in Fig. 6.8. For the tested micro-endmill, it is observed that the deviation from the

straightness is symmetric along the axis, on an average. Numerically, the non-straightness of the

obtained tool-axis is with in ±100 nm. For such small deviation from straightness, the axis of the

tool-shank is assumed to be straight. Therefore, the tool-shank can be used as a reference to find

the axis-offset dz at the tip of the tool.
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Figure 6.8: (a) Average radial throw (dots) is presented as a function of axial location and a line is fit

to the data representing average location of tool-axis, and (b) residual between the fitted line and the actual

data.
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6.4.3 Use of precision pins to identify the axis-offset at the tool-tip

(a) (b)

Class-XX

gage pin

Ground

surface

Micro-endmill

Objective
Constraints

Figure 6.9: Precision setup to measure tool-geometric errors (a) micro-endmill placed on two Class-XX

gage-pins, and (b) setup placed under Alicona microscope for measurement.

Considering the results from the previous section, the axis of tool-shank can be asumed to be

straight. Thus, it can provide a reference for the following measurements. Now, to obtain the

axis-offset the at tool-tip, a custom v-block is designed using two class-XX gage-pins (3.175 mm

diameter). These two pins are arranged side-by-side to provide an axis of rotation (see Fig. 6.9).

A direct line contact between the gage-pins is avoided by using two pillars (class-XX gage-pins) of

2 mm diameter each. This arrangement allows for point contact and improves the accuracy of the

system. The 3.175 mm gage-pins are held in place by using three constraints each. The weight of

the micro-tool is sustained by a small wedge glued to the base plate (providing axial constraint)

and a set screw is used to constraint the tool radially. The circularity of gage-pin is specified to

be 508 nm. The tool-shank is assumed to be straight for these measurements, so are the axes of

the gage-pins. Under these assumptions, the cylindricity of all three tools (two gage-pins and a

micro-tool) under test is exceptionally high and hence it contributes to a <1 µm loss in rotation

accuracy.

To obtain the axis offset (dz) between the shank portion (assumed straight) and the tip of the

tool, two separate measurements are required. Between the two measurements, the tool is rotated

by an angle Ω. The rotation center A′(x0, y0) is coincident with the average axis of the shank. The

two measurements (x1, y1) and (x2, y2) are used to identify the location of the cutting edge in the

2D space. To obtain the rotation center A′, two equations corresponding to the rotation of axes
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are solved simultaneously. Mathematically, the equation is represented asx2 − x0

y2 − y0

 =

cosΩ −sinΩ

sinΩ cosΩ

x1 − x0

y1 − y0

 (6.3)

and the axis-offset dz at the tool-tip can be calculated as the distance between the rotation center

A′ and the geometric center of the tool A.

To conduct measurements, first, the cross-section at the tip of the tool is scanned using Alicona

microscope to generate a 3D profile. Without disturbing the setup, a partial profile of the one

end of the gage-pin is also scanned, which serves as a reference. Second, the tool is rotated by an

unknown angle Ω. This angle is later determined during post processing. Third, after rotation, the

cross-section of the tool is measured again as well as the partial profile of one end of the gage-pin

without disturbing the setup.

The post-processing involves running a correlation algorithm (provided by Alicona microscope)

to match the partial profile of the gage pin which brings both the measurements in a single co-

ordinate system. The geometric center and the cutting edge of the tool is then determined for

both the measurements. These values are plugged into Eq. (6.3) to obtain the rotation center A′

and subsequently, dz. To validate, additional measurements are made by rotating the microtool

and comparing the measurements with one another. This serves as a cross-validation and with

sufficient number measurement for a particular tool, variance associated with the measurement can

be quantified.

(a)

(b) (c)

(d) (e)

(f )

(g)
Ω

Figure 6.10: Measurement procedure (a) precision v-block under the microscope, (b)-(c) measurement #

1, (d)-(e) measurement # 2 after Ω rotation, (f)-(g) deviation after matching the portion of the gage-pin.
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6.5 Summary

This chapter introduced the tool-geometric errors affecting the trajectory of the cutting edge at

the tool-tip: (1) non-straight tool axis, (2) variation in the tool diameter, and (3) inaccuracy in

the location of the cutting edges. To measure the non-straight axis of the shank and the axis offset

between the shank portion and the fluted portion, focus variation based optical microscopy (FVM)

technique is deemed promising.

In this regard, the FVM was used to measure a 1 mm diameter, two fluted micro-endmill. The

generated 3D point cloud data was post processed in MATLAB to extract the axis of the shank

and the axis of the flute. The results were considered to be over estimating the axis offset and the

key reason was identified as the non-uniform sampling of the measured points. This occurs due to

specular cutting edges and the presence of undercuts in the flute geometry. Further, the in-built

tilt correction associated with the rotation stage of the equipment was found to be unreliable; upto

12 µm location error at 60 mm overhang length [77] are observed.

As an alternative method, axis offset at the tool-tip was determined by using two parallel class-

XX gage-pins which provided a reference axis of rotation for measurements (accuracy better than

1 µm). The method was found to be promising but a formal validation and uncertainty analysis is

yet to be completed.
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CHAPTER 7

Effects of Radial Throw on Surface Location Error, Surface Roughness and

Uncut Chip Thickness

7.1 Motivation

Radial throw critically impacts the precision attainable from a milling process [9, 78]. The changes

in the tool-tip trajectory arising from radial throw induces direct (kinematic) changes in dimensional

errors (surface location error, SLE) and sidewall (peripheral) surface roughness. In addition, radial

throw alters the chip thickness experienced by each cutting edge, thereby causing changes in both

machining kinematics and dynamics, and inducing an indirect change to the quality parameters.

Therefore, it is essential to assess the effects of radial throw parameters on quality metrics of the

machining process. To this end, a time-domain (kinematic) simulation of the micromilling process

is conducted to determine the SLE, peripheral (sidewall) surface roughness and the variations in

the uncut chip thickness induced by varying radial throw.
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7.2 Model Development

7.2.1 Radial throw in micromachining

ω

y

x

ρ
θ

η
z

r

z

p
m

Oz

Figure 7.1: Description of radial throw. Note that the micro-endmill is shown at a much smaller scale to

help the visualization.

To review, Figure 7.1 depicts the radial throw ρz(θ) in a plane perpendicular to the tool-axis.

In the absence of radial throw, this diagram would have shown a single point (the rotation axis)

located at Oz. The radial throw changes the effective radii of the cutting edges. Consequently, the

trajectory of the cutting edges, pm, at a given axial location z, can be written as:

pm(z, θ) =
(
ρx(z, θ) + r cos(θ + 2π(m− 1)/n)

)
i+

(
ρy(z, θ) + r sin(θ + 2π(m− 1)/n)

)
j, (7.1)

where, i and j are the unit vectors along the x and y directions, respectively. Here ρx and ρy are

the x and y components of the radial throw ρ, r is the radius of the cutting tool, θ is the rotation

angle, and n is the number of cutting flutes. The x and y axes are mutually perpendicular axes in

a plane perpendicular to the rotational axis. The orientation of radial throw is defined by ηz(θ),

referenced with respect to the first cutting edge of the tool.

7.2.2 Modeling and assumptions

The trochoidal trajectory of the cutting edges is generated using Eq. 7.1 for a given cutting plane

(axial slice of the tool). This equation considers only the kinematics of the cutting process where
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the additional static or dynamic effects arising from the process mechanics or dynamics (including

elastic recovery, minimum chip thickness, etc.) are not studied. A full-immersion slot milling

operation is simulated in this work. The points participating in the creation of sidewalls (periphery

at each tool slice) are used to calculate channel width and sidewall surface roughness, as illustrated

in Fig. 7.2. A mean channel width is used to represent the dimensions of the channel and a difference

between the mean channel width and the prescribed width is termed as dimensional error. SLE

is defined as half the dimensional error. The average surface roughness (Ra) for a single slice is

calculated around the mean line (of the side profile) for both the up-milling and down-milling cases.

And for finite depth of cut, areal surface roughness parameter (Sa) is calculated. To obtain the

uncut chip thickness, an approach similar to that described in [17] is adopted. In this approach,

uncut chip thickness is continuously monitored as a function of the rotation angle for both the

cutting edges.

Channel width

(average)

Surface roughness, R

(up-milling)

Surface roughness, R

(down-milling)

Feed

a

a

ρ

ω

rotation

center

workpiece

y

x

ω

(a) (b)

workpiece

Figure 7.2: (a) A micro-milling process depicting a full-immersion slot cutting using a 2-fluted micro-

endmill, and (b) associated parameters of the machined slot such as average channel width and sidewall

surface roughness.

7.2.3 Experimental matrix

The experimental matrix (see Table 7.1) is designed to capture the contrast between the circular and

elliptical radial throw trajectories as well as to study the effects of varying radial throw magnitude

and orientation. A two-fluted micro-endmill with three different tool diameters (X1) with 30 deg.

helix angle is considered for the simulations. The feed rate (X2) is varied in three levels at 0.1, 5

and 25 µm/flute. The trajectory of radial throw is varied for three different ellipse ratios (X3) at 1,

1.25 and 1.5. The magnitude of radial throw (X4) is varied between 0-15 µm for the circular form.

And for the elliptical forms, since the magnitude is a function of the rotation angle, the length of the
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semi-minor axis (aligned along the x-axis) is fixed at 10 µm and the length of the semi-major axis

(aligned along the y-axis) is fixed at 15 µm. This results in a fixed orientation of an ellipse. After

fixing the orientation of ellipse, the feed direction (X6) is varied between 0-180 degs. to capture the

effects of the elliptical trajectory. It should be noted that varying the orientation of the ellipse is

equivalent to varying the feed direction. The feed direction is measured clockwise from the x-axis

(see Fig. 7.2), where x, y and z denotes the machine coordinates, referenced at the spindle nose.

For both the circular and the elliptical forms, a four-fold symmetry exist in radial throw orientation

for a two-fluted cutting tool and therefore, radial throw orientation (X5) is only varied between

0-90 degs. The orientation of radial throw also varies within a revolution for an elliptical trajectory

as the radial throw vector rotates at an angular speed, different from the rotational speed of the

cutting tool. The variation of up to 11.6 degs. in the radial throw orientation is calculated for X3

= 1.5.

Table 7.1: Experimental matrix for the time domain simulations.

Parameter Factor Level

-1 0 1

Tool diameter (µm) X1 50.8 254 508

Feed rate (µm/flute) X2 0.1 5 25

Ellipse ratio X3 1 1.25 1.5

Radial throw magnitude (µm) X4 0-15

Radial throw orientation (degs.) X5 0-90

Feed direction (degs.) X6 0-180

Depth of cut (µm) X7 50

Since the radial throw magnitude and orientation change with the axial location of the tool

and the rotation angle (see Fig. 7.3), various z-slices needs to be considered. For this purpose, a

50 µm depth of cut (X7) is simulated considering six axial slices, 10 µm apart. The radial throw

orientation within each slice is considered to be constant; however, its variation from slice to slice

is taken into account. For a 50.8, 254 and 508 µm tool and 50 µm depth of cut, the total change

in radial throw orientation (θzi − θzj) is calculated to be 32.5, 6.5 and 3.25 degs, respectively.
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Figure 7.3: Change in radial throw orientation with z height.

7.3 Results and Discussion

7.3.1 Explanation of 3D simulation for a sample case

Fig. 7.4 presents the results for one of the simulation cases in 3D, considering an extended depth-

of-cut of 1.38 mm. This plot helps in understanding the processing steps and the results that

follows. This simulation is conducted for a 254 µm, two-fluted cutting tool. The orientation of

radial throw changes linearly with the depth of cut due to a finite helix angle. For instance, the

y-axis in Fig. 7.4(b)-(c) shows a variation in orientation from 0 to 90 degs., which corresponds to a

depth of cut from 0 to 1.38 mm for a 254 µm too diamter. For a particular radial throw orientation

(fixed y-axis), the profile shows the variation in the side surface created for the up-milling and

down-milling cases (x − z plane). The radial throw magnitude was kept at 10 µm with a circular

trajectory. The nominal (or prescribed) half-width is 127 µm. The effect of radial throw orientation

can be observed clearly as the orientation increases from 0 to 90 degs., the half-width inches close to

the nominal value. The simulation also presents the expectation from the micromachining process.

If the depth of cut is chosen to be 1.38 mm, some portions of axial depths show high accuracy

(close to nominal half-width) and other portions show an error of upto 12 %.
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Figure 7.4: A 3-d profile of the channel for a 254 µm tool: (a) up-milling, and (b) down-milling.

Fig. 7.5 presents a sample contour plot depicting dimensional errors as a function of radial throw

amplitude and orienation. In the absence of tool-tilt (assumed), a finite depth of cut introduces an

averaging effect to the dimensional errors. In other words, instead of a dot in the contour plots,

there is a finite width along the orientation axis (∆η). When the tool-tilt is included, it result in a

finite height along the amplitude axis (∆ρ). The cumulative effect of both results in a curve with

a slope between 0 — 90 degs. as depicted in the Fig. 7.5. The individual points on this curve are

obtained at different axial slices which are averaged to provide a net effect.

In case of surface roughness, the effect of finite depth-of-cut is difficult to predict as the re-

lationship between surface roughness and the peripheral points used in the calculation of surface

roughness is non-linear. Where the metric Ra is defined for a line, an areal metric Sa is used for

a surface. The first step in calculating surface roughness is to find the arithmetic mean of the

line or of a surface. Since arithmetic mean of any two individual line profiles is not necessarily

same, therefore, arithmetic mean of the surface created by those two line profiles will be different

than individual means. This renders the Sa to be calculated for each case separately and unlike
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dimensional errors, an averaging analogy cannot be used.
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Figure 7.5: A sample contour plot depicting dimensional errors as a function of radial throw magnitude

and orientation. The unit is µm.

For the following sections, for simplicity in understanding the effects of various parameters on

various quality metrics, only a single axial slice is considered.

7.3.2 Surface location error (SLE)

Dimensional errors (or SLE) is independent of the feed rate. Therefore, the effects of ellipse

ratio and tool diameter as a function of radial throw magnitude, orientation and feed direction is

investigated. Fig. 7.6(a) presents contour plots as a function of magnitude and orientation of radial

throw for a circular form (X3 = 1) for 50.8 µm tool diameter. As expected, the SLE increases

with an increase in radial throw magnitude and a steep change is observed when the orientation is

closer to 0 deg. This is expected since orientations of 0 deg. or 180 deg. dictate the radial throw to

align with one of the cutting-edges, thus directly increasing to the effective tool radius by the radial

throw magnitude. For the 90 deg. orientation, however, the radial throw is perpendicular to the

cutting-edge radii, resulting in an effective radii very close to the actual tool radius. Fig. 7.6(b)-(c)

gives radial throw orientation vs feed direction for elliptical forms. Again, at the lower end of the

orientation spectrum (far from 90 deg.), effects of the elliptical form are pronounced. Specifically,

the SLE varies as much as 6 µm (or 50%) as the feed direction is varied from 0 deg. to 180 deg.

These results indicate the importance of considering the magnitude, orientation and the form of
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radial throw to understand its effect on the process output.

Figs. 7.6(d)-(i) plots the dimensional errors for 254 and 508 µm tool diameters and varying

elliptical ratios. As the tool diameter increases, the effects become less pronounced, which is true

irrespective of the form. This is because the contribution of tool diameter to effective radii increases

with the increase in diameters which reduces the dimensional errors.
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Figure 7.6: Variation in the dimensional error (or twice the SLE) for (a) varying magnitude and orientation

for a circular trajectory, and (b)-(c) varying radial throw orientation and feed direction for an elliptical ratio

of 1.25 and 1.5, respectively. The rows present data for different tool diameters. The unit is µm.

7.3.3 Sidewall (peripheral) surface roughness

Surface roughness highly depends on the feed rate used for the micromachining process. Fig 7.7

presents down-milling surface roughness with varying ellipse ratio and feed rates along horizontal

and vertical axes, respectively. We focus our attention to Figs. 7.7(g)-(i) where the feed is kept
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constant at 25 µm/flute and the form of radial throw is varied. In Fig. 7.7(g), the surface rough-

ness marginally decreases for an increase in the radial throw magnitude and for a decrease in the

orientation of the radial throw. This is because the surface roughness decreases as the effective

radii increases due to marginal decrease in cusp heights. This effect is closely related to feed rate

where a higher feed rates shows higher changes in surface roughness. For very small magnitudes of

radial throw (< 0.5 m) or orientations close to 90 degs., where both edges participate in generating

the sidewalls, the surface roughness is lower in magnitude.

For an elliptical form (ellipse ratio = 1.5) in Fig. 7.7(i), the notion of effective radii fails to

explain the peripheral surface roughness as the trajectories are complicated, compared to a circular

form. For example, at 0 deg. orientation, the effective radii at 0 deg. feed direction is higher than

at 90 deg. feed direction, however, the surface roughness shows the opposite trend. Thus, the

contour plots play an important role in highlighting the roughness map at various combination of

parameter. From Fig. 7.7(i), it can be observed that, for a fixed magnitude, the effect of orientation

and/or feed direction is found to vary surface roughness by up to 20%.
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Figure 7.7: The variation in the down-milling peripheral surface roughness for (a) varying magnitude and

orientation for a circular trajectory, and (b)-(c) varying radial throw orientation and feed direction for an

elliptical ratio of 1.25 and 1.5, respectively. The rows present data for different feed rates. The tool diameter

is kept fixed at 254 µm. The unit is µm.

The diameter of the tool significantly affects the surface roughness due to change in effective

radii. The higher the effective radii, the smaller the surface roughness. These effects are depicted

in Fig 7.8 where a change in diameter from 254 to 508 µm brings over 50% improvement in surface

finish for most radial throw magnitudes and orientations. These simulations are conducted at a

fixed feed rate of 25 µm/flute.
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Figure 7.8: The variation in the down-milling peripheral surface roughness for (a) varying magnitude and

orientation for a circular trajectory, and (b)-(c) varying radial throw orientation and feed direction for an

elliptical ratio of 1.25 and 1.5, respectively. The rows present data for different tool diameters. Feed rate is

kept at 25 µm/flute. The unit is µm.

7.3.4 Uncut chip thickness

The cutting forces observed during micromilling are a direct function of uncut chip thickness, which

also affects the cutting mode, stability, and tool wear etc. Fig. 7.9 explores the uncut chip thickness

as it is experienced by the cutting edges # 1 and # 2 at different radial throw orientations for the

circular form of radial throw. For this simulation, the magnitude of radial throw is kept fixed at

2.5 µm (half the feed rate). The uncut chip thickness profiles are found to be significantly affected

by change in the orientation of radial throw. Specifically, as the orientation deviates from 90 degs.,

one of the cutting points increasingly experiences a higher chip thickness than the other. When the

orientation is sufficiently close to 0 deg. or 180 deg., only one cutting edge participates in cutting.

As a result, the cutting forces also follow the same trends. This uneven chip loads would also cause

one of the cutting edge to wear faster than the other one resulting in premature tool wear.
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Figure 7.9: Uncut chip thickness (or chip load) variation for a circular radial throw trajectory at a fixed

magnitude of 2.5 µm and varying orientation. The cutting edges 1 and 2 are represented by solid and dotted

lines, respectively.

Figs. 7.10(a)-(b) present uncut chip thickness for an elliptical form of radial throw at 0 deg. and

90 deg. orientation, respectively. Each sub-plot features uncut chip thickness profiles for different

feed directions ranging from 0-180 degs. for cutting edges # 1 and # 2. Depending on the feed

direction, a variation of up to 50% in the maximum chip thickness is observed (e.g., 4 µm/flute

at 45 deg. vs 6 µm/flute at 135 deg.) for one of the cutting edges. These variations can cause

significant changes in the cutting force profiles. For instance, while machining a circular feature

where feed direction changes continuously as the feature is being machined, the forces may contain

many harmonics of the tooth passing frequency because of the variations observed in the uncut chip

thickness (see Fig. 7.10(b)). Therefore, it is critical to understand the effects of both the magnitude

and orientation of radial throw as well as the effects of feed direction in the case of elliptical form.
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Figure 7.10: Uncut chip thickness (or chip load) variation for an elliptical trajectory fixed at a semi-

major and a semi-minor axis of 3 µm and 2 µm, respectively. The feed direction is varied for radial throw

orientations of (a) 0 deg., and (b) 90 degs. The cutting edges # 1 and # 2 are represented by solid and

dotted lines, respectively.

7.3.5 Tooth-spacing angle

Tooth spacing (or pitch angle) in an ideal two-fluted tool is 180 degs. If the orientation of radial

throw is 0 deg., the spacing angle remains at 180 deg. However, if the orientation is different

than 0 deg., the spacing angle starts to deviate, and the deviation becomes maximum when the

orientation is 90 deg. This deviation in spacing angle ∆θp (see Fig. 6.4(c) for visual description)

can be calculated as

∆θp = 2 cos−1 (2r)2 − r2
1 − r2

2

2r1r2
, (7.2)

where r is the tool radius, r1 and r2 are the effective radii for cutting edge # 1 and # 2, respectively.

As can be deducted from the Eq. 7.2, the change in spacing angle is a function of initial tool

radius. With the smaller tool radii, higher deviations are expected. Fig 7.11 shows how the tooth

spacing angles change with respect to radial throw and its orientation for three different tool sizes.

As expected, the deviation in tooth spacing angle for small tool diameters such as 50.8 µm can

reach up to 120 degs, compared to only 12 deg. for a tool diameter of 508 deg. As a result of this

deviation, the orientation of cutting geometry is severely affected. Among the affected geometries,

the changes in rake angle and the side clearance angle length should now be considered in process
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planning. The significant changes in the tooth spacing angle causes rake angle for one cutting edge

to decrease, and the same amount of increase to other cutting edge. This can cause significant

differences in material removal mechanism, cutting forces and tool life [79]. Also, depending on the

feed rates and tool cross-section profile, the work-piece can engage with cutting tools in locations

other than cutting edges (flank face etc). Although this contact does not occur on created side

surfaces, the generated contact forces can cause additional tool deflection etc. and can also lead to

cutting forces being misinterpreted.

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)
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Figure 7.11: The variation in the tooth-spacing angle for (a) varying magnitude and orientation for a

circular trajectory, and (b)-(c) varying radial throw orientation and feed direction for an elliptical ratio of

1.25 and 1.5, respectively. The rows present data for different tool diameters. Note the difference in legend

amplitudes. The unit is µm.
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7.4 Measurement Results from Chapter 4

To understand the effects of radial throw measured in Section 4.3.2, we considered a two-dimensional

(2D) tool model where we considered only a single ”slice” of a two-fluted microtool (or, a zero-helix

microtool) with 254 µm diameter. For this simulation, the radial throw parameters calculated in

Chapter 4 are used. In addition to directly using the measure radial throw orientation, considering

the possibility of dictating the radial throw orientation (as discussed in Chapter 4, Section 4.5,

Fig. 4.6), we used not only the measured value but also 45 degrees less than the measured value.

Since tool-geometric errors are unknown, the tool is assumed to be ideal for the purpose of this

simulation.

Fig. 7.12(a) presents the variation of SLE with spindle speed. As expected, following the increase

in radial throw with increased spindle speed, the SLE also increases considerably with the spindle

speed. An increase in feed rate was seen to slightly reduce the SLE; however, this is merely due

to the way in which the SLE is calculated. An increase in feed rate causes the cusp height to

increase while not affecting the maximum channel width, and since the SLE is calculated as the

average width of the channel, increased feed rate causes an apparent reduction in SLE. Another

very important observation is that the radial throw orientation has a significant effect on SLE.

Indeed, a change in radial throw orientation by 45 degrees causes the radial throw to more than

double for every speed. This also highlights the importance of being able to dictate the radial

throw orientation. However, a deeper cut with non-zero helix angle will reduce the impact of radial

throw angle for the entire channel, as the effect of radial throw at the cutting points will change at

different depths.
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Figure 7.12: Effect of measured radial throw on (a) Surface Location Error (SLE), (b) up-milling sidewall

surface roughness, (c) down-milling sidewall surface roughness, and (d) chip-thickness share. The feeds for

1&2 and 3&4 are 5µm/flute and 25µm/flute, respectively. The radial throw orientations for 1&3 and 2&4

are measured values and measured values - 45 deg., respectively.

The sidewall surface roughness (Ra) values for the up-milling and down-milling sides are given

in Figs. 7.12(b)-(c). As expected, the surface roughness increases strongly with the feed rate, and

increased spindle speed (and hence increased radial throw magnitude) induces a slight decrease in

sidewall surface roughness. This is due to a small decrease in cusp height is obtained at higher

radial throw magnitudes. Due to the non-symmetric tool-tip trajectory, the up-milling side has a

lower surface roughness value than the down-milling side has. The effect of radial throw orientation

on sidewall surface roughness was seen to be less than 5%.

To assess the effect of radial throw parameters on uncut chip thickness, a chip-thickness share
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is defined as the ratio of maximum chip thickness (in the presence of radial throw) to twice the

feed rate. As such, in the absence of radial throw, each of the two cutting edges would have a chip

thickness share of 50%. Figure Fig. 7.12(d) shows the change in the chip-thickness share for each

of the two cutting edges with spindle speed for two different feed rates. For the feed rate of 5 µm,

which is smaller than any of the measured radial throw magnitude, and for the measured radial

throw orientation, only one of the cutting edges (100% chip-thickness share) was seen to participate

in cutting for speeds above 60 krpm. At 60 krpm, the measured radial throw orientation of 78 deg.

causes both cutting edges to engage into the material. When the radial throw orientation is shifted

by 45 degrees, for 5 µm feed rate, only a single cutting edge is involved in cutting for any speed

mainly due to the increase in radial throw magnitude. This is an expected result, since the measured

radial throw magnitudes exceed the feed rate, and if the radial throw orientation is such that the

radial throw is aligned with one of the cutting edges, only that cutting edge removes material. The

smaller the feed rate and the larger the radial throw, the higher will be the non-symmetry in uncut

chip thickness between the cutting edges. For the larger feed rate of 25 µm, which is larger than any

of the measured radial throw magnitude, for the measured radial throw parameters, both cutting

edges engage in cutting, although at different chip-thickness shares. The variation in chip-thickness

share in this case is dominated by the change in radial throw orientation (see Fig. 4.8(c)). The

closer is the radial throw orientation to 90 degrees (which was seen at lower speeds, e.g., 78 deg. at

60 krpm), the more symmetric is the participation of the two cutting edges (i.e., the chip-thickness

share is closer to 50%). When the radial throw orientation is shifted (reduced) by 45 degrees, the

small radial throw orientation angles at 120 krpm and 130 krpm causes only one of the cutting

edges to participate in the cutting.

7.5 Summary and Conclusions

This chapter presented a three-dimensional time-domain kinematic simulation of the microcutting

process, specifically focusing on micromilling. The simulation effectively contrasts between the

circular vs elliptical nature of radial throw trajectory as well as shows the effect of radial throw

amplitude and orientation on the micro-machining quality parameters. The trochoidal trajectory

is generated with Eq. 7.1. The experimental matrix consisted of varying tool diameter, feed rates,

radial throw forms, radial throw magnitude and orientation. The effects on various quality parame-

ters such as surface location error, peripheral surface roughness as well as uncut chip thickness and

tooth-spacing angles are comprehensively discussed. In addition, the effect of measured parame-

ters from the radial throw measurements presented in Chapter 4 are also discussed. The following

specific conclusions can be drawn from this chapter
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� The dimensional errors (or SLE) increases when the radial throw magnitude increases and

radial throw orientation decreases. For elliptical forms of radial throw, the SLE can vary as

much as 6 µm (or 50%) as the feed direction is varied form 0 deg. to 90 deg. The larger the

tool diameter, the lesser the variation in the SLE.

� The peripheral (sidewall) surface roughness immensely depend on the feed rate and tool

diameter used in cutting. For circular radial throw form, a larger effective radii results in a

smaller roughness. However, for elliptical forms, the effective radii changes with in a revolution

and therefore, a generalized argument cannot be established.

� The uncut chip thickness is highly dependent on the feed rate and the radial throw magnitude

and its orientation. For a circular form, as the radial throw orientation deviates from 90 degs.,

the participation of one of the cutting edges increases which leads to uneven tool wear. And

for an elliptical form, at a fixed radial throw magnitude and orientation, a variation of up

to 50% in uncut chip thickness is observed across feed directions. These results show the

importance of studying the radial throw magnitude, orientation and form in understanding

the micro-milling process output.

� The tooth-spacing angle is linearly correlated with the tool diameter used for cutting. For a

circular form, the deviation in the tooth-spacing angle increases as the radial throw orientation

approaches 90 degs. The trends are similar for an elliptical form where for a fixed radial throw

orientation, the deviation in the tooth-spacing angle can change by up to 50%. It is interesting

to note the competing effects in SLE vs deviation in tooth-spacing angle as the radial throw

orientation is varied.

� The 2D simulations (with measured values from Chapter 4) indicated the importance of

determining the radial throw orientation with respect to the cutting edges of the tool. A

change in the orientation by 45 degs. caused the surface location error (SLE) to more than

double at each speed. The simulation also predicted the chip-thickness share experienced by

each of the cutting flutes which directly affects the process output such as machining force

signatures and tool wear.
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CHAPTER 8

Conclusions

8.1 Summary and Conclusions

This thesis aimed at improving the process accuracy and reproducibility of micromachining pro-

cesses. Measurement and analysis tools were developed to characterize the non-ideal motions of the

micro-tool tip when it is rotated using ultra-high-speed (UHS) spindles. These non-ideal motions

deviate the trajectory of the cutting edge from the ideal trajectory, and, therfore directly contribute

to the dimensional error and surface roughness. Furthermore, the non-ideal motions alter the un-

cut chip thickness experienced by the cutting edges. These non-ideal motions arise from geometric

errors of the micro-tools; imperfect interfaces within the tool-collet-spindle assembly (resulting in

setup errors); manufacturing errors of the spindle (imperfect bearings, non-straightness of the spin-

dle shaft); the errors of the spindle under loading from the cutting processes; and vibrations caused

by the system components or environmental effects.

To enable high quality measurements to characterize non-ideal motions, a new spindle-metrology

testbed was designed to reduce the noise and vibrations and their in influence on the measurements,

thereby reducing the uncertainties of the LDV-based measurement technique. The developed mea-

surement and analysis technique was then used to study the effects of radial loading and moment

arm on the various components of radial throw: fundamental (or one-per-rev), synchronous error

motions and asynchronous error motions. Next, the tool-geometric errors such as (1) the non-

straight tool-axis, (2) variation in the tool-diameter, and (3) inaccuracy in the location of cutting
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edges were explored using a rotary stage and precision (kinematic) setups in conjunction with focus

variation microscopy (FVM) techniques. Lastly, the changes in the tool-tip trajectory arising from

radial throw was studied on the surface location errors (SLE), peripheral (sidewall) surface rough-

ness and the variations in the uncut chip thickness using a time-domain simulation, representing

the kinematics of the micromilling process. The effect of various parameters associated with radial

throw, such as the magnitude, orientation, form, were studied for a variety of feed rates and tool

diameters.

Based on the work presented in this thesis, the following conclusions are obtained:

� The experimental technique and the associated mathematical framework presented in this

thesis enable accurate determination of the radial throw (of the tool axis) at any axial position,

as well as of the trajectory of the cutting points in the presence of radial throw. Run-out

measurements cannot capture the dynamic, rotation-angle-dependent motions of the cutting

points.

� The mathematical framework can be used to obtain the trajectory of any point along the

cutting edges in the presence of radial throw. The framework uses a vectorial formulation

and requires measurements of radial throw at two axial locations along the tool shank in two

mutually-perpendicular directions to determine the trajectory of the cutting points. This

framework allowed straightforward addition of tool-geometric errors, which could contribute

considerably to the radial throw at the tool-tip. An LDV-based experimental approach was

developed to obtain both the magnitude and orientation of radial throw.

� The overall trajectory of radial throw was found to be elliptical, rather than circular, at

some spindle speeds. This behavior was hypothesized to arise from the axi-asymmetry in

spindle/bearing structure and the associated non-symmetric dynamic response. The FRF

magnitudes obtained along the two-axes using impact testing have confirmed this hypothesis.

The radial throw orientation was found to be dictated by the defects coming from the rotor

(spindle), and the contribution of the collet and the tool towards orientation was found to be

inconsequential.

� For the particular UHS spindle used in this work, under loaded conditions at varying levels of

load, and irrespective of the moment arm, the fundamental component of the spindle motions

shows marginal or no increase due to loading. On the other hand, the synchronous spindle

error motions are found to increase by more than 200% depending on both he magnitude of

applied radial force and the moment arm (which varies the applied moment). The 1σ of the

asynchronous spindle error motions were found to be affected by the change in radial forces
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at a fixed moment arm (up to 15%). The asynchronous spindle error motions stays relatively

constant when the moment arm is varied.

� The use of focus-variation microscopy along with a low-precision rotary stage resulted in

inaccurate measurement of the microtool geometries. As an alternative method, axis-offset

at the tool-tip was determined by using two parallel class-XX gage-pins, which provided a

reference axis of rotation for measurements (accuracy better than 1 µm). The preliminary

data indicated that this alternative method could enable accurate measurement of microtool

geometries using FVM.

� In general, the magnitude, orientation and the form of radial throw had an immense effect on

the output of the micromachining process. The peripheral surface roughness is found to be

highly dependent on the feed rate and tool diameter. At small feed rate, the surface roughness

does not vary appreciably with radial throw. The orientation of radial throw was found to

dictate the chip share between the two cutting flutes. Even for the same orientation in an

elliptical form, the feed direction caused up to 50% variation in the uncut chip thickness.

These simulations indicated the importance of determining the radial throw magnitude as

well as orientation with respect to the cutting edges of the tool.

8.2 Research Output

The following research articles and conference proceedings were published as a result of this thesis

(in chronological order):

1. Nahata, S., Onler, R., Shekhar, S., Korkmaz, E. and Ozdoganlar, O.B., “Radial Throw in

Micromachining: Measurement and Analysis.” Precision Engineering, 2018.

2. Nahata, S., Onler, R., Korkmaz, E. and Ozdoganlar, O.B.,“Radial Throw at the Cutting

Edges of Micro-Tools When Using Ultra-High-Speed Micromachining Spindles.” Proceedings

of NAMRI/SME, Vol. 46, 2018. (Accepted)

3. Nahata, S., Onler, R. and Ozdoganlar, O.B., “Experimental investigation of radial throw in

miniature spindles used for micromachining.” International conference on micromanufactur-

ing (ICOMM), Milan, Italy, March 2015.

4. Nahata, S. and Ozdoganlar, O.B., “Application of magnets in loading ultra-high-speed spin-

dles and understanding its effects on radial spindle error motions.” ASPE Annual Meeting,

St. Paul, Minnesota, Oct. 2013.
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5. Nahata, S., Anandan, K.P. and Ozdoganlar, O.B., “LDV-based Spindle Metrology for Ultra-

High-Speed Micromachining Spindles.” Proceedings of NAMRI/SME, Vol. 41: 319-324, 2013.

The following articles are in the pipeline for submission/publication:

1. Nahata, S., Onler, R. and Ozdoganlar, O.B., “Radial Throw in Micromilling: The Effects on

Surface Location Error, Sidewall Surface Roughness and Uncut Chip Thickness.” 2nd World

Congress on Micro and Nano Manufacturing (Submitted)

2. Nahata, S. and Ozdoganlar O.B., “Effect of external loading on radial throw when using UHS

micromachining spindles.” (in Preparation)

3. Nahata, S., Shekhar, S. and Ozdoganlar O.B., “A Simplified Dynamic Model to Predict

Spindle-Speed Dependent Radial Throw at the Tool-tip.” (in Preparation)

4. Nahata, S., Onler, R. and Ozdoganlar O.B., “The Effect of Radial Throw on the Kinematics

and Quality of the Features fabricated by Micromilling” (in Preparation)

5. Nahata, S., Onler, R. and Ozdoganlar O.B., “Geometric errors of Micro-Tools: Measurement

and Analysis.” (in Preparation)
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CHAPTER 9

Future Work

9.1 Understanding the effect of overhang length on radial throw

The overhang length of the tool is known to have a significant effect on the resulting radial motions,

as indicated by the previous work from the Ozdoganlar group [24]. Overhang length generally varies

by the type of the tool used for micromachining . A long-reach tool will have a longer overhang

length than a standard tool. The overhang length could affect the effective unbalance in the system

which changes the dynamic response of the system.

To assess the effect of artifact over-hang length, tests using four different artifact lengths (5 mm,

10 mm, 15 mm, and 20 mm from the collet) will be performed. In each case, the length of the

artifact inside the collet will be kept constant. The measured data will be analyzed to determine

the effect of artifact over-hang length on synchronous and asynchronous components of the radial,

axial, and tilt error motions.

9.2 Effect of dynamic loading on radial throw

The static loading was found to significantly affect the synchronous spindle error motions. Likewise,

it is interesting to observe the effects of dynamic loading on the various component of radial throw.

This requires a method to apply non-contact dynamic loading to the spindle via test artifacts.

As a preliminary work, a custom dynamic loading artifact is designed and fabricated. It consists
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of a 3.175 mm diameter neodymium disc magnet is attached to the 3.175 mm class-Xx gage-pin.

This magnet is magnetized diametrically which means that left-half face of the disc is North-

Pole and the other half is South-Pole. To generate dynamic forces, another permanent magnet,

cylindrically shaped, is placed perpendicular to the axis-of-rotation of the artifact, maintaining

a finite air-gap (g) with the magnetic-tip. This cylindrical magnet is axially magnetized with

North-Pole (or South-Pole) facing the artifact (as shown in Figure 9.1). As the artifact rotates,

it constantly changes the poles w.r.t. to the radial magnet which causes a cycle of attraction-

repulsion-attraction and so on. This creates dynamic forces with a frequency corresponding to

the spindle rotational speed. This force was measured with the help of dynamic load cell and is

presented in Figure 9.2. At an air-gap of ∼200 µm, peak-to-peak force amplitude of 4 N at spindle

rotational frequency was generated with this method.

Figure 9.1: Dynamic loading artifact, consisting of disc magnet magnetized diametrically, is used to gen-

erate dynamic forces at spindle rotational frequency.

The dynamic loading artifact described above provides us with the appropriate magnitude of

forces but it is locked at the spindle rotational frequency. This is due to the presence of two

poles which can produce only one sine per revolution. In order to obtain dynamic forces twice

the frequency of the spindle rotational frequency (representative of the two-fluted cutting tool), a

multi-pole magnet is designed and fabricated.
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Figure 9.2: Dynamic force of ±2 N is generated by using dynamic loading artifact in an arrangement

shown in Fig. 9.1.

9.2.1 Multi-pole magnet for dynamic loading

In order to make the forcing frequency twice the spindle rotational frequency, a multi-pole mag-

net is designed which consists of multiple North and South poles. Figure 9.3(a)-(b) explains the

construction of such a magnet.

The multi-pole magnet was assembled from four different 90 deg. arc sections which were

custom manufactured by SuperMagnetMan.net. Two of the sections were having North-pole on

their arcs and vice-versa for the other two. They were arranged in alternating fashion as shown

in Figure 9.3(b). The whole multi-pole magnet assembly is then attached to the step-artifact (5

mm diameter) through glue. The physical setup of the multi-pole magnet in trial experimentation

is shown in Figure 9.3(c). For each revolution, both the North-pole and South-pole of the artifact

interacts twice with the North-pole of stationary magnet (attached to the loading setup). This

creates alternating forces with frequency twice the rotational frequency.

The force output is shown in Figure 9.4 below for an air-gap of ∼500 µm. The presence two sine

waves in each revolution demonstrate forces at twice the rotational frequency. The variation in the

amplitude is possibly due to the misalignment of the axis of multi-pole magnet w.r.t. the axis of

the step-artifact. Using this setup, we are able to generate forces with peak-to-peak amplitude of

1 N. In future, experiments will be conducted to assess the variation of spindle error motion under

dynamic loading.
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Figure 9.3: (a) Multi-pole magnet with N-S-N-S poles on the outer circumference attached to the step-

artifact, (b) Multi-pole magnet (rotating) along with cylindrical magnet (stationary) used for generating

dynamic forces with twice the spindle rotational frequency, and (c) Dynamic loading artifact consisting of

multi-pole magnet attached to the step-artifact.

Figure 9.4: Dynamic force output from the multi-pole magnet at an air-gap of ∼500 µm. Red-dash lines

represent start/end of a revolution.

9.3 A comprehensive assessment of tool-geometric errors

Tool-geometric errors can be as large as the tool-attachment errors. As tool-geometric errors directly

affect the motions at the tool-tip, it is therefore important to measure and quantify these errors.

These errors particularly consists of the non-straight tool-axis, variability in the tool diameter and

inaccuracies in the position of the cutting edges. To this end, initial work using focus variation

based microscopy is presented in Chapter 6. More research is needed to validate the presented

approach and devise superior approaches towards accurate measurement of tool-geometric errors.

The specific objectives of this work are:

� To develop novel measurement approaches and post-processing techniques, using focus vari-
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ation microscopy (FVM), to quantify the non-straightness tool-axis in 3D.

� To demonstrate the measurement approach by conducting a statistical analysis on the geo-

metric errors of a set of commercial microtools from the same batch.
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