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Abstract

The purpose of this thesis is first and foremost to establish the feasibility of applying
advanced spindle metrology techniques to conventional ball bearingvsitinciésiely
inexpensive equipment.o that endthe spindle performance afsurface grinder, CNC
lathe, and CNC #hiwill be benchmarkedThe results of these measurements will be
analyzed for validity and usefulness for various applications in manufacturing.

Sindle metrology on conventional spindéegseful for many purposes, ranging
from betier utilization of machineryto preventative maintenanc&®y benchmarking a
machine, its capabilities and limitations can be detdrtoia degree that will provide for
properly informed decisions on which machines are used for whichFRaskermore,
once the error motion of a machine is established, steps taken to improve said error motion
can be evaluated for effectiveneBsese and many more applications, such as measuring
the error motion of a spindle over time to predict its fdilode, welldr a promising future

for spindle metrology in the machine shop.
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Chapter 1: Introduction

Thischapter introduces tierminology and omeptsof axis of rotation metrologlgat will

be used throughout this thesiBhe conventions used to characterize and quantify error
motion of spindlesvill be explained, aride methodology utilized to analyze error will be
discussed.The chapter also includes an overview of previous work in the field of spindle

measurement, as well aescriptiorof the contributions of this thesis.

1.1 Introduction

The capabilities of athine tools have increased rapidly and consistently over the past
century. This trend was a direct result of the demands placed upon the state of the art first
by mass production of automobiles and other large machinery, followed by nuclear
weaponry anthcilitieg1], and most recently by microelectrofiEsAs new technologies
were developed and applied to the many challengestlf@cmgnufacturingndustry
equally sophisticated measurement techniques were nemadeddthe progresof the
stde of the art

Today, air bearisgre the leader in rotatiaa accuracyn a variety of precision
machining applications, with error motianghe narometer level In order to properly
measure and characterize the performances# thcredibly precispindlesadvances in
the field of spindle metrology were need€&dese advances came in the form of both
hardwarge such as capacitance prolaesl analysis techniques, includogaldson and

Estler reversals].



The progress igpindle metrologysedby the most precisar bearingpindlesan
also be applied to conventiormlll bearingspindles Using these advanced spindle
technology processes, the performance of conventional spindles can be bertchanarked
degree that wamt possibléeforewithout the most sophisticated and expersjugoment
available. Now that the aforementioned advances in spindle metrology are established, and
they can be applied with relatively inexpensive and accessible equipment, it isetime to us

them to improve the performance of conventional ball bearing spindles.

1.2Axis of Rotation Metrology

First it is important to introduce the nomenclature and definitions of axis of rotation
metrology whichis used throughout this thesis spindle igshe physical embodiment of an

axis of rotatiod it restrictasmovement in all but onetationaldirection of freedomin its

most basic form, gandle is comprised of two pattse nonrotating part, or stator, and the
rotating part, or rotor. If any motion exists in additioto the desired rotation, it is
considered error motion. This includes any linear motion normal to or along the axis of
rotation, as well as any rotation about axes other than the axis of rdthé&se.error
motions carbe corsidered in many different ways, thete are usually thrdassifications

that are used to define ernmotion d spatialmeasurement, frequen@nd sensitive

direction

1.2.1 SpatiaVleasurement Classification

The gpatial measurementlassification oérror motionis defined by théNSI/ASME
B89.3.4standardas fourdifferent componentd axial, face, radial, and. tifThese four

components ofpatial measuremere depicted iRigures 1.1 and 1.2
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Figure 12: Radial and tikerror motions of an axis of rotation after B89.3gM.

The figuregdefineeach type of spatinsleasurements well as whete placea
sersor to measure that motioRor exampleniFigure 1.1axial error motion is depicted as
the motion in line with the axis of revolution, which in this case happens to be vertical.
Also, a capacitance probe is placed directly ataplitgricalartifa¢ in order torecord

only axial error motion as the spindle rotates.



The fourcomponerg of spatial measuremeare very much interrelated, and not all
need to be measurtd analysisFor instance, face error motion isracfion of axial error
motion,tilt error motionand the position of the sensor used to deteBeitause face error
motion can be extrapolated for apgipon mounted to the spindle, it is often not measured
directly, and instead simply derived from the other measurei@antigly, radial error
motion is needed from multiple positioms compute tilt error motionHowever,in
applicationghat do not requirélt error motion a single radial error motiemeasured

and recorded.

1.2.2 Frequencylassification of Error Motion

The fequencylassification aérror motioncan be considered for any or all of the
typesof spatial measuremetdfined in the previous sectidecausehe error motion of a
spindle is a function of its orientation rather itaspeedmeasurementd gpindles are
often normalizedy rotational velocityn orderto better depict the behavior of the spindle.
These normalized measurements can be displayed on pglaspbotsvn in Figure 1.3
This type of ploprovides a very clear depiction of thetual behavior of the spindieing
tested. The measurementsan be analyzed determinevhich error motions are occurring
repeatedly with every revolution of the spindle, and whichcareelated to rotationThe
time-dependenérror is referred tas synchronous error motion, and appears as a result of
flaws in the spindle The remainingerror is asynchronowsror. The following figure
illustrates the difference between synchronous and asynchronoas érierseparated

from the raw probe data.



Figure 13 Synchronous and asynchronous components of error motion

Separatingsynchronous error motiorirom asynchronous erromotion is
surprisingly simplekirst, the error is talated by undulations per revolut{opr) using a
fast Fourier transform.Synchronougrror motionccur repeatedly at integer multiples of
1 upr make upthe synchroous eror. Asynchronous erravill not repeat with every
revolution of the spindle. Therefore, asynchronous error can be identified as that which
occurs at frequencidsat are not integer multiples of 1.upks Figure 1.3 depscthe
synchronous errdnas one point per measured incremertie asynchronous error, by
contrast, is made up of a cloudradtionsthatfill out the raw probe datdt is clear that
identifying and separating synchronous and asynchronous datadpategaheasurement
collected is very important in order to better understand the error motion of the spindle in

guestion.



