PHYSICAL SECTIONING IN 3D BIOLOGICAL MICROSCOPY

A Thesis

by

JYOTHI SWAROOP GUNTUPALLI

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfilment of the requirements for tdegree of

MASTER OF SCIENCE

December 2007

Major Subject: Computer Science



PHYSICAL SECTIONING IN 3D BIOLOGICAL MICROSCOPY

A Thesis

by

JYOTHI SWAROOP GUNTUPALLI

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfilment of the requirements for tdegree of

MASTER OF SCIENCE

Approved by:

Co-Chairs of Committee, Yoonsuck Choe

Bruce H. McCormick
Committee Members, Andrew Jiang

Jay Walton

Marian Wiercigroch
Head of Department, Valerie E. Taylor

December 2007

Major Subject: Computer Science



ABSTRACT
Physical Sectioning in 3D Biological Microscopy.
(December 2007)
Jyothi Swaroop Guntupalli, B.Tech, Indian InstitofeTechnology, Madras, India
Co—Chairs of Advisory Committee: Dr. Yoonsuck Choe
Dr. Baukl. McCormick

Our ability to analyze the microstructure of bmiltal tissue in three dimensions
(3D) has proven invaluable in modeling its functbty, and therefore providing a better
understanding of the basic mechanisms of life. ¥tric imaging of tissue at the
cellular level, using serial imaging of consecutigsue sections, provides such ability to
acquire microstructure in 3D. Three-dimensionahtignicroscopy in biology can be
broadly classified as using eitheptical sectioningor physical sectioningDue to the
inherent limitations on the depth resolution in iocgt sectioning, and the recent
introduction of novel techniques, physical sectignhas become the sought-out method
to obtain high-resolution volumetric tissue struetulata. To meet this demand with
increased processing speed in 3D biological imadimg thesis provides an engineering
study and formulation of the tissue sectioning pssc The knife-edge scanning
microscopy (KESM), a novel physical sectioning améging instrument developed in
the Brain Networks Laboratory at Texas A&M Univéyshas been used for the purpose
of this study. However, the modes of characterizthgtter and its measurement are

equally applicable to all current variants of 3lbgical microscopy using physical



sectioning.

We focus on chatter in the physical sectioningess, principally characterizing it
by its geometric and optical attributes. Some irtgadrnonlinear dynamical models of
chatter in the sectioning process, drawn from thetammachining literature, are
introduced and compared with observed measurenoérthatter in the tissue cutting
process. To understand the effects of the embgdaldtymer on tissue sectioning, we
discuss methods to characterize the polymer méatesiad present polymer
measurements. Image processing techniques areuetd as a method to abate chatter
artifacts in the volumetric data that has alreadgrbobtained. Ultra-precise machining
techniques, using (1) free-form nanomachining a@yl gn oscillating knife, are
introduced as potential ways to acquire chattex-frigher-resolution volumetric data in
less time. Finally, conclusions of our study antife work conclude the thesis.

In this thesis, we conclude that to achieve uitrasectioning and high-resolution
imaging, embedded plastic should be soft. To ovaethe machining defects of soft

plastics, we suggested free-form nanomachiningsantioning with an oscillating knife.
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CHAPTER |

INTRODUCTION

A. Introduction

Our ability to analyze the microstructure of bidksg tissue in three dimensions
has proven to be invaluable in modeling its funwdidty, and therefore providing a better
understanding of the basic mechanisms of life. ificadhlly, tissue structures are
observed under a 2D microscope, which limits imggmtwo-dimensional observations.
Since tissues are intrinsically 3D, only limitedarmation about their microstructure is
available through this method. Volumetric imagirfgtissue at the cellular level, using
serial imaging of consecutive tissue sections, ipes/the ability to acquire its structure
in 3D. This is done by using 3D microscopy.

3D biological microscopy can be broadly classifiad using eitheroptical
sectioningor physical sectioningAs the names indicate, optical sectioning usesang
focal plane to scan the image of tissues at difteptanes, whereas physical sectioning
cuts the tissue as consecutive serial sectionsimades them to obtain comparable
information. By first aligning and then stackingetimages from consecutive planes,
volumetric image data can be constructed from eibpéical or physical sectioning. This

3D cellular structure can further be used to rettansand subsequently analyze

This thesis follows the style and formatlBEE Transactions on Visualization and
Computer Graphics



structural aspects of the tissue.

B. Motivation

Each of these techniques of 3D biological microgcaysing optical or physical
sectioning, has its own advantages and limitatidis. example, optical sectioning
restricts the maximum observable thickness of tesué and therefore limits Z-axis
resolution. These limitations stem from light seattg and diffraction-limited optics and
hence are difficult to overcome. Physical sectignon the other hand, destroys the tissue
and is in general slower than the optical sectigniBut in recent times, physical
sectioning has been gaining interest in biologBfal microscopy. Introduction of novel
techniques, like (1) concurrent imaging while smuig (Knife Edge Scanning
Microscopy, KESM), (2) preserving tissue sectiomsfliture analysis (Automatic Tape-
Collecting Lathe Ultra-Microtomy, ATLUM) and (3) derming multiple-
immunofluorescence imaging (Array Tomography), Hesped physical sectioning
become the sought-out method to obtain high-reieolutolumetric tissue structure data.
As the demands for higher resolution and incre@sedessing speed have grown, a need

has arisen for an engineering study and formulaifdhe tissue sectioning process.

C. Outline
This thesis addresses the following issues regardissue sectioning for 3D
microscopy:
1. Geometric and optical characterization of the saeatig process.
2. Characterization of the embedding polymer of thsue specimen.

3. Nonlinear dynamical modeling of the sectioning @<



4. Methods for abatement of chatter in the sectiopigess.

Chapter 1l gives the background of 3D biologicact®oning process by
discussing various methods of physical sectioningrently being used. Chatter
phenomenon, as it appears in the sectioning processtroduced in Chapter lll, with
special emphasis on chatter in KESM. Chapter I\ulses various characterization
technigues of the sectioning process, principadlgaiibing its geometric characterization
and optical characterization. Chapter V discudsesrieasurement and analysis of KESM
diamond knife vibration during sectioning. Techrequto characterize the embedding
polymers and their measurement are presented ipt&h&Il. Chapter VII introduces
some important nonlinear dynamical models, drawmfthe metal machining literature,
of chatter in the sectioning process. Here modélthe chatter generation in KESM
sectioning process are presented and comparedbsrved measurements of chatter in
the tissue cutting process. Image processing tquabgi to abate chatter artifacts are
discusses in Chapter VIIl. Free-form nanomachinimjroduced as an ultra-precise
machining technique in Chapter IX, can be adaptetth¢ biological sectioning process.
Nanomachining offers the potential to acquire @rditee high-resolution volumetric
data in less time. Chapter X discusses sectionirlg the oscillating knife and how it
might improve Z-axis resolution and the quality dfe data. Conclusions and

contributions of this thesis along with the futwerk are presented in Chapter XI.



CHAPTER I

BACKGROUND

A. Introduction

Volumetric imaging of tissue at the cellular lewssn be broadly classified as
using either optical sectioning or physical seatignEach of these methods has its own
advantages and limitations. Various microscopy rigpkes following these methods are

discussed and compared in this chapter.

B. Optical sectioning

In optical sectioning, tissue is imaged at différdapths by varying the depth of
the specimen plane of the objective. In additioth® section of interest, light from out-
of-focus sections contaminates the image. Compuumali techniques, called
deconvolution, have been developed to minimizelionieate interference from out-of-
focus regions, and have been used to estimatediuenetric data set from an aligned
stack of serial sectional images [1].

Physically-based techniques used for optical seictgp include differential
interference contrast microscopy (DIC), confocal cnmscopy, and multi-photon
microscopy. The ability to image live biologicabsue is a major advantage of these
techniques. Although images obtained by these tquba are called “optical sections”,
they differ from true sections in that their vealiboundaries are not sharply defined. The

3D point spread function (PSF) of any optical systess elongated in the vertical



direction, so any point in the tissue has its istignspread across multiple sections [1].
Hence, section thickness is ill-defined. A commembed measurement for optical
sectioning, ,analogous to section thickness, isWidth at Half-Maximum (FWHM), the
width at half-amplitude of the curve that descriltke relative intensity of points at
different distances from the midpoint of the sattiBWHM for confocal microscopy is
typically comparable to 600nm [1]. To obtain thegest depth resolution possible,
adjacent optical sections must be placed at inangsnaf roughly half the FWHM of the
vertical PSF. This limits the section thickness3@nm in this technique. Due to the
limitations optical sectioning places upon the khiess of the tissue and Z-axis

resolution, physical sectioning is gaining inteliedbiological 3D microscopy.

C. Physical sectioning

Imaging methods based on physical sectioning useffmcessing steps: staining,
embedding, sectioning, and imaging of the tissussue of interest is sectioned into
slices of desired thickness, typically using amramticrotome, based on the choice of
staining technology and required axial resolutitmages of successive sections are
aligned and stacked in registration to obtain aivatric data set. The tissue staining step
can precede the sectioning step using an en bdaairgy technique, wherein the entire
specimen block is stained a priori. These fourstme more or less independent of each
other, which makes this method slower than opseationing. In fact, this characteristic
allows the use of multiple imaging techniques om shhme tissue section, irrespective of
its sectioning process. Unlike in optical sectigpitissue is destroyed by the physical
sectioning process and therefore the method doealloev imaging of live tissue. The

speed of this method is limited by the time it &ker sectioning, staining, and imaging.



With the advent of high precision machining toatsl @utomation of the cutting process,
physical sectioning is emerging as a preferredaghfor volumetric imaging of biological
tissues. Knife Edge Scanning Microscope (KESM), oludtic Tape-Collecting Lathe-
Ultramicrotome (ATLUM), Array tomography, Serial duk-face scanning electron
microscopy (SBF-SEM), and Serial section transrarsglectron microscopy are some of
the methods using physical sectioning (Table 1l)esEhare discussed in detail in

subsequent sections.

D. Knife-Edge Scanning Microscope (KESM)

The Knife-Edge Scanning Microscope (KESM) (Fig. 2&vented by Bruce H.
McCormick and developed by associates in the BNetworks Laboratory at Texas
A&M University, affords a novel technique in lighhicroscopy for cellular-level
volumetric dataset acquisition. It has been demmatest that it is possible to create
cellular datasets of 1cm3 in approximately 3 weggs The specimen is first en bloc
stained and then sectioned. For sectioning, acatritack of three mechanical stages
move the workpiece, a block of polymer-embeddedhsthtissue, against a wedge—
shaped stationary diamond knife. Sectioning andgintp are concurrent, and inter-
sectional registration is maintained by line scagrthe tissue section as it rolls over the
tip of the top facet of the diamond knife (Fig. 1Aypically each section is 15mm long
and 0.5m thick. Scanned images of successive sectionsharestacked to obtain the
volumetric data set. No further registration of ecessive images is required. Tissue

structure of interest is reconstructed using thigdata (Fig. 1B).



Fig. 1. A. Close up view of the diamond knife ahd embedded tissue block in KESM,
B. Neurons reconstructed from KESM data [2].



E. Automatic Tape-Collecting Lathe-Ultramicrotome (ATLUM)

The Automatic Tape-Collecting Lathe-Ultramicrotor(feég. 3B), developed by
Kenneth Hayworth at University of Southern Califiernis intended to automate the
process of sectioning tissue volumes at ultra-tbéction thickness. It uses a lathe
mechanism to produce a continuous ribbon of tisgugectioning an extremely thin strip
off the surface of a cylindrical block containingraultitude of embedded tissue samples.
This design has inherent advantage of abating méddavibration as the knife never
disengages from the tissue block. The sectionsddiss collected as a ribbon sandwiched
between a pair of supporting tapes. Current se¢himkness has reached 45nm and the
speed of sectioning 0.03mm/s [3]. Though the m@tiention of this project is to provide

sections for transmission electron microscopy pifegotype is built for light microscopy.

F. Array tomography

Array tomography (Fig. 2C), recently invented bg@ten J. Smith and Kristina
Micheva in the Department of Molecular and CelluUdnysiology at Stanford School of
Medicine, is a novel technique for volumetric inraggiand analysis of tissues in 3D. It
employs the technique of imaging an array of adangmber of serial ultra-thin (50-
200nm) immuno-fluorescent-stained specimen sectidn&ydrophilic acrylic resin is
used for embedding the tissue [4]. The embeddeddiss sectioned using a diamond-
knife ultramicrotome to produce continuous ribbarisserial sections, which are then
bonded in a parallel array to the surface of aggklgle. Labeled antibodies or other
reagents are used to stain this 2D array of sextibhe array of stained sections is then
imaged using optical fluorescence or catholumineseanduced by scanning electron

microscopy [4]. 3D reconstruction is achieved bigrahent and collation of individual



2D section images into volumetric stacks. Antibedean be stripped off the section
quickly and thoroughly, as they are stained dueafd diffusion through the ultra-thin
sections. This allows for multiplexing very largeimber of immuno-stains through
repeated cycles of stripping, staining, and imagamy individual array slide. Array
tomography also has other advantages including wagbmetric resolution (unlike the
poor Z-axis resolution of optical sectioning), Sp@&eEn conservation, quantitative
reliability, detection sensitivity, scalable volurfield of view, and direct applicability to

human tissues.

A B C

Fig. 2. A. KESM [2], B. ATLUM [3], and C. Array toography [4].

G. Serial block-face SEM

Serial block-face scanning electron microscopyettgsed by Winfried Denk and
Heinz Horstmann at Max Plank Institute of Medica&sRarch, Heidelberg, combines the
technigues of block-face imaging (which is tradiadly used for light-microscopy of
gross anatomy) and scanning electron microscoppudin Leighton introduced this

technique in 1981, he was not able to image theoseal block face at adequate contrast
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because of charge build-up. Denk and Horstmann eksstron backscattering detection
and low-vacuum operation, to obtain high-contrashges from the cut block face [5].
Sectioning is performed within the vacuum systerthefSEM [5]. Imaging the sectioned
block face removes the difficulty of aligning thages of sections, as required for 3D
reconstruction. Ribbons of the fragile sectiores @iscarded, allowing for automation of

volumetric data set acquisition.

H. Serial section TEM

Transmission electron microscopy requires ultra-tBectioning of polymer-
embedded tissue. En bloc staining of the tissub hatavy element stains is used. Since
this method is preferred for its high resolutioraging, utmost care is taken to achieve
uniform section thickness along a fold-free ribbétarris et al. [6] have developed a
procedure to achieve long ultra-thin uniform fotdd ribbon. Ribbons obtained from the
sectioning process are then imaged using a traeemi®lectron microscope. Tissue is
then reconstructed from these TEM images in 3D gusioftware tools. Achieving a
section thickness of about 50nm helps in identgysubstructures such as synaptic
vesicles (~35nm) and narrow axonal or astrogliatgsses (~50nm) [6].

Table 1 gives a comparison of microscopy technigdescribed above, that use
physical sectioning for 3D imaging. Parameters to@ microscopy include type of

microscopy (LM/EM), typical section thickness, apmked of sectioning.
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Table 1. Comparison of 3D microscopy techniquesgiphysical sectioning.

Light Electron Thickness of
S. No Name Microscopy = Microscopy imaging section Speed (mm/s)
(LM) (EM) (nm)
21(maximum
possible);
17(10X
1. KESM Yes No ~500
objective);
4.2(40X
objective)
2. ATLUM Yes Yes ~45 0.03
Array
3. Yes Yes 50-100 NA
Tomography
Serial Block-
4. No Yes 30-50 NA
Face SEM
Serial Section
5. No Yes 40-60 NA
TEM
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[. Summary

Biological 3D microscopy provides volumetric datdssof cellular structure, and
can be broadly classified as either using optieatisning or physical sectioning. In this
chapter the various microscopy methods using phlysectioning were described in
detail, and their basic advantages and disadvastagee summarized. Any method using
physical sectioning potentially suffers from thedasired vibrations in the sectioning
process called chatter. Chapter Ill introducestehan the physical sectioning process,

with particular emphasis on chatter phenomena iSME
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CHAPTER IlI

CHATTER IN THE SECTIONING PROCESS

A. Introduction

Of all machining techniques, metal cutting, in Wwhioaterial is removed from the
metal workpiece using a cutting tool, is the mostlaly used. Machining involves
relative motion between the workpiece and the rgttool. This relative motion can give
rise to many forms of undesired vibrations duridge tcutting process, of which
mechanical chatter is the most frequently occureand is difficult to abate. Chatter can
be distinguished from other types of vibrationsmyvio the fact that it is a self-sustaining
process and can continue unless quenched. In niaghprocesses like milling and
cutting, the effects of chatter are visible asdine grooves on surface of the workpiece.
Fig. 3shows chatter artifacts left on a metal surfacendgumilling [7]. These lines are
usually repeated at regular intervals, based orfrégpiency of knife/machine vibration

and the cutting speed.

Unlike from metals, plastic parts have traditiopabeen produced by molding
processes. Although molding is fast and flexiblpprapriate molds must first be
machined from titanum or like metal. Therefore fioanufacturing high precision plastic
parts, such as contact lenses and similar parthégphotonics industry, machining is still
used [8]. Direct machining of plastics also suffieesn undesired vibration in the cutting

tool or the workpiece during the process. Since gnocess is also used to manufacture



14

high-precision parts [9], it is of high importante abate any such vibration. Similar
considerations apply directly to biological sectimpas commonly tissues are embedded
in a polymer before sectioning. The material prapsrof the embedding polymer limits
machining of biological tissues. With an emergirgnénd for faster volumetric data
acquisition and higher resolution, the drastic @feof chatter in both sectioning and

imaging in the tissue sectioning process has beaooneasingly important.

Fig. 3. Chatter (seen as alternating bands) gepieas in milling on the surface of the
chip [7].

B. Types of chatter

Chatter has been classified into four types basedhe source of vibration:
frictional, regenerative, mode-coupling, and themmechanical [7].Frictional chatter

gets its excitation energy from the friction fomsther between the workpiece and the tool
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flank, or between the section (chip) and the rakéase, or bothRegenerative chatteas
the name indicates, regenerates from the previausSince serial sectioning involves
repeated cutting of the workpiece top surface, tyje of chatter is the most common
form of undesired self-induced vibration. Variationcutting forces is induced when the
tool cuts the uneven surface from the previous €his variation in force leads to
vibration of the cutting tool and therefore to ameven (wavy) surface. In this way the
chatter process feeds upon itself. When the vimain cutting force direction induces
vibration in thrust force direction or vice vers#ais calledmode-couplingchatter, which
means the undesired vibrations are in two direstiémiction between the clearance and
the workpiece feeds this kind of chatter. Sincdirgtinvolves plastic deformation of
workpiece material, changes in strain-rate and &atpre affect the process. When these

changes result in chatter, it is callb@rmo-mechanical chatter

C. Effects of chatter on physical sectioning for 3Dnicroscopy

Chatter during sectioning leaves artifacts in imatga. In case of KESM,
imaging is performed simultaneously with sectionargl hence this undesired vibration
shows up in the image as alternating streaks gfhbrand dark bands. Even in other
techniques, like array tomography, where the imgggrdone after the sectioning process,
the image can still show alternating bright andkdaatches if the tissue is illuminated
from the back. These chatter artifacts make thenstcuction process both difficult and
often inaccurate, as the reconstruction programnaatake these artifacts for real tissue

features.

In practice, the cutting speed and/or the depttubfare often changed in order to
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abate chatter during the sectioning process. Hehegter limits sectioning speed and
subsequently the speed of volumetric data acquisitDther means of circumventing
chatter is to limit the thinness of the cut. Hoeeuthicker sectioning means lower Z-axis
resolution. Chatter therefore also limits the Zsaxiesolution of 3D microscopy,

contradicting a principal advantage of physicatiseng — higher Z-axis resolution.

D. Chatter in the KESM sectioning process

Serial sectioning in KESM can be approximated bgrinogonal cutting process
A diamond knife acts as theutting tool and the tissue, embedded inside a plastic
(Araldite or Epoxy) block, is thevorkpiece The diamond knife is fixed to a granite
bridge, which in turn is bolted to a granite slalttalso supports the three-axis linear
stage. The slab is heavy and helps stabilize tlsesy from external (e.g., room)

vibration.

The workpiece, a plastic block with embedded tissmimolded in to a keyed ring,
which is then mounted insidespecimen tankThe key prevents the block from rotating
while undergoing sectioning. This ring is held lage firmly by a set screw. As shown in
Fig. 4, the entire assembly, including the tants en the stage assembly of the KESM.
(The diamond knife can also be translated at 45edsgto the horizontal, so that the
specimen (workpiece) can be inserted into the apatitank atop the stage assembly.)
The custom-designed stage assembly has three sepasahanical linear stages, which
give the mounted specimen tank three degrees efidra. To section the embedded
tissue, the stage moves in the cutting directioairsy the stationary diamond knife,

planing a thin section from the block. The stagmtlowers, retracts back to its original
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position on the X-axis, and then is incrementeth&oheight of the new cut. This process
is repeated to serially section and concurrentlggenthe tissue. During each sectioning
stroke, when the workpiece first comes in contatt the diamond knife, it hits the knife

— resulting in an impact that initiates vibrationthe tool. This induced vibration, unless
dampened, results in an uneven cut and leaves a suaface on the block. Subsequent
sections cut from the block retain a phase-shiftadant of this wavy surface. This

process continues forever feeding upon itself wnipsenched. This type of chatter is

classified asegenerative chatter.

Fig. 4. Specimen assembly [2].

Optical evidence of these mechanical vibrationsnguthe sectioning process
comes from volumetric data obtained by KESM. Thading system of the prototype
KESM consists of a Nikon microscope objective aralsB line scan cameras to capture

the image. Tissue is imaged under water to impspatial resolution. Imaging in the
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KESM uses either a 10X objective for survey studegsa 40X objective for the higher
magnification required to trace neurons and preesdmaging at this higher
magnification means even smaller vibrations inkhiée can leave observable artifacts in
the imaging data. Also, chatter is highly dependgydn the cutting speed and adjusting
the speed of cutting changes the spatial frequehtlgese artifacts in the image. High-
speed sectioning in the prototype KESM can reachaaimum of 21mm/s (currently
limited by the line rate of the current line-scamera) [2]. Fig. 5 shows a typical KESM
image exhibiting chatter, which appears as darkzbotal streaks occurring at regular

intervals along the Y-axis. Fig. 6 shows the coaitks.

Fig. 5. KESM tissue sections showing chatter. (LEftatter artifacts occurring
continuously in the image data. (Right) Chatteifaats occurring as irregular streaks in
the image data [10].

Knife chatter gives rise to non-uniform sectiorckimess, which in turn appears as
alternating dark and bright patches in the scanmedge. Other effects, such as
distortions of the embedding polymer, — even fooa-vibrating knife — can result in the
similar image distortions. This stresses the needafdirect comparison of optical and

geometric characterization of the chatter phenonieea Chapter V).

David Mayerich, doctoral candidate in Brain Netwsorkaboratory (BNL) at
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Texas A&M University, observed that the dark steeakie to chatter in the image are
aligned across successive sections with slow cootis shifts of phase. Fig. 6 shows a
vertical slice of volumetric data of tissue obtain®yy KESM along the X-Z plane (X-axis
is along the cutting direction and Z-axis is aldhg vertical, or depth direction). Each
row represents one section (e.g. Fig. 5) viewethftbe side. A surprising fact is that

successive sections were cut at random veloci#eging as much as 2 to 1.

Fig. 6. (Left) Slice of volumetric image data cfdue along X-Z plane showing the
alignment of chatter across successive sectiongh{)R3D view of image data showing
the axes: X-cutting direction, Y-knife-edge directj and Z-vertical direction.

Volumetric image data of tissue sectioned at nediti high speeds enabled the
observation of this previously unobserved phenomen®his observation, which
apparently largely rests on the embedding polyménetissue, can potentially be used to
abate chatter phenomenon (see free-form nanomaghir€hapter 1X). Also, this
observation reveals smooth transition of chatteifaats in volumetric data, which
indicates the possibility of using image processimghods to remove these artifacts (see

Chapter VIII).
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E. Summary

Chatter is an undesired mechanical vibration cregpito the sectioning process.
It has been well studied in metal cutting, wherdasitconsidered to be a nonlinear
dynamical phenomenon, but little studied in biobadjitissue sectioning. Chatter in
biological sectioning affects the quality of recaostion and limits Z-axis (depth)
resolution and speed of sectioning. As the demaagkases for faster volumetric cellular
data acquisition at ever-increasing spatial regmiytchatter in the sectioning process can
be expected to play an ever more important role. Adxt chapter discusses techniques to

characterize the sectioning processes.
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CHAPTER IV

CHARACTERIZATION OF PHYSICAL SECTIONING

A. Introduction

Sectioning repeatedly shapes the workpiece by usiaghanical forces to shear
the workpiece with the cutting tool. This basissaictioning gives the process certain
acoustic, vibrational, geometric, and optical cheeastics described below.

Machining is inherently a loud process. Sound mdpced during machining as
atomic bonds are broken during shearing. Alsomtbekpiece material resists the cutting
force applied by the tool, resulting in a dynamiequilibrium. If the workpiece material
resistance is not uniform, then instability canegren as vibrations in this dynamical
system. These vibrations contribute to the sounchathining and are also reflected as
variations in section thickness and as serratekpuece surfaces. In the KESM, from
which the data of this thesis was drawn, thesalmigies also appear in the imaging data

as optical artifacts (previously discussed in Caaft.)

B. Characteristics of chatter in the sectioning proess

Chatter is a form of undesired mechanical vibratlwat generates an audible buzz
during cutting. Also, as stated earlier, chattawvés its mark on the chip in the form of
variation in section thickness. During imaging,stinesults in variation of brightness as

the light is projected from the knife through thieipcto reach the camera objective.
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Chatter leaves a variation in brightness that aygpas alternating dark and bright streaks
in the image, based on the thickness of the chifgs& two characteristics of chatter:
chatter frequencyndchip thickness variatigncan therefore be used to quantify chatter.
Based on these two characteristics, different tegctes of quantifying the sectioning

process in general and measuring chatter in paticare discussed below.

C. Sound of chatter

Chatter during machining can be picked up as aquenbuzzing sound, which
can be easily differentiated from the backgroundnsbof machining. Recording this
sound using a microphone, and its subsequent anaiyes a measure of chatter. In
guantifying chatter using sound, the cutting precegthout chatter is recorded initially
and used as the baseline, as sectioning produces sound even without chatter. The
frequency spectrum of chatter can be obtained usieag-ast Fourier Transform on the
recorded sound data. Chatter appears in this specas unusually high amplitude
vibration at certain frequencies. These can edsmlydistinguished from the frequency
spectrum of the sound without chatter. Though messurement does not give accurate
quantification of chatter, it can be used in réalet monitoring of cutting processes and
also in the active abatement of chatter. A maj@advantage of this kind of chatter

measurement is the possible interference fromrn@ent noise.

D. Geometric characterization
Chip thickness variation and workpiece surface ifgofan be categorized as
geometric characterizations of the sectioning @sce The sectioning process is

considered ideal, with no external disturbancethi# resulting chip is of uniform
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thickness. This rarely happens in real-world semtig due to undesired vibrations
stemming from the variation in material propertasd amplification of small cutting
disturbances. Hence chip thickness profiles gigad indication of the quality of the
sectioning process. Also, they are easy to meassirgg a multitude of commercially

available instruments like profilometers and atofoice microscopes (AFM).

Fig. 7. Dektak 3 profilometer [11].

For example, KESM specimens are predominantly @eeti at a thickness of
0.5 m. An ideal section should be of uniform thicknessl its profile a straight line
along any line across its surface. But due to ehattd other effects, the thickness of the
cut tissue section varies. Surface profile measantnof this tissue section, using a

profilometer, thus gives the variation in sectibitkness.

E. Profilometer
A profilometer (Fig. 7) is an instrument that caused to measure the profile of

any surface along a straight line. It measures#ight of the surface of any specimen by
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dragging a diamond stylus attached to the free afnd cantilever. This cantilever is
coupled to a linear variable differential transdu@d/DT), which converts the change in
the height of the stylus into an electrical sigridle stylus tip is in continuous contact
with the surface and its movement is reflectechaschange in position of the core of the
cantilever coupled to the LVDT. The Dektak 3 profieter at the Material
Characterization Facility at Texas A&M University AMU) was used to measure the
profile of the section from KESM. The profilometsan measure vertical features ranging
in height from 10 to 65,000nm [11]. Fig. 8 shows tirofile of a chip measured using a
Dektak 3 profilometer. It is evident from Fig. 8ndadirect observation through a
microscope during measurements, that profiling spi#cimens like embedded tissues
give rise to problems such as dragging and comipresd the tissue surface. Also, the
radius of the diamond stylus of this profilometerd.5um, which means that the spatial
resolution of measurement is at most 12.5um, wheeontrast each image pixel has a

resolution of 0.3-0.6um (X and Y) and 0.5-2um (2).
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Fig. 8. Profile of a tissue section from KESM measiwusing the Dektak 3 profilometer.
The X-axis is the scanned distance along the sampteicrometers) and the Y-axis is
the height at each sample point (in kAngstroms}idéahe peak at the beginning due to

dragging of the softer tissue by the diamond stylus
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Fig. 9. Profile of a tissue section from KESM meaasusing Dektak 3 profilometer. The
X-axis is the scanned distance along the samplmigrometers) and the Y-axis is the

height at each sample point (in kA).



26

=A

|
1
[]

R

= L]

}Z

|

.:E"x';’ Al I | J';."p"*i ]

o _.,.r__.-"r'_r.__r.u‘,.r_,; X | =
e o~ __ |
.,"" ,:.-_:..-u oA ) I
- ! L]
. :J:;"’c’"f 'f;i“j“-“‘x;;& | L !
-

K

1

=
Tt
.!_-__=.=.L=I__!.;-.;.._Ji;uuui_uiu.-iL L

_J._l_._i.__l_l_LLJ_._lLLJ.,J,L] bt ity

w3 i OnSes I =oe

& 280 %00 o0 o 1060 1200|400 {pn-j

- %

Fig. 10. Profile of a tissues section from KESM swead using Dektak 3 profilometer.
The X-axis is the scanned distance along the sampieicrometers) and the Y-axis is
the height at each sample point (in kA).

Profiles of the tissue section measured at diffetecations using the Dektak3
profilometer are shown in Figs. 8, 9, and 10. it ba seen from the data that the variation
in profile is in the order of hundreds of nanometgdikA=100nm). Fig. 8 also shows that
the tissue section, being soft, is dragged by tylass resulting in a pullback. Moreover,
since the stylus is dragged on the measured setissne under the tip is under constant

force to maintain contact and hence is compresseducing an error in measurement.

F. Atomic force microscope

To overcome the Ilimitations imposed by profilomstesuch as dragging,
compression of the chip, and resolution, an atdorice microscope (AFM) was used for
surface profiling the tissue section. Atomic foro@croscopy is a scanning probe

microscope method invented by Binnig, Quate, andb&ein 1986 [12]. Due to its
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resolution in the order of nanometers, it is usgteresively to image, measure, and

manipulate matter at the nano-scale. Basic worgmtriple of the AFM is shown in Fig.

11.

Detector and
Feedback

Electronics

Photodiode
: Laser
9
S N _
AT m_.:—_____‘.:_f__ Cantilever & Tip

. FLT Scanner

Fig. 11. Atomic force microscope [12] (left) and gchematic showing the working

principle (right)

The Material Characterization Facility at Texas A&bhiversity houses an AFM

(Veeco MultiMode AFM, the highest-resolution scarmiprobe microscope ever

manufactured [13]). The instrument allows a scagezof up to 120um on the X-Y axes,

and a Z-axis range of up to 6um. The tapping mddé&e AFM, a patented technique,

allows imaging of samples that are soft. In theptagp mode, the probe is vibrated

vertically by a piezoelectric oscillator to hit tearface at a regular time interval while the

probe moves horizontally on the surface, touchimg $pecimen surface only at these

regular intervals.

By lightly tapping the stylus tip on the surfaceridg scanning, lateral, shear

forces are eliminated, improving image quality. c®iour embedded tissues are soft, we

used the tapping mode of operation. For our measemg we used three ranges of
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scanning areas: 2umx2um, 10umx10um, and 50umx50piatate the appropriate scan
area to recognize the chatter artifacts. For eaah sange, the tip makes 512 readings in
the X and Y axes, giving a 512x512 matrix of heigata in nanometer resolution. Fig.
12 shows the surface profile of the chip at thréger@nt scan area ranges mentioned

above.

2umx2um 10pmx10pum SOpumMx50pum

Fig. 12. Surface profile of a section from KESM m@a@d in AFM at three different scan
area ranges. The X-Y plane is the plane of the¢isection and Z-axis represents the
height at each scanned point in nanometers. Fogiaey scan area, AFM samples the

height at 512x512 points on the section. So, fohegan area, x and y axes represent the

index of sampling points.

It is evident from Fig. 12 that the pattern of ¢baappears at the 50umx50um
scan range. It is also observable that the vanatothickness has multiple frequencies
(multi-modal). Fig. 13 shows the profile along tlohatter lines. An interesting
observation is that the profile of the tissue sectvaries as much as 500nm in both
directions from the mean. This is a significantiaton for a chip of 2um thickness.
Using basic trigonometry, we can calculate theatlis¢ between two successive lowest
points in the tissue section to be 21.27um. Thiegithe spatial frequency of chatter of

~47cycles /mm.
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Fig. 13. KESM section profile measured in AFM vieladong the chatter lines.

It has been stated before that chatter artifagtd the speed of sectioning and the
thickness of the tissue section. Understanding timnartifacts vary depending on these
parameters of the sectioning process is therefibaéte improve the sectioning process.
Tissue samples sectioned in the KESM at speedBrofriisec and 17mm/sec and section
thicknesses of 2um and 0.5um were measured in i, As shown in Figs. 14, 15, and
16. Table 2. gives the variation of the chip thieks and the distance between successive

ridges for various samples from the KESM sectiorpnagess.
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Table 2. AFM measurements of KESM sections.

. : : Distance between Variation in
Desired chip | Cutting speed T :
S. no : successive ridges surface profile
thickness (um) (mm/s)
(Hm) (nm)

1. 0.5 10 39.41 1000
2. 0.5 17 12.94 825
3. 0.5 (Block) 17 13.72 350
4. 2 10 8.31 1300

From table 2, it can be observed that
1. the frequency of the chatter (measured as variaichip thickness) increases as
the desired section thickness increases,
2. the variation in the surface profile, which reprgsethe variation in chip
thickness, increases as the desired section trgsknereases,
3. the variation in the surface profile decreasehiaséctioning speed increases.
Also, it has been observed that by varying tisseiening speeds in KESM,
chatter can be suppressed. Hence, during normeahtigrein KESM, successive sections
are cut at speeds varying as much as 2:1. FigGhapter Il shows the cross section (X-
Z) of the volumetric image data obtained by varyihg sectioning speeds. As stated in
Chapter lll, the chatter artifacts in the image aligned across successive sections with
slow continuous shifts of phase irrespective of\thg/ing sectioning speeds at random.
This fact suggests that the chatter phenomenonEBNK can be attributed mostly to
regenerative effects in the sectioning process.nt@fic sectioning requires careful
separation of tissue sections and measuring therg tiee AFM. Optical characterization
offers a quicker alternative to speed up the pwadsanalyzing and characterizing the

sectioning process. Subsequent sections belowngbre
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Fig. 14. Chatter in the section surface profilearsarea was 90umXx90um. Speed of
cutting was 10mm/s. Average section thickness wsr. Surface profile varies as
much as 500nm and the variation is smooth duevicclgting speed.
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Fig. 15. Chatter in the section surface profilearbarea was 50umXx50um. Speed of
cutting was 17mm/s. Average section thickness wigsr. Four groves appearing on the
surface profile correspond to section thicknesgatian due to chatter.
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