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SUMMARY

The goals of the Precision Engineering Center are: 1) to improve the understanding and capability
of precision metrology, actuation, manufacturing and assembly processes; and 2) to train a new
generation of engineers and scientists with the background and experience to transfer this new
knowledge to industry. Because the problems related to precision engineering originate from a
variety of sources, significant progress can only be achieved by applying a multidisciplinary
approach; one in which the faculty, students, staff and sponsors work together to identify
important research issues and find the optimum solutions. Such an environment has been created
and nurtured at the PEC over the past 18 years and the new technology developed as well as the 70
graduates attest to the quality of the results.

The 2000 Annual Report summarizes the progress over the past year by the faculty, students and
staff in the Precision Engineering Center. During the past year, this group included 6 faculty, 12
graduate students, 1 undergraduate student, 2 full-time technical staff members and 1
administrative staff member. Representing two different Departments from the College of
Engineering, this diverse group of scientists and engineers provides a wealth of experience to
address precision engineering problems. The format of this Annual Report separates the research
effort into individual projects, however, this should not hide the significant interaction that occurs
between among the faculty, staff and students. Weekly seminars by the students and faculty
provide information and feedback as well as practice in presentation technique. Teamwork and
group interactions are a hallmark of research at the PEC and this contributes to both the quality of
the research as well as the training of the graduates.

The summaries of individual projects that follow are arranged in the same order as the body of the
report, that is the four broad categories of 1) metrology, 2) actuation, 3) control and 4) fabrication.

1) METROLOGY

The emphasis of the metrology projects has been to develop new techniques that can be used to
characterize surface structure and shape as well as measure important parameters such as tool
force.

Lapping Plate Charging Lapping the air bearing surface of a hard disk head is one of the last
steps in the production process. This surface is about 1 mm square and must have a surface finish
less than 1 nm and be flat to the order of 10 nm. The goal of this research is to optimize the
preparation of the lap plate used to produce this surface. The current technique involves creating
randomly overlapping circular scratches and then charging the peaks of this surface with sub-
micrometer diamonds. The randomness of this texturing process is a suspect in the lack of
repeatability in the head lapping results. As a result, new plate preparation processes are being
evaluated as well as techniques to measure the effectiveness of the charging process.



Bend Effect Due to Mechanical Scribing Putting a scratch across the surface of a thin plate
can change the shape of that plate. This process has been used to make subtle corrections to the
figure error of hard disk heads. The goal of this project is to study the role of load, scribe
geometry, speed and number of scribes on the resulting shape of a hard disk head. A test system
consisting of a microhardness tester with a motorized stage was used to produce controlled
diamond scribes on ceramic samples. The bending distortion is a result of the residual stresses
generated by the scribing operation and data from the measurements were analyzed using computer
software to extract the net bending effect. An analytical model for the bend effect based on the
residual stresses due to line-force dipoles was developed.

Laser Scribing For Precision Shape Modification Another method of modifying the
shape of hard disk heads involves laser rather than mechanical scribing. Like the mechanical
scribing, a laser scribing system produces curvature by inducing residual stress into the slider.
Predicting the curvature created by a pattern of scribes is important to control the final shape of the
sliding surface. Using finite element analysis, a force system that produces stresses similar to the
laser scribing has been identified. A library of scribing results have been built using this model
that allow, through superposition, the shape of complicated scribing patterns to be predicted.
Ultimately, the inverse problem will be solved, that is finding a scribing pattern to generate a
desired change in shape.

Measuring Hydrated Optical Surfaces Measuring the surface characteristics of compliant
optical materials filled with fluid presents some unique challenges: 1) few, if any, instruments are
capable of performing measurements in a fluid, 2) the material has a low modulus and any contact
load deflects the surface and influences the results, and 3) the refractive index change at the surface
of the material is very small because it is submerged in fluid. Given these challenges, the best
method for measuring surface finish of these materials is by scanning probe microscopy in a fluid
cell. A technique for making such measurements is presented and the results of surface finish
measurements are described.

Design Of The Polar Profilometer Polaris Profilometers for measuring form and
roughness have traditionally been based on rectangular coordinates, but such designs have
limitations when measuring certain geometries, for example, high aspect-ratio optics whose shape
is more polar than rectangular in nature. To meet this need, a polar profilometer has been designed
and is being built at the PEC. This device will measure both concave and convex parts ranging
from hemispheres to aspheres within a circular measurement field 50 mm in diameter. The target
resolution is no less than 100 nm with an overall accuracy of at least 500 nm.

Control and Data Acquisition Systems for Polaris The machine controls and data
acquisition components for the polar profilometer have been selected and the user interface



software design is nearing completion. Operating procedures have been established for part setup,
alignment, reference path specification and measurement. The hardware platform is a Delta Tau
UMAC controller coupled to an IBM PC via USB. This choice offers significant advantages for
system integration and represents the future direction of flexible machine controls. The user
interface software is designed to run on any PC and as a result can evolve independent of the real-
time control software and hardware.

2) ACTUATION

Real-time control is a necessary technique to improve the precision — accuracy and repeatability —
of a fabrication or measurement process. The metrology activities discussed above are intended to
develop tools or devices to measure shape, force or properties. Equally important are improved
actuators with the ability to create the motion necessary to correct the error.

Design of a Ultrasonic Piezoelectric Motor A new design for an ultrasonic motor is being
developed that uses independent, orthogonal, ultrasonic motions of the tip of a piezoelectric
actuator to move a slideway. Several designs have been built involving independently driven
piezoelectric elements, one generating the normal load at the interface and the second generating the
tangential driving force. The challenge in developing this motor are 1) the actuator needs to have
two different mode shapes at nearly the same frequency and 2) each mode shape must be
exclusively excited by one actuator and not by the other. Finite element analysis (FEA) has been
used to include all significant features such as the anisotropy of the piezoelectric material, the exact
properties and dimensions of the actuators (including any glue joints) when developing each
design. The mode shapes and natural frequencies for each prototype have been measured,
compared with the computer models and an optimized design has evolved.

Development of a Piezo Actuator for Cryogenic Environments The Next Generation
Space Telescope has a large mirror that must collapse to fit in the cargo bay of the Shuttle Orbiter.
Once transported to the cryogenic environment of space (20 to 60 Kelvin), the mirror must be
unfolded and the focal point adjusted using many small actuators. These actuators need a stroke of
10 mm, resolution on the order of 10 nm, a design life of 10,000 to 100,000 cycles and must be
able to hold their position in a power-off mode. The PEC is developing actuator designs for this
application that are built around an 80-pitch screw actuated by piezoelectric motors. The concept
involves a fixed nut to support the screw and a driven nut to rotate it. A brake is used to hold the
screw when the driven nut is retracted at the end of each actuation cycle.

Design of Ultrasonic Flexural Wave Resonator Structures A miniature cooling system
for microelectronics has been conceived that uses a vibrating piezoelectric beam to increase
convective heat transfer. One of the key issues is the optimal design of the resonator structures.
Natural frequencies and amplitudes of vibration predicted by a finite element analysis are used as
the criteria to determine the appropriate dimensions of the resonator systems. Currently, length and



width combinations of 2mm by Imm and 4mm by 2mm are being investigated with different
boundary conditions. The goal is to find an acceptable thickness range that will result in the first-
mode resonance being in the ultrasonic range, that is, greater than 30 kHz. The effect of a constant
rate voltage field is also discussed.

Ultrasonic Acoustic Streaming as a Cooling Mechanism The cooling effect of ultrasonic
acoustic streaming of the air between two plates is being modeled. One plate is the fixed heat
source from a chip on IC board, for example, and the other is a vibrating PZT plate with a
frequency in the ultrasonic range. The fluid flow and energy equations are written in terms of
perturbations on top of the harmonic solution. The first order (linear function of the perturbation
term) equations have been solved and the results are shown. This solution will be used as a
driving force term in the solution of the higher order equations. The cooling effect associated with
steady acoustic streaming regime, the emphasis of this project, appears in the second order terms.

3) CONTROL

Precision control problems involve both the characterization of the electromechanical system and
the selection of hardware and software to implement the control algorithm. As a consequence,
study of each of these aspects are important research topics for the PEC.

Enhanced Convective Heat Transfer using Acoustic Streaming The heat transfer
associated with acoustic streaming induced by ultrasonic flexural vibrations is being investigated.
Two distinctive acoustic streaming patterns of the flexural vibrations are observed. However,
acoustic streaming velocity from computational fluid dynamics (CFD) simulation exceeds the
theoretically estimated velocity by a factor ranging from 10 to 100. Both CFD simulation and
analytical analysis reveal that the acoustic streaming velocity is proportional to the square of the
vibration amplitude and the wavelength of the vibrating beam that decreases with the excitation
frequency. It is observed that the streaming velocity increases significantly if an open ended
channel is used and decreases with the excitation frequency.

Control of Friction-Based Object Transport Using Two-Mode Ultrasonic
Excitation Control of a transport system that employs friction force to drive an object on an
ultrasonic flexural vibrating beam is described. The mechanism of a friction drive is analyzed and
the potential to automate the object transport prototype is described. Hertzian contact theory, a
modified spring model and Coulomb friction were used to model the normal force and driving
friction. Simulation results of the estimated slider displacement verify the accuracy of the friction
model. A sliding mode controller is designed for the object transport prototype and the results of
this control scheme operating at a low sampling frequency of 10 Hz are compared with the result of
PID control. It is shown that the trajectory performance of the sliding mode control is superior to
that of PID control.

v



4) FABRICATION
High-speed milling, plastic replication and a new technique for diamond turning have been the
focus of the fabrication process research over the past year.

Tool Deflection Compensation A technique to compensate for deflection of small milling
tools (diameter < 1 mm) has been demonstrated. This open loop technique involves: 1) predicting
the cutting and thrust forces, 2) applying these forces to the tool, 3) calculating the tool deflection,
4) finding the magnitude of the error and finally 5) creating a new tool path to eliminate this error.
Two experiments were used to demonstrate the effectiveness of this compensation technique; a slot
and a large circular groove. Each experiment reduced the error due to tool deflection by an order of
magnitude from 20-50 ym to 2-5 ym.

Precision Replication of Optics The fields of optical communication, photonics, and display
technologies require the development of high-volume yet high-precision production methods.
Molded polymer optics fulfill many of the requirements for these parts, but still present challenges.
The objective of this research is to investigate the replication of features in precision optics and the
co-molding of these optical surfaces onto thermally stable substrates. Results have shown that
nanometer size features can be successfully replicated in polymer optics by UV cure and injection
molding. An injection molding machine has been delivered and injection molding process
variables have been studied to reduce the form error of replicated optics. Modifications to this
machine have also begun to co-mold thin polymer optics onto glass substrates.

Vibration Assisted Machining (VAM): the UltraMill Turning has been the precision
manufacturing method of choice over milling due to the combination of relatively short machining
time and high-quality surface finish from the single crystal diamond tools. However, a major
advantage of milling is the ability to uncouple the cutting speed from the material feed rate. A
hybrid system is being developed that combines the advantage of milling and turning by driving the
tool in a high-speed, small-displacement elliptical cutting motion. Falling under the classification
of Vibration Assisted Machining (VAM), the UltraMill (UM) research is also exploring the details
of the tool-chip interaction during each cutting cycle. Cutting force reduction is a key advantage of
this process and forces were reduced by as much as 50% verses standard cutting without any
increase in surface roughness. Under development is a higher speed version of the UM, ~8 kHz
or 480,000 rpm equivalent. The effects of tool wear in elliptical milling and the potential of
diamond milling of non-typical materials, i.e. steel and ceramics, will be investigated.
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1 LAPPING PLATE CHARGING

David A. Kametz
Graduate Student
Jason M. Stevens
Undergraduate Student
Thomas A. Dow
Professor
Mechanical and Aerospace Engineering

Lapping the air bearing surface is one of the last steps in the production of hard disk heads.
This surface is about 1 mm square and must have a surface finish less than 1 nm and be flat to
the order of 10 nm. This challenging task must be accomplished while at the same time placing
the read head at a fixed height above the flying surface. The head material is a tough ceramic
(AITiC) and the lapping is accomplished with diamonds impregnated into a tin lap surface. The
goal of this research is to optimize the preparation of the lap surface to best accomplish the task
of lapping the head. The current technique involves creating overlapping circular scratches on
the lap surface with a diamond coated texturing ring, and then charging the surface with sub-
micrometer diamonds. This charging process is accomplished by lapping the tin plate with a flat
alumina ring flooded with a slurry containing the diamond particles. This process produces a
random series of scratches, the details of which are described in this report including the
magnitude and variation of the surface roughness, skewness, kurtosis, bearing ratio and peak
spacing. The randomness of this texturing process is a suspect in the lack of repeatability in the
head lapping results. As a result, a new plate preparation process is being evaluated. This
process involves grooving the plate with a diamond tool followed by charging with the alumina
ring. The parameters in this process (groove pitch, depth and land ratio) are being evaluated to
find the best values for generating a deterministic lapping process.




1.1 INTRODUCTION

As the final step in the creation of a hard disk head, the flying surfaces are lapped on a diamond-
charged tin lap surface. This process gives the head the required geometry and also produces the
desired surface finish. The current process begins with a newly machined tin lap plate. This
plate is placed in a lapping machine and a steel ring with coarse plated abrasive is loaded against
it. The tin and the texturing ring are brought into contact to create a series of overlapping
circular scratches on the plate surface. The texturing ring is then replaced with a smooth alumina
ring and the process is repeated except that a fine diamond slurry is spread on the plate surface.
The interaction of the alumina surface and the tin plate creates flat plateaus at the intersections of
the grooves and pushes diamond into these areas. The result is a flat tin surface with a number of
randomly spaced flat regions charged with fine diamond abrasive (size < 0.5 ym). This tin lap is
used to create the flying surface and is reused after a specific number of heads are polished. One
of the drawbacks of the current process is that the texturing/charging process is not too
repeatable and different lapping rates are observed for different lapping plates.

The goals of this effort are to correlate the charging of the lapping plates to the lapping process
and to develop techniques to measure the quality of the charging process before lapping. IBM
has donated an Engis lapping machine for use in this project. This machine is being used to
study the charging process to find a more repeatable technique than the current texturing ring
method. Once a charging technique is developed, the charged laps will be used at IBM to
produce test heads. The quality of these heads will be evaluated both at IBM and the PEC with
respect to the material removal rate, surface finish and form error.

1.2 PLATE PREPARATION

The plates used to lap the hard disk heads are tin alloy charged with diamond particles. The
plates are first roughened to produce grooves and lands for the polishing process. The diamonds
are embedded into the plateaus on the top of the lands and the grooves act as reservoirs to
remove the lapping debris from the tin/head interface. The features produced by this roughening
process are thought to play an important role in the quality of the heads and this process is being
investigated. Two approaches are being studied, texturing and grooving.

1.2.1 TEXTURED LAP PLATE

The texturing process involves rotating a diamond coated “texturing” ring over the surface of the
machined tin lap plate. The steel texturing ring has diamond particles on the order of 100 ym in



diameter plated in a nickel layer onto the surface. This ring is worn against a steel or cast iron
plate to flatten the diamonds until the surface finish of the textured tin plate is 0.64 + 0.08 ym.

The geometry of the texturing process is shown in Figure 1. The 350 mm diameter tin plate has
an aluminum base with a bonded layer of tin alloy on the surface approximately 10 mm thick.
The texturing ring has a diameter equal to the radius of the lapping plate. The ring is loaded
against the plate and held in position with two supports, but is not driven by the motor. The
motion of the lap plate drives the ring at a rotational speed nearly equal to the lap speed in the

direction shown.

Lap Plate

Textyring Ring

Figure 1. Texturing ring on the lap plate

A plugged lap plate was used for the measurements shown in this report because it makes
possible the measurement of the sections in a SEM. In this plate, circular holes (25 mm
diameter) are cut in the tin surface and plugs are held in these holes with small, fine pitch screws.
One problem with this technique is the softness of the tin plugs and damage to the threads of
these plugs when they are installed into the aluminum base. Future plugged plates should be
made with removable aluminum sections with tin bonded to them. A sketch of the plate with the
location of the plugs is shown in Figure 2.

Each of the plugs was measured to determine the repeatability of the texturing process
throughout the area of the plate. Relationships between radial distance from the center of the
lapping plate and roughness of the section were studied. The parts were examined visually with
a Zeiss microscope, scanned with a Talysurf profilometer and evaluated at high resolution with a
scanning electron microscope.



Lapping
Region

Figure 2. Plugged lapping plate showing the location of the plugs (A1-A6 and B1-B6) and a
sample of the textured surface of the 25 mm diameter plugs

Light Microscope All of the tin samples were viewed under a microscope to locate any
noticeable differences in the surfaces. They were viewed starting with a 50X magnification then
stepped through 100X, 200X, and 500X. Photographs were made at 50X and 500X for each of
the samples. The 50X and 500X magnification images were studied and compared, but no major
differences could be found to relate position and roughness. Figure 3 shows 50X and 500X
photographs of specimen A3. Figure 4 is 50X and 500X images of specimen B3. These are
representative of all of the textured surfaces. They show a series of nearly orthogonal grooves
from 5 to 45 micrometers wide with a spacing of 2 to 70 micrometers.

Figure 3. Light microscope image of textured specimen (A3) at 50X (left) and 500X (right)



Figure 4. Light microscope image of textured specimen (B3) at 50X (left) and 500X (right)

The surfaces often showed random grooves such as the two diagonal scratches observed in
Figure 4. These patterns are a result of the random motion of the texturing ring and the lack of a
positive drive system that would produce a fixed relationship between the rotation of the ring and
the plate.

Talysurf To provide a quantitative measure of the surface roughness, each surface was scanned
in two orthogonal directions using the Talysurf profilometer. The two scans were 20 mm in
length and made at 90° angles to each other to see the effect of orientation. Each plug was
labeled with X and Y reference directions to define the angle for each scan. Seven of the twelve
parts were found to have a raised section in the center caused by the attachment screws
deforming the soft tin surface. For these parts, three printouts were made. For each of the
affected parts, a single scan of the full surface in the X direction was made. Two other scans
were evaluated over part of the surface. These scans started at the surface edge and continued to
just before the raised surface. Scans were first analyzed over the entire 20 mm length.
Additional scans were analyzed over a 150 ym length to compare with the high-magnification,
light microscope pictures.

The top image in Figure 5 shows the full width of specimen A3 illustrating the raised section in
the center of the tin plug. This raised region is probably due to distortion of the soft tin from the
screw holding it to the aluminum substructure. The lower trace shows the first 7 mm of the
surface and clearly illustrates the flat tops on the surface created by the charging process. The
profile of the top is very flat compared to the variation in the depth of the grooves. This
difference will be evident as other methods of evaluating the surface are discussed.



A3

[uw..l Bt Forp Talusurl Sevies ]
\]'C\ Hesulte Page (3] Bl b L PRI
(Analysis Warning)
Hodificd profile
L0 : < -
|
A . AR Z0 . A
Slope ®@.H57@ deqg T e e A gy se
'R H. 5928w
PRy A.7Z218 um
FHuw Z.6965 um
PR 4_ 741
Options

Repeat Last i Prasentat ion I I Fauve vesults I Raw Data Return Lo
Hivin Henu St Henu Solact ion Prowiows e

pod THE _FISHE w@ M5 oo oo 0 Form Talysuel Sercies -
asulte Page o Mo Filters1E line

{Amaly=sis Warniwg)

{g ar Tl S oaaL Modif icd profile |

— 3. HEEum_
112 . Bum 7. B9 mm
Slope 8. 0558 deg ; Re—fina lyse
PHo B 5515 wm
Phog 8, 6599 um
rhitp 11275 um Opt inns
FRw Z.5516 um
I'Ev F.6VI1L um
|
Repeat Last Presentat ion I | Save results I Raw Datla Return Lo
Main Howa St Mo Seloction Prowviows Mons

Figure 5. Talysurf image of the surface of the textured tin plate. The top surface shows the
raised section in the center of the plug and the lower trace is for the first third of the upper trace.

The magnitude of the surface roughness is an important parameter in evaluating the effectiveness
of the texturing process. The Talysurf profiles above indicate the parameters available including
average roughness, RMS roughness, height of maximum peak, depth of minimum valley and
peak to valley value. The traces above have RMS roughness values between 0.66 and 0.72 ym.
Values of these parameters were measured in two orthogonal directions (labeled X and Y) and
values for the plugs on the A side were averaged and plotted against radius. The same was done
for the plugs on the B side. The results are discussed later in this report.

Figure 6 shows a magnified region of the specimen A3 in both the X and Y directions. The
width of these traces is on the order of the 500X micrographs in Figures 3 and 4. In each case
there are flat plateaus on the order of 20-30 ym wide and grooves on the order of 60-70 ym
wide. However, the plateaus and the grooves are not uniform but reflect the random location of
the grooves as the texturing ring rotates hundreds of times over the lap plate.
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Figure 6. Talysurf traces of specimen A3 in the X and Y directions over a similar length to that
depicted in the 500X micrographs (X trace width = 150 ym, Y trace = 186 ym)

Analysis of Talysurf Traces One goal of these measurements was to evaluate the repeatability
of the textured surface parameters over the surface of the lap plate. Of interest are the following
parameters:

1) Peak to peak (peak to valley) roughness — Difference between highest peak and lowest

valley.

2) RMS average roughness — Distance from the mean line of the data to the average peak (or
valley). This value is related to the square of the difference between individual points and
the mean.

3) Skewness - Skewness is a statistical measure of the distribution of peaks and valleys that is
proportional to the cube of the distance between individual points and the mean. If the
skewness is zero, the peaks and valleys are uniformly distributed about the mean as a random

(or normal) distribution would be. A positive skew indicates that there are more and/or



4)

5)

6)

larger peaks than valleys on the surface. A negative skew would indicate more grooves or
valleys in the surface.

Kurtosis - Kurtosis is proportional to the fourth power of the distance from point to mean and
is a way of comparing the grooves and bumps on a surface to a normal distribution. A
normal distribution has a kurtosis value of three. A surface with a higher number of extreme
points in the peaks or valleys than a normal distribution would have a kurtosis greater than 3.
Fewer extreme points away from the mean would yield a kurtosis less than 3.

Bearing Ratio - Bearing ratio is a measure of the amount of material available to support a
load at some horizontal section of the trace. It takes into account the horizontal spacing of
the peaks and valleys rather than just the magnitude as do the measurements described above.
Bearing ratios can be specified at any height relative to the mean line. Since the height of the
contact is not known, the bearing ratio was calculated at one standard deviation (equal to the
RMS average of all the data or 0.622 um) above the mean; in other words, the contact
percentage at the average peak height.

Peak Spacing — Another measure of the horizontal distribution of the surface features is the
average spacing of the features. Two spacing measurements were taken: the first is the mean
spacing between all adjacent peaks, and the second the mean spacing between adjacent peaks
that crossed through the mean line. In this case, little peaks on the top of the big peaks would
not be counted.

Peak-to-Peak Surface Roughness, ym

Radius, in

Figure 7. Peak-to-Peak surface roughness for all of the plate plug specimens vs. radius

The graphs in Figures 7 and 8 summarize the peak to peak and the RMS roughness measurments
along two orthogonal directions on each specimen. The specimen number placement can be seen



in Figure 2. The specimen numbers and radial locations are inversely related; for example the
location of B6 is about 1 in. from the center of the plate and B1 is located at 6 in. The peak to
peak and RMS values in each direction on each specimen tended to vary randomly, but the
values decrease slightly as the radius increases. This trend is shown by the lines in each plot
which are the best fit linear line for each group of specimens (A or B) in each direction (X or Y).

This particular lap plate had been used for lapping and the region of contact is illustrated in
Figure 2. The lapping region covered the first two B specimens with the smallest radius. It was
interesting to note that the center B specimens were rougher than the center A specimens, even
though the B specimens had been lapped. These characteristics probably come from the lap plate
preparation. The use of the plate for lapping appears to have no effect on peak to peak or RMS

roughness.
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Figure 8. RMS average roughness of the plate plugs as a function of radius

The skewness of the peaks and valleys are plotted as a function of specimen and radius in Figure
9. The skewness of the surface features were all found to be negative indicating more valleys
than peaks. This is a reasonable result since the charging process will wear down the peaks but
has no effect on the valleys. The figure shows that there is a clear relationship between skewness
and radius with the value growing in the negative direction with increasing radius. There is no
clear explanation why such a trend might occur.



Skewness of Surface Peaks/Valleys

Figure 9. Skewness of the peaks and valley as a function of the plate radius

Figure 10 is a graph of kurtosis values for the different specimens in the different directions. The
kurtosis values were all around 2.5 indicating fewer extreme points away from the mean than
would occur if the features were truly random. These values remained nearly constant with
radius. Thus the plate preparation would seem to give a similar distribution over the whole plate.

"""""""""""""""""""""""""""""""""""""""""""""""""" A ’*
—@ — AX Skewness ]

| —m - AY Skewness | R P P -
- -A- - BY Skewness a

! ! i i i |

2 3 4 5 6 7

Radius, in

The data does not indicate a difference between lapped and unlapped areas.
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Figure 10. Kurtosis of the peaks and valleys as a function of plate radius
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The bearing ratios measured at a distance of one RMS above the mean line ranged between 16%
and 24%. Figure 11 is a plot of bearing ratio taken for each specimen in each direction at a
height of 0.622 micrometers above the mean line. These values tend to remain fairly constant
with radius.
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Figure 11. Bearing Ratio at one RMS from the mean surface

This measurement illustrates an interesting result: if the average contact length over the X and Y
directions is 20%, the average areal contact is only 4%. This value will have an impact on the
average lapping pressure as well as the wear of this plate during lapping against the hard AlITiC
surface.

The final measurement of the distribution of peaks and valleys for the textured surface is the
spacing of the peaks. This illustrates the horizontal separation of the peaks rather than their
heights. Figure 12 shows the spacing of the adjacent peaks independent of their size. So a series
of peaks on one of the larger plateaus would be measured. Figure 13 shows the average spacing
of the major peaks; that is, those peaks that pass through the mean line. The mean spacing
between peaks that crossed the mean was relatively constant with radius with an average of
about 75 pym. The mean spacing between adjacent local peaks was much smaller and tended to
decrease with radius. Figure 12 shows that values began around 20 ym and decreased to around
12 ym. These measurements are smaller than the data in Figure 13 because it is a measure of all
the adjacent peaks. Figure 13 shows only the adjacent peaks where the valley between peaks is
low enough to pass through the mean line.
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Figure 12. Average spacing of adjacent peaks on the specimen surfaces
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Figure 13. Average spacing of the more significant peaks that pass through the mean line

SEM Images Micrographs of the textured surfaces were made using a scanning electron
microscope in the backscatter mode. This mode provides more contrast for the atomic mass of
the chemical species in the field of view because the efficiency of the back scattered electron
emission is dependent on atomic mass. The diamond grains (carbon) are more easily
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distinguished from the background (tin) surface. This enhanced contrast is also known as
compositional or z-contrast.

Figure 14. 100X image of the textured surface showing the overall features

Figure 14 shows the overall features of the textured surface at 100X, that is, a field of view of
approximately 1 mm. The grooves are random in depth, width and location and are nominally
orthogonal. The darker areas at the intersection of the grooves are the plateau areas charged with
diamonds. Figure 15 is a 10x magnification of the center of Figure 14 showing several plateaus.

Figure 15. 1000X image of the surface showing plateau between grooves
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Figure 15 shows a field of view of approximately 100 ym. In this figure, the size and
distribution of the diamond charged plateaus are evident. Further magnification of the surface is
shown at 3000X in Figure 16. This figure indicates the size of this plateau is 30 x 50 ym or an
area of 1.5x10° m>. If this area is used as an estimate of the average plateau, there would be
about 500 contact spots in Figure 14 or about 0.2% contact. The estimate of 4% from the
bearing ratio measurements is probably a better estimate because it is based on a much larger
area.

Figure 16. 3000X image of the plateau showing individual diamond grains (size 0.3-0.5 ym)

Conclusions The data generated showed that both the peak to peak and RMS roughness vary
randomly, but decrease with radius. No perceivable differences were found between the sections
of the plate that had been used to lap the heads and the other sections. The experiments also
showed that the specimens near the center had less negative skewness than the outer regions.
The skew values ranged between —0.12 and —0.45. The kurtosis values for the specimens were
found to be between 2.35 and 3.00 with no particular pattern. The bearing ratio taken at the
average RMS value was around 20% for all the parts and did not appear to be affected by
location. Mean spacing between adjacent peaks of grooves that crossed the mean line was in the
range of 60 to 80 micrometers, but remained fairly constant with radius. The mean spacing
between all adjacent peaks was between 11 and 23 micrometers. These values decreased with
radius showing a more random pattern as the radius increased. Based on the measurements, the
texturing produces nearly random grooves on the surfaces with a mean contact area of 4%.
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1.2.2 GROOVED PLATE

A more deterministic pattern of peaks and valleys was studied in the form of a spiral groove on
the lap plate surface. This pattern can be produced rapidly using a lathe and the spacing and
depth of the grooves can be changed easily. The geometry of the groove and the plateau
geometry can be changed by using different quality tools such as single crystal or polycrystalline
diamond tools. The parameters in the groove geometry are relatively straightforward: the pitch
of the grooves, the width of the land, the depth of the groove and the shape of the groove are the
only variables. A fluid flow model that will calculate the hydrodynamic fluid pressure as a result
of the motion of the heads over this (or other) lapping surface is being developed and is
discussed in a following section.

One sample plate was fabricated using the spiral groove geometry and specimens from that plate
were measured in much the same way as the textured surface discussed in the first part of this
report. The plate was mounted on the Nanoform 600 Diamond Turning Machine (DTM) and
100 ym was removed to clean up the face with a polycrystalline tool. Then the tin was finished
with a 3 mm nose radius single crystal tool to a depth of 5 ym followed by a second pass at 1
um. A spiral groove was then cut into the surface to a depth of 10 ym using a 40 pym radius
single crystal tool. The pitch of the grooves is 90 ym and the ratio of land to groove is 47%
(42pum land and 48 pum groove). A Talysurf trace of the groove before the plate was charged
with diamond is shown in Figure 17.

+30.0 un +30.0 un

+28.8 um +28.8 um
+26.8 un +26.0 um

+24.8 um +24.0 un

+22.8 um +22.8 um

+20.8 un +20.8 um

_>| |4_ 50 ym

Figure 17. Talysurf image of machined lap plate
The depth of the grooves is approximately 10 y¢m but the top land surface is distorted as a result

of making the grooves in this soft tin material. This effect is quite small in this case (< 0.5 ym)
using a single crystal diamond, but could be much larger if a polycrystalline tool is used. The
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reason is that the single crystal tool has a much sharper edge leading to lower tool forces and less
plowing than the polycrystalline tool.

Figure 18 shows the surface after the standard charging process has been completed. In this case
the distorted lands have been flattened to less than 100 nm. A trace of the top of one of the lands
showed a RMS roughness of 22 nm and a P-P value of 80 nm. One of the lands appears to have
a relatively deep scratch. The SEM pictures described next show this same phenomenon.
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+4.8 un +4.0 um

+2.8 unm +2.8 um

€l - +8.8 um
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60w : : k » » o - -6.8 un
Figure 18. Talysurf of grooved plate after charging
SEM Micrographs The surfaces of the grooved plate were evaluated in the SEM to see if the

charging process produced a diamond pattern similar to the textured plate. The backscatter mode
was again used to enhance the contrast between the diamond particles and the tin substrate.

Figure 19. 100X SEM images of Grooved tin lap plate
Left: before charging Right: after charging
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Figure 19 shows the surfaces at 100X with the machine surface at the left and the charged
surface at the right. Compare this figure to Figure 14 to provide a striking contrast between a
deterministic and a random texturing process. But this comparison also shows much larger area
of contact for the particular groove-land geometry selected for this first test. The area of contact
is on the order of 50% in Figure 19 compared to a tenth of this value for the textured surface
shown in Figure 14. More effort is needed to study the effect of the land area on the lapping

process.

Figure 20. 1000X SEM images of grooved plate
Left: before charging Right: after charging

Figure 21. 3000X SEM images of grooved plate
Left: before charging Right: after charging
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The higher magnification images in Figure 20 illustrate the change in the flatness of the land as a
result of the charging process. Note that on the uncharged land at the left, features of the
machining process are visible as are the raised edges from cutting the groove. The charged land
on the right shows a much flatter surface and a series of scratches from the charging process.
Also note in this picture what appears to be a series of defects or inclusions that may be pulling
out of the surface and causing the visible scratches. Different tin lap materials are being
evaluated and will be studied to see if the material plays a role in the lapping process.

The highest magnification pictures in Figure 21 show an uncharged surface on the left
characterized by features in the machining direction and a charged surface at right characterized
by a uniform array of diamonds embedded in the tin surface. The small dots on the lower right
are spaced at 1 ym and this scale corroborates the 0.3-0.5 ym size of the diamonds. The quantity
of the charged diamonds in this region looks less dense than the textured surface in Figure 16.
However, this may be due to the quality of this SEM as it seems to have more contrast and better
focus than Figure 21.

1.2.3 FiLM THICKNESS MODEL

The motion of the rows of hard disks over the surface of the lapping plate will cause the
water/glycol lubricant to be pulled along with them. As this fluid encounters the features on the
lap surface it can generate a hydrodynamic film that tends to separate the heads from the lap
surface. If this hydrodynamic force exceeds the static loading, contact between the heads and the
lap surface will be reduced and the lapping process will stop.

Figure 22. Sketch of the head moving over the lap surface showing the velocity components
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The spiral groove lap surface can be characterized by a series of grooves and lands, with
different spacing and directions depending on the fabrication technique. In general then, the
surface can be characterized in Figure 22. The direction of the motion of the head (or rows of
heads) can be divided into that perpendicular to the grooves and those along the groove direction.
For the case of the textured plate, there will be intersecting grooves.

The model for a step bearing can be constructed by taking the component of the velocity that is
normal to the grooves and calculating the hydrodynamic forces that are developed. The
parameters of interest are defined in Figure 23.

U

v/ S s *
<4— Land —»

r 7 Groove = Bo y/ / A ?
deith, d % // Film thickness, h
I

L Pitch=B "

Figure 23. Definition of the parameters important to the hydrodynamic film generation

The peak pressure over this step bearing per unit length, L, (into the page) occurs at the edge of
the land and can be written as

6uld
Poray W M
By B—- B,
where
U = viscosity of the lubricant, Pa sec
U = velocity component perpendicular to the steps, m/s
h = film thickness, m
d = depth of grooves, m
B = pitch of the steps, m
B, = width of the groove, m
The vertical force, F,, generated as the head sweeps across one step can be written as:
P
F,=—-BL )
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One of the parameters of interest is the proportion of the pitch allocated to groove and to land.
Define Land Ratio, LR, as the ratio of land to pitch and the vertical force can be written as:

3d
F =uUWLB| ———— 3
1-LR LR

where W is the width of the slider (in the direction of the grooves) and L is the length
perpendicular to the grooves.

The following is an example of the use of these equations to find the force generated on an area
equivalent to 24 rows of heads moving perpendicular to the grooves. The baseline material
properties and geometry of the bearing are as follows:

u=0.021 Pa sec (ethylene glycol at room temperature)

U =0.111 m/s (maximum speed of current kiss lapping)

h = 0.5 ym (film thickness equivalent to max diamond size)
d = 10 um or variable (depth of groove)

B =100 pm or variable(pitch of grooves)

B, =50 um or variable (Land Ratio = 0.5)

L =12 rows long = 14.4 mm

W =2 rows wide = 94 mm

10 1

1 : Fixed: Groove Depth 1
L s Groove Pitch -

Vertical Force, N

0 | | | |
0 0.2 0.4 0.6 0.8 1

Land Ratio

Figure 24. Relationship between hydrodynamic film force and Land Ratio
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Land Ratio Reducing the relative area of the land will increase the hydrodynamic film pressure
and the lift during lapping. Figure 24 shows the effect of changing the Land Ratio in Equation
(3) from O (all groove) to 1 (all land). If the loading on the heads is larger than 4 N at a LR =
0.5, the hydrodynamic forces will be offset by the preload (~70 N) and contact will occur.

Groove Depth Setting the Land Ratio equal to 0.5, the groove depth can be varied to see the
effect of depth over a reasonable range. As the groove depth goes below 6 ym, the forces
become significant and can overcome the preload reducing the contact between lap and heads.

140 [ T T T ] T T T 1 T T T ] T T T 1
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I : 1 : Groove Pitch

100 |

80 |
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Figure 25. Influence of Groove Depth on the hydrodynamic forces generated
L e
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Figure 26. Influence of the Groove Pitch on the hydrodynamic forces.
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Groove Spacing If the groove spacing (or pitch) is reduced (holding everything else constant),
the vertical force will be reduced as shown in Figure 26. The reason for this effect is that if the
length of the bearing is subdivided into short step bearings, each will generate a smaller peak
pressure and if added together will generate less lift than if the whole length is a single bearing.

Frictional Forces The force on the rows of heads from the shear of the lubricant film can be
estimated in much the same way as for the vertical force. An expression using the same
parameters from Equations 1-3 is:

3d’ (1-LR) LR
F, = uUWL + = 4
r=H (d+h)3+h3 (d+h) h @
(1-LR) LR

The same evaluation of the parameters of interest can be performed as in the previous vertical
force using the same fixed and variable parameters.

Land Ratio Figure 27 show the influence of land ratio on the friction force. The friction force
is linearly proportional to the land ratio with the smallest value when the land is small compared
to the groove width or Land Ratio << 1. As the land grows, so does the friction but the value is
very small, less than 1 N.
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Figure 27. Effect of land ratio on the friction force
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Groove Depth The effect of changing the depth of the groove on the friction force is shown in
Figure 28. In this case the friction force grows as the depth of the groove is reduced, much like
the lift shown in Figure 25. If the groove depth is kept larger than 10 pm, the friction force will
be small.
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Figure 28. Effect of groove depth on the friction force
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Figure 29. Effect of groove pitch on the friction force
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Groove Spacing The last parameter to be discussed is the spacing, or pitch, of the grooves
shown in Figure 29. For the lift in Figure 26, the effect of reducing the pitch was to reduce the
vertical force generated in the bearing. However, changing the pitch has no effect on the friction
force. The result is the same if a single step is used or if the length is subdivided into a number
of shorter step bearings. The reason is that in both of these cases, half of the bearing is a land
and half is a groove and it is the area of each that determines the friction.

1.3 FUNCTIONAL SPECIFICATION OF LAP PLATE

To provide a means to improve the repeatability of the lapping process, a check on the quality of
the lapping plate is needed. One way to do this would be to measure the friction required to slide
a head (or row of heads) over the lap surface. Another technique would be to oscillate the lap
plate on 3 AITiC pads and see the amplitude of vibration that lead to break-away. This is
another way to find the friction at the interface. As the lap plate preparation process matures at
the PEC, techniques for assessing the quality will be studied.

1.4 CONCLUSIONS AND FUTURE WORK

The emphasis from the effort this year has been to evaluate the current lap plate preparation
process and measure the surface features produced. This effort began with an evaluation of the
current texturing process and measurement of the magnitude and variability of the features
produced. One of the conclusions was a realization of the randomness of the scratches and
plateaus created and the need for a more repeatable technique.

One possibility is a spiral groove. This pattern can be produced rapidly on a lathe and the
repeatability is excellent. One of the goals of the future work is to develop the details of the
optimum geometry.

Finding a way to qualify the performance of the lap plates is another future goal. Measuring the

friction at the interface would seem to be a logical technique but developing a quick and easy
method will be the challenge.
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2 BEND EFFECT DUE TO MECHANICAL SCRIBING

Brad W. Austin
Graduate Student (MS thesis completed July 2000)
Ronald O. Scattergood
Professor
Department of Materials Science and Engineering

A test system consisting of a microhardness tester and a motorized stage was used to
produce controlled diamond scribes on ceramic samples. A bending distortion is
produced as a result of the residual stresses generated by the scribing operation. The
change in sample shape was measured using an optical profilometer. Data from the
measurement tool were analyzed using computer software to extract the net bending
effect. An analytical model for the bend effect based on the residual stresses due to line-
Jorce dipoles was developed. The adjustable parameter in the model was calibrated using
bend angle measurements and the model was verified by comparing predicted
displacement profiles with measured profiles. The line-force dipole model gave a very
good representation of the bend effect. The results of this investigation have application
Jfor curvature adjustment techniques used for hard disk read-write heads.
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2.1 INTRODUCTION

The read write elements used in modern hard disk drives are attached to small pieces of
ceramic called sliders (disk read-write heads). When the disk spins, it creates a very small
layer of moving air just above the surface that causes the slider to fly very close to the
magnetic surface. This flying is controlled through the air bearing surface (ABS) of the
slider. The shape of the slider is critical for determining the fly height, and the fly height
is proportional to the limit of the media bit density of the system. As fly height is
reduced, bit density can be increased. In modern hard drive systems, fly height is less
than 25 nm [1]. To fix the fly height, specific curvatures must be given to the slider. The
curvature height of the slider is typically the order of just a few nanometers across a 1
mm’ face. These minute curvatures are produced using curvature adjustment techniques
(CATSs). One such CAT is diamond scribing of the ABS side of the slider. When a sharp
diamond point is translated across the surface of a ceramic sample, a scribe trace is
generated. This is a source of residual stress. The stress is due to the elastic-plastic
constraint associated with the deformed material that is displaced from the trace. When a
scribe is made across a sample in the form of a thin plate, for example a slider, the
residual stresses will cause bending distortions orthogonal to the scribe direction (the
bend effect). When properly controlled, these distortions can be used to adjust the
curvature. This has been done empirically for applications. The objective of this study
was to develop an analytical model to describe the bend effect due to diamond scribing
and to verify this model with suitable experiments. The scribing experiments were done
using AITiC, a sintered ceramic composite consisting of TiC particles in an Al,O; matrix.
This material is used by the data storage industry for the manufacture of disk read-write
heads. The development of a model for the bend effect will facilitate better control of the
manufacturing process.

2.2 DETAILS OF THE PROJECT

2.2.1 EXPERIMENTS

A Zwik microhardness tester shown in Figure la was used as the platform for the
scribing tests. To produce a scribe at a constant speed, a motorized translation stage was
fixed to the base of the hardness tester. This allowed the stage to be moved at a constant
speed. The stage was mounted such that the direction of motorized movement could be
aligned with the scribe direction for a Dynatex V4-64 diamond scribing tool shown in
Figure 1b. This is a standard, three-faced diamond tool used in the semiconductor
industry. For the tests done here, the Dynatex tool shank was mounted at an angle of 58°
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from the surface of the sample to be scribed. At this position the angle between the
cutting edge in Figure 1b and the sample surface was 3°. The normal force on the scribing
tip was controlled by placing weights on the loading pan of the microhardness tester. For
the tests reported here, the normal force ranged from 0.3 to 1.8 N. Higher loads caused
excessive wear and chipping damage on the scribing tip. SEM observations of the tip
edge were made during the tests and the tip was replaced whenever damage was
observed.

The AITiC ceramic used for the tests contained 65 vol% Al,O, and 35 vol% TiC. The
microstructure consists of polycrystalline Al,O; with a grain size of about 1 ym and TiC
particles about 1 ym in diameter. The samples used for the scribing tests were polished
AITiC rectangles measuring approximately 1.0 mm x 1.0 mm x 0.3 mm. These are the
same size as the ceramic sliders used in current generation disk storage systems. For most
tests, 3 equally spaced scribes were made across the width of a sample with the middle
scribe centered on the sample span.

Seribing direction

S

Cutting Edge

—_— 18- m F1 LB1
HCSU - . 18akKU nl.B08 1Smm

(a) Test system for scribing (b) SEM of the Dynatex scribe tip
Figure 1. Testing system and scribing tip.

A New View optical profilometer was used to measure the 2D surface height profiles of
the test samples. Measurements were taken before and after scribing. To analyze data
from the profilometer, the initial measurement had to be subtracted, point by point, from
the measurement taken after scribing. This was accomplished by importing both sets of
data into a file and aligning fiducial marks. The edges of the samples proved to be very
good fuducials. The initial data was then subtracted from the final data point by point.
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The resulting data set was the net effect of the scribe without any effects from the
original shape of the sample. Finally, a straight line with appropriate slope was
subtracted from this net effect data to offset the influence of sample tilt during
measurement. Figure 2a shows a typical example of the 2D surface profiles obtained
using three scribes per sample. The scribe traces were made on the top surface of the
samples and the bending occurs downward. Linear profiles were extracted from the 2D
surface profile data to obtain the average bend-displacement profiles orthogonal to the
scribe direction. Figure 2b shows a typical bend-displacement profile. The sharp peaks
present in the profile occur at the three scribe positions. The peaks are due to drop-out of
the profilometer data at the high slope regions adjacent to scribe traces. Displacement
profiles of the kind shown in Figure 2b are the experimental data that were used for
calibration and verification of the bend-effect model described in the next section.
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(a) Surface profile data for scribing (b) Linear profile data for scibing
Figure 2. Optical profilometer data for scribing tests.

2.2.2 DEVELOPMENT OF THE MODEL

The elastic-plastic deformation zone along a diamond-scribe scribe trace will be modeled
as the line force dipole shown in Figure 3. The dipole forces act outward from the scribe
trace because the elastic unloading of the plastically deformed and displaced material
must produce outward forces on the surrounding elastic material. A force-dipole model
consisting of orthogonal dipole forces acting on the surface of an elastic half space,
termed the "blister" field, was introduced by Yoffe [2] as a model for the residual stresses
due to indentations. The scribe can be viewed as the superposition of dipole blister fields
[3]. Superposition of the blister fields for scribing (continuous indentation) produces the
line-force dipole representation shown in Figure 3. The line-force dipole stresses for an
isotropic elastic half space can obtained from standard elasticity solutions [4] by adding
the stresses due to two oppositely directed line forces where F is the force per unit length
and a is the inter-line spacing. The limiting case of infinitesimal line-force dipole stresses
will be used for the model calculations. These follow by taking the limit a ->0 and F ->
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oo such that B = Fa remains finite. B is defined as the dipole strength (N). B is the
adjustable parameter in the model. Using the coordinates shown in Figure 3, the

infinitesimal line-force dipole stresses, 6°,, and 6°,

» for an elastic half space are given in

Equatioon [1].
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Figure 3. Geometry for the line force-dipole model.

For the analysis of the bend effect in finite-size plates, consider the 2L x h x b thin plate
with a scribe along its centerline shown in Figure 3. The finite-body stress solution
requires that the stress field tractions due to the line-force dipole vanish on the plate
surfaces. If the plate thickness h is small compared to its length 2L and width b, the
magnitude of the half-space stresses, 6°,, and 6”,,, acting on the plate edges is negligible
and their effects can be ignored. However, the stresses acting on the bottom surface of the
plate cannot be ignored. Since there is no resultant force due to the line-force dipole, the
equilibrium configuration can be approximated by applying the reversed stresses, -0",
and -0°,, to the bottom of the plate and solving a 2D beam-bending (plane strain)
problem using these stresses as loading functions. This procedure will insure equilibrium
of forces and moments acting on any cross section of the rectangular plate. When solving
the beam-bending problem, it is important to include both the normal and the shear
stresses in the beam loading function. FEM calculations show that the bend effect
calculated using this procedure is within a few percent of the numerical solution [5]. The

analytical beam-bending solutions for a single scribe centered on the plate span in Figure
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3 are given in Equation [2].. Since the problem is 2D, the results are independent of the
beam width b. X = x/h is the normalized distance along the plate.

6B » X 1. 6B
o= [tan O+ ] = agne )
6B . _ 6B
(X)) = e [Xtan (X)] = 2(X)

The beam bend-angle, ¢(X), and displacement, &X), are defined as shown in Figure 4a.
The functions f{X) and g(X) for a single central scribe are shown in Figure 4b and these
are symmetric with respect to the center at X = 0. The bend-angle function f(X)
approaches the value -7/72 when X = x/h is greater than about 3. The deflection function
g(X) becomes linear as f{X) approaches -7/2. This means that the bending effect appears
as a localized "hinge" which spans a distance the order of 34 outward from each side of
the scribe trace at X = 0.
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(a) Bend angle ¢ and displacement (b) f(X) and g(X) functions — single scribe

Figure 4. Parameters and functions required for the bend-effect model.

The bend-effect for multiple scribes across the width of a plate sample can be obtained
from the superposition of the single-scribe functions in Equation (2), suitably offset in the
X coordinate to account for the change of scribe position. Superposition is required in
order to compare the model predictions with data from samples containing multiple
scribes. Multiple scribes increase the overall deflections due to the bend effect and
thereby reduce the scatter in the measured profilometer data. Most of the testing on the
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AITiC samples was done using three scribes, however, some testing was done using a
larger number of scribes.

A primary objective of this study was to develop and verify a model which predicts the
plate displacement profile, d(x), for given scribing conditions. The important parameters
for scribing using a specified material are the scribe-tip geometry and the normal load
applied during scribing. Scribing speed and other parameters were found to be second
order over the operating ranges of interest. For a given scribe-tip geometry and material,
the approach taken [5] was to make measurements of the average bend angle (total angle
divided by the number of scribes), ¢,..., as a function of the normal load, W, applied
during scribing. Values for the bend angle were determined from the measured
displacement profile data in the region where the angle becomes constant (Figure 4b).
The evaluation of the adjustable parameter B in the model was made by comparing
experimental data for ¢,,.,, with the model predictions. The dipole strength B can then be
plotted as a function of scribe load W to obtain a “calibration curve”. A new calibration
will be needed if the material or scribe-tip geometry are changed. The model is verified
by comparing the form of the measured beam displacement profiles with the model
predictions for the profiles.
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Figure 5. (a) Measured bend angle (arc seconds) per scribe vs the normal load (N)
applied during scribing. (b) The dipole strength (N) vs the normal load (N) applied during
scribing.

Figure 5a shows the measured data, ¢,,.,, vs W, for scribes made on the AITiC samples
using the Dynatex scribe tip and three scibes per sample. All test data in Figure 5a were
obtained with undamaged scribe tips. It was found that chipping along the cutting edge of
the tip often occurred at the higher loads and this changed the results. It was difficult to
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perform tests without chipping for W > 1.8 N and this set the upper limit for the load
range. Using appropriate superposition of the single-scribe functions in Equation [2] to
obtain the model prediction for the average bend-angle for three-scribes per sample tests,
the data in Figure 5a were used evaluate the dipole strength B as a function of W. The
results obtained are shown in Figure 5b. The B vs W relation is closely approximated by
the second-order power law (solid curve in the figure)

B=0.0332+0.516W +0.291W?

Equation [3] is the required calibration curve for the AITiC material scribed using
Dynatex V4-64 diamond scribing tips with a 3° surface cutting angle.

2.2.3 VERIFICATION OF THE MODEL

Verification of the model was done by comparing the measured displacement profiles
with the model profiles, 6(X), obtained using appropriate superpositions of Equation [2]
for the test conditions. The required values of the dipole strength B were obtained from
Equation [3]. Figures 7 and 8 show typical examples of the comparisons for a range of
scribing loads, W, for the test conditions indicated. The spacing between scribes is d and
2L is the sample span. The agreement was very good over the range of loads used. The
large spikes on the measured profiles (solid) correspond to the scribe trace positions.
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Figure 6. Measured (solid) and model (dashed) profiles for the test conditions indicated.
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Figures 6 and 7 show comparisons for test samples that were used to obtain the
calibration curve in Figure 5a. This should be a “universal” calibration in that it should be
applicable to any test conditions for the given AITiC material, not just those test
conditions used for the calibration curve. To demonstate that this is the case, Figure 8
shows comparisons for samples that were not tested under conditions used for Figures 6
and 7. In particular, the number of scibes was increased and the scribing load decreased
(Figure 8a), or the number of scribes was increased, the scribing load decreased and the
sample span increased (Figure 8b). The agreement with the model is again very good.
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Figure 8. Measured (solid) and model (dashed) profiles for the test conditions indicated.
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2.3 CONCLUSIONS

This study has shown that a beam-bending model based on a line-force dipole model for
the residual stresses generated during diamond scribing gives a very good representation
of the bend effect in sintered AlTiC ceramic material. Results not shown here were also
obtained for glass and for other types of scribing tips [5]. The agreement with the model
predictions was also very good in those cases. The significance of the results goes beyond
the details of the analytical model developed here. One can anticipate that line-force
dipole representations combined with plate theory or FEM analysis can be used to model
the bend effect for more complex cases such as multiple, asymmetric partial scribes made
on plate samples. In these cases, the resulting curvatures will be much more complex than
simple 2D beam bending. Furthermore, other scribing methods that introduce residual
stress, for example laser scribing, should also be amenable to suitably modified line force
dipole models. Other material classes such as metals or polymers could also be treated. In
that context, extensions of the studies reported here are currently being pursued [6].
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3 MODELING LASER SCRIBING FOR USE AS A
PRECISION SHAPING TECHNIQUE

Bryan M. Love
Graduate Student
Jeffrey W. Eischen
Associate Professor
Department of Mechanical and Aerospace Engineering

Accurately controlling the shape of the read/write head structures is critical in the
performance of a modern hard disk drive. The sliders investigated are composed of alumina
and titanium carbide (AlTiC) and act as an air bearing when passing over the disks.
Controlling the curvature of the slider is of primary importance. A laser scribing system that
produces curvature by inducing residual stress into the slider can be utilized. Predicting the
curvature created by a pattern of scribes is of great importance to increase the control over
the sliders’ shape. Using finite element analysis a force system that produces stresses
similar to the laser scribing is applied. The curvatures created by the force system are
calibrated to experimental measurements. The model was then further verified by predicting
the shape of several other experimental scribing geometries with high accuracy. Further tests
of the model will be conducted on other scribing geometries. When the accuracy of this model
is assured, a library of scribing results can be built which will allow, through superposition, to
predict the shape of complicated scribing patterns. Ultimately, with this library of scribe
results, a scribing pattern could be generated to give a desired shape—extending the ability to
control the shape of sliders, and allowing progress to the next level of hard drive speed and
reliability.
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3.1 INTRODUCTION

In a modern hard disk drive, the flying height of the read/write head is one of the primary
influences on data storage density and hard drive speed. The read/write head is contained within a
slider that acts as an air bearing—therefore the shape of the slider directly determines the flying
height of the read/write head. The flying height in modern hard drives has dropped below 25
nanometers; thus accurate control of the slider’s shape is necessary to increase performance [1].
Controlling this shape is very demanding—the peak-to-valley deflections of the slider are on the
order of nanometers (while the slider itself is approximately 1.2 mm by 1 mm).

There exists a technique using laser scribing that allows controlled adjustment of the curvature of
the slider. The system relies on a pulsed laser to create localized residual stress, which results in
very small deflections of the slider. The system, while operational and experimentally tested, uses
a closed-loop measurement and scribing system (along with experimental history) to determine
where scribes are placed [1]. In an effort to speed production, as well as control the curvatures of
the slider more accurately, a model is sought which would allow theoretical determination of the
curvatures produced by a scribe or a set of scribes. Such a model would allow theoretical
determination of a scribing pattern that would produce a desired shape, without resulting to tedious
experiments to determine the effects of various scribe geometries. Also, with a well-developed
model, the system could be used to “flatten” sliders that already contained too much deflection or to
remove asymmetries in the shape of the slider while producing the final shape desired by the
designers.

3.2 LASER SCRIBING

3.2.1 BACKGROUND AND NOMENCLATURE

The sliders under investigation are fabricated from an alumina-titanium carbide (AITiC) wafer, and
when finished, measure 1.2 mm by 1.0 mm by 0.3 mm. The two large surfaces of the slider are
known as the ABS (air bearing surface) and the flex side (shown in Figure 1). The curvature that is
critical to operation is the curvature of the ABS side. Laser scribes deflect the slider towards the
scribe, so all scribing is performed on the flex side (Figure 1 shows a slider with the desirable
curvature).
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Figure 1. Slider Geometry

To parameterize the shape of the slider (both before and after scribing), a biquadratic curve fit is
utilized, giving three critical curvature parameters that indicate the shape of the ABS side. These
three curvatures, known as crown, camber and twist, are defined as follows:

72=C,+Cx+Cy+Cx’ +Cy + Cyxy
Crown = -C,L’/4
Camber = -C,L’/4 (D
Twist = -C,L’

where L = 1 mm, and x, y, and z are defined in Figure 2 below. Note that crown is the curvature
in the flying direction (see Figure 1), camber is perpendicular to crown, and twist is an asymmetry
in the curvature.

Trailing Edge
ABS Side Camber

Flex Side

ABS pad

Side View of Slider * —_—
Along X axis

Figure 2. IBM Curvature Notation

The biquadratic curve fit assumes a constant curvature in the x and y directions, and while this is
not strictly true, it addresses some of the metrology issues. The alumina and titanium carbide
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grains have different optical properties; therefore, the surface roughness of the sliders when
measured with an optical instrument is very high compared to the deflections created by scribes.
The constant curvature assumption allows nanometer level curvatures to be detected when the
surface roughness is on the order of 100 nm.

The laser scribes are formed with a pulsed laser focused on the surface of the slider—the laser
melts a small amount of material that, after solidification, forms a localized stress field, resulting in
deformation of the slider. When the “dots” created by the laser pulses reach a critical spacing, the
amount of deflection created “saturates”, and the dots appear as a continuous line approximately 40
um wide. The amount of deflection generated depends on the dot spacing, the laser power, and the
geometry of the scribe.

Currently, sliders are scribed with nearly full-length scribes in the x and y directions, without
scribes crossing (most sliders have scribes in a single direction). This scribing pattern allows for
precise control over either crown or camber, but given that scribes produce a nearly constant
crown/camber ratio, the other is fixed. Also, twist (which represents a major problem) cannot be
created (nor compensated for) by symmetrical scribing patterns.

3.2.2 THEORETICAL MODELING

To model the deflections created by laser scribing, an adaptation of the line-dipole force model
used by Austin and Scattergood was implemented [2]. The line dipole solution modeled a
mechanical scribe as two sets of line forces separated by a small distance. However, for the
mechanical scribing case, the scribe produced curvature perpendicular to the scribe, but not parallel
curvature. So, to produce this parallel curvature as seen in the laser scribe, a set of forces parallel
to the scribe were added. Two different force models were developed for the laser scribe, one with
a distributed parallel force (Figure 3a, line forces E_) and another with concentrated forces at the
end of the scribe (Figure 3b, forces F, ). Since each of these force models has loads in both x and
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Figure 3. Laser Scribing Force

y directions and the loads have endpoints, the theoretical beam theory solution (as performed by
Scattergood and Austin) is not a practical way to solve this problem. However, numerical methods
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such as finite element analysis can be used to solve a problem of this geometry effectively —thus
allowing a solution to the force model based on solid mechanics.

As with the mechanical scribing model, this model requires calibration with a “control group” of
laser scribes. For a symmetrical scribing pattern, there are two desired quantities (camber and
crown) and two variables in the finite element analysis (the ratio F_/F,, and a linear scaling factor).
So, given the curvatures from one laser scribe pattern, the model can be calibrated and then used to
predict other scribing patterns.

3.2.3 EXPERIMENTAL SOLUTIONS

In order to calibrate the model (and test the calibration), several different sets of measurements
were made using the laser scribing system and interferometer. Several preliminary issues were
addressed initially. The sliders are measured and scribed as a part of a “row” of 44 sliders
connected along the side (in the y direction), as seen in Figure 4. The slider was measured before
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Figure 4. Portion of Row Bar

and after scribing (the row bar is not initially flat) on a Wyko interferometer and between
measurements. Since the part is moved from the measurement device for scribing, repeatability is
an issue. To test the measuring system, a row was measured on the Wyko, then moved to the
scribing system, then moved back to the Wyko and measured again. The repeatability of the
measurement 1s approximately 0.15 nm for both crown and camber.

The repeatability of the curvature measurement had several important implications. First, it
demands that every experimental scribing pattern be produced on multiple sliders. Averaging the
curvatures given by each set helps eliminate any error caused by repeatability. Second, it
dismissed using a single scribe for calibration purposes. Single scribes (whether in the x or y
direction) create a maximum of 0.6 nm of curvature, and with a repeatability error of 0.15 nm (on
both the before and after measurements), it would take a large set of sliders for the averaging to
eliminate any measurement errors. Finally, the inability to use a single scribe calibration set raises
the issue of superposition—namely if three scribes on a slider can be modeled as the sum of three
single scribes. If superposition is obeyed, then modeling the scribes is relatively simple.
However, if there is interaction between the scribes and superposition does not hold, the
interaction effect must also be modeled for realistic results.
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The question of superposition was the motivation behind initial experiments done because of its
importance in the modeling. A simple experiment was designed to test superposition: seven
scribes in the y direction, each with a length of 800 uum, were placed at evenly spaced intervals on
the slider (at positions of 0.28, 0.36, 0.44, 0.52, 0.50, 0.68, and 0.76 mm along the x axis of the
slider). Then two other sets of sliders were scribed with patterns that should (given that
superposition is obeyed) sum to the original set: one set contained three scribes at 0.36, 0.52, and
0.68 mm and the other contained four scribes at the remaining four positions. Figure 5 below
shows the three scribing arrangements and their average crown and camber (each result is the
average of 11 sliders).

The superposition proved to be very accurate (an error of 2.5% or 0.12 nm—well within the
repeatability error), even at the relatively close scribe spacing (80 um). The low error seen in this
experiment allows the scribes to be modeled individually and then summed to find the result for a
multiple scribe pattern—a technique which allows a large number of patterns to be modeled from a
relatively small number of results.

3 scribes (0.36, 0.52, 0.68) 4 scribes (0.28, 0.44, 0.60, 7 scribes (all of previous)
Crown: 1.91 nm 0.76) Crown: 2.84 nm Crown: 4.64 nm
Camber: 2.35 nm Camber: 2.94 nm Camber: 5.37 nm

Figure 5. Superposition Experiment

The rest of the experiments were designed to give a representative sample of the types of scribing
that could be in industrial practice. The scribes must be along the x or y axes, but they can have
varying lengths and the spacing between scribes can vary as well. The first set of experiments was
designed to test the effects of scribe length on the curvature of the slider. Using a single scribe
direction (y) and spacing (80 um), three scribes were placed on the slider, with the length of the
scribes varying from 600 um to 1000 pm (the maximum size allowed). Each scribing experiment
was conducted on 11 sliders, and the results are shown in Figure 6.

40



Varying the scribe length yielded some interesting results—camber decreased as the scribes were
shortened (as would be expected), however crown did not decrease. This result was unexpected,
and poses a problem for modeling purposes. This result is discussed in detail in the Calibration
and Modeling section. Also, note that twist is not reported for any of the above cases because, as
expected, a symmetrical scribing pattern generates no appreciable twist (any twist shown during

the experiments is well within the repeatability error of the measurement).

Length 1000 um Length 800 um Length 600 um
Crown: 1.65 nm Crown: 1.82 nm Crown: 1.66 nm
Camber: 2.65 nm Camber: 2.55 nm Camber: 1.96 nm

Figure 6. Scribe Length Experiments

Scribe spacing was also varied in a similar fashion. Using a fixed length (1000 wm), three scribes
were placed on sliders with three different spacings (40 um, 80 wm, and 240 pum). The average
of 11 sliders is shown in Figure 7. Also, the data for the superposition and length trials can be
used to give another example of scribe spacing with 800 wm-long scribes with spacings of 80 pm
and 160 wm.
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Spacing 40 pum Spacing 80 um Spacing 240 um
Crown: 1.58 nm Crown: 1.65 nm Crown: 1.56 nm
Camber: 2.54 nm Camber: 2.65 nm Camber: 1.83 nm

Figure 7. Scribe Spacing Experiments

The results listed previously account for the two major variables for scribes in the y direction
(spacing and length). A similar complement of experiments for scribes in the x direction (lengths
of 1030, 747, 556, and 365um and spacings of 40, 80, and 200um) helps explore directional
dependence (if any). Using these results, the model for the scribing can be calibrated from one of
the experiments, and the remainder of the experiments can be used to verify the model. The range
of experiments encompasses the range of parameters that can be varied—therefore, if a model can
predict the curvatures in all of the various experiments, then it can be used to theoretically predict
the curvatures generated by any scribing pattern.

3.2.4 CALIBRATION AND MODELING

Modeling the scribed sliders consists of applying a force system to a linear elastic finite element
mesh, as discussed in Theoretical Modeling. The linear elastic finite element model allows linear
scaling—the deflections are directly proportional to load and inversely proportional to material
properties. This property allows scaling for calibration purposes—the actual material properties
and stresses created by the scribing can be compensated for by a constant factor during calibration.
The linear elastic analyses also inherently obey superposition.

The finite element model utilizes a fine mesh near the scribe line (to capture the localized stresses
caused by the scribing), but a coarse mesh away from the affected area (in order to reduce solution
time). Either of the force systems (shown in Figure 3) can be applied to the mesh at any location on
the slider to model the scribe. To best simulate the scribe geometry, the separation of the line
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dipoles was set at 40 um (approximately the same as the scribe widths seen in the experiments)
and the length is set depending on the scribing geometry.

As previously mentioned, this modeling technique requires calibration with an experimental result
that shows the curvature for a given scribing geometry. Using superposition, the scribing pattern
of one of the experimental data sets is modeled, and the deflections from the finite element analysis
are fitted with the same biquadratic as the experimental data. The crown, camber, and twist
numbers from the model are compared with the experimental data. If the numbers do not coincide,
there are two things that can be adjusted in the model: the ratio of the forces F, /F,, (which
determines the “shape” of the deflection), and the linear scaling factor (which determines the actual
magnitude of deflection). Once the model is calibrated to one of the experimental results, different
scribing geometries can be created and compared with their experimental analogues and the model
can be verified.

The experiment that was initially taken for calibration was three y-direction scribes with 80 pm
spacing (Figure 7, middle picture). Using the distributed force model (Figure 3a) with parameters
F,, = 33 unit force/unit length and F = 2.4 unit force/unit length, the finite element analysis
yielded a crown of 136.01 and a camber of 220.92. Recall that the finite element results can be
scaled by a constant to the correct magnitude, so the ratio of crown to camber is of importance.
The ratio of crown to camber for the experimental case was 0.623, while the finite element analysis
yielded a crown to camber ratio of 0.616 (error of 1.12%). This calibration yielded the results in
Table 1 for seven other cases (all y direction scribes):

Table 1. Calibration with Distributed Force Scribing Model

No. of | Scribe Scribe Crown/cambe | Crown/camber | % error
scribes |length spacing r predicted
experimental

3 1000 wm 240 um 0.852 0.835 2.04%
3 1000 wm 40 wm 0.622 0.600 3.61%
3 800 um 160 um 0.813 0.541 33.48%
3 800 um 80 um 0.714 0.487 31.72%
4 800 wm 160 um 0.966 0.613 36.57%
7 800 um 80 um 0.864 0.580 32.92%
3 600 um 80 um 0.847 0.367 56.62%

Obviously, the distributed force model yields poor results. Interestingly, the calibration holds well
for scribes of the same length (but different spacings), but it fails when the scribe length is
changed.
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Calibrating the end-force scribing model (Figure 3b) on the same experimental case (3 y scribes,
length 1000 pm, spacing 80 wm), yields F,; = 33 unit force/unit length and F_ = 0.82 unit force.
The finite element analysis yields a crown of 130.96 and a camber of 213.03, which gives a crown
to camber ratio of 0.615 (compared to an experimental value of 0.623, a 1.27% error). The seven
other cases yielded the results shown in Table 2 with this calibration.

Table 2. Calibration with End Force Scribing Model

No. of |Scribe Scribe Crown/cambe | Crown/camber | % error
scribes |length spacing r predicted
experimental

3 1000 wm 240 um 0.852 0.833 2.24%
3 1000 um 40 um 0.622 0.599 3.75%
3 800 um 160 um 0.813 0.843 3.72%
3 800 wm 80 um 0.714 0.756 5.92%
4 800 um 160 um 0.966 0.962 0.45%
7 800 um 80 um 0.864 0.907 4.96%
3 600 um 80 um 0.847 0.844 0.37%

The end force scribing model yielded much more accurate results—over the entire range of lengths
and spacings, the maximum shape error was 6%.

One plausible mechanism that would validate the end force model involves the process by which
the scribe is produced. As mentioned previously, the scribe is actually a collection of “dots” created
by the pulsed laser placed close together. If the residual stress induced by the scribe is created by
the resolidification of the melted material, each dot’s stress in the scribe direction would be
cancelled by the dots on either side. Except for the dots on the end, which would create tensile
stresses on the end (similar to the end force model).

The end force model predicts the shape of the scribe sliders quite well, as shown above.
However, for a full calibration, a linear factor must be introduced to establish the actual magnitude
of the curvatures. As mentioned previously, the magnitude of the curvatures does not necessarily
obey intuition or solid mechanics (if the assumption of the same material is true). For example, in
the scribe length study (see Figure 6), the longer scribes did not necessarily produce more
deflection than the shorter ones (a result that intuition and finite elements produces). However, the
finite element model does produce the correct shape (crown to camber ratio). The influences on
this linear factor are the material properties and the strength of the scribe—both of which could be
influenced by the change in material. Upon further examination, it was found that all of the sliders
that did not match the full calibration within 5% error came from the same row—possible
indication that material properties are causing the error. A possible remedy for this would be to
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calibrate each row on one slider with a test pattern. Further investigation will reveal if this is
necessary. But overall, the end-force model does show a great deal of promise—it predicts the
shape of the sliders with good accuracy and, barring a single row, produces excellent results for
the overall magnitudes of the curvatures.

3.2.5FUTURE MODELING

Several further steps must be taken in order to have a complete model capable of modeling a scribe
of any length or direction. These include:

e extending the scribing geometry to include scribes in the x direction

e exploring sources of error (model geometry, load application, etc)

e modeling new scribe geometries and verifying their curvatures experimentally
e develop models that generate twist

e construct a library of solutions

Extending the model to include x-direction scribes is relatively simple: a new mesh must be
developed, scribing geometries tested with the calibration found above, and results verified with
the experiments conducted.

The model is currently fairly accurate, thus pinpointing further sources of error is difficult. One
possible source of error involves the model geometry —experimentally, the sliders are scribed and
measured as part of a row (which is 44 sliders attached together), while the model’s geometry just
includes a single slider. While modeling an entire row is impractical, there are symmetry
conditions and other finite element techniques to help approximate this extended geometry

Once the model is verified and its accuracy assured, the remainder of the modeling is designed to
develop a library of solutions. Since superposition is obeyed, a collection of single scribe results
can be summed to give complicated scribe geometries. Of primary interest are scribing
arrangements that generate twist—twist is one of the primary problems in slider processing. A
final verification of the model could be conducted by theoretically modeling a scribe pattern that
generates twist, and then performing the experiment and comparing results.

3.3 CONCLUSION

Through experimentation and finite element modeling, it was shown that the curvature produced by
laser scribing can be predicted theoretically. A finite element mesh with an appropriate force system
(in this case, a line dipole with parallel end forces) can be calibrated using experimental results, and
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then used to predict other scribe geometries. Since superposition is obeyed, single scribe results
can be modeled theoretically and then added to construct more complicated geometries.

The preliminary investigation into calibrating the model has shown very good results. Further
investigation with varying scribe geometries will be explored over the next few months. With a
fully calibrated model, a library of single scribe solutions can be created. This library could be
used to construct a scribing pattern based on a desired shape—allowing more sophisticated control
over the scribing system and ultimately, better shape control of the sliders.

REFERENCES

1. Tam, A.C,, et. al., Manufacturing: Stress on the Dotted Line, IBM Corp., Almaden Research
Center, December 1999.

2. Austin, B.W. and R.O. Scattergood, Precision Engineering Center, 2000 Annual Report.

46



4 SURFACE METROLOGY OF COMPLIANT
MATERIALS IN FLUID

Alex Sohn
PEC Staff Member

Measuring the surface characteristics of compliant optical materials in fluid presents some
unique challenges. First, not many instruments are capable of performing measurements in
fluid. Second, if the material has a low modulus, any contact deflects the surface and therefore
influences the measurement. Finally, the refractive index change at the surface of the material is
very small because it is it is submerged in fluid. This all but excludes optical profilometry for
measuring these surfaces. Given these limitations, the best method for measuring surface
characteristics of these materials is by scanning probe microscopy. The ability to acquire
measurements in a fluid and small probing forces make SPM the ideal vehicle for characterizing
compliant optical materials in fluid.
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4.1 INTRODUCTION

An important aspect of improving the manufacturing processes for compliant optical devices is
the metrology used to gauge the results of these processes. Dimensional metrology focuses on
two distinct areas: overall shape and surface characteristics. Shape measurements entail probing
the power and large-scale distortions of a lens for example. Such measurements are exceedingly
difficult to perform on soft materials, especially in fluid. Surface characteristics are mainly
concerned with roughness and play an important role in the efficiency and imaging capability of
optical devices.

Surface metrology of compliant optical materials in fluid faces three distinct obstacles associated
with the unique physical characteristics of such materials. First, many of these materials are
composed mainly of water and must therefore remain hydrated for meaningful measurements.
Many instruments normally used for surface metrology would not tolerate the presence of water
during measurement. Electron microscopes require the sample to be in an evacuated
environment — a condition incompatible with the presence of water. Second, for materials that
are very compliant, even the smallest of contact forces will impact the measurement. Therefore,
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Figure 1. Fluid cell Scanning Probe Microscopy uses a standard atomic
force microscope with the cantilever/tip in a fluid cell. The tip and the fluid
are separated from the rest of the SPM by a glass plate that allows the
cantilever to be probed by a laser beam from a laser diode. Deflections of
the beam can then be detected on a position sensitive detector.
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a profilometer such as a Talysurf or Dektak could not be used. Finally, when a device is
submerged in fluid, it becomes nearly invisible in the fluid due to the minute difference in
refractive index between the optical sample and water. This excludes the possibility of using an
optical profilometer for measuring the such a device.

Currently, the only reliable means for measuring the surfaces of compliant optical materials in
fluid is with a fluid-cell SPM shown in Figure 1. The fluid-cell SPM is essentially an Atomic
Force Microscope with the probe tip placed in a fluid. To defeat the effects of surface tension,
the cell is capped with a glass slide over the probe cantilever. The glass slide also provides a flat
interface from fluid to air so that the laser beam used to probe the deflection of the cantilever can
pass between the materials unimpeded. As the probe tip is scanned across the surface of the
device, the deflections of the cantilever are sensed by an optical detector and recorded.
Deflections as small as 1 A can be detected, though depending on the machine used, noise may
limit resolution to about 1 nm. The size of the area measured is usually limited in a SPM by the
stroke of the piezo actuators that position the probe tip. This stroke is generally around 40 pm,
making the maximum measurement patch 40 ym by 40 ym.

The instrument, shown in
Figure 2, was used for the
measurements described
here. It is a Digital

Instruments/Veeco

Dimension 3000 AFM
available at the N.C. State
Analytical Instrumen-
tation Facility (AIF). The
large sample capacity,
motorized positioner, and
ability to use a fluid cell
make this the instrument
of choice for the study of
compliant optical

materials in fluid. Figure 2. The Dimension 3000 AFM is capable of
accommodating large samples and a fluid cell.
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4.2 SAMPLE PREPARATION

The most complex step in the procedure for
measuring the surfaces of compliant optics is sample
preparation. Fixturing wet materials to a substrate is
fraught with complications. The optical devices
tested here were thin, nearly hemispherical
membranes. First, the samples were too fragile to
support themselves when placed on a surface.
Second, the fluid acts as a film bearing, allowing the
sample to slide on the substrate with very little
friction. Third, the samples tear easily, so any
mechanical clamp that applies a significant amount
of force locally can damage the sample. Finally, the
fluid on and in the samples prevents the use of
surface adhesives such as double-stick tape.

The usual method used for fixturing these devices
for SPM measurement, illustrated in Figure 3,
makes use of the inherent geometry of the device. A
circular section of about 8 mm diameter is first cut
or trepanned from the center of the dome-shaped
device. This section is then allowed to dehydrate
somewhat around the perimeter until it develops a
small amount of surface tack. At this point, the
sample is pressed flat against the substrate (usually
silicon or glass) convex side up. The sample thus
acts like a suction cup, holding itself to the
substrate. The substrate and sample is then
transferred to the SPM for measurement.

This method does, however, have several
drawbacks. Only the convex side of the sample can
be measured. If turned over to measure the concave
side, it would try to lift its edges and become
detached as soon as it was hydrated. Also, the
sample can only be taken from the central region of
the device, thus preventing areas near the perimeter
from being measured. Damaged or incomplete
samples cannot be measured either. Additionally, as
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Figure 3. Schematic of standard sample
preparation. The device (a) has a circular

section removed from its center (b) is
placed on a substrate (c) and then
flattened (d) to hold itself to the surface
via its own suction (e).



the sample rehydrates, it does not remain attached to the surface. This allows only a short
amount of time (about 15-20 minutes) to place the sample on the SPM, find the target area,
engage the tip and measure. An experienced operator will not have a problem performing the
measurements, but the aforementioned restrictions on the types of measurements and samples
that can be measured require an alternative technique to augment the standard one.

The main impetus for developing an alternative mounting technique was the need to measure the
surface finish of the concave 20.0
or inside surface of a sample.
As previously mentioned, this
is difficult to do with the
standard sample preparation
scheme. Several attempts
were made to apply this
method to concave side
measurements with little
success. As long as the -10.0
samples remained partially
dehydrated, they remained
fixed to the surface. About
three to five minutes after
they were placed in the fluid
cell for measurement,

however, they became
detached from the substrate. i

As shown in Figure 4, the O 10.0 20.0pm
result of the sample becoming Figure 4. Poor results occur when the sample becomes

detached during a  detached during a measurement. In the picture, the probe was
measurement is a worthless  scanning from bottom to top. About halfway through the scan,
data set. the sample lost contact with the substrate.

Attempts were made to retain the sample by mechanical means, but these attempts met with little
success. Clamping over a large area usually causes the material to squeeze out from under the
clamp. Clamping at a small point causes tears that then make the clamp ineffective. Another
disadvantage of mechanical clamping is one that was observed with the standard sample
preparation procedure; that is, the sample is only retained around the perimeter, its center can be
displaced horizontally due to the compliance of the material. This compliance gives non-
repeatable results and prevents accurate surface analysis. An ideal way to retain the sample,
therefore, would be to attach the entire back surface to the substrate.
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4.3 ADHESIVE SAMPLE MOUNTING

A common way used to affix AFM samples to a substrate is
to apply a double-stick tape to the interface. This secures
the entire back surface of the sample, preventing lateral
distortions during measurement. The method is also a
simple way to rapidly prepare a large number of samples
without expensive fixturing devices. The unfortunate
disadvantage of this method is that it does not work in fluid.

There is, however, an adhesive that will bond in the
presence of fluids. Cyanoacrylate, commonly known as
Super Glue, will cure rapidly in the presence of water and
can therefore be used to effectively bond wet objects. It has
been used effectively for years as a medical adhesive for
bonding open wounds that are seeping fluid.

To bond compliant samples to a substrate, two different
application methods were explored. Initially, the sample
was placed on a glass slide and surrounded with a thin bead
of cyanoacrylate. The sample was effectively bonded to the
surface and several measurements were attempted. As
previously mentioned, however, having the sample attached
only at the perimeter allows lateral displacement of the
material as the stylus is dragged across the surface.
Measurements using this fixturing method were therefore
not reliable.

The second technique for applying the adhesive yielded
much better results. As shown in Figure 5, a section of the
device was removed and set aside. Next, a small amount of
cyanoacrylate adhesive was applied to a dry glass slide.
This globule of adhesive was then spread thin using a razor
blade. The hydrated sample section was immediately
pressed onto the adhesive for a few seconds. An opaque
white film formed at the perimeter of the sample indicating
that the adhesive had cured. With the sample firmly bonded
across its entire surface, it was placed on the SPM stage.
Initial views of the sample through the video microscope of
the SPM revealed a crystalline or labyrinth-like structure.
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This appears to have been a result of the adhesive interacting with the saline solution during
polymerization. The structure was between the sample and the substrate and did not appear to
have an impact on surface measurements.

Scans were made of several areas on the sample. Sample scans shown in Figures 6 and 7 show
measurements to be both repeatable and able to resolve small features. Multiple scans across the

same area revealed the same features in the same location on the scan — a previously unattainable
result. Additionally, scans of different regions of the sample produced similar roughness values.

20.0

10.0

0
0 10.0 20.0pm

Figure 6. Successful Measurement using adhesive sample mounting technique. Results were
repeatable between successive measurements as well as for different measurement areas. A
roughness analysis is shown in Figure 7.

53



20.0 Image Statistics

Img. Z range 259.08 nm
Img. HMean -0.00004 nmM
Img. Raw mean 30.899 nm
Img. Rms (Rq) 17.975 nm
Img. Ra 11.891 nm
Img. Rmax 255.89 nm
Img. Srf. area 401.51 pm?

Img. Srf. area diff 0.378

Box Statistics

10.0

Z range

Mean

Raw mean

Rms (Rq)

Mean roughness (Ral
Max height (Rmax)
Skewness

KHurtosis

Box ® dimension

Box y dimension

0
10.0 20.0pm

Figure 7. Roughness Analysis of sample shown in Figure 6. Roughness values are of a
magnitude (~20 nm Rms) that is consistent with those expected for an optical surface.

These results indicate that gluing the samples to a substrate is an excellent, if not superior way to
stabilize hydrated contact lenses for SPM measurement. Several advantages of this method aside
from repeatability exist. First, samples of any size and either surface can be fixtured. Second,
the samples remain affixed to the surface for an indefinite amount of time, allowing multiple,
repeatable measurements. Finally, the method is simple to execute and does not require the SPM
operator to work in a hurried manner.

44 FUTURE WORK

With respect to the overall problem of measuring the surface properties of compliant optical
materials in fluid in particular and low-modulus materials in general, there are still many
uncertainties. Of primary concern is the influence of the SPM tip on the sample. There is
always some deformation of the surface of the lens and there are tip/sample interactions that
influence measurement results based on surface and fluid chemistry. Currently, surface
measurement results are not independently verifiable with other instruments. Finding other
methods to verify these results is as important as predicting potential measurement errors. There
have also been improvements in SPM technology which could make measurements more
accurate and reliable. The newest generation of scanning microscopes from DI/Veeco has the
ability to perform tapping mode measurements in fluid. In this process, the cantilever tip is
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vibrated during measurement to eliminate lateral forces on the sample. This could have a
substantial impact on measurements, especially on low modulus materials such as contact lenses.
This instruments expected to be available in the AIF some time in 2001.

4.5 CONCLUSION

While measurements of surface roughness can be made on compliant optical materials in fluid
using Scanning Probe Microscopy in a fluid cell, sample mounting techniques are essential to
obtaining good measurement data. While established sample preparation techniques are
adequate for measurements of convex surfaces, measurements of edge regions and concave
surfaces require improvements. A new method involving fixing the samples to a glass substrate
using cyanoacrylate adhesive is proposed. Multiple measurements have shown this mounting
technique to be a stable, repeatable and simple to apply fixturing technique.
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S DESIGN OF THE POLAR PROFILOMETER POLARIS

Alex Sohn
Ken P. Garrard
PEC Staff Members

Profilometers have traditionally been based on cartesian geometries for performing form and
roughness measurements. These designs, however, have limitations. Certain industries, those
making high aspect-ratio optics in particular, require the measurement of geometries more polar
than cartesian in nature. A polar profilometer has therefore been designed at the PEC. The
device will measure parts from hemispheres to aspheres both concave and convex inside a
circular measurement field 50 mm in diameter. This design can be used to measure surfaces with
a resolution of no less than 100 nm and an overall accuracy of at least 500 nm.

As of February 2001, the design of Polaris is complete and construction has begun. As
components are delivered, subassemblies are being tested. Completion of the project is
scheduled for May 2001.
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5.1 INTRODUCTION

Measuring parts with large slopes and aspect ratios presents a significant challenge for
commercially available measurement systems. Optical profilometers are slope limited to a few
degrees by the ratio of fringe spacing to camera resolution. Mechanical profilometers, on the
other hand, are usually limited by the clearance angle of the tip and the non-perpendicular
loading direction of the probe, both of which often limit the measurable slopes to less than 45° as
shown in Figure 1(a). If, however, there were a way to keep the probe tip nominally
perpendicular to the sample surface as shown in Figure 1 (b), the slope limitation of mechanical

Traverse Traverse
——— - .

2 )4
Q
0&0

Sense

(a) (b)

Figure 1. Traditional profilometers cannot adequately measure slopes greater than the
clearance angle on their probes (a). Measurements will be incorrect when the clearance face
of the probe, rather than the tip, contacts the part. If the probe can be rotated, however,
measurements of surfaces with large slopes can be measured.

profilometers could be overcome.

For many optical components, high aspect ratio aspheres for example, the geometry in section is
much closer to having a polar rather than rectilinear symmetry. To measure such a component, it
would be prudent to use a machine based on a polar coordinate system. The instrument being
designed, called Polaris, is just such a machine.

Shown schematically in Figure 2, Polaris uses a horizontal air-bearing LVDT as the primary

sensor. The LVDT is mounted on a linear bearing which, in turn, is mounted on a rotary bearing.
The horizontal orientation minimizes the effect of gravity loading and allows the probe tip radius
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Figure 2. Schematic of Polaris rotary measurement machine. The orthogonal axes p, 7,

and y are defined from the LVDT’s reference frame

to be as small as 1 ym. The part to be measured is located on an independent XYZ stage for
initial positioning. A rotary (0) stage and the linear (R) stage are air bearings driven by direct-
drive brushless motors to eliminate leadscrew errors with encoder feedback. To measure a part,
the rotary axis and linear stage follow the nominal part profile while the air-bearing LVDT acts
as a null probe, recording any deviations as a function of position. The data collected is then
transformed into a measured part profile and displayed as a two-dimensional error plot.

The polar measuring machine will have the capability of gauging a nominally hemispherical
object with submicrometer accuracy. The range of the device is £25 mm in the radial direction
and +90° in angular direction. It can be used for nominally spherical object (convex or concave)
in this size range but the size and shape of the tip can limit the measurement of certain features
(e.g., a high aspect ratio concave groove).
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5.2 DESIGN PROCESS

The design process for Polaris has gone from concept to selection of components, an error
budget and review, to finalizing the design. One of the goals of this design was to make as much
use of existing technology and off-the shelf components as possible — especially where high
precision was required. Components were selected on the basis of specifications, capabilities
and past experience with manufacturers. An error budget accounting for all significant
geometric errors has been developed using the selected components to determine the viability of
the design. Satisfactory conclusion of the error budget resulted in finalizing the design with a
solid model of the mechanical system in Pro/Engineer and a preliminary user interface model.

5.2.1 COMPONENT SELECTION

Most of the components of the measuring machine are “off the shelf”. The air-bearing LVDT is
an AB-01 from Lion Precision with a linear range of 1 mm and a resolution of up to 1.2 nm. The
LVDT is also capable of measuring with loads as small as 0.1 grams. The linear (R) air-bearing
slide is a Dover ES-500 with integrated brushless linear motor and Heidenhain encoder with 10
nm position resolution. The rotary table () is a 270 mm diameter air-bearing from Precitech

Precision driven by an Aerotech brushless direct drive motor and a high-resolution (1.8 prad)
Heidenhain optical encoder. Vibration isolation is via a Fabreeka Precision-Aire self-leveling
table supporting an epoxy slab. The three-axis positioner consists of a NEAT ball-bearing slide
with microstepping stepper motor drives for part location to less than 1 ym in the X, Y, and Z
directions. Finally, a Delta-Tau UMAC will control the motion of all the axes and collect data
from the LVDT.

5.2.2 ERROR BUDGET

Constructing an error budget involves adding the individual errors of the components in an
appropriate manner to create the error for the entire system. Roll, pitch, yaw, straightness, and
displacement errors in the linear air bearing slide were added to radial, axial, and tilt errors in the
rotary air bearing to obtain geometric errors. Thermal errors have also been evaluated by
defining a thermal circuit. The following strategy was followed: based on the specifications of
maximum errors of each component, a typical geometric error form was obtained. The shapes of
the errors are somewhat subjective, but the maximum amplitudes are those given by the
specifications. These geometric errors are combined in three dimensions for the entire range of
motion of the machine to give an estimate of the maximum obtainable errors and their directions.

Figures 3 through5 show the total error in the p, or radial, direction (Figure 3), the 7 or tangential

direction (Figure 4) and the y or vertical direction (Figure 5). Each graph shows the total error
(sum of the errors from all of the sources that influence the position in that direction) as a
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Figure 3. Total Radial Error. This error represents the error in the p-direction and is

dominated by errors in the linear slide pitch.

S
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Figure 4. Total Tangential Error. The magnitude and influence of this error in the 7-direction

are lower than for the radial errors due to smaller offsets and cosine error contributions,
respectively.
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Figure 5. Total Vertical Error. This error is in the y-direction and the magnitude is less
than the tangential error while its influence on measurements is smaller than the other
directions.

function of the rotary axis from position — 90° to + 90° and the linear axis position from — 25 mm
to + 25 mm. The P-P magnitude in the radial direction is the largest error at 2 ym, the tangential
direction is about 1 ym and the vertical error is the smallest at 0.5 ym.

From the geometric error evaluation, it is clear that the errors in the radial direction are
excessive. This is, however, less of a problem than it seems since this is a direction of motion
and the R-axis can be moved to compensate for these errors. All that is required is an error map
in the control system that will issue a correction value according to the R and 0 positions. The

error map will be constructed from experimental data since the errors presented here are not the
same as those that will appear on the delivered components.

5.2.3 MECHANICAL DESIGN

A solid model of the machine was generated in Pro/Engineer. From this solid model, complete
drawings as well as a three-dimensional analysis of the relative placement of components were
obtained. The solid model aids in finding possible interference points and other problems early
in process.
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Figure 6. A solid model of the mechanical components of Polaris.

The critical components in the mechanical
assembly shown in Figure 6 are the rotary
table, the linear slide and the LVDT. These
are the moving components in the system
and it is therefore essential that they be
mounted in a fashion that does not allow
significant deflection due to the forces of
motion or gravity. While the measurement
forces are small, shifting loads and
accelerations can cause deflections in a
poor design.
Abbe offsets, since they can rarely be
eliminated, only minimized. This
manifests itself in how to prevent the stack

Also to be considered are

of rotary axis, motor, encoder, linear slide,
and LVDT from becoming to tall and
generating large offsets in the vertical
direction. By placing the motor drive,
encoder and half of the air bearing of the
rotary axis below the slab’s surface, the
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Figure 7. The rotary axis/linear axis/LVDT
assembly can be removed and operated
independently for testing.



entire assembly becomes much more stable due to the minimized offsets. An added benefit of
this design is that thermal growth due to motor heating all takes place below the air bearing.
While improving some design aspects, the rotary table arrangement does, however, have
drawbacks that require their own solution. Since the motor and encoder reside within the table,
access to them is limited. While frequent access is not required, adjustments to the working unit
must be possible. The whole rotary axis/linear axis/LVDT assembly can therefore be removed
from the machine as shown in Figure 7 and operated independently.

The three-axis positioner is intended solely for positioning parts prior to assembly. The axes will
not be moved during measurement and can therefore be of a more economical ball way type.

Finally, the LVDT must be leveled to minimize gravitational effects on probing force and can
also be used to determine probing force.
Since the moving mass in the probe is 5.4

LVDT

grams, a deflection of only 1° will change

the probing force by as much as 0.1 flexure
grams. To permit adjustments to the
leveling angle of the LVDT, the mounting
post includes a system of flexures and a

micrometer to allow adjustment of the tilt micrometer

angle as shown in Figure 8. The tilt
adjustment can also be used to dial in a
specific probing force. To achieve this,
the probe is first leveled then tilted to a
specific angle ¢ and the force adjustment

on the LVDT is turned to suspend the
probe at its zero position. When the
LVDT is the tilted back to its level position, the probing force F will be given by

Figure 8. The LVDT resides in a fixture
composed of a series of flexures and a motorized

F =mgsing, (1)
where m is the moving mass of the probe and g is the gravitational acceleration.
5.2.4 CONTROLLER DESIGN

Controller hardware such as the UMAC with peripherals, amplifiers, interlocks and power
supplies reside inside a controller cabinet/desk along with the interface PC. Wiring diagrams,
flow charts and state diagrams illustrate controller functions and layout (see Section 6: Polaris
Control and Data Acquisition). Alternatives for the representation of this novel axis geometry
with the UMAC coordinate system definition statements have been explored. Additionally, a
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scheme for the real-time correction of any significant rotation and translation errors identified by
the error budget has been devised.

5.3 PROBE TESTING Probe

5.3.1 MACHINE ORIGIN ALIGNMENT

Before any measurements are made, the r
origin of the machine’s measurement axes + Se A
(R and 6) must be aligned with the LVDT.
The primary criterion for this alignment is
that the LVDT output be zero at p = 0 for all
positions of 6. This means that for a probe

tip with a radius of r, the LVDT should have
a constant output of —r for all positions of

if the center of the tip is positioned with its

. . Figure 9. When the probe tip’s center is
center at p = 0. One means of achieving this 8 P P

aligned with the machine origin, rotation of the

is by placing a flat plate at —r as shown in g ,xig will produce no appreciable deflection of

Figure 9. If the probe is truly centered, the
LVDT output will not change as the rotary
axis is traversed from —45° to 45°. If, however, there is an offset in either the p or 7 directions,

the probe.

the probe output will change in a characteristic way for each direction.

For an offset of p, in the p-direction, the output of the LVDT will change as a function of the

rotary axis position 6 as shown in Figure 10 and by Equation (2):

p=n —1). @)

cos@

When an origin measurement is made and the p-offset is measured, the R-axis zero can be reset
to eliminate the offset. In addition to p-offsets, there can be an offset in the 7-direction. This

offset produces a different response when measured using the flat method. As shown in Figure
11, the response of the LVDT as a function of 0 that can be written:

p =1,(tan@). (3)

65



- /4 0 /4 0

1 Z
Figure 10. Schematic and plot of LVDT deflection with an offset of p, in the p-direction. The

response as a function of 6 can be used to determine the offset and adjust the machine.

Once again, this characteristic output can be used to detect and correct the offset — this time in
the 7-direction. Since there are no axes of motion in this direction, the linear (R) slide will have

to be moved slightly to eliminate the offset.

[
T o
0
= 0
T
° /4 0 /4
Y Z

Figure 11. Schematic and plot of LVDT deflection with an offset of 7, in the 7-direction.
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In the actual alignment procedure, the situation will be slightly more complex. A combination of
offsets will produce an output of the LVDT according to the sum of Equations (1) and (2)

b= po( —1)+z’0(tan0). 4
cosf

Due to the potential range and complexity of the outputs as a function of 8, the data will either

have to undergo a curve fit calculation in a plotting package or a set of several measurement
iterations will have to be used to minimize the overall error. While the latter technique of
measuring, adjusting, then measuring again to see if the error became smaller may not be as
elegant as a computerized curve fit, similar operations such as tool centering in single point
diamond turning have shown themselves to be more than adequate.

5.4 CONCLUSION

The design of the polar measurement machine Polaris is complete after numerous considerations
and criteria have been satisfied. The error budget has verified the feasibility of the design and
shown that the specified measurement accuracies can be obtained. Careful selection of
commercially available components has resulted in a machine that can be constructed at a
reasonable cost and in a timely fashion. Finally, a procedure for the critical alignment of the
machine’s measurement coordinate system has been devised that will make reliable, accurate
measurements possible.

With careful consideration of precision engineering principles and good design, Polaris will be a
capable machine with the ability to deliver measurements with a resolution of 100 nm and an
overall accuracy of at least 500 nm. Completion of the machine is expected in late spring of
2001.
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6 POLARIS CONTROL AND DATA ACQUISITION

Ken P. Garrard
Alex Sohn
PEC Staff Members

Polaris is a polar profilometer for measuring high-aspect optical surfaces. The machine controls
and data acquisition components have been selected and the user interface software design is
nearing completion. Operating procedures have been established for part setup, alignment,
reference path specification and measurement. The hardware platform is a Delta Tau UMAC
controller coupled to an IBM PC via USB. This choice offers significant advantages for system
integration and represents the future direction of flexible machine controls. The user interface
software is designed to run on any PC. As such it can evolve independent of the real-time control

software and hardware.

Part Positioner
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6.1 INTRODUCTION

The Polaris measuring machine is, in principle, a rotary TalySurf. The objective of the control
system design is to give the operator an instrument interface that is similar in simplicity.
However, Polaris motion will be more complex than the 1-dimensional TalySurf. The
measurement of aspheric parts over large angular extent requires coordinated motion of the
rotary stage and the stacked linear axis to maintain contact of the LVDT probe tip with the
surface. The relatively short measurement range (100 gm), low bandwidth (100 Hz) and low
probing force of the LVDT, coupled with the possibility of large slope changes on a sample,
restrict the surface velocity of the probe to less than 1 mm/sec in the region of a discontinuity.
The controller must traverse an ideal part profile that is derived from a user supplied description
(e.g., zones and radii, point-to-point, etc) while collecting data from the LVDT (p), the rotary
axis (0) and the linear axis (R). The acquired data will be corrected for probe and machine
characteristics (e.g., tip radius, axis straightness) and then compared to the reference part profile
to generate error plots and standard form and finish parameters.

The Delta Tau UMAC (Universal Motion and Automation Controller) product line has been
selected for Polaris. UMAC is simply PMAC (Programmable Multi-Axis Controller) packaged
in UBUS form factor boards. UMAC provides a unique combination of functionality and
flexibility for the construction of a fully integrated control and data acquisition system. Although
widely used for machine control applications, UMAC is relatively rare as a data acquisition
platform. It is appropriate for Polaris because the axis control and data acquisition functions are
tightly linked. The LVDT signal (p) is both the primary measurement source and a secondary
feedback for the R axis. The real-time positions of the R and 0 axes, as well as their commanded
reference positions, are required to construct an accurate surface profile and error map. UMAC
supports several host system interfaces. The addition of an option card allows communication to
the UMAC controller via USB or 10-Base-T Ethernet. Separation of the host PC from the
controller provides numerous advantages for software development, hardware maintenance and
reliable operation. The USB communication option was chosen for Polaris at the
recommendation of Delta Tau.

The following sections provide details of the hardware component selection, software libraries
and the software development tools selected for Polaris. The design of the control software for
the UMAC and the user interface software for the host PC are also discussed along with the part
description formats that will be available to the operator. Finally, operational details for the
measurement of a typical part and the analysis options available to the operator are outlined.
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6.2 COMPONENT SELECTION

The UMAC product line from Delta Tau Data Systems was selected as the controller for the
Polaris machine. Delta Tau is the industry leader in high-precision machine control systems and
provides the system integrator with the a wide range of options. The new UMAC system houses
the control CPU (a Turbo PMAC?2) and option cards in a 3U backplane. The host PC (if needed)
can be a 3U PC/104 computer or a separate system. Communication with the UMAC is possible
via RS-232/422 serial port, ethernet, USB, fieldbus, MACRO or firewire. Instead of embedding a
PMAC processor card in a PC, the PC can now be embedded in the UMAC backplane or
attached via a standard communication interface. This allows for a much more complex control
system with more option cards (with no ISA bus slot, port address space or device driver
limitations) and a more easily maintained and upgraded host computer. As an added benefit, the
UMAC system is less expensive than a comparable PMAC system. A high-level system layout is
shown in Figure 1. Connections among the software, UMAC and the machine components are

shown.
UMAC
Turbo PMAC2
PC 512K memory buffer
Windows 2K Pro 8K dual port ram
USB Driver < » USB comm interface Polaris
PComm32 General purpose i/0 I(_—) Handwheel jogger
GUI software Isolated digital i/o |(—) Ancillary logic
Analog axis interface |(—) R, O axes
Stepper motor interface |(—) X, Y, Z positioner
16-bit analog input |(—) p axis (LVDT probe)

Figure 1. Polaris control system configuration.

6.2.1 DELTA TAUUMAC

The Delta Tau UMAC consists of a 3U backplane, an 80 MHz Motorola 56303 DSP card and
option cards for a wide variety of I/O interfaces. A single processor system is capable of
controlling up to 32 axes with the appropriate option cards. The configuration chosen for Polaris
includes the Turbo PMAC2-3U CPU card with an additional 512K x 24 data memory buffer.
Option cards support up to 4 commutated analog servo axes and 4 pulse-direction stepper motor
axes. Home, overtravel, enable and error outputs for all axes are included as well as a handwheel
jogger interface. Additional opto-isolated digital I/O (24 bits in, 24 bits out) is available for

71



ancillary logic interfacing (e.g., the emergency stop circuit). A 4 channel 16-bit analog-to-digital
converter card was purchased for data acquisition. The LVDT signal will be interfaced to one
channel and the others will be used for machine calibration and geometric error analysis.
Communication to the host PC is via a USB communications adapter card. The optional data
memory buffer is large enough to contain an entire surface measurement. The standard 128K
program memory buffer is also large enough for any anticipated reference surface specification.
This greatly simplifies the programming task by eliminating the need for real-time
communication between the host PC and the UMAC while a measurement run is active. Periodic
update of the axes positions will be made via the USB connection; however the response of the
host PC is not critical to the successful completion of a measurement. Acquired data will be
transferred from the UMAC data buffer to the host only after the measurement motion program
has finished.

6.2.2 Host PC

The host PC is an IBM NetVista (866 MHz PIII) with 128MB RAM, a 20 GB hard drive, a 250
MB ZIP drive and a 19" Triniton monitor. It has no special requirements for interface to the
UMAC other than an OHCI compliant USB port and the Windows 2000 Professional operating
system. The OHCI (Open Host Controller Interface) is supported by all USB control chipsets
except those manufactured by Intel and VIA. Windows 2000 is needed for compatibility of the
USB device drivers with the Delta Tau PComm32 software library.

6.3 SOFTWARE DEVELOPMENT

The Polaris hardware platform contains two processors: the UMAC DSP for control and data
acquisition functions and the host PC for the user control interface and data analysis. Software
development tools from Delta Tau and Borland will be used. The UMAC, like all PMAC family
control products, is more than a hardware platform. It contains firmware and custom ASICs that
provide substantial functionality for the system integrator. Borland is the industry leader in PC-
based software development tools. Their Visual Component Libraries (VCL) for C, C++, Java
and Delphi provide a rich selection of reusable software tools for building application interfaces.

6.3.1 DELTA TAU

The Turbo PMAC2-3U motion control system includes firmware that performs six basic tasks in
real-time: 1) servo loop update for up to 32 axes in 16 coordinate systems; 2) execution of up to
256 simultaneous motion programs; 3) sinusoidal or table-driven multi-phase motor
commutation; 4) execution of up to 64 PLC programs; 5) housekeeping functions such as
overtravel limit checks and watchdog timer reset; and 6) host communications, including
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command interpretation and execution. The basic servo feedback loop is normally executed at
2.4 kHz and includes standard PID feedback, both acceleration and velocity feed forward and a
notch filter. In addition, the UMAC trajectory generation algorithms include acceleration and
velocity profiles for each motor (with a variable length lookahead buffer), blended linear,
circular, B-spline, H-spline and NURB interpolation and 2D planar geometric error
compensation. A significant feature for the Polaris machine is built-in forward and inverse
kinematic functions for rectangular to polar coordinate system transformation. Forward and
inverse kinematic program buffers can be defined for each coordinate system which specify a
non-linear mapping between axes (logical) and motors (physical). This mapping may involve
any number of motors and axes including virtual axes and may contain conditional and iterative
solutions (i.e., each buffer is a program). For Polaris, the forward buffer defines X and Z in
terms of R and 0 and the inverse buffer defines R and 0 in terms of X and Z. This allows the
controller to execute motion programs and jog commands that are specified in cartesian
coordinates even though the machine axes are in a polar orientation.

PEWIN32 The Delta Tau executive program for Windows, PEWIN32, provides configuration,
testing and programming support for the UMAC controller. From initial card setup to
downloading and executing motion programs and PLCs, PEWIN32 is an indispensable tool for
the system integrator. In addition to a simple terminal interface for communicating with UMAC,
it includes a program editor, motor jog controls and access to the low-level I/O functions of any
option card.

The most important feature of PEWIN32 is the motor and system tuning utility. The AutoTune
procedure excites the system with a variety of signals, measures the response and based upon the
input of desired system characteristics from the user (e.g., bandwidth and damping) suggests a
new set of values for the proportional, integral, derivative, velocity feed forward and acceleration
feed forward gains. The user may also select the magnitude and type of excitation signals used
for tuning. A notch filter is available for damping an unwanted resonant mode in a motor's
dynamics. The notch filter parameters may also be configured to act as a 1st or 2nd order low-
pass filter or a velocity loop integrator. The filter is implemented as part of the trajectory
generation algorithm to avoid impacting the stability and responsiveness of the feedback loop.

PComm32 Pcomm32 is the 32-bit Windows device driver package for developing custom
software that communicates with a PMAC or UMAC control system. It is compatible with both
Borland and Microsoft development products, including C/C++ and Delphi. PComm32 consists
of three components: the PMAC.DLL library, a corresponding function header file and the driver
PMAC.SYS. The programmer communicates with UMAC by calling routines from the library
which send messages to the driver. The driver communicates with the UMAC card directly. The
library consists of over 130 functions grouped into seven categories.
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1) Initialization and Configuration
2) ASCII Communication

3) Program Download

4) Dual Ported Ram (DPR)

5) Host Interrupt

6) Variable Read/Write

7) Utility

Two features of the library are particularly noteworthy. First, any command that can be entered
into a PEWIN32 terminal window can be sent via the ASCII communication functions. Second,
a UMAC card will automatically update reserved regions of its DPR with real-time motor and
coordinate system information (e.g., axis positions and motor velocities). There is also reserved
DPR for automatic update of user specified UMAC variables and a DPR area that emulates the
UMAC hardware control panel connector. These later functions include motor home, motor jog,
program run, program stop, feed hold and feedrate override.

USB The universal serial bus connection is enabled as a UMAC communication mechanism
with the ACC-54E option card in the UBUS backplane and the installation of two device driver
files on the host PC and a plug-and-play information file. Communication between PComm32
and the UMAC uses the same mechanism (and configuration parameters) as if the UMAC were
located on the host PC system bus. In fact, its data transfer rate is similar to that of the ISA bus
version of PMAC. There is no performance penalty for locating the UMAC in a backplane
separate from the host PC.

6.3.2 BORLAND SOFTWARE TOOLS

Borland software development tools have been selected for programming the user control
interface and data acquisition software. The VCLs (Visual Component Library) supplied with
JBuilder (Java), C++Builder (C/C++) and Delphi (Object Pascal) contain substantial libraries of
reusable code for constructing standard i