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INTRODUCTION !
The objectives of this training manual are to give the reader a:
1) Thorough understanding of how to operate the 5526A system.

o How to set up for a good measurement

o Correct fixturing of the optics

o Accurate alignments

o Correct terminology
2) Basic understanding of how the 5526A system works.

o Laser interferometry

o Laser display functions and features

o How the optics measure displacement

3) ‘Basic understanding of how to analytically characterize
machine geometry.

o The five basic measurements linear, angular,
straightness, sqrareness, parallelism '

' o Measurement accuracy and precision considerations
The presentation of this material is basic to enable the magority

of operators to begin geometric calibrations of a machine struct-
ure. This large body of measurement knowledge is not commonly

‘known or well understood, To most readers - even experienced

machine tool repairmen, the terms, concepts, definitions and pro-
cedures are new. The measurement knowledge presented is well
established basic machine movement metrology.
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SECTION |

DIMENSIONAL METROLOGY (Calibration of a Machine)

THE MEASUREMENT TRIANGLE

A machine cilibration is more complex than chegking positioning
accuracy and precision. How accurate and precise the work a
machine can be expected to do, is the result of:

- Environmental temperature of the machine and part.

- Machine response to changing operating and environmental
conditions.

- Machine geometry accuracy and precision.

- Machine scale (or calibration) accuracy and precision.

Machine Tcol
Triangle

Machine Geometry

Figure 1-1 THE MEASUREMENT TRIANGLE

These variables form three sides of an equilateral triangle. The
sides of the triangle are equally important. Anyone of the three
sides can dominate. By knowing any two, the requirements or lim-
its of the third can be determined. Measurements of accuracy and
precision are meaningful only when both the environment and geo-

metry are known.

Meaningful results from a machine investigation or calibration
depend on a variation of this triangle:

- Required part accuracy and precision
-Typical machine environment and stability, consisting of:

1] rypical machine and part temperature.
id 4
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Typical machine and part production environment.
Typical or critical machine mode of operation.
Typical machine responce to environmental and operat-

ing mode changes.

degrees of freedom in each axis plus squareness and par-
allelism measured relative to the above typical condi-

tions.

Some machines change radically as the operating conditions
change, i.e., the spindle speed of a common lathe. The operating
environmental temperature in most machine shops is uncontrolled
and can range from below 40 degrees F on cold winter Monday morn-
ings to above 120 degrees F on hot summer afternoons. Machines
do not respond to environmental changes in a linear or predict-
able way. They twist, bend, and generally distort as columns
change temperature more rapidly than hases. Most machines are in
a constant state of seasonal change. The parts produced are be
distorted by distorted machine geometry and the temperature dif-
ferential between the part and the machine.

B I - Machine geometry. The accuracy and precision of all six

Machine geometry is always found at the prevailing operating con-
ditions and environment. 'Yhese two variablesi are usually over-
looked factors. Machine geometry changes as: these variables
change, Thus, how much finished parts will vary depends on the

range of the environment about the machine ard part during all
periods when parts are produced - all day - all year.

relatively meaningless, Machine geometry is muct more meaningful.

i Summary: Positioning accuracy and precision by themselves are
It includes linear positioning accuracy and precision, Machine
geometry, stability and environment must be known to determine
the ability of a machine to position accurately and precisely

I during typical operating conditions.

PRECISION ACCURACY AND RESOLUTION

Be sure you have a good understanding of these terms. They will
be used often during measurement discussions. "hccuracy" and
"precision" are rot interchangeable. The differerce in their
definition will help to clarify the complexity of making measure-
ments.

PRECISION is often called "Repeatability". For owur purposes, it
' is defined as the average difference among a group of measure-
ments at a target position. In the target analogy 1in Figure 1-2
below, the average position of the shot grouping 1= measured as
l precision. Precision in this case says something about the re-
peatability of the marksman, his gun and the environment. Pre-
cision in laser measurements 1is similar. Operator skill, machine
I stability, machine geometry and the environment a¢:ect precision.
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Accuracy in Figure 1-2 is the measure of how close the shot grou-
, ping was to the pbull's eye. The shot grouping was more Precise
than it was Accurate. When making measurements, Accuracy is how
close the measurements agree to a given standard for the measure-
. ment (such as the National Bureau of Standards or N.B.S.). Pre-
v . 1 cision, by comparison, is how close the measurements compare to

' each other.

ACCURACY in linear positioning is the difference between the ave-
rage position of a group of measurements :and the location of the

target position for those measurements.

Precision

Accuracy

- Resolution

Figure 1-2 Target Example of Accuracy, precision and Resolution.

. Accurate parts are exactly like the drawing for those parts.
Precision parts are exactly like each other. A batch of partks,
all rejected for the same flaw, are precise but not accurate.

RESGLUTION is the smallest increment of scale. In Figure 1-2,
Resolution is the distance between the rings in the target.

} 5526A LASIER MEASUREMENT SYSTEM SPECIFICATIONS
= FOR LINEAR MEASUREMENT

) Accuracy of the 5526A Laser Measurement System is specified as:
- +/-0.5 ppm (read plus or minus 0.5 part per million) +/-1 count
in the last digit on the Laser pisplay. That means the 5526A
will measure linear displacement to better than +/-1/2 millionth
of an inch per measured inch +/-one millionth. +/-1/2 ppm is

equivalent to:
- +/-1/2 part
--------------- or +/-0.5X1. to the Gth part or +/-0.0005%
1 million parts '
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parts are unitless multipliers like percentages. Whatever the
unit: gallons, pints, feet, miles, metres, or inches, +/-1/2
part per million infers that you divide the unit into millionths
and for every million millionths you count you'll be accurate to
+/-1/2 millionth.

when using the S5510A Automatic Compensator, system accuracy de~
creases tao +/-1.5 ppm +/-1 count in the last digit wor~t case.

GEOMETRY — DEGRFES OF FREEDOM, SQUARENESS, AND PARALLELISM

Diagnosing the accuracy and precision of a multi-axis machine
involves the analysis of several complex factors in and between
the axes. These factors are grouped by measurement type: linear,
angular, straightness, squareness and parallelism, Linear, ang-
ular and straightness measurements are used to measure six inde-
pendent freedoms of movement called the Six Degrees of Freedom,
Squareness and parallelism are subsets of straightness.

The Six Degrees of Freedom are:

1. Linear Displacement

Angular displacement about the axis measured.

P Pitch

3. Yaw

4. Roll

rranslational displacement about the axis measured
5. Straightness in the vertical plane

6. Straightness in the horizonta plane

These six variables are used to break down complex movements of a
carriage travelina on a pair of ways into factors more easily
handled in terms that can be well defined when communicating re-
sults or symptoms to others. :

' [
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Figure 1-3 Six Degrees of Freedom

Laser geometry measurements are accomplished by three sets of
optics named after the type of measurement they perform, Linear
Argular, and Straightness. Fach set of optic’ ignores the geo-
metry measured by the other two sets. The 10492B Optical Square
is used with the Straightness Optics to measuve squareness. The
10693A Vertical Straightness Adapter enables Straightness Mea-
surements in Vertical axes and blind horizontal axes. Squareness
and parallelism are computed from two straightness measurements.

A—

Z Axis

Figure 1-4 Squareness Between Axes
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‘Bach of the above variables contributes to positioning precision
and backlash. 7.e machine's positioning precision is a composite
of these variables at each measurement point. Precision and
backlash then can become a significant factor in performing a
calibration.

ENVIRONMENTAL TEMPERATURE AND MACHINE USAGE

The objective of a machine tool is to cut parts accurately. Ma-
chine temperature changes and temperature differentials will neg-
atively affect the part accuracy .

Machine temperatures will drift depending on the usage and the
environmental temperature, The rate of drift will depend on the
size and mass of the machine, how open it is to changing air tem-—
perature and the temperature difference between the machine and
the air. Machines that operate continuously through the day and
machines that do not have heat sources that vary during machine
process will be more stable than machines that stand idle for
part of the day and when in use have motors or hydraulics that
generate heat as they perform work. Part accuracy and precision
are lowest when the environment is uniform, constant and 20 de-
grees C (68 degrees F) or when the same as when the machine
scales were compensated.

OPERATiNG UNDER CHANGING TEMPERATURE CONDITIONS

Material temperature compensation is completely accurate only
under constant operating conditions. The more unstable the oper-
ating conditions the more unpredictable a machine and resulting
parts become. The Automatic Compznsator can be used to compen=
sate completely for thermal expansion of the part only if the
part and the machine are at thermal equilibrium with their envi-
ronment and at normal operating conditions. Changing the room
temperature can result in changing thermal gradients in both the
machine and the part. In this case the primary machine errors
are due to complex bending effects which result in distorted mac-
hine georietry instead of simple thermal expansion.

Machine geometry distortion is extremely difficult if not impos-
sible to describe mathematically, and is equally dfficult to com-
pensate ror. Distorted machine geometry changes the pitch, yaw,
straightness, parallelism, and squareness of the machine struc-
ture and slideways. 7The resulting errors are not a function of
the machine scales. Nor are they directly a function of material
temperature. When a machine with good geometry is operated in a
poor environment, its accuracy will be limited by its geometry
responding to the environment. In this case, the practical solu-
tion to better accuracy and precision is to either improve the
environment or make the machine less susceptible to environmental
changes,




There is no established rule-of-thumb which can be used to esti-
mate allowable temperature variation during a machining or meas-
urement cycle to obtain a given tolerance. One can only predict
that a given machine will be most accurate when operated in a
constant and uniform temperature environment. If the machine
environment is suspected to be poor and part accuracy is critical
it is best to run "thermal drift tests” on the machine to deter-
mine daily and seasonazl environment effects on the part accuracy
and precision.

Large machines will tend to change temperature very slowly. The
room temperature may change from 65 degrees F to 75 degrees F in
1 hr. but the temperature of a massive machine will lag by a few
hours in the most unexposed areas. The most exposed area of a
machine tool is often the table,column and head. A 5 degree F
increase in a 50 inch machine table will cause the table to grow
away from the ball nut and ways by 6.5 ppm/degrees F Or 32.5 mic-
roinch/in or 7 tenths at the ends of the table. A steel work-
piece mounted on the table would not only move with the table but
also expand by 32.5 microinch/in. A lead screw has no way of
sensing this change in part position and size when it is deap
within the machine. Real time compensation is possible when the

gcale is computer controlled. The most common practice when cal=-

ibrating or compensating a scale is to arbitrarily pick an oper-
ating condition and go with the available ambient temperature.

summary: To make parts accurately a machine calibration should
be done under typical operating conditions and only after pitch,
ﬁaw, roll, straightness, squareness, parallelism and velocity

ave been checked and varified to be good enough to warrent scale
calibraton. The use of only one linear precision and accuracy
check tion probably will give an inaccurate indication of the
overall machine performance . Linear positioning is influenced
by many geometry and environmental variables that must be within
permissible limits before the machine scales can be usefully cal-
ibrated. It is true that a machine can pass a linear positioning
accuracy and precision test and not be able to produce accurate
or precise parts. A machine will maintain its calibrated accur-
acy and precision only if the calibration environment and opera-
ting conditions are maintained. The calibrated accuracy and pre-
cision will change ms the environment and operating conditions

10
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SECTION 1l
WAVELENGTHS

An Intarlerometer is
used to measure length
by means of light waves.

AN
e NI

Sprual Publiabon K04 By ¥

Figure 2~1 The NBS Standard of Length

THE NBS STANDARD

In 1960, the NBS discontinued the use of the Meter Bar as the
gstandard of length and the Metre as the unit of length. They
adopted the wavelength emitted by Krypton 86 under special condi-
tions as the Standard of Length and the Unit of Length. Physical
standards had proven to be less stable, less accurate, and more
trouble some to duplicate than Wavelength Standards. Krypton 86
was selected as the best wavelength source available at that
time. Lasers were first constructed later that same year and
proved even more desirable as wavelength sources.

Krypton 86 light waves and laser light waves are used in much

the same manner. Thus, the principles and techniques involved
are similar. In each case, distance can be measured in cerms of
wavelengths counted as optics are moved along a measarement pat!.,
The light beam becomes a scale and wavelengths are graduations
along the scale.

11




WHAT ARE WAVELENGTHS

Waves are often shown as in Figure 2-1 and Fiqure 2-2, In these
waves, the peaks and valleys repeat at exact intervals. These
repeating intervals determine the wavelengths. One wavelength is
the distance between similar points on the wave. . The Greek let-
ter lambda (r) is shorthand for wavelength. One half wavelength
is half that distance written A/2, and A/4 is one fourth wave-

length.

Wavelength {A)

{A Is pronounced
“Lambda’)

Valleys

Figure 2-2 A Typical Wave

Wwhen the peaks and valleys in two waves are occurring at the
same time, the waves are called "In Phase Waves". 1If these

in phase waves are divecced at a common point, (see Figure 2-3)
they will combine Constructively. That is, the brightness of
the two beams will be combined to form a wave of the same
wavelength and with the combined intensity (brightness) of the
two criginal waves. This is called Constructive Interference,

In Phase

Combined Ampiltude
o -

Two Waves n Phase
Combining Constructively

Figure 2-3 Constructive Interference

As shown in Pigure 2-4, the opposite effect can also occur. When
the peaks and valleys do not occur at the same time, they are

Oout of Phase. When the peaks in one beam occur at the same time
as che valleys in the other beam, the two beams are 180 degrees

12
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vt of Phase. If these two 180 degree waves are directed at a
common point, they will combine destructively as in Figure 2-4.
If the two combining waves are of equal brightness, they cancel
each other completely, and no light will be seen at the common
point. This is Destructive Intexference.

Qut of Phase

.
—= Cancelled Amplitude

Two Waves Out of Phase
Combining Destructively

Figure 2-4 Destructive Interference

MICHELSON'S INTERFEROMETER

Light wave interference was first used to measure distances by

Michaelson in 1890, using a less than an ideal light source. An
ideal light source must produce light with three characteristics
not found in sunlight or common light bulbs. The light must be:

1. Monochromatic - all the light must be the same
wavelength (or color).

2. Coherent - the waves musts be in phase.

3. Collimated - the waves must travel parallel to each
other.

The Michaelson light source was directed to a half-silvered
mirror descriptively called a "beam splitter”, The beam splitter
allowed 50% of the beam to pass through and reflected 50% at an
angle depending on the alignment of the beam splitter. In each
50% beam path, Michelson positioned a flat mirror aligned to
reflect the beams back on themselves., The returning beams would
be recombined at the splitting point.

13




Mirror
Speclal
Light Socurce Beom Splilter
Jl Mirrar

Qhserver

Figure 2-5 Michelson's Interfeiometcr

When the mirrors are equal distance from the splitting point, the
beam paths will be the same. The beams will return "In Phase" at
the splitting point, combine constructively, and a bright spot
will be seen by an obserxver as in Figure 2-5. As one mirror is
moved, that beam path will change and the phase relationship be-
tween the returning beams will change. If the mirror is moved
A/4 away from the beam splitter, the beam will travel an extra
»/4 both out and back for a total of A/2 increase in beam path.
This beam will have an increased path length of A»/2 more than the
unchanged beam. Its peak will be A/2 behind or 180 degrees Qut
of Phase with the unchanged beam and the two beams will combine
destructively. The cbserver will see a bright spot change gradu-
ally to a very dim spot or to no spot at all, As the mirror con-
tinues out to A/2, the spot will get increasingly brighter to
maximum brightness again. The spot transition from bright to
bright is counted as an increment of scale for a resolution of
A2,

Michelson's setup had several drawbacks. Among them: noncoherent
light, poorly collimated light source, excessive heat, and
mirror-beam-beam splitter alignment difficulty during a measure-
ment. The problems Michelson encountered required averaging of
several measurements to provide precision.

14
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Relroreflactor
5505A ‘ 5500C
Laser Display Laser Head [ 4
Counters E {D- - | - g
Compensation 105658

Remole

Unlis Conversion
Inlerferomeler

Display

Figure 2-6 5526A Laser Measurement System

HP'S LASER INTERFEROMETER

Wwith the Laser as a light source and through Hewlett-Packard's
innovations, Michelson's Interferometer was improved upon to al-

low convenient use in an industrial environment. The light waves
originate in the Laser Head using a rugged lon% life laser tube.
A laser is used hecause it naturally produces the three important

characteristics needed for interferometry, The light produced
is: Mcnochromatic, Coherent and Collimated.

The laser beam is split by the beam splitter Interferometer into
two components. One component passes through and the other is
reflected perpedicularly. Cube corner Retroreflectors are used
in place of plane mirrows because they always return the beam
parallel to the incombing beam path. Small rotations or perpend-
icular movements of the Retroreflectors will not affect the ac-
curacy of the measurement.

The cube corner Retroreflectors offset the beams and return them
to the Interferometer where Constructive and Destructive Inter-
ference takes place. One Retroreflector is usually free to move
independently of the Interferometer. The other Retroreflector is
usually attached to the Interferometer and called the Reference

Retroreflector or the two are referred to as, the Interferometer.

15




The Laser Beam Path between the Interferometer and the Reference
Retroreflector is the Reference Beam Path. The Laser Beam Path
between the Interferometer and the Movable Retroreflector is the
Measurement Beam Path. By physically positioning the Retrore-
flectors and Interferometer, the returning beams are recombined
at a common point inside the Interferometer. At this Dnint in-
terference can be thought of as occurring basically the same way
as in a Michelson Interferometer. (See Figure 3-5 and Figure 3-
6). The Return Beams will overlap and return to the Laser Head
where a Photo Detector will convert the »/2 light information to
electronic signals which are fed to the Laser Display. The elec-
tronic signals are converted to the number of A/4's counted dur-
ing a movement of the optics (either the Interferometer or the
Retroreflector or both). The A/4's are stored in Counters.
Measurements are accomplished by:

l. Accumulating in the Counters the number of A/4's
detected during a measurement,

2. Compensating the number of a/4's stored for the density of
air. Material expansion or contraction duve to temperature

of the the part being measured.

3. Compensating the number of »/4's stored for the
temperature of the material being mearsured.

4, Converting the Compensated A/4's into more common units,
either inches or millimetres. ,

5. Displaying the compensated and converted A/4's or display-
ing diractly from the counters Uncompensated and Unconvert-
ed the number of A/4's stored in the counter.
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SECTION fli

LINEAR MEASUREMENT CONSIDERATIONS

MACHINE GEOMEThY
7 ,L"*J"‘\\

Six Degrees of Freedom

» Uliimately delermines
machine accuracy and
pracision.

VELOCITY OF LIGHT

s Conslant only In a vacuum,
s Measurements vory 1 ppm
for each:

Alr lemperature change of
2°F.

1. Linear Displacement
Angular Displacement

2, Pitch

3. Yaw

4. Roll

Perpendicular Displacement
5. Verlical Straighiness

6. Horlzontal Sirsighlness

DEAD PATH ERROR

i-'-'h-ﬂm—n——l

A = Kngwn Measurement Path |
1 = Unknown Messurement Path -
DEAD PATH

Alr pressure chanye of;
0.1 in Hg.
Humldily changes of 30%.

» Corrected wilh manual or

automalle compensailon.

» Automalle compensallon

mainiains + 1.5ppm meas-
urement accuracy during
measurements.

THERMAL EXPANSION

s Two necessary contributors:

1, Sovue distance between
the Interferometer and
Retroretiector when Zero
Point Is Reset — DEAD
PATH.

2. A change in lhe Velocily
of Light or Thermat
Expansion. EFFECY:
Length a can be compen-
sated BUT Length b can-
not. Zero will move as
ecale changes by b > A
Compensatlon 4.

» Minimize DEAD PATH — sel

Zero with Optics together.

= —
=7

¢ Linear measurements

“Un'ess Otherwise Stated”
are referenced to 68°F.

¢ Part and Scale MUST be al

68°F or scale reading com-
pensated for temperature
and coelllcient of expanslon,

COSINE ERROR

* Misalignment of scale axis to
measurement axls.

» Minimized with proper
alignment.

o *Visual” alignment it
measured length [s OVER
23 inches.

» *Linear Allgnment Accuracy
Check” if UNDER 20 Incheas.

« Couses short messuremenis
with laser.

ABBE ERROR

¢ Two necessary coplributors;

1, Abbe oliset — dislance
belween scale axis and
measurement axls,

2. Angular displacement of
part during linear dis-
placement of part.

» “Rule ol Thumb” abbe error

In pins. = angular error In

arcseconds % 5 X abbe offset

in Inches, 54000 X 56 X 12 =

3.24 in.

* Minimized by positioning

scale axis as close as
possible to desired
measurement axis,
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WAVELENGTH COMPENSATION

The speed of light changes as light travels through mediums of
differing densities. The Laser Beam travels through air which
has a density that varies with changes in temperature, pressure
and humidity. This change in the speed of light changes the
wavelength of the laser light which correspcndingly changes the
number of A/4's counted along a given distance.

8

Figure 3-1 WAVELENGTH IS SPEED OF LIGHT DEPENDENT

¥

This change can be corrected for by multiplying the number of
A/4's stored in the counters by the Compensation Factor. 1In a
vacuum, where the speed of light is the fastest, the Compensation
Factor is 1.000, so no corxrection is made to the A/4's. As the
density of air increases, the speed of light decreases, which
correspondingly decreases the laser wavelength, and the number of
A/d4's counted in a given distance increases. To correct the
number of A/4's, the Compensation Factor will always be less

than one. In the range of air temperature, pressure and humidity
in which we normally work, the Compensation Factor will be be-
tween ".9999999" and ".9990000". This Compensation Factor is
applied in three ways. Manually with the Compensation Factor
Handbook, manually with the computer program supplied in the Cal-
culatorPlotter option metrology package, and automatically with
the 5510A Automatic Compensator. '

MANUAL COMPENSATION ~- AIR ONLY

The Manual Compensation Factor is entered via the Thumbvheel
Switches behind the flip-down door on the front right hand side
of the 5505A Laser Display.
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VELOCITY COMPENSATION — PPM CHECKS
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Figure 3-2 Compensation Thumbwheel Switches, Velocity
Time Units Switch and Checks Buttons

The number that is entered on the Thumbwheel Switches can be
found in the Compensation Factor Handbook, or with the Metrolovy
Program package. The air temperature, pressure and humidity are
cross-referenced in the Compensation Factor Handbook to find the
Air only Compensation Pactor in parts per million. ‘The Air Only
Compensation Factor will compensate the laser beam fo, changes in
the velocity of light to measure accurately in the atmosphere
just measured. From that value it will change 1 ppm for every:

1 degree C (2 degrees F)
2.5 mm Hg (0.1 inches Hg)

30% change in humidity

The Air Only Compensation Factor WILL NOT compensate the laser
beam for material or machine temperature other than 20 degrees C
(68 degrees F). See Material Temperature Ccrnpensation and refer
to the Compensation Factor Handbock for more details. '

MATERIAL TEMPERATURE COMPENSATION FOR 'THERMAL EXPANSION

All materials expand and contract with changes in temperature,

As a result, if a part is measured at two different temperatures,
two dimensions will result. The change in dimensions of each
type of material differ as a function of temperature and can be
measured and given a number which is called the Coefficiant of
Expansion.

19
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no determine the true size of a part, it must be measured at the
reference temperature of 20 degrees C (68 degrees F) "unless
otherwise stated” on the part drawing. To determine the true
size of a part at some other temperature, the temperature and
coefficient of expansion of the part must be known. To make a
part at some other temperature the machine and scale must change
proportionately so that when the part is measured at 68 degrees F
it is the desired size.

MATERIAL ppm/*F ppm/*C
Aluminum 12,8 23.1
Brass 10.8 19.4
Sical 6.6 11.7
Granile 5.0 11.00
Cast iron 5.7 10.5
Pyrex Glass 1,8 a2
INVAR 0.70-1.1 0-2

Typical Coelllclents of Expansion

mable 3-1 Typical Coefficients of Expansion

Table 3-1 compares several materials and their Coefficients of
Expansion. These are approximations only., There are many vari~-
ables that determine the actual value for a specific part or ma-
terial, Some of these are the alloy, type or amount of heat
treatment, grain structure and structural mix of the materials in
a complex part or machine. Seldom can the Coefficient of Expan-
sion be estimated more accurately than one ppm unless it is act-
ually measured for a particular sample.

MANUAL MATERIAL TEMPERATURE COMPENSATION

When the Air Only Compensation Factor is used to correct the
counted A/4's, the 5526A display presents a measurement accurate
for 20 degrees C, {68 degrees F). At this Reference Temperature,
no further Compensation is required. When the part or machine is
not at 20 degrees C (68 degrees F), the A/4's counted to measure
the l:ngth of the part must be compensated for that part tempera-
ture. For example, a steel part with a Coefficient of Expansion
of 6.8 ppm/degree F heated to 88 degroes F will be larger in all
dimensions by 20 degrees F x 6.8 ppm/deqrees F or 136 ppm (136
millionths/inch) than when it was at 68 degrees F. If the 5526A
displayed value is compensated for air only it will measure the
part as being 136 ppm too large. A ten inch part would appear to
be 0,00136 inches too long.
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Fortunately, we can tell the 5526A to measure 136 ppm larger to
compensate for this part by subtracting 136 ppm from the Air Only
Compensation Factor previously entered in the Thumbwheel Switch-
es. 'The 5526A will then be totally compensated to correct the
measurement of that part at that temperature and at the previous-
ly measured Alr Temperature, Pressure and Humidity., This is cal~-
led the Total Compensation Number,

WHERE TO SENSE MATERIAL TEMPERATURE

The purpose of a machine tool calibration is to determine if the
machine wil produce parts accurately and precisely. More accur-
ately, it is to determine if the machine geometry is sufficiently
accurate and precise to transfer the machine scale accuracv and
precision to produce parts of specified accuracy and precision,
when measured at 68 degrees F.

Scales are basically very stupid. They don't know:

If the machine geometry is good enough to accurately trans-
fer their positioning information to make good parts.

If the machine geometry is changing because of temperature
differentials.

The temperature of the stock they are trying to make into
accurate parts when measured at at 68 degrees F.

Part accuracy is quickl{ lost when temperature differentials are

magnified by environmental changes, Wﬁen a scale is warmer than

the part, the machine geometry will be directed to make a larger

than necessary part. When coefficients of expansion (CE) differ-
entials exist between the scale, part and the machine structure,

the scale cannot accurately compensate for the differences in the
part and machine size with environmental temperature changes.

For example:

A glass scale with a CE of 5.0ppm/degrees F at 80 degrees F will
be 5X{80~68)=5X12=60ppm larger than when at 68 degrees F.

An aluminum part with a CE of 13.0 ppm/degree F at 80 degrees
will be 13X12=156ppm larger.

A steel machine with a CE of 6.5ppm/degree F at 80 degrees will
be 6.5X12=78ppm larger.

A 20 in. part produced by a glass scale, both at 80 degees F,
will be 156-60=96ppm%20in.=1920microin. too small, considering
only the scale and part CE differential. If this combination
existed in a steel machine, the machine would compensate for an
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additional 6.5-5=1.5ppm¥12=18ppm at BO degrees. This would help
the part accuracy by only l2X20=360 micro in. This 20 in. alu-
minum part will be 0.001560 too small, when measured at 68 de-
grees F,

Even with perfect machine geometry, a machine cannot produce ac-
curate parts when:

The entire machine, scale and part are not at 68 degrees, or
They are not at the calibration temperature, or

Unless the scale is computer controlled and it knows what
the machine and part, temperature and CE are.

Most machines operate in non-temperature controlled shops. tem-
peratures of the machine and part can vary by 80 degrees F in the
midwest and northeastern United States. When the part and the
scale CE's and temperatures are the same (and the machine geome-
try is good), there is no problem in accuracy. But typically the
scale is a lead screw-resolver that heats up as it works., Or,
the scale is protected from open air and does not change tempera-
ture as rapidly as the part. In both cases, part accuracy is
limited by the inability of the scale to change appropriately
with the part.

A partial answer is simple lead screw (scale) compensation. The
scale can be computer compensated to produce accurate parts at a
selected operating condition and part temperature. A drawback is
when the temperature changes in the part or machine, the scale is
unaware of the change.

A bonus of scale compensation is that Abbe errors are cancelled
along the calibration axis.

Even when a machine is operated at thermal equilibrium in a con-
stant environment,the part and different components of the ma-
chine can be at different temperatures. When determining posi-
tioning accuracy, the temperature to measure ie the part tempera-
ture, In order to minimize errors, measure material temperature
at the workpiece position. For example, on a milling machine, if
the workpiece is clamped to a table, measure the table tempera-
ture. To adeguately support the weight of a part the machine is
desigpned to carry a specified limited part mass and the table
should be much more massive than the part - if not distortion of
the machine geometry will result. The mass of the table will
control the workpiece temperature in most situations. It is gen-
erally accepted that the table temperature at operating condit-
ions will be indicative of the temperature of the workpliece at
operating temperature.

22
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on turning machines this may not be the case since the workpiece
is held in a rotating spindle. It is necessary to determine em-
pirically which accessible machine member is the closest in tem-
perature to the workpiece at the specified machine operating con-
ditions or at the specified calibration condition.

When machine and part temperature compensation is not available,
part accuracy and precisicn will change from the calibrated ac-
curacy and precision, in responce to environmental and operation-
al changes. If accurate and precise parts are desired, machines
s?oulg be in temperature controlled invironments, with uniform
alr flow.

The broblem is in temperature differentials. Both air and ma-
chine induced temperature differentials must be minimized. They
cause the machine, part and the scale to be different sizes as
the temperature varies along the length, width and heigth of the
machine and part, To compensate, the scale must know the part
temperature where and when the work is being done - real time
real location scalz compensation.

COSINE ERRROR i

Cosine error results from misalignment of the scale pxis to the
desired measurement axis. In the case of a cal iper, Figure 3-3,
the scale axis is aligned parallel to the measurement axis
through the perpendicularity of the caliper jaws., Measuring be-
tween two points on an object provides us with an obvious meas-
urement axis and alignment of the measurement axis in the caliper

jaws is easily seen_as an accuracy consideration. ' The name for
the error that results when the measurement axis Eqd the scale

axis are not parallel is Cosine error.

23

Jp—y a"umm.



i

[ e vt o e et et —
P ————— ST ——

2 3 Scale Axis

/ 08 Reading

Measurement Axls

Figure 3-3 COSINE ERRORS AND THE CALIPER

Cosine error is not as obvious when operating the linear inter-
ferometer primarily because the scale is 7.6 mm (0.3 in) wide and
graduated in .01 micrometre (.1 microinch) invisible increments.

See Figure 3-4.

—»} |~ Laser Wavelength
| o'
L N
Bae:el':; '“’qe
W
W
]
11 ;) Laser Beam Direction 12,
P p
i A 1 .

Figure 3-4 COSINE ERROR AND THE LASER SCALE

The linear interferometer will count along the path of the laser
beam from P to P" when actually the machine travel is the longer
path P to P'. The linear interferometer will always measure
short when Cosine error is significant.
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Cosine error is minimized with accurate alignments., The ob-
jective of an accurate alignment is to have the laser beam paral-
lel to the axis of travel. Accurate linear measurements can be
obtained only when the laser beam is parallel to the axis of
travel. The Laser Measurement System will tolerate up to 95%
loss of the Laser beam, so it is pessible for the retroreflector
or interferometer to move more than 0.3 inch across the laser
beam during a measurement, and still return enough signal for
operation. This lateral displacement is the result of angular
misalignment between the desired measurement axis and the scale
axis. It reduces the accuracy of a linear measurement proport-
jonately to the angle and inversely proportional to the distance
measured.

when cosine error is large enough, it can be seen as a changeing
distance between the return dots at the Laser Head Turret during
an alignment. (See Figure 3-5).

»g" — The distance the dols move
while moving one oplic along the
measurement axis.

Figure 3-5 A Visual Indication of Cosine Error

If distance 5 changes as the optics are moved along the axis of

travel, Cosine error is presert.

There are two basic alignment procedures: l. Visual; 2. Autore-
flection. Autoreflection can be used if there are convenient and
accurately square axes or surfaces available. Visual can be used
for over 10 inches of travel by observing the return dot overlap
over the entire length of travel and below 10 inches of travel
when followed by a Linear Alignment Accuracy Check. See Section
10 for alignment procedures,
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ABBE ERROR | !

The most overlooked problem in machine tools is Abbe error. Abbe
Errors result from 1) angular rotation between the Scale Axis and
the Measurement Axis during a measurement and, 2} some distance
separating the Scale Axis and Measurement Axis. The error in-
creases with the angle of rotation and the distance separating
the two axes. The distance between the axes is called the Abbe
offset. Abbe error is minimized by positioning the scale axis as
close as possible to the Measurement Axis and maintaining angular
components (Pitch, Yaw, Roll) to a minimum, ‘

Angular motions are often unaviodable. A simple caliper as in
Figure 3-6 requires some tolerance between the sliding jaw and
the beam if the jaw is to slide along the beam.

— — — —
R e
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2 3 y Scale Axis

i gy e Livask T

0.25 Reading

2 In. Abhe Olisel

Measurement Axis

—

Figure 3-6 Caliper Example of Abbe Error

This tolerance allows the slide to be rotated slightly allowing
the indicator mark to move on the beam scale indicating a shorter
than true measurement. This error will increase as ! e Abbe of-
fset increases. A non-straight beam surface will zlso contribute
to rotation of the jaw.

In Linear positioning checks there are ysually two Abbe offsets
to be considered, one between the machine scale axis and the ma-
chine tool travel axis to be checked and the other between the
machine tool travel axis to be checked and the laser scale axis
during the calibration.

The former is inherent to the machine under cal ibration and can-
not be avoided. The latter usually can be avoided. A major at-
tribute of the Laser Interferometer is that any tool path can be
checked, therefore the exact tool path must be specified with

)
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respect to Abbe offsets to the machine scales for the resultant
data to be meaningful or repeatable. The resultant axis 1is the
Calibration Axis.

Abbe errors can be cancelled allong the calibration axes of a
mahine when scale compensation is avallable. The calibration
axes should be located in the most critical positioning area of
the machine working area. Once compensated, the machine will
position most accurately along the calibration axes. Positioning
accuracy will decrease away from the calibration axes. Worst
accuracy will be at the greatest Abbe offsets from the calibra-
tion axes.

DEADPATH ERROR

Deadpath is a segment of the Laser measurement path between the
Interferometer and the Retroreflector that is not measured and
stored in the Laser Display counters. This results from reset-
ting to zero with the optics separated by this dead path and then
making a measurement. The unmeasured segment of the Laser Beam
path cannot be compensated since it ‘is not stored in the coun-
ters. The changes in the velocity of light require a change in
the Compensation number. In FPigure 6-8 the Beam Path is L1 + L2
but only L2 is stored in the Laser Display. Changes in L1 cannot
he compensated. The apparent position of L2 will move with the
zero point as Ll expands and contracts with changes in the velo-
city of light.

NDeadpath errors are minimized when zero is established with the
Interferometer and Retroreflector as close together as possible.

Reset
{0 Paint)

! h.
Ly N L I]
[-o———— —pp e b2 ]

“Deadpath” “"Measurement
Path”

Figure 3-7 Deadpath
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FIXTURING

Fixture whenever possible to position one optic where a part
mounts and the other optic where a tool mounts to simulate as
closely as possible the actual working conditions. Fixturing
that does not reflect actual operating conditions should be
avoided. Pixturing or mounting posts should be rigid and as
short as possible t~ avoid amplifying vibrations. The Optics
should be positioned so that the axis of the Laser Beam is as
close and as parallel as rpossible to the Measurement Axis (the
axis of exactly what is to be measured) to avoid cosine error and
abbe error.

Fixturing should allow the Interferometer and the Retroreflectar
to be as close as possible when resetting to zero to avoid dead-
path error and to minimize the time required to accomplish Beam
Alignment. If the optics can be fixtured closer than 2.54 cm (1
inch) apart, Linear Alignment can be accomplished in a minimum of
time. ,

CLFAN"KSTHE(MTHCS

A good rule for the exposed glass surfaces is Never Let anything
rouch Them. Fingerprints will collect dust and dirt which will
reduce the beam intensity by attentuating and dispersing the
Beam. (Notice dim return dots about Laser Head Turret). Clean-
ing the optics should be avoided unless the signal intensity is
noticeably reduced as indicated by the Beam Alignment Meter. Or
when the return dots from finger prints are confused with retro-
reflector return dots. If cleaning is necessary, you must be

careful to avoid -ubbing particles into the antireflective lens
coating. Permanent reduction of the signal intensity will re-

sult. Particles can be rinsed with a gentle stream of pure in-
dustrial grade ethanol or methanol from a squirt bottle. A paper
stick cotton swab with alcohol dripped on tne cotton will absorb
0il, cushion, and collect particles. Rotate the swab as its
lightly moved along the optical surface. Throw it away when it
has been rotated 360 degrees. Several swabs may be needed to
clean one window.

Contaminated alcohol will leave a film on the window. Avoid al-
cohol contamination by following these precautions:

1. Use only new, previously unopened containers. Alcohol ab-
sorbs water if left exposed to air, that will leave water
depos its when the alcohol evaporates.

2. Transfer the alcohol to a squirt bottle that can be capped
airtight.

3. Never transfer alcohol BACK into the container.
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Drip alcohol onto the swab,
cohol container (as this may

do not dip the swab inio the al-
contaminate the alcohol).
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SECTION 1V
ANGULAR MEASUREMENTS

The Angular optics will measure angles of rotation up to 20 de-
grees in one plane and are unaffected by rotation in perpendic-
ular planes up to the point where beam alignment is lost. The
common uses for the Angular optics are:

1. Pitch and Yaw determinations - investigation of rota-
tional freedoms in machine geometries and the determin-
ation of resulting linear displacement errors called
Abbe errors and the range of squareness and precision.

2. Surface flatness, straightness of a line along a sur-
face, and Straightness of a way.

3. calibration of Rotary tables, indexing tables and rotary
encoders.

PITCH AND YAW DETERMINATIONS

Abbe errors are linear positioning errors caused by angular free-
doms and Abbe offsets. Many devices that incorporate linear pos-
itioning in the course of their work are affected by Abbe errors.

Machine tools position a tool relative to a part by means of ma-
chine scales (lead screws, inductosyn scales, rotary encoders,
graduated scales, laser interferometzrs) that track the tool pos-
itioning through mechanical linkages. The linkages present Abbe
offsets that produce Abbe errors when acted upon by pitch or yaw.
wher. a machine tool is calibrated and the linear positioning
scale compensated for accuracy, Abbe errors are cancelled along
the axis of calibration.

Three of the six degrees are the angular freedoms of pitch, yaw
and roll. These three freedoms contribute to four machine tool
positioning errors, Abbe errors, Straightness of travel errors,
parallelism errors and Squareness errors.

Abbe errors can be determined and even compensated for by measur-
ing pitch and yaw. The error caused by roll is by definition a
straightness ercror ard no Abbe error is generated by roll. Pitch
and yaw can contribute to straightness errors which are not
measured by the Angular optics. Straightness of travel, paral-
lelism and squareness are measured by the Straightness optics.
The range of parallelism and sguareness is' also measured with the
Angular optics.

ANGULAR OPTICS UESCRIPTION

The Angular optics consist of: Two 10556A Retrorefl .ctors mounted
in one 10559A Retroreflector mount, A 10565B Intercerometer, and
one 105582 Beam RBender. The Intcrferometer/Beam Bender splits
the laser beam into two beams that exit parallel (in two planes)

30

o —— I ST S N




A9

and separated by 2.0625 in., see Figure 4-1. The parallel beams
are returned to the Interferometer/Beam Bender by the ‘etrore-
flectore and recombine in the Interferometer. The two parallel
laser biam paths form two linear measurement paths separated by
2.0625 1in. '

10558A

Beam 10556A
Bender , Cube Comer '
C\ Ly = Retrorellector

1 —————

LY L I 2.0‘;25"
A (S .

X T
105658 10559A
Remole Reflector
Interferomaler Mount

l

Figure 4-1. Laser Beam Paths through the Angular Optics
. |

When rotation is encountered, the Interferometer will detect the
change in one beam path length with respect to the other. This
resultant measurementi is proportional to the beam separation and
the angle of rotation. The displayed value is L1 minus L2 in the
desired units selected by the units switch. In Figure 4-2 it can
be seen that L1-L2 -and 4@ are the opposite and hypotenuse sides of
a right triangle. By choosing the dimension of 2.0625 inches for

d, L1-L2 will approximate the magnitude of_ the angle in arc
seconds at the rate of one arc second per 10 uin. on the Laser

Display.

111
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Lot 2.0625"
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Figure 4-2. Flatness Measurement




ANGULAR OPTICS ASSEMBLY

The angular optics are assembled as in Figure 4-3. The 10553A
Reflector Mount is used to accurately hold the two 10556A Retro-
reflectors of the Linear optics. The 10558A Beam Bender is
wrung and squared to the 10565B Remote Interferometer, than lock-
ed together with 4 slot head screws.

Wringing is accomplished by pressing two flat and highly polished
surfaces together with enough pressure to displace the air be-
‘tween them. A thin oil film or alcohol film is often used and
recommended to help displace the air.

oot ()

105858 r-{"i’l"'}{EL
Remote : E@ ]
Interferomter LNtk 105508

[ —y

Figure 4-3 Angular Optics Assembly

NOTES

1. Wringing should not be attempted if burrs,
dents or scratches are apparent. Surface de-
fects must be removed by a qualified persen to
insure correct spacing and parallelism of the
laser beams,

. 2. The cylindrical surfaces on the back of the
Retroreflectors are precision ground to insure
spacing and parallelism. Plastic covers are
provided to protect these surfaces and should
be used any time the Retroreflectors are not
mounted in the l10559A Retroreflector Mount.

3. Care should be taken in fitting Retroreflector
into the Retroreflector Mount. Damage can re-
sult by forcing an incorrect fit.

4, Do not warm the Retroreflectors with respect to
the Retroreflector Mount. The expansion of the
Retroreflectors could produce an interference
fit.

32
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' Pigure 4-4 Wringing of the Angular Optics

i

Figure 4-4 shows the correct orientation of the Interferometer
and Beam Bender prior to wringing. Carefully clean the mating
surfaces‘ﬁith alcohol and a clean, soft, lintless wipe. A thin
film of cil or alcohol can then be applied to aid in wringing.
Siicde the Beam Bender onto the top of the Interferometer. Press
the Beam Bender and Interferometer together forcing any trapped
air from between the mating surfaces. Slowly rotate the Beam

Bender while maintaining wringing pressure. The correct alian-
ment of the Beam Bender and Interferometer can be accomplished by

pressing the wrung optics down on a clean inspection grade sur-
face plate. Lock the optics together only finger tight with 4
slot head screws provided. Do not over tighten. To insure that
tightening the screws has not changed the orientation of the
>ptics, press down on the corners of the optics., No rocking
should be detected.

VISUAL ALIGNMENT OF BEAM BENDER AND INTERFEROMETER

When a surface plate in good condition is not available, the cor-
rect alignment can be determined by setting up as shown in figure
4-5 or 5-1. Foliow the Angular Setup and Alignment procedure.
Mount the Reflector Mount at the near end of travel to cobtain a

return dot at the desired Return Port. Position the Interferome-
ter/R2am Bender in the laser beam as close to the Reflector Mount
as possible and obtain a second return dot. Rotate the Interfer-
ometer/Beam Bender as a unit to overlap the dots as much as pos-

sible. Move the Reflector Mount away from the Interferometer as
far as possible, 10 ft. or more is preferred. The return dots
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should remain overlapped. If not, rotate the Beam Bender to
overlap the dots horizontally. perfect vertical overlap may not
be possible. Retighten the slot head screws. Maove one optic
toward the other until they are as nhear as possible. The dots
should remain overlapped. If not, repeat the above procedure.

When maximum overlap is attained perform the following Assembly
and Accuracy checks.

ASSEMBLY AND ACCURACY CHECKS

Place the Angular optics on a clean Lab grade surface plate.
Align the optics, following the Angular Setup and Alignment Pro-
cedure, along a straightedge in good lab condition and adjust the
lager head toc maintain beam alignment while moving the optics
along the streightedge., A 12 inch straightedge is sufficient.
See Figure 4-5, Press Reset on the Laser Display.

10556A 10559A

CUBE CORNER ,~— REFLECTOR

RETROREFLECTOR._ [ > MQUNT
v

Ve
0558A

1
BEAM BENDER

105658

10580A REMOTE INTERFEROMETER

Figure 4-5. Angular Optics Accuracy Checks

while maintaining the front foot of the Reflector Mount against
the straight edge, rotate the rear foot 0.100000 in. (2.54mm}
away from the straight edge, For accuracy use a gage block. The
Laser Display should accumulate <100 uin (2.54um), This test
checks the centering of the Retroreflectors in the 10556A Assem-
bly and the 105592 Reflector Mount.

i
‘ ||
’
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Remove the gage block and place the Reflector Mount flush against
the straight edge. The Laser Display should read zero. If nhot,
insure clean contacting surfaces and repeat the above until pre-
cision is established.

Press Reset on the Laser Display. Slowly move both ends of the
Reflector Mount away from the straight edge by 0,100,000 inches
(2.54mm). The Laser Display should accumulate <10 uin (2.54um).
This procedure checks the parallel alignment of the two laser
beams exicing from the Interferometer/Beam Bender. If this test
fails, check the return dot overlap at the Laser Head Turret with
the optics as far apart as possible using the Reduced Aperature
and Alignment Target. The dots should be overlapped at least in
the horizontal plane. If not, follow the visual Alignment of
Beam Bender to Interferometer procedure above and recheck, If
the check cannot be passed the optics will measure angles and
flatness inaccurately. The wringing surfaces should be' closely
inspected and the problem rectified before measurements are at-
tempted.

ANGULAR MEASUREMENT CONSIDERATIONS
' ARG SECONDS DIRECT READ OUT

Arc seconds are indicated directly on the Laser Display only when
units of inches has been selected on the Laser Display Units
Switch '

ACCURACY
Accuraéy of the anqular optics is limited to four factors:

1. Approximation of the displayed value to arc seconds.

2., Separation of the laser measurement paths L1 and L2.

3. parallelism of the laser measurement paths L1l and L2,

4. Thermal stability of the optics <uring a measurement.
THERMAL EXPANSION

External heat sources should be avoided and sufficient thermal
equilibrium reached before using the Angular optics, Measurement
error can result from thermal expansion of a measuring instrument
during a measurement. Non-typical measurements will result if
non-typical operating conditions exist during the measurements.

Thermal stability of the Interferometer/Beam Bender and Reflector
Mount can significantly affect measurement accuracy and preci-

sion. The 2.0625 beam spacing will change by 1l ppm/degree C
(5.5 ppm/degree F) or the coefficient of expansion of the 416
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stainless steel housings of the Beam Bendex and Interferometer.

A 1.0 degree F increase or decrease in temperature of the Intex-
ferometer/Beam Bender during a measurement will result in a l.l

arc second error.

Always insure sufficient thermal stability to obtain the desired
accuracy before dimensional measurements are attgmpted.

MEASUREMENT TIME INTERVAL

Due to outside influences affecting most measurements, ‘he time
interval -eonuired for the measurement should be as short as pos~
sible .Angular measurements are included in this rule. The
angulac optics give optimal results when measurement times are

short.

FIXTURING

Most machines are safely assumed to be two or more rigid struct-
ures, with freedom of movement between two or more of the struct-
ures. Rotation of one rigid structure will result in all points
on. that structure rotating equalliy. The rotation will be equally
measured anywhere on that structure with respect to another
structure. Care should be taken that tne desired measurement is
accomplished. Rotation is a relative measurement in that one
optic is mounted on a machine member to mezsure rotation relative
to another machine member on which the other optic must be mount-

ed (referenced).

Fixturing must be rigid, as short as possible, and indicative of
how the machine is used. One optic is mounted in the tool posi-

tion as a tool would mount. The other optic is mounted where a

part would mount, This is the safest way to measure when in
doubt of correct mounting.

NON-CONSIDERATIONS FOR ANGULAR
BEAM ALIGNMENT-COSINE ERROR

Beam alignment as indicated by the Beam Alignment Meter on the
Laser Display need only be sufficiently into the green region
(greater than 5% usable signal) during the measurement to prevent
a Zero Reset by the automatic reset function of the Reset button
on the Laser Display. Cosine Error does not affect the accuracy
of measurements using the Angular optics.

ABBE ERROR

Abbe offsets have no c«Efect on the accuracy of angular measure-
ments. Machines typically measured or investigated with the
Angular optics are designed to resist flex, Stresses great
enough to cause flexing of a machine typically reduce the accur-
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acy, shorten the life expectancy and should be avoided. A non-
Flexible or Rigid Body will rotate all points on its structure
equally and the position of the optics on a rigid body has no
effect on the resulting rotational data.

DEADPATH ERROR

The angular optics effectively eliminate dead path error due to
the differential nature of the measurement technique.

COMPENSATION

Compensation and dead path error are related in that changes in
the density of air result in Linear measurement errors, When
using the Angular optics changes in one measurement path (L1l) due
to changes in the density of air are cancelled by equal changes
in the other measurement path (L2). During the measurement only
the difference between L1 and L2 is measured and displayed. Vel-
ocity of light differences in L1l and L2 are therefore very small
compared to the one part per thousand angular optics accuracy
specification. For this reason, the Laser Display Thumb Wheel
Switches and the Automatic Compensator have no affect on nieasure-
ment accuracy.
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SECTION YV

~ PITCH AND YAW MEASUREMENTS

pitch is measured when the optics are mounted in the vertical
plane. Yaw is measured when the optics are in the horizontal
plane. When measuring Pitch, the optics are insensitive to Yaw
and vice versa.

Many types of machines have parts that are required to travel in
straight lines from one point to another along an axis. It is
usually required that the part move in a straight line in that
axis. The truth upon close inspection is that machire parts do
not travel in straight and direct paths from point to point,
They rotate and translate during their journey. Both positloning
accuracy and precision depend on how well the table rotation and
translation is controlled as it is positioned.

Angular errors affect linear positioning accuracy and precision,
squareness precision and range, and can contribute to straight-
ness errors. Squareness is not a fixed number. It varies as the
machine positions. The change in sguareness is called range.

The range of a machine's squareness is pitch and yaw. For exam-
ple: A table traveling in X below a vertical spindle is checked
for squareness with raspect to the 2 spindle axis at the center X
position. The result is +2.5 arcsec out of square, {(2.5X5=12,5
microin./in. or 125tenths/ft.}. As the table traveis it also
pitches a total of +2+/-1 arcsec (0,00012/ft.); 1 arcsec to each
side of the table center position,+/-1 arcsec. 1f squareness is
checked at either end of travel it will be different by +1 arcsec

‘on one side and -1 arcsec on the other, most of the time. The

+/-1 ipndicates the pitch or squareness precision.

The measured Squareness in the center of travel would be called

the squareness accurac¥. The +/-1 arcsec is the squareness .
range. TIf squareness 1s checked several times at the center pos-

ition it will be different each time by +/-1. That is the
squareness precision.

- Squareness range also has precision. Squareness Range precision

is the precisior of an angular measurement.

From the above example, the specification for squareness would be
squareness of X to 2 = 2.5 arcsec, Range = +/-1 aresec, Precision
= 4+/-1 arcsec,

Conclusion: When a machine has pitch, yaw, or roll, the square-
ness is changing, The linear scales do not know about th.s
changing geometry and position the machine inaccurately. The
magnitude of the lipnear inaccuracy (Abbe error) is proportionate
te the angular change and the distance between the scale, (or
calibration axis! and the work position (Abbe offset).
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The angular optics are insensitive to linear displacement or
straightness displacemant (translation). Straightness errors are
measured by the Straightness optics. The out of straightners
experienced in cutting or measuring parts as a result of pitch,
yaw, and roll, is measured by the Straightness optics as part of

the total out of straightness error perpendicular tc the axis
under investigation.

PITCH ARD YAW EFFECTS ON LINEAR POSITIONING

Angular displacement of a machine table will cause a linear posi-
tioning error that increases proportionatly as the distance be-
tween the machine scale c- axis of linear calibration and the
working position (cutting point) increases. The magnitude and
repeatability of Pitch and Yaw will accurately determine the best
and worst case positioning accuracy and precision at any point
within the machine working area, and in a minimum of measure-
ments,

How well a multi-axis machine positions near its table top is
very different from how it positions away from the table top.
Depending on the Abbe effect. The best case linear positioning
accuracy will usually be the machine path closest to the scale
for a particular axis, unless the machine scale was compensated
along some other calibration axis.

To determine how accurately and precisely a marhine will position

~at some Abbe offset, the following steps can be taken.

1. Determine the location of the calibraion axis or the
machine scale for the individual axis of travel. Inside
lower edge of the work area is assumed for the follow-
ing examples. Also assumed: x and y are horizontal and
the z axis is vertical, as in Fiqure 5-1.

2. Perform an x axis linear positioning check for accuracy
and precision at a defined position on the machine ta-
ble, preferably with the minimum Abbe offset to the
machine scale or along a mosh often used machine path.
This axis is the x axis Calioration Axis.

A. Abbe's law tells us that the best case positioning
accuracy of a machine tool will be the machine path
closest to the machine scale - minimum Abbe offset
between the machine ‘scale and tool axis. When scale
compensation is available the best case positioning
accuracy will be along the calibration axes.
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By definition, precision cannot be determined by
one or two runs of positioning checks. Several
runs must be made for an adequate stztistical saw-
ple. rive is often used, seven is recommended by
the RMTBA.

National Machine Tool Builders Asso~iation (7901 West

~ Park Drive, McLean, Virginia, 22101, {773) 893-29%00),

Definition and Evaluation of Accuracy and Repeatability
for Numerically Controlled Machine Tools.

If the Calculator plotter option is available, the
data for each run can be formattesd and recorded
with the General Error program, Accuracy and Pre-
cision is then plotted with the Statistical Er:or
Analysis program.

~ T Er —
Angular
- Angular A
Interferomeler Interferometer 3
\ —t = ——"
Angutar Reflector Angular Reflector ~

=

’___.._---

Figure 5-1. Measurement Setups for Pitch and Yaw

Position the Angular optics to measure Pitch along the
same axis checked in Step 1 (do not reposition the
L,aser head and/or Tripod). The inside lower edge of
the work area has been assumed.
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A. = It is helpful to plot, sketch or otherwise note the
exact position of this calibraticn axis and the
maximum{s) found. It will be used later to predict
worst case positioning accuracy and precision.
positioning

B. Again, precision of any measurement cannot be de-
termined by one run of datal At least a check of
the maximum pitch and the repeatability of Pitch at
that location should be determined and recorded,

¢. Be sure to determine what the sign of the data
means relative to the machine movement and
positioning accuracy.

Repeat #3 collecting the Yaw data.

‘ NOTE
This pitch and yaw data also is the range of
the machine's squareness. The squareness of
¥ and Z will change by pitch value. X to Y
squareness will change by the yaw value,

Determine the Abbe offsecs.

A. Determine the remaining lengths of machine travel
in the ¥ and Z axes.

Multiply the maximum angular errors and their precision
(in arc seconds) by 5. Example: Pitch of +4 +/~- 2 arc
seconds +4 +/-2 x 5 = +20 +/-10 uin/in.

The result is maximum linear positioning Abbe error and
precision in the x axis per inch of z axis travel from
the Calibration axis.

Multiply again by 2z axis the Abbe offset in inches
found in 45 above. The result is the linear position-
ing Abbe error in X at the extreme of machine travel
in 2,

Add this Abbe error from #6 to the positioning accuracy
and precision found at the same x axis coordinate posi-
tion recorded in #2. The result is the worst case po-
sitioning accuracy and precision in the x axis along
the inside upper edge of the working area.

To determine the x axis positioning Accuracy and Pre-
cision along the outside lower edge of the working arca

repeat #6 & 7 for the x axis Yaw and the Abbe offset in
the y axis -~

41




Yaw x 5[Y Abbe offset] = Yaw Abbe error in X

9. To determine the outside upper edge accuracy and pre-
cision, algebraically add the values found in 7 & B.
This will be the worst case positioning in x anywhere
in the working area of this machine when the machine is
calibrated at the inside lower adge of the work zone.

NOTE
The extreme Abbe offsets from the machine
scale or the calibration axis will always
result in worst positioning ability.

SECTION VI
FLATNESS MEASUREMENTS

The flatness of a surface such as a surface plate or a machine
way can be quickly determined with the angular optics and the
calculator plotter option. (Flatness of a way can also be
measured with the Straightness optics, see Section 14).

BK spacing foot pads on the base of the 10559A Reflector Mount at
the same spacing as the distance between the laser beams, when
the rear foot pad is raised one uin., the upper Retroreflector

will also move one uin. with respect to the lower Retroreflector.
This shortens laser measurement path L1 with respect to L2 by one
uin. This is shown in Figure 6-1.

Application Note 156-2 explains briefly how the Angular optics
are used to collect the necessary data to calibrate a surface
plate.

NOTE
Proper preparation of the surface plate pri-
or to calibration and rewcvrking of the sur-
face plate is beyond the scope of this man-
ual or the 156-2 Application Note.
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Figure 6-1, Flatness rie 3urement

Flatness measurements are obtained by intergrating a series of
yaasurements taken as the Angular optics follow surface variat~
ions along a measurement path. Figure 6-2 describes the process
of taking measurements for flatness. Position A is the Reset
position and relative zero elevation. The Reflector Mount is
moved “"one foot pad spacing” to position B where the front foot
rests where the back foot was is position A or zero. The new
height of the rear foot at position B will be displayed and
should be recorded. At position C the Reflector Mount front foot
will now be where the rear foot was in position B and the back
foot will be at a new height above or below that in position B.
The value of C is algebraically added to B (and A, if A has a
value other than zero) to find the tota. distance above or below
zero. This process is continued to the end of the measurement
path, each new foot height is algebraically added to the previous
total, This is the same method used with an auto columnator and
used in the Moody Method. Other methods are sometimes used for
flatness, however the calculator plotter software includes only
the Moody method.

3rd Measurement
% I { \ 2nd Measurement
o)\ y g 1st Measurement

'
I‘--'l’otal Fiatness = 1st + 2nd + 3rd Measurements

Pigure 6-2. Integrating a Curve
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 SECTION VI
ROTARY TABLE CALIBRATION

Figure 7-1. Rotary Table Calibration Example

Beam zlignment is established by the following steps:

1)

2)
3}

Align the Laser Head with Autoreflector to a mirror position-

ed on the uppermost table top shown in Pigure 7-1 and rela-
tively perpendicular to the table top. Alignment is neces=
sary only to insure sufficient signal s.rength during the
measurements.

Assemble the Angular optics
Position the Reflector Mount on the top table to return the
raser beam to the desired Return Port from one of the Retro-

reflectors. A short plug gage of the apprcoriate diameter
will center the Reflector on moskt rotary tabie centers,
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4)

5)

6)

7)

Position the Interfercmeter/Beam Bender to return the over-
lapped return beams,

Rotate either table to find the center of the Beam Alignment
Meter Needle Peak., Marimum measurement rotation is table
rotation to each side of this position.

One procedure is to zero both tables and rotate the Reflector
Mount to a low but safe Beam Alignment Meter reading in the
direction opposite test rotating. The table under test is
rotated through a test region of +/- 10 degrees. The Beam
Alignment Meter will peak and drop down., Stop before Align-
ment is lost. Refinement of the optics position and align-
ment may be necessary to attain maximum angular range.

At the end of each +/- 10 degrees test region, rotate the
reference table back through the alignment peak to return the
Laser Display to Zero. This process can be automated with
user generated software, the calculator plotter system, and
motorized tables. The Angular optics are used as the master
angular scale and each return to zero. For manual calibra-
tions the table used to zero the Laser Display neel not be
accurate, or totally illuminated,
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SECTION Vill

STRAIGHTNESS MEASUREMENTS

Extender
10579-60004

Stralghtness  Straighlness Reflector

' Interferomeler 10690-60002
Stralghiness 10690-60001 or 10691-60002
Adaptor 10691-60001
10579A

a Stralghtness Adaptss ] ]
Mounting Screws i )

Mounting Posls Mounting
10550-20006 Plate

- } 10579-20001

=

Figure 8-1. Straightness Optics

Straightness of travel, the fifth and sixth deqrees of freedom is

measured by the 10690A Short-Range Straightness optics and the
10691A Long-Range Straightness optics. Both sets of optics meas-
ure movements perpendicular to a linear axis. The straightness

optics do not measure linear or angular movements,

Many types of machines have parts that are required to travel in
straight (linear) paths. Close inspection will show that ma-
chines do not travel perfectly straight. They also rotate and
translate. Translation is movement perdendicular to the inspect-
ed axis. Rotation can contribute to straightness when the rota-
tional pivot point is not under the work point. The angular con-
tribution to straightness depends on the exact locations of the
pivot point and the work point. Straightness of travel is di-
rectly measured at the work point by the Straightness optics.

out of straight travel results in parts that have slots that are
too deap, too shallow, or that bow left or right. It is measured
traditionally by mounting a reference part in the form of a ref-
erence straight edge, where the part would mount. An indicator
nounts in the tool position or work point. As the machine is
noved from point A to point B the indicator will show deviations
of the work point with respect to the reference straight edge.
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The position of the indicator and straight edge for straightness
of travel measurements is of primary importance. If the posi-
tions are reversed the resulting meagurement may not be indica-
tive of how the machine makes or measures parts. Multispindle
machines are an exception. Table travel must be in a flat plane
when work is done at more than one point simultainiously. Angu-
lar components will cause straightness to be different at each
work point.

The Straightness optics take the place of the above indicator and
reference straightedge. The Straightness Reflector in effect
holds one end of a long, invisible, straight line and mounts
where a part could mount., The Interferometer performs as an in-
dicator and mounts where an indicator or tool would mount,

STRAIGHTNESS OPTICS FUNCTIONAL OPERATION

Phe Straightness optics measure displacement perpendicular to the
axis of travel with respect to a reference straight line called
the Reference Bisector, shcwn in Figure 8-2. Relative perpendic-
ular displacement as displayed on the Laser Display is the dis-
placement between the Straightness Interferometer and the Refer-
ence Bisector.

NOTE
Trying to use the Theory of Operation, and the
divergent laser beams, to perform alignments
or measurements can seriously impede an oper-
ator's progress in using the optics and/or
incorrectly influence the interpretation of
the result¥ng data. The following functional
explanation of operation will explain the
proper use of the Straightness optics.

i

The INTERFEROMETER can move or
{¢ REFLECTOR cen move. '

Straightness Stralghiness

: Interterometer Y‘ Reflector
Teavel, g
Axis E o
[} iy
= . e o—
l E’, o
Reference o
Bisector . . =

Travel
Axls

Measurement |
Axls

Figure 8-2. The Reference Bisector
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When using the Straightness optics for straightness of travel
measurements:

THE STRAIGHTNESS REFLECTOR IS MOUNTED WHERE THE PART WOULD MOUNT.
THE REFERENCE BISECTOR IS ALIGNED TO THE AXIS OF TRAVEL.

THE INTERFEROMETER 1S MOUNTED WHERE THE WCRK IS DONE OR WHERE THE
INDICATOR OR TOOL WOULD MOUNT.

In operation, the optical straight edge is the Reference Bisec-
tor. Measurements take place between it and a zero reset point
inside the Straightness Interferometer. The Straightness optics
are used in the same manner as a straight edge and an inspection
indicator, as in Figure 8-3.

MEASURING STRAIGHTNESS

Helerence Granlte
% g Stralght Edge

Mounted on Table

Dial Indicator Mounlted at the Tool Position

\e

Figure 8-3. The Mechanical Equivalent of the Straightness Optics

STRAIGHTNESS MEASUREMENT CONSIDERATIONS

Strajghtness measurements are subject to various types of errors
which can be broken down into the catagories of systematic errors
(repeating) and random (non-repeating) errors.,

SYSTEMA'TIC ERROR CONSIDERATIONS
Thermel Expansion

External heat sources should be avoided, or isolated from the
machine. Thermal equilibrium should be reached at a typical op-
erating condition of the machine before dimensional measurements
are attempted. Measurement errors can result from thermal expan-
sion for three reasons.
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1. Thermal expansion during the measurement.
2. Non-typical environmental conditions during the measurement.

3, Non-typical machine operating conditions dufing the
neasurement.,

Measurements taken while the environment is changing will reflect
how parts would change with the environmental change. If your
measurements are to reflect how parts are made and the environ-
ment changes during part process, the total range of the change
should be determined during all times when parts are processed.
The machine should be checked during specific limited environ-
ments , one at a time. The range of the data will be indicative
of how parts would be made., Part accuracy and precision suffer
when the environment changes.

Straightness Reflector Flatness

The accuracy limit of the HP Straightness Optics is directly re-
lated 'to the difference in flatness of the two plane mirrors that
serve as the reflector. For example, suppose one of the mirrors
is flat but the other is convex by a small amount, Cc, as shown in
Figure 8-4. Even through the straightness interferometer were to
travel in a straight path with respec’. to the mirror axis, the
optical path length of Fl would be shortened by an amount equal
to C with respect to the optical path of F2, and this would be
interpreted by the interferometer as "out of straightness" of the
interferometer travel.

The straightness optics therefore rely on the flatness of the
reflector mirrors as its straightness reference. Fortunately,

extremely accurate optical flats are available. Laboratory-grade
flats are typically accurate to within one microinch per foot.
The specified accuracy of the HP Straightness option is +/-5 mic-
roinches / foot. This accuracy can be improved to the limit of
linearity of laser beam wave length by rotating the Straightness
Reflector through 180 degrees and making a second pass which is
equivalent to reversal of a straightedge.
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Figure 8-4. Mirror Flatness

RANDOM ERRORS

Vibration

Mounting and fixturing of the Straightness optics is extremely
important when vibration is encountered during a measurement.
Vibration can cause machine movements that result in straightness
measurements as the Straightness optics vibrate. The rate and
magnitude of vibration wigl determine the rate of change (slew
rate) of the straightness data received by the Laser Display.

The slew rate of the Laser Display when using the Straightness
optics is reduced to as much as 20 inches per minute. Slew rates
of greater than 20 inches per minute can cause the Laser Display
to Reset. The three basic symptoms of vibration are listed be-

low:

l. The Laser Disolay reading will drift randomly when the optics
appear to be at rest.

2. wWhen the machine is shut down the drifting stops.

3. As the distance increases betwuen the optics the drifting
alsoc increases., Symptoms one and three can also be caused by
turbulence covered later under Turbulance.

NOTE

When machine vibration cannot be reduced b
proper fixtures and alignment to a level tgat
allows laser measurements, the vibration may
be imparing the part accuracy and precision.
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Fixturing

Fixturing is primary in reducing the drifting caused by vibra-
tion. The Reference Bisector is held at one end by the Straight-
ness Reflector. The other end is free to move in response to
flexing of the fixturing used to mount the Straightness Reflect-
or. The resultant vibration of the Reference Bisector will in-
crease away from the Straightness Reflection. Improper fixturing
will amplify vibration of the optics and increase the display
drifting. Long linkages suspending the optics from the machine
should be avoided. Soft wcod wedges or special locking clamps
may be required to hold non-locking spindles in position. A hose
clamp and an "O" ring are often effective. Fixturing of the
Straightness Reflector should be short, ridged, and direct. An
angle plate is the perferred mounting fixture for most applica-
tions.

Optional 4 haoles 3/16 dia.
3/6 x 1 slot 4 places \\

T ] A commerical
angle [ran/plate
sim!lar to Lhis s

[ " Is available. U
6 }-- o 9 T
l_ 4.1
- Brice [ o
I 2

] e

Figure 8-5. Angle Plate. The Most Common Fixturing for the
Straightness Reflector
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4l

10690A (or 10691A)
Stralghtness
interferometer

Figure 8-6., Straightness Optics Mounted in a Typical Application

In Figure 8-5 vibration in the machine would have a minimal ef-
fect on the Laser Display reading. The following points can be
used to minimize unacceptable vibration caused display drifting.

A-

With the machine on, feel the vibration at the Stralghtness

Reflector and on the Interferometer, then follow the vibra-
tion to the machine by touching parts of the fixturing. If
the magnitude of the vibration changes significantly the fix-

turing should be changed accordingly to reduce the vibration
at the optics.

The angle plate and machine rable should have smooth mating
surfaces to prevent rocking.

Tap on the angle plate to check for angle plate induced drvif-
ting.

The angle plate must be tightly clamped to the machine table.

Tap on the Straightness Reflector to check the rigidity of
the Tilt plate. Under conditions of severe vibration the Tilt
plate may be replaced with a base plate or mount the
Straightness Reflector directly to the angle plate with 4,
8-32 screws.

52

B i et

2 . .
.._...._..E._._ll.ﬂl. "T," h ' o



E—_ [ .\ il

b T A T T RIS b B S s ety ik e | | i e o

When vibration is as small as fixturing will allow but still ob-
jectionable the calculator/plotter metrology software allows for
averaging of successive runs of straightness data and the averag-
ing of successive averages. Averaging is explained in the fol-
lowing turbulance section, Machine movements perpendicular to
the axis of travel can be severe enough to cause the Laser Dis-
play to Reset during measurements. This may indicate wear or
mechanical interference within the machine or drive train, To
check Straightness under these severe conditions:

1. Perform the most accurate alignment possible and remove all
slope.

2. Reduce feed rates to the slowest affordable.

3. Start the machine theén press Reset to begin taking data after
a possible abrupt start.

4, Use hand cranks if available.

5. Last resort when Reset can not be maintained:
Shock mount the angle plate and toe clamps by placing a 1/4
to 1/2 in. urathane or silicone foam rubber mat under the
angle plate and pads under the toe clamps. Compress the
rubber by 1s/4 to 1/2 thickness. Watch for creep in the
rubber pads that may allow the angle plate to rotate and
change the position of the Reference Bisector during a
measurement. This mounting isolation is intended for lower
accuracy, lower precision, high vibration work only.

Turbulence

Laser Diznlay drifting and even Reset can be caused by air
turbulance. Turbulant air is air of varing temperatures, The
laser beams are defracted as they pass through air of one
temperature into air of another temperature. The defraction
causes physical movements of the laser beam which are detected
and displayed as a drifting straightness number. The turbulance
drifting of the Laser Display will increase:

1. As air temperature differentials increase
2. Length of measurement increases

Turbulance and vibration are responsible for the same symptom of
a drifting Laser Display. To isolate turbulance from vibration
turn off the machine. If the drifting remains touch the optics.
If vibration is preceivable the machine may not be full off or
vibration is entering the machine from other sources. The
magnitude of drift caused by vibration can be reduced as
explained above under Vibration.
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I1f no vibration can be detected but the drifting continues direct
a fan along the measurement path to mix and homogenize

the air temperature. The fan should be large enough to be felt
along the entire horizontal measurement path (the laser beams
between the interferometer and the reflector). Turbulance in the
vertical axis is partically cancelled and not as severe as in the
horizontal plane.

Causes of Turhulance

Air is an excellent insulator, it does not conduct heat well.

Air in the area of accurate production or measurements should be
constantly moving to prevent temperature differentials or strati-
fication . Temperature controlled rooms are especially prone to
turbulance. The air temperature is often controlled by alternat-
ly pumping in cool and warm air to maintain 20 degrees C or 68
degrees F. The pockets of cool and warm air incompletely mix in
the room. For metrology room measurements 4 inch muffin fans may
be sufficient to minimize turbulance.

murbulance in a large shop area is typically not as severe as in
temperature controlled rooms but can be caused by several
different sources of hot or cold air:

1. The opening of a large door to the outside allowing air
currents that rapidly change the air temperature within the
shop.

2. Large overhead space heaters that blow hot air to heat the

shop. These same blowers can be used to mix the air and
decreases turbulance in the summer when the heating element
is not used,

3. Mercury vapor lamps that generate columns of heat in the form
of infrared radiation. Sodium vapor lamps generate less heat
and turbulance.

4. Heat sources on machines such as spindle motor cooling
blowers should not direct the hot exhaust toward other parts
of the machine or the measurement area.

5. Exhaust f- propane fork lifts passing by the measurement
area. '

I1f the source of turbulance cannot be eliminated the turbulance
can be reduced or eliminated by directing a fan down the
measurement path. The fan should be large enough to thoroughly
mix all the air along the measurement path.
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NOTE
The accuracy and precision of a machine tool
is highly dependent on the machine operating
nnvironment. ‘The above conditions directly
effect part accuracy and precision.

Number of Dala Points

When a straightness measurement using the HP Straightness Inter-
ferometer System is being performed, it is important to record as
many data points as possible during each straightness run. This
can best be accomplished by taking measurements "on the £ly" ue-
ing either the Timed Print Mode ** available on the 5505A Laser
Display or externally controlling the Laser Measurement System
via the Laser Display Rear Panel Aux Connector. Slope must be
small compared to the Straightness data when using on the fly
techniques and the machine must position accurately to allow ac-
curate slope removal. Each run should be taken with the 5505A
Laser Display in the SMOOTH or X10 mode, and least squares, best
line fit slope calculation should be made. To minimize effects
of remaining air turbulence, 50 to 100 data points should be ta-
ken per run.

**po determine the Print Rate (labeled "PRINTS-PLOTS/MIN")
on the HP 5505A Display, use the following relation:

Number of Data Points x Feed Rate
PRINT RATE = ==m==me—————ememmm— ;e — o
Distance Traveled

Air turbulane effects are indicated by random non-repeatability
of suc.essive runs and can easily be seen by plotting successive
runs (using the least squares, best line fit calculation) on the
same graph.

NON-CONSIDERATIONS FOR STRAIGHTNESS MEASUREMENTS
ABBE ERROR

Abbe offsets have no effect on Straightness measurements. Ma-
chines typically are designed to resist flex. Stresses great
enough to cause flexing of a machine typically reduce the accur-
acy, shorten the life expectancy and should be avoided. A non-
flexible or Rigid Body will rotate all points on its structured
equally. The position of the Straightness optics on a rigid body
has no effect on the resulting data when the straightness conven-
tion of a straight edge in the part position and indicator in the
tool position is followed.
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Abbe Errors are linear positioning errors or in scale errors due
to rotation and Abbe offsets. Rotation can also cause linear
errors in axes perpendicular to the investigated axis. These
errors are by definition straightness errors. Total straightness
is measured at the work position by the Straightness optics.

DEADPATH ERROR

The Straightness optics effectively eliminate deadpath error due
to the differential nature of the measurement technique. See
Compensation below.

COMPENSATION

Compensation and deadpath error are related in that changes in
the density of air can result in linear measurement errors, When
using the Straightness optics density of air changes in one
measurement path are cancelled by equal changes in the other
measurement path. During a measurement only the difference be-
tween the measurement path is displayed. Velocity of light dif-
ferences in the measurement paths are therefore very small com-
pared to the very small actual measurement length. For this
reason, the Laser Display Thumb Wheel Switches and the Automatic
Compensator have no affect on measurement accuracy.

BEAM ALIGNMENT-COSINE ERROR

Beam alignment, as indicated by the Beam Alignment Meter on the
Laser Display need only be sufficiently in to the green region to

revent Reset by the Reset button on the Laser Display. Cosine
rror can exist when using the Straightness optics in that the
optics must be oriented td the vertical or horizontal planes and

not in between.
SLOPE OF THE DATA

In Straightness Measurements when the optics are not perfectly
aligned to the axis of travel the Straightness Refloctor is not
directing the Reference Bisector along a path parallei to the
axis of travel as shown in Figure 8-7. During a measurement pass
the Interferometer moves with the machine along the axis travel.
The Laser Display will show the distance from the Reference Bi-
sector to the new location of the Interferometer at each reading,
The risulting data points are shown spaced about the Axis of
Travel.
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Reference Blsector (Stralght Edge}
- - . - T
L "--’; LI True Distance of _
ORIl » Out-of-Stralghiness
hine r,:;;m - Displayed Distance
) . .-:" L .L (Y)
" .., '-:“."'-.
. ——
D t ' P T

ata Polnt ~ \@‘

rm = data slope = rise over run = Y/X

« Misalignment of Reference Biseclor
results in a data slope as the Interferometer
measures displacement from the Axis of
Travel lo the Reference Bisector.

Figure 8-7,., Data Slope

This is analogous to indicating a straightedge to a machine axis.
During the first pass the indicator will nove into or away from

the straight edge., The pointer on a dial indicator will show
increasingly smaller or larger numbers,

The are three ways to remove the slope from the straightness
data:

1. Calculator reduction and plot of data.
2. Manual mathematic reduction and plot of data.
3. Align the slope out with a zero-end-point-fit.

Alignment of the Reference Bisector nay be necessary if the slope
becomes great enough to Reset the Laser Display hefore the end of
travel is reached, and when "on the fly" measurement is used.

It is possible to have about 0,20 inches of slope and not loose
beam ailgnment. The Straightness Optics Alignment Procedure ex-
plains how to manually realign the Reference Bisector to minimize
slope. This should be attempted to gain familiarity with the
optics.
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Reducing the slope will reduce the possibility of loosing beant
alignment during a measuremnt due to vibration and turbulance.
Slope is removed mathematically by calculating the least squares
best line fit through the data points. The slope of the line is
often referred to as the rise over the run, of so many micrxo in-
ches over the distance of travel of so many inches. This is how
squareness and parallelism is usuAally specified, u inches per
inch. One degree equals 180 tenths in ten inches, one minute is
3 tenths in one inch, and one second of arc is 5 u inch per inch

The rise is subtracted from the data at each command position.
The remainder is straightness error. The command position is the
run at each data point. Accurate command pos.tioning is the im-
portant to the accuracy of the straightness measirement, The
greater the slope the more accurately the machine must be posi-
tioned to the desired command position. When "on the fly" short-

range measurements are performed slope must be minimized to in-
sure accurate slope removal.

STRAIGHTHESS MEASUREMENT EXAMPLES

The-e are four basic measurements possibble with the Straightness
optics:

1. Straightness of a linear axis of travel

2. Straightness of a line along a surface.

3. Parallelism between

a) two linear axes of travel.

b) two lines along two surfaces
c) a linear axis to a line along a surface
d) a linear axis to a rotational axis
4. Squareness between
(b) two lines along two surfaces
(c) a linear axis to a line along a surface

(d) a linear axis to a rotational axis
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SECTION IX
SQUARENESS MEASUREMENTS

The 10G690A and 10691A Stralightness optics can be used to measure
squareness when combined with a 106928 Optical Square shown in
Figure 9-1. Straightness is measured in each ~f two perpendic-
ular axes with respect to a common Reference Bisector. The Ref-
erence Bisector is bent 90 degrees by the 10692B Optical Square.
Each straightness measurement results in straightness data and a
data slope. The difference between the slope in each axis is the
squareness of the two axes.

—

Straightness
Interferometer
Straightness
Reflector

Optical

Pigure 9-1, Squareness X to ¥

Figure 9-2 illustrates the Reference Bisector aligned parallel to
one of two perpendicular axes. The straigtness data for the

first measured axis is typical of a zero-end-point-£fit, where the
end points are adjusted to be at or very near zero. This results

in a zero or low value slope.
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’ Axis two is shown in Figure 9-~3 with straightness data sloge. 1f
- axis two were square to axis one the slcpe magriitude and sign for
- each axis would be equal.

Measurement 1

Heference Bisector
Aligned to the Rellector
Axls of Travel

at - -1/
- eV TP\

Figure 9-2. Squareness Measurement One: Straightness in X

1]

= QOptlcal Square e
Al X s |

-4 - ;
) Machine Travel Axls ] l_—J LS
T Reference Blsector
/:/w 1o Axls X

Slope of Daty Indicate. ‘Axis of
Mgchine Travel Qut of Square £

£ Is \he slope of the straighlness
data in Axis Y. The slope in Axis
X was zero, therelore Axls Y
Slope = Qut of Squareness.

al ledls 101 1

.o.--_"":-._.'__;
AN ’ .

Figure 9-3, Squareness Measurement Two: Straightness in Y

When axis two is not square to axis one, data can appear as in
Figure 9-3. The data slope indicates non squareness, Figure 9-4

describes the relationship between squareness in arc seconds and
= < the often-used tenths-per-inch notation.
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X N

¥+ -
Zero Reset -—--——,-,' m
'1 Out of squareness {Z) In Arcseconds where
. Z = Arctan ol the Slope X 3600 + Cal. #
o1 stope =m= Final Data Value - First Data Value
'.' Axis Length Mensured
Axis Length{ | < in Tenths per inch
Measured !_- Z = Final data valuge - First Data Velue
Ty per Axls Lengih Measured In Inches

:.r" Rufe of Thumb Conversion
. Z in Arcseconds X 5 = £in Millionths per Inch

Final Datapaint ? Display Reading

Figure 9-4, Squareness in Tenths~Per-Inch

DATA SLOPE

Slope as in Figure 9-3 and Figure "-4 is also called rise-over-
run and typically specified in units of ten:hs per foot or miili-
onths per inch. Slope is equivalent to an angle in degrees, min-
utes or szconds. Seconds of arc convert to typical slope units
by the rule of thumb that one arc second is about 5 millionths

rise over a one inch run, or 5 uin per in.

Slope need not be totally removed from the straightness data when
mathematical reduction is used or when the straightness ol each
axis is not desired. The calculator/plotter will remove the
slope from the straightness data, plot the straightness data, and
store the slope of the first axis as angle A and the second axis
as angle B. Squareness is computed by subtracting angle A from
angle B. The ca.iibration error of the Optical Square is added
and the result printed on the paper tape. A third plot is drawn
of both Axis 1 and Axis 2 straightness and the squareness is
printed between.

PIRECTION OF TRAVEL AND DATA SIGN
Sign of the data and direction of travel are important for the

correct squareness result. The method used to collect squareness
data is similar to but more versatile than collecting data with a
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granite square and a dial indicator. 1In fact the calculator/-
plotter wi.l accept data manually through keyboard entry from a
dial indicator and plot the resulting straightness and squareness
in the same format as from the Straightness Optics and Optical
Square. Pictorial descriptions of how to collect the squareness
data is presented in Figure 9-7 in the 10692-90002 Optical Square
manual, the Calculator/Plotter Metrology manual and in the 156-5
Application Note.

NOTE
when first learning to make squareness mea-
surements with the interferometer system the
following principles can be followed.

Direction of Travel:

rake data of both axes starting at the apex of the square being
measured.

Sign of the Data:

If the data is positive into the square in axis one then it
shouli be positive out of the square for axis two as when working
with a granite square and pressing the Indicator into the square,

To determine the sign of the data with a moving Straightness Re-
flector, press gently on the Straightness Reflector, (the orien-
tation of the Reference Bisector may be disturbed). When the
Ynterferometer is the moving optic press on the Interferometer or
move the machine so that the Interferometer moves into the sqguare
neing measured.

NOTE
Rotation of the Interferometer will reverse
the sign of the data. A good rule is to face
the polished Bezel toward the i..coming laser
beam and the non-polished Bezel toward the
Straightness Reflector.
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SECTION X

VERTICAL AXIS STRAIGHTNESS,
SQUARENESS AND OTHER; USES OF
THE VERTICAL STRAIGHTNESS ADAPTER

Vertical axis measurements and some horizontal measurements re-
quire the use of a beam u-turning optic to direct the beam along
the desired measurement path., U-turning of the laser beam is
accomplished by the 10693A Vertical Straightness Adaptor shown in
Figure 10-1

Figure 10-1l. Vertical Straightness Adapter with Interferometer

A large cube corner is the glass optic emploided. The aluminum
housing allows mounting of the Straightness Interferometer on the
Vertical Straightness Adaptor. Straightness measurements require
that the Reference Bisector be located where the part would
mount. The Vertical Straightness adaptor allows this to be done.
However, the application is not restricted to vertical axis meas-
urements. Measurements of squareness, parallelism, spindle ram
droop, horizontal boring and milling machine spindle axis
straightness and many other measurements are accomplished using
the Vertical Straightness Adaptor, Straightness optics and the
Optical Square. Many of the applications are easy to visualize
and setup. A selection of typical setups are pictured in Appli-
cation Note 156~4 pages 15-17. Shown in Figure 10-2 is the setup
that allows measurements of vertical axis straightness, square-
ness, and parallelism. This setup is very common and much used
for machine tool calibration.
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10693A Vertical
/&‘Ttralghlness Adaptor

10690A (or 10691A)
- Straightness
Interferometer

10692B
Oplical Square

W
\ 10557A Turning

Mirror

Figure 10-2. Strzightness in a Vertical Axis by Using the
Vertical Straightness Adaptor

Calibration or geometric characterization of horizontal and ver-
tical machine too's and coordinate measuring machines can be ac-
complished with only two Laser Head positions., The number of
measurements depends on the number of axes. For a4 axis Verti-
cal boring machine six measurements of straightness are taken
from both the x axis and the y axis positions of the Laser Head.
In each case straightness in the vertical axis is the first setup

64

D



and measurement. The second measurement does not require a new
setup. It is straightness of the second vertical axis. The
result of the two straightness measurements is parallelism of the
ram axis to the spindle head axis. Rotational parallelism cannot
be measured with this setup, the Straightness Reflector would
necessarily be mounted in the spindle. :

A third measurement would duplicate the spindle head straightness
and is used to determine squareness of the spindle head axis to
the table axis of x. To measure the z-x squareness all the op-
tics except the Straightness Reflector are removed from the ma-
chine. The fourth measurement would be the x axis table travel
with respect to the spindle. For this measurement the Laser Head
is aligned to the Straightness Reflector which is in effect sup-
porting the base leg of our reference square. Beam alignment is
established as in an ordinary straightness alignment.

Again, the position of the Straightness Reflector cannot be dis-
turbed once the last z axis measurement is complete,

When squareness adjustments are to be made to the vertical axis
and on most measuring machines a different setup is recommended.
It requires a sturdy column like the adjustable granite square 1in
Figure 10-3 to hold the Straightness Reflector high above the
table. This setup allows measurement of both axes with no change
in setup or fixturing. The column should be tall enough to allow
measurement of the vertical axis plus six inches to prevent loss
of beam alignment at the near end of travel. It should be rigid
enough not to amplify vibration. The Straightness Reflector is
mounted to direct the Reference Bisector down into the Optical
Square where it is bent 90 degrees and directed parallel to the x
or y axis.
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#’\ o Tilt Plate
/) 7 ' Straightriess
/ SEN 14TReflector
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Pigure 10-3. Typical Setup for Straightness and Squareness on a
Coordinate Measuring Machine or Construc-
tion of a Machine Tool
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SECTION XI

LINEAR MEASUREMENT SETUP
AND ALIGNMENT PROCEDURE

ALIGNMENT METHOD CHOICE

Two methods can be used to align the laser interferometer: Visual
or Avtoreflection. The alignment method selected depends on
several factors: convenience, speed, and availability of acces-
sories. Visual alignment can be used for measurements longer
than 10 inches. Below 10 inches of travel, Autoreflection or
Visual car be used when followed by the Alignment Accuracy Check.
Use the reduced aperture during alignment for less than 30 feet.

"Near" and "Far" Ends of Travel For this manual are definded here

as:

o "Near end of travel" means the Remote Interferometer and
Retroreflector (cube corner) are at the points of measure-
ment where they are nearest to each other.

o "Far end of travel” means the Remote Interferometer and
Retroreflector are at the points of measurements where they

are farthest from each other.

BASIC “VISUAL"” ALIGNMENT METHOD

In the "visual®™ alignment method the Laser Head, Remote Interfer-
ometer and Retroreflector are adjusted so at the near and far
ends of travel the reflected laser beam return spots remain cen=-
tered on the cross hair target covering the selected return port
on the Laser Head Turret. (The complete procedure is described

later).
BASIC "AUTOREFLECTION" ALIGNMENT METHOD

In the "autoreflection" alignment method a plane mirror reflector
such as the Model 10557A Turning Mirror is mechanically aligned
with its reflecting face perpendicular both vertically and hori-
zontally to the measurement line of travel. Then the Laser Head
is set up at least 20 inches from the mirror and adjusted so the
laser beam is reflected by the mirror back to the center exit
port of the Laser Head Turret. Autoreflection depends on the
availability of a perpendicular axis square to 0.0008 inch over 2
inches of travel or a similarly square or parallel reference sur-
face to indicate the plane mirror reflector.




LINEAR
INTERFEROMETER

N LASER HEAD
REFLECTOR .

Figure 11-1, Typical Linear Setup

LINEAR MEASUREMENT SETUP AND ALIGNMENT PROCEDURE

INITIAL EQUIPMENT SETUP
1) ‘Transport the necessary equipment to the measurement area.

2) Determine the desired measurements.

3) Position the necessary equipment and Tripod. Positioning the
Tripod as explained below and in Figure ll-l and Figure 11-2.

a. The position of the equipment should provide convenienc
access to all controls and ease of operation during the
mezsurements.

bh. The position of the Tripod should be chousen to minimize
repositioning to measure other axes. Much time can be
saved by eliminating realignment of the Laserx Head for
each measurement. A machine tool measurement is assumed.
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4)
5)

6}

Figure 11-2. Correct 10580A Tripod Setup

Position the machine at one end of its travel.

Mount the optics

da

fl

It is usually easiest to mount the Retroreflector where
the tool mounts and the Interferometer where the parts
mount.

Leave some space between the optics but not more than one
inch.

This is the "rear end of travel”.
Position the optics along the desired measurement axis.
Check the direction of the Interferometer arrows.

Take the necessary precautions %o avoid a collision of
the optics.

Position the Tripod:

a.

With both cranks on the side you will be working from.
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7)

8)

9)

b. With two legs toward and parallel to the side of the ma-
chine. The third leq will then be parallel to the ma-
chine travel or the measurement axis.

c. Loosen the rotational axis locking screw. Rotate the
mounting platform to be parallel to the machine travel by
comparing the alignment of the platform, third leg, and
the machine.

d. Lock the swivel screw tightly. This method of rotation
should not be necessary during the alignment unless very
coarse rotation is required.

Place the Laser Head on the tripod platform. Position one
front foot ball in the conical depression and firmly clamp

that foot with the toggle clamp.

NOTE
The toggle clamps are reversed to allow the
LLaser Head to rotate horizontally on the pads
under the left and rear feet.

Vertical rotation is provided by the screw in the rear foot
of the Laser Head that raises and lowers the back of the
Laser Head. Only light pressure should be used to clamp the
Laser Head resting on the front round pad.

Cgeck that the Laser Head and Display are connected and turn-
ed on.
NOTE
Always turn power off before connecting or
disconnecting cables. Damage to the elec-
tronic components may result.

Standing directly behind the Laser Head and tripod, sight
down the Laser Head along the machine axis of travel. Posi-
tion the Laser Head and tripod to direct the Laser Beam down
the desired measurement path and into the window of the In-
terferometer.

a. Translate the Laser Head with the side cranks to direct
the Laser into the window of the Interferometer. Rota-
tion should be avoided if the Laser Head appears to be
parallel to the measurement axis.

t
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b. The Retroreflector attached to the Interferometer should
return a dot that is visible on the face of the Laser
Head turret. This dot is termed the "Interferometer
dot". 1If no dot is seen check the Interferometer arrows.
A second dot may be present from the Retroreflector not
attached to the Interferometer; this is the "Retro-
reflector™ dot.

10) Rotate the turret to position a cross hair target over the

desired return port and reduce the beam diameter with the
small aperture. This helps to resolve the actual position of
the center of the return dots.

VISUAL ALIGNMENT PROCEDURE

The Visual Alignment procedure in brief is to:

o Position the optics at the "near end of travel”.

o Carefully overlap the return dots. Rotation of the Laser
Head has no effect at the "near end of travel”.

o AL the "far 2nd of travel" where the optics are at the
maximum separation, overlap the dots again by translating
the Laser Head first, then rotating it. When misalignment
is sufficient the dots will separate as the optics separ-
ate and possibly be lost before the end of travel.

The detailed step-by-step procedure is as follows:

1)

2)

Place a piece of paper in the gap between the optics to block
the beam to the Retroreflector. The remaining dot at the
turret is the Interferometer dot. Translate the Laser Head
to position the dot at the center of the cross hair target
covering the desired Return Port. Remove the paper. 1If a
second dot is not visible, reposition the Retroreflector
until a second dot is visible at the Laser Head Turret.

Position the Retroreflector to very accurately overlap the
two return dots.

NOTE
Rotation of either optical component to ac-
compish the overlap is permissible. The
squareness of the optics has no bearing on
accuracy or the alignment to this axis. How-
ever do not rotate so far as to clip the beam
passing through the optics. Also, when
mounting the Interferometer in a spindle,
rotation about the spindle axis will determ-
ine if a perpendicular axis can be measured
without excessive realignment to that axis.
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3)

When the dots are perfectly overlapped interrupting the laser
beam between the Interferometer and Retroreflector will cause
a distinctive "blinking" of the return dots.

Once the dots are accurately overlapped and near the center
of the cross hair target, with the optics at the near end of
travel, traverse the machine along the measurement path to-
ward the far end of travel. The dots will separate if cosine
error is present as in Figure 11-3. top the machine just
before one of the dots starts to disappear, or at the far end
of travel.

1)

“g" — The distance the dots move
while moving one oplic along the
measurement axis.

FIGURE 11-3 A Visual Indication of Cosine Error

Block the beam to the Retroreflector. The remaining dot is
the Interferometer dot which acts as the point of an arrow
formed by mentally drawing a line between the two return
dots. The Retroreflzctor dot acts as the tail of the arrow.
The "arrow" points in the direction in which to translate the
{,aser Head with the side cranks. Translate until one dot is
left at the edge of the Turret in the direction of the arrow.
One dot will temporarily be lost—~ the Retroreflector dot.

Rotate the Laser Head to bring the dots back across the tar-
get by unclamping the left front foot clamp. Then with thumb
and forefinger move the rear foot left or right. Stop rotat-
ing only when the dots cross or when they reach the other
side of the turret. D> not lose both dots outside of the
turret until you are sure you can locate them again., (If the
arrow was pointing diagonally, work in one axis at a time.
Overlap in in one axis then the other. Work in the plane of
the two targets on the Turret first}.
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5) Once the dots are overlapped, translate the Laser Head to
position the dot at the center of the cross hairs and return
the machine to the near end of travel.

6) If the dots remain overlapped at the near end of travel the
alignment is complete. Check the overlap by interrupting the
Retroreflector beam with a piece of paper. 1If *he dots are
accurately overlapped, procecd to the LINEAR NMENT
ACCURACY CHECK.

1f the dots are not overlapped, check below then return to
step 1 and repeat the alignment. The dots may have separated
at the near end of travel because:

a. The optics changed position on the machine during the
alignment - check the fixturing.

b. Too much space was allowed betwseen the optics at the near
end of travel - see step 2 and repeat the alignment.

c. The dots were not uccurately overlapped in step 1.

AUTOREFLECTION ALIGNMENT PROCEDURE

The autoreflection alignment procedure can be used if known
square or parallel surfaces or axes are available. The alignment
accuracy for linear measurements will depend on the perpendicu-
larity of the plane mirror reflecting surface to the

measurement axis. Autoreflection is recommended when angular or
straightness measurements are to be made and the linear optics
will not be used. When linear measurements are to be made, auto-
reflection should be used only if the measurement path is less
than 10 inches followed by a Linear alignment accuracy check.

The procedure for linear measurements:

1) Determine the line of travel to be measured. This is the
measurement axis. Place the Remote Inteferometer at the near
end of the measurement axis with respect to the Laser Head if
linear measurements are to be made. The Interferometer laser
beam entrance and exit windows should be roughly perpendicu-
lar to the measurement axis. FPasten the Remote Interferome-
ter securely. £ linear measurements are not to follow, omit
the interferometer.

2) Standing behind the Laser Head, position the LaseL Head and
Tripod so the laser beam is directed into the window on the
Remote Inteferometer., The laser beam should be directed in a
line as parallel as possible to the measurement axis. AS
soon as the laser beam enters the Interferometer window a
return dot will be visible on the Laser Head Turret.
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3)

4)

5)

6)

7)

8)

Rotate in the small aperture in the Laser Head Turret to re-
duce the diameter of the exiting laser beam, This helps to
resolve the actual position of the center of the laser beam,
Rotate an alignment target over the desired Return Port by
rotating the Laser Head Turret.

Very carefully adjust the Laser Head with the translation of
the Tripod only until the reflected laser beam from the Re-
mote Interferometer is near the middle of the cross hair tar-
get. Move the Laser Head only in a line perpendicular to the
line of measurement., For this adjustment DO NOT rotate (tilt
or turn) the Laser Head.

Set a reflecting mirror, such as the HP 10557A Turning Mirvor
or a gage block surface in the line of measurement sO the
laser beam is near the center of the mirror. Put the mirror
at the far end of measurement travel.

NOTE
The HP Model 10557A Turning Mirror is made
with the front surface of the mirror mount
parallel with the reflecting surface of the
mirror, and the top and bottom surfaces of the
mirror mount are perpendicular to the mirror
surface. The rear angled surfaces of the mir-
ror mount are at 45 degrees to the front sur-
face and at 90 degrees to the top and bottom
surfaces.

While measuring with an accurate indicator {an electronic
gage is recommended), adjust the mirror so the mirror surface
is perpendicular, vertically and horizontally, to the line to
be measured. The reflected laser beam should be visible on
the Laser Head Front Panel. Fasten the mirror securely only
if necessary.

Very carefully adjust the Laser Head with rotation by turning
it or by raising or lowering the rear foot to center the re-
flected beam from the mirror on the laser beam Exit Port of
the Laser Head. The reflected beam will appear as a "halo"
around the small Exit Port.

If the Interferometer return dot has moved off the alignment
target during rotation of the Laser Head, translate the Laser
Head to return it to the center of the desired alignment tar-
get.
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9}

10)

11}

12)

13)

14)

15}

16}

NOTE
Do NOT move the Laser Head perpendicular to
the measurement line, from side to side or up
or down, to bring the laser beam from the
mirror back to the center aperture (see steps
4 and 7). This will only change the location
of the returning Interferometer dot. Do NOT
turn the Laser Head or raise or lower the
rear foot to put the reflected beam from the
Remote Interferometer on the cross hair tar-
get of the selected beam return hole (see
steps 4 and 7). This will change the loca-
tion of both dots.

1f necessary, very carefully repeat steps 4 and 7 to center

the reflected laser beam dots. Perform step 7 last.

When steps 4,7, and 9 are finished, remove the mirror and
replace it with the Retroreflector. If Linear measurements
are not to be performed the Interferometer used in Step 1 and
Steps 11-16 need not be used or performed.

Adjust the Retroreflector so it reflects a return dot to the
selected cross hair target on the Laser Head Turret. Adjust
the Retroreflector so the return dot from the Retroreflector
overlaps the Interferometer return dot and both dots are on
the center of the cross hair ?arget.

i

Open the laser beam Exit Port (if covered by the small aper-
ture), and open the selected Return Port on the Laser Head so
the reflected laser beams are received by the photo detector.
The BEAM ALIGNMENT meter on the Laser Display should indicate
in the green area of the scale. Continue with the next step
regardless of the meter indication.

Slowly move the Retroreflector along the line of measurement
to the near end of travel, and note the BEAM ALIGNMENT meter
indications during the Retroreflector movement. The BEAM
ALIGNMENT should indicate in the green area from the far to
the near end of Retroreflector travel.

If the BEAM ALIGNMENT meter does not stay in the green area
for step 13, recheck the alignment.

TIf the BEAM ALIGNMENT meter stays in the green area for step
13, zero the Display by pressing the display RESET button at
the near end of travel.

1f the preceding steps have been performed properly, the sys-
tem is ready to check the alignment accuracy.
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NOTE
You should always RESET the Laser Display to
zero with the Remote Interterometsr and Retro-
reflector at the near end of travel, and then
mal-e measurements by increasing the distance
between the Remote Interferometer and the Re-
troreflector to minimize Deadpath error.

LINEAR ALIGNMENT ACCURACY CHECK

The Beam Alignment Meter is a signal strength indicator. It in-
dicates how much of both return dots are being detected by a pho-
to detector in the Laser Head. The Beam Alignment Meter also
saturates (the needle pegs at maximum) at about 9 on the meter
scale. Cosine error may not be minimum for measurements of less
than about 30 inches when the Beam Alignment Meter saturates.

For angular and straightness measurements the Beam Alignment Me-
ter is a beam alignment indicator.

Linear measurements of less than about 10 inches require a method
of determining that cosine error is sufficiently below the accur-
acy requirement of tne measurement. First, the laser beam must
be as parallel as possible (and preferably coaxial) to the
measurement axis. This can be accomplished by several means, the
quickest and most direct being the Visual alignment,

Procedure

1) Follow the Linear Alignment Setup and Alignment procedure.
gverlip the return dots for a perfect blink at both ends of
ravel.

2) Open the Exit and Return Ports. Wwith the optics at the near
end of travel, press the RESET button to establish reference

Zero.
3) Press the X10 Mode Switch.

4) Move the optics to the far end of travel or a few inches of
the measurement length.

5) The Laser Display will show the apparent measurement length
which will be shorter than the actual measurement length.
While watching the last 3 digits on the Laserx Display, rotate
the Laser Head in the vertical plane by slowly turning the
rear foot adjusting screw on the Laser Head. If the number
shown on the Laser Display increases you are rotating in the
correct direction. Continue rotation until the number on the
Laser Display starts to decrease. Then reverse the rotation
to maximize the Laser Display reading.

76

- -~ v—— R Il = - chm e bl Tt

s operrryn

[y { W LLES N



NOTE
Beam Alignment can be lost if cosine error re-
mained large after the linear alignment.
mTranslation of the Laser Head to re-center the
return beams in the desired Return Port will
help avoid loss of Beam Alignment. If Beam
Alignment is lost during rotation, repeat steps
1 through 5. For long measurements a reading
on the Laser Display of a few inches anywhere
along the measurement length is sufficient.

6) Once the maximum reading is found by rotating the Laser Head
in the vertical axis, unlock the left-hand toe clamp that
holds the Laser Head front left foot to the round gage quali-
ty footpad. While watching the last 3 digits on the Laser
Display, slowly rotate the rear foot of the Laser Head to
increase displayed reading to attain the maximum value.
Avoid loss of beam alignment by re-centering the returned
laser beams with translation of the Laser Head.

1f beam alignment is lost, do the following:

a. Translace the Laser Head to maximize the Beam Alignment
Meter reading.

b. Insure that sufficient measurement path remains.

c. Press the RESET button.

d. M?ve the optics to store a measurement on the Laser Dis-
play.

e. Continue rotating until the maximum length is found.
When the maximum measurcment length is found with verti-
cal ana horizontal rotation of the Laser Head. cosine
error is minimized.

LASER BEAM MAGNETIC TARGET-TEMPLATE

A small aluminum plate with two holes and a magnetic back pad is
supplied with the 10565B Remote Interferometer (see Figure 1l-4)
The two target holes are spaced the same distance as the laser
Head The magnetic pad will hold the target-template on a Turning
Mirror. help align the beam with the side or the top and bottom
beam return ports.
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HEWLETT- PACKARD

1)
2}
3)

1)

2)

3)

Figqure l11-4, Laser Beam Magnetic Target-Template

LINEAR MEASUREMENT
CHECK LIST

Set Up Consideration
Linear Alignment
Compensation

Set Up
Determine Desired Information

[]
[l Consider Abbe Offsets -
H Minimize Dead Path Error

Economize Set Up

Linear Alignment
(1 Select Proper Alignment Procedure -

o Visual (Machine Travel >10 inches)

o Visual with Accuracy Check (<10 inches)
i) Minimize Cosine Ervror

Compensation | _

§! Machine at Operating Temperature
(1 Enter Wavelength Compensation

{1 Correct For Material Compensation
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1)

2)

+ 3)

SECTION XII

ANGULAR MEASUREMENT SETUP
AND ALIGNMENT PROCEDURE

Initial Equipment Set Up

A)

B)
C)

D)

Transport the necessary equipment to the measurement
area.

Determine the desired measurements.

Position the necessary equipment and Tripod. See
Figure 12-5.

1. The desired position of the equipment will provide
convenient access to all controls and ease of opera-
tion during the measurements.

2. The desired position of the Tripod should be chosen
to minimize repositioning to measure other axes.
Much time cdn be saved by not having to realign the
Laser Head for each measurement.

Mount and clamp the Laser Head on the Tripod.

Linear Alignment

Align the laser beam to the desired measurement axis by
the most convenient method as described in Section 10
Linear Alignment. Laser beam alignment for Angular
measurements is not as critical as for Linear measure-
ments.
NOTE

Alignment of the Laser beam to the axis of

travel need only be sufficient to allow a Beam

Alignment Meter reading anywhere in in the

green area of the meter scale. High meter

readings will insure maximum measurement

lengths and maximum insensitivity to loss of

beam alignment due to vibration and turbu-

lence.

Angqular Optics Assembly

The angular optics are assembled as in Figure 12-1, The
10559A Reflector Mount is used to accurately hoid the two
10556A Retroreflectors of the Linear optics. The 105582 Beam
Bender is wrung to the 10565B Remote Interferometer, squared
to the 10565B Remote Interferometer, then locked together
with 4 slot head screws.
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10556A
Beam Bendar

105658 i~ '"}E -
Remaots E’J
Interferometer ] VN 108508 X _
AT Retroreflector 10566A 10559A
Mount Retrorefiector Refiector Mount
FD --&
T T

Figure 12-1. Angular Cptics Assembly

A) Wringing Procedure

Wringing is accomplished by pressing two flat and highly
polished surfaces together with enough pressure %o dis-

place the air between them. A thin oil E£ilm or alcohol

film is often used and recommended to help displace the

air.

Pigure 12~2 shows the correct orientation of the Inter-
ferometer and Beam Bender prior to wringing.

i) Carefully clean the mating surfaces with alcchol and
a clean, soft, lintless wipe.

ii} A thin film of oil or alcohol can then be appliéd to
aid in wringing.

iii) sSlide the Beam Bender on to the top of the Interfero-
meter.

iv) Press the Beam Bender and Interferometer together
forcinc any trapped air from between the mating sur-
faces.

v) Slowly rotate the Beam Bendec while maintaining
wringing pressure.
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Beam Bender

interterometer

Figure 12-2. Wringing of Beam Bender and Interferometer

inierferomater Beam Bender Screws
J (Four)

Granile

Jk’ff .
AL A i T
N R L S S A

Fi?ure 12-3, Squaring of Beam Bender and Interferometer

NOTES
1) Wringing should not be attempted if burrs,
dents or large scratches are apparent.
These surface defects must be removed by a
qualified person to insure correct spacing
and parallelism of the laser beams.
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B)

C)

2) The cylindrical surfaces on the back of
the Retroreflectors are precision ground
to insure spacing and parallelism. Plas-
tic covers are provided to protect these
surfaces and should be used any time the
Retroreflectors are not mounted in the
10559A Retroreflector Mount.

3) Care should be taken in fitting the Retro-
reflectors into the Retroreflector Mount;
damage can result by forcing an incorrect
f£it.

4) Do not warm the Retroreflectors with re-
spect to the Retroreflector Mount. The
expansion of the Retroreflectors could
produce an interference fit,

Exiting Beam Parallelism

The correct alignment of the Beam Bender and Interferome-
ter can be accomplished by pressing the wrung optics down
on a clean Inspection grade surface plate without break-
ing the wring as shown in Figure 10-2, Lock the optics
together only finger tight with 4 slot head screws pro-
vided - do not over-tighten. To insure that tightening
the screws has not changed the orientation of the optics,
press down on the corners of the optics. No rocking
should be detected. Perform the Assembly and Accur.icy
check, step 4.

visual Alignment of Beam Bender to Interferometer

When a surface plate in good condition is not available,
the correct alignment of the Interferometer and Beam
Bender can be determined in situation by setting up as in
Figure 12-4.

i) Follow the Angular Set up and Alignment procedure and
set up on a flat surface as in Step 4 Assembly and
Accuracy check. See Figure 12-4.

ii) Mount the Reflector Mount at "near end of travel” to
obtain a return dot at the desired Return Port using
the Alignment target and Reduced Aperture on the
Laser Head Turret.

iii} Position the Interferometer/Beam Bender in the laser

heam within one inch of the Reflector Mount to obtain
a second return dot at the Laser Head,

iv) Loosen the 4 slot head locking screws and slowly ro-
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4)

tate the Beam Bender to overlap the dots as much as
possible. If a second dot is not apparent, slow ro-
tation of the Beam Bender should produce a second
dot. If still no dot, check the orientation of the
arrows on the Interferometer.

v) Move the Reflector Mount away from the Interferometer
as far as possible. Ten feet or more is preferred.
Any means of holding the reflector at a long distance
from the Interferometer is usually satisfactory. The
return dots should remain overlapped. If not, rotate
the Beam Bender to overlap the dots horizontally.
perfect vertical overlap may not be possible. Move
the Reflector Mount as far as possible while main-
taining both dots at the Laser Head target. Readjust
the Beam Bender as necessary.

vi) Retighten the slot head screws. glide one optic to-
ward the other until they are as near as possible.
The dots should remain overlapped. If not, repeat
Steps 3-6. A longer separation in Step 5 will give
greater resolution. When maximum overlap is attain-
ed, perform the following Assembly and Accuracy

Check.

Assembly and Accuracy Check Place the Angular optics on a
suitable flat surface. Align the optics following the Angul-
ar Set up and Alignment Procedure along a straight edge and
adjust the Laser Head to maintain beam alignment while moving
the optics along the straightedge. A 12 inch straightedge is
sufficient. See Figure 12-4.

A)

Test A

Press Reset on the Laser Display to obtain a zero read-
ing., While maintaining the front foot of the Reflector
Mount against the straightedge, rotate the rear foot
0.100,000 in (2.54 mm) away from the straightedge. A
guage block is ideal to use. The Laser Display should
accumulate <100 uin {2.54 um). This test checks the cen-
tering of the Retroreflectors in the 10556A Assembly and
the Reflector Mount.

Remove the guage block and place the Reflector Mount
flush against the straightedge; the Laser Display should
again read nearly zero. If not, insure clean contacting
surfaces and repeat the above test until sufficient pre-
cision is attained.
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10556A 10559A
CUBE CORNER L~ REFLECTOR
RETROREFLECTOR.__[SN MOUNT

X

10558A
BEAM BENDER

105658

10580A  o-MOTE INTERFEROMETER

Figure 12-4. Angular Optics Accuracy Check

B) Test B

Press Reset on the Laser Display. Slowly move both ends
of the Reflector Mount away from the straightedge by
0.100,000 in (2.54 mm). The Laser Display should accum-
ulate <10 uin {0.254 um), Remove the guage blocks and
place the Reflector Mount flush against the straight ed-
ge; the Laser Display should again read nearly zero. If
not, check the set up and repeat the abcve test until
sufficient precision is attained.

This procedure checks the parallel alignment of the two
laser beams exiting from the Interferometer/Beam Bender.
If this test fails, check the return dot overlap at the
Laser Head Turret with the optics as far apart as pos-
sible using the Reduced Aperture and Al ignment Target.
The dots should be overlapped at least in the horizontal
plane. If not, follow Step 3C, Visual Alignment of Beam
Bender to Interferometer procedure above. If the check
cannot be passed after following Steps 3C and 4B, the
optics will measure angles and flatness inaccurately.
The wringing surfaces should be closely inspected and the
problem rectified before measurements are attempted.

5) Angular Optics Alignment

Insure that Steps 2,3 and 4 have been performed, Position
the Reflector in the beam path at the near end of travel to
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6)

7)

1)

2)

3)

obtain a return beam dot at the desired Return Port. Reduce
the beam diameter with the Reduced Aperture and Alignment
Target.

Position the Interferometer/Beam Bender in the beam path
close to the Reflector to obtain a second return beam dot at
the Laser Head.

A) Rotate the Interferometer/Beam Bender to overlap the two
dots.

B) Open the Exit and Return ports of the Laser Head Turret.
The Beam Alignment Meter should indicate in the green.

Press Reset and move the optics along the measurement path to
ensure Beam Alignment over the entire measurement path, Pro-
ceed with the desired measurements.

NOTE
You should ensure that the optics are secure-
ly mounted and unable to rotate independently
of the machine. The spindle must not rotate.
A suitable clamp must bas available. A hose
clamp and suitable wedging material is usually
effective.

ANGULAR MEASUREMENT CHECK LIST

Set Up
{1 Determine Desired Information
[l Economize Set Up

Linear Alignment
(] Select Easiest or Quickest Alignment Procedure
[] Align Laser Beam to Axis of Travel

Angular Alignment

[} Assembly Accuracy Check

[} Mount Angular Optics to Place Return Beam on Target at
Laser Head

(] Insure Beam Alignment along entire Axis of Travel
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SECTION Xill

STRAIGHTNESS MEASUREMENT SETUP
AND ALIGNMENT PROCEDURE

This section should be read before straightness setups and align~
ments are attempted,

1) INITIAL EQUIPMENT SETUP

A) Transport the necessary equipment to the site where the:
Laser measurement will be taken.

B) Determine the desired measurements.
C) Position the necessary equipment and Tripod.

i. The desired position of the equipment will provide
convenient access to all controls and ease of opera-
tion during the measurements.

ii. The desired position of the Tripod should be chosen
to minimize repositioning to measure other axes.
Much time can be saved by not having to completely
realign the Laser for each measurement.
D) Mount and clamp the Laser Head on the Tripod.
2) LINEAR ALIGNMENT
A) The desired position of the Laser Head and Linear Optics
or Turning Mirror for the alignment will be determined by
the mounting position of the Straightness optics. Align

the Laser béam to the measurement axis by the most con-
venient method, typically autoreflection.

3) STRAIGHTNESS REFLECTOR ALIGNMENT

A) Rigidly mount the Straightness Reflector in the horizon-
tal straightness position on the machine:

i} Where the part would mount.
ii) As far as possible from the Laser Head.

iii) So the laser beam enters the slot and impinges on the
split in the mirrors.
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10690A (or 10691A)
Straighlness
Interferomeler

Figure 13-1, Horizontal Straightness-Straightness of X with

B)

respect to 2

Two semi circular Return Dots will result. Punch a 1/2"
hole in the center of a sheet of paper. Insert the paper
into the laser beam about three feet from the Straight-
ness Reflector, and allow the laser beam to pass through
the 1/2" hole. Adjust the Tilt Plate micrometers until
the return dots are equally spaced on each side of the
laser beam and in the same plane as seen on the paper.

NOTE
only one-half of the laser beam is impinging on
each mirror, therefore, two one-half dots are
returned. The return dots diverge at a small
angle. When the dots are adjusted properly,
the Straightness Reflector is aligned to the
laser beam. The laser was aligned to the machine
travel, squareness, or the parallelism of a
"7p" slot.

4) STRAIGHTNESS INTERFEROMETER ALIGNMENT

A)

The Interferometer mounts in the tool position - directly
as possible. The mounting post should be as short as
possible, Collets are preferred over chucks. The
spindle should be locked and free of rotation by some
means. A hose clamp and wedging material are usually ef-
fective,
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B)

C)

NOTE
Rotation of the spindle during straightness
measurements will result in cosine errors.

Rotate the Interferometer Bezel until the scribeline
aligns to the slot in the Straightness Reflector, hori-
zontally in this example.

While rotating the Bezel and watching the Laser H.ad Tur-
ret, note that two return dots will rotate across the
face of the Laser Head Turret. Overlap the dots with
rotation of the Bezel. If two dots cannot be found and
overlapped remove the Interferometer and repeat steps 3B
thru 4C,

FINE ADJUSTMENT OF REFLECTOR AND INTERFEROMETER

A)

B)

C)

D)

E)

F)

G)

H)}

Reduce the beam diameter with the small aperture.

Adjust the Tilt Plate micrometers to halo the return dot
about the Exit Port Aperture.

Open the Return Port and Exit Port. Carefully mount the
Straightness Adaptor on the front panel of the Laser Head
by means of the four screw extensions.

Follow the laser beam with a piece of paper Erom the
Straightness Adaptor to the Straightness Reflector check-
ing for clipging of the beam that would reduce signal
strength. Adjust the optics appropriately. Do not
change the angular alignment of the Reflector or Laser

Head.

Insure that the X36 Resolution Extender is in the cables,
and is in Extended. Turn off the Laser Display before
connecting or disconnecting any cables.

Rotate the Bezel on the Interferometer while watching the
return dots on the Laser Head to see how little rotation
is necessary to overlap the dots for alignment. Then
watch the Beam Alignment Meter and peak it with the bez-
el. Again, very little rotation is necessary at the
peak.

Adjust the Tilt Plate for the center of the Beam Align—
ment Meter peak, rotating the micrometer which is perpen-
dicular to the slot only.

press Reset, and move the optics toward the near end of

travel until Beam alignment is about 6 on the Beam Align-
ment Meter. Translate the Laser Head (do not rotate) in
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I)

the plane of the Straightness Reflector slot for maximum
peak and repeat Step H until the Ooptics are within 4 in.
(3 ft long range) or until maximum travel is attained.
Final distance between the optics at near end of travel
can be <4 inches, typlically one to two inches for short
range and <3 ft for long range.

Check the optics again for clipping of the beam.

6) MANUAL REDUCTION OF SLOPE (REFERENCE BISECTOR ALIGNMENT)

Maximum slope is about 0.2 inches in any length of travel.
Manual reduction of the slope may be necessary and is bene-
ficial if vibration and/or turbulance are severe problems.

10690A (or 10691A})
Straightness
Interferometer

Figure

A)

B)

C)

LRI L sl LA LTI U E S TPEEE)

13-2., Measurement of Distance From Pivot Point to

Measurement Zero

Reset the Display with the optics at the near end of
travel.

Measure the distance from the slit in the Tilt Plate to
the Interferometer, approximately 4 inches. Record it
and label it "r". See Figure 13-2 for example.

Traverse the cptics to the far end of travel measuring
the distance traveled, cecord it and label it "d".
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7)
8)

9)

E)

F)

Multiply the Laser Display reading by =-r/d.

Adjust the Tilt Plate in the plane of the Reflector slot
until the Laser Display reads the calculated number. If
beam alignment is lost, stop further adjustment, realign
the .Laser Head to the new reflector position with rota-
tion and translation to regain beam alignment. Check
clipping and return to Step A.

Reset the Laser Display. Check the slope while return-
ing to the near end of travel. If slope is still unsa-
tisfactory, repeat Steps A-F, If slcpe is satisfactory,
alignment is complete.

DETERMINE THE SIGN OF THE DATA

CONNECT THE CALCULATOR AND PLOTTER IF NOT DONE PREVIOUSLY,
AND PLACE PAPER ON THE PLOTTER.

CHECK FOR RANDOM ERRORS.

A)

B)

iii)

Random Errors can be severe enough to interrupt the beam
alignment., The Random Errors are:

i} Mechanical Vibration.

£i) Thermal Turbulance.

travel. They are more severe at the far end of
travel. The source{s) can be isolated by sy-
stemtically reducing the error at the source or re-

ducing its symptom as described below.
Mechanical Vibration and Machin: Movement

1. Reduce any lever arms that may be contained in the
mounting fixtures for the Straightness Reflector and
Interferometer to minimum length - eliminate them if
possible - they amplify vibration.

2. 1Insure that the Straightness Reflector is solidly
mounted preferably on a rigid angle bracket as in

Figure 8-5 or remove the Tilt Plate and mount direct-

ly to a base plate and clamp the base plate directly
to the machine. 1If straightness alignment has not
been attempted before do not remove the tilt plate,
alignments can be more difficult without it.
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C) Turbulance

1.

Turbulance is caused by differing air temperatures
along the laser beam measurement path, which result
from heat sources like forced air heating and/or
cooling outlets, intense light sources that also gen-
erate heat along their beam path.

NOTE
Temperature controlled rooms and air condi-
tioned rooms are severe turbulence areas!
If the source cannot be directly affected,
an appropriate size fan positioned to mix
the air along the measurement path can
greatly reduce random errors due to thermal
tvrbu ence.

D) Abrupt Machine Movements

1.

Abrunt machine movements are apparent when beam
alignment is lost when a machine is started, stopped
or transversed quickly. This indicates a mechanical
prcblem in the table drive system causing out-of-
straightness movements at a rate faster than the
Laser Display can accept, a minimum of 20 inches

per minute.

10) TAKE THE DESIRED STRAIGHTNESS DATA
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STRAIGHTNESS MEASUREMENT CHECK LIST

1.

SETUP CONSIDERATIONS

o Determine Desired Information

o Determine Limits of both Travel and Fixturing
o Determine Beam Location «nd Height

o 10579-60004 Resolution X36 in Cables

LINEAR ALIGNMENT

o Select Convenient Alignment Procedure
o Laser Beam Accurately Aligned to Machine Travel

STRAIGHTNESS REFLECTOR ALIGNMENT

o Securely Mount Reflectcy at End of Travel in Part po-
sition

o Adjust Tilt Plate to Center Return Dots About Exit
Port or Laser Beam

STRAIGHTNESS INTERFEROMETER ALIGNMENT

o Interferometer 1s Aprox. Square to Machine in Tool
Position

o With Reduced Aperature Rotate Interferometer Bezels (o

Overlap Return Dots

With Tilt Plate, Position Overlapped Return Dotr at

Center of Exit Port ’

10579-60004 Pesolution X36 in Straightness

Mount Straightness Adaptor on Laser Head

Sharp Peak on Beam Alignment Meter with Bezels

Adjust tilt Plate for Greatest Peak

Insure Alignment over Entire Measurement Path

o]

Q0000

SLOPE ALIGNMENT

o Adjust Reflector for Zero End Point Fit
o Adjust Laser and Interferometer for Meter Peak
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SECTION XIV

SQUARENESS MEASUREMENT SETUP
AND ALIGRAENT PROCEDURE

This setup and alignment procedure ghould be read before measure=-
ments are attempted.

1) INITIAL EQUIPMENT SETUP

A) Transport the necessary equipment to the site where the
laser measurements will be taken.

B) Position the equipment and Tripod (see Figure l4-1). The
jesired location of the equipment will provide ~onvenient
access to all controls and ease of operat.ion durina tne
mesurements. The desired location of the Tripod will be
chosen by positioning the necessary optics on the machine
as described below in C.

/

Straightness
Interferometer
Straightness
Rellector

Optical
Square

C) Mount or determine the mounting position of the Straight-
ness Reflector in the horizontal plane on a sturdy m~unt
that will allow the split in the mirrors to be in the
center of the slot in the Optical Scuare as the Optical
Square sits on the takle on its three round foot pads or
appropriate fixture. See Figure l4-1.
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2)

3)

D)

Mount or determine thce mounting position of the Optical
Square to allow the laser beam to pass without clipping.
The mounting position of bhoth the Optical Square and the
Straightpess Reflector must allow both axes to be measur-
ed without relocating in any way the Straightness Reflec-
tor. Figure l4-1 is an example of a typical horizontal
straightness and squareness setup.

LINFAR ALIGNMENT

A)

The desired position of the Laser Head and Linear Optics
or Turning Mirror for the alignment will be determined by
the mounting position of the Straightness optics. Posi-
tion all of the required optics on the machine prior to
the Linear Alianment. Align the Laser beam to the
measurement axis by the most convenient method, typically
Autoreflection.

STRAIGHTNESS REFLECTOR ALIGNMENT

A)

B)

C)

D)

Rigidly mount the Straightness Reflector in the horizon-
tal straightness position on the machine:

i) Where the part would mount.
ii) As far as possible from the Laser Head.

iii) So the laser beam enters the reflector slot and
impinges on the split in the mirrors.

Mount the Optical Square to maximize machine travel in
the first axis and still allow the Lase: weam to be di-

rected into the slot of the Straightness Reflector.

Align the Straightness Reflector and Optical Square to
the laser beam to allow the laser beam to impinge on the
split between the Straightness Reflector mirrors., Reduc-
ing the beam diameter with the small aperture may be
helpful.

Two semi~circular Return Dots will result. Punch a 1/2"
hole in the center of a sheet of paper. Insert the paper
into the laser beam about three fezt from the Straight-
ness Reflector, and allow the las2r beam to pass through
the 1/2" hole. Adjust the Tilt Plate micrometers until
the return dots are equally spaced on each side of the
laser beam and in the same plane as seen on the paper.

NOTE
Only one half of the laser beam is impinging on

each mirror, therefore, two vne-half dots are
returned diverging at a small angle.
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2. When the dots are SO adjusted, the Stvaightness
I Reflector is aligned to the laser bea.. which
was aligned to the machine travel or square-
ness, or parallelism of a W' slot.

3. Do not adjust the laser head. The laser beam
was aligned to the machine and is temporarily
the reference to adjust thc optics to.
4., Follow the dots as ... as pozeihle for increas-
I ed resolution.
4) Straightness Interferometer Alignment
i A) The Interferometer mounts in the too: position directly
as possible. The mounting post should be as short as
possible and collets are preferred over chucks. The
l spindle should be locked and free of rotation Ly some
means.
l B) Rotate the Interferometer Bezel until the scribeline is
_parallel to the slot in the Straightness Reflector - hoyr-
izontally in this example.
I C) While rotating the Bezel and watching the Laser Head Tur-

ret, note that two return dots should rotate across the
face of the Laser Head Turret. Overlap the dots with
rotation of the Bezel. If two dots cannot be found re-
move the Interferometer and repeat steps 3B thru 4C.

5) Fine Adjustment of Reflector and Interferometer
A) Reduce the beam diametet with the small aperture,

B) Adjust the Tilt Plate micrometers to halo the return dot
about the Exit Port Aperture.

C) Open the Return Port and Exit Port. Carefully mount the
Straightness Adaptor on the front panel of the Laser Head
by means of the four extended screws.

D) Follow the laser beam with a piece of paper from the
Straightness Adaptor to the Straightness Reflector check-

l ing for clipping of the beam that would reduce signal

strength and adjust the optics appropriately. Do not
change the angular alignment of the Reflector or Laser
Head.

E) Insure that the X36 Resolution Extender is in the cables,
and is in Extended. Turn off the Laser Display before
connecting or disconnecting any cables.

F)} Rocate the Bezel on the Interferometer while watching the
return dots on the Laser Head to see how little rotation
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6)

G)

H)

I}

is necessary for overlapping the dots for alignment,
Then watch the Beam Alignment Meter and peak it with the
Interferometer Bezel, very little rotation is necessary
at the peak which is perpendicular to the slot, for the
center of the Beam Alignment Meter peak.

Adjust the Tilt Plate, rotating the micrometer which is
perpendicular to the slot only, for the center of the
berm Alignment Meter peak.

Press Reset, and move the optics towerd the near end of
travel or until Beam alignment is very low., Translate
the Laser Head (do not rotate) in the plane of the Re-
Flector slot for maximum peak and repeat Step H if max-
imum travel is to be measured. Final distance between
the optics at near end of travel should be <4 inches,
typically one to two inches, and <3 ft for Long Range
Straightness optics.

Check the optics again for clipping of the beam.

MANUAL REDUCTION OF SLOPE (Reference Bisecetor)

{Maximum slope is about 0.2 inches in any length of travel.
Manual reduction of the slope may be necessary and is bene-
ficial if vibration and/or turbulance are severe problems).

A)

B)

C)

D)

E)

Reset the Display with the optics at the near end of
travel.

Measure the distance from the sflit in the Tilt Plate to
the Interferometer, approximately 4 inches for short

range. Record it and label it "r",

Traverse the optics to the far end of travel measuring
the distance traveled, record it and label it "d".

Multiply the Laser Display reading by-r/d.

Adjust the Tilt Plate in the plane of the Straightness

Refleator slot until the Laser Display reads the calcu-
lated number. (If beam alignment is lost, stop further
adjustment. The Reference Bisector is more accurately

aligned to the axis of travel than the Laser Head is,

Realign the Laser Head to the new Reflector position with

rotation and translation to regain beam alignment, check
clipping and return to Step A.
NOTE
Returning to Step A can be avoided by read-
justing ‘he Laser Head before beam alignment
is lost or by remembering the last displayed
distance. Reset to zero once beam alignment
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7)

8)

9)

10)

is regained and continue the necessary ab-
solute distance.

F) Reset the Laser Display and check the slope while return-
ing to the near end of travel. IFf slope is yet unsatis-
factory, repeat Steps A-F. If slope is satisfactory,
alignment is complete.

NOTE
Slope is satisfactory when small compared to
the straightness data.

DETERMINE SIGN CONVENTION AND DXRECTION OF TRAVEL
A) Data starts at apex of square for both axes.
B) Data positive into square for axis one
C) Data positive out of square for axis two.
NOTE ,
Correct data sign usually requires changing

the position of the Direction Sense switch
on the Laser Display.

Connect the Calculator and Plotter if not done previously.
Place paper on the Plotter.

Run Straightness in the first axis and plot straightness runs
until Random errors are within required limits. Don't forget

'Sign Conventional.

Check for Random Errors.

A) Random Errors can be severe enough to interrupt the beam
alignment. The Random Errors are:

i) Mechanical vibration
ii) Thermal Turbulance

iii) Abrupt machine movements perpendicular to the Axis of
travel. .

They are more severe at the far end of travel. The
source(s) can be isolated by systemically reducing
the error at the source oOr reducing its symptom.

B) Mechanical Vibration and Machine Movement
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c)

D)

L

i}

Reduce all lever arms that may be included in the
mounting fixtures for the Straightness Reflector and
Interferometer to minimum length - eliminate them if
possible - they amplify vibration.

Insure that the Straightness Reflector is solidly
mounted preferably on a rigid angle bracket or remove
the Tilt Plate and mount directly to a base plate and
clamp the base plate directly to the machine.

NOTE
Slope cannot be removed and alignment may
pe mor- difficult if the tilt plate is re-

moved.

Turbulance

1)

Turbulance is caused by differing air temperatures
along the laser beam measurement path, which result
from heat sources like forced air heating and/or
cooling outlets, and intense light sources that gen—
erate heat along their beam path.

NOTE
nemperature controlled rooms and air condi-

ticned rooms are severe turbulence areas!
Tf the source cannot be directly affected,
an appropriate sized fan positioned to mix

the air along the measurement path can
greatly reduce random errors due to Thermal
Turbulence.

Abrupt Machine Movements

i)

Abrupt machine movements are apparent when beam
alignment is lost as a machine is started, stopped or
transversed quickly. This indicates a mechanical
problem in the table drive system causing out-of-
straightness movements at a rate faster than the
Laser Display can accept, or a minimum of 20 inches
per minute.

11) If Parallelism is to be checked:

A)

Follow parallelism instructions in the Calculator Metrol-
ogy program package.
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12)

B)

Run second axis if it is a rotational axis by rotating
spindle 1B0 and reversing the sign of the data with the
Direction Sense switch on the Laser Display. If the
second axis is a linear axis take a second run of data
along the second axis after selecting squareness or mul-
tiply the answer fxrom the Parallelism routine by two and
do not change the sign of the second axis data if paral-
lelism of two linear axes is measured.

If Squareness is desired:

A)

B)

C)

D)

Once the first axis Straightness and/or parallelism data
is satisfactory, reposition the machine to measure
straightness in the second leg of the square. It may bhe
necessary to remove the Optical Square on some machines.
Do not disturb the Straightness Reflectorl

I1f the Optical Square was removed align the Laser Head to
the Straightness Reflector.

'Mount the Straightness Interferometer in the spindle with

the polished Bezel facing in the direction of the Laser
Beam as before and insert in the Laser Beam,

Establish beam alignment in tne second axis - do not ad-
just the Straightness Reflectorl

13) Check the Sign Convention and direction of travel.

14) Take the data for the second axis.
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1)
A)

B)

C)

D)

E)

SECTION XV

VERTICAL STRAIGHTNESS AND
SQUARENESS SETUP AND
ALIGNMENT PROCEDURE

Initial Eguipment Set-up

Transport the necessary equipment to the site where the laser
measurements will be taken.

Position the equipment and Tripod (Pigure 10-2)}. The desired
location of the equipment will provide convenient acc.ss to
all controls and ease of operation during the measur:2urement-
5. The desired location of the Tripod will be chosen by pos-—
itioning the necessary optice on the machine as below in C.

Mount the Straightness Reflector in the vertical plane on a
sturdy mount such as in rigure 8-5 that will allow the split
in the mirrors to be at the center of the slot in the Optical
Square.

Position the Optical Square on t ° table, on two round foot
pads, one slot up, one slot towap. the Straightness Reflec-
tor. The Optical Square slots are offset from center. The
cide closest to the slot should be tcsard the front of the
machine. Use gauge blocks or parallels in a "T" slot to
brace and align the Optical Square parallel to the second
axis to be measured.

NO -

THIS IS VERY IMPORTANT: Place one or two Base
plates ¢¢ parallels in a T slot, press the Op-
tical Syuare againet the plate(s), press the
rurning Mirror against the Ooptical Square. The
Square can slide against the plates -~ the Turn-
ing Mirror can slide against the square.

Position a Turning Mirror on the table in front of the Optic-
al Ssquare. The center of the mirror should be centered with
the upper slot in the Optical Square. The Turning Mirror
should face away from the Straightness Reflector.

NOTE
Do not allow the Optical Square oK Turning Mir-
ror to rotate during alignment adjustments.
mhis could cause excessive slope in the second
measurement axis and require setup, alignment
and remeasurement of both axes.
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F)

2)

3)

Mount the Straightness Interferometer in the Vertical
Straightness Adaptor, shiny bezel toward the glass. Mount
the Vertical Straightness Adapter in the spindle or rail.
The Interfercmeter should be directly over the slot in the
optical Square. The Vertical Straightness Adaptor should
extend over the Turning Mirror. The laser beam path should
be as in Figure 10-2,

LINEAR ALIGNMENT

A) The desired position of the Laser Head and Linear Optics
or Turning Mirror for the Alignment will be determined by
the mounting position of the straightness optics. Align
the Laser beam to the measurement axis by the most con-
venient method, usually auto reflection using a Turning
Mirror indicated to a table T-slot.

ALTIGNMENT OF TURNING MIRROR, VERTICAL STRAIGHTNESS ADAPTOR
AND OPTICAL SQUARE

A) Remove Linear cptics if a Visual Alignment was used or
the the reflector used for Auto reflection.

B) Insure that the optics are positioned as in 1-C,D,E
above, and not rotated once aligned,

C) Follow the beam to the Turning Mirror with a piece of
paper. The beam should be centered along the Torizontal
and vertical centers of the mirror.

D) Follow the beam up to and then out of the Vertical
Straightness Adaptor. The beam should pass through the
windows in the Straightness Interferometer, without clip-

ping.

E) wWhile holding the Optical Square and Turning Mirror
square to the machine, siide the Turning Mirror along the
cide of the Optical Square to position the lazer beam
along a center line of the Straightness Interferometer as
seen on the Straightness Interferometer in the narrow
space between the interferometer and the Vertical
Straightness Adaptor.

F) MTranslate the spindle or the Laser Head or the machine
table depending on the setup configuration, to pass the
laser beam through the Interferometer without clipping
it. Two dots will be visible on top of the Optical
Square or seen on a card placed on top of the Optical
Square, and centered in the slot on top of the Optical
Square. Check that the exiting dots are not clipped. If
clipped, the otpics are not square to the machine or the
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4)

5)

beam alignment is not parallel to the machine, return to
Step 2.

G) Once the two dots are established, remove the Interfero-
meter carefully. Alignments should NOT be attempted us-
ing the two beam method as described in the Opevators

Manual.
STRAIGHTNESS REFLECTOR ALIGNMENT

A) Rigidly mount the Straightness Reflector in the vertical
straightness position as in Figure 14-2 on the machine:

i) Where the part would mount.
ii) As far as possible from the Laser Head.

iii) S» the laser beam enters the slot and impinges on the
spitit in the mirrors.

B) Sliding the Optical Square will raise and lower the beam,
make care not to cause rotation of the Optical Square or
the Turning Mirror. Their squareness to the machine is
paramount to a vertical squareness measurement.

C) Align the Straightness Reflector to the laser beam using
a hole in a piece of paper, the reflected half dots, and
the Tilt Plate to position the two half dots eqgual dis-.
;ance from and in the same plane as the incoming laser

eam,

STRAIGHTNESS INTERFEROMETER ALIGNMENT

A) Mount the Straightness Interferometer in the Vertical
Straightness Adaptor with the polished Bezel facing the
glass. Overlap the dots on the Turret by rotating the
Straightness Interferometer Bezel.

B) Reduce the beam diameter with the small aperture.

C) Adjust the Tilt Plate micrometers to halo the return dot
ahout the Exit Port Aperture. If the return dots cannot
be seen at the Laser Head follow the return dots from the
Straightness Reflector through the optics adjusting the
micrometers accordingly.

D) Open the Return Port and Exit Port. Carefully mount the
Straightness Adaptor on the front panel of the Laser Head

by means of the four extended screws.

E) Follow the laser beam with a piece of paper from the
Straightness Adaptor to the Straightness Reflector check-
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7)

ing for a clipped beam that would reduce signal strength
and adjust the optics appropriately. Do not change the
angular alignment of the Reflector or Laser Head.

F) Insure that the X36 Resolution Extender is in the cables,
and is in Extended. Turn off the Laser Display before
connecting or disconnecting any cables.

G) Rotate the Interferometer Bezel tc peak the Beam Align-
ment Meter. Again, very «ittle rotation is necessary at
the peak.

H) Adjust the Tilt Plate, rotating the micrometer which is
perpendicular to the slot only, for the center of the
Beam Alignment Meter peak.

Manual Reduction of Slope (Reference Bisector Alignment)

Maximum slope is about 0.2 inches in any length of travel,
therefore, manual reduction of the slope may be necessary and
is beneficial if vibration and/or turbulance are severe prob-
lems.

A) Reset the Display with the optics at the near end of
travel.

B} Measure the distance from the slit in the Tilt Plate to
the Interferometer, as in Figure 12-4, add 12 in. for the
Optical Square. Record and label it "“r". .

C) Traverse the optics to the far end of travel measuring
the distance traveled, record it and label it "4".

D) Multiply the Laser Display reading by ~-r/d.

E}) Ad ust the Ti1lt Plate in the plane of the Reflector slot
until the Laser Display reads the calculated number. {(If
beam alignment is lost, stop further adjustment, realign
the Laser Head to the new reflector position with rota-
tion and translation to regain beam alignment, check
clipping arl return to Step A.

F) Reset the Laser Display and check the slope while return-
ing to the near end of travel. If slope is yet unsatis-
factory, repeat Steps A-F. If slope is small with re-
spect to straightness daca, alignment is complete.

Determine Sign Convention and Direction of Travel

A) Data starts at apex of square for both axes

B) Data ﬁositive into square for axis one
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8)

9)

10)

C) Data positive out of square for axis two

D) Do not rotate the Interferometer between axes- shiny
bezel should always face the incoming laser beam.

Connect the Calculator and Plotter if not done previously,
and place paper on the Plotter.

Run Straightness in Vertical axes and plot straightness runs
until Random errors are within required limits. Don't forget
Sign Conventional.

CHECK FOR RANDOM ERRORS.

A) Random Errors can be severe enough to interrupt the beam
alignment. The Random Errors are:

1) Mechanical Vibration
ii) Thermal Turbulance

iii) Abrupt machine movements perpendicular to the Axis of
travel. They are more severe at the far end of trav-
el. The source{s) can be isolated by systemically
reducing the error at the source or its symptom.

B} Mechanical Vibration and Machine Movement

1. Reduce any lever arms that may be contained in the
mounting fixtures for the Straightness Reflector and
Interferometer to minimum length eliminate them if

possible - they amplify vibration.

2. Insure that the Straightness Reflector is sulidly
mounted preferably on a rigid angle bracket as in
Figure 8-6 or remove the Tilt Plate and mount direct-
ly to a base plate and clamp the base plate directly
to the machine.

C) Turbulance

1. 'Turbulance is caused by differing air temperatures
along the laser beam measurement path, which result
from heat sources like forced air heating and/or
cooling outlets, intense light sources that also gen-
erate heat along their beam path.

NOTE
Temperature controlled rooms and air conditioned
rooms are severe turbulance areas. If the source
cannot be directly affected, an appropriate size
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fan positioned to mix the air along the measurement
path can greatly reduce random errors due to Therm-
al Turbulence.

D) Abrupt Machine Movements

1. Abrupt machine movements are apparent when beam
alignment is lost when a machine is started, stopped
or transversed quickly. This indicates a mechanical
problem in the table drive system causing out-of-
straightness movements at a rate faster than the
Laser Display can accept, or above a minimum of 20
inches per minute.

11) IF VERTICAL PARALLELISM IS TO BE CHECKED:

A) Follow parallelism instructions in the CalculatorPlotter
Metrology program package.

B) Run second axis after selecting squareness or multiply
the answer from the Parallelism routine by two. Do not
change the sign of the second axis data if parallelism of
two linear axes is measured.

desired:

A) Once the vertical axis data is satisfactory, remove the
Optical Square, Turning Mirror, and Vertical Straighness
Adapter. Do not disturb the Straightness Reflectorl!

B) Align the Laser Head to the Straightness Reflector. Pre-
ferably translate the Laser Head and only slight rotation
may be necessary.

C) Mount the Straightness Interferometer in the spindle and
insert in the Laser Beam, shiny bezel toward the laser
head.

D) Establish beam alignment in the second axis - do not ad-
just the Straightness Reflector!

E) Check the Sign Convention and direction of travel.

13) Take the data for the horizontal axis.
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SECTION XVI

CALIBRATION OF A 4-AXIS GENERAL PURPOSE
MACHINE TOOL OUTLINE

Set up to measure X axis to z axis straightness, squareness
and parallelism shown in Figure 10-2.

Ask the calculator for straightness. Measure the w axis hor-
izontal straightness. petermine max. and min. of precision.
Plot straightness, Slope is stored by the calculator.

Ask the calculator for squareness. Measure straightness of
the z axis head travel. Determine maximum and minimum of
precision. Plot straightness. Slope of z is compared to
slope of w. parallelism is computed and printed.

Ask for straightness. Measure straightness of z axis head
travel again. Straightness plot will be duplicated. Slope
will be duplicated and stored.

Set up for straightness of % axis in the vertical plane. All
optics are remcved except the Straightness Reflector.

Ask for squareness. Measure straightness of x axis in verti-
cal plane. Determine maximum and minimum of precision. Plot
straightness. Slope of x axis vertical straightness is com~-
pared to z axis slope. Squareness 1is computed and printed.

Ask for straightness. Repeat straightness measurement of x
axis vertical plane. Straightness will be repeated and plot~
ted. Slope will be stored.

Ask for squareness. Remove the Interferometer from the spin-
dle and reposition it on a suitable cart to measure table top
flatness in one x axis. See Figure 16-1. Teble top flatness
is plotted. Slope of rable top is compared to axis of
travel slope. Parallelism of table top to table travel in
the x axis is computed and printed. Straightness, square-
ness, and parallelism of the x axis to z axis is now known.
Approximate time required: 1 1/2 hours.

Set up to measure pitch in the x axis. The Laser Head should
not require repositioning or realignment.

Measure X axis pitch. Determine minimum and maximum of pre-
cision. Record data. Determine and record Abbe offseis. 1f
Roll is desired mount a Jdifferential level indicator on the
machine. Measure roll and pitch simultaneously.

Measure x axis yaw. Determine maximum and minimum of repeat-
ability. Record data. petermine and record Abbe offsets. )
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= l Figure 16-1, Table Top Straightness And Slope —
. i
i nine
- 12) Measure w axis Ram yaw. Determine maximum and minimum of =
precision., Record data.
I 13) Measure z axis head yaw. Determine maximum and minimum of
= precision. Record data. Determine and record Abbe offsets.
= l Four of the eight (or five of the nine if roll was measured) -
= angular measurements are complete. From this data overall
- positioning accuracy and precision can be predicted. From -
- I these measurements precision of the x to z axis squareness is -
also known. Approximate required time: 1/2 hour. Total :
~1apsed time 2 hours. i
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14)

15}

16)

17)

18)

19)

20)

21)

24)

25)

Depending on the purpose of this calibration the x,z, and w
axes linear positioning can be checked and compensated now or
in Step 29. Assuming an unknown machine, geometry checks
will continue. Set up to measure vertical straightness of
the w and z axes and squareness and parallelism in the z,y
plane. See Figure 10-2.

Measure vertical straightness of the w axis. Determine nin-
imum and maximum of precision. Straightness is plotted,
Slope is stored.

Ask for squareness. Measure vertical straightness of the z
axis. Straightness is plotted. Parallelism is computed from
the slopes of the w and z axis in the z-y plane and printed,

Ask for straightness. Measure vertical straightness of
the z axis once more. Straightness is duplicated and plot-
ted. Slope is duplicated and stored.

Ask for squareness. Set up to measure straightness in the y
axis vertical plane. Do not reposition the Straightness Re-
flector,

Measure vertical straightness of the y axis. Straightness is
plotted. Squareness is computed from the z axis and y axis
slopes and printed.

Ask for straightness. Measure y axis vertical straightness
once more, Straightness is duplicated and plotted. Slope is
duplicated and stored.

Ask fo squareness. Remove the Interferometer from the spin-
dle. Remount it to measure flatness of the machine table top
in the y axis. Straightness is plotted. Parallelism of the
table top to the y axis of travel is computed and printed.

Straightness, squareness, and parallelism in the plane of y
to x is now known. Estimated required time: 1 1/2 hours.
Total elapsed time 3 1/2 hours.

Set up for angular measurements. No repositioning or re-
aligning of the Laser Head should be necessary.

Measure y axis pitch. Determine minimum and maximum of pre-
cision. Record data. Determine and record Abbe offsets. If
y axis roll is desired measure with a level indicator simul-
taneously with pitch.

Measure y axis yaw. Determine and record minimum and maximum
precision. Record data. Determine and record Abbe offsets.

Measure w axis pitch. Determine and record minimum and max-
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26)

27)

28)

29)

30)

31)

32)

33)
34)

imum repeatability. Record data.

Measure z axis pitch. Determine and recoxd minimum and ma-
ximum precision. Determine and record Abbe offsets.

All angular components are now known. Precision of the y to
z, Yy to w squareness, and z to w parallellism. Linear accur-
acy and precision over much of the working

arca can be determined. Approximate time required: 1/2

hour. Total elapsed time 4 hours.

Set up to measure y to 2z squareness. The Laser Head
ashould not require repositioning or realignment.

Measure y axis straightness in the horizontal plane.
Determine maximum and minimum of precision. Plot straight-
ness. Slope is stored.

Ask for rquareness. Measure X axis straightness in the
horizontal plane. Determine maximum and minimum of
precision. Plot straightness. Squareness of y to z

is calculated and printed.

Straightness, squareness and parallelism in all 3 planes
are now known. Approximate time required: 1/2 hour.
Overall elapsed time 4 1/2 hours.

I1f the previous geometry measuraments indicate that an
acceptable machine exists calibration of the linear axis
scales can begin., Determine where the location of the
calibration axes for the x,y and z axes. Assume that the
last position of the Laser Head was in the y axis.

Ask for General Error Analysis to determine accuracy and
precision. Data will be plotted. Measure linear positioning
¢ the y axis. Store data. Ask for Statistical Error
Analysis. Resulting plots will show y axis accuracy, pre-
cision, and backlash.

Set up to measure linear positioning along the x axis
calibration axis. The resulting plots will show x axis
linear positioning, accuracy, precision and backlash.

Set up to measure linear positioning along the z and/or
w axis calibration axis.

Repeat Step 29 for the z axis.
Repeat Step 29 for the w axis if desired.

Accuracy, precision and backlash are now known for all axes.
Estimated time for 14 runs each axis bidirectional 1/2 inch
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increments on a 30 inch machine: 1 1/2 hours. Overall
calibration time 6 hours. This inspection of a machine tool
provides graphic analysis of most geometric characteristics
that can be analyzed to determine overall ability of the
machine to perform a desired function. This data can be
effective in software compensation of a machine by a CNC con-
troller to minimize the effects of known geometry errors.
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