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Abstract

The lack of procedures for evaluating computer numericaily controlled (CNC)
routers makes it difficult for the buyers and sellers of these machines to
communicate when trying to determine the best machine for a given production
situation. This report provides procedures fo evaluate specific machine
capabilities as related to production situations. By using the procedures, both the
buyers and the sellers will know how the evaluations were made and what the
results mean.
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introduction

Managers of furniture and cabinet manufacturing plants have the difficult task of purchasing
the best computer numerical controlled {CNC) machines for particular situations. They need
machines that will not only perform present tasks but also possible future tasks. Much of the
information needed to compare machines is not available in the sales literature. And,
because procedures are not available for evaluating the machines, managers find it difficult
to communicate with machine dealers in their search for the best machine for the job.

Machine dealers also are concemed about this problem. If a dealer sells a brand “A" CNC
router and it does not meet a plant manager's needs, that manager is going to be upset.
And, he will probably teill others about his dissatisfaction with the machine. The negative
advertising produced by this situation may cause potential buyers to avoid brand "A” when
that machine may be exactly what their production situation requires. Thus, both the seller
and potential buyers of the brand “A” machine losse.

This paper provides procedures for evaluating CNC routers that can be used to help solve
the communication problem between buyers and seilers. By using the procedures, these
individuals can, in effect, speak the same language as they try to match machines to
production situations. it is not necessary to use all of the procedures when evaluating a
router. Only those needed to provide information that is critical to the production situation
need 1o be used. For example, if tool positioning accuracy is only critical in the Z-axis, the
only procedures needed are those that measure the ability of the router to position the tool in
this axis. The procedures for the X-axis and the Y-axis are not necessary. Also, the
procedures do not include recommended tolerances. These values will depend on the
individual production situations and must be determined by the machine user.

it should be emphasized that we are not attempting to set evaluation standards for the
industry. The purpose of this paper is to provide an objective means for the buyers and
sellers of CNC routers to discuss needs in terms of accuracy, repeatability, and suitability for
particular production situations. Howaever, if the secondary processing industry decides to
develop standards in the future, the procedures presented in this paper could provide a good
base to start from.

Following are discussions of the possible uses, the evaluation methods, and the sample

results for each evaluation procedure. The procedures are divided into three categories: (1)
basic evaluations, (2) spindle/table travel evaluations, and (3) machining evaluations.

List of Abbreviations

CNC - computer numerically controlled

CPM - cycles per minute

deg - degrees of angular measurement

£ - voits

F - Fahrenheit

FLP - full load power (kilowatts) requirement of an electric motor

G&M code -  more or less standard computer code for controlling computer
numerically controfled equipment

hp - horsepower

Hz - hertz {one cycle per second)

] - electric current in amperes

IPM - inches per minute

kW - 1000 watls

MDF - medium density fiberboard

min - minutes of angular measurement

mm - millimeters

PC - microcomputer

pf - power factor {electric motors)

RPM - revolutions per minute

sec - seconds of angular measurement

TGP - turned-ground-polished

thou - thousandths of an inch



2.1.1 X-axis Fosltioning

2.0 Spindle/table Travel Evaluations

2.1 Positioning Accuracy

Purpose-—This procedure determines the ability of the router to accurately position a tool in
the X-axis in response to the machine controlier and its program. Rouler construction affects
positioning, which may be a result of the table moving relative to the spindle or the spindle
moving relative to the table. Basically, this reflects the ability of the router’s servo motlor and
ball screw to respond 1o the instructions from the contreiler.

Recommended equipment:

® Class Il helium-neon laser (interferometer) system with optics for measuring linear
displacement. The optics include a beam splitter and two linear reflectors plus the
hardware required for mounting them. The system must allow for environmental
compensations for air temperature, barometric pressure, and relative humidity. it also
shouid ailow for adjustments to be made based on the temperature of the machine
scale and the thermal expansion coefficient of the scale material. The scale in this
situation is the ball screw used to drive the router table or spindle in the axis to be
measured. The laser system must be equivalent to the Renishaw Laser Interferometer
System (ML10) by Renishaw Transducer Systems Limited or the HP5528A Laser
Measurement System by Hewlett Packard.

¢ Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure.

Method-—Before beginning this evaluation, the servo motor and ball screw that controls the
movement in the X-axis should be exercised through at least 20 full cycles. This reduces the
error in positioning that can occur due to cold servo motors and ball screws. Once this is
done, use the following steps.

Step 1
The router controller is programmed to move the table/spindie in the X-axis. If the ball
screw has standard threads, the controller must be programmed to move the table/
spindle 50 mm at a time. if the ball screw has metric threads, the controller must be
programmed 1o move 2 inches at a time. With this movement, the ball screw will not be
in the same rotational position for each position measurement of the tabie/spindle. The
table/spindie must travel the full extent of the X-axis in 2-inch or 50-mm increments.
However, provide at least 1 inch of extra travel past the two end targets to aliow for
changing the direction of travel. Pause between each move to allow the measurement
of the difference between the distance specified by the controfler program and the
distance actually moved. The program also must provide for bi-directional travel so that
measurements can be taken in both the +X and -X directions. After the measurement is
recorded for the last point in a given direction, move the spindie/table ahead 1 inch.
Then reverse the direction of travel 1 inch to the finalpoint for the first measurement in
the other direction. Examples of these programs and their subroutines, titled LINEAR
POSITIONING IN X-AXIS for (STANDARD UNITS) and (METRIC UNITS), are shown in
Figure A.1.1 of Appendix A.1.

Step 2
Set up the laser as instructed in the laser user’s manual. Figure 2.1 shows an example
of the laser optics setup. The laser is aligned down the middie of the table in the X-axis.
Assure that adjustments are made in the laser measurements for air temperature,
barometric pressure, relative humidity, and thermal expansion of the ball screw material.

Step 3
Measure and record {he difference between the controlier instructed moves and the
actual moves of the table/spindle in both directions in the X-axis. Repeat this procedure
for five full forward and reverse cycles.

f}.)
e
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2.1.2 Y-axis Positioning

Results—Piot & graph based on the German VDI 3441 standard showing the differences
between the specified positions and the actual positions of the table/spindie in both the +X
and the -X directions. In collecting data, the table was moved 50 mm at g time because the
ball screws had standard threads. The error in positioning also was measurad in metric
units. However, the software used o provide the analysis has the option of converling the
data to standard units. Figure 2.2 is an example of the graph with representative statistics.
The graph shows mean positional errors in both the positive and negative directions, the bi-
directionai mean positioning error, and the maximum “£3 sigma” repeatability bands from
gither direction of travel, Discussion of the data presented below the graph follows:

¢ Mean Reversal Error (IJ mean) and Maximum Reversal error (U max) are commonly
referred to as ‘backiash’ or ‘ost motion.” They are defined as the difference obtained
from the mean values in both directions of travel for each target position.

¢ Mean Positional Scatter (Ps mean) and Maximum Positional Scatter (Ps max}
represents the effect of random deviations in the positional errors at each position along
the test axis. They may be regarded as a measure of the uni-directional repeatability.

® Pogitional Deviation (Pa) is the maximum difference in the mean positional error values
of all measured points along the test axis.

@ Positional Uncertainty (P) is the totai deviation along the test axis and takes into
account the values of positional deviation, reversal error, and positional scatter at each
point.

The above definitions were taken from the RENISHAW TRANSDUCER SYSTEMS LIMITED,
Laser Interferometer System PC10 User Manual.'

Purpose—This procedure determines the ability of the router to accurately position a tool in
the Y-axis in response to the machine controller and its program. Router construction affects
the positioning, which may be a result of the table moving relative to the spindle or the
spindle moving relative to the table. Basically, this reflects the ability of the router's servo
motor and ball screw to respond to the instructions from the controlier.

Recommended equipment:

® Ciass Il helium-neon laser (interferometer) system with optics for measuring linear
displacement. The optics include a beam splifier and two linear reflectors pius the
hardware required for mounting them. The system must alfow for environmentai
compensations for air temperature, barometric pressure, and relative humidity. 1t aiso
should allow for adjustments to be made based on the temperature of the machine
scale and the thermal expansion coefficient of the scale material. The scale in this
situation is the ball screw used to drive the router table or spindle in the axis o be
measured. The laser system must be equivalent o the Renishaw Laser interferometer
System (ML10) by Renishaw Transducer Systems Limited or the HP5528A Laser
Measurement System by Hewlett Packard.

® Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure.

Method—Before beginning this evaluation, the servo motor and ball screw that controls the
movement in the Y-axis should be exercised through at least 20 full cycles. This reduces the
error in positioning that can occur due to cold servo motors and ball screws. Once this is
done, use the following steps.

2-3
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2.1.3 Z-axis Positioning

ten

o

1
T

he routsr controller is programmed to move the table/spindle in the Yeaxis. I the ball
screw has standard threads, the controlier must be programmed to move the table/
spindle 50 mm at a time. if the ball screw has metric threads, the controller must be
programmed to move 2 inches at a time. With this movement, the ball screw will not be
in the same rotational position for each positional measurement of the lable/spindie.
The table/spindle must travel the full extent of the Y-axis in 2-inch ar 50-mm

increments. However, provide at least 1 inch of extra travel past the two end targets to
allow for changing the direction of travel. Pause between sach move to allow the
measurement of the difference between the distance specified by the controfler program
and the distance actually moved. The program also must provide for bi-directional
travel so that measuremenis can be taken in both the +Y and -Y directions. Afier the
measurement is recorded for the last point in a given direction, move the spindle/table
ahead 1 inch. Then reverse the direction of travel 1 inch to the final point for the first
measurement in the other direction. Examples of these programs and their subroutines,
titted LINEAR POSITIONING IN Y-AXIS for (STANDARD UNITS) and (METRIC UNITS),
are shown in Figure A.1.1 of Appendix A.1.

Step 2
Set up the laser as instructed in the laser user's manual. Figure 2.3 shows an example
of the laser optics setup. Assure that adjustments are made in the laser measurements
for air temperature, barometric pressure, relative humidity, and thermal expansion of the
ball screw material.

Step 3
Measure and record the difference between the controller instructed moves and the
actual moves of the table/spindle in both directions in the Y-axis. Repeat this procedure
for five full forward and reverse cycles.

Hesults—Plot a graph based on the German VDI 3441 standard showing the differences
between the specified positions and the actual positions of the table/spindle travel in both the
+Y and the -Y directions. In collecting data, the table was moved 50 mm at a time because
the ball screws had standard threads. The error in positioning also was measured metric
units. However, the software used to provide the analysis has the option of converting the
data to standard units, Figure 2.4 is an example of the graph with representative statistics.
The graph shows mean positional errors in both the positive and negative directions, the bi-
directional mean positioning error, and the maximum "3 sigma” repeatability bands from
either direction of travel. See section 2.1.1 “X-axis Positioning” for a discussion of the data
presented at the bottom of the graph.

Purpose—This procedure determines the ability of the router to accurately position a tool in
the Z-axis in response to the machine controlier and its program. Router construction affects
positicning of which may be a result of the table moving refative fo the spindle or the spindie
moving relative to the table. Basically, this reflects the abiiity of the router's servo motor and
ball screw to respond to the instructions from the controtler.

Recommended equipment:

® Class il helium-neon laser {interferometer) system with optics for measuring linear
displacement. The optics include a beam splitter and two linear reflectors plus the
hardware required for mounting them. The system must allow for environmental
compensations for air temperature, barometric pressure, and relative humidity, 1t also
should allow for adjustments to be made based on the temperature of the machine
scale and the thermal expansion coefficient of the scale material. The scale in this
situation is the ball screw used to drive the router table or spindle in the axis (o be
measured. The laser system must be equivalent o the Rerushaw Laser interferometer
System {ML10) by Renishaw Transducer Systems Limited or the HP5528A Laser
Measurement System by Hewlett Packard.
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2.2.1 X-axis Feed Rate

Accuracy

® Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procsdure.

Method—Before beginning this evaluation, the servo motor and ball screw that controls the
movement in the Z-axis should be exercised through at least 20 full cycles. This reduces the
error in positioning that can occur due to cold servo motors and ball screws. Once this is
done, use the {ollowing steps.

Step 1
The router controller is programmed to move the table/spindie in the Z-axis. If the ball
screw has standard threads, the controller must be programmed to move the table/
spindie 6 mm at a time. If the ball screw has metric threads, the controiler must be
programmed 1o move 0.25 inch at a time. With this movement, the ball screw will not
be in the same rotational position for each position measurement of the table/spindle.
The table/spindie must trave! the full extent of the Z-axis in 0.25-inch or 6 mm
increments. However, provide at least 0.25 inch of extra travel past the two end targets
to allow for changing the direction of travel. Pause between each move to allow the
measurement of the difference between the distance specified by the controller program
and the distance actually moved. The program also must provide for bi-directional
travel so that measurements can be taken in both the +Z and -Z directions. After the
measurement is recorded for the last point in a given direction, move the spindle/able
ahead 0.25 inch. Then reverse the direction of travel 0.25 inch to the final point for the
first measurement in the other direction. Examples of these programs and their
subroutines, titled LINEAR POSITIONING IN Z-AXIS for (STANDARD UNITS) and
(METRIC UNITS), are shown in Figure A.1.1 of Appendix A.1.

Step 2 .
Set up the laser as instructed in the laser user's manual. Figure 2.5 shows an example
of the laser optics setup. Assure that adjustments are made in the laser measurements
for air temperature, barometric pressure, relative humidity, and thermal expansion of the
ball screw material.

Step 3
Measure and record the difference between the confroller instructed moves and the
actual moves of the table/spindie in both directions in the Z-axis. Repeat this procedure
for five full forward and reverse cycles.

Results—Plot a graph based on the German VDI 3441 standard showing the differences
between the specified positions and the actual positions of the table/spindie travel in both the
+Z and the -Z directions. In collecting data, the table was moved 6 mm at a time because
the ball screws had standard threads. The error in positioning also was measured in metric
units. However, the software used to provide the analysis has the option of converting the
data to standard units. Figure 2.6 is an example of the graph with representative statistics.
The graph shows mean positional errors in  both the positive and negative directions, the bi-
directional mean positioning error, and the maximum “£3 sigma” repeatability bands from
either direction of travel. See section 2.1.1 "X-axis Positioning” for a discussion of the data
presented at the bottom of the graphic plot.

2.2 Feed Rate Accuracy

Purpose~—This procedure determines the ability of the router o provide accurate tool feed
rates in the X-axis as set by the machine controller and its program. Houter construction
affects the feed, which may be a result of the table moving reiative to the spindie or the
spindle moving relative to the iable. Basically, this reflects the ability of the router's servo
motor and ball screw to respond to the instructions from the controller.

Recommended equipment:
® Class If helium-necn laser {interferometer) system with optics for measuring linear

velocity. The optics {same as those used for linear displacement) include a beam
splitter and two linear reflectors plus the hardware required for mounting them. The
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2.2.2 Y-axis Feed Rate
Accuracy

system must allow for environmental compensations for air tempserature, barometric
pressure, and relative humidity. 1t also should ailow for adjustments to be made based
on the temperature of the machine scale and the thermal expansion coefficient of the
scale material. The scale in this situation is the ball screw used o drive the router table
or spindie in the axis to be measured. The laser sysiem must be equivalent fo the
Renishaw Laser interferometer System (ML10) by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlett Packard.

& Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure,

Method—Before beginning this evaluation, the servo motor and ball screw that controls the
movement in the X-axis should be exercised through at least 20 full cycles. This is done so
that measurements are not taken on a cold servo motor and ball screw. Once this is done,
use the following steps.

Step 1
Deveiop a program for the controller that moves the table/spindle the full length of travel
in the X-axis at a feed rate of 50 inches per minute and then returns {o the start
position. Have the program repeat this procedure for feed rate increments of 50 inches
per minute (that is, 100, 150, and so on} until the maximum X-axis feed rate is reached.
An example of this program and its subroutine, titted SAMPLE FEED RATE
PROGRAMS (X-AXIS), is shown in Figure A.2.1 of Appendix A.2,

Step 2
Set up and align the laser as instructed in the laser user’s manual. Figure 2.7 shows an
example of the laser optics setup. The laser is aligned down the middie of the table in
the X-axis. Assure that adjustments are made for air temperalure, barometric pressure,
relative humidity, and thermal expansion of the ball screw material.

Step 3
Run the controller program and record the laser measured feed rate at the midpoint of
table/spindie travel for each feed rate set up in the controller program.

Result—Plot a graph of the differences between the specified feed rate and the actual feed
rate of the table/spindle travel. Figure 2.8 shows an example of such a plot.

Purpose—This procedure determines the ability of the router to provide accurate too! feed
rates in the Y-axis as set by the machine controiler and its program. Router construction
affects the feed which may be as a result of the table moving relative to the spindle or the
spindle moving relative to the table. Basically, this reflects the ability of the router’s servo
motor and ball screw to respond to the instructions from the controller.

Recommended equipment:

® Class Il helium-neon laser (interferometer) system with optics for measuring linear
velocity. The optics (same as those used for linear displacement) include a beam
splitter and two linear reflectors plus the hardware required for mounting them. The
system must allow for environmental compensations for air temperature, barometric
pressure, and relative humidity. 1t also should allow for adjustments to be made based
on the temperature of the machine scale and the thermal expansion coefficient of the
scale material. The scale in this situation is the ball screw used to drive the router tabie
or spindie in the axis to be measured. The laser systermn must be equivalent to the
Renishaw Laser Interferometer System (ML10) by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlett Packard.



‘SIXB-X 8U; Ul Aoeinooe ejel pas; Buunseeuw 10} dnies Jeset—/ g ainbiy

S @&pmmw§ﬁ%me%J
,,,,,,,,,, (LN0) Wv3g ¥3sVY

A
[ﬂ\l\u\%x\\\w\\

— T

o il HILINOYIANILNI
HOLOTT43Y I

HYANIT

u .. (31avl NO)
TIONIdS — &2 3LV1d ONILNNOW

2-12



"WaIsAS Jese| Ag painsesiu Se sixe-X sy ul Aoginnoe ajel pas) Buimoys synsay—g'z ainbiy
JAg
. rE/62/E 830
IUDT 3B D07 ON Tetdss
X (8SIXY T ON "Y31N0H .sUtysen
(Utw/s8yout) AJTI0TBA LO7d "HOHET ALIDOT3A
086 o8y 00p Q2e ove 097 o8 0 .
i T l I T ¥ I SN Jxx..,.,(q. g ¥
|
) |
f, m .
| ,+ g -
[ M
b }
\ f \ I 6 0-
. __
{ ! \ !
,_ .A/ , _U%
M A - 870~ -y
| \ ;
\ / \ \
\ _, \ ,// \\ \\)... x mW Q...; m.
| A / 7 /. 7 9]
| /
\ \ \ / // e /,, \ 0 w
/ « \ Y% \ 0
/ \ \ / ~
/ | \ \ / 2
/ _M, ,./, 3\ \ I mw O /nm\
i /
,,,. | ./
L v 7 P80
,_ / r 6°0
o'l
i a%s 3\ H !
(SIXY-X] ALIO0T3A

g7
NOLLYHEI YO ALTI013A

2-13



2.2.3 Z-sxis Feed Rate

2-14

Accuracy

® Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure.

Method—Before beginning this evaluation, the servo motor and bali screw that controis the
movement in the Y-axis should be exercised through at least 20 full cycles. This is done so
that measurements are not taken on a cold servo motor and ball screw. Once this is done,
use the following steps.

Step 1
Develop a program for the controlter that moves the table/spindle the full length of travel
in the Y-axis at a feed rate of 50 inches per minute and then returns to the start
position. Have the program repeat this procedure for feed rate increments of 50 inches
per minute (that is, 100, 150, and so on) until the maximum Y-axis feed rate is reached.
An example of this program and its subroutine, titted SAMPLE FEED RATE
PROGRAMS (Y-AXIS), is shown in Figure A.2.1 of Appendix A.2.

Step 2
Set up and align the lasar as instructed in the laser user’s manual. Figure 2.9 shows an
example of the laser optics setup. Assure that adjustments are made for air
temperature, barometric pressure, relative humidity, and thermal expansion of the ball
screw material.

Step 3
Run the controlier program and record the laser measured feed rate at the midpoint of
table/spindle travel for each feed rate set up in the controlier program.

Rasults—Plot a graph of the differences betwsen the specified feed [ate and the actual feed
rate of the table/spindle travel. Figure 2.10 shows an example of such a plot.

Purpose—This procedure determines the ability of the router to provide accurate tool feed
rates in the Z-axis as set by the machine controller and its program. Router construction
affects the feed, which may be a result of the table moving relative to the spindle or the
spindle moving relative to the table. Basically, this reflects the ability of the router’s servo
motor and ball screw to respond to the instructions from the controller.

Recommended equipment:

¢ (Class Il helium-neon laser (interferometer) system with optics for measuring linear
velocity. The optics (same as those used for linear displacement) include a beam
splitter and two linear reflectors plus the hardware required for mounting them. The
system must allow for environmental compensations for air temperature, barometric
pressure, and relative humidity. it also should allow for adjustments to be made based
on the temperature of the machine scale and the thermal expansion coefficient of the
scale material. The scale in this situation is the ball screw used to drive the router table
or spindle in the axis to be measured. The laser system must be equivalent to the
Renishaw Laser Interferometer System (ML10) by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlett Packard.

® Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure. ,
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2.3.1 X-axis Straightness
(Horizontal &
Vertical Planes)

Method-—Before beginning this evaluation, the servo motor and ball screw thal controls the
movemeant in the Z-axis should be exercisad through at least 20 full cycles. This iz done so
that measurements are not taken on a cold servo motor and ball screw. Onoe this is done,
use ths following steps.

Step 1
Develop a program for the controller that moves the table/spindie the full length of trave!
in the Z-axis at a feed rate of 50 inches per minute and then returns to the start
position. Have the program repeat this procedure for feed rate increments of 50 inchses
per minutes (that is, 100, 150, and so on) until the maximum Z-axis feed rate is
reached. An example of this program and its subroutine, fitled SAMPLE FEED RATE
PROGRAMS (Z-AXIS), is shown in Figure A.2.1 of Appendix A.2.

Step 2
Set up and align the laser as instructed in the laser user’s manual. Figure 2.11 shows
an example of the laser optics setup. Assure that adjustments are made for air
temperature, barometric pressure, relative humidity, and thermal expansion of the ball
screw material,

Step 3
Run the controller program and record the laser measured feed rate at the midpoint of
table/spindle travel for each feed rate set up in the controller program.

Resufts—Plot a graph of the differences between the specified feed rate and the actual feed
rate of the table/spindle travel. Figurse 2.12 shows an example of such a plot.

2.3 Straightness

Purpose—This procedure determines the ability of the router to move a cutting tool in a
straight line when moving in both the horizontal and vertical planes of the X-axis. Router
construction affects the movement, which may be a result of the table moving relative to the
spindle or the spindle moving relative to the table. Basically, this reflects the straightness
and alignment of the ways used to guide the table/spindle.

Recommended equipment;

® (Class 1l helium-neon laser (interferometer) system with optics for measuring linear
straightness. The optics include a straightness interferometer and straightness reflector
plus the hardware required for mounting them. [t is not necessary 1o make
environmental compensations for air temperature, barometric pressure, and relative
humidity. However, follow the recommendations of the laser manufacturer concerning
air turbulence, heaters, and air fans. The laser system must be equivalent {o the
Renishaw Laser interferometer System (ML10) by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlett Packard.

& Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure.

Method—Before beginning this evaluation, the servo motor and ball screw that controls the
movement in the X-axis should be exercised through at least 20 full cycles. This reduces the
error in positioning for data collection that can occur due to cold servo motors and ball
screws. Once this is done, use the following steps.
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2-20

Steo 1
Develop a program for the controller that moves the table/spindie the full length of the
X-axis in 2-inch increments. However, provide at least 1 inch of extra trave! past the
two end targets to allow for changing the direction of travel. Pause between each move
to allow the measurement of the deviation in straightness of travel. The program also
must provide for bi-directional travel so that measurements can be taken in both the +X
and -X directions. After the measurement is recorded for the last point in a given
direction, move the spindle/table ahead 1 inch. Then reverse the direction of travel 1
inch to the final point for the first measurement in the other direction. An example of
this program and its subroutines, titled LINEAR POSITIONING IN X-AXIS (STANDARD
UNITS), is shown in Figure A.1.1 of Appendix A.1.

Step 2
Set up and align the laser for determining straightness in the horizontal plane as shown
in Figure 2.13. The laser is aligned down the middle of the table in the X-axis. Be sure
to foliow the instructions in the laser user's manual conceming air turbulence, heaters,
and air fans.

Step 3
Measure and record the deviation in straightness of travel at the start point and at the
end of each 2-inch move in both the +X and the -X directions. Repeat this procedure
for five full forward and reverse cycles.

Step 4
Move the straightness interferometer to the -X end of the table as shown in Figure 2.14
and repeat Step 3.

Step 5 .
Repeat Steps 2, 3, and 4 with the iaser set up for determining straightness of travel in
the vertical plane as shown in Figures 2.15 and 2.16.

Results—Plot graphs based on the British Standard (BS 46586, Part 16} showing least-
squares fits of the straightness errors in table/spindle travel for both the +X and the -X
directions. These plots are provided for straightness errors in both the horizontal and
vertical planes. Figures 2.17 and 2.18 show examples of the plots and representative
statistics for straightness in the horizontal plane with the straightness interferometer
positioned at both the +X and -X ends of the table. Figures 2.18 and 2.20 show examples of
the plots and representative statistics for straightness in the vertical plane with the
straightness interferometer positioned at both the +X and -X ends of the table. These
outputs indicate the straightness of the ways for the entire length of travel. The first two plots
show the mean straightness errors in both the positive and negative directions along with the
“+3 sigma” repeatability bands. The third plot shows both the positive and negative mean
straightness errors along with the combined repeatability bands. A discussion of the data
presented at the bottom of the graph follows:

e Accuracy is the difference between the maximum and minimum values of the mean plus
3 standard deviations and the mean minus 3 standard deviations, respectively,
regardiess of travel direction.

® Uni-directional Repeatability (Uni-dir. Rep) is the maximum value of the difference
between the mean plus 3 standard deviations and the mean minus 3 standard
deviations at any given point, within either direction of travel.

& Bi-directional Repeatability (Bi-dir. Rep) is the maximum value of the difference between
the mean plus 3 standard deviations and the mean minus 3 standard deviations at any
given point, within both directions of travel. The two maximum values can be taken
from different directions of travel.

® fMean Reversal Error (Mean rev) is the mean value of the differences between the
mean straightness errors for the two directions of travel.

Text continues on page 53
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Figure 2.13—Laser setup for measuring horizontal straightness in the X-axis travel
with straightness interferometer at the +X end of tabla.
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Figure 2.14—Laser setup for measuring horizontal straightness in the X-axis travel
with straightness interferometer at the -X end of tabie.
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Figure 2.15—Laser setup for measuring vertical straightness in the X-axis travel
with straightness interferometer at the +X end of table.
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Figure 2.16—Laser setup for measuring vertical straighiness in the X-axis travel
with straightness interferometer at the -X end of table.
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Figure 2.17—Results showing horizonta! straightness in the X-axis travel with the straightness
interferometer at the +X end of table,
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Figure 2.18—Results showing horizontal straightness in the X-axis trave! with the straightness
interferometer at the -X end of table.
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Figure 2.19—Results showing vertical straightness in the X-axis travel with the straightness
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2.3.2 Y-axis Straighiness
(Horizontal &
Vertical Planes)

® Slope is the misalignment angle between the lasar beam used for data capture and the
straighiness datum as determined by the analysis.

# Straighiness Error {Str. Error) is the sum of the maximum and minimum excursions of
the rmean straightness errors from the straighiness datum defined by the analysis.

The above definitions were taken from the RENISHAW TRANSDUCER SYSTEMS LIMITED,
Laser Interferometer System PC10 User Manual.’

Purpose—This procedure determines the ability of the router to move a cutting tool in a
straight line when moving in both the horizontal and vertical pianes of the Y-axis. Router
construction affects the movement, which may be a result of the table moving relative fo the
spindie or the spindle moving relative to the table. Basically, this reflects the straighiness
and alignment of the ways used to guide the table/spindle.

Recommended equipment:

® Class ll hefium-neon laser (interferometer) system with optics for measuring linear
straightness. The optics inciude a straightness interferometer and straighiness reflector
plus the hardware required for mounting them. It is not necessary to make
environmental compensations for air temperature, baromeiric pressure, and relative
humidity. Howaver, follow the recommendations of the laser manufacturer concerning
air turbulence, heaters, and air fans, The laser system must be equivalent to the
Renishaw Laser Interferometer System (ML10) by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlstt Packard.

Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure.

Method—Before beginning this evaluation, the servo miotor and ball screw that conirol the
movement in the Y-axis should be exercised through at least 20 full cycles. This reduces the
error in positioning for data collection that can occur due to cold servo motors and ball
screws. Once this is done, use the following steps.

Step 1
Develop a program for the controller that moves the table/spindie the full length of the Y-
axis in 2-inch increments. However, provide at least 1 inch of extra travel past the two
end targets to alfow for changing the direction of travel. Pause between each move o
allow the measurement of the deviation in straightness of travel. The program also
must provide for bi-directional travel so that measurements can be taken in both the +Y
and -Y directions. After the measurement is recorded for the last point in a given
direction, move the spindie/table ahead 1 inch. Then reverse the direction of travel 1
inch to the final point for the first measurement in the other direction. An exampie of
this program and its subroutines, titled LINEAR POSITIONING IN Y-AXIS (STANDARD

UNITS), are shown in Figure A.1.1 of Appendix A1

Step 2
Set up and align the laser for determining straightness in the horizontal plane as shown
in Figure 2.21. Be sure to follow the instructions in the laser user’s manual conceming

air turbulence, heaters, and air fans.

Step 3
Measure and record the deviation in sfraightness of travel at the start point and at the

end of each 2-inch move in both the +Y and the -Y directions. Repeat this procedure
for five full forward and reverse cycles.

2-27



2-28

TRAVEL
__ STRAIGHTNESS
INTERFEROMETER
x},‘\\\
“a,
\\
< STRAIGHTNESS
REFLECTOR
l N e
Y~ LASER BEAM EOUT} ,,,,,,,,,,,,,,,,,,,,,
LASER BEAM (RETURN) __
Figure 2.21~—Laser setup for measuring horizontal straightness in the Y-axis travel.
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Figure 2.22— aser setup for measuring vertical straightness in the Y-axis travel.
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2.3.3 Z-axis Stralghiness
(XZ- & YZ-Planes)

Step 4
Repsat Steps 2 and 3 with the laser set up for determining straightness of trave! in the
vertical ptane as shown in Figure 2.22.

Results—Plot graphs based on the Brilish Standard (BS 4656, Part 18) showing least-
squarss fit of the straightness errors in tabie/spindle travel for both the +Y and the -Y
directions. Figure 2.23 shows an example of the plot and representative stafistics for
straighiness in the horizontal plane. Figure 2.24 shows an example of the plot and
representative statistics for straightness in the verlical plane. The first two piots show the
mean straighiness errors in both the positive and negative directions along with the “+3
sigma” repeatability bands. The third plot shows both the positive and negative mean
straightness errors along with the combined repeatability bands. See section 2.3.1 "K-axis
Straightness (Horizontal & Vertical Plane)” for a discussion of the data presented at the
bottom of the graph.

Purpose—This procedure determines the ability of the router to move a cutting tool in a
straight fine when moving in both the XZ-plane and YZ-plane of the Z-axis. Router
construction affects the movement, which may be a result of the table moving relative to the
spindle or the spindle moving relative to the table. Basically, this reflects the straighiness
and alignment of the ways used to guide the table/spindle.

Recommended equipment;

& (Class !l helium-naon laser (interferometer) system with optics for measuring linear
straightness. The optics include a straightness interferomaeter, straightness refiector,
vertical turning mirror, and a retroreflector plus the hardware required for mounting
them. It is not necessary to make environmental compensations for air temperature,
barometric pressure, and relative humidity. However, follow the recommendations of
the laser manufacturer concerning air turbulence, heaters, and air fans. The laser
system must be equivalent to the Renishaw Laser interferometer System (ML10) by
Renishaw Transducer Systems Limited or the HP5528A Laser Measurement System by
Hewlett Packard,

e Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necassary, they greatly facilitate collecting and analyzing the data for
this procedure.

Method—Before beginning thisevaluation, the servo motor and ball screw that control the
movement in the Z-axis should be exercised through at least 20 full cycles. This reduces the
arror in positioning for data collection that can occur due to cold servo motors and ball
screws, Once this is done, use the following steps.

Step 1
Develop a program for the controller that moves the table/spindie the full length of the
Z-axis in 0.25-inch increments. However, provide at ieast 0.25 inch of extra travel past
the two end targets to allow for changing the direction of travel. Pause between each
move to allow the measurement of the deviation in straightness of travel. The program
also must provide for bi-directional travel so that measurements can be faken in both
the +Z and -Z directions. After the measurement is recorded for the last point in a given
direction, move the spindle/table ahead 0.25 inch and then the direction of travel
reversed the 0.25 inch to the final point for the first measurement in the other direction.
An example of this program and its subroutines, titled LINEAR POSITIONING IN Z-
AXIS (STANDARD UNITS), are shown in Figure A.1.1 of Appendix A1,
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2.4.1 X-axis Plich and

Yaw

Step 2
Set up and align the laser for determining straightness in the XZ-plane as shown in
Figure 2.25. Be sure to follow the instructions in the laser user's manual concerning akr
turbulence, heaters, and air fans.

Step 3
Measure and record the deviation in straightness of travel at the start point and at the
end of each 0.25 inch movs in both the +Z and the -Z directions. Repeat this procedure
for five full forward and reverse cycles,

Step 4
Repeat Steps 2 and 3 with the laser set up for determining straightness of travel in the
YZ-piane as shown in Figure 2.26.

Results—Plot graphs based on the British Standard (BS 4656, Part 18) showing least-
squares fits of the straightness errors in table/spindle travel in both the XZ- and YZ-planes for
travel in both the +Z and the -Z directions, Figure 2.27 shows an example of the plot and
representative statistics for straightness in the XZ-plane. Figure 2.28 shows an example of
the plot and representative statistics for straightness in the YZ-plane. The first two plots
show the mean straightness errors in both the positive and negative directions along with the
“+3 sigma” repeatability bands. The third plot shows both the positive and negative mean
straightness errors along with the combined repeatability bands, See section 2.3.1 “X-axis
Straightness (Horizontal & Vertical Plane)” for a discussion of the data presented at the
bottom of the graph.

2.4 Pitch and Yaw

Purpose-—This procedure determines pitch and yaw in the router table/spindle as it moves in
the X-axis. Router construction affects the movement, which may be a result of the table
moving relative to the spindle or the spindle moving relative {0 the table. Basically, this
reflects the straighiness and alignment of the ways used to guide the table/spindie.

Recommended equipment:

® Class 1l helium-neon laser (interferometer) system with optics for measuring angular
{pitch and yaw) deviations. The optics include an angular interferometer and angular
reflector. Pitch and yaw measurements do not require environmental compensations
for air temperature, barometric pressure, and relative humidity. And, it is not necessary
o make adjustments for the thermal expansion of the scale material. The scale in this
situatior is the ball screw used to drive the router table or spindle in the axis to be
measured. However, follow the recommendations of the laser manufacturer concerning
air furbulence, heaters, and air fans. The laser system must be equivalent to the
Renishaw Laser Interferometer Systemn (ML10) by Renishaw Transducer Systems
Limited or the HPS5528A Laser Measurement System by Hewlett Packard,

® Microcomputer (PC) and software to record and plot the pitch and yaw information.
Although the PC and software are not necessary, they greatly facilitate data
collection and plotting for this procedure.

Method-—Before beginning this evaluation, the servo motor and bail screw that control the
movement in the X-axis should be exercised through at least 20 full cycles. This reduces the
etror in positioning for data collection that can occur due to cold serve motors and ball
screws. Once this is done, use the following steps.

Step 1
Davelop a program for the controller that moves the table/spindle the full length of the
X-axis in 2-inch increments. However, provide at leust 1 inch of extra travel past the
two end targeis to allow for changing the direction of travel. Pause between each
move to allow the measurement of the pitch and yaw. This program also must provide
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2.4.2 Y-axis Pitch and

Yaw

for bi-directional travel so that measuremenis can be taken in both the +X and -X
directions, After the rmeasurement is recorded for the last point in a given direction,
move the spindle/table ahead 1 inch. Then reverse the direction of travel the 1 inch 1o
the final point for the first measurement in the other direction. An example of this
program and its subroutines, titled LINEAR POSITIONING IN X-AKIS (STANDARD
UNITS), is shown in Figure A.1.1 of Appendix A1,

Step 2
Set up and align the laser for determining pitch as shown in Figure 2.29. The laser is
aligned down the middle of the table in the X-axis. Be sure to follow the instructions in
the laser user's manual concarning air turbulence, heaters, and air fans.

Step 3
Measure and record the pitch at the start point and at the end of each 2-inch move in
both the +X and the -X directions, Hepeat this procedure for five full forward and
reverse cycles.

Step 4
Repeat Steps 2 and 3 with the laser set up for determining yaw as shown in Figure
2.30.

Results—-Plot graphs of the pitch as shown in Figure 2.31. Plot graphs of the yaw as shown
in Figure 2.32. Both graphs are to be based on the German VDI 3441 standard. The graphs
show mean angular errors in both the positive and negative directions, the bi-directional
mean angular error, and the maximum “+3 sigma’ repeatability bands from either direction of
travel. See section 2.1.1 “X-axis Positioning” for a discussion of the statistics presented at
the bottom of the graphic plot.

Purpose—This procedure determines pitch and yaw in the router table/spindie as it moves in
the Y-axis. Router construction affects the movement, which may be a result of the table
moving relative to the spindle or the spindle moving relative to the table. Basically, this
reflects the straightness and alignment of the ways used to guide the table/spindle.

Hecommended equipment:

® Class !f helium-neon laser (interferometer) system with optics for measuring angular
{pitch and yaw) deviations. The oplics include an angular inlerferometer and angular
reflector. Pitch and yaw measurements do not require environmental compensations
for air temperature, barometric pressure, and relative humidity, And, it is not necessary
to make adjustments for the thermal expansion of the scale material. The scale in this
situation is the ball screw used to drive the router lable or spindle in the axis to be
measured. However, follow the recommendations of the laser manufacturer concerning
air turbulence, heaters, and air fans. The laser system must be equivalent 1o the
Henishaw Laser Interferometer System (ML10} by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlett Packard.

@ Microcomputer {(PC) and software to record and plot the pitch and yaw information.
Although the PC and software are not necessary, they greaily facilitate data collection
and pletting for this procedure.

Method—Before beginning this evaluation, the servo motor and ball screw that control the
movement in the Y-axis should be exercised through atl least 20 full cycles. This reduces the
error in positioning for data collection that can occur due to cold servo motors and ball
screws. Once this is done, use the following steps.

Step 1
Develop a program for the controller that moves the table/spindle the full length of the v-
axig in 2-inch incremenis. Howsver, provide at least 1 inch of exira travel past the two
end targeis to allow for changing the direction of travel. Pause between each move 1o
allow the measurement of the pitch and yaw. This program aiso must provide for bi-
directional travel so that measurements can be taken in both the +Y and -Y directions.
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2.4.3 Z-axis Pltch and

2-40

Yaw

After the measurement is recorded for the last point in a given direction, move the
spindle/table ahead 1 inch. Then reverse the direction of travel 1 inch to the final point
for the first measurement in the other direction. An exampie of this program and its
subroutines, titled LINEAR POSITIONING IN Y-AXIS (STANDARD UNITS), is shown in
Figure A.1.1 of Appendix A.1.

Step 2
Set up and align the laser for determining pitch as shown in Figure 2.33. f the table
moves in the Y-axis, the laser is aligned down the middle of the table in the Y-axis. Be
sure to {ollow the instructions in the laser user's manuai conceming air turbulence,
heaters, and air fans.

Step 3
Measure and record the pitch at the start point and at the end of each 2-inch move in
both the +Y and the -Y directions. Repeat this procedure for five full forward and
reverse cycles.

Step 4
Repeat Steps 2 and 3 with the laser set up for determining yaw as shown in Figure
2.34.

Results—Plot graphs of the pitch as shown in Figure 2.35. Plot graphs of the yaw as shown
in Figure 2.36. Both graphs are to be based on the German VDI 3441 standard. The graphs
show mean angular errors in both the positive and negative directions, the bi-directional
mean angular error, and the maximum "3 sigma” repeatability bands from either direction of
travel. See section 2.1.1 “X-axis Positioning™ for a discussion of the statistics presented at
the bottom of the graphic. .

LT

Purpose—This procedure determines pitch and yaw in the router table/spindle as it moves in
the Z-axis. Router construction affects the movement, which may be a result of the table
moving relative to the spindle or the spindie moving relative to the table. Basically, this
reflects the straightness and alignment of the ways used to guide the table/spindle.

Recommended equipment:

¢ Class il helium-neon laser (interferometer) system with optics for measuring angular
(pitch and yaw) deviations. The optics include an angular interferometer and angular
reflector. Pitch and yaw measurements do not require environmental compensations for
air temperature, barometric pressure, and relative humidity. And, it is not necessary to
make adjustments for the thermal expansion of the scale material. The scale in this
situation is the ball screw used to drive the router table or spindle in the axis to be
measured. However, follow the recommendations of the laser manufacturer concerning
air turbulence, heaters, and air fans. The laser system must be equivalent to the
Renishaw Laser Interferometer System (ML10) by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlett Packard.

e Microcomputer (PC) and software to record and plot the pitch and yaw information.
Although the PC and software are not necessary, they greatly facilitate data collection
and plotting for this procedure.

Method-—Before beginning this evaluation, the servo motor and ball screw that control the
movement in the Z-axis should be exercised through at least 20 full cycles. This reduces the
error in positioning for data collection that can occur due to cold servo motors and bait
screws. Once this is done, use the following steps.

Step 1
Develop a program for the controller that moves the table/spindle the full length of the
Z-axis in 0.25-inch increments. However, provide at least 0.25 inch of extra travel past
the two end targets to allow for changing the direction of travel. Pause between each
move o allow the measurement of the pitch and yaw. This program also must provide
for bi-directional travel so that measurements can be taken in both the +Z and -Z
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2.5.1 XY-Plan

2-44

Squareness

directions, After the measurement is recorded for the last point in a given direction,
move the spindle/table ahead 0.25 inch. Then reverse the direction of trave! §.25 inch
ic the final point for the first measurement in the other direction. An example of this
program and its subroutines, titled LINEAR POSITIONING IN Z-AX|S {STANDARD
UNITS), is shown in Figurs A.1.1 of Appendix A1,

Step 2
Set up and align the laser for determining pitch as shown in Figure 2.37. |f the table
moves in the Z-axis, the laser is aligned down the middle of the table in the Z-axis. Be
sure to follow the instructions in the laser user's manual concerning air turbulence,
heaters, and air fans.

Step 3
Measure and record the pitch at the start point and at the end of each 1/4-inch move in
both the +Z and the -Z directions. Repeat this procedure for five full forward and
reverse cycles,

Step 4
Repeat Steps 2 and 3 with the laser set up for determining yaw as shown in Figure
2.38.

Results—Plot graphs of the pitch as shown in Figure 2.39. Plot graphs of the yaw as shown
in Figure 2.40. Both plots are to be based on the German VDI 3441 standard. The graphs
show mean angular errors in both the positive and negative directions, the bi-directional
mean angular error, and the maximum “£3 sigma” repeatability bands from either direction of
travel. See section 2.1.1 “X-axis Positioning” for a discussion of the data presented at the
bottom of the graphics

2.5 Squareness

Purpose—This procedure determines the ability of the router to make a right angle
movement of the tool in the XY-plane. Router construction affects the movement, which may
be a result of the table and/or the spindle moving. Basically, this reflects the straightness
and perpendicular alignment of the ways used to guide the table and spindle during
movement.

Recommended equipment:

¢ Class li helium-neon laser (inlerferometer) system with optics for measuring
squareness. The optics include a straightness interferometer, straightness reflector,
and optical square. [t is not necessary to make envirornmental compensations for air
temperature, barometric pressure, and relative humidity. However, follow the
recommendations of the laser manufacturer concerning air turbulence, heaters, and air
fans. The laser system must be equivalent {o the Renishaw Laser Interferometer
System (ML10) by Renishaw Transducer Systems Limited or the HP5528A Laser
Measurement System by Hewlett Packard.

® Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedurs.

Method—Before beginning this evaluation, the servo motors and ball screws that control the
movement in both the X-axis and the Y-axis should be exercised through at least 20 fuil
cycles. This reduces the error in positioning for data collection that can occur due o cold
servo moters and ball screws. QOnce this is done, use the foliowing steps.

Step 1
Develop a program for the controller that moves the table/spindle the length of the X-
axis in 2-inch increments. However, provide at least 1 inch of extra travel past the two
end targets to allow for changing the direction of travel. Pause bstween each move to
allow the measurement of the deviation in straightness of travel. This program also
must provide for bi-directional travel so that measurements can be taken in both the +X
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2.5.2 XZ-Plane
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Squareness

and -X directions. An example of this program and its subroutines, titled LINEAR
POSITIONING IN X-AXiS (STANDARD UNITS), is shown in Figure A.1.1 of Appendix
At

Step 2
Develop a similar program for movement of the table/spindle in the Y-axis. An example
of this program and its subroutines tittied LINEAR POSITIONING IN Y-AXIS
(STANDARD UNITS) is shown in Figure A1.1 of Appendix A.1.

Step 3
Set up and align the laser for determining squarensss of travel in the XY-plang as
instructed by the user's manual for your laser. The setup used will depend on whether
table and/or the spindle moves. Figure 2.41 shows the first setup for a router with a
fable that moves in the X-axis and a spindle that moves in the Y-axis. Be sure to follow
the instructions in the laser user’s manual concerning air turbulence, heaters, and air
fans.

Step 4
Running the first program, measure and record the deviation in straightness of travel at
the start point and at the end of each 2-inch move in both the +X and the -X directions
of the X-axis. Repeat this procedure for five full forward and reverse cycles. After the
measurement is recorded for the last point in a given direction, the spindle/table moves
ahead 1 inch, and then the direction of travel reverses the 1 inch to the final point for
the first measurement in the other direction,

Step 5
Without moving the straighiness reflector, make the laser optics setup shown in Figure
2.42. When this is done, run the second program and measure the straightness of
travel at the starting point and at the end of each 2-inch move in both the +Y and the -Y
directions of the Y-axis. Repeat this procedure for five full forward and reverse cycles.

Results—Plot graphs showing the least squares fit of lines through the measured
straightness errors for both the X-axis and the Y-axis. Also, provide a statement of
squareness error in arc-seconds and thou/inch between the two lines, Figure 2.43 shows an
exarmple of this squareness information. The two graphs in this figure show the least-
squares fit for the bi-directional straighiness evaluation of the two axes. See section 2.3.1
“X-axis Siraightness {(Horizontal & Vertical Plane)” for a discussion of the dala presented at
the bottom of each graph. The bottom of the {igure shows the slope of the two axes and the
calculation of the squareness error. Hf the squareness error is positive, the angle between
the two axes is greater than 80°.

Purpose—This procedure determines the ability of the router 1o make a right angle
movement of the tool in the XZ-plane. Router construction affects the movement, which may
be a result of the table and/or the spindle moving. Basically, this reflects the straighiness
and perpendicular alignment of the ways used 1o guide the table and spindle during
movement.

Recommended equipment:

e Class | helium-neon laser (interferometer) system with optics for measuring
squareness. The optics include a straightness interferometer, straightness reflector,
vertical lurning mirror, optical squara, and retroreflector. it is not necessary to maks
environmental compensations for air temperature, baromelric pressure, and relative
humidity. Howsver, follow the recommendations of the laser manufacturer concerning
air turbulence, heaters, and air fans. The laser system must be equivaient to the
Renishaw Laser Interferometer Systemn (ML10) by Renishaw Transducer Systems
Limited or the HP3528A Laser Measurement System by Hawletl Packard.

* Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greally facilitate collecting and analyzing the data for
this procedurs.
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Figure 2.41—First laser setup for measuring squarensass of trave! in the XY-plan.
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Figure 2.43—Results showing squareness of travel in the XY-plane.
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Method—Before beginning this evaluation, the servo motor and ball screw that control the
movement in the Z-axis should be exercised through at least 20 fuli cycles. This reduces the
error in positioning for data collection that can occur due to cold servo motors and ball
screws. Once this is done, use the following steps.

Step 1
Develop a program for the controller that moves the table/spindie the length of the Z-
axis in 0.25-inch increments. However, provide at least 0.25 inch of extra travel past
the two end targets to aliow for changing the direction of travel. Pause between each
move to allow the measurement of the deviation in straightness of travel. This program
also must provide for bi-directional travel so that measurements can be laken in both
the +Z and -Z directions. An example of this program and its subroutines titled
LINEAR POSITIONING IN Z-AXIS (STANDARD UNITS), is shown in Figure A.1.1 of
Appendix A1,

Step 2
Next, develop a similar program for movement of the table/spindle in the X-axis. An
example of this program and its subroutines titled LINEAR POSITIONING IN X-AXIS
{STANDARD UNITS) is shown in Figure A.1.1 of Appendix A.1.

Step 3
Set up and align the laser for determining squareness of travel in the XZ-plane as
instructed by the user’s manual for your laser. The setup used will depend on whether
table and/or the spindle moves. Figure 2.44 shows the first setup for a router with a
table that moves in the X-axis and a spindle that moves in the Z-axis. Be sure to follow
the instructions in the laser user's manual concerning air turbulence, heaters, and air
fans.

Step 4
Running the first program, measure and record the deviation in straightness of travel at
the start point and at the end of each 0.25-inch move in both the +Z and the -Z
directions of the Z-axis. Repeat this procedure for five full forward and reverse cycles.
After the measurement is recorded for the last point in a given direction, the spindle/
table moves ahead 0.25 inch and then the direction of travel reverses the 0.25 inch to
the final point for the first measurement in the other direction.

Step 5
Without moving the straightness reflector, make the laser optics setup shown in Figure
2.45. Once this is done, run the second program and measure the straightness of
travel at the starting point and at the end of each 2-inch move in both the +X and the -X
directions of the X-axis. Repeat this procedurs for five full forward and reverse cycles.

Results—Plot graphs showing the least-squares fit of lines through the measured
straightness errors for both the X-axis and the Z-axis. Also provide a statement of
squareness error in arc-seconds and thoufinch between the two lines. Figure 2.46 shows an
example of this squareness information. The two graphs in this figure show the least-
squares fit for the bi-directional straightness evaluation of the two axes. See section 2.3.1
“X-axis Straightness (Horizontal & Vertical Plane)” for a discussion of the data presented at
the bottom of each graph. The bottom of the figure shows the slope of the two axes and the
calculation of the squareness error. If the squareness error is positive, the angle between
the two axes is greater than 90°.

2.5.3 YZ-Plane Purpose—This procedure determines the ability of the router to make a right angle
Sguareness movement of the tool in the YZ-plane. Router construction affects the movement, which may
be a result of the table and/or the spindle moving. Basically, this reflects the straighiness
and alignment of the ways used fo guide the table and spindle during movement.

Recommended squipment:

& Class {! helium-neon laser (interferometar) system with optics for measuring
squareness. The optics include & straightness interferomaeter, straighiness reflector,
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Figure 2.44—First laser setup for measuring squareness of travel in the XZ-plane.
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Figure 2.48-Hesults showing squareness of travel in the XZ-plane.
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vertical turning mirrer, optical square, and retrorefiector. It is not necessary to make
anvironmental compensations for air temperature, barometric pressure, and relative
humidity. However, foliow the recommendations of the laser manufacturer conceming
air turbulence, heaters, and air fans. The laser system must be equivalent to the
Renishaw Laser interferometer System (ML 10) by Renishaw Transducer Systems
Limited or the HP5528A Laser Measurement System by Hewlstt Packard.

® Microcomputer (PC) and software to record and analyze the data. Although the PC and
software are not necessary, they greatly facilitate collecting and analyzing the data for
this procedure.

Method—Before beginning this svaluation, the servo motors and ball screws that control the
movement in the X-axis and the Z-axis shouid be exercised through at least 20 full cycles.
This reduces the error in positicning for data collaction that can occur dus to cold servo
motors and ball screws. Once this is done, uss the following steps.

Step 1
Develop a program for the controller that moves the table/spindle the length of the Z-
axis in 0.25-inch increments. However, provide at least 0.25 inch of extra travel past
the two end targets to allow for changing the direction of travel. Pause betwseen each
move to allow the measurement of the deviation In straightness of travel. This program
also must provide for bi-directional travel so that measurements can be taken in both
the +Z and -Z directions. An example of this program and its subroutines titied
LINEAR POSITIONING IN Z-AXIS (STANDARD UNITS), is shown in Figure A.1.1 of
Appendix A.1.

Step 2
Develop a similar program for movement of the table/spindie in the Y-axis. An example
of this program and its subroutines titled LINEAR POSITIONING IN Y-AXIS
(STANDARD UNITS) is shown in Figure A.1.1 of Appendix A.1.

Step 3
Set up and align the laser for determining squareness of travel in the YZ-plane as
instructed by the user's manual for your laser. The setup used will depend on whether
table and/or the spindle moves. Figure 2.47 shows the first setup for a router with &
spindle that moves in both the Y-axis and the Z-axis. Be sure to follow the instructions
in the laser user's manual concerning air turbulence, heaters, and air fans.

Step 4
Running the first program, measure and record the deviation in straightness of fravel at
the start point and at the end of each 0.25-inch move in both the +Z and the -Z
directions of the Z-axis. Repeat this procedure for five full forward and reverse cycles.
After the measurement is recorded for the last point in a given direction, the spindie/
table moves ahead 0.25 inch and then the direction of travel reverses the 0.25 inch to
the final point for the first measurement in the other direction.

Step 5
Without moving the straightness reflector, make the laser optics setup shown in Figure
2.48. Once this is done, run the second program and measure the straightness of
travel at the starting point and at the end of each 2-inch move in both the +Y and the -Y
directions of the Y-axis. Repeat this procedurs for five fuil forward and reverse cycies.

Results—Plot graphs showing the least-squares fit of lines through the measured
straightness errors for both the Y-axis and the Z-axis. Also provide a statement of
squareness error in arc-seconds and thoufinch between the two lines. Figure 2.49 shows an
axample of this squareness information. The two graphs in this figure show the least-
squares fit for the bi-directional straightness evaluation of the two axes. See section 2.3.1
“X-axis Straightness (Horizontal & Vertical Plane)” for a discussion of the data presented at
the bottom of each graph. The bottom of the figure shows the slope of the two axes and the
caiculation of the squareness error. If ihe squareness error is positive, the angle between
the two axes is greater than 90°.
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Figure 2.48—Results showing squareness of travel in the YZ-plane.
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