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Abstract

The lack of procedures for evaluating computer numerically 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 to 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 alsc possible future tasks. Much of the
information needed to compare rachines 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 concerned 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 telt 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 loss.

This paper provides procedures for evaluating CNC routers that can be used to help solve
the communication problem between buyers and sellers. 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 to 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 attempling 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. However, if the secondary processing indusiry decides to
develop standards in the future, the procedures presented in this paper couid 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 evaiuations, (2) spindie/table trave! evaluations, and (3) machining evaluations.

List of Abbreviations

CNC - computer numerically controlied

CPM - cycles per minute

deg - degrees of angular measurement

E - volts

F - Fahrenheit

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

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

hp - horsepower

Hz - hertz (one cycle per second)

i - electric current in amperes

iPM - inches per minute

kW - 1000 watts

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



APPENDIX A1

Figure A.1.1, is an example of positioning programs {G&M code) that are required by many of
the laser measurement procedures for evaluating router spindie/table movements.

LINEAR

POSITIONING IN X-AXIS

B AEEERTRAIAEREAETARN A AAAA AR AN S

STANDARD UNITS
LR R R LR R R RN N
00001

M98 PEO002;
M30;

00002;

G20;

G381 Gl F100;
M98 P350003;
X1

X-1;

G4 X5;

M98 P3I50004;
X-1:

X1:

G4 X5;

MS9:;

00003;

X2;

G4 X5;

M99,

00004;

X-2:

G4 X5;

M95;

METRIC UNITS
LR KR R KRR X R
00005,

M98 P50006;
M30;

00006;

G21;

G981 Gl F2540;
MO8 P350007;
X25;

X-25;

G4 X5;

M98 P350008;
M99:

00007

X50;

G4 X5:

M99,

©0008;

X-50;

G4 X5;

MS9;

LINEAR POSITIONING IN Y-AXIS

EHRRRAVEBEAAI ARSI R AR AR R R s

STANDARD UNITS
RE- AR R R KR XS X R
00009,

MO8 P50010
M30;

C001L0;

G20;

G991 G1L FL00;
Me8 P16001LL;
Yi;:

Y-1;

G4 X5;

Me8 P160012
Y-1;

Yi;

G4 X5;

M99

00011;

¥2:

G4 X5

MO9;

000012;

¥-2;

G4 X5;

M99,

LINEAR POSITIONING IN Z-AXIS
I Y Y e T

STANDARD UNITS
X EX S EEXETEXE R X
00017;

M98 P50018;
M30;

0o018;

G20;

G991 G1 F25;
M%8 P210019;
Z.25;

Z-.25;

G4 X5;

M98 P210020;
Z-.25;

Z.25

G4 X5;

M99;

00019;

Z.25;

G4 X5;

MS9;

00020

Z~.25;

G4 X5;

MS9;

METRIC UNITS
X X XXX X EEZ R X
00021

M8 P50022;
M30;

00022;

G21;

G91 Gl F76z;
M98 P210023;
Z6;

Z-6;

G4 X5;

M98 P210024;
M9S;

00023;

Z6;

G4 X5;

Mo9;

00024

Z-6;

G4 X5;

MO9S ;

METRIC UNITS
[T EEEEELXEEXENEJ
00013;

M98 P50014;
M30;

00014;

G21:;

G881 G1 F2540;
M98 PL60O0O1LS5;
¥25;

Y-25;

G4 X5;

M98 P160016;
M9S;

©0015;

¥50;

G4 X5;

Mo9;

0001s

¥Y-50:;

G4 X5;

M99

Figure A.1.1—Programs {G&M codes) for linear positioning evaluation in the X-axis. Y-axis, and Z-axis.
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APPENDIX A.2

Figure A.2.1. is an example of programs {G&M code) that are required when measuring the

router spindle/table feed rates with the laser measurement system.

(X-AXIS)

000490;
G90G1lF50X0;
M%8 P0O041:;
F100;

M98 PO041;
F150:

M98 PO041;
F200;

M98 PO041;
F250;

M98 PO041:
F300;

M98 PO041;
F350;

M98 P0041;
F400;

M98 PQO041;
F450;

M98 POO41:
F500;

M98 P0041;
F550;

M98 PO041;
F600;

MS8 P0041;
M30;

00041 ;
X72;
G4X2;
F200;
X0:;
G4X2;
M99;

SAMPLE FEED RATE PROGRAMS

(Y~-AXIS)

00042;
GS0G1F50Y0;
MSE8 P0O043;
F100;

M98 P0O043;
F150;

M98 PO043;
F200;

M98 P0043;
¥250;

M98 PO043;
F300;

M98 P0043;
F350;

M98 PO0043;
F400;

M98 PO0043;
F450;

MS8 P0O043;
F500;

M98 PO043;
F550;

M98 P0043;
¥600;

M98 P0043;
M30:

00043;
¥31:;
G4X2:
F200;
Y0;
G4X2;:
MO9;

(Z-RXIS)

00044 ;
GY0G1F502Z0;
M98 PO045;
F100;

M98 PO045;
F150;

M98 P0045;
F200;

M98 P0045;
F250;

M28 P0045;
F300;

M98 P0045;
F350;

M98 P0045;
F400;

M30;

00045;
A
G4X2;
F100;
Z0;
G4X2;
M99

Figure A.2.1—Programs (G&M codes) for feed rate evaluations in the X-axis,

Y-axis, and Z-axis.



APPENDIX A3

Program for Circles Cut in Acrylic Sheets
(Accuracy)

Following are procedures for developing a G&M program for determining the accuracy of
cutting circles in acrylic sheets. Figure A.3.1 provides information to assist in this
development, Figure A.3.2 shows the tool path for all moves including cutter compensations,
lead-inflead-out cuts, roughing cuts, and final cuts. Figure A.3.3 shows only the actual cuts
made in the material. Use the following steps to develop the required program in an absolute
mode. Aithough feed rates are not discussed in these steps, they must be included in the
program so they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the Y-
axis from the exact center of the table.

Step 2
Make a positioning move to Point A (X0.5,Y7.0) in line with and 0.5 inch from the left
end of the horizontal line that represents the left slot. Move 0.5 inch to the right at 0° to
provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.1875 inch and make a cutting move for 1 inch. Then raise the tool
to 0.25 inch above the material and move 0.5 inch to the right at 0° to remove the cutter
compensation.

Step 3
Make a positioning move to Point B (X11.5,¥7.0) in line with and 0.5 inch from the left
end of the horizontal line that represents the right slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 1.

Step 4
Make a positioning move to Point C (X7.0,Y13.5) in line with and 0.5 inch from the
upper end of the vertical line that represents the upper siot. Move down 0.5 inch at 0°
to provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.1875 inch and make a cutting move down for 1 inch. Then raise
the tool to 0.25 inch above the material and move down 0.5 inch at 0° to remove the
cutter compensation.

Step 5
Make a positioning move to Point D (X7.0,Y2.5) in line with and 0.5 inch above the
upper end of the vertical line representing the lower slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 4.

Step 6
Make a positioning move to Point E (X11.1875,Y7.0) at the right edge of the circle with a
diameter of 8.375 inches. Lower the tool to a depth of -0.1875 inch and make a 360°
move {roughing cut) in a counter clockwise direction without cutter compensation.

Step 7
Raise the tool to 0.25 inch above the material and make a positioning move to Point F
{X3.6599,Y4.6108) to start the finish cut of the 8-inch circle. From this point, make a
right cutter compensation move to point (X4.0429,Y2.2894). Next, lower the tool to
-0.1562 inch and make a lead-in cut in a clockwise arc with a radius of 2 inches to point
{X4.1716,Y4.1716). Then make the 360° counter clockwise finish cut to the 8-inch
circle. From the finish point of the circle, make a lead-out cut in a clockwise arc with a
radius of 2 inches to point (X4.2894,Y4.0429). Raise the tooi to 0.25 inch above the
material and remove the cutter compensation with a move to point (X4.6108,Y3.6598).

Step 8
Make a positioning move to Point G (X8.1875,Y7.0) at the right edge of the circle with a
diameter of 2.375 inches. Lower the tool to a depth of -0.1875 inch and make a 360°
move (roughing cut) in a counter clockwise direction without cutter compensation.

A-3



Step 9
Raise the toof to 0.25 inch above the material and make a positioning move to Point H
(X5.7812,Y6.7322) to start the finish cut of the 2-inch circle. From this point, make a
right cutter compensation move to point (X6.1643,Y6.4108). Next, lower the tcol to
-0.1562 inch and make a lead-in cut in a clockwise arc with a radius of 2 inches to point
{X6.2929,Y6.2929). Then make the 360° counter clockwise finish cut to the 2-inch
circle. From the finish point of the circle, make a lead-out cut in a clockwise arc with a
radius of 2 inches to point (X6.4108,Y6.1643). Then, raise the tool to 0.25 inch above
the material and remove the cutter compensation with a move to point
(X8.7322,Y5.7812). End with a move to machine reference zero.

Figure A.3.4 shows a sample program for this procedure. Due to differences in controlters, it
may be necessary to make minor changes in this program.

N )

Uin

oy

No

~ R O~
NP

Gl

IOoOMMooOm>»

.o
o

o

o

o

)

&
S

U™
~J
o

_~—ABSOLUTE ZERO
&

Figure A.3.1—Drawing showing information for developing a program (G&M code) needed to make circle
accuracy cuts in acrylic sheets.
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Figure A.3.2-—Drawing showing too! paths (roughing cuts, offset moves, lead-in cuts, and finish
cuts) used fo cut both the 2-inch and 8-inch circles in an acrylic sheet for accuracy evaluation.

Figure A.3.3—Drawing showing only the actual cuts made in an acrylic sheet for the 2-inch
and 8-inch circles used in accuracy evaluation.



G2E fﬁvaz 3
Nlﬁ@%ﬁxw 1.5Y22.
WZ0G2G;
N25GO0X0.5Y7.0:
N27Z0.25;
NIDGL2HIGRIXL.0F100;
NiI52-0.1875;

N40¥X2.0;

N4220.25;
N4AGG40HIX2.5;
N50GO0X11.5Y7.0;
N55G42HIGO1X12.0F100;
W&0%Z-0.1875;
N6BX13.0;

N70Z0.25;
N75G40H1X13.5;
NB0GOOX7.0Y13.5;
NB85G42H1GO1Y13.0F100;
N90Z-0.1875;
N95Y12.0;

N100Z0.25;
N105G40H1Y11l.5;
N118G00X7.0¥2.5;
N120G428B1G01Y2.0F100;
N125Z-0.1875;
N130Y1.0;

N132%20.25;
N135G40H1Y0.5;
N145G00X11.1875Y¥Y7.0;
Ni472-0.1875;
N150G031-4,.1875F100;
N155G00Z0.25;

151

N160G00X3.6599Y4.6108;

wWaz2! 01LXE.L643Y5 ., 41087100,

NzZ: 62

MZ31 LEBI9YE  29259R2.0;

HZ3 TOTLYY.T0TIRL

VA3 2828Y6.2829R1;
GOZX6.4108Y6.10643R2.

h?é«@iﬁ .25

N245GA0EIGOLIRE  7T322Y5 .78,
NEJGG BEOYOZO;

N285M30;

n

N165G42HIG01X4.0429Y4.2894F100;

N170Z-0.1562;

N175G02K4.1716Y4.1716R2.0;
N180GO3X9.8284YS.8284R4;
N182G03X4.1716Y4.1716R4;
N185G02X4.2894Y4.0429R2.0;

N187G1Z0.25;

N190G40H1G01X4.6108Y3.6599;

N200GOO0XB.1875¥7.0;
N202Z-0.1875;
N205G031-1.1875F100;
N210G00Z0.25;

N215G00X5.7812Y6.7322;

NOTE:

The feed speeds in Statements
N165 and H220 are changed to
match the desired feed speed.

Figure A 3.4-—Gample program {G&M code) for accuracy cutting of circles in acrylic sheets.



APPENDIX A4

Program for Squares Cut in Acrylic Sheets
(Accuracy)

Following are procedures for developing a G&M program for determining the accuracy of
cutting squares in acrylic sheets. Figure A.4.1 provides information to assist in this
development. Figure A.4.2 shows the tool path for all moves including cutter compensations,
lead-in/lead-out cuts, roughing cuts, and final cuts. Figure A.4.3 shows only the actual cuts
made in the material. Use the following procedures to develop the required program in an
absolute mode. Although feed rates are not discussed in these procedures, they must be
included in the program so they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the Y-
axis from the exact center of the table.

Step 2
Make a positioning move to Point A (X0.5,Y7.0) in line with and 0.5 inch from the left
end of the horizontal line that represents the left slot. Move 0.5 inch to the right at 0° to
provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.1875 inch and make a cutting move for 1 inch. Then raise the tool
to 0.25 inch above the material move 0.5 inch to the right at 0° to remove the cutter
compensation.

Step 3
Make a positioning move to Point B (X11.5,Y7.0) in line with and 0.5 inch from the left
end of the horizontal line that represents the right slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 1.

Step 4
Make a positioning move to Point C (X7.0,Y13.5) in line with and 0.5 inch from the
upper end of the vertical line that represents the upper siot. Move down 0.5 inch at Q°
to provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.1875 inch and make a cufting move down for 1 inch. Then, raise
the tool to 0.25 inch above the material and move down 0.5 inch at 0° to remove the
cutter compensation.

Step 5
Make a positioning move to Point D (X7.0,Y2.5} in line with and 0.5 inch above the
upper end of the vertical line representing the lower slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 4.

Step 6
Make a positioning move to Point E (X2.8125,Y2.8125) at lower left corner of the 8.375-
inch square. Lower the tool to a depth of -0.1875 inch and without cutter compensation
make counter clockwise cufting moves horizontally to point (X11.1875), vertically to
point (Y11.1875), horizontally o point (X2.8125), and vertically back to point (Y2.8125).

Step 7
Raise the tool to 0.25 inch above the material and make a positioning move to Point F
{X2.25,Y3.0) to start the finish cut of the 8-inch square. From this point, make a
horizontal cutter compensation move to point (X2.75). Next, lower the tool to -0.1562
inch and make counter clockwise cutting moves horizontally to point (X11.0), vertically
to point (Y11.0), horizontally to point {X3.0), and vertically to point (¥2.75). Then, raise
the tool 10 0.25 inch above the material and remove the cutter compensation with a
vertical move to point (Y2.25).



Step 8

Make a positioning move to Point G (X5.8125,Y5.8125) at lower left comner of the 2.375-
inch square. Lower the tool to a depth of -0.1875 inch and without cutter compensation
make counter clockwise cutting moves horizontally to point (X8.1875), vertically to point

(Y8.1875), horizontaily to point (X5.8125), and vertically back to point (Y5.8125).

Step 9

Raise the tool to 0.25 inch above the material and make a positioning move o Point H

(X5.25,Y6.0) to start the finish cut of the 2-inch square. From this point, make a
horizontal cutter compensation move to point (X5.75). Next, lower the tool to -0.1562

inch and make counter clockwise cutting moves horizontally to point (X8.0), vertically to
point (¥8.0), horizontally to point {(X6.0), and vertically to point (¥5.75). Then, raise the
tool to 0.25 inch above the material and remove the cutter compensation with a vertical

move to point (Y5.25). End with a move to machine reference zero.

Figure A.4.4 shows a sample program for this procedure. Duse to differences in controllers, it

may be necessary to make minor changes in this program.

8.375°
8.000° POINTS:
& 0570
B 1870
C (745135
D 7025
E (2812528125
F 2530
o a2 3757 G (581255812
B! 5.000° H (52560
[
e Il
8.000° 8375
8 »
)
F o a
"\O

c i

& 1.000'3—
\ABSDLUTE ZERO

Figure A.4.1—Drawing showing information for developing a program (G&M code)} needed to make
square accuracy cuts in acrylic sheets.
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PATH

& TOOL

"

Figure A.4.2-—Drawing showing tool paths (roughing cuts, offset moves, lead-in cuts, and finish
cuts) used to cut both the 2-inch and 8-inch squares in an acrylic sheet for accuracy evaluation.

TOOL CUTS

[P

Figure A.4.3—Drawing showing only the actual cuts made in an acrylic sheet for the 2-inch
and 8-inch squares used in accuracy evaluation.
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PROGRAM FOR SQUARES CUT IN ACRYLIC SHEETS

o0051;

N5G91;

N10GZB8E0Y020;
N15G%2X-31.5Y¥22.5;
W20G90;
W25G00X0.5Y7.0;
N27Z0.25;
N30G42H1IGO1X1.0F100;
N35Z-0.1875;

N40X2.0;

N42Z0.25;
N45G40H1X2.5;
N50G00X11.5Y7.0;
N55G42H1G01X12.0F100;
N60Z-0.1875;
WNESX13.0;

N7020.25;
N75G40H1X13.5;
N8OGOO0X7.0¥13.5;
N85G4281G01Y13.0F100;
N90Z-0.1875;
N95Y12.0;

N10020.25;
N105G40H1Y11.5;
N115G00X7.0Y2.5;
N120G42H1G01Y2.0F100;
N125Z-0.1875;
N130Y1.0;

N132Z0.25;
N135G40H1Y0.5;
N140G00Z0.25;
N145G00¥2.8125Y2.8125;
N147Z-0.1875;
N150G01X11.1875F100;
N160Y11.1875;
N165X2.8125;
N170Y2.8125;
N175G00Z0.25;
N180GO0OX2.25Y¥3.0;
N185G42HIG01X2.75F100;
N190Z-0.1562;
N195X11.0;

N197G4;

N200¥11.0;

N202G4;

N205X3.0;

N207G4;

N210¥2.75;

{BCCURACY]

N211CG4;

N21Z2Z0.25;
W215G40H1IYZ .25;
N225G00X5.81258Y5.8125;
N227Z-0.1875;
W230G01¥8.1B75F100;
N240¥8.1875;
NZ245X5.8125;
W250%5.8125;
WN255G00Z0.25;
N260G00X5.25Y6.0;
NZ65G42H1GO1XS5.T5F100;
WN270Z-0.1562;
N275X8.0;

N277G4;

NN280Y8.0;

N2B2G4;

N285X6.0;

N287G4;

N250Y¥5.75;

N291G4;

N28220.25;
N295G40H1Y5.25;
N300G28X0Y0Z0;
N305M30;

The feed speeds in Statements
N185 and N265 are changed to
match the desired feed speed.

Figure A.4.4—Sample program (G&M code} for accuracy cutting of squares in acrylic sheets.



APPENDIX A5

Program for Diamonds Cut in Acrylic Sheets
{Accuracy)

Following are procedures for developing a G&M program for determining the accuracy of
cutting diamonds in acrylic sheets. Figure A.5.1 provides information to assist in this
development. Figure A.5.2 shows the tool path for all moves including cutter compensations,
lead-inflead-out cuts, roughing cuts, and final cuts. Figure A.5.3 shows only the actual cuts
made in the material. Use the following procedures to develop the required program in an
absolute moede. Although feed rates are not discussed in these procedures, they must be
included in the program so they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the Y-
axis from the exact center of the table.

Step 2
Make a positioning move to Point A (X2.4038,Y2.4038) in line with and 0.5 inch from the
lower left end of the line that represents the lower left siof. Move 0.5 inch to point
(X2.7574,¥2.7574) with a left cutter compensation. Next, lower the tool to a depth of
-0.1875 inch and make a cutting move to point (X3.4645,Y3.4645). Then raise the tool
to 0.25 inch above the material and move to point {X3.818,Y3.818) to remove the cutter
compensation.

Step 3
Make a positioning move to Point B {(X10.182,Y10.182) in line with and a 0.5 inch from
the lower left end of the line that represents the upper right slot. Move 0.5 inch move to
point (X10.5355,Y10.5355) with a left cutter compensation. Next, lower the tool to a
depth of -0.1875 inch and make a cutting move to point (X11.2426,Y11.2426). Then
raise the tool to 0.25 inch above the material and move to point (X11.5962,Y11.5962) to
remove the cutter compensation.

Step 4
Make a positioning move to Point C (X2.4038,Y11.5962) in line with and 0.5 inch from
the upper left end of the line that represents the upper left slot. Move 0.5 inch to point
{X2.7574,Y11.2426) with a right cutter compensation. Next, iower the tool to a depth of
-0.1875 inch and make a cutting move to point {X3.4645,Y10.5355). Then raise the tool
to 0.25 inch above the material and move to point (X3.818,Y10.182) to remove the
cufter compensation.

Step 5
Make a positioning move to Point D (X10.182,Y3.818) in line with and 0.5 inch from the
upper left end of the line that represents the lower right slot. Move 0.5 inch to point
{X10.5355,Y3.4645) with a right cutter compensation. Next, lower the tcol to a depth of
-0.1875 inch and make a cutting move to point (X11.2426,Y2.7574). Then raise the tool
to 0.25 inch above the material and move to point (X11.5962,Y2.4038) to remove the
cutter compensation.

Step 6
Make a positioning move to Point E (X1.078,Y7.0) at left corner of the 8.375-inch
diamond. Lower the toof to a depth of -0.1875 inch and without cutter compensation
make counter clockwise cutting moves to point {X7.0,Y1.078), to point (X12.922,Y7.0)},
to point (X7.0,Y12.922), and back to point (X1.078,Y7.0}.

Step 7
Raise the too! to 0.25 inch above the material and make a positioning move o Point F
{X0.8128,Y7.5303) to start the finish cut of the 8-inch diamond. From this point, make a
right cutter compensation move to point (X1.1664,Y7.1768). Nexi, lower the tool fo
-0.1562 inch and make counter clockwise cutting moves to point (X7.0,Y1.3431), fo
point {(X12.6569,Y7.0), to point (X3.0}, and to point (X1.1664,Y6.8232). Then, raise the
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tool to 0.25 inch above the material and remove the cutter compensation with a move 1o
point (X0.8128,Y6.4697).

Step 8
Make a positioning move to Point G (X5.3206,Y7.0) at left cormner of the 2.375-inch
diamond. Lower the tool to a depth of -0.1875 inch and without cutter compensation
make counter clockwise cutting moves to point (X7.0,Y5.32086), to point {X8.6794,Y7.0},
te point (X7.0,YB.6794), and back to point (X5.3206,Y7.0).

Step 9
Raise the tool to 0.25 inch above the material and make a positioning move to Point H
(X5.0555,Y7.5303) to start the finish cut of the 2-inch diamond. From this point, make a
cutter compensation move to point (X5.409,Y7.1768). Next, lower the tool to -0.1562
inch and make counter clockwise cutting moves to point (X7.0,Y5.5858), to point
(X8.4142,Y7.0), to point (X7.0,Y8.4142), and to point (X5.409,Y6.8232). Then, raise
the tool to 0.25 inch above the material and remove the cutter compensation with a
move to point (X5.0555,Y6.4697). End with a move to machine reference zero.

Figure A.5.4 shows a sample program for this procedure. Due to differences in controllers, it
may be necessary to make minor changes in this program.

POINTS:
(2.4038,2.4038>
(10.182,10.182>
(2.4038,11.5960>
(10.182,3.818>
1.070,7.0
(0.8128,7.5303)
(3.3206,7.03
(3.0555.7.5303

T mMmouOw>

@ -——ABSOLUTE ZERD

Figure A.5.1—Drawing showing information for developing a program (G&M codé) needed to make
diamond accuracy cuts in acrylic sheets.



Figure A.5.2—Drawing showing too! paths (roughing cuts, offset moves, lead-in cuts, and finish
cuts) used to cut both the 2-inch and 8-inch diamonds in an acrylic sheet for accuracy evaluation.

Figure A.5.3—Drawing showing only the actual cuts made in an acrylic sheet for the 2-inch
and 8-inch diamonds used in accuracy evaluation.
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PROGRAM FOR DIAMONDS CUT IN ACRYLIC SHEETS

{ACCURACY)

00052;

NEGY1;

N10G28X0Y0DZ0;
N15G92%X~-31.5Y22.5;

N20GS0;

N25G00%2.4038Y2.4038;

N27Z0.25;
N30G41HIGO1X2.7574Y2.7574F100;
N35Z-0.1875;

N4OX3.4645Y3.4645;

N42720.25;

N45G40H1IX3.818Y3.818;
N50G00X10.1827Y10.182;
N55G41H1GOIX10.5355Y10.5355F100;
N60Z-0.1875;
N65X11.2426Y11.2426;

N7040.25;
N75CG40H1X11.5962Y11.5962;
N80G00X2.4038Y11.5962;
N85G42H1IGO1X2.7574Y11.2426F100;
N90Z-0.1875;
N95X3.4645Y10.5355;

N100Z0.25;
N105G40H1X3.818Y10.182;
N115G00X10.182Y¥3.818;
N120G42H1G01X10.5355Y3.4645F100;
N125Z-0.1875;
N130X11.2426Y2.7574;

N132Z0.25;
N135G40H1X11.5962¥2.4038;
N145G00X1.078Y7.0;
N1472-0.1875;
N150G01X7.0Y1.078F100;
N160X12.922Y7.0;
N165X7.0Y12.922;
N170X1.078Y¥Y7.0;

WN175G00Z20.25;
N180G0O0X0.8128Y7.5303;
N185G42H1G01X1.1664Y7.1768F100;
N180Z-0.1562;

N195X7.0Y1.3431;

N197G4;

N200X12.6569Y7.0; NOTE:
N202G4;

N205X7.0Y12.6569;

N207G4;

N210X1.1664Y6.8232;

N211G4;

N212Z0.25;

N215G40H1X0.8128Y6.4697;

N225G00X5.3206Y7.0;

W2272-0.1875;

N230G01X7.0Y5,.3206F100;

N240X8.6794Y7.0;

N245X7.0Y8.6754;

N250X5.3206Y7.0;

N255G0020.25;

N260G005.0555¥Y7.5303;

N265G42H1G01X5.408
v7.1768F100;

N270Z-0.1562;

N275X7.0Y5.5858;

N277G4;

N2B0X8.4142Y7.0;

N282G4;

N285X7.0Y8.4142;

N287G4;

N290X5.408Y6.8232;

N291G4;

N26220.25;

N295G40H1X5.0555Y6.4697;

N297G28X0Y¥020;

N305M30;

The feed speeds in Statements
N185 and N265 are changed to
match the desired feed speed.

Figure A.5.4-—Sample program (G&M“gc;de} for accuracy cutting of diamonds in acrylic sheets.



APPENDIX A.6

Program for Circles Cut in Specified Raw Material
(Accuracy)

Following are procedures for developing a G&M program for determining the accuracy of
cutting circles in the specified raw material. Figure A.8.1 provides information to assist in this
deveiopment. Figure A.6.2 shows the tool path for all moves including cutter compensations,
lead-inflead-out cuts, roughing cuts, and finai cuts. Figure A.6.3 shows oniy the actual cuts
made in the material. Use the following procedures to develop the required program in an
absolute mode. Although feed rates are not discussed in these procedures, they must be
included in the program so that they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the Y-
axis from the exact center of the tabie.

Step 2
Make a positioning move to Point A (X0.25,Y7.0) in line with and 0.75 inch from the left
end of the horizontal line that represents the left slot. Move 0.75 inch to the right at 0°
to provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.625 inch and make a cutting move for 1 inch. Then raise the tool to
0.5 inch above the material and move 0.75 inch to the right at 0° to remove the cutter
compensation.

Step 3
Make a positioning move to Point B (X11.25,Y7.0) in line with and 0.75 inch from the left
end of the horizontal line that represents the right siot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 1.

Step 4
Make a positioning move to Point C (X7.0,Y13.75) in line with and 0.75 inch from the
upper end of the vertical line that represents the upper slot. Move down 0.75 inch at 0°
to provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.625 inch and make a cutting move down for 1 inch. Then raise the
tool to 0.5 inch above the material and move down 0.75 inch at 0° to remove the cutter
compensation.

Step 5
Make a positioning move to Point D (X7.0,Y2.75) in line with and 0.75 inch above the
upper end of the vertical line representing the iower slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 4.

Step 6
Makse a positioning move to Point E (X11.5,Y7.0) at the right edgse of the circle with a
diameter of 9.0 inches. Lower the tool to a depth of -0.625 inch and make & 360° move
(roughing cut) in a counter clockwise direction without cutter compensation.

Step 7
Raise the tool to 0.5 inch above the material and make a positioning move to Point F
(X4.9692,Y3.0854) to start the finish cut of the 8-inch circle. From this point, make a
right cutter compensation move to point (X4.3957,Y3.9045). Next, iower the tool to
-0.625 inch and make a lead-in cut in a clockwise arc with a radius of 2 inches to the
point (X4.1716,Y4.1716). Then make the 360° counter clockwise finish cut to the 8-inch
circle. From the finish point of the circle, make a iead-out cut in a clockwise arc with &
radius of 2 inches to the point (X3.9045,Y4.3957). Raise the tool to 0.5 inch above the
material and remove the cutter compensation with a move to the point
(X3.0854,Y4.9682).
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Step 8
Make a positioning movs {o Point G (X8.5,Y7.0) at the right side of the circle with a
diameter of 3.0 inches. Lower the tool to a depth of -0.625 inch and make a 360° move
(roughing cut) in a counter clockwise direction without cutter compensation.

Step 9
Raise the tool to 0.5 inch above the material and make a positioning move to Point H
(X7.0906,Y5.2067) to start the finish cut of the 2-inch circié. From this point, make a
right cutter compensation move to point (X6.517,Y6.0258). Next, lower the tool to
-0.625 inch and make a lead-in cut in a clockwise arc with a radius of 2 inches fo the
point (X6.2929,Y6.2929). Then make the 360" counter clockwise finish cut to the 2-inch
circle. From the finish point of the circle, make a lead-out cut in a clockwise arc with a
radius of 2 inches to the point (X6.0258,Y6.517). Raise the tool to 0.5 inch above the
material and remove the cutter compensation with a move fo the point
{X5.2067,Y7.0906). End with a move to machine reference zero.

Figure A.6.4 shows a sample program for this procedure. Due to diffarences in controliers, it
may be necessary to make minor changes in this program.

TE ZERO
& /—-ABSOLU E ]

Figure A.6.1-Drawing showing information for developing a program (G&M code) needed to make
circle accuracy cuts in specified raw material.
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TOOL PATHS.. (XD

Figure A.8.2—Drawing showing tool paths (roughing cuts, offset moves, lead-in cuts, and finish cuts)
used to cut both the 2-inch and 8-inch circles in the specified raw material for accuracy evaluation.

Figure A.6.3—Drawing showing only the actual cuts mads in the specified raw material
for the 2-inch and 8-inch circles used in accuracy evaluation,
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PROGRAM FOR CIRCLES CUT IN SPECIFIED RAW MATERIAL

0Q053;

N5G91;

N10G28X0YO0Z0;
N15G92X-31.5Y¥22.5;
N20G90;
N25G00X0.25Y7.0;
N27F50Z20.5;
N30G42H2G01X1.0F315;
N352-0.625;

N40X2.0;

N42%Z0.5;
N45G40H2X2.75;
N50G00X11.25¥7.0;
NS55G42H2G01X12.0F315;
N60Z-0.625;
N65X13.0;

N70Z0.5;
N72G40H2X13.75;
N75G00X7.0Y13.75;
NB8O0G42H2G01Y13.0F315;
N85Z-0.625;
N90Y12.0;

N95Z0.5;
N100G40H2Y11.25;
N105G00X7.0¥2.75;
N120G42H2G01Y2.0F315;
N125%Z-0.625;
N130Y1.0;

N13220.5;
N135G40H2Y0.25;
N145G00X11.5¥7.0;
N147Z-0.625G1lF100;
N150G02I-4.5F315;
N155G0020.5;

N160G00X4.9692Y3.0854;

(ACCURACY)

N220G41H2G01X6.517Y6.0258F315;
N225Z-0.625;
N230G03X6.2929Y6.2929R2.0;
N235G02X7.7071¥7.7071R1;
N237X6.2929Y6.2929R1;
N240G03X6.0258Y6.517R2.0;
N247G1lZ20.5;
N245G40H2G01X5.2067Y7.0906;
N247G28X0Y0Z0;

N255M30;

N165G41H2G01X4.3957Y3.9045F315;

N170Z-0.625;

N175G03X4.1716Y4.1716R2.0;

N180G02X9.8284Y9.8284R4;

N182X4.1716Y¥4.1716R4;

N185G03X3.9045Y4.3957R2.0;
N190G40H2G01X3.0854Y4.9692; NOTE:

N195G00Z0.5;
N200G00X8.5Y¥7.0;
N202Z-0.625G1F100;
N205G02I-1.5F315;
N210G00Z0.5;

N215G00X7.0906Y5.2067;

All feed speeds in the
program are changed to
match the desired feed
speed.

Figure A.6.4—Sample program (G&M code) for accuracy cutting of circles in specified

raw material.



APPENDIX A.7

Program for Squares Cut in Specified Raw Material
{Accuracy)

Following are procedures for developing a G&M program for determining the accuracy of
cutting squares in the specified raw material. Figure A.7.1 provides information to assist in
this development. Figure A.7.2 shows the too! path for all moves including cutter
compensations, lead-inflead-out cuts, roughing cuts, and final cuts. Figure A.7.3 shows only
the actual cuts made in the materiai. Use the following steps to develop the required
program in an absolute mode. Although feed rates are not discussed in these steps, they
must be included in the program so that they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the Y-
axis from the exact center of the tabla.

Step 2
Make a positioning move to Point A (X0.25,Y7.0) in line with and 0.75 inch from the ieft
end of the horizontal fine that represents the left slot. Move 0.75 inch to the right at 0°
to provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.625 inch and make a cutting move for 1 inch. Then raise the tool to
0.5 inch above the material and move 0.75 inch to the right at 0° to remove the cutter
compensation,

Step 3
Make a positioning move to Point B (X11.75,Y7.0) in line with and 0.75 inch from the left
end of the horizontal line that represents the right slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 1.

Step 4
Make a positioning move to Point C (X7.0,Y13.75) in fine with and 0.75 inch from the
upper end of the vertical line that represents the upper siol. Move down 0.75 inch at 0°
o provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.625 inch and maks a cutting move down for 1 inch. Then raise the
tool to 0.5 inch above the material and move down 0.75 inch at 07 to remove the cutter
compensation.

Step 5
Make a positioning move to Point D (X7.0,Y2.75} in line with and 0.75 inch above the
upper end of the vertical line representing the lower slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 4.

Step 6
WMake a positioning move to Point E {X2.5,Y2.5) at lower left corner of the 8-inch square.
Lower the toof to a depth of -0.625 inch and without culter compensation make counter
clockwise cutting moves horizontally to peint (X11.5), vertically to point (Y 11.5),
horizontally to point {(X2.5), and vertically back to point (Y2.5).

Step 7
i Raise the tool to 0.5 of an inch above the material and make a positioning move to Point
F (X3.0,Y1.5) to start the finish cut of the 8-inch square. From this point, make a
horizontal cutter compensation move to point (X2.5). Next. lower the tool to -0.625 inch
and make counter clockwise cutting moves horizontally to point (X11.0), vertically to
point {Y11.0), horizontally to point (X3.0), and vertically to point (Y2.5). Then, raise the
too! to 0.5 inch above the material and remove the cutter compensation with a vertical

move to point (Y1.5).
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Step 8

Make a positioning move to Point G (X5.5,Y5.5) at lower left corner of the 3-inch
square. Lower the tool to a depth of -0.625 inch and without cutter compensation make
counter clockwise cutting moves horizontally to point (Y8.5), vertically to point (X8.5),
horizontally to point (Y5.5), and vertically back to point (X5.5).

Step 8

Raise the tool to 0.5 of an inch above the material and make a positioning move o Point
H (X6.0,Y4.5) 1o start the finish cut of the 2-inch square. From this point, make a
horizontal cutter compensation move to point (Y5.5). Next, lower the tool o -0.625 inch
and make counter clockwise cutting moves horizontaily to point (Y8.0), vertically to point
{X8.0), horizontally to point (Y6.0), and vertically to point (X5.5). Then, raise the tool to
0.5 inch above the material and remove the cutter compensation with a vertical move

to point (X4.5). End with a move to machine reference zero.

Figure A.7.4 shows a sample program for this procedure. Due to differences in controllers, it
may be necessary to make minor changes in this program.

9 FOINTS: )
o 0ne A (0.25,7.0
800 B {11.25,7.0
C (7.0,13.75
c D (7.0,2.75)
E (2.5,2.5
F (3.0,1.5
1 G (5.5,5,5
H {6.0,4.5
3,007
o200 —
/A ¥ /’B
¢ SR 200° 300" |G 800° 9.00°
&
!
H/
b §o)
E/ & n—/ .
3
r—/
& ABSOLUTE ZERO

Figure A.7.1—Drawing showing information for developing a program (G&M code) needed to make
square accuracy culs in specified raw material.
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Figure A.7.2—Drawing showing tool paths {roughing cuts, offset moves, lead-in cuts, and finish cuts)
used to cut both the 2-inch and 8-inch squares in the specified raw material for accuracy evaluation.
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Figure A.7.3~Drawing showing only the actual cuts made in the specified raw material
for the 2-inch and B-inch squares used in accuracy evaluation.
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PROGRAM FOR SQUARES CUT IN SPECIFIED RAW MATERIAL

Q0054 ;

N5G91;

N10G28X0Y0zZ0;
N15G92X-31.5¥22.5;
N20G90;
N25G00X0.25Y7.0;
N2720.5;
N30G42H2G01X1.0F315;
N35Z-0.625;

N40X2.0;

N4720.5;
N45G40H2X2.75;
N50G00X11.25Y7.0;
NES5G42H2G01X12.0F315;
N60Z-0.625;
N65X13.0;

N70Z0.5;
N75G40H2X13.75;
N80OGOOX7.0Y13.75;
N85G42H2G01Y13.0F315;
NS0Z-0.625;
NO95Y12.0;

N100Z0.5;
N105G40H2Y11.25;
N115G00X7.0¥Y2.75;
N120G42H2G01Y2.0F315;
N1252-0.625;
N130¥1.0;

N13220.5;
N135G40H2Y0.25;
N145G00X2.5Y2.5;
N147Z-0.625;
N150G01Y11.5F315;
Ni160X11.5;

N165¥2.5;

N170X2.5;
N175G00Z0.5;
N180GO0OX3.0Y1.5;
N185G41H2G01Y2.5F315;
N190Z-0.625;
N195¥11.0;

N197G4;

N200X11.0;

N202G4;

N205Y3.0;

N207G4;

N210X2.5;

N211G4;

{ACCURACY)

Note:

N212%0.5;
N215G40H2X1.5;
N225G00X5.5¥5.5;
N2272-0.625;
N230G01Y8.5F315;
N240X8.5;
N245Y5.5;
N250X5.5;
N255G0020.5;
N260GO0X6.0Y4.5;
N265G41H2G01Y5.5F315;
N270%-0.625
275Y8.0;

N277G4;
N280X8.0;
N282G4;
N285Y6.0;
N287G4;
N290X5.5;
N291G4;
N292%0.5;
N295G40H2X4.5;
N297G28X0Y0Z0;
N305M30;

All feed speeds in the
program are changed to
match the desired feed
speed.

z:—:ig{m A.7.4-—Sample program (G&M code) for accuravcy cutting of squares in specified

raw matenal,



APPENDIX A.8

Program for Diamonds Cut in Specified Raw Material
{Accuracy)

Following are procedures for developing a G&M program for determining the accuracy of
cutting diamonds in the specified raw material, Figure A.B.1 provides information io assist in
this development. Figure A.8.2 shows the tool path for all moves including cutter
compensations, lead-inflead-out cuts, roughing cuts, and final cuts. Figure A.8.3 shows only
the actual cuts made in the material. Use the following steps to davelop the required
program in an absolute mode. Although feed rates are not discussed in these steps, they
must be included in the program so that they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the
Y-axis from the exact center of the table.

Step 2
Make a positioning move to Point A (X2.227,Y2.227) in line with and 0.75 inch from the
lower left end of the line that represents the lower left slot. Move 0.75 inch to point
(X2.7574,¥2.7574) with a left cutter compensation. Next, lower the too! 1o a depth of
-0.625 inch and make a cutting move to point (X3.4645,Y3.4645). Then raise the 100l to
0.5 inch above the materiai and mova to point (X3.9948,Y3.9948) to remove the cutter
compensation.

Step 3
Make & positioning move to Point B (X10.0052,Y10.0052) in line with and 0.75 inch from
the lower left end of the line that represents the upper right slot. Move 0.75 inch to
point {X10.5355,Y10.5355) with a left cutter compensation. Next, lower the tool 1o a
depth of -0.625 inch and make a cutting move to point (X11.2426,Y11.2426). Then
raise the tool to 0.5 inch above the material and move to point (X11.773,Y11.773) to
remove the cutter compensation.

Step 4
Make a positioning move to Point C (X2.227,Y11.773) in line with and a 0.75 inch from
the upper left end of the line that represents the upper left slot. Move 0.5 inch o point
{(X2.7574,Y11.2426) with a right cutter compensation. Next, lower the tocl to a depth of
-0.625 inch and make a cutting move to point (X3.4845,Y10.5355). Then raise the too!
to 0.5 inch above the material and move to point (X3.9948,Y10.0052) o remove the
cutter compensation.

Step &
Make a positioning move to Point D (X10.0052,Y3.9548) in line with and a 0.75 inch
from the upper left end of the line that represents the lower right slot. Move 0.75 inch fo
point (X10.8355,Y3.4645) with a right cutter compensation. Next, iower the ool 10 a
depth of -0.625 inch and make a cutting move to point (X11.2426,Y2.7574). Then, raise
the tool 10 0.5 inch above the material and move to point (X11.773,Y2.227} to remove
the cutter compensation.

Step 6
Make a positioning move to Point E (X0.636,Y7.0) at left corner of the 8-inch diamond.
Lower the too! to a depth of -0.625 inch and without cutter compensation make counter
clockwise cutting moves to point (X7.0,Y13.364), to point (X13.364,Y7.0), to point
(X7.0,Y0.636), and back to point (X0.636,Y7.0).

Step 7
Raise the tool to 0.5 inch above the material and make a positioning move o Point F
(X0.2825,Y5.9393) to start the finish cut of the B-inch diamond. From this point, make a
right cutter compensation move o point (X0.9896,Y6.6464). Next, lower the iool to
-0.625 inch and make counter clockwise cutting moves to point (X7.0,Y12.6569), to
point (X12.6569,Y7.0), to point {X7.0,Y1.3431), and to point {X0.9886,Y7.3536). Then,
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raise the tool to 0.5 inch above the material and remove the cutter compensation with a
move to point (X0.2825,Y8.0607).

Step 8
Make a positioning move to Point G (X4.8787,Y7.0} at left corner of the 3-inch diamond.
Lower the togl to a depth of -0.625 inch and without cutter compensation make counter
clockwise culting moves to point (X7.0.Y9.1213), to point (X8.1213,Y7.0), to point
{X7.0,Y4.8787), and back to point (X4.8787,Y7.0).

Step 8
Haise the tool t0 0.5 inch above the material and make a positioning move to Point H
{X4.5251,Y5.9393) to start the finish cut of the 2-inch diamond. From this point, make a
cutter compensation move to point (X5.2322,Y6.6464). Next, lower the tool to -0.625
inch and make counter clockwise cutting moves 1o point (X7.0,Y8.4142), to point
(X8.4142.Y7.0), to point {X7.0,Y5.5858), and {o point {X5.2322,Y7.3536). Then, raise
the tool to 0.5 inch above the material and remove the cutter compensation with a move
1o point (X4.5251,Y8.0607). End with a move to machine reference zero.

Figure A.5.4 shows a sample program for this procedure. Due to differences in controllers, it
may be necessary to make minor changes in this program.

POINTS:

(2.227,2227>
(10.0052,10.0052>
2227,1L,773>
(10.0052,3.9948>
0.636,7.00
(0.2825,5.9393>
(4.8787,7.0)
(4.5251,5.9393>

TOTMoOwd

Figure A.B.1—Drawing showing information for developing a program {G&M code) needed to make
diamond accuracy cuts in specified raw material.
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Figure A.B.2—-Drawing showing tool paths (roughing cuts, offset moves, lsad-in cuts, and finish cuts)
used to cut both the 2-inch and 8-inch diamonds in the specified raw material for accuracy evaluation,

Figure A.8.3—Drawing showing only the actual cuts made in the specified raw material
for the 2-inch and 8-inch diamonds used in accuracy evaluation.
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PROGRAM FOR DIAMONDS CUT IN SPECIFIED RAW MATERIAL

(ACCURACY)

00055;

N5E81:;

N10G28X0Y¥0%0;
N15G92X-31.5¥22.5;

Nz20G80;

N25G00X2.227¥2.227;

N2720.5;
N3IVG4LIH2GOIX2.7574Y2.75T74F315;
N35z-0.625;

N40X3.4645Y3.4645;

N42Z20.5;
N45G40H2X3.9948Y3.9948;
N50G00X10.0052Y10.0052;
N55G41H2G01X10.5355Y10.5355F315;
N60Z-0.625;
N65X11.2426Y11.2426;

N7020.5;
N75G40H2X11.773Y11.773;
N8OGO0X2.227Y11.773;
N85G42H2G01X2.7574Y11.2426F315;
N90Z-0.625;

NO95X3.4645Y10.5355;

N100Z0.5;
N105G40H2X3.9948Y10.0052;
N115G00X10.0052Y3.9948;
N120G42H2G01X10.5355Y3.4645F315;
N1252-0.625;
N130X11.2426Y2.7574;

N13220.5;
N135G40H2X11.773Y¥2.227;
N145G00X0.636Y7.0;

N1472-0.625;
N150G01X7.0Y12.364F315;
N160X13.364Y7.0;
N165X7.0Y0.636;

N170X0.636Y7.0;

N175G00Z20.5;
N1BUGO0X0.2825Y¥5.9393;
N185G41H2G01X0.9836Y6.6464F315;
N190Z-0.625;
N195X7.0Y12.6569;
N197G4;
N200X12.6569Y7.0;
N202G4;
N205X7.0¥1.3431;
N207G4;
N210X0.9896Y7.3536;
N211G4;

Note:

N21220.5;
N215G40H2X0.2825Y8.0607;
N225G00X4.8787¥7.0;
N227Z-0.625;
N230GO01X7.0¥9.1213F315;
N240¥9.1213Y7.0;
N245%7.0Y4,8787;
N250X4.8787Y7.0;
N255G0020.5;
N260G00X4.5251¥5.9383;
N265G41H2G01X5.2322

¥6.6464F315;

N270Z-0.625;
N275X7.0Y8.4142;
N277G4;
N2BOX8.4142¥7.0;
N282G4;
N285X7.0¥Y5.5858;
N287G4;
N200X5.2322Y7.3536;
N291G4:;

N28220.5;
N295G40H2X4 .5251Y8.06807 ¢
N297G28X0Y0%Z0;
N305M30;

All feed speeds in the
program are changed to
match the desired feed
speed.

Figure A.8.4—Sample program (G&M code) for accuracy cutting of diamonds in specified

raw material.



APPENDIX A.9

Program for Circles Cut in Acrylic Sheets
{Repeatability)

Following are procedures for developing a G&M program for determining the repeatability of
cutling circles in acrylic sheets. Figure A.9.1 provides information to assist in this
development. Figure A.8.2 shows the tool path for all moves including cutter compensations,
lead-in/lead-out cuts, roughing cuts, and final cuts. Figure A.9.3 shows only the actual cuts
made in the material. Use the following steps to develop the required main program and its
subroutine in an absolute mode. Although feed rates are not discussed in these steps, they
must be included in the program so that they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 incheg in the
Y-axis from the exact center of the table.

Step 2
To start the main program, make a positioning move to Point A (X0.5,Y7.0) in line with
and 0.5 inch from the left end of the horizontal line that represents the left slot. Move
0.5 inch to the right at 0° to provide a cutter compensation to the right side of the
horizontal line. Next, lower the tool to a depth of -0.1875 inch and make a cutting move
for 1 inch. Then, raise the tool to 0.25 inch above the material and move 0.5 inch to the
right at 0° to remove the cutter compensation.

Step 3
Make a positioning move to Point B (X11.5,Y7.0) in line with and 0.5 inch from the lef
end of the horizontal line that represents the right slot. Then, repeat the cutter
compensation and cutling moves as discussed in Step 1.

Step 4
Make a positioning move to Point C (X7.0,Y13.5) in line with and 0.5 inch from the
upper end of the vertical line that represents the upper slot. Move down 0.5 inch at 0°
to provide a cutter compensation to the right side of the horizontal line. Next, lower the
tool to a depth of -0.1875 inch and make a cutting move down for 1 inch. Then, raise
the tool to a 0.25 inch above the material and move down 0.5 inch at 0° to remove the
cutter compensation.

Step 5
Make a positioning move to Point D (X7.0,Y2.5) in line with and 0.5 inch above the
upper and of the vertical line representing the lower slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 4.

Step 6
fiake a positioning move to Point E (X11.1875,Y7.0) at the right edge of the circle with a
diameter of 8.375 inches. Lower the tool to a depth of -0.1875 inch and make a 360°
move (roughing cut} in a counter clockwise direction without cutter compensation.
Then, raise the culter to 0.5 inch.

Step 7
Make a positioning move to Point G (X8.1875,Y7.0) at the right edge of the circle with a
diameter of 2.375 inches. Lower the too! 1o a depth of -0.1875 inch and make a 360°
move {roughing cut) in a counter clockwise direction without cutter compensation.
Then, raise the cutter to 0.5 inch.

Step 8
At the end of the main program, include a subroutine call statement o run the
subroutine 25 times. After the subroutine is called 25 times, move to machine reference
z8ro.
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Step 9
Starl the subroutine by making a posilioning move to Point F {X3.6599Y4.6108) to start
the finish cut of the 8-inch circle. From this point, make a right cutter compensation
move to point (X4.0429,Y4.2894). Next, lower the tool to -0.1562 inch and make a
lead-in cut in a clockwise arc with a radius of 2 inches 1o the point (X4.1718,Y4, 1716},
Then, make the 360° counter clockwise finish cut to the 8-inch circle. From the finish
point of the circle, make a lead-out cut in a clockwise arc with a radius of 2 inches to the
point (X4.2884,Y4.0428). Paise the tool to 0.25 inch above the material and remove
the culter compensation with a move {0 the point (X4.6108,Y3.6539).

Step 10
Raise the tool 10 0.25 inch above the material and make a positioning move to Point H
{X5.7812,Y6.7322) to start the finish cut of the 2-inch circle. From this point, make a
right cutter compensation move to point (X6.1643,Y6.4108). Next, lower the tool
to -0.1562 inch and make a lead-in cut in a clockwise arc with a radius of 2 inches o the
point {X6.2829,Y6.2929). Then make the 360° counter clockwise finish cut to the 2-inch
circle. From the finish point of the circle, make a lead-out cut in a clockwise arc with a
radius of 2 inches to the point (X6.4108,Y6.1643). Raise the tool to 0.25 inch above the
material and remove the cutter compensation with a move to the point
{X6.7322,Y5.7812).

Figure A.9.4 shows a sample program for this procedure. Due 1o differences in controllers, it
may be necessary to make minor changes in this program.

@:"

i
/»—ABSOLUTE ZERO |

$8.000°

®2.000"

ITOMMOOWr
e~y O

Figure A.9.1—Drawing showing information for developing a program {G&M code) needed to make circle
repeatability cuts in acrylic shests,
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Figure A.9.2—Drawing showing tool paths (roughing cuts, offset moves, lead-in cuts, and finish cuts)
used to cut both the 2-inch and 8-inch circles in an acrylic sheet for repeatability evaluation.

TOOL CUTS.....

Figure A.8.3—Drawing showing only the actua! cuts made in an acrylic sheet for the
2-inch and B-inch circles used in repeatability evaluation.

A-29



A-30

PROGRAM FOR CIRCLES CUT IN ACRYLIC SHEETE

00056;

N8G9l

N10G28X0Y0Z0;
N15G92X-31.5Y22.5;
N20GS0;
N25GO0X0.5Y¥7.0;
N2720.25;
N3I0G42H1GO1LX1.0F100;
N35Z-0.1875;
N40X2.0;

N42720.25;
N45G40H1X2.5;
N55G00X11.5Y7.0;
N60G42H1IGO1IX12.0F100;
N65Z-0.1875;
N70X13.0;

N7220.25;
N75G40H1X13.5;
N85GO0X7.0¥13.5;
N90G42H1G01Y13.0F100;
N95Z~0.1875;
N100vY12.0;
N1Q2Z0.25;
N105G40H1Y11.5;
N1185GO0X7.0Y¥2.5;
N120G42H1G01Y2.0F100;
N125Z-0.1875;
Ni30Y1.0;

N132%20.25;
N135G40H1YO0.5
N145G00X11.1875Y7.0;
N147Z2-0.1875;
N150G03I-4.1875F100;
N155G00Z20.25;
NL60GO0X8.1875Y7.0;
N165Z-0.1875;
N170G03X-1.1875F100;
N175G1lF100720.25;
N180MSB8P250057;
N185M30;

Q0057 ;
NSX0YO0;

N10G1lF100X3.6599Y4.6108;
N15G4ZHIG1X4.0429Y4.2894FS0;

N20Z-0.1562;

N25G2X4.1716Y4.1716R2;
N30G3X9.8284Y9.8284R4;

(REPEATABILITY)

WN3ISG3X4,1716Y4.1716R4;
N40G2X4.289474 ,0423R2;
N4S5GLFI00Z0.25;
NZ0G40H1G1X4.6108Y3.6595;
N55Y3.25;
N6OGIF100X5.7812V6.7322;
NELG42HIGIXE.1643Y6.4108BF100;
N70Z-0.1562;
N75G2X6.2929Y6.2329R2;
NBOG3X7.7071Y7.7071R1;
NB5X6.2929Y6.2929R1;
N30G2X6.4108Y6.1643R2;
NO5G1IFL00Z20.25;
N10OG40H1G1X6,7322Y5.7812;
N105M99;

NOTE:

The feed speeds in Statements
N15 and N65 of Subroutine 00057
are changed to match the deired
feed speed.

Figure A.9.4—Sample program {G&M code) for repeatability cutting of circles in acrylic sheets.



APPENDIX AD

Frogram for Squares Cut in Acrylic Sheets
{Repeatability)

Following are procedures for developing & G&M program for determining the repeatability of
cutling squares in acrylic sheets. Figure A.10.1 providss information to assist in this
development. Figure A.10.2 shows the tool path for all moves including cutter
compensations, lead-infiead-out cuts, roughing cuts, and final cuts. Figure A.10.3 shows
only the actual cuis made in the material. Use the foliowing steps to develop the required
main program and its subroutine in an absolute mode. Although feed rates are not discussed
in these steps, they mus! be included in the program so they can be changed as necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the
Y-axis from the exact center of the table.

Step 2
To start the main program, make a positioning move to Point A (X0.5,Y7.0) in line with
and 0.5 inch from the left end of the horizontal line that represents the left slot. Move
0.5 inch to the right at 0° to provide a cutter compensation to the right side of the
horizontal line. Next, lower the tool to a depth of -0.1875 inch and make a cutting move
for 1 inch. Then, raise the too! 0.25 inch above the material and move 0.5 inch to the
right at 0° to remove the cutter compensation.

Step 3
Make a positioning move to Point B (X11.5,Y7.0} in line with and 0.5 inch from the left
end of the horizontal line that represents the right slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 1.

Step 4
Make a positioning move to Point C (X7.0,Y13.5) in line with and 0.5 inch from the
upper end of the vertical line that represents the upper slot. Move down 0.5 inch at 0°
to provide a cutter compensation to the right side of the horizontal line. Next, lowar the
tool to a depth of -0.1875 inch and make a cutting move down for 1 inch. Then, raise
the tool 0.25 inch above the material and move down 0.5 inch at 0° to remove the cutter
compensation,

Step 5
Make a positioning move to Point D (X7.0,Y2.5) in line with and 0.5 inch above the
upper end of the vertical line representing the lower slot. Then, repeat the cutter
compensation and cutting moves as discussed in Step 4.

Step 6
Make a positioning move to Point E (X2.8125,Y2.8125) at lower left corner of the 8.375-
inch square. Lower the tool to a depth of -0.1875 inch and without cutter compensation
make counter clockwise cutting moves horizontally fo point (X11.1875), vertically to
point (Y11.1875), horizontally to point (X2.8125), and vertically back o point (Y2.8125).
Then, raise the cutter to 0.25 inch.

Step 7
Make a positioning move to Point G (X5.8125,Y5.8125) at lower left corner of the 2.375-
inch square. Lower the tool to a depth of -0.1875 inch and without cutter compensation
make counter clockwise cutting moves horizontally to point (X8.1875), vertically to point
(¥B.1875), horizontally to point (X5.8125), and vertically back to peint (Y5.8125). Then,
raise the cutter to 0.25 inch.

Step 8
At the end of the main program, include a subroutine call statement o run the
subroutine 25 times. After the subroutine is calied 25 times, move {0 machine reference
Zero.
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tep 9

Start the subroutine by making a positioning move to Point F (X2.25,Y3.0) {o start the

finish cut of the 8-inch square. From this peoint, make a horizontal cutter compensation
move 1o point (X2.75). Next, lower the tool to -0.1562 inch and make counter clockwise

cutting moves horizontally to point (X11.0}, vertically to point (Y11.0), horizontally to

point (X3.0}, and vertically to point (Y2.75). Then, raise the tool to 0.25 inch above the

material and remove the cutter compensation with a vertical move to point (Y2.25).

Step 10

Raise the tool to 0.25 inch above the material and make a positioning move to Point H

(X5.25,Y6.0) to start the finish cut of the 2-inch square. From this point, make a
horizontal cutter compensation move to point (X5.75). Next, lower the tool to -0.1562

inch and make counter clockwise cutling moves horizontally to point (X8.0), vertically o
point {Y8.0), horizontally to point (X6.0), and vertically to point (Y5.75). Then, raise the
tool to 0.25 inch above the material and remove the cutter compensation with a vertical

move to point {¥5.25).

Figure A.10.4 shows a sample program for this procedure. Due to differences in controllers,

it may be necessary to make minor changes in this program.

83757 =
8.000° POINTSs
A 05,70
c B (1L57.0
€ (70135
D (7025
E 2812528125
F 22330
e 2,37 57 G (5812558123
H 32560
_d L2 000" 3.256.0
b4
A — /‘B
Gé;“« H-—\ G- 8.000° 8373
G ﬁ
S b
o o
G
e L
D
00
$\
~—ABSOLUTE ZERD
Figure A 10.1—Drawing showing information for developing a program {G&M code) needed 10 maks

square repeatability cuis in acrylic sheels.
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3

TOOL PATHS...

Figure A.10.2—Drawing showing tool paths (roughing cuts, offset moves, lead-in cuts, and finish
cuts) used to cut both the 2-inch and B-inch squares in an acrylic sheet for repeatability evaluation.

% TOoOL

Figure A.10.3—Drawing showing only the actual cuts made in an acrylic sheet for
the 2-inch and 8-inch sguares used in repeatability evaluation.
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PROGRAM FOR SQUARES CUT IN ACERYLIC SHEETS
{(REPEATABILITY)

06058;

NBEGSL;

N10G28X0Y0Z0;
N15G92X-31.5Y¥22.5;
N20G%90;
N25G00X0.5Y7.0;
WN3020.25;
N35G42H1G01X1.0F100;
N40Z-0.1875;
N45X2.0;

N50Z0.25;
N55G40H1X2.5;
N60GO0G1X11.5Y7.0;
N62G42H1G01X12.0F100;
N65Z-0.1875;
N70X13.0;

N7220.25;
N75G40H1X13.5;
N85GOOX7.0Y13.5;

00059;

NZX0Y0;
NEGLFI00X2.25Y3;
W10G42H1IGIX2 . 75F100;
N15Z-0.1562;

N20X11l;

N22G4;

N28Y11;

N27G4 ¢

N30X3;

N32G4;

N35Y¥2.75;

N37G4;

N40Z0.25;
N45G40H1IY2.25;
NEOY2;
N55G1IFL00X5.25Y¥6.0;
N60G42H1GL1X5.75F100;
N68Z-0.1562;

N20G42H1GO1IY13 . 0F100; N70X8;

N95Z2-0.1875; N72G4;

N100Y12.0; N75Y8;

N102Z0.25; N77G4:
N105G40H1Y11.5; NBOX6;
N115G00X7.0Y2.5; NB2G4;
N120G42H1G01Y2.0FL100; N85Y5.75;
N1i25%Z-0.1875; N87G4:;

N130¥1.0; N90Z0.25;

N13220.25; NO5G40H1YS.25;
N135G40H1YO0.5; Ni00M9S;
N140G00z20.25;

N145G00X2.8125Y2,8125;

NiS0Z-0.1875;

N155G01X11.1875F100;

N160Y11.1875;

N165%2.8125;

N170Y2.8125;

Ni75G00Z0.25;

Ni80GC0X5.8125¥5.8125; NOTE

N1852-0.1875; The feed speeds in Statements
N190G01X8.1875F100; N10 and N60 of Subroutine 00059
N195¥8.1875; are changed to match the desired
N200X5.8125; feed speed.

N205¥5.8125;
N210G00Z20.25;
NZ215M98P250059;
N220M30;

Figu;eﬂA. 10.4—Sample program {G&M code) for repeé?abmty cutting of squares in acrylic shests,
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APPENDIX A.11

Program for Diamonds Cut in Acrylic Sheetls
{Repeatability)

Foliowing are procedures for developing a G&M program for determining the repeatability of
cutting diamonds in acrylic sheets, Figure A.11.1 provides information to assist in this
development. Figure A.11.2 shows the tool path for all moves inciuding cutter
compensations, lead-in/lead-out cuts, roughing cuts, and final cuts. Figure A.11.3 shows only
the actual cuts made in the material. Use the following steps to devslop the required main
program and its subroutine in an absolute mode. Although feed rates are not discussed in
these steps, they must be included in the program so that they can be changed as
necessary.

Step 1
Set the absolute zero position at a point -7 inches in the X-axis and -7 inches in the
Y-axis from the exact center of the {able.

Step 2
To start the main program make a positioning move to Point A {(X2.4038,Y2.4038) in line
with and 0.5 inch from the lower left end of the line that represents the lower left siot.
Move 0.5 inch to point (X2.7574,Y2.7574) with a left cutter compensation. Next, lower
the tool to a depth of -0.1875 inch and make a cutting move to point (X3.4645,Y3.4645).
Then, raise the tool to 0.25 inch above the material and move to point (X3.818,Y3.818)
to remove the cutter compeansation.

Step 3
Make a positioning move to Point B (X10.182,Y10.182) in line with and 0.5 inch from the
lower left end of the line that represents the upper right slot. Move 0.5 inch to point
(X10.5355,Y10.5355) with a left cutter compensation. Next, lower the tool to a depth of
-0.1875 inch and make a cutting move to point (X11.2426,Y11.2426). Then, raise the
tool to 0.25 inch above the material and move to point (X11.5962,Y11.5962) to remove
the cutter compensation,

Step 4
Make a positioning move fo Point C (X2.4038,Y11.5962) in line with and 0.5 inch from
the upper left end of the line that represents the upper left siot. Move 0.5 inch to point
(X2.7574,Y11.2426) with a right cutter compensation. Next, lower the tool to a depth of
-0.1875 inch and make a cutting move to point (X3.4645,Y10.5355). Then, raise the
tool to 0.25 inch above the material and move to point (X3.818,Y10.182) to remove the
cutier compensation.

Step 5
Make a positioning move to Point D (X10.182,Y3.818) in line with and 0.5 inch from the
upper left end of the line that represents the lower right slot. Move 0.5 inch to point
(X10.5355,Y3.4645) with a right cutter compensation. Next, lower the tool to a depth of
-0.1875 inch and make a cutting move to point (X11.2426,Y2.7574). Then, raise the
tool to 0.25 inch above the material and move to point (X11.5962,Y2.4038) toc remove
the cutter compensation.

Step 6
Make a positioning move to Point E (X1.078,Y7.0) at left corner of the B.375-inch
diamond. Lower the tool to a depth of -0.1875 inch and without cutter compensation
make cournter clockwise cutting moves to point (X7.0,Y1.078), to point (X12.822,Y7.0),
to point (X7.0,Y12.922), and back to point (X1.078,Y7.0). Then, raise tha cutter 10 0.25
inch.

Step 7
Make a positioning move to Point G (X5.3208,Y7.0) at left corner of the 2.375-inch
diamond. Lower the tool to a depth of -0.1875 inch and without cutter compensation
make counter clockwise cutting moves 1o point (X7.0,Y5.3206), to point (X8.6794,Y7.0),
to point (X7.0,Y8.6794), and back to point {(X5.3208,Y7.0). Then, raise the cutter tc
0.25 inch.
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Step 8

At the end of the main program, include a subroutine call statement to run the
subroutine 25 times. After the subroutine is called 25 times, move to machine reference
Zero.

Step ¢

Start the subroutine by making a positioning move to Point F (X0.8128,Y7.5303) to start
the finish cut of the B-inch diamond. From this point, make a right cutter compensation
move to point (X1.1664,Y7.1768). Next, lower the tool to -0.1562 inch and make
counter clockwise culting moves to point (X7.0,Y1.3431), to poirt (X12.6569,Y7.0), to
point (X3.0), and to point (X1.1664,Y6.8232). Then, raise the tool to 0.25 inch above
the material and remove the cutter compensation with a move {o point
(X0.8128,Y6.4697).

Step 10

Raise the tool to 0.25 inch above the material and make a positioning move to Point H
(X5.0555,Y7.5303) to start the finish cut of the 2-inch diamond. From this point, make a
cutter compensation move to point {(X5.409,Y7.1768). Next, lower the tool to -0.1562
inch and make counter clockwise cutting moves to point (X7.0,Y5.5858), to point
(X8.4142,Y7.0), to point (X7.0,Y8.4142), and to point (X5.409,Y6.8232). Then, raise
the tool to0 0.25 inch above the material and remove the cutier compensation with a
move to point (X5.0555,Y6.4697).

Figure A.11.4 shows a sample program for this procedure. Due to differences in controllers,

it may be necessary to make minor changes in thig program.

1-090'“\;\

/—-C
&

8375

8.000° POINTS!
(2.4038,2.4038>
(10.182,10.182>
(2.4038,11.5960>
€10.182,3.818>
1.070,7.00
0.8128,7.5303>
(3.3206,7.0)
(3.0585.7.3303>

TOmMmMwOw

Figure A.11.1—Drawing showing information for developing a program (G&M code) needed to make
diamond repeatability cuts in acrylic sheets.
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i

Figure A.11.2—Drawing showing tool paths (roughing cuts, offset moves, lead-in cuts, and finish
cuts) used to cut both the 2-inch and 8-inch diamonds in an acrylic sheet for repeatability evaluation.

f

Figure A.11.3—Drawing showing only the actuai cuts made in an acrylic sheet for the 2-inch
and 8-inch diamonds used in repeatability evaluation.
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A-38

PROGRAM FOR DIAMONDS CUT IN ACRYLIC SHEETS

{REPEATABILITY)

00060

N5GS1;

N10G28X0Y02z0;
N15G92X-31.5Y22.5;

N20G90;

N25G00X2.4038vV2.4038;
N2720.25;
N30G41HIGO1X2.7574Y2.7574F100;
N35%Z-0.1875;
N40X3.4645%3.4645;

N4270.25;
N45G40H1X3.818Y¥3.818;
N55G00X10.182Y10.182;
N60G41H1G01X10.5355Y10.5355F100;
NE65Z-0.1875;
N70X11.2426Y11.2426;

N7220.25;
N75G40H1X11.5962V11.5962;
N85G00X2.4038Y11.5962;
NOO0G42HIGO1LX2.7574Y11.2426F100;
N95Z-0.1875;
N100X2.4645Y10.5355;
N10220.25;
N105G40H1X3.818Y10.182;
N115G00X10.182Y¥3.818;
N120CG42H1G01X10.5355Y3.4645F100;
N125%-0.1875;
NI30X11.2426Y2.7574;
N13220.25;
N135G40H1IX11.5962Y2.4038;
N145G00X1.078Y7.0;
N147Z-0.1875;
N150G01X7.0Y1.078F100;
N160X12.922¥7.0;
N165%7.0Y12.822;
N170%1.078Y7.0;

N175G00Z0.25;
N180GODX5.3206Y7.0;
N185%Z2-0.1875;
N1SOGO1X7.0¥5.3206F100; NCTE:

00081 ;

NEX0YO;

NLOGLF100X0.8128Y7.5303;

N15GA2HIGIX1.1664
¥7.1768F100;

N20Z2-0.1562;

N25X7Y1.3431;

N27G4;

N30X12.6569%Y7;

N32G4;

N35X7Y12.6569;

N37G4;

N40OX1.1664Y6.8232;

N42G4;

N4BZ0.25;

NS50G40E1X0.8128Y6.46897;

NE5GIF100X5.0555Y7.5303;

N60G42H1IG1X5.409
¥7.1768F100;

N65Z-0.1562;

N70X7Y5.5858;

N72G4;

N75X8.4142Y7;

N77G4;

NBOX7Y8.142;

NezG4:;

NB5X5.4098Y6.8232;

NB7G4;

N90X0.25;

NSHG40H1X5.,0555Y6.4687;

N100OMS9;

N195%8.6794Y7.0; The feed speeds in Statements
N200X7.0Y8.67594; N15 and N60 of Subroutine 00081
K205X5.3206Y7.0; are changed to match the desired
N210G00Z0.25; feed speed.

N215M98P250061;

N220M30;

Figure A.11.4—Sample program (G&M code; for repeatability cutling of diamonds in acrylic sheets.



