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Introduction

This program was designed to control an end milling madiarproduce compensators
from an input specification of the thickness of the pensator along either divergent rays
or from a surface specification. An end mill is a hwae that has a spinning tool. The
tool can move up and down while the work piece sits able that can move
horizontally. Under program control the tool can cpiagh through the work piece. A
compensator is a solid material piece, usually madeadfde cerrobend, whose thickness
IS to vary over the area of the piece. The vameaitiahickness will result in x-rays being
attenuated differently over the area.

System 2100

This program uses the System 2100 library. Refer toysie® 2100 manual for details
on image display and printer functions.

Milling Codes

This program generates the codes that move the td@.cdordinate system assumed is
the z axis is the tool height, and the x,y axis éstdble motion. A subset of available
codes is used in an attempt to use only those codes cotoradl milling machines. The
codes used are:

G21: metric command, assumes all coordinates arelimetérs.

G40: turn off cutter compensation.

G90: all coordinates are given in absolute coordinates.

MOQ9: turn coolant off.

MO5: turn the spindle off.

TnM6: commands the machine to get tool n, whereepkced with the tool number,
and M6 commands the tool change. Some machines ngedrowithout the M6. It is
assumed that TOM6 will put the existing tool away and l¢hgespindle without a tool.
G43Hn: load the tool length off set for tool n. E&mbl must be calibrated relative to
the coordinate system of the milling machine, so Wian moving to a given tool height,
all tools will have their ends at the same pointeréfore G43H4 should hold the
compensation length for tool 4, for example.

GO00: move the tool in rapid motion.

MO8: turn the coolant on.

MO3Sn: turn on the spindle, set the spindle speed to the gaen by n, for example,
M03S1500 for 1500 RPM.

Fn: set the feed rate to n where n is the valuenwinnm. For example: F80.0 for 80.0
mm/min.

GO01: move the tool at the programmed feed rate. Themment is on the line from the
present x,y,z coordinates to any new point specifinatibhe new point might be a change
in any of the x, y, or z coordinates.
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MO1: end of the program.

The programs will start with a single comment lineigleting the setup that the program
is for. Next follows a % sign. The machine is nbwvéth only the above commands. A
% sign ends the program. And example program is:

/[Two pieces 6 inch by 6 inch cerrobend.
%

N1G21

N2G40

N3G90

N4MO09

N5MO05

N1T1M6
N2G00X-90.200Y-4.200263.200G43H1
N3M03S1500

N4MO08

N5F80.0

N6G00263.200

N7G00

N8X-90.200Y-4.200

N21G01
N22730.600

N12489G00263.200
N1MO09

N2MO05

N3TOM6

N4MO02

%

Notice that the line number starts over again atdltabl change and at the end of the
program.

Tool and Setup File

The program needs to read two files describing the towdlanks, MillTools.dat and
MillSetups.dat. These and the compensator specificiidamse the System 2100 ASCII
file standard whereby /* and */ set off comments, <* andé&b off string data.
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Both the tool file and setup file is located in the curnet directory.

Program ConvertRToolFile will read a Render-Plan 3D.dab file and write out the
below two files.

Tool File

The information about the tools are given in theMié#Tools.dat. The tools are listed in
the file in the order in which they are mounted intib@ changer, starting with tool 1.
The tools may be in any order.

It is extremely important that the tools be properly calibrated in regards to
length. An accurate surface will not be cut if a tool hashie wrong length
offset value stored in the milling machine.

Generally the tools are calibrated against tool 1e [@hgest ball end is used to cut the
surface. Smaller diameter ball end mills are only mlake to work on areas where the
larger tool did not fit. If the tool length calibratiovere incorrect, the other ball end mills
would cut too much or too little. A collision betwegmnool and the emerging surface
might also occur if the tool calibration for a toodre incorrect. For example, the scriber
tool only penetrates the surface created by therit@ol a small distance. If the flat end
mill or scriber were off, either the scriber wouldsmthe surface or it might collide with
the surface.

Tool types are limited to a drill, a counter sinkerdaadénd mill, a scriber (which could be
a small ball end mill), and ball end mills. An examidéeis shown below:

/* File format version: */ 1
[* This file contains list of tools in the milling axhine. */

/* Next follows a list of the tools in the orderwhich
they are in on the miling machine. */

/* Number of tools: */ 7

[* Tool types are: Dirill, Sink, Flat, Scrib, and Ball */

[* Tool description followed by:

Tool Diameter Reach Max depth Spindle dFse Feed at Plunge
Type cm cm single cut sbeemax depth 0 depth. Feed

cm RPM  cm/min cm/min - cm/mirt/

<* 1/8 inch diameter drill *>
Dril 0.3175 5.00 0.60 1000.0 O O. 0.0 2.0
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<* counter-sinking tool *>
Sink  0.635 2.50 0.40 500.0 0.0 0.0 2.00

<* 1/2 inch flat bottom mill *>
Flat 1.27 2.00 0.63 1200.0 12.00 24.00 1.2

<* Scriber tool *>
Scrib 0.15875 2.00 0.01 4800.0 20.0020.00 10.00

<* 1/2 inch ball end mill *>
Ball 1.27 2.50 0.63 1530.0 23.00 46.00 2.3

<* 3/8 inch ball end *>
Ball 0.9525 2.50 0.476 2000.0 0030. 60.00 3.0

<* 1/4 inch ball end *>
Ball 0.635 2.50 0.317 3000.0 45.00 90.00 4.5

[* Margin for tool clearance all tools except drill.
This is the thickness added to all paths. incm */ 0.1

/* The tolerance parameter in cm: */ 0.025
/* Based upon assumption that 0.025 cm cerrobend attenuatés 1 %

/* Useful equations for end mills:

Surface speed per minute (cm/min)
310, [ ——————
diameter (cm) x 3.14159

Feed rate (cm/min) = Feed per tooth (cm) x numbé&zaih x RPM

Depth of cut should not exceed 1/2 of the end mill dian{eteyeneral).

We know of no good data for lead and cerrobend, and somekhat works
by trial and error.

*/

The above tool file is self documenting as to the &lu®Ve provide additional
information below. If any tool is missing, thammatloperation is not performed. The tool
must be listed in the same order that they are moumtie imilling machine, but may be
mounted in any order.

Note that all dimensions are given in centimeters. Nevdelabout a tool's
diameter or reach. These values are needed to prevent a =ain.
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The reach is the maximum depth which the tool can plbeg®e there is a collision
between the spindle and the work piece. It is norrtiadiylength of the tool protruding
from the spindle.

For a drill, the depth of maximum cut is the pecking defihat is, the drill will drill that
depth and then retract out of the hole. It will thewaace back into the hole to drill
more. Only the plunge feed rate has meaning fordbisats the tool is never dragged.
This tool will penetrate the work piece by the radiughefdrill. This is the only tool that
will go below the bottom of the work piece. All otheols will maintain a clearance
height.

For the counter sinking tool, the depth of maximum cthesdepth that the tool will drill
down to from the thickness given for the work piece ly@re plunge feed rate has
meaning for this tool as the tool is never dragged. cbhmter-sink tool assumes that the
surface is given by the blank thickness. We recommaaitdybu not use a counter-sink
operation if you are pouring blanks with cerrobend and ddaee a close tolerance on
the thickness poured. To omit this operation simply dawtint a counter-sink tool and
omit the tool from the tool file (which must listefactual tools in the same order that are
in the tool changer).

The flat end mill is used to mill a pocket into the wprkce. The feed rate will vary from
that specified at the depth of maximum cut to that spec#t a depth of 0. The plunge
feed rate is specified separately. Normally the depthaodmum cut should not exceed
the tool radius. The tool will cut no deeper than thgldef maximum cut on any one
pass. Multiple passes will be used to cut deeper.

The depth of maximum cut for the scriber is the depthttiescriber will be dragged at.
This tool will plunge at the plunge feed rate and then dramit the lettering for the labels
around the perimeter of the pocket. If there is nddtaehd mill then the labeling will not
be done. The flat end mill is needed to produce a watlleteturface for the scriber as
well as remove excess material that is not needed.

The ball end tools are used to mill in the compensaidace. The same comments apply
as did for the flat end mill above. The program will tleelargest ball end tool for most
of the cutting and will pick up the smaller tools onlthiéy can cut beyond the tolerance
specified in the file.

The margin for tool clearance is the thickness thatded to the compensator. If the
compensator is specified on divergent rays, this thickisesdded to the divergent rays,
so that the perpendicular thickness is actually a lgfle but only by a very small fraction.
This margin is necessary so that tools (except thipainot penetrate into the surface
holding the work piece and so that islands in the companaall not fall out. If
specifying the surface on rays perpendicular to the corafmnglane so that divergent
has all ready been accounted for by the design programstime consideration must be
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given to this margin. The design program should designaimpensator for a source to
compensator distance that has been adjusted by the aetgbtmargin.

The tolerance parameter is the accuracy by whicbhdhgensator is milled. A curved
surface cannot be milled to infinite accuracy. A balil mill in making multiple parallel
passes will leave a ridge. The parameter specifiesdxeénum height of that ridge.
Subsequent ball end mills will make passes only if tla@yaut more than this tolerance
parameter. This number cannot be set to zero. Yéemmend that you mill to within
one percent transmission of the material being useaking this parameter smaller will
increase the milling time.

If any type of tool is missing from the tool changst, lthan that operation will not be
performed. It would not make sense to omit the balteats because then the surface
could not be milled. The tools may be mounted in tioé¢banger in any order, but must
be listed in the tool file in the same order as thegur in the tool changer.

Blank Setup File

The location of the working pieces is specified in tfleeMillSetups.dat. There may be
unlimited setups on the milling machine, each consistfrane or more blank locations.
For each blank must be specified the coordinates dfdtiem center of the blank relative
to the milling machine coordinates. The number oé¢fi@ind location of each hole are
specified for each blank. The hole locations ardiveléo the bottom center of each
blank, not to the miling machine.

The thickness of all blanks for all setups is specifigtl & single parameter. If this
number is zero, than the program will prompt for thalbkiickness for each
compensator after displaying the thickness needed foroesopensator (see below).

It is extremely important that the blank not be thicker than that specified to
the program. Collision and severe damage to the milling machinzan result
if there is in fact solid material where the program assungthere is air.

If you are pouring cerrobend, you can type in the thickfeessach compensator once
you know the thickness required. After the milling fdecreated you can print a report
and use that to guide the pouring of each blank. Howe\arems to us that using the
program this way creates the possibility for err@oineone were to put a thicker blank in
place of a thinner one on the milling machine.

We recommend that instead you specify the maximum thickneddank that
you will pour in the MillSetups.dat file and never pour a ticker blank.

You can pour a thinner blank with the program assumingleethblank. All that will be
lost is the time taken to mill air down to the actilahk thickness. But this may be better
than risking a collision someday.
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For each blank is specified the working area. Thisasdimensions of the square area
available for the compensator surface. The todIwt go outside of this area except
for drilling the holes. For each hole, the tool wibve from the center of the blank
directly to the hole. The tool will be lifted toetltlearance height above the bottom of
the blank for the move to the hole. The cleardmsight must not be beyond the height
limit of the milling machine and must be high enoughléarcany clamps if the tool passes
over a clamp from the center of the blank to a hudation.

In the file the number of setups is specified. For eathp the number of blanks is
specified followed by an entry for each blank. Thegpam will pick the setup with the
smallest blank that will hold the compensator. It mill however many compensators it
can with that setup. Each output file will mill onlgesetup but possibly more than one
blank in the setup (if the setup has more than one blaAkprintout will be produced
that list the file name produced, the setup used, anddhksbilled in that setup.

An example MillSetups.dat file follows:

[* format version: */ 1
/* This file contains a description of the blank sirel a
setups available on the milling surface */

/* Thickness of all blanks cm. */ 2.0
/* clearance height in cm */ 5.0
/* number of setups: */ 2

/* setup number 1 */
<* Single 8 1/4 x 8 1/4 inch cerrobend.*>
[* number of blanks */ 1

/* square work area size in cm */ 20.0
/* X,y,z coordinates of bottom center of the blankatree to the
touch off point, cm*/ 0.0 0.0 0.79375

/* number of mounting holes to drill */ 6
[* X, y coordinates of each hole in cm relative tatee of blank.*/

10. 10.
-10. 10.
-10. 0.
-10. -10.
10. -10.
10. 0.

[* setup number 2 */
<*Two 5 by 5 inch cerrobend blanks.*>
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/* number of blanks */ 2
12.0 6.0 0.0 0.79375 4

5.8 5.8
-5.8 5.8
-5.8 -5.8
5.8 -5.8
120 -6.0 0.0 0.79375 4
5.8 5.8
-5.8 5.8
-5.8 -5.8
5.8 -5.8

Compensator Specification File
The compensator is specified in the file format shbelow.

Render-Plan 3D input.

Program RPtoMillComp will convert Render-Plan 3D congagor files to the below
format.

If the milled surface is to face the patient, in RendePlan 3D software select
the surface to face the source of x-rays and accomplish tHgfwith the
program RptoMillComp provided here. The specification belowis always in
BEV orientation. MillComp accomplishes the flip. You do mt want Render-
Plan to reverse the data across the Y axis as it will no longbe in BEV
orientation.

MillComp file format.

Care must be taken when this file is written. Theagensator is to be specified in beam’s
eye view coordinates, not milling machine coordinatéshe milled surface is to be facing
the patient, this program will flip the beam’s eye vi@athe milling machine system. This
involves a rotation and expansion of coordinates oergent rays instead of a
contraction. This file may be in the current dir@gtor the user may navigate with the file
selection box to the location of the file.

Orientation labels should be supplied for the compensator.

The orientation labels are safety features. They provide a meato visually
Inspect the compensator at the time it is used as to tipeoper orientation
relative to the patient, and as to using the correct compensatwith the
correct treatment field.
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There is a label for each side of the compensatbe ofder of the labels in the file are:
patient name, hospital name, treatment machine r@mgensator name, minus beam’s
eye view x axis identifier, plus x axis identifier, mngy axis identifier, plus y axis
identifier. These labels must be correct for coregulication of the compensator. For a
head first supine patient with the collimator in itsatated position, the minus x beam’s
eye view side would be to the patient’s right. The p@sit beam’s eye view side would
be toward the patient’s head (superior).

Like the compensator, the labels are specified in leay@ view coordinates. If the
milled surface is to face the patient, this programnetihte the compensator and labels so
that the surface is presented on the top side for gillin

Note that the user can edit the labels as describa/bel

Another issue is that the location of the centeghefcompensator array is located in
beam’s eye coordinates and must be correct. The ceatfperplane to source distance
must be correct for divergence to be correctly accaluiote The actual size of the
compensator is given in the plane where the compensatwunted. The size is defined
by the spacing between array points and the dimensfdhs array. If the compensator
plane were to be specified at the wrong distance, linailmodify the x-ray field as
planned.

A final issue is the maximum thickness of the compemsat

If the specification calls for a thicker compensator than carbe milled, the
compensator will be truncated with the higher elevations nsising.

It will be as if the top part was sliced off and throsmay. This is a design issue beyond
the scope of this software. It is important thateotiee maximum thickness that can be
milled is decided upon, that the design methods be reviewsektif that limit can be
enforced in the design process.

An example compensator specification file follows:

[* file format version: */ 1

/* File for milling machine compensator specificatiéh.
[* Patient name: */ <*John Doe*>

[* Hospital name: */ <*Memorial Hospital*>

/* Machine name: */ <*6 MeV accelerator*>

[* Compensator name: */ <*left obl*>

[* Minus X axis identifier: */ <*right*>

/* Plus X axis identifier: */ <*left*>

[* Minus Y axis identifier: */ <*inferior*>

[* Plus Y axis identifier: */ <*superior*>
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/* location of the center of the grid in beam's ey@wcoordinates, x,y in cm: */0.000
0.000

/* distance to the source of x-rays in cm */ 56.300

/*

1 = elevation on divergent ray, milled side toward soofoerays.
0 on perpendicular ray, milled side toward source of x-rays

-1 = elevation on divergent ray, milled side toward pati¥ 1

/* dimension of grid in x direction: */ 20

/* dimension of grid in y direction: */ 10

[* spacing in grid in x direction in cm: */ 0.45

/[* spacing in grid in y direction in cm: */ 0.45

/* the grid elements in cm, x axis fast, y slow,

X minus to x plus, from y minus to y plus*/

1.032 1.110 1.152 1.208 1.194 1.176 1.182 0.920
0.928 0.898 0.890 0.692 0.664 0.660 0.502 0.490
0.456 0.336 0.152 0.000

1.190 1.186 1.228 1.234 1.192 1.210 1.082 0.968
0.944 0914 0.878 0.778 0.764 0.820 0.704 0.582
0.688 0.494 0.332 0.150

If any of the text fields are too long, the remainihgracters will simply not be milled.
The orientation labels are centered along the edgie @bmpensators. The other four
labels start at an edge, and will skip over the oriemdbels if necessary.

There may be more than one compensator in a fimplrepeat the above starting at the
first label (the patient’s name).

CadPlan-CadMill input.

This program will read in compensator files written@gdPlan. The present format
version is CP1 which is indicated in the file extensio

Do not attempt to read in a different format. Unknown resuts and errors
could result.

The file selection box will come up with the filteiC1 which will display all files that
end in “.CP1” in your current directory. Select the you want to mill (see more on the
file selection box below). Note that case matéers you should store your files with the
extension in upper case. If not, you can change tketil lower case.
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A patient name and compensator ID is provided in the fitherwise the orientation
information which MillComp can mill around the perimetd the compensator is not
provided in the file. You will have to enter the otkayels in the popup tool provided for
that purpose as described below.

CadPlan provides the thickness of the compensator bagmhal coordinates, not on
divergent rays. MillComp can only reproduce the surfacgoaspecified. The number of
rows and columns is provided in the file format, witd #ttual points listed as x,y,z
triplets. The expected order is x minus to x plus, foldwy y minus to y plus. If these
points are not provided in this order and on a regularlgesparray, an error message will
be displayed and the file rejected for milling.

Running MillComp
Type MillComp in a winterm.

MillComp ToolBar.

On the main window select the “Select Compensatet pillldown on the main toolbar
to select a compensator design file.

The mill program main tool bar.

Read in compensator file.
A file selection box will be displayed.
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File selection box.

You can navigate to a different directory by making selas in the left side under
directories, or type in the directory in the filtezli. An * may be used to select all file
names for viewing on the right side, or you may resthie file names to be displayed with
the filter. Select the file on the right side andrthit the OK button.

Surface display.

Each surface will be displayed in a separate screesingke frame. Select as many
compensator files as desired. On the right you catexstsvhich compensator surface to
view.
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 Exit | Select Compensator Fife | Edit Labels | Write Mill PrngramI:HeIp...I

Select Screen

- right obl

~ |eft abligue

screen Contral.., I

Mot Frame: A _f”

' .CE: rﬁrast...

| F%Dtatejl

Hilling machine axes.

4IIIH || RS | L

The main screen for MillComp

See the System 2100 manual for a description of the \gesystem and user interface.
Only three dimensional room views are provided here.

Hard copy.

If you want to print a picture of a compensator surfaliek the mouse inside the frame
and then hit the Print Screen button on your keybo&de the System 2100 manual for
further details.

Enter blank thickness.

If the blank thickness parameter in the mill setup(fkee above) is zero, the program will
display the maximum thickness of the compensator and prgooptio enter the blank
thickness.
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Compensator Thickness cm

Enter Blank Thickness in ¢m

Blank thickness prompt.

Edit orientation labels.

For the current compensator being viewed, you can edaribntation labels. Select Edit
Labels to get the edit labels popup tool.

Enter labels Labels are the same
| in BEV system. in the mill system.

Patient Name
Institution Name
kMachine Name
Compensator Name
A Minus Label

A Plus Label

¥ Minus Label

| ¥ Plus Label

Edit Label Tool.

The compensator is displayed in the milling machine dioate system with the milled
surface toward the positive Z axis. The cutting tochdhree axis end mill is above the
work piece. The orientation labels are in referaondde beam’s eye view (BEV)
coordinate system. If the milled surface is towardsthérce of x-rays, the two systems
are the same. If the milled surface is toward theepatthen the mill coordinate system
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Is rotated around the Y axis from the BEV system. bipeof the edit label tool will
indicate whether the two systems are the same asmbthe milled system is flipped.
You can rotate the room view of the compensator seidacthat you can read the labels
for verification of the correct position.

You must be sure the orientation labels are correct as theserve as a safety
feature for those who apply the compensator to the treatment @t patient.

This will require you to be familiar with the intendedemtation of the compensator.
Remember also that the beam’s eye view coordinatersyrotates with the collimator.

Write milling machine file.

Next hit the “Write Mill Program File” button to watout the miling machine programs
for the selected design files. The program will wribe @r more files out. Each file will
be for a single setup since all the blanks in a sirglgpsare milled as one single job. As
each compensator is milled, its surface will be deléted the display. If for some reason
a compensator cannot be milled, the surface will rem&rror messages will be popped
up and written to standard out. The files go to the teamgalirectory specified in the
program resources directory (see the System 2100 manual).

A report will be displayed showing the files produced, theks milled in each file, and
the thickness of the compensators in each blank.tdthetool path and miling machine
time will also be displayed for each blank.

Milling

The program is designed so that the ball end tool newsoves too much material. If a
valley is too narrow for the tool to fit, it willrdy cut until the tool touches the surface at
some point. Smaller ball end mills will be selectieitiey can cut the surface somewhere.
For the low gradient surfaces usually involved with corapsars this should not be a
problem. However, the importance of using a verifiatechnique such as program
Dosimetry Check (see below) should not be dismissed.

Monitor Unit Calculation

The monitor units to be used for each field must bescted for the transmission through
the compensator. The miling process will add a mamihé bottom of the compensator
which will decrease the transmission. The transamsshould be measured on the same
ray that the monitor units are computed on. The apjolitatf the compensator involves
iIssues beyond the scope of this software but we negoiribout the need for care
nonetheless. If the central tray were to go throughg bnd the compensator made to
correct for lung transmission, than lung transmissiaukl be accounted for in the
monitor unit calculation. Otherwise the dose arounduhg would be raised instead of
the lung dose lowered.
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It may be appropriate to measure the thickness of tmpensator instead of measuring
the transmission along some ray (usually the cergyyl rHowever, be aware that scatter
off the compensator can change the in air scattémetdr factor from that expected for
an open field with the same collimator opening. Measarg on the treatment machine
for the correct energy with a dosimeter will be mdeénitive and accurate.

Dosimetry Check

After making the compensators the dosimetry should be cheel with
program Dosimetry Check.

Dosimetry Check is a comprehensive treatment veidicgrocedure available from us.
Download the treatment plan in RTOG format, or otlsewead in the CT scans and set
the beam positions. Shoot each field with the congiens and all other treatment fields
and compute the dose and dose distribution with DosimétegikC

If Dosimetry Check cannot be used because there B 60t based external beam plan,
than extra care must be taken to ensure the correathéds compensator. The milling
machine itself can be used to touch off specific poirtis the coordinates read and
compared. With this means the thickness at strategitspzan be checked. Other means
of verification might include taking a film with the cpensator and comparing its
transmission to the design transmission.
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