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ABSTRACT

The Axtrusion is a new linear motion element devel oped by Professor Alexander Slocum
and Roger Cortesi of the Massachusetts Institute of Technology’s Mechanical Engineer-
ing Department. It is an easy to manufacture non-contact linear motion system. The proto-
type uses porous graphite air bearings and an open face permanent magnet linear motor to
support and propel the carriage. Since there is no contact between the carriage and the
way, the Axtrusion isideal for high speed where reliability is at a premium. Initial testing
of the prototype carriage indicates that it has the following performance specifications: a
vertical load capacity of 2000 N (450 |bs); horizontal load capacity of 4000 N (900 Ibs); a
carriage pitch error of 12 micro-radians (2.5 arc seconds); ayaw error of 7.7 micro-radians
(1.6 arc seconds); a vertical straightness at the center of the carriage of 0.3 microns
(0.000012 inches); and a vertical stiffness of the carriage of 422 Newtons per micron
(2,400,000 Ibg/in).

Thesis Supervisor:
Prof. Alexander H. Slocum
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Chapter 1

DESIGNING THE AXTRUSION

The Axtrusion is anew linear motion concept developed by  The functional requirements of the Axtrusion system are:
Professor Alexander Slocum and Roger Cortesi of the Mas- - No Contact: No contact between the way and
sachusetts Institute of Technology’s Mechanical Engineer- the carriage allows for very high speed opera-
tion and NO wear. The elimination of grease

ing Department. will reduce machine downtime and mess.
Non-contact is aso the primary means of

It isintended for applications where the emphasisis on high reducing error motion.

speed, no wear, and very low error motions. It isdesigned to * Moderate Stiffness: The exact stiffness

enable air bearing systems to be competitive in price with ;%%T:g?ggt will be determined by the specific

high performance ball bearings systems. At the same time, « Therma Robustness. Many linear guide sys-

it exploits all the advantages of a non-contact motion sys- tems are very sensitive to large changes in
temperature due to the very tight tolerances
between the parts. The Axtrusion should be
insensitive to temperature changes.

tem.

Erwisioned applications include: * Minimal Precision Surfaces and Parts: The

geometry should remain simple, and minimal
o _ precision parts should be used to keep the
* Machining and turning centers manufacturing inexpensive and easy.

» Optical equipment.

» Precision high speed material handling

14
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1.1 Axtrusion Components

1.

The carriage is made up of a number of smaller compo-

nents.

1

The Way: Thisisthe base of the Axtrusion. It
is the surface on which the carriage dides
back and forth.

The Top and Side Precision Surfaces: These
are the two critical surfaces of theway. Theair
bearings slide over these two surfaces, hence
the necessity for higher tolerances on straight-
ness and surface finish.

Linear Motor Permanent Magnet Track: This
component is bolted to the angled groove in
the top surface.

Position Encoder Scale: This component is a
piece of tape that allows the position encoder
read head to measure the carriage’ s position.

The Carriage Base: This is the structure to
which the other carriage components are
attached.

. Porous Graphite Air Bearings: These six (6)

bearings alow the carriage to dide with no
friction over the way surfaces. They aso
determine the maximum load capacity of the
carriage.

The Linear Motor Coil: Since this component
isessentially alarge block of iron with coils of

wire inside, it is very strongly attracted to the
magnet track on the way. This attractive force
preloads the air bearings. When the coils are
energized by the controller, the motor coil pro-
vides the motive force to move the carriage.

. Position Encoder Read Head: This is what

senses the position of the carriage and trans-
mits it to the motor controller.
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Axtrusion Components

Top Precision
Surface

Linear Motor
Permanent Magnets

Side Precision
Surface

Top Outboard Linear Motor Coil

Porous Graphite
Air Bearings

Carriage

ay

Top Inboard
Porous Graphite
Air Bearings

A Side Porous

Graphite Air
Bearings

Not Shown: Position Encoder and Position Encoder Scale
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1.2 How the Axtrusion Works

The attractive force between the motor coil and the magnet
track preloads the bearings, which support the vertical and
horizontal loads. By choosing the groove angle @) and
motor location (Y, z,) the designer can specify the amount
of preload on each bearing pair. The pairs are the top out-

board pair, the top inboard pair and the side pair.

Summing the forces in the horizontal direction yields,

-Fsing

Foge = —5— (1.2

side

where Fqqe IS the preload forces on each of the side bear-
ings, F,, is the motor attractive force, and q is the motor

angle. Summing the forces in the vertical direction yields,

_ —Fpcosq

F top2 — 2 ’

topr T F

(1.2)

where Fq51 and Fy,5 are the forces on each of the inboard
and outboard pairs of top bearings. Summing the moments
yields,

F .
I:sideZ_Ftoplyl_Ftop2y2 = é“(cos(q)ym— Sln(q)zm) ’ (13)

wherey,,, and z,, are the motor location in the horizontal and
vertical directions. In the prototype configuration the verti-

cal motor location is determined by

(1.4)

2, = W, sing,
where w,, is the width of the motor track.

Equations 1.1 through 1.3 have not taken into account the
20 kg (44 Ibs) mass of the carriage. It is not significant com-
pared to the magnetic preload force. If the mass of the car-
riageis significant with respect to the linear motor attractive

force, then it must be included in the calculations.

Equations 1.1 through 1.3 can be solved as a linear system
for Fgge: Frop1+ Frop2: Yielding

> 0 ol F,sing Fside
0 2 -2 Fncosq = |Fopa| - (1.5)
2y =2X; =2%| |F_(cos(q)y,,+ sin(a)z,) Fiop2

Thevaluesfor Fgge, Frop1, Frop2 Will determine the preload,
and hence air gap and stiffness, of the three pairs of bear-

ings.
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How the Axtrusiton™ Works

The attractive force between the motor coil and magnets
preload the air bearings.

Changing the values : Y,

of q,y,, and z the o,
values for Fgge, Fiops;
and Fy,,, can al be set

\/

independently T Y Axis
z
Prototype Parameters i
Theta 26 degrees
Fm 2300 N
Y1l 30 mm
Y2 260 'mm Preload Results
Ym 145 mm ; Fside 504 N

Z 81 mm Ftopl 393 N
Zm 25 mm 2 Axis Ftop2 641 N
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1.3 The Bench Level Prototype

The bench level prototype (BLP) of the Axtrusion uses five
cam rollers as the bearings: three (3) on the top surface and

two (2) on the side surface.

The gap between the magnet and the way can be adjusted
using the magnet adjustment screw. This adjusts the amount

of attractive force preloading the bearings.

This BLP demonstrates the viability of the Axtrusion con-

cept, and justifies further devel opment.

The five (5) rolling element bearings are a good setup to
demonstrate the Axtrusion concept. However, they leave a

lot to be desired for precision applications, including:

1. The five point contacts will make the carriage
extremely sensitive to surface roughness and
way straightness. Any dirt on the way will
affect the motion of the carriage as the rollers
roll over it.

2. The load capacity is limited by the hertz con-
tact stress between the roller and the way. If
the stress it too high, the way will be damaged,
especially under impact loads.

3. The roundness of each roller directly affects
the motion of the way.

These problems can be reduced by using more rollers, but
this increases the complexity of the system and its sensitiv-

ity to dirt remains.

Other bearings considered for use in the Axtrusion are dis-
cussed in Sectionl.4.
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The Bench Level Prototype

Magnet Adjustment Screw

2 Rollers
(side surfac

Way side surface

Way top surfaces

The first Axtrusion ever built! It uses 5
CAM rollersasbearings
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1.4 Bearing Selection

The functional requirements for the bearing system are:

» Easy to mount in the carriage assembly

* Robust with respect to dirt and surface
scratches

» Robust when the carriage is “ unpowered”

* Independent from extensive support equip-
ment

1.4.1 Rolling Elements

The problems with rolling element bearings are covered in
Sectionl.3.

1.4.2 Hydrostatic Bearings

Hydrostatic bearings would provide a very stiff non-contact
bearing system for the carriage. However, the fluid pump-
ing systems are expensive and the prototype would be
messy. Hydrostatic bearings would be worth considering if

the application was submerged in afluid environment.

1.4.3 Orifice Air Bearings

Orifice Air Bearings require a very smooth underside of the
carriage to maintain the small air gap needed to support the
carriage. This requires precision machining of the carriage.
If the way surface is scratched, the scratch could “short” the

bearing as the orifice passes over it.

1.4.4 Porous Graphite Air Bearings

Porous graphite air bearings were selected for the following

reasons:

1. Clean: No fluid captive systems are required.

2. Non-Contact: None of the friction or wear
associated with rolling element bearings is
experienced.

3. Sdf-contained: Unlike the orifice bearings,
the porous graphite bearings will function
regardless of the structure that holds them.
This alows them to be replicated in place,
which greatly smplifies the manufacturing
process.

4. Large Discharge Area: This alows bearings to
travel over scratches and craters without short-

ing.
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Bearing Selection

Bearing Types Design Considerations

Non-Contact = Stiffness | Sensitivity to way surface Additional Equipment| Mess
Porous Graphite Air | no contact ok ok some none
Orifice Air no contact ok poor some none
Rolling Element contact good good none to minimal none
Hydrostatic no contact | excellent poor alot alot

Modular Air Bearings (porous
graphite bearings) help make
the Axtrusion a cost effective
high performance linear
motion system.

Left: Newway™ Porous graphite air bearingsin
the two sizes used in the Axtrusion Prototype.
Http: //maww. newwaybear ings.com/

Bearing Surface




DESIGNING THE AXTRUSION

Way Surface Selection 23

1.5 Way Surface Selection

The functional requirements for the way material are:

* No upward divots when the way is cratered
* Nonferrous
» Easy to finish to the needed tolerances

1.5.1 Granite

Granite has some of the best divot properties. If cracked, the
granite will fracture completely downward. This alows the
air bearings to continue to dide over the fracture unim-
peded. In single piece quantities, the granite base for the
prototype cost $2800.

1.5.2 Polymer Concrete

Polymer Concrete cratering resistance is inferior to gran-
ite's, but it is better than metal’s. A wood prototype mold
for the base costs about $3800, and makes 3 to 4 parts. A
steel production mold costs about $12,500, and makes 600
to 800 parts. It might be possible to cast the parts to the
required surface finish, thereby eliminating the need for
additional grinding. The price per casting is $1000. Polymer

concrete is an area that should be researched further for

mass production of both the way and the carriage.

1.5.3 Metal

There is a wide range of metals available for the way,
including steel, cast iron, and aluminum. All of these will
have an upward divot when they are cratered, and many of
these are ferrous. A ferrous way will become magnetized
over time by the permanent magnets. This will prevent the

air bearings from blowing metal particles aside.

One of the most promising ways to get a light weight low
cost way isto extrude the Axtrusion profile from aluminum,
grid the top and side precision surfaces to the correct shape,

and finally hard anodize them.

1.5.4 Aluminum Oxide

Because the geometry of the way isvery simple, it could be
cold pressed in aluminum oxide. This would provide a way
that is 4 times stiffer than aluminum, and whose surface is
virtually indestructible.



Way Surface Selection Overhead 24

Way Surface Selection

Material Design Considerations

Divot Properties Mass Producible @ Stiffness Process
Granite Excellent Medium OK Cutting/Grinding
Polymer Concrete Good Excellent Poor Casting/Grinding
Aluminum Poor Excellent OK  |Extrusion/Grinding
Aluminum Oxide Are there any? Medium Excellent | Cold Pressing

Upward divot

No U d Divot I
0 r();vvoaCr)D ivo Surface Cratenng / BAD
d

e 0

Grantite or Polymer Concrete Metals
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1.6 Motive Power Selection

The motive power functional requirements are:
e Minimal contact between moving elements to
minimize wear and noise in the motion.
* Robust installation and operation
* Ability to provide the preload force for air
bearings.

1.6.1 Linear Motors

Open face permanent magnet linear motors meet al the
motive power functional requirements. There is no contact
between the motor coil and magnet tracks so there is no
wear. The strong attractive force between the coil and mag-
net track provides the force to preload the bearings. The tol-
erances for the alignment of the motor coil and magnet track
are much looser than that of a gear drive or ballscrew sys-

tem.

Currently linear motors are designed to minimize the attrac-
tive force between the coil and the magnets. In conventional
rolling element linear bearing systems, this high attractive

force causes increased wear. In the Axtrusion, the higher

attractive force is a benefit, because the higher preload force
improves air bearing stiffness. Whether linear motors would
become more compact and/or higher performance if their
design was no-longer constrained by the need to minimize

their attractive force? Thisisatopic for further study.

1.6.2 Ball Screw

It is possible to design an Axtrusion that uses a ball screw
for motive power. This would increase the number of mov-
ing parts. A magnet track would still be required to preload
the air bearings. And mounting the ballscrew in the vicinity
of the magnets and motors presents some tricky design
issues. This choice of motive power increases the error and

repeatability of the carriage motion.

1.6.3 Belt Drive

If stiffness in the direction of motion is not amajor concern,
a belt drive can be used to move the Axtrusion. Thisis con-
siderably easier to mount than the ball screw option, and is
the least expensive per unit length of the three options.

However, it is aso the least precise of the three.
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Motive Power Selection

Motors Design Considerations

Contact Scalable Stiffness Wear
Linear Motor None Few Discrete Sizes | Excellent None
Ball Screw Many Excellent Excellent Most
Belt Drive Some Excellent poor Yes
Rocket Motor None Poor N/A Yes

An open face linear motor

Typical ballscrew assembly
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1.7 Sizingthe Carriage (L oad Capacity)

The design parameters that determine the carriage load
capacity are:
» The maximum load capacity of the bearingsis

determined by the minimum allowable gap
height between the bearings and way.

» The working load and preload applied to each
bearing must not exceed its maximum load.

The maximum load capacity of the air bearings is deter-
mined by their surface area and their air pressure. The bear-
ings reach their maximum capacity when the gaps decrease

to about 3-4 microns.

The carriage working load capacity in the horizontal direc-

tion is determined by

2meaxside - FmSinq =L (1-6)

cmaxh’

where Lpmaxside 1S the maximum load each of the side bear-
ings can support, F,sing is the preload component in the
direction in question, and L5, is the maximum load capac-
ity of the carriage in the horizontal direction. The carriage

load capacity in the vertical direction is estimated by

(1.7)

4meaxtop_ FmCOSC] = I‘(:maxv’

where Lyyaxiop 1S the maximum load each of the top bear-
ings can support, and Loy 1S the maximum load capacity

of the carriage in the vertical direction.

If the mass of the carriage is significant with respect to the
preloading or anticipated forces then it should be included
in equation 1.6 or 1.7.

NOTE: The values used for Lyaxsidge @0 Lpmaxtop &€ deter-
mined by the minimum allowed gap between the air bearing
and the way. The estimates in the prototype assume that the
minimum gap is 3-4 microns. If this gap is too small then
one should use the load vs. gap charts supplied by the bear-

ing vendor to calculate the correct values for Lymaxsige @d

meaxtop.
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Carriage Load Capacity

Carriage Load Capacity is Q |
determined by: < T | @
«Air Pressure 3. P T
*Bearing Surface Area ?s;ﬁ";f.\\\:‘ el
eMinimum Tolerated Gap - = i
«The Amount of Preload :

LIFTiMICRONS)

This plot shows the load vs. gap for a single
50x100 mm Air Bearing

LOAD(LES)

Prototype Axtrusion Carriage Load Capacity

n Max Bearing Load (N) Total (N) Preload (N) Angle |Preload Componet (N) Carriage Capacity (N)

2 3000 6000 | 2300 | 26 1008 4992

Vertical ‘

4 1400 5600 | 2300 }26 2067 ‘ 3533

Horizontal

These values assume that the carriage can run with an air gap of 3 to 4 microns
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1.8 Sizing the Carriage (Roll and Normal
Stiffness)

The design parameters that determine the rotational and the

normal stiffness of the carriage are:

» Thestiffness of theindividua air bearings
e The number of air bearings

» Thebearing' s distance from the center of stiff-
ness of the carriage.

Carriage stiffness is a function of the stiffness of each indi-
vidual air bearings and the distance between them. We are
interested in stiffness in two directions normal to the direc-
tion of travel (horizontal and vertical), and theroll, yaw, and

pitch stiffness.

1.8.1 Stiffness of the Individual Bearing Pads

The stiffness of an individual bearing pad is the derivative
of the load capacity vs. the gap thickness function for each

bearings. The stiffness of the bearings is approximately

Kepy100 = —0.0258n3 + 1.489h2 —29.196h + 223.35 (1.8)

or

Kssy1g0 = —0.1583 + 7.543h2 - 122.644h + 786.51 (1.9

where h is the gap height [microns] and K is the stiffness

[Newtons per micron]. SectionA.1 givesthe full derivation.

1.8.2 Stiffness Normal to the Direction of Travel

The stiffness normal to the direction of travel is simply the
sum of the individual stiffnesses of each bearing in the
direction in question. Given aload in a particular direction.
Equations 1.8 and 1.9 can be used to calculate the stiffness

of the individual bearings.

1.8.3 Rotational Stiffness

There are three axes of rotation that the stiffness needs to be
computed about. The rotational stiffness of the carriage is
proportional to the distance between the bearings squared.
Therefore increasing the distance between the bearings pads
can increase the roll stiffness dramatically. See SectionA.1
on page 113 for more detailed information on the theoretical

stiffness of the carriage. See Section1.22 on page57 for the

measured stiffness data and itsimplications.
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Calculate the bearing load vs. stiffness
curves for theindividual bearings

150

0

200

From the preload values calcul ate the

/

400

800

stiffness of each bearing pair.

Enter the individual stiffnessesin the
carriage compliance model (see appendix)

Carriage Stiffness

Vertical Normal
Stiffness

Calcul ate the displacement at other points
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1.9 Casting the Carriage Base

The functional requirements of the carriage base are:
» To provide aridged mount for the linear motor
and air bearings.
» Light weight to allow rapid accelerations.

» Nonferrous, so the carriage does not become
magnetized by the magnet track over time.

The rough shape of the carriage for the prototype was cast
in Magnesium AZ91-T6 alloy. Magnesium’ sdensity is 60%
of Aluminum’s and is about half the Y oung's Modulus. The
drawings for the prototype casing are in Chapter3. The pat-
tern for the casting costs $2300 and each casting costs $600.

The cross section of the carriage had to be large enough to
provide plenty of stiffness despite the low Young’'s Modu-

lus of the Magnesium.

The carriage casting was then cleaned up and detailed fea-
tures were added on a milling machine. The drawings for

the carriage machining are in Chapter3.

Other options for manufacturing the casting base considered

include:

1. Hogging the base out of a solid metal block.
This method was discarded because it offers
no time saving when making multiple copies
of the carriage.

2. Machining the top and side pieces out of sepa-
rate pieces of metal and then welding or bolt-
ing them together. Again this method offered
no time savings when making multiple copies.

It is important for the carriage to be made of a nonferrous
material. A ferrous carriage is more difficult to assemble.
Additionally, the strong permanent magnets on the way will

magnetize a ferrous carriage over time.
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Manufacturing the Carriage Base
(the casting)

It isimportant that the carriage base be
made of a stiff nonferrous material

arge Bearing Pocketa

Smal | Bearing Pockets

Nodor Poacke
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1.10 Machiningthe Carriage Base

The carriage base casting had more features machined into
it. These features include:

1. Mounting holes on the linear motor.

2. Access grooves for the air fittings for each of
the air bearings.

3. Fill and Vent holesfor replicating the air bear-
ingsin place.

4. Threaded holes on the two outside faces for
mounting test instrumentation.
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Manufacturing the Carriage Base

(the machining)

Motor Mounting Holes (8)

Bearing Vent Holes
(not shown) A

e
e

Instrumentation Mounting H
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1.11 The Carriage Fixturing

The functional requirements for the carriage fixturing are
» Support the carriage near the bearing points
during bearing replication.
» Align the carriage with respect to the way

» Be able to remove the carriage when the full
preload force is applied.

* Allow accessto thefill holesand air lines

Because the preload forces on the carriage are high the car-
riage will deflect. If the bearings are replicated in place
without the preload force, the carriage will deflect and move
the bearings dlightly out of alignment when the preload
force is applied. This will reduce their effectiveness. The
solution is to support the carriage near the bearing points,
while the bearings are replicated with the full preload force

in place.

The fixturing will also determine how parallel the carriage
top and sides are with respect to the way. This parallelism
was not a major concern in the prototype Axtrusion, so the

prototype fixturing was not very precise.

The prototype fixturing consists of the following: A top
plate that is bolted to the top surface of the carriage; Top
blocks which bolt to the top plate to support the carriage in
the vertical direction; And apair of side “L” blocks to sup-
port the carriage in the horizontal direction. The height of
the top blocks and L block determine the gap between the

back of the bearing and the carriage.

After the bearings have been replicated in place the fixtur-
ing is needed to remove the carriage from the way under the
full preload force. Five (5) M6 screws are used to raise the
carriage off the way in both the vertical and horizontal
directions. It is important to lift the carriage off both way
surfaces to prevent the air bearings from getting scratched.
As the carriage is raised the magnetic preload force drops
by the distance squared, so it is not difficult to get the pre-
load to a manageable level.

The next generation carriage should be designed to take
advantage of standard fixturing (i.e. a 1-2-3 block or paral-
lels) during replication. This would allow the carriage to be

aligned with greater accuracy in lesstime.
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Carriage Fixturing

Replicating Fixturing Features:
*“Correct” Stress Distribution
*Square’ s Carriage with respect to the Way

Top Blocks Top Plate

Side “L” Blocks
Replicating Fixturing

Removal Fixturing Features:
*Removes Carriage vertically and
horizontally to prevent scratch of the
bearings

Top Jac Screws

Sideack Screws
Removal Fixturing
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1.12 Replicating the Bearing Padsto the
Carriage Base

Appendix Section A.2 contains al the details available on
replicating the bearings into the carriage. The important
points are summarized here. This procedure took 2 hours 15
minutes during the prototype assembly. It is expected that it
will get faster as the carriage is improved. An outline of the

procedureis listed below.

Thoroughly clean and degrease all surfaces that will come
in contact with epoxy. Make sure the surface of the way and
bearings are completely free from particles. These particles
could damage the bearings if they are caught between the

bearings and way.

Draw a vacuum through the bearings when they are posi-
tioned correctly on the way to ensure that they remain in

contact and aligned with the way as the epoxy cures.

A means of lowering the motor coil to the correct air gap
must be provided. At full preload force (500+ Ibs) the car-
riage assembly will be difficult to handle by hand. In the

prototype this is accomplished by drawing the motor coil

completely up into its pocket. Once the carriage is in place
and aligned, the coil is lowered to the correct air gap (mea-
sured using a piece of non-ferrous shim stock), thus apply-
ing the full preload to the carriage. Then the bearings are
replicated in place, and then space behind the motor isfilled

with epoxy giving the motor a secure mounting face.

It is also very important that one calculates an estimate for
the amount of epoxy that should be injected into each
pocket. Overfilling the pockets can lead to epoxy leaking
around the bearings and gluing the carriage to the way. The
estimate for the amount for each pocket is obtained by mul-
tiplying the surface area of the bearing face by the gap
between the pocket and back of the bearing. It highly sug-
gested the hat distance between the bearing and the pocket
be measured as a double check to any estimate from CAD

models.
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_“"__ y L.'. 1 .&,. | Bl 3

Replicating the Bearing Pads into the Carriage

| E

" Lower motor coil to

Place Bearings 5 .
on the way. . thecorrect air gap.

Draw a vacuum This applies the full

through themto prel (_)ad forceto the
temporarily carriage.

securethemin
place.

Inject epoxy into bearing and motor pockets.
Calculate the amount of epoxy needed before
injection to prevent gluing the carriage to the
way!!

Please see the text for amore detailed description
of the bearing replication process.
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1.13 Assembly L essons L ear ned

The assembly of the prototype carriage went well. How-
ever, there are quite a few improvements needed for the

next generatation.

Rather then having one fill hole per bearing pocket there
should be two. This will allow the epoxy to cover more of
the back surface of the bearing. The hemispherical feature
on the back of the bearing would not need to be covered
because they will no longer be under the injection holes.

Furthermore, the bearing vent holes can be eliminated.

The distance from top and side faces of the carriage from
the way surface in its final position should be the height of
some standard form of fixturing (1-2-3 block for example).
Thiswill makeit less expensive and easier to square the car-

riage with respect to the way without custom made fixtur-
ing.

Once the motor and bearings have been replicated into the
carriage, removing carriage without mechanical assistance
Is impossible. In the prototype the alignment fixturing was

modified to allow the carriage to be removed. It may be

desirable to have the removal features built into the carriage

in the future.

DO NOT overfill one of the bearing pockets and glue the
carriage to the way. However, should this occur it can be
corrected by removing the carriage and filing down the

place where the epoxy made contact with way.
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Assembly Lessons Learned

OK Much Better

|_Fill Holes
Epoxy

OneFill Hole Two Fill Holes

Center Fixturing Holes on Bearings

: ; DON’ T GLUE THE CARRIAGE TO THE WAY! It
Two Fill Holes Per Bearmg had to be filed down to allow the carriageto dide.

No Vent Holes Needed

Design Carriage to use 1-2-3 Blocks for Fixturing
Build removal featuresinto carriage base

DO NOT overfill the one of the bearing pockets and glue
the carriage to the way.
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1.14 Modal Analysis Setup

Thefirst performance analysis of the prototype was a modal
analysis. The data was collected using a three axis acceler-
ometer and a Hewlett Packard 35670 Dynamic Signal Ana-
lyzer. The data was analyzed in the Star Modal software
package. The impact hammer was a PCB model 086C03,
and the accelerometer was a PCB model 356A08 three axis

accelerometer.

First the carriage was removed from the base and the accel-
erometer was glued to the way. The vibration modes were
found for the way on the table. This allows one to differenti-
ate between modes in the carriage and those in the way/

table combination.

The carriage was replaced on the way, and eight (8) points
were marked on the surface. Point 1 was the excitation
point. Thisis where the carriage was struck with a hammer
for all tests. Points 2 through 8 were measurement points.
The accelerometer was glued to each point in turn while the

carriage was excited.

M easurements were made when the carriage was both float-

ing and not floating.

The data was then imported into the Star Modal software. A
stick figure model of the carriage was made where each ver-

tex is one of the measurement points.

The data was analyzed by finding the frequency, damping
percent, magnitude, and the dynamic compliance of promi-
nent vibration modes. The stick figure carriage model was

animated to show the vibration modes.



Modal Analysis Setup Overhead 42

The Modal Analysis Setup

Measurement were taken for: Point 1: Impact point
*Way Only Points2-8:  Measurement Points
«Carriage Floating
«Carriage Not Floating Data M easured with 3

AXxis Accelerometer
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1.15 Modal Analysis Results

Several interesting modes were found in the Axtrusion.

These are summarized in the tables below.

TABLE 1.1 Carriage Floating Modes

Magnitude
Frequency | Damping [Output/
[HZ] [%] Input] Comments
362 3.8 48 Top left front air bearing
oscillates much morethan
others
608 3.3 33 Carriage deformation is
like a“hinge” and top
center vibratesalot
487 19 5 Carriage deformation is
like a“hinge” and top
center vibratesless

TABLE 1.2 Carriage Not Floating Modes

Magnitude
Frequency Damping [Output/
[HZ] [9%] Input] Comments
1430 0.6 300 Top center of carriage
oscillates up and down
501 1.3 2.3 Whole carriage moves
up and down

Some important results of the modal analysis are:

In amost all the dominant modes the top center of the car-
riage vibrates in the Z axis much more than the rest of the
carriage. In the prototype this mode occurred at 607 Hz
while the carriage was floating, and at 1430 Hz while it was

not.

The mode at 362 Hz in the floating prototype is very inter-
esting too. In this mode the top front left corner of the car-
riage is oscillating in the Z axis much more then the rest of
the carriage. This suggests that air bearing in this corner is
much less stiff then the other three top bearings. This
reduced stiffness could be caused by uneven preloading. It
is expected that the inboard top bearings will be preloaded
less (therefore less stiff) than the outboard pair. See the Ver-
tical Stiffness Section1.22 on page57 for explanation of
what might be causing the left or right sides of the carriage
to be preloaded unevenly.

The modal analysis also shows the effect on the angled pre-
load by the linear motor. Even through the carriage was
excited only in the Z direction, the carriage oscillates nor-

mal to the angled motor track.
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The Modal Analysis Results

The modal analysis provided the following information:
*Resonant frequencies of the carriage.
*\Which bearings are not preloaded equally
*Good and poor locations for mounting sensitive equipment.

362 48 Hz 60680 Hz 1.43e+3 Hz

e

\ g

)\ $‘7\2

Carriage Floating 3 Carriage Floating

X
Y \
z

Carriage Not Floating

Seetext or web page for table of modes.

Go to the Axtrusion web site for the modal animations.
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1.16 The Dynamic Stiffness

The modal data was also used to calculate a dynamic stiff-
ness of the carriage in the floating and not floating configu-
rations. The dynamic stiffness was calculated for the top
center of the carriage (point #8 when the model data was
taken).

The raw data from the accelerometer is in volts. This must
be converted to an acceleration by multiplying it by an
appropriate conversion factor for the accelerometer used.
Then the data must then be divided by the conversion fact(Z)r
for the impact hammer. Now the data has units of NHS
Dividing the data by the frequency (in Hz) squared yields

stiffness as a function of frequency.

TABLE 1.3 Modal Equipment Conversion Factors

Equipment Factor
PCB 3 Axis Accelerometer 10 mV/(m/s)
PCB model 086C03 Impact Hammer 2.3mV/N
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1.17 Measurement Setup

The pitch, yaw, linear accuracy, straightness, and stiffness
measurements were done at Dover Instruments in Westboro
Massachusetts. All data was taken with the air bearings run-
ning at 60 psi (4.14 Bar).

The pitch, yaw, and linear accuracy measurements were
made with a Hewlett Packard 5519A Laser System. Four

data sets were taken for both pitch and yaw. The first three
data sets consisted of six (6) passes, three (3) in each direc-

tion, using 320 mm of travel (the carriage has a total travel

of 330 mm). The measurements were taken every 10 mm.
Two data sets were run with the carriage at continuous
speeds of 10 mm/s, 40 mm/s. A third data was run with the
carriage stopping every 10 mm to take a measurement at
rest. Finally for both pitch and yaw, afourth pass was made
to take measurements every 0.1 seconds, while the carriage
traveled at a continuous speed of 10 mm/s. This provided a
higher resolution image of what the carriage was doing in

pitch and yaw.

The linear accuracy test was done to determine the differ-
ence between where the controller thought the carriage was
and its actual position. The same HP laser system was used
with dlightly different optics. The carriage was moved in 10
mm increments and the difference between the controller

position and the actual position was recorded.

The vertical straightness measurements were made by sus-
pending a capacitance probe (ADE-2102 probe with ADE
Microsense 3401 Amp) above a plane mirror n the carriage.
Asthe carriage moved back and forth (10 mm/s) the vertical
displacement of the carriage was recorded at 0.1 second

intervals.

The stiffness measurements were fairly crude. A pair of 25
Ib. (111.2 N) weights were placed on the center of the car-
riage (single and together). The displacement was measured
above each of the four (4) top bearings pads by a dial indi-
cator. From the known force and displacement the vertical

stiffness of the carriage was estimated.

Due to alack of fixturing, horizontal straightness and hori-

zontal stiffness were not measured.
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The Pitch, Yaw, Position Accuracy,Vertica
Straightness, and Vertical Stiffness Setup.

Load Applied Here

The basic setup for the The basic setup for the vertical The basic setup for the vertical stiffness
pitch, yaw, and accuracy straightness measurement. The probe is measurements The load is applied in
measurements. _A laser and suspended above the straight edge on the center of the carriage and

a variety of optics was the carriage. measurements made above each of the

used to make each

top bearing pads.
measur ement.
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1.18 The Pitch Data

The pitch of the carriage, as it traveled down the length of
the way, varied between 2.38 and 2.44 arc seconds, with a
repeatability of between 0.19 and 0.50 arc seconds.

The pitch error has a couple of obvious components. The
most noticeable is the periodic oscillations. These oscilla-
tions have a period of approximately 29.9 mm and a magni-
tude of about 1.4 arc seconds. These oscillations are due to
the motor cail traveling over the aternating magnetic poles
of the magnet track. These poles are spaced 31 mm center to

center.

The other significant component of the pitch datais that at
the beginning of the carriage (position 0 mm) it starts out
with an average pitch of -0.5 arc seconds. Over the length of
travel this value changes to +0.5 arc seconds. This indicated
that the top surface of the way is dightly concave.

Please see SectionA.3.1 on pagel23 for the complete plots
of al the pitch data taken.
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The Pitch Data

1.5

raw accufacy:2.44
raw repeqt:0.5

. i
AVAATA
(il

50 100 150 200 250 300

Period of Variation 29.9 mm ﬁ

-0.5

gz
e e rraseneses
s

This period is half the pitch of
the magnet track! 155

The way also appears to be slightly curved Measurements every 10 mm

Carriage Speed of 10 mm/sec
(from —0.5 arc secondsto +0.5 arc seconds). 6 passes (3 in each direction)

Pitch data was also taken at a carriage speed of 40 mnvs, after incremental movements, and as a function
of time. There were no major differences. Please see the appendix for the complete data.
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1.19 TheYaw Data

The yaw data was collected in the exact same manner as the
pitch data, except the optics of the inferometer were reori-
ented to measure the angular displacement about the verti-

cal axis of the carriage.

The most striking feature of the raw yaw dataisthe very lin-
ear trend from O arc seconds to about 6 arc seconds. If this
linear trend is removed the yaw error motion ranges from
1.59 to 1.70 arc seconds, with a repeatability of between
0.26 to 0.56 arc seconds. It is not clear at this time whether
this linear change in yaw is due to instrumentation error or
an actual changeinyaw. Having the controller map out such
a linear error and compensate for it is farly straight for-
ward, but is not even necessary if the trend is an artifact of

the instrumentation.

Again the oscillation with a period of about 30 mm due to

the magnet polesisvisible.

Please see SectionA.3.2 on pagel27 for the all the yaw
data taken.
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TheYaw Data

15
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Raw Yaw Data Y aw Datawith Linear Slope Removed

Measurements every 10 mm
Carriage Speed of 10 mm/sec
6 passes (3 in each direction)

Period of Variation 30.1 mm

Pitch data was al so taken at a carriage speed of 40 mnvs, after incremental movements, and as a function
of time. There were no major differences. Please see the appendix for the complete data.
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1.20 TheLinear Position Accuracy Data

The linear position accuracy measures how accurately the
controller can position the carriage. This data had a strong
linear trend. Since this linear trend is very easy to correct
within the controller, the real significance isin the position

errors that are left once thistrend is removed.

With the linear trend in the data removed, the carriage was
consistently positioned to within 1.34 microns, with a
repeatability of about 0.33 microns. The 0.33 micron repeat-
ability seemsto be an artifact of one or two data points. The
repeatability over most of the travel is closer to 0.1 microns.
The position encoder has a number resolution of 0.1

microns.
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Thisisthe difference between the actual
carriage position and the position that
the controller thinksitisin.

"he Linear Accuracy Data

15

raw accufacy:1.34
raw repegt:0.33

| AW'\WV

-0.5 V

-1.5
0 50 100 150 200 250 300

Linear Accuracy with Linear Slope Removed




DESIGNING THE AXTRUSION

The Vertical Straightness Data 55

1.21 TheVertical Straightness Data

The raw vertical straightness data also had a strong linear
trend. This was due to the plane mirror not being level. The
dlanted mirror gave a vertical displacement reading as it
traveled with the carriage under the capacitance probe. This

linear trend was removed from the data.

The carriage was moved at 10 mm/s and a measurement
was taken every 0.1 seconds. Four (4) passes were made
two (2) in each direction. The data from one forward and
one reverse pass was filtered by the data collection software

to remove the noise; the other two passes were not filtered.

To plot both filtered plots on the same graph, is was neces-
sary to reverse the data taken in the reverse direction and to
shift it in time to align the common features on the single

plot.

Notice the hour glass shape of the data. Due to alack of fix-
turing the plane mirror had to be placed on the carriage with
the probe suspended above it. Due to the Abbe error caused
by the pitching of the carriage, larger vertical displacements

were measured as the measurement point was moved fur-

ther away from the center of rotation of the carriage. Thisis
confirmed by multiplying the pitch by the distance from the
center of the carriage to the edge, yielding

LS[arCsec] P 1gom = 1.4,

3600 180 (110)

The vertical trandation of the carriage can be estimated by
looking at the displacements when the probe was near the
middle of the carriage. From the data gathered this appears

to be on the order of 0.3 microns.

This test should be redone with the probe attached to the
middle of the carriage and the plane mirror suspended
above the carriage to get a much better picture of the verti-

cal trandation of the carriage over its length of travel.
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The Vertical

An Abbe error of 1.2 microns
vertical displacement at both edges
of the carriage.

Period of Variation is 28.6 mm

Notice that the hourglass shape of the data
is due to pitch errors measured away from
the center of pitch rotation.

To get better data, the test must be rerun
with the probe mounted in the middle of the
carriage and the mirror suspended aboveit.

The data from the center of the carriage
shows the pure tranglation of the carriage to
be about 0.3 microns.

Because the plane mirror could not be
leveled perfectly, any linear lopein the
data was removed.
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1.22 The Vertical Stiffness Data

The vertical stiffness of the carriage was measured by plac-
ing weights on the top center of the carriage, and measuring

the displacement above each of the four top bearing pads.

Because of more preloading on the outboard bearing pair it
is expected that the outboard side of the carriage (points 2
and 3) should have a higher stiffness then the inboard side
(points 4 and 5). The measured data supports this. Point 2 is
stiffer than point 4, and point 3 is stiffer than point 5.

Another interesting feature of the data, isthat the left side of
the carriage (2 and 4) is much stiffer than the right side (3
and 5). This effect was not predicted. One can see apossible
explanation by looking at the pitch data. There are periodic
attractive forces that pitch the carriage forward and back-
wards. This changesthe loading on the left and right pairs of
top bearings and increases the stiffness of the bearing on the
loaded side. The position that the carriage was placed in to
perform the stiffness test was chosen without considering
this effect. So it is no surprise that the left and right sides are
loaded unevenly. This hypothesisis easy to test. Moving the

carriage half a period (15 mm) in either direction should
pitch the carriage to the other extreme and load the right
side of the carriage. Moving the carriage to a position where
the pitch is zero should alow both bearing pairs to be pre-

loaded evenly.

Averaging the stiffness measured at the four point yields a
vertical stiffness of 422 Newtons per micron. Therefore
each of the top bearings has a stiffness of 106 N/mm. Using
the estimates for bearing load vs. stiffness derived in
SectionA.1.1 (illustrated in FigureA.l on pagell5 for the
bearings in the prototype) each top bearing is loaded with,

approximately 1000 N (225 Ibs). The resulting total vertical

load on the carriage is about 4000 N (900 Ibs) or twice the
predicted vertical load of 2000 N (550 |bs). Since the mag-

netic attractive force varies inversely to the distance
squared, setting the motor coil 0.2 mm closer to magnet
track could be enough to almost double the attractive force.

This hypothesis could be checked by collecting data for the
horizontal stiffness of the carriage, and comparing the mea-

sured load to the preload.
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The Vertical Stiffness Data

Deflection [microns] Average Stiffness
Point 25 Ibs (111 N) 50 Ibs (222 N) [N/micron]
2 0.15 0.4 649
3 0.4 1.0 250
4 0.2 0.4 556
5 0.5 0.9 235

Average Vertical Sitffness of Carriage 422 N/micron

Load Applied Here

Masses were place on the top center of the
carriage and the displacement above the four
(4) top air bearings was measured.
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Chapter 2

THE MINIMILL

With the concept of the Axtrusion complete, it was decided
to showcase the Axtrusion with a small milling machine.

The machineis called the Minimill

The basic functional requirements of the Minimill are:

* It should be athree (3) axis machine.

* |t should have a minimum work volume of
300 mm x 300 mm x 300 mm (12 in x 12in X
12in).

* There should be additional clearance in the Z
axis direction for tooling and fixturing.

» The machine should be able to cut parts to
with an accuracy of at least 25.4 microns
(0.001in).

60
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2.1 Some Competing Machines

After searching the web and reading trade publications it
was concluded that small milling machines currently avail-

able can be divided in to two categories.

2.1.1 Small Hobbyist Machines

These machines range in price from about $500 to about
$2000. They may or may not be computer controlled. Most
of them are glorified drill presses with an XY stage. Few of
these machines appear to be stiff enough to do precision

work in materials other then wax.

2.1.2 Small CNC Machining Centers

These machines range in cost from about $20,000 to
upwards of $50,000. These are small production machines
typically used in prototyping and making injection molding
dies. They have optional tool changers and a variety of size
and speed spindles. All the vendors surveyed list their
machines accuracies in terms of the servo/controller accu-
racy. |.E. how accurately the machine can move the tool,

but they do not give an estimate for how accurately the

machine will cut the parts. Determining a machine’s accu-
racy requires an knowledge of how the machine will deflect
under the load of the cutting forces. None of the engineers
spoken to at these companies knew how large those deflec-

tions might be.
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Some Competing Machines

The Compact DMC™ (left), and the XV Tabletop™ (middle) Machining Centers
by Defiance. The Benchman™ Series (right) by Light Machines.
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2.2 Some Initial Concepts

Some stick figure sketches were made for several machine
concepts. The main criteriaat this point for eliminating con-
cepts are the distance between the tool tip and the linear
motion points on the axis. Designs that have excessively
long distances between the tool tip and motion points will
be more susceptible to Abbe error. These designs are elimi-

nated for this reason.

Some other considerations in the initial design of the
machine was whether the tool should be vertical or hori-
zonal. A vertically mounted tool requires less fixturing to
hold the workpiece. A horizontally mounted tool is conve-
nient for cutting chip removal (they can fall straight down).
In a small machine, the spindle is likely to be one of the
heavier components, so there is an advantage in mounting

this lower down (asin a horizontally mounted spindle).

It is difficult to stack all three degrees of freedom on only
the tool or the workpiece. The right-hand sketch bellow
shows a concept where the tool movesin one degree of free-

dom (Z) and the workpiece movesin two (X and Y).
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2.3 Two“L”"sToMakeaMachine

In the process of trying to decide whether the tool or the
work piece should have two degrees of freedom, it wasreal-
ized that two identical assemblies could be used to make a

the X and Y axis of the machine.

This concept requires that two “L” shaped blocks be used
for the base structure. By attaching these blocks, as shown
below, workpiece on the base can move along the X axis

and the tool can be moved onthe Y axis aboveit.

Using identical assemblies in the construction of the two
major axes of the machine allows for more efficient manu-
facturing. Thisisespecially trueif the major partsare cast in

aprocess that easily produces in large quantities.



Two “L”s To Make a Machine Overhead 66

Two L’s Used to Make Machine
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2.4 TheError Budget

The formulation of an error budget is an important step in
ensuring that the machine will meet its accuracy goals. The
types of errors were broken down into three main catago-
ries. Each of these categories is initidly alotted an equal
share, 8.47 mm (0.0003 in), in the target accuracy of 25.4
nm (0.001 in).

2.4.1 Static Deflection Errors

These are the errors associated with compliance in the
machine structure, bearings, spindle, and tools. It is impor-
tant to keep in mind that the target accuracy only needs to
be met on the finish pass of the cut, when the machine is not
running at full power. Therefore the cutting forces will be
much lower. The final cutting forces were assumed to be no
greater then 30 N (6.7 Ibs). The cutting tool was assumed to
have a deflection of 3 microns. The compliance in the car-
riage bearings causes the carriage to rotate when a moment
is applied. This carriage rotation will cause a displacement
error at the tool tip. The maximum allowable magnitude of

this displacement determines the maximum allowable car-

riage rotation. For the worst case error budget the carriage
rotation was estimated for when the Z way was fully
extended. When the Z way is completely extended the car-
riage rotation in the Y and Z carriages causes the greatest
amount of error. In this state the error caused by the X car-
riage rotation is minimized because the tool tip is very close

to the X carriage.

2.4.2 Thermal Expansion Errors

Heat generated by the machine components and changes in
the ambient temperature will cause the machine to expand
and contract. The errors associate with these changes should
be no more than 8.47 microns (0.0003 inches). The parts of

the machine most susceptible to thermal errors are the ways.

2.4.3 Control and AlignmentsErrors

This category includes al the errors caused by the pitch and
yaw of the linear motion elements, the errors in the position
encoders and controller, the misaignment of an axis, and
any error motionsin the X, Y, and Z carriages. The magni-
tude of these error motions were not known until the proto-

type Axtrusion was built.
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The Error Budget

With an overall machine goal of 25.4 microns (0.001 inches) the
allowable errors are split among three main errors sources.

Static Delfection Errors  [microns]
Tool Deflection 3.0 .
X Carriage Roll 05 Thermal Expansion Errors
;g:::;:g: Egllll ((g :Sllll :;(tt::;g:)) ig ag:= 6m—m; The coefficent of expansion of granite
X Way Deflection 0.0
Y Way Deflection 0.2 L := 600mm The maximum length of one of the ways
Z Way Deflection 1.6
[Total Static Deflection 8.3 | d = 8mm The maximum length a way may change
DT = d DT = 22K The maximum temperature change
Maximum Carriage Roll agt that the machine can tolerate
Due to Delflection [arc sec]
X 0.3
Y (@ full extension) 1.0
Z (@ full extension) 1.0

Control and Alignment Errors

Maximum error motion in carriage roll,
pitch, and yaw for each axisis 2 arc seconds
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2.5 MiniMill Major Components

A convenient feature of the MiniMill is that there are only
three major moving parts: the X carriage, the Y carriage,

and the Z way.

The Z way is an extruded piece of Aluminum. The two pre-
cision surfaces are ground and then the whole piece is hard
anodized. The linear motor magnet track is attached to the Z
axis and the motor coil and air bearings are attached to the
Y carriage. The only wiring that has to move with the Z axis

is the spindle wiring.

The AirpotO piston is used to support the weight of the Z

axiswhileit isfloating.

The 2 kW (2.7 hp) spindle could be supplied by a company
like Fisher Precision Spindle of Berlin CT, USA.

The work table is 300 mm (12 inches) square and the X and
Y axisare configured to allow the tool to reach any point on
the table.
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MiniMill Magor Components

Upper Granite“L” Extruded Aluminum Z Way

Structure

Airpota Z Axis Support

2 kW Spindle
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2.6 Simple Stiffness Check

The largest sources of compliance in the Minimill aretheair
bearings. A quick check of the machine stiffness is per-
formed early in the design process. This check only
accounts for the tool tip error due to compliance in the air
bearings. If the air bearings can meet the performance crite-
rion specified in the error budget, this aspect of the designis
likely to succeed. The displacement of the tool tip can be no
more than 1.5 microns (0.000059 in) each for the Y and Z

carriages.

When the Z axis is completely extended there will be a
moment arm of about 500 mm (19.6 inches) on both the Z

and Y carriages. With a maximum cutting force of 30 N this
results in atorque on the Y and Z carriage of 15 Nm (11.3

ft.-Ibs). Using the bearing stiffness measured on the proto-

type axtrusion of 100 N/micron (570,000 lbs/in), these
parameters are entered into the basic stiffness model shown

below. This model indicates that the tool displacement due
to the rotation of each carriage at full Z extension under the
30 N load is about 1.4 microns. Thisiswithin the specifica-

tions of the error budget.
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Axtrusion MiniMill™ Quick Check of Bearing Compliance

Lp := 230mm Distance Between Bearing Centers

L :=500mm Distance From Center of Stiffness to Tool Tip

K:= 200ﬁ Stiffness of a Pair of Air Bearings
nmm
F:= 30N Force Applied at Tool Tip
LOF . _
d=———  d=1.4mm Deflection at Tool Tip due to
0.5K A 2 one set of bearings

Deflection at Tool Tip due to

both the Y and Z bearings Tool Force
Omachine= 1.1" 10 *in

Omachine’=2d  Omachine = 2.8Mn

L,

L, < >
< >

2 Air Bearings

2 Air Bearings Center of Stiffness
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2.7 A Finite Element Check

The stiffness results were checked with a finite element
analysis (FEA) of the machine. The displacement predicted
by the FEA is within 1.2 microns of the simple stiffness
check. The FEA results shown below use an estimated indi-
vidual bearing stiffness of 40 N/mm (it agrees with the sim-

ple check when 40 N/mm is entered in the simple model).

One of the most critical parts of the FEA model is to cor-
rectly model the air bearings. The air bearings are modeled
as blocks of equivalent stiffnesses. The size of the air gap in
the actual machine is on the order of 10 to 20 microns. If the
actual dimensions of the air pad model were used they
would be 100 mm x 50 mm x 12 nm and 150 mm x 75 mm
x 19 nm. The finite element size is approximately the air
pad model’s smallest dimension. If the actual dimensions
were used the air pad models would have approximately 30
million elements each. The CAD software also has trouble
creating features so thin compared too the rest of the
machine. So for the FEA model the air gap was made 4 mm
thick. This reduces the number of elementsin each pad by 5

orders of magnitude, allowing the program to solveit.

Theair ismodeled as an solid with a'Y oung’s Modulus such
that the air pad model will have the same stiffness as the

actual air bearing. The equivalent modulusis calculated by

E :K_:t1

equiv A (2'1)

where K isthe desired stiffness of the air pad model, t isthe

thickness of the model, and A isthe area of the air pad.

TABLE 2.1 Equivaent Young s Modulus for Air Pad Models

Parameter 100 x 50 mm | 150 X 75 mm
K [N/mm] 40 110
t [mm] 4 4
A [mm?] 5000 11,250
Eequiv [MPe] 32 39

Air bearings modeled in this way provide stiffness in all
directions. Actual air bearings only provide stiffness normal

to the surface that they are running on.
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Axtrusion MiniMill™ Displacement Due to Tool Loading

A 30 Newton tool load was applied to the
Z axis at full extension in the negative X
direction.

The FEA estimated 6.2 microns of
displacement with thisload, when the
bearing stiffness was estimated to be 40
N/micron.

Thisyields amachine
stiffness of:

5 N/micron (27,000 |bf/in) . 30 N force

The quick stiffness check (previous dlide)
gives an estimate of 5 mm for deflection
at the tool tip (w/ abearing stiffness of
40 N/mm.) Did the extra 1.2 mm come
from the deflection of the Z axisitself?

Displacement Due to Tool Loading
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2.8 An FEA Check of the Z Axis

After the air bearings in the carriage the next most compli-
ant component in the structural loop is the Z way. The Z

way is an extruded aluminum piece.

It is hypothesized that the difference in displacement
between the simple stiffness model and the FEA of the
machine can be rectified by checking the displacement due

to the deflection of the Z axis.

A Finite Element Analysis of the Z axis was run and con-

firmed the hypothesis.
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Checking the Compliance of the Z Axis

Bearing Pads Constraining Axis Here

30N Force Applied Here

Under a30 N force at full extension the Z Axis deflects 1.6 microns.

This rectifies the difference between the ssimple stiffness
calculation and the FEA of the whole machine.
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2.9 Displacement Errors Dueto Gravity

The Finite Element Analysis in Section2.7 only calculated
the displacement due to atool force. Gravity will also cause
displacements in the machine. The FEA was rerun to esti-
mate the magnitude of these displacements. The results of

this second FEA run can be divided into two categories.

2.9.1 Error Inducing Displacements

AstheY carriage movesout theY axis, its mass deflectsthe
Y way further. When the Y carriage is at the extreme of its
travel, the Y axis will droop about 20 microns (0.0008 in).
This error in the vertical deflection can be eliminated by
mapping it out and having the controller drive the Z axis

way to compensate for it.

2.9.2 Non Error Inducing Displacement

The compliance of the Y and Z carriage bearings will cause
the Y and Z carriages to rotate under the load induced by
gravity. Because this rotation is constant for all Y and Z

positions it does not contribute to the errors in the machine.
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Axtrusion MiniMill™ Deflection Due to Gravity

There are two components:
*The deflection of the Y way
*The Roll of theYZ Carriage

The deflection of the Y way is proportional
to the position of the YZ Carriage on the
axis. When the YZ Carriageis at the end of
the Y way there will be a deflection of
about 20 microns for the polymer concrete
version. Solutions are listed on the next
dlide.

The Roll of the YZ Carriage is independent
of the either the YZ Carriage Position or
the Z Axis position, So it should not effect
the accuracy of the machine much. 16 nm Displacement dueto
carriage & axisroll

20 mm Deflection of Way
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2.10 Remaining Work on the Minimill

The Minimill design is not complete. However, it has been
demonstrated that the Axtrusion linear motion element
makes the design very simple. The work remaining to be

done on the Minimill includes:

» Detail design of position encoder mounting
hardware.

» Detail design of cable carrier mounting hard-
ware.

» Detail design of the Z axis and spindle mount.

» Detail design of the bellows mounting hard-
ware.



Chapter 3

AXTRUSION PART DRAWINGS

This chapter consists of the manufacturing drawings for the prototype Axtrusion and its fixturing. These are the drawingsfor
the machine that was actually built. The next generation carriage should include a lot of improvements. A list of these sug-

gested improvements and the reasons for them are included in SectionA.3 on pagel13 of the Appendix.
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Small Bearing Pocket Dimensions
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Lightening Pockets, Group 1 Dimensions (mm]
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Appendix A

AXTRUSION SUPPLEMENTARY
MATERIALS

A.l Carriage Stiffness Estimates

This section describes the steps to predict the stiffness performance of the carriage. First
an accurate stiffness model of the individual air bearingsis generated. Next a model of the
carriage (made up of several individual bearings) is generated. Finally a model is devel-
oped that will alow forces and displacements to be applied and measured at different
points on the way with respect to the carriage

A.1.1 Air Bearing Stiffness Calculations

An approximate formulafor estimating a bearing’ s stiffness ist

, (A1)

where Pg is the supply pressure, A is the area of the pad, and h is the gap thickness. This

estimate is used initially to approximate the size of components.

A more accurate bearing model is needed to make a more accurate carriage stiffness
model. A better bearing model uses the actual |oad curves for each size bearing used in the

carriage. These curves are avail able from the Newway web site (http://www.newwaybear-

1. Precision Machine Design page 583, Alexander H. Slocum, 1992, Society of Manufacturing Engineers,
Dearborn Michigan.
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ings.com/). The bearing load curves are approximated as a polynomial. The NewwayO 50
X 100 mm and 75 x 150 mm bearings are approximated by

Leoxaoo = 0.0065h% —0.496h3 + 14.598h2 — 223.351h + 1937, and (A2

Lsiiso = 0.0394h% —2.515h3 + 61.32h2 — 786.5h + 5306.3, (A3

where h is the bearing gap (lift) in microns, and L is the load capacity in Newtons. The

stiffness of each air bearing is given by
K = -dt (A.4)

Differentiating equations A.2 and A.3 with respect to x yield expressions for bearing stiff-
ness [newtons per micron] as afunction of gap height [microns]. The expressions for each

Size bearing are:

Ksoxioo = — 0.0258h3 + 1.489h2 — 29.196h + 223.35 (A5)

Kseso = —0.158h3 + 7.543h2 — 122.644h + 786,51 (A.6)

Knowing the preload forces on each of the bearings allows the bearing gap and stiffnessto
be calculated. Sectionl.7 explains how to calculate the preload force on each bearing. The
preload value is added to the actual load. These load values are then used to estimate the
gap size by taking the inverses of equations A.2 and A.3, yielding

hepy100 = (8:0046 x10712)L4 — (3.583 x10-8)L.3 + (6.937 x107%) L2~ 0.0751L + 39.725 ; (A.7)
hosyaso = (1271 x1073)L4 — (1.096 x1072) L3+ (4.852 x1076) L2 — 0.0149L + 24.312. (A.8)

Once the gap sizes are known, equations A.5 and A.6 are used to solve for the stiffness of

each of the bearings. The results of this substitution are plotted in FigureA.1.
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Bearing Stiffness 50x100 mm Bearing Stiffness 75x150 mm
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Figure A.1 A Plot of the derived bearings stiffness [Newtons/micron] vs. load [Newtons] for the New-

way 50 x 100 m

m (left) and 75 x 150 mm (right) air bearing running at 60 psi.

A.1.2 Estimating the Stiffness of the Axtrusion

Several assumptions are made in thisanalysis: 1) The actual carriage structureisinfinitely

stiff; all the displacement in the carriage comes from the compliance in the bearing pads.

2) The bearing stiffness is constant over the range of motion we are looking at. A compli-

ance matrix is defined for the configuration shown below.

FigureA.2 The model used to estimate the deflection of the carriages
due to tool loading forces. Each bearing was modeled as spring of con-
stant stiffnessin the direction normal to the bearing pad. The motor was
modeled as spring of constant stiffnessin the direction of travel.

Each pad is modeled as a spring of stiffness k;qp1, Kiopz and Kgge for the top inboard bear-
ing pair, top outboard pair, and the side pair, respectively. The motor has a stiffness of

Kmotor 1N the direction of travel. A compliance matrix is calculated for this assembly.
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0 0 0 0 0
kmotor
1
0 0 0 0 0
2kside
o 0 —1=1 0 0 0
2I(topl +2ktop2
c=| o o 0 T L - 0 0 (A.9)
éLy (kmpl + ktopz) + 2|(sidel‘zz
0o o 0 0 12; 0
éLx(ktopl + k1op2)
0 0 0 0 0 1
Lo 12
2 side X

The compliance matrix is used to solve for the displacement and rotation of the carriagein
response to forces and moments applied to the carriage’s center of stiffness. The forces

and moments applied to the center of stiffness are described by the vector

]
Fy
p= | (A.10)
MX
My
MZ
The displacement and rotation of the carriage can be solved by
_dx
dy
Dcarrage = CxF = dz ) (All)
gx
ay
197

where D4 44e IS the displacement of the carriage (in translation and rotation).
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A.1.3 Translation and Rotation of Points Not at the C.0.S.1

If the trangdlation and rotation of the carriage is known, then the motion of any point fixed
to the carriage can be cal culated using a Homogeneous Transformation Matrix (HTM). To

calculate the HTM for the displacement D 5 4ge USE

CayCqz —CaySqz Sqy  dx

HTM = | SaxSayCaz + CaxSaz CaxCaz—SqxSaySaz ~SgxCay dy| (A.12)
— CaxSgyCqz + SgxSqz SqxCqz + CaxSqySqz CgxCqy dz
0 0 0 1

where S = sine and C = cosine. To find the displacement at a point, the location of the
point with respect to the coordinate system of the HTM must be known. This location P

has theform

(A.13)

Oy
I
= N < X

where X, y, and z are the coordinates of the point with respect to the HTM. The displace-

ment at the point is given by

E=HIMP = |%]. (A.14)

A.2 Detail Bearing Replication Steps
Thisis how the bearings were replicated in place in the carriage:
1. Clean and degrease the carriage pockets and way surfaces. It isimportant to

completely remove any particles or materials that will compromise the bond
between the epoxy and the carriage pockets. The way should also be cleaned

1. Precision Machine Design page 66, Alexander H. Slocum,1992, Society for Manufacuring Engineers,
Dearborn Michigan
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of particles and degreased so the bearings lie flat on the way and are not
damaged by grit diding between them and the way

Figure A.3 Drew Devitt (Newway Bearings) degreasing the way.

N

. If thefill holesin the carriage are in the center of the pockets, then the hemi-
spherical mounting feature in the back of each bearing should be covered
with a small piece of tape. This will dramatically reduce the amount of
epoxy needed to replicate each bearing in place.

3. If there are multiple inlet ports in the bearings, plug the ports that are not
going to be connected to the air system with set screws or five minute epoxy.
If the unused ports are not plugged then the air will not support the bearings.

4. Perform atest of the vacuum system to ensure that al the bearings can be
secured to the way. Drawing a vacuum through the bearings ensures that
they are aligned with the way and it prevents them from moving while the
epoxy is curing.

ol

. Apply mold release to the linear motor coil. Thiswill allow it to be removed
from the carriage later.

6. Attach the motor coil to the carriage with the mounting screws. Draw the
motor completely into the pocket. This will increase the air gap between the
motor coil and magnet track from about 0.8 mm to about 3 mm, which
reduces the preload force to a manageable level.

\'

. Attach the fixturing to the carriage.

(o]

. Rough position the top bearings on the way.
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10.

11.
12.
13.
14.

Figure A.4 Testing the vacuum system ensures that there are no leaks
in the air system pior to squirting the epoxy. Notice the side bearing
pads clamped to the way by the vacuum.

Figure A.5 The top bearings in there approximate locations on the
Way.
Lower the carriage on the way. Fit the top bearings into their pockets.

Draw a vacuum through the top bearings. This holds them in place during
the rest of the replication process.

Remove the carriage, leaving the top bearings on the way.
Degrease the replicating surfaces of all the bearings.
Place the side bearings in their pockets on the carriage.
Place the carriage back on the way.
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15.

16.

17.

18.

10.

20.

21.

22.
23.

Figure A.6 The side bearings placed in their pockets before the car-
riageis put on the way.

Center the side bearings in their pockets if needed.

Draw avacuum through the side bearings to hold them in place.

Place a piece of non-ferrous shim stock (cardboard, plastic, etc.) between the
motor coil and magnet track. The shim stock’s thickness should be the
required air gap for the motor.

Lower the motor onto the shim stock and then back it off until the shim can
be removed.

Visually inspect the air gap between the motor coil and magnet track to
ensure that there is no contact between them.

Calculate the needed volumes of epoxy to fill each pocket. This prevents the
pockets from being over filled. Overfilling could cause the epoxy to leak,
and possibly even glue the carriage to the way.

Mix the epoxy.
Slowly inject the required amount of epoxy into each pocket.

The vacuum pump should continue to be run for about 12 hours to allow the
epoxy to cure.
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Figure A.8 The epoxy being mixed
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Figure A.9 Roger injecting epoxy into one of the side pockets.
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A.3 Performance Data from the Prototype

Five tests were done on the prototype to assess its performance:

Carriage Pitch

Carriage Y aw

Carriage Linear Position Accuracy
Carriage Straightness

Carriage Stiffness

A.3.1 Carriage Pitch Data

The pitch measurements were made with a Hewlett Packard 5519A Laser System. Four

data sets were taken for both pitch and yaw. The first three data sets consisted of six (6)

passes, three (3) in each direction, using 320 mm of travel (the carriage has atotal travel of

330 mm). The measurements were taken every 10 mm. Two data sets were run with the

carriage at continuous speeds of 10 mm/s, 40 mm/s. A third data was run with the carriage

stopping every 10 mm to take a measurement at rest. Finally a fourth pass was made to

take measurements every 0.1 seconds, while the carriage traveled at a continuous speed of

10 mm/s. This provided a higher resolution image of what the carriage was doing in pitch.

The results are summarized and plotted below.
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-

Figure A.10 The pitch measurement setup.

TABLE A.1 Carriage Pitch Data Results

10 mm/s
10mm/s 40mm/s @ 10mm increments
Raw Accuracy [arc sec.] 244 2.57 2.38
Raw Repeatability [arc sec.] 0.50 1.63 0.56
Raw Accuracy Forward [arc sec.] 244 2.57 2.32
Raw Repeatability Froward [arc sec.] 0.19 1.63 0.25
Raw Accuracy Reverse[arc sec.] 2.38 219 2.32
Raw Repeatability Reverse [arc sec.] 0.19 0.25 0.50
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Figure A.11 Carriage Pitch [arc seconds] vs. Carriage position [mm] when the carriage is

position [mm]
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traveling at 10 mm/s. Measurements made every 10 mm. All six (6) passes are plotted.
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Figure A.12 Carriage Pitch [arc seconds] vs. Carriage position [mm] when the carriage is

position [mm]
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traveling at 40 mm/s. Measurements made every 10 mm. All six (6) passes are plotted.
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Figure A.13 Carriage Pitch [arc seconds] vs. Carriage position [mm] when the carriage
istraveling at 10 mm/s stopping in 10 mm increments and the data taken after the carriage
had stopped. Measurements made every 10 mm. All six (6) passes are plotted.
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Figure A.14 Carriage Pitch [arc seconds] vs. Time [seconds]. Measurements were made
every 0.1 seconds while the carriage was moving at 10 mm/s in the forward direction.
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A.3.2 Carriage Yaw Data

The testing procedure for carriage yaw was identical to the testing procedure for the car-
riage pitch except that the inferometer was reconfigure to measure yaw. When the data
was taken a very strong linear trend was observed. It is not clear if thislinear trend is due
to the instrumentation or an actual error in yaw. If it isan error in yaw, the linear compo-
nent istrivial to remove by mapping of an orthogonal axis. If the error is an artifact of the
instrumentation then the linear trend is of no concern. Datais presented in both its raw for-

mat and with the linear trend removed.

Figure A.15 The yaw measurement setup. Thisisidentical to the pitch set up
shown in FigureA.10 on pagel24 except the pair of inferometer lenses have
been rotated 90 degrees to measure yaw instead of pitch.
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TABLE A.2 Carriage Yaw Data Results

Pitch [arc seconds]
10 mm/s
10mm/s 40 mm/s @ 10mm increments
Raw Accuracy, Linear Trend Removed 1.59 1.66 1.70
Raw Repeatability, Linear Trend Removed 0.56 0.43 0.26
Raw Accuracy 6.13 6.13 6.07
Raw Repeatability 0.56 0.38 0.25
Raw Accuracy Forward 6.07 5.88 6.01
Raw Repeatability Froward 0.44 0.19 0.19
Raw Accuracy Reverse 6.07 6.13 5.94
Raw Repeatability Reverse 0.56 0.25 0.25

raw accunacy:6.13
raw repedt:0.56
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Figure A.16 Carriage Yaw [arc seconds] vs. Carriage position [mm] when the carriage is
traveling at 10 mm/s. Measurements made every 10 mm. All six (6) passes are plotted
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Figure A.17 Carriage Yaw [arc seconds] vs. Carriage position [mm] when the carriage is
traveling at 40 mm/s. Measurements made every 10 mm. All six (6) passes are plotted
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Figure A.18 Carriage Yaw [arc seconds] vs. Carriage position [mm] when the carriage is
traveling at 10 mm/s stopping in 10 mm increments and the data taken after the carriage had
stopped. Measurements made every 10 mm. All six (6) passes are plotted.
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Figure A.19 Carriage Yaw [arc seconds] vs. Time [seconds]. Measurements were made
every 0.1 seconds while the carriage was moving at 10 mm/sin the forward direction.

15

raw accutacy:1.59
raw repedt:0.56

CRARAA /)
SR RAVAVAA AR
Yy

-1.5

0 50 100 150 200 250 300
position [mm]

Figure A.20 Carriage Yaw [arc seconds] vs. Position [mm] with the linear trend in the data
removed for the 10 mm/s test. Notice the dramatic increase in performance.
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A.3.3 Linear Position Accuracy Data

This test was also done with the HP laser inferometer. The linear position accuracy was
used to determine the amount of error between where the controller thought the carriage
was and the carriage’'s actual position. The carriage was moved in 10 mm steps and its
position recorded. Like the yaw data, the linear position accuracy data has a very strong
linear component. If this component is removed (by the controller for example) the perfor-
mance of the Axtrusion isimproved by an order of magnitude. The results are summarized
and plotted below.

TABLE A.3 Linear Position Accuracy Results

Raw Accuracy, Linear Trend Removed [microns] 1.34
Raw Repeatability, Linear Trend Removed [microng| 0.33
Raw Accuracy [microns] 9.808
Raw Repeatability [microng] 0.454
Raw Accuracy Forward [microng] 9.785
Raw Repeatability Froward [microns] 0.323
Raw Accuracy Reverse [microns] 9.773
Raw Repeatability Reverse [microns] 0.315
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Figure A.21 Linear Position Accuracy [microns] vs. Position [mm] for the carriage.
Three (3) passes in each direction are plotted.
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FigureA.22 Linear Position Accuracy [microns] vs. Position [mm] for the carriage, with
the linear trend in the data removed. Performance is greatly increased. Three (3) passesin
each direction are plotted.
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A.3.4 Straightness Data

The straightness data was taken in the vertical direction only. There was not adequate fix-
turing to allow the measurements to be made easily in the horizontal direction. A straight
edge mirror was placed on the carriage and a capacitance probe was suspended above it.
As the carriage was moved the probe recorded the change in height. Since the straight
edge could not be leveled perfectly the raw data would show a large linear change in the
vertical position of the carriage over its length of travel. This trend was removed mathe-

matically from the data.

Figure A.23 The straightness measurement setup. Notice the straight edge mir-
ror and capacitance probe suspended aboveit.
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Figure A.24 Vertical Displacement [microns] vs. Time [seconds] for the carriage as it
moves down the way in the forward and reverse direction. The data for the reverse direc-
tion has been flipped and shifted to show the similarity between the two curves.
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A.4 The Stiffness Data

The initia stiffness measurements were fairly crude. The carriage was held in a position
by the control system while dia indicator was placed on four of the points used in the
modal analysis. These four points are approximately in the centers of each top bearing
pads. The air bearings were run at a pressure of 4.13 Bar (60 psi). The carriage was |oaded
in the top center with 25 Ibs and then with 50 Ibs (111.2 N and 222.4 N). The displacement

of each corner under both loads was recorded.

FigureA.25 Points2, 3, 4, and 5 were used to measure the vertical dis-
placement of the carriage when loads were applied to point 1. From this
data the stiffness of the carriage was cal cul ated.

TABLE A.4 Vertical Carriage Displacements Under Load

CarriageLocation | Displacement [microns]  Displacement [microng|
See FigureA.25 at 111.2 N (25 1bs) at 222.4 N (50 Ibs)
2 0.15 0.4
3 04 1.0
4 0.2 0.4
5 0.5 0.9

The approximate stiffness can be cal culated from the known loads and displacements.
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TABLE A.5 Vertical Carriage Stiffness Data

Stiffnessat 111.2N  Stiffnessat 222.4N  Average Point
Carriage L ocation (251bs) (50 Ibs) Stiffness
See FigureA.25 [N/micron] [N/micron] [N/micron]
2 741 556 649
3 278 222 250
4 556 556 556
5 222 247 235

Therefore, the average stiffness for the carriage in the vertical direction is 422 Newtons

per micron.



