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(54) High precision Z-theta stage

(57) A high precision z-theta stage having a horizon-
tal translation axis (z-axis) and a rotary axis (theta-axis)
parallel with the translation axis comprises parallel
spaced apart linear translation stages (12,13), a car-
riage (14) supported between the parallel translation

stages, and a rotation stage (15) carried by the carriage
between the parallel translation stages. Each brushless
linear motor is connected to the carriage to apply trans-
lation forces in a horizontal plane intersecting the verti-
cal center of gravity of the carriage.
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Description

BACKGROUND OF THE INVENTION

[0001] This patent relates to a high precision z-theta
stage. The stage has a horizontal translation axis (z-ax-
is) and a rotary axis (theta-axis) parallel with the hori-
zontal translation axis. The stage is especially designed
for the manufacture of expandable stents for implanta-
tion in a human body or other cylindrical laser-machined
components. The stents are manufactured from a tubu-
lar feedstock, such as stainless steel, nitanol, or plastic,
and are provided with intricate circumferential patterns.
Processes for machining the patterns out of the feed-
stock include laser machining in which a z-theta stage
controlled by a CNC controller presents the feedstock
to a laser beam for cutting away portions of the tubular
feedstock. See U.S. Patent 6,511,504 entitled "Expand-
able Stents and Method for Making Same" for a descrip-
tion of one stent manufacturing process.

SUMMARY OF THE INVENTION

[0002] Briefly, according to this invention, a high pre-
cision z-theta stage has a horizontal translation axis (z-
axis) and a rotary axis (theta-axis) parallel with the
translation axis. The z-theta stage comprises a base
plate having upper surfaces lying in a plane and parallel
spaced apart linear translation stages each having par-
allel linear bearings with bearing surfaces mounted at a
substantially equal distance from the planar surfaces of
the base plate. Each linear translation stage has a
brushless linear motor. A carriage is supported between
the parallel translation stages by the linear bearings. A
rotation stage is housed in the carriage between the par-
allel translation stages, the rotation stage comprises a
brushless rotating motor having a shaft journaled with
an axis parallel to the linear bearings. The carriage and
rotation stage have a vertical and a horizontal center of
gravity. Each brushless linear motor is connected to the
carriage by applying translation forces in a horizontal
plane intersecting the vertical center of gravity of the car-
riage.
[0003] A linear position feedback device comprising
a resolver, a laser interferometer, or an encoder may be
associated with one or both brushless linear motors. A
rotary feedback device comprising a resolver or encoder
may be associated with the brushless rotating motor.
[0004] The high precision z-theta stage may have a
fluid-actuated, workpiece-holding chuck or collet at-
tached to the rotor.
[0005] The rotor is preferably hollow to permit a cylin-
drical workpiece and/or a fluid cooling jacket to be ad-
vanced therethrough or positioned therein.
[0006] Most preferably, an auxiliary tooling platform is
part of the base and is arranged to support brackets
guiding, grasping, and feeding a workpiece along the
axis of the rotor.

[0007] According to an alternate embodiment, the
high precision translation stages support two identical
carriages facing each other, each carrying an identical
rotation stage.
[0008] According to another alternate embodiment,
the precision z-theta stage has a carriage supporting
two or more identical rotation stages.
[0009] Preferably, the horizontal center of gravity of
the carriage and rotary stage is located halfway between
each linear motor.
[0010] Preferably, each linear stage contains a linear
motion guide, cross roller, or air bearing.
[0011] Preferably, each linear motor is connected to
the carriage at multiple locations spaced in the direction
of linear translation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Further features and other objects and advan-
tages will become clear from the following detailed de-
scription made with reference to the drawings in which:

Fig. 1 is a perspective view of a z-theta stage ac-
cording to this invention having a single rotary
stage;
Fig. 2 is a perspective view of a z-theta stage ac-
cording to this invention having a dual rotary stage;
Fig. 3 is a perspective view of a z-theta stage ac-
cording to this invention having two rotary stages
mounted in line;
Fig. 4 is a plan view of the z-theta stage of Fig. 1;
Fig. 5 is a section view along line A-A on Fig. 4 which
is taken perpendicular to the theta-axis;
Fig. 6 is a section view along line B-B on Fig. 5 which
is taken along the theta-axis; and
Fig. 7 is a plan view of the z-theta stage of Fig. 1
with the carriage removed.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0013] Referring to Fig. 1, there is shown a z-theta
stage suitable for manufacture of precision parts, such
as stents. The stage includes a base plate 10 which is
provided with openings 11 to receive bolts for securing
the stage to a foundation which is usually a large piece
of granite, casting, or welded structure. The base plate
10 is fabricated from metal, steel, or aluminum, for ex-
ample. Mounted to the base plate are two parallel linear
motors 12 and 13. Mounted between the linear motors
and carried by them is a carriage 14 which supports a
rotary motor 15 having an axis parallel to the translation
axes of the linear motors. Preferably, the z-axis is hori-
zontal or substantially horizontal. The linear motors de-
fine the z-axis and the rotary motor the theta-axis of the
z-theta stage. An essential feature of this invention is
that the linear motors are connected to the carriage to
apply translation forces to the carriage directed along
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the surface of a plane that includes the vertical center
of gravity of the carriage or passes as close to the ver-
tical center of gravity as mechanically possible. In this
way, the angular displacement between the axis of ro-
tation of the rotary motor and the z-axis plane during a
period of rocking following a translation movement is
substantially eliminated. Practically speaking, the plane
along which the translation forces are applied passes
within 1 mm of the vertical center of gravity of the car-
riage. The axis of rotation of the rotary motor may hang
somewhat below the plane upon which translation forc-
es are applied.
[0014] Fig. 2 illustrates a variation of the z-theta stage
shown in Fig. 1 in which dual theta stages (rotary motors
15A and 15B) are arranged side by side having parallel
axes. It would be possible to process two workpieces
simultaneously with this arrangement. In Fig. 2, identical
elements are given identical numbers to those given for
Fig. 1.
[0015] Fig. 3 illustrates another variation of the z-theta
stage according to this invention in which two z-theta
stages are aligned on the same base plate. In Fig. 3,
identical elements are given identical numbers to those
given for Fig. 1 and duplicate identical elements are giv-
en identical numbers with a prime. The advantage of this
configuration is that the moving parts move the opposite
direction on the stages. Thus, the forces generated dur-
ing acceleration are cancelled, minimizing the forces
transmitted to the structure, resulting in significantly re-
duced settling time.
[0016] The linear motors 12 and 13 are preferably per-
manent magnet linear motors, for example, direct drive
brushless linear motors consisting of a noncontacting
forcer coil 24 and a U-channel rare-earth magnet track
22. This design eliminates backlash, windup, wear, and
maintenance associated with ball screws. Motors of this
type are available from, among others, Aerotech, Inc of
Pittsburgh, PA.
[0017] The rotary motor 15 is preferably a rotary
brushless rare-earth magnet servomotor. It forms the
basis of a direct drive theta stage. Preferably, the rotat-
ing shaft has an axial bore and is provided with an air
operated collet chuck. A motor of this type is available
from Aerotech, Inc. of Pittsburgh, PA.
[0018] Referring now to Fig. 4, the linear motors 12,
13 are shown spaced apart, parallel, and positioned on
the base plate 10. Associated with the motors are linear
motion guides or bearings which may have, for example,
cross roller bearings or air bearings. The rotary motor
15 is spaced with an equal distance between itself and
the linear motors and with a rotating axis parallel to the
linear motors.
[0019] Referring to Fig. 5, the linear motors are com-
prised of a linear spar 20 that is bolted the base plate
10 by bolts 16. The linear spar supports the track 21 of
the linear bearing and the U-shaped magnet track 22.
The magnet track 22 is a U-shaped channel fabricated
from magnetic steel. It supports the rare-earth perma-

nent magnets (not illustrated) arranged with alternating
North and South poles facing inward at the forcer wind-
ings 24 along the length of the magnet track. The forcer
windings are comprised of nonmagnetic materials so as
not to be attracted by the magnet track 22. Bearing
trucks 23 ride on the tracks 21 of the linear bearings and
support the carriage 14. The forcer windings 24 are also
secured to the carriage 14. As shown in Figs. 5 and 7,
the linear motor on the right side has a limit switch 25
associated therewith and the linear motor on the left side
has an encoder read head 26 and encoder scale 27 as-
sociated therewith. As can be seen from Fig. 5, the linear
motor applies translation forces to the carriage where
the forcers are attached to the carriage (see arrow A in
Fig. 5).
[0020] Attached to the carriage 14 and sliding over the
linear motors 12, 13 is a flexible sliding cover 17. The
cover 17 slides over rollers 18 (see Fig. 6) guided down-
ward at each end of the linear motors.
[0021] Referring to Fig. 6, the rotary motor 15 carried
by the carriage 14 will now be described. Bearings 28
and 29 support rotating shaft 30 from an armature case
35 that is integral with the carriage 14. Armature wind-
ings 34 are secured to the armature case 35 in a typical
manner. The windings may be supported by a laminated
magnetic core with slots for receiving the windings or
the windings may not be supported by a core with slots
(i.e., slotless). Permanent magnets 33 are secured to
the outer cylindrical surface of the shaft 30 in a typical
manner. A rotary encoder scale 43 is attached to the
shaft. A rotary encoder readhead 44 is attached to ar-
mature casing 35.
[0022] According to one particularly advantageous
embodiment, the armature winding is slotless and the
shaft is made of aluminum or another lightweight metal.
While the torque/inertia ratio for this embodiment is low,
the absence of cogging due to the slotless winding re-
sults in a superb theta stage for manufacture of stents.
[0023] The shaft has a bore 31 extending end to end.
In a particularly advantageous embodiment, nested
within the bore 31 is a water jacket assembly 32 for cool-
ing the shaft and a workpiece held in the shaft.
[0024] The bore 31 of the shaft 30 stepwise widens at
one end to form two cylindrical seats, one having a larg-
er diameter than the other. A tapered collet chuck 36 is
fixed in the cylindrical seat of lesser diameter. A piston
37 rides within the seat of larger diameter and is tele-
scoped over the tapered collet chuck 36. The piston 37
is biased by spring 38 towards the tapered collet chuck.
Threaded to the piston is an annular threaded retaining
cap 39 that has a tapered inner rim. A collet 40 is posi-
tioned to slide within the tapered collet chuck 36 and is
held in place by the tapered inner rim of the retaining
cap 39. According to one preferred embodiment, the col-
let 40 is of the ER-16 series available in multiple sizes
from 0.05 mm to 10 mm. An annular manifold 41 is se-
cured to the armature case 35. A piston chamber is
formed between the manifold 41, the piston 37, and the
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larger diameter seat. Seals 45, 46, 47 are provided be-
tween the piston and the large diameter seat, between
the shaft and the manifold, and between the manifold
and the piston, respectively. A passage (not shown) is
in communication with the piston chamber and a fitting
is provided on the outside of the manifold 41 for supply-
ing pressurized air to the piston chamber to force the
piston over the collet to tighten the collet onto a work-
piece (not shown). In this embodiment, the air pressure
engages the collet with the workpiece; however, the pis-
ton can be arranged such that air pressure would re-
lease the collet.
[0025] The base plate 10 has at least one auxiliary
tooling platform 50, 50' (see Fig. 7) arranged to support
brackets guiding, grasping, and feeding a workpiece
along the axis of the rotor
[0026] The linear motors and rotary motor have asso-
ciated position feedback means. In the specific embod-
iment described herein, position feedback is supplied
from encoders. However, other position feedback
means include resolvers and laser interferometers.
[0027] Incremental encoders are commonly used
measurement transducers. Optical incremental encod-
ers pass light from a lamp or light-emitting diode at a
grating attached to the axis to be measured. The grating
normally has two tracks offset 90 degrees apart with re-
spect to each other (in quadrature). A single marker on
a third track serves as a home marker (in the case of a
rotary encoder, a one-per-revolution marker). The light
reflected from the grating continues through a reticule
or mask which, together with the grating, acts as a shut-
ter. The shuttered light falling on a detector results in the
generation of electrical signals. These signals are am-
plified and output as two amplified sinusoidal or square
waves in quadrature and are output on two separate
channels as signals SIN and COS. With simple incre-
mental encoders, the position is measured by counting
the zero crossings (sinusoidal) or edges (square waves)
of both channels. Where greater precision is required,
the amplified sinusoidal signals (SIN and COS) are sent
to an encoder multiplier where the intermediate posi-
tions are resolved at spaced time intervals.
[0028] An encoder multiplier uses the SIN and COS
signals to resolve many positions within one grating pe-
riod (scribe lines). The multiplier, for example, is able to
produce up to 65,000 transitions within one grating pe-
riod as opposed to the four by a simple incremental en-
coder. See, for example, U.S. Patent No. 6,356,219 en-
titled "Calibrated Encoder Multiplier". Feedback from
the incremental encoders can be used to control the cur-
rents applied to each phase of the windings to precisely
position the stages.
[0029] Having thus defined our invention in the detail
and particularity required by the Patent Laws, what is
desired protected by Letters Patent is set forth in the
following claims.

Claims

1. A high precision z-theta stage having a horizontal
translation axis (z- axis) and a rotary axis (theta-ax-
is) parallel with the translation axis comprising:

a base plate having upper surfaces lying in a
plane;
parallel spaced apart linear translation stages
each having parallel linear bearings with bear-
ing surfaces mounted at a substantially equal
distance from the planar surfaces of the base
plate, each linear translation stage having a
brushless linear motor;
a carriage supported between the parallel
translation stages by the linear bearings; and
a rotation stage carried by the carriage between
the parallel translation stages, said rotation
stage comprising a brushless rotary motor hav-
ing a shaft journaled with an axis parallel to the
linear bearings, the carriage and rotation stage
having a vertical and a horizontal center of
gravity, each brushless linear motor being con-
nected to the carriage to apply translation forc-
es in a horizontal plane intersecting said verti-
cal center of gravity.

2. The high precision z-theta stage according to claim
1, wherein a linear position feedback device means
is associated with one of each brushless linear mo-
tor.

3. The high precision z-theta stage according to
claims 1 or 2, wherein a rotary feedback means is
associated with the brushless rotary motor.

4. The high precision z-theta stage according to
claims 1 to 3 having a fluid-actuated, workpiece-
holding chuck or collet attached to the shaft of the
rotary motor.

5. The high precision z-theta stage according to
claims 1 to 3, wherein the shaft of the rotary motor
is hollow to permit a cylindrical workpiece and/or a
fluid cooling jacket to be positioned therein.

6. The high precision z-theta stage according to
claims 1 to 5 further comprising an auxiliary tooling
platform for holding brackets for guiding and feed-
ing a workpiece along the axis of the shaft of the
rotary motor and being axially spaced therefrom.

7. The high precision z-theta stage according to any
of claims 1-6, wherein the parallel translation stages
support two identical carriages facing each other,
each carrying an identical rotation stage.

8. The high precision z-theta stage according to any
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of claims 1-7, wherein the carriage supports at least
two identical rotation stages.

9. The high precision z-theta stage according to any
of claims 1-8 in which the horizontal center a gravity
of the carriage and rotary stage is halfway between
each linear motor.

10. The high precision z-theta stage according to any
of claims 1-9 in which each linear stage contains a
linear motion guide, cross roller bearing or air bear-
ing.

11. The high precision Z-theta stage according to any
of claims 1-10 in which each linear motor is con-
nected to the carriage at multiple locations spaced
in the direction of linear translation.
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