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REACTION FORCE TRANSFER SYSTEM

Background of the Invention

This invention relates to a reaction force transfer method to reduce machine
base motions due to stage acceleration in high through-put motion applications.

A large class of precision machines position and move a work piece relative
to a tool. The work piece, the tool, or both are moved along a number of motion
axes. Because of the high precision required, such machines are mounted to provide
substantial isolation from ambient vibration sources. Modern passive 1solation
systems are extremely effective at attenuating the amplitude of ambient
environmental vibrations that enter the machine. Isolation is typically accomplished
by vertically supporting a large machine mass such as a granite base on a soft spring,
yielding a very low system natural frequency. Damping is added to minimize
disturbances near this low natural frequency.

A major disturbance arises when a horizontal axis of a machine accelerates
or decelerates rapidly. The large force needed to accelerate a payload mass along an
axis generates an equal reaction force into the machine’s “stationary” structure
according to Newton’s Third Law. This reaction force accelerates the entire
machine mass, including the machine base, which is, as stated above, typically a
massive granite slab. The only resistance to the machine’s lateral motion 1s the
relatively soft horizontal spring rate of the isolation system. Compounding the
problem is the low damping ratio of the isolators in the horizontal directions. The
machine thus oscillates side-to-side with unacceptable amplitude and settling time.

This oscillation of the machine base may cause other problems. The
machine base motion is a transient excitation to all other structures attached to it.
This input will excite resonant frequencies in such structures. These structures may
include vibration sensitive device; such as motion axes, metrology instruments, and
the machine’s tool (e.g., an atomic‘ force microscope or optical system).

Active isolation systems are available that can counteract this machine
oscillation problem. However, active isolation is extremely expensive.

Alternatively, it is known that force cancellation methods can be used. In this case,

a dummy axis is added to the machine and is programmed to make opposing moves
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which cancel the reaction forces caused by the real machine axes. In some machine
configurations, this force cancellation technque can be elegantly implemented. In
many other machine configurations, however, this solution is impractical because of

the doubling of power requirements, increased space requirements, and increased

expense.

Summary of the Invention

According to the present invention, there is provided a reaction force transfer
system comprising:

a frame;

a machine base supported by the frame through passive isolation structure:

a carriage supported for motion with respect to the machine base: and

a motor having a stator coupled to the frame and a forcer coupled to the
carriage to move the carriage with respect to the machine base wherein the carriage
IS constrained to a single degree-of-freedom of motion with respect to the machine

10 base, wherein the motor stator is constrained to a single degree-of-freedom by a

linear bearing on the machine base.

According to the present invention, there is also provided a reaction force
transfer system comprising:

a frame;

a machine base supported by the frame through passive isolation structure:

a carriage supported for motion with respect to the machine base: and

a motor having a stator coupled to the frame and a forcer coupled to the
carriage to move the carriage with respect to the machine base. the stator coupled to
the frame so as to constrain the stator in only a single degree-of-freedom with

20 respect to the frame, while allowing free movement in 5 other degrees-of-freedom.

According to the present invention, there is also provided a reaction force

transfer system comprising:

a frame;
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a machine base supported by the frame through passive isolation structure;

a carriage supported for motion with respect to the machine base; and '

a motor having a stator coupled to the frame and a forcer coupled to the
carriage to move the carriage with respect to the machine base wherein the carriage
Is constrained to a single degree-of-freedom of motion with respect to the machine
base, wherein the carriage is constrained to a single degree-of-freedom of motion
with respect to the machine base by a linear bearing set.

In a preferred embodiment, the motor is a linear motor and the carriage is
constrained to a single degree-of-freedom of motion with respect to the machine

base. In this embodiment, the motor stator is supported by a linear bearing on the

machine base.

In a preferred embodiment, the stator 1s coupled to the frame so as to
constrain the stator in only a single degree-of-freedom of motion with respect to the
frame while allowing free movement in the other 5 degrees-of-freedom. The stator
may be coupled to the frame by one or more elements selected from the group
consisting of spherical bearings, universal joints, rotational bearings, linear bearings,
planar bearings, and flexural elements. In one preferred embodiment, the stator 1s
coupled to the frame by a series combination of a 2-degree-of-freedom coupling and
a 3-degree-of-freedom coupling. The 2 degrees-of-freedom coupling may be a

universal joint and the 3 degrees-of-freedom coupling may be a planar bearing.

In yet another preferred embodiment, the stator is coupled to the frame by a
flexural element comprising a notched hinge flexure having high stiffness on-axis and
high compliance in the other 5 degrees-of-freedom. In an embodiment in which the
carriage Is constrained to a single degree-of-freedom of motion with respect to the
machine base, the constraint is provided by a linear bearing set. A suitable linear
bearing set may be selected from the group consisting of ball, roller, aerostatic or

hydrostatic linear bearings. An encoder responsive to the location of the carriage with

respect to the machine base may also be provided.

23
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Brief Description of the Drawing,

Fig. 1a is a cross-sectional view in the Y-Z plane of a prior art system.
Fig. 1b is a cross-sectional view in the X-Z plane of this prior art machine.

Fig. 2a is a cross-sectional view in the Y-Z plane illustrating an embodiment

of the system of the invention.

Fig. 2b is a cross-sectional view in the X-Z plane of this embodiment of the

system of the invention.

Description of the Preferred Embodiment

For clarity, Figs. 1a and 1b illustrate a simplified representation of a prior art
machine showing one axis of motion only. A moving carriage 10 is mounted on a
machine base 12 through a set of linear bearings 14. Those skilled in the art will
recognize that the moving carriage 10 will support a work piece (not shown) whose
motion is to be precisely controlled. The linear bearings 14 (ball, roller, aerostatic,
hydrostatic, etc.) allow free motion in a primary axis direction while constraining
motion in all other degrees-of-freedom. In Fig. 1a, the primary axis of motion
illustrated will be into and out of the plane of Fig. 1a and will be along the X-axis in
Fig. 1b. '

A linear motor 16 provides forces to move the carriage 10 on-axis. The
linear motor 16 includes a forcer 18 (typically the motor 16 coil) which 1s mounted
to the carriage 10. The linear motor 16’s stator 19 (typically a magnet track) is
rigidly mounted to the machine base 12. As will be appreciated by those skilled in
the art, position feedback is typically provided by a linear encoder or laser
interferometer (not shown) that measures relative position between the carriage 10
and the machine base 12. The machine base 12 itself is mounted on passive
vibration isolators 20. The passive vibration isolators 20 are in turn held together
and supported on a floor (not shown) by a frame such as a welded steel frame 22.

When the motor forcer 18 drives the moving carriage 10 in the +X direction,
a reaction force in the motor stator 19 accelerates the machine mass (all mass above
the isolators 20, less the moving carriage 10 mass) in the —X direction.

Unacceptable machine oscillation ensues.
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The present invention will now be described in conjunction with the
embodiment shown in Figs. 2a and 2b. Instead of the linear motor stator 19 being
rigidly secured to the machine base 12 as in the prior art of Fig. 1a, a linear bearing
set 24 allows the stator 19 to move along the X-axis (single degree-of-freedom) with
respect to the machine base 12 but constrains it in the other 5 de grees-of-freedom.
The linear bearing set 24 may be ball, roller, acrostatic, hydrostatic, etc. That 1s, the
stator 19 is free to move in a single degree-of-freedom with respect to the machine
base 12.

As shown in Fig. 2b, an end of the stator 19 is coupled to an extension 26 of
the frame 22. The coupling between the stator 19 and the frame extension 26 in this
embodiment is provided by a universal joint 28 and a planar bearing 30. Relative to
the frame extension 26, the stator is constrained along the X-axis (a single
constrained degree-of-freedom), but is free to move in the other 5 degrees-of-
freedom. |

The function of the universal joint 28 and planar bearing 30 can be
accomplished with any combination of mechanical elements which will constrain
the motor stator 19 in but a single degree-of-freedom while still allowing free
movement in the other 5 degrees-of-freedom. The combination of elements may
include spherical bearings, universal joints, rotational bearings, linear bearings, and
planar bearings. Another suitable coupling is a flexural element (notch hinge
flexure) in a combination that has high stiffness on-axis and high compliance 1n the
other 5 degrees-of-freedom.

Those skilled in the art will appreciate that any friction or spring-rate in the
motor stator 19 constraint components’ free directions will degrade the system’s
vibration isolation. An ideal implementation will thus utilize all aerostatic bearings.
In this case, linear air bearings are used to mount the motor stator 19 with respect to
the machine base 12. Spherical and planar air bearings in series will provide the
single-degree-of-freedom constraint between the motor stator 19 and the frame
extension 26.

In operation, when the motor forcer 18 drives the moving carriage 10 in the
+X direction, for example, the reaction force in the motor stator 19 attempts to

accelerate the frame extension 26 in the —X direction. No force is imparted to the

4
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isolated machine base 12 (assuming negligible friction in the linear bearing 24).
Therefore, no horizontal motion is induced into the isolated machine base 12, and no
transient excitation is introduced into other machine structures. The machine base
12 is still free to move in all 6 degrees-of-freedom, constrained only by the passive
isolators 20. Therefore, the passive isolators 20 will still perform their function of
isolating the machine base 12 from ambient environmental vibrations. Since the
frame 22 is frictionally coupled to the floor, it does not move. Some vibration will
be introduced into the frame 22 and the motor stator 19 by motion of the carriage 10.
With proper design, however, the frequencies of these vibrations can be kept high
enough not to influence overall machine performance.

It is recognized that a potential adverse effect of the reaction force transter
system of the invention is that any relative motion between the motor stator 19 and
an encoder scale affixed to the machine base 12 will degrade motor 16 commutation
performance. However, the ratio of the amplitude of any machine base 12 motion to
the typical motor commutation period is small enough that this effect is minimal as
has been verified experimentally.

For clarity of understanding, the present invention has been illustrated for
motion along a single axis. Those skilled in the art will recognize that the disclosed

technology can readily be extended to multiple axis motion applications.
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WHAT IS CLAIMED IS:

1. Reaction force transfer system comprising:

a frame;

a machine base supported by the frame through passive isolation structure;

a carriage supported for motion with respect to the machine base; and

a motor having a stator coupled to the frame and a forcer coupled to the
carriage to move the carriage with respect to the machine base wherein the carriage
is constrained to a single degree-of-freedom of motion with respect to the machine
base, wherein the motor stator is constrained to a single degree-of-freedom by a

10 linear bearing on the machine base.

2. Reaction force transfer system comprising:

a frame;

a machine base supported by the frame through passive isolation structure;

a carriage supported for motion with respect to the machine base; and

a motor having a stator coupled to the frame and a forcer coupled to the
carriage to move the carriage with respect to the machine base, the stator coupled to
the frame so as to constrain the stator in only a single degree-of-freedom with

respect to the frame, while allowing free movement in 5 other degrees-of-freedom.

3. The system of claim 2, wherein the stator is coupled to the frame by one or
20 more elements selected from the group consisting of spherical bearings, universal

joints, rotational bearings, linear bearings, planar bearings, and flexural elements.

4, The system of claim 2, wherein the stator is coupled to the frame by a series

combination of a 2-degree-of-freedom coupling and a 3-degree-of-freedom coupling.

5. The system of claim 4, wherein the 2-degree-of-freedom coupling is a

universal joint and the 3-degree-of-freedom coupling is a planar bearing.

6
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6. The system of claim 3 wherein the flexural element is a notch hinge flexure

having high stiffness on-axis and high compliance in the 5 other degrees-of-freedom.

/. Reaction force transfer system comprising:
a frame;
a machine base supported by the frame through passive isolation structure;
a carriage supported for motion with respect to the machine base; and
a motor having a stator coupled to the frame and a forcer coupled to the

carrlage to move the carriage with respect to the machine base wherein the carriage

IS constrained to a single degree-of-freedom of motion with respect to the machine
base, wherein the carriage is constrained to a single degree-of-freedom of motion

with respect to the machine base by a linear bearing set.

8. The system of claim 7, wherein the linear bearing set is selected from the

group consisting of ball, roller, aerostatic, and hydrostatic.

9. The system of claim 1, wherein the linear bearing set is selected from the

group consisting of ball, roller, aerostatic, hydrostatic, and plain.

10.  The system of claim 1, further including an encoder responsive to the location

of the carriage with respect to the machine base.
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