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Abstract

A new type of ‘coaxiad differentia bal screw’ (CDBS) is proposed, and some
experiments are performed to evaluate the performance of the mechanism driven by a
step motor. After devising a simple error compensation algorithm, the travel deviation

decreased to less than 0.4 microns with a positioning resolution of 5 nm.

1 Introduction

Current precise positioning mechanisms can be divided into two categories based on
the field of application: mechanisms with along stroke, from millimeters up to meters,
used in machine tools or semiconductor manufacturing processes, and fine
mechanisms with a stroke measured in micrometers, used in scanning probe
microscopes [1][2]. This study aims at realizing a simple positioning mechanism with
nanometer level resolution over a one-millimeter stroke using a differential ball
screw: a mechanism to fit in the medium range between the above two categories. In
our previous report, a series-type differential ball screw, with two different leads on a
screw shaft in series, was constructed [3]. However, that mechanism had a longer
configuration than standard ball screw mechanisms, so in this report, a new type

‘coaxial differential ball screw’ is proposed to solve the problem.

2 Structure and principle

Figure 1 shows a mechanism using a x, Coarse stage x, Differential stage
Nut

coaxial differential ball screw, which - ’—>

consists of three major elements: an A5

input screw, an output screw and a oo |
Step motor T\ T\ T \l
nut. The input screw is cylindrical, i m,!‘.\.‘.\.‘.\_\‘é‘\'ﬂ
Ze=0=0=0=¢)
and has both an outer screw thread Input screw /"‘.-. O“‘p”‘ serew
P, P,

and or internal screw thread for the EPo)
Figure 1: Principle of positioning mechanism

bal screw operation. The outer using CDBS
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Figure 2: Coaxial differential ball screw Figure 3: Experimental positioning system

screw thread meets the internal screw thread of the nut, =

0.3 —

and the internal screw thread meets the output screw. g o2 _,:‘"
Thus, the mechanism contains two parts of the ball 02 :;"":
screw, A and B in the coaxial overlapped condition, 2 -
e -
and their nominal leads are P, and Pg. Displacements :U 1 L~
e —— actual motion
Xe and Xy are nominally determined by eg. (1) as a oL —— reference
function of the rotational angle 0 of the screw shaft: c o e 5 nm|
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where ¢ is ‘differential lead’. Figure 2 shows the Figure 4: Pasitioning
structure of a manufactured CDBS. The input screw resolution

has an outer diameter of 31.5 mm, and the output screw
has an outer diameter of 16 mm. The nominal leads are P,=2.00 mm and Pg=1.9 mm,
50 the resultant differential lead 5is 0.1 mm.

3 Positioning perfor mance
31 Positioning resolution

A positioning system was constructed as shown in Figure 3 using the coaxid
differential ball screw driven by a step motor with 5 phases. Though the critical step
angle of the motor is 0.72 deg, the operating step angle is adjustable in the range
between 0.00288 deg and 0.72 deg. The displacement of the coarse stage, X., and
differential stage, Xq, are measured by a laser interferometer with resolution of a 1.2
nm, while the actual rotation angle of the step motor is measured by a rotary encoder
with resolution of 720,000 ppr. The feed characteristics and positioning performance
were measured in detail. Figure 4 shows positioning resolution of the mechanism
when the step angle of the motor is set for 0.018 deg: It was found that the

mechanism had afine positioning resolution of 5 nm.
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Figure 5: Feed error
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32 Feed error
Next, feed error of the mechanism is measured. Figure 5 shows the measured results
when reference rotation angles 0, are (a) 15 deg and (b) 3600 deg (full stroke). E,, E.
and E, are rotationa angle error of the motor, travel error of the coarse stage and
travel error of the differential stage respectively. The errors are defined as follows,

E,=0-6,, EC:)(C_EQ, Ed:xd_igr (2
2r 2r
where 6, is reference of rotationa angle, and 6 is the actual rotational angle of the
motor. Figure 5(a) shows that E, and E; include a prominent cyclic error with a
period of 3.6 deg, which corresponds to the pitch of teeth around the rotor of the
motor; the cyclic error is not included in Ey Figure 5(c) shows the cumulative
amplitude spectrum of (b). It also shows that E, and E. have an error source with a
period of 3.6 deg, while E; shows a smooth change without any significant
components. These results mean that the simultaneous differential effect negates the
synchronous errorsin screw-A and screw-B.
33 Repeatability and error compensation

As shown in Figure 5(b), the mean travel deviation is 4 microns over the total length
of the stroke, with a fluctuation less than 0.2 microns. Figure 6 shows repeatability
of the travel error for 20 times repetition. Eg,, represents the average of the travel
error, and oy is standard deviation at each position. Though the value of the mean
travel deviation is significant, the travel error shows satisfying repeatability with a
standard deviation of 0.1 microns. Therefore, real-time error compensation is
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algorithm, as shown in figure 7, was devised and E °r ]
applied to this positioning system. The travel b L e
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shows the travel accuracy with rea-time compensation

compensation: Travel deviation decreased to less than 0.4 microns over the total
length of the stroke, and the finad value of CAS is 0.16 microns, which
approximately corresponds to the value of +2ay in figure 6.

4 Conclusion

A new type of coaxial differential ball screw was devised, and a positioning
mechanism constructed, to consider positioning performance of the differential ball
screw. It was verified experimentally that ultra-precise positioning can be redized
by CDBS with atravel deviation of less than 0.4 microns and with afine positioning
resolution of 5 nm. On the basis of the above experimental results, the potential of
the positioning mechanism using coaxial differential ball screw is confirmed.
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