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A precision four-degree-of-freedom measurement system has been developed for simultaneous measurement of four
motion errors of a linear stage, which include straightness and angular errors. The system employs a retro-reflector to
detect the straightness errors and a plane mirror to detect the angular ervors. A common-path compensation method
Jor laser beam drift is put forward, and the experimental results show that the influences of beam drift on four motion
errors can be reduced simultaneously. In comparison with the API 5D laser measuring system, the accuracy for
straightness measurement is about 1 1.5um within the measuring range of £650um, and the accuracy for pitch and
yaw measurements is about #1.5 arc-seconds within the range of £600 arc-seconds.

1. Introduction

A moving table along a specified axis will inherently have errors
in six degrees of freedom, which are three linear errors (linear
positioning, horizontal straightness, vertical straightness) and three
angular errors (pitch, yaw and roll). For a typical three-axis machine
center, there are twenty-one geometric errors that are required to
measure step by step according to the relevant criteria. Current
technology for the measurement of these errors employs the laser
interferometer such as HP5529.' This whole measurement process
often takes a long time as each error should be calibrated separately,
and the measurement uncertainty could increase as the process time
increases. Besides, the measurement accuracy could not be assured as
the operators and the measuring environment change every alignment
of measurement apparatus. There are some other reports for multi-
error measurement systems published in recent years.”'® The works
by K.C.Fan from National Taiwan University and the works by Ni et
al from University of Michigan are representative. At present, there is
a commercially available 5/6D measuring system from Automated
Precision Inc.APL"

As it is known, the accuracy of a laser collimation measurement
system can also be greatly limited by the factor of beam drift which
generally results from the temperature gradient of the laser source and
also the air turbulence. Some researches have been carried out to find
ways to compensate the measurement error produced by the laser
beam drift.">"* However, in the most cases, the compensation beam is
not in a common-path with the measurement beam, and the
measurement beam and the compensation beam are not relative
totally, the compensation results are not so ideal. Besides, the
influence on the all motion errors can not be reduced simultaneously
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with the current methods.

In this paper, a newly developed system for simultaneously
measuring four-degree-of-freedom errors of machine tools is
introduced. A single-mode fiber-coupled laser module is used to
eliminate the beam drift of the laser source. Only a cube corner retro-
reflector and a beam splitter are adopted in the moving target in order
to sense the straightness errors and angular errors (pitch and yaw)
respectively and  simultaneously. A simple common-path
compensation method for laser beam drift is put forward, and a 2D
position-sensitive detector and a lens are used to monitor angular drift
of the laser beam. The experimental results are given and show that
the influences of beam drift due to the air turbulence on all four
motion errors can be reduced simultaneously.

2. Principle of Measurement

2.1 Common-Path Measurement and Compensation for Laser
Beam Angular Drift

Fig. 1 shows the diagram of common-path compensation system
of beam angular drift. A collimation laser beam reaches the retro-
reflector (RR) and is reflected back to a lens, and then it is focused to
a 2D position-sensitive detector (PSD). If there is the angular drift of
the laser beam Aa in the plane xoz, the laser spot position on the x-
direction of PSD will be changed Ax. In the same way, when there is
the angular drift AP in the plane yoz, the position of laser spot on the
PSD will be changed Ay. The angular drift of a laser beam is small,
usually less than 30 arc-seconds, and the angle of laser beam drift in
the two directions can be obtained as
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Where fis the focal length, Ax and 4y is the spot position changes in
two directions on the PSD

Fig. 1 Diagram of common-path measurement of beam angular drift

2.2 Straightness Error Measurement

Fig. 2 shows the diagram of straightness errors measurement
system with the common- path beam drift compensation in the plane
xoz. The system consists of a fixed unit and a moving unit. The laser
beam reflected back from RR is split into two beams by the beam
splitter (BS1). The beam reflected by BS1 reaches a quadrant detector
(QD) and is used to detect the straightness errors. It is the
measurement beam. The beam that transmits through BSI reaches
PSD and is used to measure the beam angular drift. It is the
compensation beam. So the measurement beam and the compensation
beam are in the common path.

In the instance of non angular drift, when a stage is moved along
the axis of travel with a certain lateral distance AX, the beam reflected
by the RR will be shifted on the corresponding QD by a distance of
2AX. " If there is the angular drift of Ac, the beam position changes
on the QD will be AX;, and the straightness error in the direction of X
can be obtained after compensation for beam drift as

AXzA;(Iilea @

Where da is given by the Equation (1), / is the moving distance, and
the sign (2) is chosen according to the actual measurement.

The straightness error in the direction of Y can be gotten in the
same way.
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Fig. 2 Diagram of straightness errors measuring with beam drift
compensation

2.3 Measurement of Pitch and Yaw

Fig. 3 shows the schematic diagram of measurement of the
angular errors with common-path beam drift compensation in the
plane xoz. A half-plane mirror (BS3), a lens (L2) and a PSD2 are

adopted to detect the angular errors of pitch and yaw.

In the instance of non angular drift, when a stage is moved along
the axis z with a pitch angle ay, the ray angle reflected from BS3 will
change 2a;, thus the spot position of the reflected beam which is
focused on PSD2 will change about 2f,0, if the oy is small.
Similarly, if there is the angular drift of Aa, the spot position of the
reflected beam which is focused on PSD2 will change AX,. Thus, the
pitch o, after compensation can be obtained by

4X, | Ao
, =t — Q)
2f, 2
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Where Aa is given by the Equation (1), f3is the focus length of lens
1.2, and the sign (%) is chosen according to the actual measurement.
The yaw f3, can be obtained in the same way.
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Where AY, is the spot position change on PSD2 in the direction of Y.
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Fig. 3 Schematic diagram of angular errors measuring with beam drift
compensation

2.4 System configuration for simultaneously measuring 4DOF
with Common-path Drift Compensation

Fig. 4 shows the schematic diagram of the system for
simultaneously measuring four-degree-freedom (4DOF)  with
Common-path Beam Drift Compensation. A single-mode fiber laser
module is used as the light source to eliminate the beam drift of the
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Fig. 4 Schematic diagram of measurement system

laser source and to isolate the to heat generated from the laser source,
and in this way, the beam stability is increased greatly. The 4DOF
measurement system is mainly composed of two parts. One is a
moving unit which consists of BS3 and RR that are used to sense the
angular errors and straightness errors, the other is a fixed unit that
includes three subsystems, one is consists of BS2, a mirror, a lens L2
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and a PSD2 and is used to detect angular error sensed by the BS3, the
second is consists of BS1 and a QD and is used to detect straightness
error sensed by RR, the third is consists of BS1, a lens L1 and PSD1
and is used to detect angular drift of laser beam. The measurement
principles have been introduced above.

3. Experimental results

3.1 Beam Drift Compensation Test

To evaluate the effect of the common-path compensation method
for the laser beam drift under different conditions, some experiments
have been done in the temperature of 18°C+2°C. When the distance
target is eight meters away, the results of straightness stability
measurement is shown in Fig. 5, which indicates that the maximum
fluctuation decreases from 25um to 12um and the accuracy can be
increased by about 50% within a measurement period of about
léminutes. Furthermore, when the distance target is ten meters away,
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the results for the yaw and pitch measurements shown in Fig.6
indicate that the maximum fluctuation decreases from 10 arc-seconds
to 3 arc-seconds and the accuracy can be increased by about 65%
within a measurement period of about 40 minutes.

3.2 Calibration Test

The measuring heads of 4DOF system and API system are
mounted on an x-y stage, and the calibrations of straightness errors
are performed. Fig. 7(a) and (b) shows the results. The maximum
deviation of horizontal straightness is found to be from -1.1um to
1.2um within a measurement range of +650um. The maximum
deviation of vertical straightness is found to be from -1.0um to 1.4um
within the range of £600um.

The calibrations of angular errors were carried out with the
measuring heads of two systems mounted on a rotary table which can
be rotated with pitch angle and yaw angle. The results are shown in
Fig. 7(c) and (d). The maximum deviations are from -1.5 arc-seconds
to 1.5 arc-seconds for the yaw error and from -1.3 arc-seconds to 1.4
arc-seconds for the pitch error within the range of £600 arc-seconds.
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Fig. 6 Yaw and pitch error comparison experiments results
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3.3 Comparison Test

The motion errors of a linear guide were tested with 4DOF
system and API system simultaneously in the temperature of
18°C+2°C. The system diagram and the photo of the experimental set-
up are showed in Fig. 8(a) and (b). Both measuring heads of two
systems are mounted on a linear guide, which is moved for a travel of
1000mm with an increment of 100mm. The four-degree-of-freedom
including horizontal and vertical straightness errors, pitch and yaw
angular errors can be measured simultaneously. The results are
showed in Fig.9. The maximum residual errors are about from -2.4um

to 1.1pym and from -3.9um to 3.8um for the horizontal and vertical
straightness errors respectively, and the maximum residual errors are
about from -1.8 arc-seconds to 1.3 arc-seconds and from -2.8 arc-
seconds to 2.4 arc-seconds for yaw and pitch errors.

In fact, a model guide that is just placed in a optical platform
shown in Fig. 8 (b) was used a test object, and it has a much lager
straightness errors than a real linear guide used in machine tools. The
two measuring heads of 4DOF and API system can not be placed at
the same position on the model linear guide is the main reason for
producing a difference between the two measurement systems.

Laser of
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Fig. 7 Calibration test results with API system
(a) Horizontal straightness (b) Vertical straightness (c)Yaw error (d) Pitch error
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Fig. 8 Set-up for comparison test with API measuring system
(a)Set-up diagram  (b)Photo of the experimental set-up
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Fig. 9 Comparison results with API system
(a) Horizontal straightness (b) Vertical straightness (c)Yaw error (d) Pitch error

4. Conclusions

This paper presents a simple system that is able to simultaneously
measure the motion errors in four-degrees-of freedom of a linear
stage. A common-path compensation method for laser beam drift was
successfully integrated. The proposed measurement method was
verified and the performance of the measurement system was
evaluated in the experiment. The stability test showed that the
measurement error induced by laser angular drift can be reduced
greatly using common-path compensation method. Moreover, the
comparison experimental results showed that the developed system
has the accuracy of *1.5um within the measurement range of about
+650pm in measuring straightness error, and 1.5 arc-seconds
within the range of +600 arc-seconds in measuring pitch and yaw.

ACKNOWLEDGEMENT

The research was supported by the National Natural Science -

Foundation of China under Grant No. 50675017.

REFERENCES

1. Huang, P. S. and Ni, J., “On-line Error Compensation of Coordinate
Measuring Machine,” International Journal of Machine Tools
Manufacturing, Vol. 35, No. 5, pp. 725-738, 1995.

2. Fan, K. C, Chen, M. J. and Huang, W. M., “A Six-Degree-of-
Freedom Measurement System for the Motion Accuracy of
Linear Stages,” International Journal of Machine Tools
Manufacturing, Vol. 38, No. 3, pp. 155-164, 1998.

3. Chou, C,, Chou, L. Y., Peng, C. K., Huang, Y. C. and Fan, K. C.,
“CCD-Based Geometrical Error Measurement using Fourier

10.

Phase Shift Algorithm,” International Journal of Machine Tools
and Manufacturing, Vol. 37, No. 5, pp. 579-590, 1997.

Huang, P. S. and Ni, J., “Multi-Degree-of-Freedom Geometric
Error Measurement System,” US Patent 5418611, 1995.

Ni, J.,, Huang, P. S. and Wu, S. M., “A Multi-Degree-of-Freedom
Measurement System for CMM Geometric Errors,” ASME Journal
of Engineering for Industry, Vol. 114, No. 8, pp. 362-389, 1992.

Lee, J.-J. and Yang, M.-Y., “Measurement of the Volumetric
Thermal Errors for CNC Machining Center using the Star-type-
styluses Touch Probe,” International Journal of Precision
Engineering and Manufacturing, Vol. 1, No. 1, pp. 111-117, 2000.

Hwang, J. H., Park, C. H. and Kim, S. W., “Estimation of 2D
Position and Flatness Errors for a Planar XY Stage Based on
Measured Guideway Profiles,” International Journal of Precision
Engineering and Manufacturing, Vol. 8, No. 2, pp. 64-69, 2007.

Kuang, C. F, Feng, Q. B, Zhang, B., Liu, B., Chen, S. Q. and
Zhang, Z. F., “A Four-Degree-of-Freedom Laser Measurement
System(FDMS) using A Single-Mode Fiber-Coupled Laser
Module,” Sensors and Actuators A: Physical, Vol. 125, No. 1,
pp-100-108, 2005.

Choi, S. C., Park, J. W., Kim Y. W. and Lee, D. W., “Self
Displacement Sensing (SDS) Nano Stage,” International Journal
of Precision Engineering and Manufacturing, Vol. 8, No. 2, pp.
70-74, 2007.

Kuang, C. F., Hong, E. and Feng, Q. B., “High-accuracy Method
for Measuring Two-dimensional Angles of a Linear Guideway,”
Optical Engineering, Vol. 46, No. 5, pp. 051016-1-051016-6,
2007.



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING ~ Vol. 9, No. 4 OCTOBER 2008 / 31

11. http://www.apisensor.com

12. Chen, Q. H., Wy, J. and Yin, C. Y., “Long Range Straightness/Coaxiality
Measurement System using Dual-Frequency Laser,” Chinese
Journal of Lasers, Vol. 29, No. 7, pp. 625-630, 2002.

13. Michael, R. S. and Martin, E. L., “Laser Interferometer Having a
Sheath for the Laser Beam,” US Patent 5708505, 1998.

14. Akira, 1., “Apparatus for Measuring Straightness,” US Patent
5333053, 1994.

15. Feng, Q. B., Zhang, B. and Kuang, C. F., “A straightness
measurement system using a single-mode fiber-coupled laser
module,” Optics and Laser Technology, Vol. 36, Issue 4, pp. 279-
283, 2004.



