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Abstract
A laser measurement system for measuring straightness and parallelism error using a semiconductor laser
was proposed. The designing principle of the developed system was analyzed. Addressing at the question of
the divergence angle of the semiconductor laser being quite large and the reduction of measurement accuracy
caused by the diffraction effect of the light spot at the longworking distance, the optical structure of the system
was optimized through a series of simulations and experiments. A plano-convex lens was used to collimate
the laser beam and concentrate the energy distribution of the diffraction effect. The working distance of
the system was increased from 2.6 m to 4.6 m after the optical optimization, and the repeatability of the
displacement measurement is kept within 2.2 m in the total measurement range. The performance of the
developed system was verified by measuring the straightness of a machine tool through the comparison tests
with two commercial multi-degree-of-freedom measurement systems. Two different measurement methods
were used to verify the measurement accuracy. The comparison results show that during the straightness
measurement of the machine tool, the laser head should be fixed in front of the moving axis, and the sensing
part should move with the moving table of the machine tool. Results also show that the measurement error of
the straightness measurement is less than 3 m compared with the commercial systems. The developed laser
measurement system has the advantages of high precision, long working distance, low cost, and suitability
for straightness and parallelism error measurement.
Keywords: straightness, parallelism, laser measurement system, machine tool.
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1. Introduction

Machine tools are widely used in industry. For machine tools with linear guideways, the
measurement of geometric errors originating from assembly processes and manufacturing plays
an important role in metrology [1–3]. The parallelism and straightness of a pair of rails are
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the most basic parameters for machine tools. Several methods are used to obtain a measure of
straightness of each rail. Using the granite block and a dial indicator is a common method for
geometric error inspection of a linear guideway. However, this method does not obey the “Bryan
Principle” during the measuring process and the granite block is heavy and easily scratched.
Nowadays, techniques based on different principles for straightness measurements are adopted.

The most common and reliable method for measurement of straightness is based on the
interference principle. Chen developed a laser interferometer on the basis of the heterodyne inter-
ferometer for measuring the straightness. The standard deviation of the straightness measurement
is 0.6 µm and the verified measurement distance is 100 mm [4]. Zhu developed a system for
measuring guideway straightness error on the basis of the polarization interference principle.
The measuring repeatability of the system is less than 1 µm at a distance of 1,000 mm [5]. Lin
developed a laser interferometer for determining the straightness of a moving stage based on the
Doppler effect. The repeatability of the interferometer is about 1 µm and the measurement dis-
tance is 250 mm [6]. The commercial laser interferometer, such as Renishaw XL-80, can achieve
high accuracy measurement with a long working distance. But it is inefficient because only one
geometric error can be obtained at one time and the measurement can be easily interrupted when
the light source is disturbed.

Another widely used technique for measuring straightness is based on laser alignment. Being
compact and easy to use quadrant detectors/photodetectors (QD/QPD) and position sensitive
detectors (PSD) are commonly used in laser alignment systems for high precision measurement
of straightness. The different QPD-based MDFM systems have been proposed. Jywe presented
an MDFM system that integrated a miniature laser interferometer with a DVD pickup head. The
measurement error of straightness is under ±0.2 µm and the measurement distance is 200 mm
[7]. Feng developed a compact 6-DOF measurement system using a single-mode fiber-coupled
laser for geometric motion errors of the linear guide. The maximum deviation of straightness
is 0.5 µm and the verified measurement distance is 650 mm [8]. Liu proposed a straightness
measurement system comprising a He–Ne laser and a QPD. The residual error between the HP
laser interferometer and the proposed straightness measurement system is less than 0.6 µm and
the measuring distance is 200 mm [9]. Fan developed a laser straightness measurement system
with an accuracy of 0.3 µm within the range of ±100 mm. The repeatability of the system tests
was found within 0.5 µm in the total measurement distance of 1000 mm [10]. However, this
implementation of QPDs was often used to measure the center of a light spot and, as their
response is sensitive to the shape and size of the light spot, they require careful in situ calibration.

The PSD-based MDFM systems have also been developed to obtain geometric errors. Hsieh
proposed a geometric error measurement system for straightness and parallelism errors. A dual
laser interferometer and a PSD were employed in the system. The measurement errors in the
horizontal and vertical directions are 0.5 µm and 1.7 µm respectively [11]. Ni developed an
MDFM system on the basis of the principle of laser alignment and an autocollimator. The
accuracy of measuring straightness error components is better than 1 µm in the measurement
range of 500 mm [12]. Rahneberg proposed a 3-DOF measurement system on the basis of a PSD
for the straightness measurement. The system utilizes a fiber-coupled laser diode as the light
source. The position resolution is 0.1 µm throughout a total distance of 1,000 mm [13].

Some CMOS/CCD sensors are also used to measure straightness based on laser alignment.
Chou developed an MDFM system based on a CCD camera. The accuracy of the system in the
measurement of the vertical and lateral straightness is within ±0.5 µm in the whole measuring
distance of 750 mm [14]. Sun developed a 5-DOF measurement system for motion errors. The
straightness error is received by the CMOS camera. The comparison deviation of the horizontal
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straightness and the vertical straightness are ±2.8 and ±3.1 µm for the measuring distance of
1000 mm [15].

Current straightness measurement methods and techniques mentioned above still have some
limitations. Commercial straightness measuring systems for industry such as the API XD 6-D
Laser Measurement System and the Renishaw XM-60 Multi-Axis Calibrator have high precision
and a long measuring range, however, they are quite expensive. A laser interferometer for error
measurement of straightness measurement has the advantage of high accuracy and a long working
distance. However, it is relatively big because of the He–Ne laser applied and, again, the laser
source is expensive. The implementations of a QD/QPD and a PSD as a sensor to realize the
measurement of the straightness errors have the advantage of low cost, compactness, and fast
optical adjustment. However, most of the MDFM systems have a limited measuring distance and
their accuracy has not been verified at distance exceeding 1500 mm in the literature.

In view of the literature on geometric error measurement systems, in practical applications
during themanufacturing and the assembly processes of themachine tools, the developed straight-
ness and parallelism errors measurement system should satisfy the following basic conditions:
(1) the measurement process should be as simple as possible; (2) the measuring precision should
be reliable; (3) the measurement distance should be longer; (4) the system costs should be lower.
Existing developed measurement systems cannot meet all the conditions simultaneously. Con-
sidering the problems in actual application, a straightness and parallelism error measurement
system using a semiconductor laser was developed with compact structure, low cost, and high
precision. The optical measurement principle was analyzed through the Zemax software. The
measuring precision was ensured through the calibration tests based on a high-precision 3D nano
position stage and the working distance of 4.6 m was verified after the optimization of the light
path. The verification experiments of the developed system were conducted by using two different
commercial MDFM systems: Renishaw XM-60 Multi-Axis Calibrator and API XD 6-D Laser
Measurement System. The parallel error measurement of the guideways was also verified. The
developed measurement system can be applied in industry.

2. Development of the laser measurement system

Figure 1 presents the schematic of the laser measurement system for straightness and par-
allelism measurements. The developed measurement system comprises laser-transmitting, pen-
taprism, and sensing units. In the laser transmitting unit, a semiconductor laser is employed as

Fig. 1. Diagram of the developed laser measurement system.
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the light source. The laser beam passes through a polarized beam splitter (PBS) and a quarter
waveplate (QWP), and is then collimated by a plano-convex lens. The collimated light beam is
next reflected by a plane mirror. The mirror is mounted onto a commercial 2D-angle steering
mechanism to adjust the reflect beam angle in line with the moving axis of the guideway. The
reflected beam will pass through a pentaprism and then project onto the sensing surface of a PSD
(S5990-01 Hamamatsu; active area: 4 × 4 mm; position resolution: 0.7 µm) mounted inside the
sensing unit to detect the horizontal and vertical straightness errors of the detected target. When
the sensing unit moves along the linear guideway, the position deviation of the guideway in the
horizontal and vertical directions will cause a relative change in the position of the light spot
received by the PSD.

2.1. Straightness measurement

When the photosensitive surface of the PSD is illuminated by a light spot, the resulting
photocurrents to the electrodes are changed with the position of the received spot. From these
photocurrents the normalized y and z outputs can be found from the following equations:

y = ky ×
(I2 + I3) − (I1 + I4)
I1 + I2 + I3 + I4 + Ib

×
L
2
, (1)

z = kz ×
(I2 + I4) − (I1 + I3)
I1 + I2 + I3 + I4 + Ib

×
L
2
, , (2)

where y and z are the position coordinates of the light spot; Ii is the photocurrent to electrode i
of the PSD (i = 1, 2, 3, 4); Ib is the output current of the PSD caused by background light; L is
the side length of the sensing surface of the PSD; ki is the coefficient which can be obtained by
the calibration experiments.

According to (1) and (2), when the intensity of the background light is the same, the stronger
the laser intensity the higher the PSD sensitivity and accuracy will be. The output current of each
electrode of the PSD is also affected by the shape and size the of the light spot. The divergence
angle of the laser should be small so that a round and symmetric spot can be obtained to improve
the sensitivity of the PSD.

2.2. Parallelism measurement

In the parallelism measurement of two parallel guideways, two perfectly parallel laser beams
aligned to the guideways are required for measurement reference. This is done by moving the
laser beam (moving the pentaprism) from the first guideway to the second guideway after the
first guideway measurement is performed. During the laser beam transfer, the pitch and roll
positions of the pentaprism will affect the alignment of the laser. The pitch and roll positions of
the pentaprism should be preserved through a dual-axis level integrated with pentaprism during
the assembly.

Figure 2 shows the schematic of the parallelism measurement setup. The laser is constructed
with the laser beam aligned in the horizontal plane and perpendicular to the guideways. The
pentaprism is placed in the laser beam path, bending the beam 90 degrees along the length of
the linear guideway. As the laser beam exits the pentaprism, it is aligned parallel to the first
rail through adjusting the laser and the pentaprism. When moving the pentaprism from the first
guideway position to the second guideway position, the adjustment is guided by a dual-level
sensor [16] integrated to the pentaprism assembly so that its pitch and roll positions are identical
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to its first guideway position. In result, a laser beam direction the same as for the first rail is
established. The parallelism errors between two guideways can be obtained according to the
straightness of each guideway calculated by (1) and (2).

Fig. 2. Diagram of the parallelism measurement setup.

3. Analysis on the collimating lens and the diffraction effect of the light spot

As described in the previous section, a semiconductor laser (whose detailed parameters
are listed in Table 1) is employed as the light source in the developed laser measurement system
owing to its advantages of small size and low cost. However, the divergence angle is larger than the
stabilized lasers (single/dual-frequency laser), such as the He–Ne laser. In practical application,
the spot of the incident light always has a certain shape and size. A circular aperture is usually
attached to ensure the beam quality so that the semiconductor laser can have a round spot.

Table 1. The parameters of the semiconductor laser.

Parameter Value

Wavelength 635 nm

Exit pupil power 5 mW

Divergence angle 0.6 mrad

Optical system Optically coated glass lens

Fiber core diameter Single mode 4 µm

Working voltage DC 5 V

Considering that the distance between the aperture and the PSD is much larger than the size
of the aperture, according to the far-field condition of the circular Fraunhofer diffraction [17], the
minimum distance that diffraction occurs (the distance between the aperture and the PSD) can be
obtained by (3):

|z0 | �
kr2

2π
=

r2

λ
, (3)

where z0 is the minimum distance between the aperture and the PSD; r is the radius of the
aperture; λ is the wavelength of the light beam; k is the wave number (k = 2π/λ).
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From (3) the minimum distance z0 can be calculated as 0.89 m (r = 0.75 mm, λ = 635 nm).
Once the distance between the aperture and the PSD is larger than 0.89 m, the light spot detected
on the sensing surface of the PSD will be a diffraction ring centered on the Airy disk rather than
one bright light as shown in Fig. 3.

Fig. 3. Light spot detected on the PSD surface.

Figure 4 shows the circular aperture Fraunhofer diffraction phenomenon observed in the
actual measurement when the distance between the aperture and the PSD surface is 4 m (the laser
wavelength is 635 nm and the diameter of the circular aperture is 1.5 mm). The detected signal
of the PSD is related to the center position of the light spot energy. The diffraction will cause the
redistribution of the light intensity projected on the sensing surface of the PSD, which will cause
the reduction of the measurement accuracy of the PSD. The most significant impact is that the
repeatability of the measuring system will be reduced. In practical application, the repeatability
of the MDFM system is one of the most important measures of whether the instrument is
reliable. A simple and direct proof test about the adverse effect of the diffraction phenomenon
on the developed laser measurement system can be seen in Figs. 5a and b. Figure 5 shows the
repeatability of the straightness measurement when the diffraction occurs (laser working distance:
4 m–4.6 m) and does not occur (laser working distance: 2 m–2.6 m). Figure 5 displays that the
repeatability of the laser measurement system is poor when the diffraction occurs.

Fig. 4. Observed diffraction phenomenon.

Suppose that Airy disk is in the center of the sensing surface of the PSD, the light intensity
at any point on the sensitive surface of the PSD can be obtained as:

Ip = A0


1 −

1
2

m2 +
1
3

(
m2

2!

)2

−
1
4

(
m3

3!

)3

+
1
5

(
m4

4!

)4

+ · · ·


, (4)

where m = (πR sin θ)/λ; R is the radius of the aperture; θ is the field angle between the spot edge
and the center of the circular aperture.
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a) b)

Fig. 5. Repeatability of the straightness measurement when: a) diffraction does not occur; b) diffraction occurs.

According to the first-order Bessel function, (3) can be expressed as:

Ip = A2
0

J2
1

(
2πR sin θ

λ

)
(
πR sin θ

λ

)2 = A2
0

J2
1 (2m)

m2 = I0
J2

1 (2m)

m2 , (5)

where J1 is the Bessel function of the first kind.
To simplify the analysis process, the bright fringes with concentrated energy in the diffraction

distribution can be regarded as circular ring lines with no width and uniform energy distribution.
According to (4) and (5), the diffraction intensity and energy distribution of each level of the
diffraction ring can be obtained as shown in Table 2, where R = 1 mm and λ = 635 nm.

Table 2. Diffraction light intensity and energy distribution of the circular hole Fraunhofer diffraction.

Fringe Order 2 m θ [′′] Energy Distribution %

Airy Disk 0 0 83.78

1st order min 3.83 138 0

1st order max 5.15 186 7.22

2nd order min 7.02 252 0

2nd order max 8.41 303 2.77

3rd order min 10.17 367 0

3rd order max 11.60 418 1.62

Table 1 shows that in the circular hole Fraunhofer diffraction, the light energy of Airy spot
accounts for 84% of the entire incident light energy. The spot size of the circular hole Fraunhofer
diffraction is inversely proportional to the radius of the circular aperture and proportional to
the laser wavelength. The smaller the radius of the circular hole, the longer the wavelength, the
more obvious the diffraction phenomenon, and the greater the impact on the output of the PSD.
To increase the measurement accuracy of the developed system, a concentrated light beam is
preferred.
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The sensing accuracy of the PSD can be increased by improving the quality of the laser beam.
This can be done by using a plano-convex lens as the collimator objective in the collimator unit.
Figure 6 shows the simulation results of the collimation effect at different focal lengths and the
diffraction phenomenon when the focal lengths changes. Parameters employed in the simulations
are summarized in Table 3. Figure 6 shows that the energy distribution of the diffraction ring is
concentrated in the central area when using a plano-convex lens.

Table 3. Diffraction light intensity and energy distribution of the circular hole Fraunhofer diffraction.

Parameter Value

Wavelength 635 nm

Divergence angle 0.6 mrad

Aperture diameter 1.5 mm

Focal length of the collimator objective 1 m, 2 m

Distance between the laser and the PSD surface 4 m

Distance between aperture and lens 3 cm

Fig. 6. Schematic of the optical simulations: a) without a collimator, b) with a collimator f = 1 m,
c) with a collimator f = 2 m.

The feasibility of the simulation results was verified through some experiments. The influences
of the focal length and the light intensity attenuation were also investigated. A laser beam with
a wavelength of 635 nm emitted from the semiconductor passed through a circular aperture and
then was collimated by using a plano-convex lens. At the beginning of the experiment, the sensing
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unit was set in a guideway, the laser beam from the semiconductor was adjusted to project on the
sensing surface of the PSD in the sensing unit. Both the sensing unit and the guideway were driven
by a servo motor, the total moving distance is 4.6 m and the moving interval was 10 cm. When
the sensing unit arrived at the measuring point, the output signals of the PSD were recorded. The
total measurement process was repeated for 5 times, and then the repeatability of each measuring
point was calculated. Figure 7 shows the repeatability results of the straightness measurements for
five times under different optical structures. The plano-convex lens can improve the quality of the
light spot, and using a plano-convex lens with a focal length of 2 m can improve the measurement
repeatability significantly for the 4.6 m working distance. Figure 8 shows the repeatability of
the straightness measurement after the optical path is collimated through the plano-convex lens

a) b)

Fig. 7. Repeatability results under different optical structures and parameters: a) Y repeatability; b) Z repeatability.

a) b) c)

d) e)

Fig. 8. Repeatability of the straightness measurement in the total measurement range of 4.6 m:
a) 0–0.9 m; b) 1–1.9 m; c) 2–2.9 m; d) 3–3.9 m; e) 4–4.6 m.
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( f = 2 m). The repeatability of the displacement measurement is kept within 2.2 µm in the total
measurement range of 4.6 m.

4. Precision calibration

According to (1) and (2), the parameters ky and kz can be calibrated with a series of certain
offset displacement Y and Z values measured by the designed experimental setup. Figure 9
displays that the calibration tests for straightness errors were carried out with a high-precision
3D nano position stage (PI, model P561.3 CD, with a repeatability of 2 nm and a distance of
100 µm in each direction, Physik Instrumente Co. Ltd., Germany). In the calibration process,
the sensing part was mounted on the PI stage, which was driven by a servo motor along the X
axis. The motion distance was 460 cm with a step of 5 cm. The linear motor was driven to shift
the PI stage, after the adjustment of the light path (ensure that the optical measuring axis was in
line with the moving axis), the PI stage was moved within a range from −100 µm to +100 µm,
at an approximate increment of 10 µm along the Y and Z axes, respectively. The output signals
were recorded every time when the PI stage was controlled to provide standard displacement. The
measurement was performed five times for forward and backward directions. Figures 10a and

Fig. 9. Calibration test setup.

a) b)

Fig. 10. Corresponding fitting curve of experimental data when the moving distance is 5 cm:
a) Y output voltage; b) Z output voltage.
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10b show the corresponding fitting curve of the experimental data on the basis of the least-square
method when the moving distance of the linear motor is 5 cm. Calibration results show that the
relationship between the straightness error and the output signals is linear. They also show that
the range of measurement can reach ±100 µm.

Parameter ki is obtained with the fitting curves when it is equal to 2260.295 and kz is equal to
2272.996when themoving distance is 5 cm.Although the optical path is collimated, the shape and
size of the light spot can still change along the measurement path. Parameter ki varies at different
laser working distances as shown in Fig. 11. Once the size of the detected light spot exceeds the
sensing area of the PSD during the calibration process, the output of the PSD is nonlinear. This
can explain why the calibration coefficients change rapidly when the laser working distance is
longer than 250 cm.

Fig. 11. Calibration coefficients for different laser working distances.

After the calibration experiments, all the calibration coefficients are stored in the system
software, and the system can choose the right coefficient according to the measurement distance
automatically (the measurement distance and the moving interval should be fed into the software
first before the measurement). The laser path is strictly parallel to the moving axis during the
calibration process, so the recalibration of the parameter is unnecessary before every new mea-
surement. In the actual measurement, the position of the sensing part must be recorded and the
correct parameter corresponding to each distance must be chosen to perform efficient and precise
measurements with reliability.

5. Verification and application of the straightness and parallelism measurements

The verification of the straightness of the proposed system was conducted by using two
different commercial laser interferometers: a Renishaw XM-60Multi-Axis Calibrator and an API
XD 6-D Laser Measurement System as reference standards to measure straightness errors of the
three-axis machine tool with the measurement distance of 700 mm. Figure 12 shows the detected
machine tool. During the measurement of straightness of the machine tool, according to the user’s
manual the similarity of these commercial MDFM systems is that the laser head should be fixed
on the machine bed while the sensor is mounted to the machine spindle as shown in Fig. 13.

During the straightness measurement, the reference axis of the laser beam will change its
position because of the pitch and yaw errors of the machine bed and there a problem arises of
cross-talk error. The proper way to measure the straightness errors should be that the laser head
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Fig. 12. Detected machine tool.

Fig. 13. Setup of the commercial MDFM system.

is fixed in front of the moving axis and the sensing part moves with the moving table as shown in
Fig. 14.

Fig. 14. Setup of the proper way of measuring the straightness errors of a machine tool.

Figure 15 shows the position change of the light spot projected on the PSD surface in these two
cases. Assuming that the light spot projects on the center of the PSD surface at the very beginning
of the measurement. When the laser head moves along with the machine bed, the angular error of
the machine bed will cause changes in the optical path as shown in Fig. 15a. The position change
of the light spot ∆d1 can be expressed as:

∆d1 = D tan θ, (6)

where D is the distance between the laser head and PSD surface; θ is the angular error (pitch or
yaw) of the machine bed during the movement.
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a) b)

Fig. 15. Position change of the light spot projected on the PSD surface in two cases: a) the laser head is moving, b) the
laser head is fixed.

When the laser head is fixed and the sensing part moves with the machine bed, the position
change of the light spot ∆d2 as shown in Fig. 15b can be expressed as:

∆d2 = H −
L
2
=

L
2 cos θ

−
L
2
=

L
2

(
1

cos θ
− 1

)
, (7)

where L is the side length of the sensing surface of the PSD.
From Eqs. (6) and (7) we can see that the output signal of the PSD is different in the two

cases. If D= 2m,θ = 1′′, L = 4 mm, the position change of the light spot ∆d1 and ∆d2 can be
calculated, which are ∆d1 = 9.69 µm and ∆d2 = 2.35 × 10−8 µm, respectively. The differences
in measurement errors in these two cases can reach nearly 10 µm.

Figure 16 shows the comparison testing setup of the straightness errors of the machine tool
between the developed laser measurement system and two commercial MDFM systems. Each
commercial MDFM system was assembled in two ways. The first one is that the laser head is
fixed on the machine bed while the sensor is mounted to the machine spindle, the second one is
that the laser head is fixed in front of the moving axis and the sensing part moves with the moving
table. Figure 17a shows the straightness measurement results while the laser head is moving. The
straightness results obtained by Renishaw and API through the same measuring method (the laser
head moving) are different as shown in Fig. 17a. This is because both sensors are not placed in the
same position due to the limitations of each adjustment mechanism. Figures 17b and 17c show the
measurement results while the laser head is not moving. When both sensors (Renishaw and API)
are placed in the same position, the measurement results are almost the same. Figures 17b and 17c

a) b) c) d)

Fig. 16. Comparison testing of the straightness errors in two different ways: a) Renishaw laser head fixed; b) API laser
head fixed; c) Renishaw laser head moving; d) API laser head moving.
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also show that compared with two commercial MDFM systems, the measurement errors of the
developed system are no more than 3 µm. This error is within the acceptable range because the
position of the sensors of both measuring systems is not exactly the same. It can be compensated
with an error separation method.

a) b) c)

Fig. 17. Straightness measurement results: a) Renishaw and API; b) Renishaw and the developed system; c) API and the
developed system.

Figure 18 shows the repeatability of the straightness measurements results for five times.
The maximum measurement repeatability of Renishaw and API MDFM system is 4.5 µm, the
maximum repeatability of the developed system is 3 µm. Compared with the commercial MDFM
systems, the developed system has higher accuracy and was much cheaper to build.

a) b)

Fig. 18. Repeatability of the straightnessmeasurements results for five times: a)API and the developed system; b) Renishaw
and the developed system.

The verification of the proposed leaser measurement systemwas also conducted by measuring
the parallelism of two parallel linear guideways as shown in Fig. 19. In this case, the total
measurement range was 1,400 mm. Figure 20 presents the measurement results. The measured
results can help to adjust the accuracy of both guide rails during the assembly.
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Fig. 19. Parallel error measurement of guideways.

a) b)

Fig. 20. Measurement results: a) Y direction; b) Z direction.

6. Conclusions

In this study, a compact laser measurement system for straightness and parallelism measure-
ment is proposed. Compared with commercial MDFM systems, our proposed laser measurement
system can reach high accuracy at a rather low cost. A semiconductor laser was used as the light
source. Aiming to reduce the divergence angle of the semiconductor laser and the diffraction effect
of the light spot, a plano-convex lens was used to collimate the laser beam. The working distance
of 4.6 m was verified after the optical optimization, and the repeatability of the displacement
measurement is kept within 2.2 µm in the total measurement range. A high-precision 3D nano
position stage was used for the calibration tests. The verification of the straightness of the pro-
posed system was conducted by using two different commercial laser interferometers: a Renishaw
XM-60 Multi-Axis Calibrator and an API XD 6-D Laser Measurement System. The comparison
results show that during the straightness measurement process in a machine tool, the laser head
should be placed in front of the moving axis, and the sensing part should move with the moving
table of the machine tool. Compared with the existing geometric error measurement system, the
developed laser measurement system has the advantages of low cost and long working distance,
and as such it can be applied in industry. We intend the proposed system to be a component
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in a 6-DOF measurement system. Our future work will focus on integrating the angle (pitch,
yaw, and roll) measurement and positioning function. An improvement of the error compensation
method is also desirable.
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