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a  b  s  t  r  a  c  t

An  optical-comb  pulsed  interferometer  was  developed  for the  positioning  measurements  of  the  industrial
coordinate  measuring  machine  (CMM);  a rough  metal  ball  was  used  as  the  target  of  the single-mode
optical  fiber  interferometer.  The  measurement  system  is  connected  through  a  single-mode  fiber  more
than 100  m  long.  It is used  to connect  a laser  source  from  the  10th  floor  of  a  building  to the  proposed
measuring  system  inside  a CMM  room  in  the  basement  of the  building.  The repetition  frequency  of  a
eywords:
ptical comb
ulsed interferometer
ength measurement
oordinate measuring machine

general  optical  comb  is transferred  to 1 GHz  by an  optical  fiber-type  Fabry–Pérot  etalon.  Then,  a compact
absolute  position-measuring  system  is  realized  for practical  non-contact  use with  a  high  accuracy  of
measurement.  The  measurement  uncertainty  is  approximately  0.6 �m  with  a confidence  level  of  95%.

©  2015 Elsevier  Inc.  All  rights  reserved.
MM

. Introduction

A coordinate measuring machine (CMM)  is defined by ISO
0360-1 as a measuring system with the means to move a pro-
ing system and the capability of determining spatial coordinates
n a workpiece surface [1]. CMMs  are widely used to measure
he three-dimensional sizes, forms, and positions of manufactured
arts. However, CMM  measurement inaccuracy occurs when there

s an error in the relative position between the measured points
nd the probing points. The errors affecting a CMM  have a sys-
ematic and a random component. They also directly influence
he quality of production inspection [2]. Therefore, CMMs  must
e calibrated on installation and verified periodically during their
peration. The standards and guidelines for CMM  verification are
ased on sampling the length-measurement capability of a CMM to
ecide whether its performance conforms to the specification [3,4].
any methods and artifacts are developed to verify CMMs  [2–10].
ost standards prefer to use end standards such as a series of gauge
locks, a step gauge, and a ball plate or laser interferometer. How-
ver, there is no one perfect method for CMMs,  mainly because of
he complicated constructions and the three-dimensional positions

∗ Corresponding author. Tel.: +81 3 5841 6472; fax: +81 3 5841 6472.
E-mail address: wiroj@nanolab.t.u-tokyo.ac.jp (W.  Sudatham).
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141-6359/© 2015 Elsevier Inc. All rights reserved.
of many measured points that are necessary in coordinate metrol-
ogy. In addition, the range of positioning verification is limited by
the length of end standards [11,12]. Although a continuous-wave
(cw) laser interferometer can measure for the long length, the mea-
suring path cannot be interrupted during the measurement period
because it is operated by a cw laser and interference fringe counting
method.

Recently, an optical frequency comb has been considered as
a useful tool for dimensional metrology, because of their high
frequency-stability and direct traceability to SI unit [13]. Several
methods for length measurement with an optical frequency comb
have been proposed [14–17]. This paper proposes a new technique
for the verification of the positioning accuracy of CMMs  using an
optical-comb pulsed interferometer. A rough metal ball is used as
the target of a single-mode fiber interferometer. Because the sphere
ball provides 3D targets, the measuring system can be constructed
at any location on the surface of a CMM.  In addition, the proposed
measuring system can be installed on more than one system to
measure many positions at the same time with a target as shown
in Fig. 1.

A single-mode optical fiber more than 100 m long is used to

connect a laser source from a 10th floor of a building to the pro-
posed measuring system inside a CMM  room in the basement of
the building. The repetition frequency of a general optical comb
is transferred to 1 GHz by an optical fiber-type Fabry–Pérot etalon.
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Fig. 1. The concept idea of CMM  verification using an optical-comb pulsed interfer-
ometer with a rough metal ball target.
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Fig. 2. Principle of an optical-comb pulsed interferometer.

hen, a compact absolute position-measuring system is established
ased on a single-mode fiber interferometer; a rough metal ball

s used as the target because the alignment of the laser beam is
asy. The conversion of the time scale, which is presented by enve-
ope interference fringes, to the length scale is measured. The effect
f the surface roughness of the target is also examined. The posi-
ion errors of a moving bridge-type CMM  were measured by the
roposed measuring system paired with a commercial cw laser

nterferometer. Finally, the measurement uncertainty is also evalu-
ted. The uncertainty of the measurement is approximately 0.6 �m
ith a confidence level of 95%. This technique provides enough

ccuracy for industrial CMMs.

. Optical-comb pulsed interferometer

Mode-locked lasers generate ultrashort optical pulses by estab-
ishing a fixed-phase relationship across broad spectrum of
requencies. The spectrum of each pulse train is separated by the
epetition rate of an optical comb, and the series of spectrum lines
s called an optical frequency comb. In the time domain, the pulse
rain is emitted at the same time by a mode-locked laser [13]. The
ulsed interferometer remains the principle of an unbalanced-arm

ichelson interferometer where an optical comb is a laser source.

s shown in Fig. 2, an optical comb generates a pulse train. Laser
ulses are divided into two  beams by an optical beam splitter (BS).
ne beam is reflected on a scanning mirror (M1), while the other
Fig. 3. Two  interference fringes of an optical-comb pulsed interferometer; m0 and
m1 are the fringe order at the reference position and the target position, respectively.

is transmitted through a sapphire window (reference position) to
the target mirror (M2).

Subsequently, the reflected light pulses from a scanning mirror
(M1) are recombined with the returned light pulses from a sapphire
window and a target mirror (M2) to produce interference fringes
when the optical path difference (OPD) between two  arms follows
Eq. (1) [14].

OPD = mc

nfrep
(1)

where m is an integer, c is the speed of light in the vacuum, n is the
refractive index of air, and frep is the repetition frequency.

Normally, two  interference fringes will overlap when an optical-
comb pulsed interferometer exactly satisfies the condition of Eq.
(1). In practical use, the envelope peak of the interference fringes
will be separated if displacement is provided (�L). The result is
illustrated in Fig. 3.

Therefore, the position/length under measurement is deter-
mined by Eq. (2).

L = OPD

2
+ �L  (2)

In application, two  envelope interference fringes in Fig. 3 are
presented in the time domain. The first fringe comes from the ref-
erence position when the OPD is zero (m0 = 0), and the second
fringe comes from the target when the OPD is around 300 mm
(m1 = 1). Therefore, the conversion of the time scale to the length
scale of the peak-to-peak measurement of the envelope interfer-
ence fringes must be measured because it relates to the speed of
the scanning-fringe device. Moreover, the position/length under
measurement must be corrected for the group refractive index of
air due to changes in environmental conditions [18].

3. Experiments and results

3.1. Time scale and length scale measurement

The relationship between the time scale and the length scale
measurement is required because the peak-to-peak of the enve-
lope interference fringes shown in Fig. 3 is presented in the time
domain. The measurement setup diagram to determine this rela-
tion is shown in Fig. 4.

A laser source (an optical comb C-Fiber Femtosecond Laser,
Menlo Systems) generates a short pulse train with a repetition
frequency of 100 MHz  and a central wavelength of 1560 nm.  The
repetition rate was  modified by a Fabry–Pérot fiber etalon. An
optical fiber-type etalon was  prepared from a special-cut length
of a single-mode optical fiber (SMF-28). Both ends of the fiber
are FC connectors (fiber-optic connector) whose surfaces are
coated with 93% reflectivity to generate a 1-GHz FSR (free spectral

range). The stability of repetition frequency after passing through a
Fabry–Pérot fiber etalon was observed by a universal counter (SC-
7206, Iwatsu). It was performed at an order of 10−9 over 2 h [16].
Subsequently, the laser beam was  amplified by an optical amplifier.
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Fig. 4. Measurement setup diagram of the relationship between time scale and
length scale measurement; CIR is optical fiber circulator, FBS is fiber beam splitter,
C1 and C2 are collimators.
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Fig. 6. Measurement setup to determine the effect of the surface roughness of tar-
gets  on interference fringes.

Fig. 7. Intensity of the interference fringes on different target Ra values; the red

reflected beam from that target is not returned to single-mode fiber
of the interferometer. The results from both Fig. 7 and Table 2 indi-
Fig. 5. Best-fit line of time and length scale.

he laser beam crosses an optical fiber circulator (CIR) to the fiber
eam splitter (FBS), and then the beam is divided into two paths by
he FBS. One beam falls onto a scanning mirror (M1) that is fixed
n a voice coil actuator; the other falls onto a target mirror (M2)
ttached to a precise translation stage via a collimator (C2) and

 sapphire window (SW). A linear gauge (Laser Hologauge LGH-
10, Mitutoyo) with a resolution of 10 nm was installed behind a
arget mirror (M2). In practice, two interference fringes will occur
n the screen of an oscilloscope when the distance from the ref-
rence position to the target is approximately 150 mm.  After that,
he target was moved far away from the reference position by a
ranslation stage controller (FC-401, Sigma Tech). Then, the length
cales were measured by a linear gauge. Using the same process,
he time scales were determined from the peak-to-peak measure-

ent of the envelope interference fringes, which appeared on the
creen of an oscilloscope. In this experiment, a voice coil actuator
as operated with a constant speed of 0.001 m/s. The measurement

esults are shown in Fig. 5.
Fig. 5 is a least-squares fitting of the data set between the length

cale (y-axis) and the time scale (x-axis); this was repeated 11
imes. The maximum deviation between the dependent variable
length scale) and the best-fit line is approximately 0.31 �m,  the
tandard deviation is approximately 0.23 �m,  and the correlation
oefficient (R2) is approximately 0.9999. This indicates that two
ata sets match a straight line that is obtained by a correlation coef-
cient value. This relation is linear. In experiments, the hysteresis
f the scanning-fringe device is not considered because a one-way
irection of scanning fringe is required for the proposed method.
onversely, this relation relates to the scanning speed of a voice coil

ctuator. Therefore, a constant speed of the scanning-fringe device
s necessary during measurement.
graphs are the fringes which come from the target, others come from the reference
position. (For interpretation of references to colour in this figure legend, the reader
is  referred to the web  version of this article.)

3.2. Surface roughness of the target

This experiment explains the effect of the surface roughness of
the target on the absolute length measurement. The measurement
setup is illustrated in Fig. 6.

A surface roughness scale plate with Ra values of 0.025 �m,
0.05 �m,  0.1 �m,  and 0.2 �m was  used as the target 150 mm
from the reference position. Then, the interference fringes were
recorded. The results are shown in Fig. 7

The results in Fig. 7 indicate that the intensity of the interfer-
ence fringes, which are reflected from the surface of the target, is
significantly weak if the value of Ra is increased. Next, the same
plate was  moved to a distance of 1500 mm.  The length from the
reference position to the targets was measured 10 times and eval-
uated by Eq. (2). The measured standard deviations of length were
obtained and paired with the roughness surface of the target. The
experimental results are shown in Table 1.

The standard deviations of the length measurement are shown
in Table 1; they are gradually enlarged if the value of Ra value of
the target is increased. When the surface roughness of the target
is greater than 0.2 �m,  it cannot be used as the target because the
cate that the surface roughness of the target significantly affects
the performance of the proposed measuring system.
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Table 1
Standard deviations of length measurement to surface roughness targets.

Nominal length (mm) Surface roughness,
Ra (�m)

Standard
deviations (�m)

1500 0.025 0.59
0.05 0.64
0.1 0.74
0.2 –

Table 2
Positioning measurement results of y-axis of a CMM.

CMM  (mm) Proposed
method (mm)

Position error 1
(�m)

Standard deviation
(�m)

0.000 0.0000 0.00 0.00
149.857 149.8557 1.31 0.29
299.714 299.7127 1.33 0.41
449.571 449.5690 2.01 0.47

CMM  (mm) Renishaw
laser (mm)

Position error
2  (�m)

Standard deviation
(�m)

0.000 0.0000 0.00 0.00
149.857 149.8559 1.11 0.14
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Fig. 8. CMM  positioning measurement using proposed measuring system paired
with Renishaw laser interferometer. (a) The photograph of measurement. (b) The
measurement setup diagram.

Fig. 9. Position errors of y-axis of a CMM;  the blue solid line is the position errors of
a  CMM  with gap of the measurement uncertainty that were measured by proposed
system. The red dash line is the position errors of a CMM  that measured by Ren-
299.714 299.7126 1.43 0.21
449.571 449.5692 1.77 0.24

.3. The measurement of positioning accuracy of a CMM

In this experiment, a rough metal ball was used as the target of a
ingle-mode fiber interferometer for the positioning measurement
f a CMM.  A single-mode optical fiber more than 100 m long was
sed to connect a laser source from the 10th floor of a building to
he proposed measuring system inside a CMM  room in the base-

ent of the building. Then, the positioning accuracy of a CMM  was
easured and paired with a cw laser interferometer (Renishaw).

he measurement setup is shown in Fig. 8.
A rough metal ball with an Ra of 0.1 �m;  a diameter of 25 mm

nd a retroreflector were attached to the probing system of a CMM.
 moving bridge-type CMM  (FALCIO APEX 707, Mitutoyo) was
sed in this experiment. The positions of measurement were con-
rolled by the CMM  controller. Then, the linear positions of a CMM
ere measured by the Renishaw laser interferometer and the pro-
osed measuring system. This experiment was conducted in an
nvironmental control room. The average air temperature, relative
umidity and air pressure were approximately 22.35 ◦C, 21.1%RH,
nd 100.40 kPa, respectively. The measurement results of five time
epetitions are summarized in Table 2.

The measurement results shown in Table 2 were corrected for
he group refractive index of air to the reference temperature [19].
he position error 1 shows the position errors of a CMM  that
re determined by the difference between the values of the CMM
ositions and the values measured by the proposed method. The
osition error 2 is determined by the difference between the val-
es of the CMM  positions and the values measured by the Renishaw

aser interferometer. The maximum standard deviation of the mea-
urement is approximately 0.47 �m for the proposed measuring
ystem and 0.24 �m for the Ranishaw laser interferometer. The
raph in Fig. 9 shows the position errors of the y-axis of a CMM
aired with the maximum permissible error of indication of a CMM
or size measurement—[MPEE = ±(1.9 + 3L/1000)] �m,  where L is
he indication length of a CMM  in mm.  This indicates that the posi-
ion errors of a CMM  show the same trends when measured by
oth measuring systems. The maximum difference between two

urves is approximately 0.24 �m.  These results suggest that the
roposed measuring system can be applied successfully with high
ccuracy for industrial CMMs.  However, the maximum permissible
rror of a CMM  includes usage of a contact probing system when
ishaw laser interferometer, and the black lines are the maximum permissible error
of  indication of a CMM  for size measurement. (For interpretation of references to
colour in this figure legend, the reader is referred to the web version of this article.)

the measurement is performed. On the other hand, the proposed
measuring system is a non-contact type of measurement, and does
not contain the effect of the probing error.

4. Uncertainty of measurement

The uncertainty of CMM  positioning measurements has been

evaluated following the recommended guideline [20]. The sources
of errors under consideration may  be divided into three groups.
The first group involves the modified frequency source of the
optical comb by the Fabry–Pérot fiber etalon. The stability of the
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Table  3
Uncertainty evaluation of CMM  positioning measurement.

Uncertainty source Uncertainty
value

Uncertainty
contribution

Stability of modified frequency source <1 × 10−9 2.89 × 10−1L
Refractive index of air 1.43 × 10−7 1.43 × 10−7L
Air temperature 0.15 K
Air pressure 0.64 kPa
Air humidity 0.25%RH
Cidder’s formula 2.1 × 10−8

Thermal expansion 1 × 10−6 8.66 × 10−8L
Repeatability of measurement 0.21 �m
Time and length scale measurement 0.18 �m
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[19] ISO 1. Geometrical product specification (SPC). Standard reference temperature
Combined standard uncertainty (k = 2) [(0.56)2 + (33.4 × 10−3L) 2]½ �m

ote: L is the indication length of a CMM  in mm.

epetition frequency after passing a Fabry–Pérot fiber etalon is
n the order of 10−9 over 2 h. This cause is a partial contribution
f 0.5 × 10−9L divided by the rectangular distribution, because of
emi-range limits of a finite resolution of the used instrument. The
ncertainty of the repetition rate and carrier offset frequency is
anceled because the accuracy ratio with the MPEE of a CMM  is
ore than 100 times better. The second group includes the environ-
ental conditions, the compensation of the group refractive index

f air, and thermal expansion of linear scale of a CMM.  Because
f the measurement errors of environmental conditions (air tem-
erature, air pressure and, air humidity) during measurement, the
ontribution uncertainty of each parameter were determined by
he standard uncertainty of each parameter multiple by their sensi-
ivity coefficients. Therefore, the compensation uncertainty for the
efractive index of air was calculated to be 1.43 × 10−7L, where L is
he indication length of a CMM.  It was a root of square-sum of distri-
ution uncertainties of air temperature, air pressure, air humidity
nd Cidder’s formula. The coefficient of thermal expansion of the
inear scale of a CMM  is approximately of 8.0 �m m−1 K−1 with an
ncertainty of ± 1 �m m−1 K−1. In this experiment, the changes of
emperature of linear scale of a CMM  cannot be measured directly.
herefore, the uncertainty due to thermal expansion of linear scale
n a CMM  was determined from the changes of air temperature,
ecause thermal expansion effect of a CMM  was compensated auto-
atically to reference temperature (20 ◦C) by CMM’s  software and

he measurement values of the air temperature are generally uti-
ized in the place of the scale temperature.

The last group involves the measurement procedures such as
easurement repeatability and the uncertainty of time and length

cale measurement. The uncertainty of measurement repeatability
as approximately 0.21 �m which was evaluated from the maxi-
um  standard deviation of five times of measurement repetitions.

he uncertainty due to the relationship of time and length mea-
urement is evaluated from the maximum deviation between the
easured values and the best-fit line and it was  assumed to be a

ectangular distribution. The error sources and their uncertainties
f the measurement uncertainty are summarized in Table 3.

. Conclusions

An optical-comb pulsed interferometer whose repetition fre-

uency is transferred from 100 MHz  to 1 GHz by an optical
ber-type Fabry–Pérot etalon was developed to verify the posi-
ioning measurements of industrial CMMs.  A rough metal ball with
n Ra of 0.1 �m was used as a target of the single-mode fiber

[
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interferometer. A moving bridge-type CMM  was  measured by the
proposed technique paired with a Renishaw laser interferometer
in an environmental control room. Both systems show the same
trend of position error. The expanded uncertainty of positioning
measurement is approximately 0.6 �m at the length of 450 mm.
The results show that the measurement accuracy is mainly affected
by changes in the environmental conditions, while the noise of
the interference fringe is caused by air fluctuation and mechanical
vibration. The proposed measurement technique is very convenient
and is easier to align than using end standards or a continuous-wave
laser interferometer. It also provides enough accuracy for measur-
ing linear dimensions of industrial CMMs.  The proposed measuring
system can be installed at any location on the surface of a CMM.  It
can also be used on more than one system to measure the lengths
because a rough sphere ball offers a 3D target for a single-mode
fiber interferometer. Therefore, further research will be undertaken
in the future to study the volumetric errors of CMMs.
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