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The metric system and primary national metrology standards are necessary, but not sufficient for obtaining measurement equivalency.
Recently, national metrology institutes of various countries including NMIJ/AIST of Japan are participating in international comparisons
to confirm equivalency of their measurement capabilities, under a mutual recognition of arrangement (MR A). In this report, we describe
progress on improving vibration measurement at NMIJ/AIST, along with global activities for establishing MRA. We also discuss future
issues for improving vibration measurement.
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1 Introduction

1.1 Outline of the vibration measurement and the
necessity of calibration

Vibration is closely connected to human physiology and living
conditions through natural phenomena such as earthquakes
as well as industrial products including buildings, aircraft,
railways, and automobiles. Also, vibration in machines
may reduce their functions and cause failure, and may lead
to problems in occupational safety or accidents. Vibration
measurement was positioned as important technology from
the early stage of mechanical technology, and its importance
is increasing as humans enjoy the benefits of science
and technology while maintaining safe and comfortable
environment.

The person (or device) conducting vibration measurement
must be placed at a point from which it does not move within
the spatial coordinate (the fixed point). As shown in Fig.
1, such a fixed point can be simulated by a seismic system
consisting of a spring and a mass. The mass keeps its place
(fixed point) against vibration due to inertia. By detecting
the relative displacement between the mass and the object, or
the inertial force acting on the mass, it is possible to measure
the quantity of vibration. In the actual detection mechanism,
various elements are involved such as conductive coils
(displacement), strain gauges (strain), and load cells (force).
In this paper, we shall generally call such a seismic system
vibration detector as a vibrometer. The seismometer for

earthquakes, the accelerometer used in inertial navigation of
aircraft, and the acceleration sensor installed in smart phones
are also vibrometers.

On the other hand, as it can be projected from Fig. 1, while
the mass can stay at a fixed point as long as the vibration
amplitude is small enough, the mass will not be able to stay
at the fixed point due to the restoring force of the spring
when the vibration surpasses a certain level. Such a property
is determined by the stiffness of the spring, the natural
vibration when considered as a mass-spring model, and the
viscous element (damping) that absorbs vibration though
this is abbreviated in Fig. 1. The vibrometer manufacturers
optimize the above parameters for specific uses such as
measurement of earthquakes, vibration of structures such
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Fig. 1 Seismic system vibrometer
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as bridges or buildings, mechanical vibration, or collision
phenomena (Fig. 2).

Whether a vibrometer has the property as designed must
be checked by calibration. Calibration can be achieved by
applying vibration of arbitrary frequency to a vibrometer, and
then measuring the displacement with a laser interferometer
and, at the same time, measuring the electric output from
the vibrometer. The calibration result is given as the electric
output against the unit vibration input (displacement, velocity,
or acceleration). Figure 3 shows such a calibration device for
a vibrometer.) Needless to say, the entire calibration device
must be thoroughly vibration-isolated to prevent any effect of
extraneous vibrations.

Calibration using such a laser interferometer is called primary
calibration because it is linked directly to the definition of
length. Conducting relative calibration of other vibrometers

using a primary-calibrated vibrometer as the reference
standard is called secondary calibration. A vibrometer that
is primary-calibrated at AIST becomes the standard for
vibrometer production companies and private calibration
laboratories, and many vibrometers will undergo secondary
calibration. Secondary-calibrated vibrometers are used in
various kinds of application such as in vibration tests or in
seismometers. The unbroken connection between the national
standards and on-site vibrometers through calibration is called
measurement traceability (Fig. 4).

1.2 Activities around international consistency for
measurement and the responses of Japan

Since the 1990s, with the end of the Cold War and the
integration of Europe as the European Union, globalism
accelerated, and there was demand for the internationalization
of technological standards that were applied within each
nation. In 1995, under the World Trade Organization (WTO),
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the Agreement on Technical Barriers to Trade (TBT) was
concluded, and countries were required to set technological
standards, as exemplified by the international standards of the
International Organization for Standardization (ISO) and the
International Electrotechnical Commission (IEC), and they
had to mutually recognize such standards. For measurement
standards, from a system where traceability®” was maintained
by the national metrology institute (NMI) who establishes
national primary standards, the shift was made to a system of
evaluating the equivalency of national measurement standards
under the Metre Convention. In 1999, a memorandum for
Mutual Recognition Arrangement (called the CIPM-MRA,
adding the acronym for Comité International des Poids et
Mesures that drafted the memorandum)® was signed, to
conduct equivalency evaluation by international comparison
and to publish the results.

The types and ranges of international comparison necessary
for equivalency evaluation were to be discussed by the
Consultative Committee consisting of the Metre Convention
members. For vibration, the Consultative Committee for
Acoustics, Ultrasound and Vibration (CCAUV) was established
in 1998, and the first discussions for international comparison
for vibrometers began.

Until about the middle of the 1990s, the calibration of
vibrometers at the Japanese NMI (at the time, it was the
National Research Laboratory of Metrology, the Agency of
Industrial Science and Technology) was conducted only for
low vibration frequency (4 to 90 Hz; later revised to 80 Hz)
for environmental assessment to measure ground vibration
under construction, and the users and manufacturers of
other fields conducted their own calibration. At the National
Research Laboratory of Metrology, the “Review Committee
for Traceability of Vibration and Acceleration” (hereinafter,
the Review Committee) for vibrometers was organized by
13 Japanese companies starting in FY 1995. For two years
and a half, the Review Committee conducted a survey of the
demand for calibration. As a result, it was agreed that due to
the necessities for vibration tests, automobile collision tests,
and others, in addition to the conventional 80 Hz ceiling as
the national standard for vibrometer calibration, vibration
frequency range up to 5 kHz and acceleration amplitude of
1-100 m/s® should be set as quickly as possible. It was also
recognized that phase lags (phase shift character) of vibration
accelerometer output was an important reference value.

In this paper, the development of a vibrometer calibration
method in Japan and the international movement in equivalency
evaluation will be discussed, setting 1995 as a starting point.
The configuration of the paper is as follows.

In Chapter 2, the establishment of the national standard for
vibrometer calibration up to 5 kHz that was accomplished by
2000 and the response to the first international comparison

will be explained.

In Chapter 3, the establishment of the national standard for
vibrometer calibration up to 10 kHz and the response to the
second international comparison that was conducted around
2010 will be explained.

In Chapter 4, the establishment of the national standard for
vibrometer calibration up to 0.1 Hz and the response to the
third international comparison that was conducted around
2015 will be explained.

In Chapter 5, the establishment of the national standard
for shock calibration and the equivalency evaluation to
centrifuge acceleration calibration will be explained.

Chapter 6 will be the summary of this paper and future
prospects.

2 Establishment of the national standard for
vibrometer calibration up to 5 kHz and the
response to the first international comparison

In this chapter, the establishment of the national standard
for vibrometer calibration up to 5 kHz that was agreed
upon by the Review Committee and the response to the first
international comparison will be explained.

2.1 Scenario for the R&D

The laser interferometer used as the calibration device shown
in Fig. 3 is called the Michelson type, and is the most basic
format for displacement measurement. The light emitted
from the laser source has coherent wavelength and phase. Its
optical path is divided by a beam splitter, and the beams are
introduced into the reference mirror and the vibrometer. A
reflective mirror is installed at the edge of the vibrometer that
is to be calibrated, and the displacement of the vibrometer
can be measured as the optical path difference of the two
beams. The interfering light intensity changes periodically
for each 0.5 wavelength of an optical path difference, and
this can be detected by an optical detector. Therefore,
for example, if the helium-neon laser of wavelength of
632.8 nm is used as the light source, the interfering light
intensity repeats the light-dark cycle every 316.4 nm, and the
resolution at submicrometer level can be achieved relatively
easily. Moreover, for the measurement of static displacement,
it is possible to obtain higher resolution by interpolating the
interfering light intensity, but it is difficult to obtain high
resolution in the environment of vibration, which essentially
is in conflict with making precise measurement.

On the other hand, since displacement, velocity, and
acceleration are in calculus relationships with each other, if
the vibration is in sine wave, the relationship with vibration
frequency is as given in Fig. 5. At 5 kHz that was agreed
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as the upper limit of the vibration frequency by the Review
Committee, the displacement amplitude will be about 100 nm
(at acceleration amplitude of 100 m/s?), and the improvement
of the resolution is essential.

However, in the vibration environment, the interfering light
intensity itself fluctuates due to the shift of the optical axis
arising from vibration, and it is not possible to increase the
resolution by interpolating the intensity as it can be done
for static displacement measurement. Also, the information
obtained from the interferometer shown in Fig. 3 is only
for amplitude, and this does not allow the evaluation of
the output difference (phase) from the vibrometer and the
vibration in the time domain.
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Fig. 5 Relationship of displacement, velocity, and
acceleration in sine wave vibration and their calibration
range

The technological goal is to achieve calibration of vibration
at acceleration amplitude of 1-100 m/s® up to a vibration
frequency range of 5 kHz, along with phase property
evaluation. In conducting the equivalency evaluation
by international comparison, it is necessary to conduct
uncertainty evaluation. It is also necessary for the system to
have robustness and stability that can withstand the rigors of
routine calibration work.

2.2 Selection and development of the elemental
technologies
The calibration device is mainly composed of the following:

« Laser interferometer

* Vibrator

« Controller and electric measurement system
Of these, it was mandatory to newly develop the laser
interferometer due to the necessity for phase shift evaluation
and the required calibration range. On the other hand, since
it was difficult to develop a mechanical element of a vibrator
with reliability and durability in a short time, we used a
commercially available product for which the evaluation was
established at the time (we used an electrodynamic vibrator
in which the moving parts were supported by leaf springs).
Since the performance of interface and personal computers
(PC) have improved rapidly, a PC was used as the controller,
a multipurpose voltmeter and a frequency counter were
used for an electric measurement system, and the system
could be sufficiently flexible to meet the demands for future
performance improvement. Needless to say, it was necessary
to prepare and evaluate the calibration environment such as
control of humidity and temperature, as well as a vibration
isolation table that sufficiently eliminated extraneous
vibration. Figure 6 shows the principle of the developed
interferometer.

The interferometer is a modified Michelson type. The laser
beam from the light source (He-Ne laser, wavelength of
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632.8 nm) is linearly polarized by a polarizing plate. Then,
it passes through the 1/4 wavelength plate and becomes
circular-polarized. Next, it is separated into a measurement
beam and a reference beam by an unpolarized beam splitter.
The reference beam is reflected by a reference mirror, and is
linearly polarized by a polarizing plate. The measurement
beam is reflected by the reflecting mirror installed at the
edge of the vibrometer, and interferes with the reference
beam. The Interfering light is separated by a Wollaston prism
into a quadrature beam where the phase differs by 90°. The
polarized beam components are detected by the two optical
detectors.

Figure 7 shows the relationship between vibration acceleration
and the detected interference signal. In circular polarization,
an interference signal in the polarization direction that
differs in phase by 90° is obtained, and therefore, when the
vibrometer to be calibrated moves, the signals from the two
optical detectors will be as shown in Fig. 7 right. As the
vibration direction inverts, the output of the interferometer
inverts and the vibration direction can be determined. By
demodulating the two outputs with an appropriate algorithm,

Demodulation

Circular
polarization

Piezoelectric signal
(accelerometer)
L

Acceleration signal
(laser interferometer)

Fig. 7 Detected interfering signal

Laser light
source
Measurement
& control system
Sine wave
shaker

the wavelength of the displacement (and velocity and
acceleration that are its differential signals) of the vibrometer
is obtained. By comparing this result with the electric output
from the vibrometer, calibration and evaluation of the phase
shift become possible. With this interferometer, there is an
advantage that because displacement is demodulated from
the phases of two interfering signals, the deterioration of
interpolation accuracy can be reduced even if the interfering
beam intensity itself fluctuates due to the shift of the optical
axis. Figure 8 shows the external appearance of the developed
calibration device.”

2.3 Execution of the first international comparison
and the results

International comparison is conducted by measuring a
common device called the transfer standard at the NMls of
the participating countries, and then comparing the results.
During the development of the calibration equipment
explained in the previous subchapter, the first international
comparison was planned by CCAUV. The items examined
included the determination of the measurement range, the
selection of a transfer standard, the setting of measurement

Interfering beam separated
by Wollaston prism

Interfering signal that differ
by 90° phase difference is
measured, and acceleration
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Interfering beam separated

by Wollaston prism

Optical unit
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Fig. 8 Developed calibration device for vibrometer up to 5 kHZ
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conditions, the processing method of the measurement
results, the preliminary adjustment of participating
institutes, and others. After the discussions at CCAUV, the
Physikalisch-Technische Bundesanstalt (PTB), the German
NMI, was entrusted to be the pilot laboratory that would
be responsible for the management of the international
comparison, and details were reviewed led by PTB. One of
the authors was a visiting scientist to PTB at the time, and
was able to participate in the discussions for determining the
measurement conditions. The topic that became particularly
important in the measurement conditions was the range
of the vibration frequency. Some participating institutes
requested measurement up to 10 kHz, but it was agreed to
compare the measurement results up to 5 kHz only because
the stability and high frequency characteristic of the transfer
standard were not sufficiently investigated. The international
comparison was conducted by 12 participating institutes
from 2000 to 2001.® In this international comparison, the
vibrometer with a piezoelectric element was employed as
the transfer standard, and its sensitivity (piezoelectric output
per unit output) was calibrated. Figure 9 shows the results of
some of the participants in this international comparison.

The vertical axis shows the calibration value of the transfer
standard, while the horizontal axis shows the vibration
frequency. It is shown that the sensitivity increases due to
the effect of the resonance vibration of the seismic system
as the frequency increases. The measurement results of the
participating institutes are processed statistically along with
the uncertainty, and the key comparison reference value,
which is the value estimated to have the highest certainty
in this international comparison, is determined. If the
measurement results of each participant fall in the reference
value within the range of uncertainty, it will be proof of
international equivalency. The calibration results of AIST
was good. However, some participants showed deviation of
1 % or higher as shown in Fig. 9. Since the uncertainty at
which the participating institutes conducted self-evaluation
was around 0.5 %, this result forced the total review of the

calibration equipment for some NMls. Also, since there was
a tendency that the deviation among participants increased at
a higher vibration frequency, the necessity of an international
comparison at a higher frequency was recognized.

3 Establishment of the national standard
for vibrometer calibration up to 10 kHz and
the response to the second international
comparison

When the first international comparison was conducted, the
Measurement Standards and Intellectual Infrastructure Plan
was created under the 2nd Science and Technology Basic
Plan (approved by the Cabinet on March 30, 2001), and the
world’s highest level intellectual infrastructure was to be
organized by about 2010. The organization of the metrology
standard was assigned to the National Metrology Institute of
Japan, AIST. For the calibration of the vibrometer, since the
vibration measurement of 5 kHz or more was being done in
industry, the goal was set at the establishment of a national
standard up to 10 kHz. In this chapter, the establishment of
the national standard for vibrometer calibration up to 10 kHz
and the response to the second international comparison will
be explained.

3.1 Scenario of the R&D

As shown in Fig. 5, when the vibration frequency applied
to the vibrometer is increased, the displacement amplitude
is inversely proportional to the square of the vibration
frequency when the acceleration value is kept constant.
Therefore, when the acceleration amplitude of 100 m/s® is
maintained, the displacement amplitude is 100 nm at 5 kHz,
while it decreases to 25 nm that is 1/4 of that value at 10
kHz. Since such small displacement amplitude surpassed
the calibration capacity of the device described in Chapter
2, a totally new laser interferometer was necessary. For the
vibrator that generates motion, even linear vibration cannot
be produced using an electrodynamic vibrator in which the
moving parts are supported by conventional leaf springs, due
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Fig. 9 An example of the results of the first international
comparison for vibrometer calibration
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to the effects of vibration strain and parasitic vibration.
Therefore, a new vibrator with superior stability, including
a solid actuator such as a magnetostriction element became
necessary. For an electric measurement system, reviews were
done since advanced sampling was necessary. For calibration
capacity, considering the requests from the Japanese industry
and looking at the actual calibration conducted at advanced
industrial countries such as Germany, the goal was set at
expanded calibration uncertainty of 0.3 %-1.0 %.

3.2 Selection and development of elemental technologies
Due to the requirements mentioned in the previous subchapter, a
totally new laser interferometer was developed. The technological
characteristic was to double the optical path difference compared
to the conventional one by introducing a catoptric system.
Specifically, two types of laser interferometers, one with
twofold optical paths and another with fourfold optical paths,
were fabricated, and their properties and operabilities were
investigated.™ Figure 10 shows the optical arrangement and
details of the optical path of the developed fourfold optical path
laser interferometer.

The characteristic is, as shown in Fig. 10(a), that the resolution
increases as the measurement beam introduced to the
vibrometer is folded back four times through the fourfold
optical path system. This is achieved by controlling and
selecting the polarization direction of the beam by combining
the optical elements, and the details are shown in Fig. 10(b).
Laser beam that enters from (1) is separated into reference and
measurement beams by the reflective and transmitting surfaces
(2) of the polarizing beam splitter, and the measurement beam
is reflected on the measurement surface (3) of the vibrometer.
The reflected beam reflects off the reflective surfaces (4)
(5) of the corner mirror, and then is reflected again on the
measurement surface (6) of the vibrometer. The beam is
reflected in numerical order as indicated in Fig. 10(b), is finally
combined with the reference beam, and interference occurs.

Since the interfering beam output itself is detected as a
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\\-\ rd ‘I,
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prism Corner mirror
I Ya wavelength plate

Beam

splitter

Sine wave
—————————— . - shaker

Fourfold optical
path system

quadrature beam as shown in Fig. 7, it is possible to reproduce
the vibration wavelength by appropriate demodulation.
The major advantage of this interferometer is that a special
reflective mirror such as a corner cube mirror is not necessary
to measure the subject, and the optical path difference can be
doubled with a flat-reflective mirror. In the vibration range
of 10 kHz, all parts are subject to elastic deformation, and
therefore it is desirable that the vibrating parts have simple
structures as much as possible, and such a characteristic
that allows simplification of the structure contributes
greatly in reducing the uncertainty of calibration. When this
interferometer was evaluated, it was confirmed that amplitude
displacement up to 16 nm that greatly surpassed the planned
25 nm could be detected.

A twofold optical path laser interferometer was fabricated
and evaluated similarly, and it was confirmed that amplitude
displacement up to 25 nm could be detected as originally
planned. Based on these results, considering the technical
level of the calibration personnel and efficiency of work time
when this technology was applied to actual calibration work,
and reviewing the technological issues such as the S/N ratio
of the interfering light signals and operability of the optical
axis alignment, we decided to employ the twofold optical
path laser interferometer.

For the vibrator, an electrodynamic vibrator, in which
the moving parts are supported by leaf springs, just as in
the calibration equipment for 5 kHz maximum that was
developed in Chapter 2, and a piezoelectric vibrator, in which
the moving parts are supported by solid actuators and air
bearings, were considered as candidates. In this calibration
condition where the vibration amplitude reaches several tens
of nm level, the parasitic oscillation in the direction outside
the intended vibration may reach a relatively non-negligible
size in the leaf spring supported type, and this method was
eliminated. The piezo and magnetostriction elements were
strong candidates, but it was found that the strain in the
vibration wavelength was large, and they were inappropriate
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Fig. 10 Configuration of the developed laser interferometer and its optical path arrangement

(2) Optical path arrangement diagram, (b) Optical path of measurement light

Synthesiology - English edition VoI.10 No.2 (2018)



Research paper : Establishing reliability in vibration measurement and its international equivalency (T. UsuDA et al.)

for calibration. Finally, the electrodynamic vibrator where the
moving parts are supported by air bearings was employed.
The calibration equipment with maximum of 10 kHz thus
developed is shown in Fig. 1.1

3.3 Execution of the second international comparison
and the results

After the first international comparison of the vibrometer
calibration explained in Subchapter 2.3, CCAUV decided
to conduct the second international comparison. From the
necessity to evaluate the equivalency at a high vibration
frequency, it was decided that the calibration range would be
up to 10 kHz, and the phase shift of the vibrometer that was
essential information in modal analysis and automatic control
would also be evaluated and compared. The international
comparison was conducted by 15 participating institutes from
2009 to 2012.™ The pilot laboratory was PTB of Germany as
in the first international comparison.

Figure 12 is an example of the calibration result at 10 kHz.
In the figure, the key comparison reference value is set at the
origin, and the deviation of participating NMIs is shown in
the vertical axis. The error bars are the stated uncertainties
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Fig. 11 Developed calibration device for vibrometer up
to 10 kHz
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Fig. 12 An example of the results of the second international
comparison for viborometer calibration

of NMIs. The size of deviation does not directly indicate
the superiority of the NMIs, but compared to the first
international comparison results where the deviation of
participating NMIs reached several percent, the deviation of
all institutes (except Russia) was about 1 %. Also, the values
were mutually consistent in the uncertainty range, and it
could be seen that the equivalency of calibration results of
the countries was satisfied for a high vibration frequency
range. On the other hand, in the process of measurement by
participating institutes, it was observed that the sensitivity
of the transfer standard changed (Fig. 12 is the result where
such a change was corrected by regression analysis). The
sensitivity change of the transfer standard is a problem that
greatly damages the reliability of international comparison.
Currently, CCAUV is engaging in discussions on the
selection of an appropriate transfer standard and the handling
of the transfer standard during transportation, in order to
start a new international comparison after 2017.

4 Establishment of the national standard for
vibrometer calibration up to 0.1 Hz and the
response to the third international comparison

Chapters 2 and 3 mainly discussed the expansion of the
calibration capacity to a high vibration frequency range.
However, as shown in Fig. 2, vibrometers are used in
observation of earthquakes (in seismometers) and in
monitoring the vibration of bridges and other structures.
These vibrations may range from several tens of Hz to a low
vibration frequency of about 0.1 Hz. Recently, it has been
reported that although earthquake resistance of buildings
increases, the low frequency (long-period) seismic waves
lead to large shakes due to the introduction of flexible
structures in high-rise buildings. The vibrometer calibration
at a low vibration frequency range is similarly important. In
this chapter, the establishment of the national standard for
such a low vibration frequency and the result and response to
the third international comparison will be explained.

4.1 Scenario of the R&D

The topic of the reliability of the vibration measurement
in a low vibration frequency range is particularly a matter
of concern in Japan that is an earthquake prone country,
and the introduction of calibration equipment to facilitate
evaluation of seismometers has been done since the old
National Research Laboratory of Metrology days. Figure 13
is the external appearance of such equipment. The moving
parts supported by air bearings vibrate over 360 nm strokes
by an electrodynamic linear motor."? As shown in Fig. 5,
when the vibration frequency decreases, the acceleration
generated decreases even if the same displacement amplitude
is maintained, and the acceleration amplitude that can be
generated by this equipment is in the range of 0.03 m/s>-20
m/s®. When the displacement at large amplitude is generated
at such small acceleration, the strain of the acceleration
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waveform becomes relatively large due to the non-uniformity
of movement, and this increases the uncertainty of the
calibration results. Therefore, generation of sine waves where
the waveform strain is decreased to 1 % or less is achieved
by employing air bearings that have extremely small friction.
On the other hand, for the laser interferometer, the sensitivity
of the vibrometer and phase assessment are made possible
by basically using the modified Michelson interferometer as
presented in Chapter 2.

4.2 Selection and development of elemental technologies
For vibrometer calibration in a low frequency range, in
general, only small acceleration can be generated due to the
limitation of vibration strokes. The vibrometer output signal
is small against the generated acceleration, the S/N ratio
deteriorates, and this increases the uncertainty. Therefore,
a digital filter, where the S/N ratio is increased and the
uncertainty is decreased by filter-processing the obtained
signal on the computer, was employed.™

Although the digital filter itself was not a new method,
the calculation load was large because it was necessary to
take in several gigabytes of data per session and conduct a
demodulation process if one wished to obtain several dozen
waveforms needed for filtering at 0.1 Hz (10 sec cycle).
However, due to the increased capacity of computers in the
past few years, the processing became possible in realistic
time.

Through a series of development and optimization, the
performance of uncertainty of 0.15 % and phase shift of 0.05°
was achieved at 0.1 Hz.

4.3 Execution of the third international comparison
and the results

On the other hand, CCAUV was conducting international
comparisons mostly in the high vibration frequency range.

- _AIST Moving parts

Sine wave of vibrator
shaker
Laser
interferometer

Fig. 13 Developed calibration device for vibrometer with
minimum frequency 0.1 Hz

This was because the high frequency range was the priority
in industrial vibration measurement, and the low frequency
vibrometers were mostly used in special cases such as in
seismometers or in inertial navigation for aircraft. Also, such
vibrometers could be converted to military use such as for
intercontinental ballistic missiles, and it was considered not
in the best interest for conducting international comparison.

Against such a background, there were earthquake related
disasters in several countries including Japan, and there
was a surge in interest for vibrometer calibration at a low
frequency range. Also, after the establishment of CCAUV
in 1998 and the following two international comparisons,
there was increased interest in vibration measurement in
the international community, as well as understanding for
the importance of international comparisons. Therefore, the
third international comparison where the minimum vibration
frequency was set at 0.1 Hz was conducted from 2013 to
2015, using the low frequency vibrometer as a transfer
device, and 14 NMls participated.

Figure 14 shows an example of the international comparison
results, and shows the equivalency among institutes for 0.1
Hz.M As in Fig. 12, the key comparison reference value is
set at the origin, and the deviations of participating NMIs
are shown in the vertical axis. The error bars are the stated
uncertainties of each institute.

Of the 14 NMIs that participated, only eight institutes,
including China, Germany, Denmark, South Africa, Mexico,
Australia, Singapore, and Japan, were able to make the most
difficult measurement of 0.1 Hz, and the other six institutes
withdrew their data. The result submitted by AIST had the
smallest uncertainty among the eight institutes, and was
consistent with the key comparison reference value. However,
the meaning of this result will be discussed at CCAUV in the
future, including the stability of the transfer standard.

Germany
Denmark
South America
Mexico
Australia
Singapore

Japan

of vibrometer sensitivity
China

Deviation from reference value
(acceleration per piezoelectric output) [V/(m/s?)]

Equivalent to
1 % deviation

Results of participating countries

Fig. 14 An example of the results of the third international
comparison for vibrometer calibration

Synthesiology - English edition VoI.10 No.2 (2018)



Research paper : Establishing reliability in vibration measurement and its international equivalency (T. UsuDA et al.)

5 Establishment of the national standard
for shock calibration and the consistency
evaluation to centrifugal acceleration calibration

Through the technological development and participation
to international comparisons explained up to this point, the
National Metrology Institute of Japan, AIST can provide
vibrometer calibration from 0.1 Hz to 10 kHz for which a
certain level of international equivalency is guaranteed.

On the other hand, for collision safety performance
evaluation for automobiles, measurement of acceleration
range of several hundred m/s® to several thousand m/s* are
being conducted, and at this range, vibrometer evaluation
with a vibrator that generates sine waves is no longer
possible. In this chapter, the national standard for shock
calibration that was developed to meet such demands will
be explained. The consistency evaluation with centrifuge
calibration that is frequently used in industry and the work
on its ISO standardization will also be explained.

5.1 Scenario of the R&D

In control engineering and mechanics, Dirac’s delta function
d(x) is known as the function that mathematically expresses
shock input. The delta function is a function where infinite
value is given at one point, and all other points are 0, or 1
when integrated in the range of [-oo, o] (Fig. 15).

When the delta function is converted to frequency range, a
certain value can be given to all frequency components. That
is, the delta function is a signal that includes all frequency
components evenly, and is an ideal input when evaluating the
vibration frequency property of a subject to be controlled and
its mechanical elements. If such a function can be generated
as a motion (shock acceleration rate), it is possible to evaluate

the frequency property of the vibrometer through all ranges.
However, in reality, it is impossible to generate such a motion.
On the other hand, the frequency property and sensitivity are
optimized according to the demands on the vibrometer that is
to be evaluated. If a shock input of unnecessarily wide range
is given, the S/N ratio of the evaluation may deteriorate, and
at times, the vibrometer itself may be destroyed. Therefore,
technology to generate the mechanical shock acceleration
with desired peak value and duration is necessary.

The technology for generating high-level acceleration
includes the reflection of elastic waves proposed by B.
Hopkinson,™ and the calibration of a vibrometer using this
principle has been reported in the past."® However, the elastic
waves are characterized by the physical property called
elasticity. There were problems that the peak acceleration
and duration were restricted, and the peak value of generated
acceleration was too high compared to the demand.

Therefore, as the technology to generate shock acceleration,
momentum replacement by collision of rigid bodies is used.
Figure 16 is the schematic diagram of the principle of shock
acceleration generation of the elastic waves and rigid body
collision. In rigid body collision, the hammer to which the
kinetic energy is applied collides with the anvil to which
the vibrometer to be evaluated is attached. The momentum
of the hammer is replaced by the anvil, and half sine wave
acceleration is generated. The peak value and duration of
acceleration can be controlled to a degree by the momentum
given to the hammer or by placing a buffering material such
as rubber between the hammer and the anvil.

5.2 Selection and development of the elemental
technologies
For the stable generation of shock acceleration by rigid
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body collision 500 m/s2 body collision
— or more
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Fig. 15 Delta function when there is

infinite value at x=0 vibrometer

Fig. 16 Generation of shock acceleration and calibration of
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body collision, it is desirable that the anvil and hammer
move without friction in the direction of the motion, and
the freedom of motion is allowed only in the direction of
the motion. Therefore, the structure is comprised of a metal
rod anvil and hammer supported by air bearings. The anvil
and hammer can move freely in the longitudinal direction
of the metal rod owing to the air bearings, and are bound
in the radial direction by the rigidity of the air film created
by air bearings. As a result, the vibration other than in the
longitudinal direction is inhibited, and this contributes to
the improvement of the S/N ratio. The buffering material
made of urethane rubber is attached between the anvil and
the hammer, and the hammer accelerated by compressed air
applies half sine wave acceleration to the anvil and to the
vibrometer through the elasticity of the buffering material.

For the interferometer, initially, a laser interferometer
categorized as homodyne, where the interfering light
intensity periodically changes for every optical path
difference of 0.5 wavelength, was used up to the previous
chapter, but later, a heterodyne laser interferometer, which
provides interfering signals from scattered light from the
measurement subject and does not require a reflective mirror,
was employed. A heterodyne interferometer is a device
that detects the velocity signal by conducting heterodyne
detection of scattered light from the measurement subject
that undergoes Doppler shift depending on velocity. The
difference frequency regarding heterodyne detection was
several tens of MHz, and conventionally, it was mainly
analog detection. Therefore, gain reduction corresponding to
frequency and phase shift in the demodulation of vibration
waveforms could not be avoided, and this was unsuitable
for calibration. However, due to improved performance and
increased capacity of the waveform memory (A/D conversion
and data logger) in recent years, it became possible to
digitize all signals. In this system, the vibration waveform is
demodulated based on all digitized signals. Figure 17 shows
the developed calibration equipment.[*”

Figure 18 is the acceleration waveform obtained from the

developed equipment, and the output waveform from the

Generation of shock acceleration
by rigid body collision

Vibrometer

Laser

interferometer Laser interferometer

Fig. 17 Developed shock calibration device

vibrometer obtained by its acceleration input. The peak value
(Ap) of acceleration reaches 3000 m/s®. The property of the
vibrometer can be calibrated from the ratio of the peak value
of acceleration and the peak value (Vp) of the vibrometer
output.

The international comparison of shock acceleration is being
discussed by CCAUYV, and it will soon be started as CCAUV.
V-K4 with China and Japan as joint pilot laboratories.

5.3 Consistency evaluation with the centrifuge calibration
and issuance of the ISO standard

Through the development explained in the previous
subchapter, the national standard for amplitude linearity
evaluation of vibrometers was established. Acceleration can
also be generated by centrifugal force. In Japan, through
the efforts of companies, inexpensive and high performance
strain gauges are widely available, and vibrometers that
use strain gauges as the detection mechanism of seismic
systems are widely used. A strain gauge has sensitivity for
DC components, and its calibration is done against constant
acceleration such as centrifugal force. In contrast, in Europe
and the US, vibrometers that use piezoelectric elements
as the detection mechanism are widely used. This has low
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Fig. 18 Acceleration waveform obtained from the shock
calibration device and output from the vibrometer
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sensitivity for the DC components, and calibration by shock
acceleration is generally done. The two calibration devices
and the outline of generated acceleration are shown in Fig.
19.

In the centrifuge calibration, calibration is done by calculating
the applied acceleration by the distance from the center of the
rotation of the vibrometer, and then calculating the ratio of
applied acceleration and vibration output. In contrast, in shock
calibration, shock acceleration is applied to the vibrometer to
be calibrated by hitting with a hammer, and calibration is done
by the output ratio against the reference vibrometer attached to
the same axis. Both are simple methods, but it cannot be said
immediately that the two calibration results are equivalent.
Until now, the problem of safety evaluation in automobile
collision among different countries never surfaced. However,
with the rise in interest for safety evaluation, the equivalency
of measurement devices used in evaluation and traceability
started to be questioned. Therefore, the adequacy evaluation
of the centrifuge calibration method and 1SO standardization
were assigned to Japan. To obtain agreement of other countries
that mainly engage in shock calibration, it was necessary to
present the test results that investigated the adequacy of the
centrifuge calibration.

Centrifuge Shock
calibration calibration
Rotating table
Reference

vibrometer and

Hammer calibration subject
Acceleration Acceleration waveform
§  waveform 5 S
=l = =
© @ %O
() ) (3]
‘@ Constant acceleration Q Puse O (%;
k= by centrifugal force k= width 8
0 0

Fig. 19 Calibration method for large amplitude acceleration
used in industry

Therefore, AIST and the major Japanese automobile
companies collaborated on the revision of the international
standard™ for centrifuge calibration of the strain gauge
vibrometer, and at the same time, evaluated the technological
adequacy of centrifuge calibration. Kyowa Electronic
Instruments Co., Ltd., Toyota Technical Development
Corporation, Japan Automobile Research Institute, and
Nissan Creative Services Co., Ltd. collaborated in this
evaluation. The same vibrometer was calibrated using the
centrifuge calibration device possessed by the companies,
and the results were compared with the results of AIST’s
shock acceleration calibration device. The results of
centrifuge calibration at four organizations matched the
calibration results of AIST in the uncertainty range, and all
results fell in the certainty (1.8 %) of shock measurement
required by the standard for road-bound vehicles collision
tests." Therefore, the equivalency of the shock calibration
device of AIST and the centrifuge calibration device of the
four organizations were confirmed, and the technological
efficacy of centrifuge calibration was demonstrated. Based
on these results, the revised standard of centrifuge calibration
was issued as 1SO.”” By using the strain gauge vibrometer
that is evaluated by the calibration method in accordance to
ISO when conducting the safety evaluation for automobile
collision tests, the barrier against the Japanese automobile
manufacturers in exporting their products can be reduced.
Also, regarding the back data for centrifuge calibration
without time change that the automobile industry had been
accumulating over the years, this gives the technological
evidence that matches the shock calibration that incurs time
change like the actual collision tests.

6 Summary and prospects

In this paper, the establishment of the national standard
for vibrometer calibration in Japan over 20 years since
the middle of 1990s is explained. The activities for the
establishment of international equivalency that was done
concurrently are explained through international comparison
and 1SO standardization. Figure 20 is the summarized
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Fig. 20 Major items of this paper and the R&D scenario
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scenario of the items described in this paper.

When the international equivalency of metrology standards
became an issue after the discussion at WTO, internationally,
CCAUYV was established and the discussions on equivalency
evaluation started. Fortunately, in Japan, the development
of national standards was being organized after a survey for
such needs and its results. Excellent manufacturers existed in
Japan for the mechanical elements such as laser light sources,
optical elements, and air bearings, and the most advanced
elemental technologies could be utilized for standard
development. It was also fortunate that the authors were at
the pilot laboratory of international comparisons during the
equivalency evaluation period, and were able to observe the
process from an international perspective. Also, we were
able to contribute to the internationalization of Japanese
industrial products and test results by using the developed
national standard as tools to evaluate the equivalency of the
calibration results that were originally done at the laboratory
level, and issue the results as 1SO.

On the other hand, the demand for measurement range
is further expanding in both frequency and amplitude.
Through the advances in micro-electro-mechanical systems
(MEMS) based on semiconductor microfabrication, vibration
sensors and angular velocity sensors (gyroscopes) can be
manufactured at low cost and can be installed in smart
phones. Also, multi-axis sensors that allow detection of
vibration in multiple directions and hybrid sensors integrated
with gyro are widely used. These sensors are, in general,
called the inertial sensors, and the development of their
calibration method is an important issue. While there was no
space in this paper for their description, the authors’ group is
working on the development of a calibration device for gyro
(Fig. 21).” On the other hand, it is not realistic to continue
infinite development of calibration devices. As discussed in
the equivalency evaluation and international standardization
of centrifuge calibration, it is necessary to clarify the
equivalency of existing technology, and to maintain the
measurement reliability through standardization.

Looking at the situation overseas, the advancement of

-~ Gyroscope to
be evaluated

Rotary encoder

< Air bearing

Servomotor

Slip ring
-

Fig. 21 Gyro calibration device

emerging NMIs is significant against a background of
economic growth in Asia. Under such circumstances, the
emerging NMIs tend to seek adequacy of their own calibration
results through international comparisons. While international
comparisons may be the most direct evidence of equivalency
evaluation, as a prerequisite, it is important that each institute
engage in self-evaluation of calibration results. If self-
evaluation is not done and systemic deviation is not addressed,
reference value calculated statistically from the results of
the NMIs may deteriorate. When several organizations start
to use the same commercial product, the inclination of that
device may become a bias and will have an effect. In such a
case, it may no longer be an evaluation of equivalency, but
may become a repeatability evaluation for the same device.
As a member of an advanced NMI, we must not lose the
stance of originally developing standards from elemental
technology. We shall continue working with organizations in
Japan, establish reliability of inertial measurement including
vibration, and maintain leadership in the international stage.

In this paper, the main discussion was our effort on vibration
measurement, but the demand on measurement is expected
to deepen in the future, and the pursuit of precision will not
stop. At the same time, the equivalency of measurement
results will be further in demand due to the spreading
globalism. To maintain the universality and invariance of
measurement in such technological and regional expansion,
mutual understanding based on the spirit of free and
scientific criticism among NMIs is essential. In the field of
metrology standard, the spirit of mutual criticism (review)
based on scientific evidence is established as a culture in
the form of international comparison. At the same time, the
spirit of mutual help and reliance with which we manage the
multinational project of international comparison is firmly
established. We shall conclude this paper by mentioning
that in this age when transparency and reliability are being
challenged as the competition in science and technological
development becomes fierce, the culture and mechanism built
by the NMIs may provide a hint for how to advance science
and technology as common assets of humankind.
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Discussions with Reviewers

1 Overall
Comment (Mitsuru Tanaka, AIST)

The paper provides an overview of the technological
development in national metrology standards necessary to
objectively present the reliability of vibration acceleration
measurement in Japanese industries on site, both within and
outside Japan, and the process of obtaining international
consistency. It also addresses the establishment of standard
approval for a practical sensor performance. The explanations of
various elemental technologies capture the main point well, and
the impact of this measurement on industry is presented in an
easy-to-understand manner. Through the understanding of the
research results and their achievements, the readers will be able
to readily grasp the scenario and have high expectations for gyro
measurement that is being developed by the authors.

Comment (Norimitsu Murayama, AIST)

This paper presents the elemental technologies and how they
need to be combined to establish the national standard, giving
the example of national standard development for vibration,
acceleration, and shock measurement. | think the content is
worthy of publication in Synthesiology.

2 Ready-to-understand explanation about utilizing the
results in the industrial world

Comment (Norimitsu Murayama)

I think the value of this paper will increase if you specifically
describe how the national standards are used in the industrial
world. Also, I think you should address the relationship and
linkage between the national standard and the calibration work
that is actually done on site.

Answer (Takashi Usuda)

As you indicated, | added the last paragraph on how the
national standard is provided and utilized in “1.1 Outline of the
vibration measurement and the necessity for calibration,” and
added Fig. 4.

3 Future scenario
Comment (Mitsuru Tanaka)

For the calibration of the shock acceleration sensor, you
say that the equivalency will be checked through international
comparison in the future. The scenario for monochromatic
frequency vibration has been already established, where
confirmation has been done by international comparison and
it will support the measurement reliability in the industrial
world. Compared to this, the story of shock acceleration sensor
calibration is still in progress and almost in its final stretch. Still
more, for the calibration of static acceleration, you are applying
the prospective results of this shock acceleration sensor. If that
is so, what is the basis of AIST’s confidence in being successful
with the final problem solving, and why did the 1SO experts of
other countries approve of the issuance of a standard based on
the prospective success of a particular country? | don’t think this
is merely a collusive relationship, but it is also not an agreement
among the colleagues in an academic society. You mention the
effect of your stay in Germany and other explanations in the final
part of the summary. What about adding a description about the
mutual trust relationship in a paragraph?

Answer (Takashi Usuda)

I added the final paragraph as a possible scenario in the last

part of “6 Summary and prospects.”
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