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1. Introduction

Precision environments such as
semiconductor factories and advanced research
facilities have required quiet environmental
vibrations in recent years, as well as precise
attitude control and short settling times for
equipment. At the same time, vibration forces
of the equipment themselves are increasing as
production equipment becomes faster and larger.
It is not a rare case for equipment that used to be
installed on the ground floor to now be installed
on an upper floor, which leads to the growing
need for countermeasures against noise and
vibration.

Since there are limited ways to deal
with vibration problems after the equipment
installation, it is more effective to take measures at
the facility design stage. On the other hand, when a
problem occurs on the worksite, countermeasures
must be taken quickly and in line with current
conditions. The same goes for the vibration-
related problems at the customer site caused by
previously installed equipment or devices. This
might seem difficult to get a clear view of how to
resolve these problems within the constraints of

the current situation. You need to use appropriate
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methods to gain a prospect, and you need to
be familiar with using them. Fortunately, these
methods are not too difficult to understand. With
effective use of accelerometers, even minute
vibrations that may not be felt by humans can be
detected, and you can obtain clues to solve these
problems. The target for vibration isolation design
can be justified after understanding the current
vibration levels and the vibration tolerances of
equipment. The identification of the vibration
sources are followed by the countermeasures.
Since Epson developed and launched a
quartz crystal accelerometer in 2014, our products
have been used in a wide range of applications
and have earned an excellent reputation in the
market for their quality and performance. This
paper will introduce the analysis tools necessary
for the identification of vibration sources and the
vibration analysis, environmental vibration digital
measurement, and provide specific examples to
help those who are likely to encounter vibration

problems.

2. Vibration Sources that Affect
Precision Equipment

Figure 1 shows examples of vibration
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sources in plants and research facilities. Sources of
vibration include ground vibration, construction
machinery vibration, manufacturing equipment
vibration, and work-related vibration. Increasingly,
vibration from vehicles on the surrounding
roads, the operation of production equipment in
factories or buildings, and construction work also
affect precision equipment. The structure of the
building influences the transmission of vibration
from vibration sources.

Typical machines that generate vibrations
in facilities include chillers, air conditioners,
transformers, elevators, air conditioning ducts, and
audio equipment. Regarding the manufacturing
equipment, there are small compressors, various
furnaces, processing equipment, small cooling
equipment, etc., which may be located adjacent
to precision equipment. Causes of work-related
vibration include walking, robot operations, and
automatic guided vehicles. Vertical vibration is one

of the major disturbances typical of work vibration ™.

3. Vibration Evaluation Methods
3.1 Yardsticks for the Magnitude of Vibration,
Tripartite Graph
There are three yardsticks for the magnitude
of vibration; displacement, velocity, and
acceleration. For simplicity, considering a single
vibration of frequency f and displacement
amplitude D, the following relationship holds
between displacement x(t), velocity v(t) and
acceleration a(t).

displacement - d(t) =D - sin(2 Tt f*t)
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Unit - mm > um

velocity = v(t)=D - 2 1tf - cos(2 i f*t)

Unit * mm/s ~ ym/s

acceleration : a(t)=-D - 2 1tf)? - sin(2 i f*t)
Unit : m/s” ~ gal (cm/s?) ~ pm/s’

Unit gal (identical to cm/s2) is often used
as the unit of acceleration (1 G = 9.80665 m/s2
= 980.665 gal, 1 gal =1 cm/s2 ~ 1.0197 mQ).
If we denote the velocity amplitude as V and
the acceleration amplitude as A, the following
relationship between D, V and A are derived by
comparing the coefficients in the above equations,
Displacement amplitude - D = V/(2tf) = A/
Qmf)
Velocity amplitude - V=D - 21tf=A/(2 1tf)
Acceleration amplitude : A=D (2mtf)2=V 2ntf

where the amplitudes D, V, and A represent
peak amplitudes. When peak to peak amplitudes
are used, they may be distinguished by the suffix
p-p, such as Dp-p, Vp-p and Ap-p.

Since D, V, and A at the vibration frequency
f can be converted to each other by the above
equation, each amplitude value with respect
to the frequency can be plotted in one plane
(tripartite graph, Figure 2). Three amplitude values
can simultaneously be identified on the tripartite
graph. A log-log plot is used for the axes of the
tripartite graph in general.

3.2 Evaluation of Environmental Vibrations by

Octave Analysis and VC Curves

FFT and octave analysis are used to analyze

vibration data. The difference between the two
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is the way in which the vibration components
are divided into frequency bands; the frequency
bandwidth of the FFT is constant, whereas the
frequency bandwidth of the octave analysis is
divided into constant proportions. The octave
is divided into 3, 12 or 24 divisions, which
correspond to a 1/3, 1/12 or 1/24 octave
band analysis respectively. The values of the
center frequency of each band and the slope
characteristics of the bandpass filter for octave
analysis are standardized in 1SO 266:1997 and in
IEC 61260-1:2014 [2-3].

VC curves, shown in Table 1, were proposed
by the USA as a permissible vibration criterion for
precision machinery, and it is commonly adopted
for evaluation [4]. Basically, the permissible
vibration criterion is defined by the vibration
speed, and is judged by plotting the effective
value obtained by 1/3 octave band analysis; the
VC curve evaluation is an extension of the ISO
vibration criterion for the human body (ISO 2631,
Evaluation of human exposure to whole-body
vibration [5-6]) to the micro-vibration region (VC-A
to E), and are specified in 6dB steps. In 2005, VC-F
and VC-G were added to the criteria, mainly for

evaluation of ultrafine vibration environments [7].

4, Environmental Vibration Digital
Measurement using the Quartz
Crystal Acceleration Sensor
M-A352

When a vibration problem occurs, measures

must be taken to address the problem in line
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with current conditions. Accelerometers are
employed to identify the environmental vibration
level and vibration sources. Metal springs, air
springs, anti-vibration rubbers/pads are used as
vibration prevention materials for equipment and
machinery. Each material has its proper frequency
range for vibration attenuation. It is necessary
to determine a target for attenuation amount
according to the environmental vibration level
and the vibration tolerance of the equipment/
machinery. If vibration prevention materials are
not effective, you will need to consider installing a
vibration isolation device or system, or employing
a floating floor construction. When the vibration
from roads, railroads, or surrounding factories is
excessive, there are other countermeasures, such
as the construction of vibration isolation trenches
in the ground around the building [1]. This paper
will not go into such details.

To confirm that the target level of prevention
and isolation is reached by countermeasures,
the environ- mental vibration levels before
and after the countermeasures are compared.
Environmental vibration digital measurement
can be performed easily and quickly by using the
quartz crystal acceleration sensor M-A352.

4.1 Quartz Crystal Accelerometer M-A352

The M-A352 is a high-performance triaxial
quartz crystal accelerometer that achieves
a dynamic range of £15G, low noise of 0.5
uG/Y Hz, rms, and high resolution output of
0.06uG/LSB (Figure 3). The M-A352 provides

Approach against Quality Problems through Environmental Vibration Digital Measurement
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superior features to conventional sensors by
employing resonant frequency shift transducers
fabricated by our quartz MEMS technology and a
direct digital conversion technique of the sensing
volume (Figure 4). The sensor is resistant to
external noise and does not require an expensive
or difficult-to-manage analog conversion devices.
The M-A352 is compatible with digital processing,
providing compact and easy to use environmental
vibration digital measurement (Figure 5).

A measurement system capable of measuring
under VC-G class environmental vibration can
simply be realized with the M-A352. VC-G
level is the quiet environmental vibration that
is impossible to measure with the commonly
used Si-MEMS accelerometer, and is difficult to
measure even with an analog servo accelerometer.
The M-A352 has a metal case, which provides
improved shielding against EM noises, robustness,
and mounting accuracy compared to our previous
models. Since the M-A352 can measure minute
displacement angles, long-period vibration, and
displacement, it can be applicable not only for
environmental vibration measurement, but also
for applications that require highly accurate data,
such as structural health monitoring and predictive
maintenance, as well as a variety of applications
that have been difficult to apply high-precision
measurement.

4.2 Applications of Environmental Vibration

Digital Measurement

4.2.1 Example 1 : Pre-installation measurement
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of equipment and evaluation of vibration
isolators
In order to ensure stable production,
environmental vibrations must be kept within
the equipment's vibration standards. Prior to
installation of the precision equipment, a location
with the lowest possible environmental vibration
impact can be identified with the M-A352.
Environmental vibration measurements can also
be used to analyze low-frequency vibrations and
micro-vibrations after the installation of a vibration
isolation mechanism.
422 Example 2 : Assessment of the effects of
walking and carting in a factory
In a factory where precision production
equipment is installed, vibrations caused by
the movement of people and carts may have
an unexpected effect on the equipment. It is
possible to determine the optimal pathway, traffic
restrictions, and the selection of the trolley by an
assessment of the effects of vibration.
4.2.3 Example 3 : Identification of noise sources
and effects on precision equipment
The M-A352 can be used to identify the
source of vibration and to confirm the effectiveness
of soundproofing and sound insulation measures.
Sound vibrations propagating to precision
equipment (such as a white interferometer,
etc.), which is sensitive to the sound of campus
broadcasting, can be identified. The M-A352 can
also be used to investigate the source of resonant

noise in reinforced concrete buildings and to take
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measures to prevent it.

424 Internal Case Study : Example of
Environmental Vibration Digital
Measurement

Figure 6 shows an example of the
environmental vibration digital measurement
that was performed to eliminate the causes of
malfunctions with a semiconductor package visual
inspection system in our semiconductor factory.

The vibration specification for the visual inspection

system that was provided by the manufacturer

should be under 1.2 gal for the entire frequency
range. We measured the environmental vibrations
and found that the floor vibration level exceeded

1.2 gal in some cases (Figure 6 on the left). Careful

measurements were taken to identify the source

of the vibration and found that the longitudinal
vibration at 63 Hz exceeded the vibration
specification when a heat cycle test system next
to the visual inspection system was in operation.
To reduce the effects of vibration of the heat cycle
test system in the area, anti-vibration mounts
were inserted between its feet and the floor. We
also conducted the environmental vibration digital
measurement to identify the location where it was
least affected by the vibration from the heat cycle
test system, and the facility layout was changed
accordingly. As a result, the vibration at 63 Hz
affecting the visual inspection system was reduced
below the vibration specification  (Figure 6 on
the right). The failure rate due to the vibration was

drastically reduced from 3.6% to 0.0% without
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costly floor work.

5. Conclusion

In this paper, tripartite graphs, octave
analysis, and VC curves as analysis tools necessary
for the identification of vibration sources and the
vibration analysis, environmental vibration digital
measurement are introduced. It is shown that
a compact and simple vibration measurement
can be realized by using the quartz crystal
accelerometer M-A352. A concrete example of
applications of the vibration measurement was
also provided.

If a problem occurs on the worksite,
countermeasures must be taken quickly and in line
with the current conditions. When a problem is
caused by environmental vibration, it may be hard
to notice. Even if it is noticed, it may be difficult
and troubling to deal with, since it may not be
your field of expertise. We hope that this paper will
help you to take prompt and effective measures

against vibration problems.
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