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Abstract

A method for evaluating the dynamic characteristics of force transducers against small and short-duration impact
forces is developed. In this method, a small mass collides with a force transducer and the impact force is
measured with high accuracy as the inertial force of the mass. A pneumatic linear bearing is used to achieve
linear motion with sufficiently small friction acting on the mass, which is the moving part of the bearing. Small
and short-duration impact forces with a maximum impact force of approximately 5 N and minimum half-value
width of approximately 1 ms are applied to a force transducer and the impulse responses are evaluated.
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1. Introduction

Recently, the requirements for measuring dynamic forces have become more stringent in
many industrial and research applications such as process monitoring, materials testing,
model analysis and crash testing. For example, almost all the commercial mechanical material
testers, such as tensile testers, compression testers, fatigue testers and viscoelasticity testers,
use force transducers to measure the varying force acting on the materials under test. Many
production machines, such as press machines and rolling mills, use force transducers to
monitor the varying force acting on the materials under processing. However, at present, only
static methods—i.e., techniques where transducers are calibrated using the gravitational force
acting on the standard mass under static conditions—are widely available. Methods for the
dynamic calibration of force transducers are important to meeting the above requirements.

Although methods for the dynamic calibration of force transducers are not yet well
established, some methods of analyzing the electric and mechanical response of force
transducers against impact forces have been proposed [1, 2]. In these methods, the inertial
mass of the part of the transducer itself is considered to be the cause of the difference between
the static response and the dynamic response of the transducer. However, no impact force
traceable to the International System of units (SI units) is used as the reference force in these
methods. Therefore these methods cannot be considered to be dynamic calibration methods
for force transducers. Another method, in which the oscillation force generated using the
shaker and the inertial mass is used as the reference force, has been proposed [3]. This method
will be effective for the oscillation force calibration for force transducers.

On the other hand, a method, the Levitation Mass Method (LMM), has been proposed by
the authors [4—6]. The levitation mass method was first proposed [3] to evaluate the impulse
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response for force transducers: a mass collides with a force transducer, and the impulse
(i.e., time integration of the impact force) is measured with high accuracy as a change in the
momentum of the mass. To achieve linear motion with sufficiently small friction acting on the
mass, a pneumatic linear bearing [7] is used, and the velocity of the mass (i.e. moving part
of the bearing) is measured using an optical interferometer. At present, the impulse response
of force transducers with a minimum capacity of 200 N has been evaluated for impulses with
a half-value width of greater than 5 ms. However, a method for evaluating the response to
smaller impact forces with shorter durations is sometimes required for practical applications
in industry and science.

In this study, small and short-duration impact forces with a maximum impact force
of approximately 5 N and minimum half-value width of approximately 1 ms were applied to
a force transducer, and the impulse responses were evaluated. To achieve a smaller force,
a small pneumatic linear bearing [8] was used. To improve the sampling interval, a novel
frequency estimation method based on the digitized waveform [9] was introduced.

2. Experimental setup

Fig. 1 shows a schematic diagram of the experimental setup for evaluating the dynamic
characteristics of force transducers subjected to small and short-duration impact forces.
A linear air bearing was used to achieve linear motion with sufficiently small friction acting
on the mass (i.e., moving part of the bearing). An impact force was generated and applied to
the force transducer being tested by collision with the mass. The force transducer (CLS-5NA,
Tokyo Sokki Kenkyujo Co. Ltd.) had a detection sensitivity of up to 5 N and was calibrated
under the static condition with a standard uncertainty of 0.02 N. The output signal of the force
transducer was recorded using a strain recorder (DC-204R, Tokyo Sokki Kenkyujo Co. Ltd.)
with a sampling capacity of 65,536 samples and a sampling rate of 100,000 samples per
second. Fig. 2 shows the photo around the test section.

A cube-corner prism (CC) to interact with the interferometer and a metal block with
a rubber damper to adjust to the collision position were attached to the moving part. Two
dampers were prepared: Damper-A (metal part with silicon-rubber tip) and Damper-B (metal
part with fluorine-rubber tip). The total mass M of the moving part with Damper-A or
Damper-B was approximately 19.278 or 17.878 g, respectively. The inertial force acting on
the mass was accurately measured using an optical interferometer. A Zeeman-type
two-frequency He—Ne laser was used as the light source.

The force acting on the transducer from the moving mass was measured as the inertial force
of the moving part—i.e., Fiass = M a. Acceleration a was derived from the velocity of the
moving mass. The velocity was derived from the measured value of the Doppler shift
frequency of the signal beam of the laser interferometer fpoppier, Which can be expressed as

V= ﬂ’air (fDoppler )/ 2 ° (1)
f Doppler = _(f beat ~ frest)> (2)

where A,y is the wavelength of the signal beam under the experimental conditions, fyeat 1S the
beat frequency (i.e., frequency difference between the signal beam and reference beam), and
Jrest 1S the rest frequency, which is equivalent to fpeat When the moving part is stationary. Only
the motion-induced time-varying beat frequency was measured in the experiment; all other
quantities such as the velocity, position, acceleration, and force were calculated numerically
afterwards.

A digitizer (NI PCI-5105, National Instruments Corp., USA) recorded signals from PD1
and PD2 (5M samples for each channel) at a sampling rate of 30M samples per second at
8-bit resolution. The measurement duration of the digitizer was 0.17 s.
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Frequencies fheat and frest Were accurately determined from the digitized waveforms of PD1
and PD2, respectively, using the recently developed Zero-Crossing Fitting method (ZFM). In
ZFM, all zero-crossing times are used to determine the frequency of each gate time, which is
defined by 200 periods of the signal waveform [7].

The measurements using the digitizer (NI PCI-5105) and recorder were initiated by a sharp
trigger signal generated using a digital-to-analog converter (DAC). This signal was activated
by a light switch, which was a combination of a laser diode and a photodiode.

In the experiment, 25 collision measurements were taken for each damper.

Trigger signal
l A
Recorder | USB R
DC-204R |~ g PC
A ‘
’ ’ A 4
PCI
ADC, DAC Cl bus Digitizer
NI 6221 NI/ PCI-5105
Signal from Foeat
LD-LD switch
. PD1
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Sensor Moving ]GTP
part
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Bearing beam [] N Zeeman
Holder H laser
—

. Qwp :7 Reference
Tilting stage CcC beam

Fig. 1. Experimental setup. Code: CC = cube corner prism, PBS = polarizing beam splitter,
NPBS = non-polarizing beam splitter, GTP = Glan-Thompson prism, QWP = quarter wave plate,
PD = photodiode, LD = laser diode, PC = computer.

Bearing
Holder

Fig. 2. Photo around the test section.



www.czasopisma.pan.pl P N www.journals.pan.pl
N

M. Djamal, K. Watanabe, K. Irisa, I. A. Prayogi, A. Takita, T. Yamaguchi, Y. Fujii: DYNAMIC CHARACTERISTICS MEASUREMENTS ...

3. Results

Fig. 3 shows the data processing procedure, in which velocity, acceleration and force are
calculated from the measured frequencies, fheat and frest. Fig. 4 shows the force acting on the
mass Fuass, the force calculated based on the output signal of the force transducer and its
static calibration results Fians, and their difference Fyist (= Frans - Fmass) in @ collision
experiment with Damper-A. In order to calculate Fyigr, the timing of Fi,ae Was adjusted to that
of Firans using linear interpolation. The maximum value Fiags, max and the full width at half
maximum Wgwam of the impact force Fyas Were approximately 4.76 N and 2.0 ms,
respectively. The root mean square (RMS) values of the force difference Firans - Fmass during
the collision period were approximately 0.058 N.
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Fig. 3. Data processing procedure: Calculation of velocity, acceleration and force
from measured frequency.
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Fig. 4. Force calculated from output signal of the force transducer and its static calibration
results Fi,q, force acting on the mass Fi,,ss (= Ma), and their difference Fyigr = Firans = Fass-
Damper-A was used.

Fig. 5 shows the relationship between the full width at half maximum Wgwhwm of the impact
force and the maximum impact force Fuass, max for the 50 collision measurements with
Damper-A and Damper-B. The full width at half maximum Wgwym were in the range
of 1-3 ms. The maximum impact forces Fmass, max Were in the range of 0—5 N.
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Fig. 5. The full width at half maximum Wgwuwm against the maximum impact force Fiyass, max @S
measured with Damper-A and Damper-B.

Fig. 6 shows the RMS values of the errors Fist (= Firans - Fmass) for Damper-A and Damper-
B. Regression lines are also shown in the figure. The solid and dashed lines show RMS(Fisr)
= 0.0081 Fpass, max + 0.0022 and RMS(Fgir) = 0.0105 Frass, max + 0.0020, respectively.
Only data pertaining to the pulses were analyzed. The RMS values of the differences between
the measured values and the regression lines, i.e. the solid and dashed lines, are 0.003 N and
0.006 N, respectively.
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Fig. 6. Root mean square (RMS) values of the errors of the force Fyigr = Firans = Fnass
measured with Damper-A and Damper-B.

4. Evaluation of uncertainty

The uncertainty sources when determining the instantaneous value of the force Fp,ss acting
on the force transducer being tested are as follows:

[A] Uncertainty same as that during the free sliding motion before and after collision
The uncertainty sources in measuring the force are as follows:

[A.1] Noise of the optical interferometer

[A.2] Frequency estimation using the ZFM

[A.3] Calculation of Fias from the frequency

[A.4] Dynamic frictional force acting inside the bearing

The frictional force acting inside the bearing was estimated to be 0.6 mN at the maximum
velocity used in the experiments (0.3 m/s). Thus, this force is negligible.

Although [A.1], [A.2], and [A.3] are difficult to estimate separately, the uncertainty caused
by them is thought to be similar between inside the impulse and outside the impulse.
The RMS value of Fyg outside the impulse, i.e. during the free sliding motion before and
after the collision, was approximately 7 mN for the 50 measurements. Therefore, the
combined uncertainty of [A.1], [A.2], [A.3], and [A.4] was estimated to be 7 mN.

[B] Uncertainty differing from that during the free sliding motion before and after
the collision

The uncertainty sources estimated to be zero when the force was zero are as follows:

[B.1] Optical alignment

The major source of uncertainty in the optical alignment was the inclination of the 1 mrad
signal beam; this resulted in a relative uncertainty in the inertial force of approximately
5 x 107, which is negligible.

[B.2] Mass calibration

The uncertainty in the mass measurement when using the electric balance was
approximately 0.01 g, which corresponds to 0.05% of the total mass of the moving part.
This corresponds to 3 mN when Fipass = 5 N.

Therefore, the standard uncertainty when determining the instantaneous value of the force
Fpnass acting on the force transducer being tested was estimated to be 8 mN, which
corresponds to 0.16% of the maximum force applied in the experiments (5 N).
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5. Discussion

This paper proposes a method for evaluating the dynamic characteristics of force
transducers subjected to small and short-duration impact forces. This method can significantly
contribute to realizing dynamic force measurements in the fields of science and technology.

Small and short-duration impact forces with a maximum impact force of approximately 5 N
and minimum half-value width of approximately 1 ms were applied to the force transducer,
and the impulse responses were evaluated. The evaluated dynamic error of the transducers,
shown in Fig. 4, was greater than the uncertainty in the static calibration (0.02 N).

Future research will involve determining the cause of this error and correcting it by
evaluating various kinds of transducers with wider ranges for the width and peak value of the
impact forces.

6. Conclusions

A method for evaluating the dynamic characteristics of force transducers subjected to small
and short-duration impact forces was developed. In this method, a small mass collides with
a force transducer, and the impact force is measured with high accuracy as the inertial force
of the mass. A pneumatic linear bearing was used to realize linear motion with sufficiently
small friction acting on the mass (i.e., moving part of the bearing). Small and short-duration
impact forces with a maximum impact force of approximately 5 N and minimum half-value
width of approximately 1 ms were applied to a force transducer, and the impulse responses
were evaluated. Using this method, the dynamic characteristics of force transducers, which
are used in the material testers and the production machines to measure small and
short-duration impact forces, can be evaluated.
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