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Abstract: A vibration sensor is realized using PMMA (Polymethyl Methacrylate) fiber optic probe as
sensor. The probe consists of two fibers, one is transmitting fiber and the other is receiving fiber. In
this technique the sensor is non-contact and do not perturb the source of vibration. A portable high
performance NI-DAQPad6016 with LabVIEW software is used to interrogate the vibration. The
amplitude resolution of the sensor is 1pm within the frequency range 1-300 Hz. The thermal effect on
the sensitivity of sensor is minimal. The sensor is suitable for real time monitoring of low frequency
vibration and is of low cost and portable. Copyright © 2012 IFSA.

Keywords: Data acquisition, Fiber optic probe, FFT (Fast Fourier transform), PMMA fiber, Vibration
sensor.

1. Introduction

Vibration sensors are useful for monitoring the condition of rotating machinery, where overheating and
excessive vibration results in breakdown [1]. Traditional magneto-electric vibration sensors and servo
accelerometers have severe shortcomings when used to measure vibrations where low frequency
components predominate. Mechanical and electrical vibration sensors need physical contact for the
measurement. On the other hand optical sensor is used to measure low frequency vibrations and does
not require any physical contact and do not perturb the source of vibration [2]. The optical fiber
vibration sensors are divided into two types according to their working principle; they are: i) phase
modulation type, and ii) intensity modulation type. The first type uses an interferometer such as Fabry
Perot [3], Michelson or Mach-Zehnder [4], used in self-mixing [5] and Doppler vibrometry [6, 7] to
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interrogate the phase shift caused by vibration. These methods are very high performance but they
exhibit low stability and impose stringent mechanical requirements because the alignment is critical
[8]. This approach is characterized by excellent performances but requires complex and expensive
setups and not well suited to map the amplitude of vibration in several test points. Consequently, these
have a limited practical use. The second one takes the advantage of change in intensity with the
vibration using PMMA (Polymethyl Methacrylate) fiber optic sensor [9].

The absence of low-cost, stable and portable sensor for the detection of vibration of low frequency has
led to this work. The sensor consists of a transmitting fiber and a receiving fiber. The core and
cladding of these fibers are made up of PMMA and Fluorinated polymer respectively. The sensor
consists of a LED as light source, a Transimpedance amplifier with a photo detector and a Data
Acquisition system for real time monitoring of vibrations.

2. The Sensor Working Principle
The sensing head is made up of transmitting and receiving fibers which are bundled together in parallel

(probe). According to the light intensity distribution function, the irradiance of emitted light from
transmitter is expressed as

. 2R -2re
i,z = w,iﬂmp(w%}l (1)

where Pr is the optical power emitted by the transmitting fiber,” and Z are the radial and
longitudinal coordinates respectively and W is the beam radius which is also a function of 7 , given by

) = v !:L + (ziR} | @)

Ew{i
where, Wa is the waist radius and ~ 4 isthe Rayleigh range are the important parameters in the

Gaussian-Beam function. The intensity of light received by the receiving fiber from the reflector can
be evaluated by integrating the irradiance {0 2} over the core area - of receiving fiber and is given by

P(2) = Lf‘&;z:] ds (3)

The reflected light intensity collected by the receiving fiber depends on the separation between probe
and the reflector. The modified form of Eq. (3) is given below.

2P; —2(x* + ¥4}
'ﬁwsqﬁl'!i-ﬂ'ﬂg-m; |: {Z} ]d ﬂ:} (4)

where W1 =Rut+ Re—H.—7% and maz = Ry + Re + B, =77

where #: and &- represents the core radius of transmitting and receiving fibers. The radial coordinate
'r' is expressed as XV +¥% iy Cartesian coordinate system [10, 11].
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3. Experimental Setup

The schematic experimental setup of the vibration sensor is shown in Fig. 1. The fiber optic probe
consists of two PMMA fibers of length 50 cm, diameter 1 mm (980/1000 pm core/ cladding diameter)
and of Numerical Aperture 0.502 bundled together in parallel. The core and cladding refractive indices
of the fibers are 1.492 and 1.405 respectively. One fiber of the probe acts as transmitting fiber and the
other as receiving fiber. The PMMA fiber used is super ESKA SK-40, a high performance plastic
optical fiber from ESKA Optical Fiber Division, Japan. The PMMA fiber has low attenuation in the
visible red and the operating temperatures range from -55 °C to 70 °C. A commercial woofer (8 inch
diameter) is used as vibrator to determine the response of the sensor at different frequencies.

SOURCE DETECTOR
TRANSMITTING FIBER RECEIVING FIBER
TRANSIMPEDANCE AMPLIFIER
A
FUNCITION GENERATOR /
MICROMETER
NI-DAQ 6016
COMPUTER
POWER AMPLIFIER

WOOFER

Fig. 1. Schematic experimental setup of PMMA fiber optic vibration sensor.

A thin plastic reflector (thickness100 pm) is glued at the center of the woofer to act as reflector. A Red
LED IF-E96 from Industrial Fiber Optics Inc., is used as light source whose typical peak wavelength
660 nm is one of the optical transmission windows of the PMMA fiber. The LED is housed in a
package specially meant for holding and for maximum coupling of light to a 1000 um fiber. One end
of a transmitting fiber is fixed to the housing of the LED. The frequency and amplitude of vibrations of
the woofer is controlled through a Function Generator and Power Amplifier. A highly sensitive
photodarlington transistor IF-D93, Industrial Fiber Optics housed in a "connector less" fiber package is
used as detector. IF-D93 package features an Internal Micro-Lens and a precision-molded PBT
housing to ensure efficient optical coupling with standard 1000 um PMMA fiber. Optical response of
detector extends from 400 nm to 1100 nm, making it compatible with a wide range of visible and
near—infrared optical sources. One end of the Receiving fiber is fixed to the housing of the detector.
The integrated design of the detector and LED are simple and cost-effective. The operating
temperature range of the detector and LED is -40 °C to 85 °C. The detector is connected to a trans-
impedance amplifier designed using general purpose Op-Amp LM 741CN(improved performance over
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industry standards within 0 °C -70 °C temperature range) to convert the modulated current signal into
equivalent voltages as shown in Fig. 2.The Transimpedance gain of the amplifier is 10° V/A.

Re-1MQ
+15V
2
LM741CN 4.6
QAA g 3 out

S
(==

G —_

4 -15V

=

(g\]

~9— IMQ
||”

<+15V

Fig. 2. Transimpedance amplifier to convert light into equivalent voltage.

A Portable High-Performance Multifunction Data Acquisition system from National instruments
(NI-DAQPad-6016) with Plug-and-play USB connectivity for quick setup and a computer with
LabVIEW software is incorporated for continuous monitoring of vibrations. It has 16 bit resolution,
maximum sampling rate of 200 kS/s and maximum input signal range £10 V. It has 16 single ended or
8 differential analog software selectable input channels. The output of the transimpedance amplifier is
connected to ‘a0’ and ‘al’ ports for data acquisition. The Block diagram of the LabVIEW program for
real time monitoring of vibrations is shown in Fig. 3. The DAQ Assistant control with NI-DAQmx
multithreaded driver software provides ease of use, flexibility, and performance in multiple
programming environments [12]. The data signal is smoothed by smoothing Filter and then saved to a
notepad for the further analysis. The time domain data signal is converted into frequency domain
signal by the FFT (Fast Fourier Transform). A while loop around the program is placed for continuous
measurement.

4. Results and Discussion
4.1. Calibration of the Sensor

To calibrate the sensor the light from the LED is launched in to the transmitting fiber and after
transmission the light is incident on the reflector embedded on the woofer. The reflected light received
by the receiving fiber is coupled to the photo detector. The LED is biased by a well regulated power
supply for constant output. The probe is displaced with the help of micrometer in steps of 50 pm from
the reflector. The whole set up is mounted on a vibration free table (Newport). The response to the
displacement of the sensor is measured using a multimeter (Protek MY 69) connected to the output of
the transimpedance amplifier. The Normalized output power to the displacement of the sensor from the
reflector for 8000 um dynamic range and the simulated results obtained using equation (4) are plotted
in Fig. 4. The experimental and simulated results are in good agreement. The sensitivity of the front
slope and back slope of the plot are found to be 0.009838 V/um and -0.002696 V/um over the linear
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range of 400-1300 um and 2000-4000 pm respectively. Linearity (R) is nearly equal to 1 for both front
and back slopes. Front slope has relatively small measurable range but sensitivity is high over a small
range and better for the measurement of amplitude of vibration in micro level.
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=
L3
Waveform Chart :
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[122] is Signals

Fig. 3. Block diagram of LabVIEW program to monitor the vibration.

1 —
0.8- A Back Slope + Experimental
o y =0.002696x+0.001536 —— Simulation
5 o R*=0.995
= o o,
5 0.6 [ .,
- Front Slope n,
@ y=0.009838x-0.003084 ",
= : R*=10.997
] 0.4 * "o.‘
) » hL
=} .'¢,.
'z . ...‘..‘
0.2F /:
0 - I I I I I I I
0 1000 2000 3000 4000 5000 6000 7000 8000
Displacement(um)

Fig. 4. Simulation and Experimental results of normalized optical output to the displacement.

4.2. Measurement of Vibration Amplitude

To determine the amplitude of vibration the probe is mounted normally to the reflector embedded on
the center of the woofer. The initial position of the probe tip from the reflector is determined from the
displacement response curve of the sensor (Fig. 4). The front slope is used for extremely small
amplitude of vibration measurement. The probe is placed such that the detector output corresponds to
the center of the linear region of the front slope at 850 um. The output voltage from transimpedance
amplifier is connected to the DAQPad. For higher sensitivity, front slope is used. Fig.5 shows the
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Front Panel of the program display and it depicts the output voltage of the Transimpedance amplifier

and the amplitude of vibration.
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Fig. 5. Front panel of the LabVIEW program shows the 25 Hz output voltage signal and FFT.

The amplitude response of the sensor is plotted, by varying the driving voltage (0-140 mV) to the
woofer at different frequencies from10 to 60 Hz is shown in Fig. 6.The response is linear with the
driving voltages. The peak voltage of the FFT(peak) is half of the amplitude (voltage) of the vibration.
The front slope obtained from displacement sensor and output peak voltage of FFT(peak) gives the

calibration of amplitude of vibration.
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Fig. 6. The amplitude response of the sensor at different frequencies.
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4.3. Frequency of Vibration

The frequency response of the sensor is obtained by recording the modulated signal from the receiving
fiber using DAQSystem. The received signal is further processed and FFT (Fast Fourier Transform) is
applied using LabVIEW software for the measurement of frequency of vibration. The measured
frequency of vibration at 10, 40, 80 and 200 Hz are shown in Fig. 7. The frequency response of the
sensor between the input frequency to the woofer and output frequency of the detected signal is shown
in Fig. 8. The results show that the sensor has the capability of sensing maximum frequency of 300 Hz
accurately. The can sense the frequency above 300 Hz with £2 Hz error. The experiment is repeated
for testing the reliability of the system and the response of the system is consistent.
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Fig. 7. FFT (peak) spectrum of the woofer at different frequencies (a) 10 Hz, (b) 40 Hz, (c) 80 Hz, (d) 200 Hz.
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Fig. 8. The frequency response of the sensor.

The amplitude that is peak to peak output voltage of the detector and frequency (1-100Hz) response of
the woofer is shown in Fig. 9. The result of this system is coinciding with the frequency response of
the woofer and potentially high enough to measure low frequency of vibration. Front slope is suitable
for the detection of smaller amplitudes than the back slope due to the higher sensitivity.
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Fig. 9. Amplitude and frequency response of the woofer for the Front slope and Back slope.

5. Conclusions

A PMMA fiber sensor based on non-contact intensity modulation technique for the detection of low
frequency vibrations has been demonstrated with amplitude resolution of 1pm within the frequency
range 1Hz-300Hz. The working mechanism is based on displacement of reflector embedded on the
vibrating surface from the sensor head. The measurement of frequency and amplitude of vibration is
monitored using a woofer and is compared with applied known frequency for the real time monitoring
of the system. The results show high sensitivity and good linearity and the sensor can be used for
health monitoring of vibration parts of generator, compressor, Lathe machine, Milling machine etc., in
industry. The sensitivity of the sensor is unaffected due to variation of temperature and humidity. The
simple design of sensor head, portability and low-cost are the main advantage of this sensor.
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