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Abstract

In this paper, we present a system for precise vibration measurement of mechanical structures
using a Michelson interferometer. The system was employed to detect nanometer-scale vibra-
tions in a mirror induced by a speaker attached to it, with analysis performed in both time and
frequency domains. It successfully measured the frequency of single-tone vibrations with an
accuracy of a few hertz, even when the mirror was positioned several meters away. To esti-
mate the resonant frequency of a mechanical structure, we applied an impulse input and
transformed the resulting vibration signals using Fast Fourier Transform (FFT). The esti-
mated resonance was validated by applying single-tone inputs at various frequencies, includ-
ing those near the predicted resonance. As a demonstration of the system’s sensitivity and for
educational purposes, we played music through the speaker attached to the mirror, and the
system was able to reproduce the original audio from the detected vibrations. Finally, we
used the setup to measure vibrations generated by an electric motor in a linear guide system,
where the mirror was attached to the movable platform.
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1. Introduction

Precise vibration measurement plays a critical role in monitoring the stability and proper func-
tioning of mechanical systems. Faults or instabilities in such systems often manifest as abnormal
vibration patterns; for example, a bridge may exhibit unusual vibrations long before structural fail-
ure occurs [1]. In high-precision applications, even the slightest vibrations can compromise system
performance. For instance, in electron microscopes, where high resolution is essential, the accuracy
of measurements depends heavily on the stability of the electron beam, which can be disrupted by
nanometer-scale vibrations [2]. Optical interferometry has been a cornerstone technigue in vibrome-
try for several decades, enabling highly precise vibration measurements with sub-nanometer, and in
some cutting-edge systems, even picometer resolution [3]. A Michelson interferometer is an optical
interferometer used in this paper to perform vibrometry. Fig. 1(a) shows the setup for a simple Mi-
chelson interferometer. In this setup, the light coming out of the laser, passes through a lens and is
split into two coherent beams at beam splitter. Each beam is reflected back from one of the two mir-
rors (M1 and M2) and recombined at the beam splitter, producing an interference pattern that is pro-
jected onto a screen, as illustrated in Fig. 1(b).

Figure 1. (a). Setup of a simple Michelson interferometer (b). Interference pattern

The difference in the distances between the mirrors and the beam splitter determines the optical
path length difference between the two beams which in turn affects the phase difference between
the two beams. When the beams are in phase, they interfere constructively resulting a bright spot at
the center of the pattern; when they are out of phase, they interfere destructively producing a dark
spot in the center. Therefore if one of the mirrors are slightly moved, the phase difference between
the two beams and therefore the intensity of light changes, this enables us to measure the small mir-
ror vibration by monitoring the changes of light intensity at the interference pattern. The relation-
ship between the phase difference and the displacement of one of the mirrors is given by [4]:

Ap = 27‘[% 1)

Where d is the mirror displacement, 4 is the laser wavelength and A is the resulting phase differ-
ence. This relation indicates that a displacement in order of a fraction of A, which is around
632.8nm for the laser we used, can change the phase difference and therefore the light intensity in
the interference pattern noticeably. This sensitivity enables the detection of vibrations in nanometer
range in the mirror.

2. Methodology

The interference intensity as a function of mirror displacement is given by [4]:
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1(d) = 2Ip(1 + cos(2m D)) )
Where I, is the intensity of each beam and I is the intensity of light due to interference.
Therefore as Fig.2 illustrates, I is a sinusoid function of d.

4 Intensity I(d) vs mirror displacement (d)
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Figure 2. Intensity I(d) vs displacement d (Normalised to wavelength)

To find the effect of vibration on light intensity, we assume that the mirror is vibrating around a fixed
point d = d, and the vibration is a function of time §(t) therefore the displacement of the mirror is
a function of time and written as

d(t) = do +6(t); @)
By substituting that in Eq. (2) we have

1(t) = 2I,(1 + cos(émlﬂ + 4m %)) (@)
For small vibrations (§(t) « 1), a first order approximation yields
I(t) = 21,(1 + cos (4”;0) — sin (‘“;ﬂ) 47t %) )

Therefore, for small vibrations, I(t) is a linear function of §(t). Fig. 3 (a) and (b) show intensity of
light for a small and a large harmonic vibration. When the vibration is small, I(t) is approximately
a sinusoid but when the vibration is large, the response is not linear and distortion occurs.
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Figure 3. Intensity I(t) and vibration vs time for a harmonic vibration §(t) = Asin(2mt) withdy = 34/8
(@.4= 2'1—0 - response is approximately linear  (b). A = 24: response is distorted

For vibrations smaller than 4/20, the change in light intensity is proportional to the mirror’s displace-
ment. Therefore, the vibration amplitude can be determined by measuring the corresponding change
in light intensity. In this paper, we apply this method to detect vibrations with amplitudes less than
A/20 which corresponds to approximately 30 nm (60nm peak to peak) for the helium—neon laser used
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in our experiments. It can be shown that this method has an error of less than 6% in determining the
vibration amplitude when the amplitude is below 30 nm.

3. Experimental Setup

‘Blectonic cireut !

—-[ Amplifier J—-[ ADC ]——[Micrucomrol\er]—yi

‘optical sewp AT 1 L]

| ptical setup
|
|
|
| Beam explander
Helium-Neon laser - Mirror 2 Speaker
I and colimater Beam splitter P
|
I
|
|
|
|
I

|
|
| Computer
|
|
|
|
i |
|
|
|
|
|

v

Figure 4. Block diagram of the implemented setup

‘ Linear guide

As depicted in Fig. 4, the experimental setup consists of two main components: the optical setup
and the electronic circuit.

3.1 Optical setup

The optical setup follows the configuration of a standard Michelson interferometer. The light
source is a helium-neon laser with a wavelength of 632.8 nm. The output beam passes through a
beam expander and collimator, which expand and collimate the laser beam. This expanded beam is
then split into two coherent beams by a beam splitter. Each beam is reflected by a mirror: one mirror
is mounted on a linear guide for precise position adjustment (Fig. 6), while the other mirror is vibrated
using a speaker. The mirror attached to the linear guide is also used to monitor the vibrations induced
by the linear guide motor.

Figure 5. Optical setup mounted on a granite surface with dampers.
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Figure 6. Linear guide for controlling the precise position of the mirror.

3.2 Electronic circuit

The electronic circuit, depicted in Fig. 7, consists of a photodiode, an amplifier, an analog-to-
digital converter (ADC), and a microcontroller. The photodiode detects changes in light intensity
within the interference pattern caused by mirror vibrations. The resulting analog signal is amplified
and then digitized by the ADC. The microcontroller captures the digital data from the ADC and trans-
mits it to a computer for further processing.

Figure 7. Electronic circuit implemented for capturing light intensity and transferring data to computer

4. Experiments and Results

We conduct several experiments to test the implemented vibration measurement system and
demonstrate the results obtained for each experiment.

4.1 Detection of single-tone sinusoid vibration

A single-tone sound with a frequency of 1008Hz was played through the speaker, the intensity
signal from the electronic circuit was captured and converted to vibration using Eg. (5). Fig. 8(a) and
Fig. 8(b) show the measured mirror vibration in time and frequency.
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Vibration in time domain
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Figure 8. Vibration of mirror for a 1008Hz single-tone input
(@). In time domain (b). In frequency domain

As shown in Fig. 8, the vibration has an amplitude of around 15nm and estimated frequency is ap-
proximately 1011.4 which is very close to the frequency of the vibration source.

4.2 Detection of single-tone sinusoid vibration with mirror at a distance
In this experiment we repeated the same procedure in last section but with the mirror at a dis-
tance of few meters from the setup, this is important because it shows that this setup can be used to
measure vibrations of structures that are not close to our measurement setup and we don’t have a
direct access to them.

Vibration in frequency domain
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Figure 9. Vibration of mirror for a 1008Hz single-tone input in frequency domain

As shown in Fig. 9, the estimated frequency for the vibration is around 1010.9Hz which is very
close to the source frequency. Note that in this experiment the mirror is not on the optical bread-
board which other optical instruments are mounted on it and this has resulted in a greater noise due
to the vibration of environment.

4.3 Finding the resonance frequency of optical setup as a mechanical structure

In this experiment, we model the entire optical setup as a mechanical structure with resonant
frequencies. When a vibration is applied at a frequency matching one of these resonances, the system
responds with significantly larger amplitude compared to vibrations at other frequencies. To deter-
mine the resonance frequency, we apply a mechanical tap to a specific part of the optical breadboard.
This tap acts as an impulse excitation, producing a broad frequency spectrum that excites all the
natural modes of the structure [5], [6]. Vibrations with frequencies close to the system’s resonance
persist longer due to reduced damping, and in the frequency-domain response, these resonances ap-
pear as distinct peaks [7]. Fig. 10(a) and Fig. 10(b) show the impulse response of the system in time
and frequency domain.
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Figure 10. Impulse response of the system, (a). In time domain (b). In frequency domain

The frequency response shown in Fig. 10(b) suggests that 122 Hz and 161 Hz are potential resonance
frequencies of the system. To verify this, we applied single-tone sinusoidal vibrations at various fre-
quencies, including 122 Hz and 161 Hz, using a speaker. By analyzing the peaks of the vibration
signals in the frequency domain at each stimulated frequency, we identified the frequencies at which
the system exhibited the strongest response. The speaker was mounted at the same location on the
optical breadboard as in the previous impulse excitation test, ensuring consistent excitation condi-
tions. Table 1 presents a comparison of the vibration amplitudes at 100 Hz, 113 Hz, 122 Hz, 161 Hz
and 337Hz. As shown, the system's response at 161 Hz and 122Hz are significantly greater than at
the other frequencies, indicating that they are the resonant frequencies of the system.

Table 1. Comparing the peak magnitude for different stimulated frequencies.

Stimulated frequency (Hz) Peak magnitude (nm)
100 0.07
113 0.24
122 19.77
161 20.46
337 4.75

4.4 Detection of vibrations due to the sound of music and reconstructing music

The system has demonstrated reliable performance in detecting single-tone vibrations generated
by the speaker. To verify its capability to detect a broad range of frequencies while preserving signal
integrity, we played a music track through the speaker attached to the mirror and recorded the result-
ing vibration signal. Figure 11 presents a segment of the captured vibration waveform induced by the
music. By using the sound function in MATLAB to play back the recorded vibration signal, we were
able to audibly reproduce the original music played by the speaker.! (Note that the recorded signal is
raw and unfiltered. Its quality can be enhanced through hardware and software filtering)

Vibration in time domain
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Figure 11. Recorded vibration for a music input

! Listen to the reproduced music at: https://drive.google.com/file/d/1rM7x3FwZxpESbXtHGHQ7Ebv5U5e59fY v/view?usp=sharing
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45 Detection of vibration of motor

One important factor in a linear guide system used for precision linear motion is motor-induced
vibration. Such vibration can reduce the resolution of an imaging system, as it causes unwanted mo-
tion of the object being imaged [8]. To assess whether the designed system can measure motor-in-
duced vibration in a practical setup, we employed the linear guide shown in Fig. 5 to record the vi-
bration of the mirror when the motor was powered on but not in motion.

Vibration in time domain
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Figure 12. Vibration due to motor in a linear gwde system

5. Conclusion

In this paper we presented a precise vibration measurement system based on Michelson inter-
ferometer. The system was successful in measuring vibrations with nanometer order precision. The
sampling frequency of the system is around 58kHz which can theoretically be used to detect frequen-
cies up to 29kHz based on Nyquist theorem, which enables the system to measure vibrations with a
wide range of frequencies. The advantage of our system compared to other similar optical instruments
is its simple and low-cost implementation, which makes it accessible for a wide range of laboratory
and industrial uses. This system can be a solution to various real world problems like precise stability
measurement of mechanical systems and detection of structural resonances. Future work may focus
on designing a phase stabilizer to maintain linearity of the system, improving environmental noise
rejection, and integrating it into compact, portable platforms for field use.
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