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Abstract: This paper addresses the feasibility of an optical vibrometer that is based on the shift of the
optical modes, also known as whispering gallery modes (WGMs), of a magnetorheological optical
resonator. The optical resonator that is used in this study is fabricated by mixing polyvinyl chloride
plastisol with magnetically polarizable particles. When a permanent magnet that is located nearby
the optical resonator is moved, it induces a perturbation of the morphology of the resonator, due to
the magnetostrictive effect. This change in the morphology induces a shift in the optical modes of
the resonator. The shift of the optical modes can be related to the displacement of the permanent
magnet. The proposed sensor concept is based on monitoring the displacement of a tiny magnet that
is attached to a moving surface. The optical quality factor of the resonator used in these studies was
of the order of 10°. The experimental results show a sensitivity of 0.32 pm/um and a resolution that
is less than 300 nm.

Keywords: vibrometer; magnetorheological; optical resonator; composites; smart materials;
whispering gallery modes

1. Introduction

Several techniques have been developed so far, to detect and monitor the amplitude and
the frequency of the displacement of vibrating systems. Laser vibrometers are interferometric
instruments [1] that make use of the coherence properties of a laser beam [2]. A laser light is pointed
toward the vibrating object, and the backscattered light is detected with a photodiode. By comparing
the Doppler frequency between the source beam and the backscattered light [3], it is possible to
determine the vibrating characteristics of the tested object. Laser vibrometers have been studied
extensively [4], and they are employed in several fields such as structural health monitoring [5,6] and
fruit textural changes [7,8]. Other studies reported that it is possible to obtain a resolution of the order
of attometers with this technique [9]. Other optical methods have been developed to determine the
displacement of vibrating objects. Light emission diodes (LED) were, for instance, used to measure
the bending and torsional vibrations of pipes [10-12]: the pipe is located between a projector and
a receiver to create a shaded area on the receiver. The vibration of the pipe can then be detected by
measuring the amount of light that reaches the receiver. With this technique, a resolution of 60 nm can
be obtained, and the sensor size is in the order of tens of centimeters. Optical digital techniques have
been developed to detect the displacement of flexible bridges for structural analysis purposes [13]:
the motion of a marked panel placed on the bridge was followed by a camera placed on a fixed point,
and the recorded images were analyzed through digital image processing software. The resolution and
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sensitivity of the proposed device are a function of the camera and lenses used, as well as the distance
between the camera and the targeted point.

Another optical system that is used to develop vibrometers makes use of an optical fiber that
points the light to the surface of the vibrating object and of a photodiode that measures the variation
of the intensity of the reflected light [14,15]. With this method, a sensitivity of 0.893 V/mm in
the frequency range between 75 and 275 Hz was obtained. Also, this technique was used for
multipoint measurements [16], obtaining a resolution in the order of 1 pm. Another study reported
the optical detection of the resonant frequency of a quartz crystal resonator [17]. A resolution in
the order of 10 um has been reached in developing a displacement sensor based on a Fabry-Perot
device [18], or of 142 um with a vibrometer for cryogenic applications based on fiber Bragg gratings [19].
In addition, recent studies have reported that the optical-knife edge technique allows for displacement
measurements in the range between 13 MHz and 895 MHz, with a resolution of 455 fm//Hz [20].
In this paper, we present a novel technique to measure the out-of-plane displacement of a vibrating
object or surface. The sensing concept is based on the shift of the morphology-dependent resonances
(MDR), also known as whispering gallery modes (WGM) of a magnetorheological spherical resonator.
The WGM phenomenon has been used in the past for various applications, due to the high optical
quality factor of the optical modes. These micro-cavities have been used for the development of devices
for telecommunication (filtering, switches, multiplexing, etc.) [21-24] as well as mechanical [25-32],
thermal [33-36], and biological [37-42] sensing applications.

2. Sensor Concept

The proposed sensing modality exploits the optical modes of spherical dielectric optical resonators.
The optical resonances in a spherical resonator can be described using geometric optics as long as
the wavelength of the light that is used to excite the optical modes is much smaller than the radius
of the resonator. Using this description, an optical resonance is excited when the length of the path
of the light traveling on the internal surface of the resonator is a multiple integer of the wavelength,
namely when 27trn = [A, where r is the radius of the microsphere, ! is an integer, n is the index of
refraction of the resonator and A is the wavelength of the light. Figure 1 shows the coupling of the
optical fiber and the optical resonator.
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Figure 1. Schematic of the path of the light from the fiber to the resonator and back to the fiber.

When excited, the optical resonances, also known as optical modes or Whispering Gallery Modes
(WGMs), are seen as sharp dips in the transmission spectrum (see Figure 2). If the radius or the index
of refraction (or both) of the resonator are perturbed by an external effect, a shift of the optical modes
(AA) can be written as follows:

BA_ br b o
A 7 n

The variation of the radius and the index of refraction of the microsphere represent the strain

effect and stress effect respectively. However, as reported in previous studies [43,44] the stress effect
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is negligible compared with the strain effect. Therefore, the relative shift of the optical modes can be
expressed as AA/A = Ar/r.
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Figure 2. Schematic of the transmission spectrum.

To demonstrate the proposed sensing modality, we used a polymeric optical resonator that
is doped with magnetically polarizable particles. When the resonator is placed in the vicinity of
a permanent magnet, the magnetic forces acting on it will induce an elastic deformation and therefore
a shift of the optical modes. When the permanent magnet is attached to a vibrating object, the amplitude
of the vibration can be measured by placing the optical resonator in the proximity of the vibrating
magnet and by observing the shift of the optical modes in the transmission spectrum (see Figure 2).

3. Analysis

Here, we assumed that the magnetorheological micro-optical resonator is placed nearby the
surface of a movable tiny permanent magnet, as shown in Figure 3.

Permanent magnet

Figure 3. Schematic of the microsphere subjected to the inductive magnetic field B generated by the
permanent magnet. 0, X, y and z are the spatial coordinates.

Since the magnet is allowed to move in the direction parallel to the z-axis (see Figure 3),
the intensity of the inductive magnetic field at the microsphere location changes, inducing changes
in the magnetic force acting on it. These forces, acting on the optical resonator, induce a shift in the
optical resonances as in [43]:
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where G, v, and y, are respectively, the shear modulus, the Poisson ratio, and the relative magnetic
permeability of the microsphere. Coefficients by and b, are defined as by = dude;; and by = Judeyy,
where ¢;; and ¢y are the normal components of the strain. The magnetic permeability of the surrounding
fluid (air) is close to that of the vacuum, and it is indicated with pg. B is the intensity of the external
inductive magnetic field.

The above relationship shows that the WGM shift is a quadratic function of the applied external
inductive magnetic field, and it is also a function of the elastic and magnetic properties of the optical
resonator. If the spatial distribution of the inductive magnetic field is known, the induced WGM shift
can be related to the position of the magnet. Thus, Equation (2) can be written as:

AA
-~ =k B(z)* ®)
3(7—4 2, bi—b .
where k = —{ [4G(7£5(V)140](2‘]’+2)2] }{(}47 —-1)"+ %} (see Equation (2)). If we assume that the
displacement of the magnet is relatively small, we can linearize Equation (3) as:
AT/\ =2k B(Zy)B'(Zy)Az 4)

Here, Z is the initial distance between the surface of the magnet and the center of the sphere, B’ is
its derivative and Az is the displacement of the magnet. From the above equation, we can calculate the
displacement as a function of the WGM shift. Therefore, if a magnet is placed on a moving surface,
the displacement of that surface can be measured using the presented approach.

4. Results

A schematic of the optoelectronic setup used in this experiment is reported in Figure 4.
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Figure 4. Schematic of the optoelectronic setup.

This is analogous to that one used in our previous studies [25,45]. Briefly, a single mode optical
fiber is coupled to a tunable distributed feedback (DFB) laser diode that has a nominal central
wavelength of 1.312 pm and 10 mW maximum power. A section of the optical fiber is tapered
(by heating and stretching the fiber) to couple evanescently the laser light from the tapered fiber
into the microsphere. The other end of the optical fiber is brought to a photodiode to monitor
the transmission spectrum. The output from the photodiodes is analyzed with in-house software
that calculates the WGM shift. The microsphere was fabricated using polyvinyl chloride-plastisol
(PVC) that was mixed with magnetically polarizable particles. The mixture of polymer-magnetic
particles was placed in an oven at a temperature of 230 °C for 20 min. The tip of an optical fiber with
a diameter of 125 um was immersed in the polymer mixture, and due to surface tension and gravity,
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a spherical droplet was formed at the tip of the fiber. The solid sphere was formed by cooling it at
room temperature. Once the solid sphere was formed, it was coated with a thin layer of pure polymer
(PVC) that served as an optical wave-guide for the propagation of the optical modes. A photograph of
a resonator used in this study is reported in Figure 5. It has a radius of ~600 um and a volume fraction
(the ratio between the volume of particles and the volume of the composite elastomer) of 0.32.

Figure 5. A picture of the magnetorheological spherical resonator.

An experiment was carried out to characterize the response of the elastic magnetorheological
sphere to the applied external magnetic field. The microsphere was placed in a uniform inductive
magnetic field that was generated by a magnetic coil. The intensity of the field was changed by
changing the current flowing into the coil, and it was measured using a Gauss meter. In addition,
the temperature was kept constant during the measurements. Figure 6 shows the relationship between
the applied external inductive magnetic field and the induced WGM shift. As shown in the figure,
there is a quadratic dependency between the induced WGM shift and the applied inductive magnetic
field. In addition, we carried out a series of experiments where the optical resonator was placed near
a disk-shaped permanent magnet (K&]J Magnetics DSH2-Plumsteadville, PA, USA), axially magnetized
with a thickness of 5.08 mm and a diameter of 12.7 mm, as shown in Figure 7.

Initially, the permanent magnet was placed on a translation stage, while the microsphere was
kept steady at a distance Zj of 2 mm from the surface of the permanent magnet (see Figure 7).
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Figure 6. Relationship between the applied external inductive magnetic field and the whispering
gallery mode (WGM) shift.
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Figure 7. Schematic of the experimental setup.

The magnet was then moved in steps with an amplitude of 25.4 pm, and the WGM shift was
recorded. Figure 8 shows the response of the optical resonator to the stepwise displacement of the
permanent magnet. As shown in Figure 8, the WGM shift followed the position of the permanent
magnet relative to the microsphere very well.
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Figure 8. WGM shift and displacement of the permanent magnet as a function of time.

As the magnet is moved far away from the optical resonator, the WGM experienced a red shift,
since the intensity of the inductive magnetic field decreased and the microsphere tended to reach its
original size (AR > 0).

Figure 9 shows the relationship between the displacement of the permanent magnet and the
induced WGM shift together with the analytical results obtained from Equation (4) using the values of
B(Zp) and B’(Zp) and k, discussed previously.
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Figure 9. Relationship between the WGM shift and the displacement of the magnet.

As shown, there was a nearly linear relationship between the displacement of the magnet and the
WGM shift. In the same figure, the values of the WGM shift (calculated using Equation (2)) for three
different values of Young’s modulus of the polymer (Young’s modulus of the polymeric matrix varies
ranges from 25 kPa to 35 kPa [28]) were also reported.

Measurements of the sensitivity were repeated for different values of the initial distance,
Zy, between the resonator and the surface of the permanent magnet. Figure 10 shows the results of
these measurements. As expected, the sensitivity decreases with an increase of the distance between
the permanent magnet and the optical resonator, since the strength of the inductive magnetic field
decays with increasing distance.
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Figure 10. Sensitivity as a function of the initial distance between the permanent magnet and the
optical resonator.

In addition to these studies, we carried out experiments to study the dynamic response of the
optical resonator. For these experiments, the permanent magnet was mounted onto a plate connected
to a shaker that was driven harmonically by a function generator. An accelerometer mounted on the
movable plate was used to calculate the amplitude of the displacement of the permanent magnet.
Figure 11 shows the WGM shift and the magnet displacement as a function of time for an input
frequency of 30 Hz. As shown in figure, the WGM shift follows the displacement of the permanent
magnet very well.
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Figure 11. WGM shift induced by a harmonic displacement of the magnet.

Figure 12 shows the WGM shift as a function of the magnet displacement using the data reported
in Figure 11. As expected, the sensitivity dA/dz was the same as the one reported in Figure 9
(static measurements). In addition, Figure 11 shows that the hysteresis of the system was negligible in
the range of the measured displacement.
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Figure 12. Relationship between the induced WGM shift and the magnet displacement.

Figure 13 shows the sensitivity as a function of the input frequency for four different values of the
distance (Zy) between the sphere and the surface of the permanent magnet.
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Figure 13. Frequency response of the resonator in the range between 0 and 150 Hz.

As shown in Figure 13, the sensitivity as a function of the input frequency was nearly constant
in the investigated frequency range. Again, the sensitivity of the optical resonator decreased with
an increase in the distance Z; between the microsphere and the surface of the permanent magnet.
The maximum frequency range investigated in this study was limited by the hardware used in the
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experiments. However, the bandwidth of the proposed sensing technique is limited by the mechanical
resonance of the sphere. This limit can be tuned by choosing the sphere’s material and size.

In particular, a smaller sphere would lead to a higher bandwidth (smaller sphere’s mass),
due to the fact that the mechanical resonance occurs later in the frequency spectrum. In addition,
a sphere fabricated with a stiffer material (higher spring constant) would lead to a higher bandwidth.
These factors are typical for sensors that rely on mechanical deformation. A softer material would
reduce the bandwidth but increase the sensitivity. Thus, sensitivity and bandwidth present a tradeoff.

5. Conclusions

The feasibility of a vibrometer based on the shift of the optical modes of a magnetorheological
optical resonator was demonstrated analytically and experimentally. For small displacement, the
induced WGM shift is nearly a linear function of the amplitude of the displacement. If a tiny permanent
magnet is placed on a vibrating structure, the proposed approach can indeed be used to design a
photonic vibrometer. The optical resonator showed a sensitivity up to 0.36 pm/pm and a resolution of
278 nm. The study shows that the sensitivity of the resonator can be increased by using a softer polymer,
or by adding particles with higher magnetic permeability. Moreover, as showed by the experiments,
the sensitivity can be further increased by reducing the initial distance between the surface of the
permanent magnet and the optical resonator. Dynamic measurements were also carried out up to
a frequency of 150 Hz. In this frequency range, the frequency response of the optical resonator was
constant. In addition, the presented vibrometer does not require a reflective surface and/or focusing
lens, and it can be operated at low frequencies without a change in sensitivity.
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