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Miniature magneto-optic angular position sensor

VEDRAN Bubinski,' SiMoN PEVEC,' STANISLAV CAMPELJ,2 ALENKA MERTELJ,>

LisJak,? ® ano DENis DoNLAGIC™*

DARJA

' Department of Electrical Engineering and Computer Science, University of Maribor, Koroska Cesta 46, 2000 Maribor, Slovenia

2JoZef Stefan Institute, Jamova Cesta 39, 1000 Ljubljana, Slovenia
*Corresponding author: denis.donlagic@um.si

Received 18 July 2022; revised 16 August 2022; accepted 23 August 2022; posted 23 August 2022; published 8 September 2022

This Letter describes a miniature Fabry-Perot, contactless,
magneto-optic sensor for angular position measurement.
The sensor utilizes a magneto-optic fluid comprising bar-
ium hexaferrite nanoplatelets that become birefringent in
the presence of an external magnetic field and a compact
fiber-optic sensor system for tracking the liquid’s optical
axis direction. An efficient temperature compensation sys-
tem is provided which allows the use of otherwise highly
temperature-sensitive magneto-optic liquids. An unambigu-
ous measurement range of 90° and a resolution of better
than 0.05° are demonstrated experimentally.
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The angular/rotary position is a fundamental mechanical param-
eter that is measured in a wide variety of systems. Arguably,
after temperature, the rotary position is the second most com-
mon physical quantity measured in industrial systems [1,2]. To
accommodate this wide variety of rotation-sensing needs, differ-
ent electrical sensor approaches have been established in the field
of rotary position sensing, including resistive, inductive, capaci-
tive, Hall-effect, electro-optical, and other sensors [1]. However,
electrical designs are sensitive to electromagnetic interference
and chemically harsh environments, they cannot be operated
easily in remote locations, and they suffer from different oper-
ating limitations. Also, genuinely miniature versions are possible
with only a restricted number of these electrical designs. None
of the above conventional methods allow for fully electrical
passive/dielectric and remote rotary-position sensing. Optical
rotary-position sensors which utilize optical fibers to connect
the measurement location and the sensor are, thus, of significant
interest. Fully optical approaches can fulfill the requirements
regarding electrical passivity, the possibility of remote oper-
ation, and harsh environment compatibility. However, most of
the reported fiber-optic principles [3,4] do not provide the possi-
bility of contactless operation, which is an essential requirement
in most modern angular/rotary-position sensors, as it provides
high reliability and a long operating lifetime of the sensor.

In this Letter, we present a contactless, miniature, all-optical
angular position sensor. The position sensing is achieved by
sensing the optical axis spatial orientation (direction) in a
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magneto-optic fluid which is made birefringent by an exter-
nal permanent magnet that revolves around the sensor. The
application of magnetic fluids has been considered before in
various sensing applications [5—7], mainly for sensing in mag-
netic fields [8—16]; however, their implementation in rotation
sensing seems to be difficult.

The proposed sensor is shown in Fig. 1(a) and consists of a
miniature container with a magneto-optic fluid, a pair of perma-
nent magnets connected to a rotating body or part that revolves
around the container, and a fiber-optic sensing system which can
determine the direction of fluid’s optical axis. The magnetic field
generated by the magnet pair orientates nanoplatelets within the
fluid and thereby induces birefringence within the fluid. The
optical axis of the magneto-optic fluid is, thus, parallel to the
direction of the magnetic field. The fiber-optic sensing system
for the determination of the spatial orientation of the liquid’s
optical axis further contains a fiber-coupled microcell, an inter-
connecting lead-in polarization-maintaining (PM) optical fiber,
and an optical signal interrogation system.

The microcell comprised a biconical ceramic ferrule with
a diced slit, a lead-in PM fiber on one side, and a coreless
fiber on the other side. The lead-in PM fiber was sputtered with
a 370-nm-thick layer of TiO,, which yielded 4% reflectance.
The coreless fiber was first sputtered with a 375-nm-thick alu-
minum layer, thus achieving a reflectance of about 90%, and
afterwards sputtered with a 100nm SiO, layer to protect the
aluminum mirror from direct exposure to the magnetic fluid.
The lead-in fiber and the coreless fiber were inserted into
the ceramic ferrule at a mutual distance of 500 ym and fixed
with an epoxy (Epo-Tek 353ND). Both sputtered fiber ends
thus defined the magneto-optic-liquid-filled, in-line, low-finesse
Fabry—Perot interferometer (FPI). The produced microcell was
further inserted into a tapered glass tube at the tapered end.
The tube was filled with magnetic fluid and sealed by a sili-
con sealant (the glass tube/container inner and outer diameters
were 7.3 and 6.0 mm, respectively). The tapered section of the
glass tube provided alignment of the lead-in fiber and microcell
into the center of the glass tube. The fabricated sensor, packed
in the glass tube/container with added magneto-optic fluid, is
presented in Fig. 1(b). Good mechanical stability of the pro-
posed sensor was provided by applying a fabrication method
employing a ceramic ferrule and a high-strength, temperature-
stable epoxy. The ferrule guarantees accurate alignment of both
fibers, even in the presence of external vibrations. The current
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Fig. 1. (a) Sensor setup and the microcell design and (b) the
fabricated sensor with housing submerged in the magneto-optic
fluid.

sensor design also encapsulates the ferrule with mounted fibers
into a sealed glass tube, which provides a mechanically robust
assembly and thus eliminates special packing requirements in
most applications. Furthermore, the glass tube encapsulating
the ferrule and liquid could be replaced by a nonmagnetic,
corrosion-resistant metal tube to further increase the mechan-
ical robustness of the sensor. The presented designs could be
directly applicable in a broad range of industrial rotation-sensing
applications. The structure was placed in the center between
the permanent magnets that revolved around the glass tube.
The magnets had dimensions of 25 % 10 mm, were separated
by a 25-mm-wide air gap, and generated a nearly homoge-
neous magnetic field with a density of 35 mT. The magnets
were fixed to a fork-like holder which allowed free rotation
around its central axis, as shown in Fig. 1 (see Visualization 1).
The magneto-optic fluid is composed of ferrimagnetic barium
hexaferrite nanoplatelets stabilized colloidally with dodecylben-
zenesulfonic acid in 1-butanol [17]. The nanoplatelets are made
of a birefringent material with an optical axis parallel to the
platelet axis. In the absence of a magnetic field, the platelets
are oriented randomly, so the birefringence averages out. In
the presence of a field, the platelets, on average, orient with the
optical axis along the field and the suspension becomes birefrin-
gent. Important properties, for example, the birefringence and
magneto-optic response, originate from the specific magneto-
crystalline structure of the nanoplatelets; specifically, from the
orientation of their magnetic easy axis (90°) perpendicular to the
nanoplatelets’ basal plane [18,19]. The saturated magnetization
of the nanoplatelets was 36 Am*/kg. The original suspension
with 20 mg/ml of nanoplatelets was diluted with 1-butanol in
the volume ratio 1:8.

The optical signal interrogation and processing was accom-
plished by the application of a depolarized multichannel spectral
interrogator (LUNA sil55), which was connected to a personal
computer (PC) running the LabView development environment.
The outputs of the two interrogator channels were connected
to fiber linear polarizers (ILPs) to provide fully linearly polar-
ized light at the output of the signal interrogator, as shown in
Fig. 1. These fibers, with linearly polarized outputs, were then
connected to a polarizing beam splitter/combiner (PBS) while
rotating the axis of the fiber coming from the second interroga-
tor channel by 90°. The PBS thus combined the light from both
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Fig. 2. Gaussian-windowed, back-reflected optical spectrum
readouts from both channels at three different angular positions
of the magnets: @ = 0°, 45°, and 90°.

channels into a single fiber such that the light from the first chan-
nel was coupled to the slow axis of the coupler’s output PM fiber
while the light from the second channel was coupled to the fast
axis of the same fiber. Since the interrogator provides indepen-
dent and cross-talk-insensitive readout of individual channels,
this configuration allows for independent reading out of the
microcell’s (FPI) optical path lengths while using orthogonal
linear polarization states. The readout of the first channel thus
allowed the determination of the fluid’s refractive index (RI)
when the E-field of the probe light was parallel with the slow
axis of the lead-in PM fiber, while the readout of the second
channel yielded the liquid’s RI for the case where the E-field
of the probe light was parallel with the fast axis of the lead-in
PM fiber. Figure 2 presents typical Gaussian-windowed, back-
reflected optical spectrum readout from both channels (LPx and
LPy) when changing the angular position of the magnets to 0°,
45°, and 90°. The optical path length changes of the microcell
were determined by recording and signal processing the back-
reflected optical spectrum using inverse Fourier transformation
(IFFT). In this procedure, IFFT is performed on the acquired
spectrum, and then the phase of the IFFT component with the
peak absolute value is calculated. Further division of the calcu-
lated phase component by 2L (L is the length of the microcell)
yields the RI change of the medium within the microcell. The
procedure is described in detail, for example, in Refs. [20,21],
and provides a robust, low-noise RI variation readout which
is immune to the multipath interference that can occur due to
multiple reflections in any sensor setup.

Since the optical axis follows the magnetic field vector ori-
entation, a full revolution of the magnets around the microcell
generates sinusoidal changes in the RIs measured along the fast
(LPx) and the slow (LPy) axes at the output of the lead-in PM
fiber:

1
Nypy = Ny + EAnb Ccos 24), (1)

1
Nppy = Ny — EAI’Z}, Cos 245, (2)

where @ represents the rotational position of the magnets with
respect to the slow axis of the lead-in PM fiber, n, is related to the
RI of the fluid n,, when no external magnetic field is present (7o
~ ny, + 1/64n,), while 4n, represents the fluid’s birefringence.
In principle, by measuring n,p, and n,p,, and by knowing n,,
the above expressions provide the possibility to directly deter-
mine the rotation angle @. There is, however, difficulty with


https://doi.org/10.6084/m9.figshare.20318277

4698 Vol. 47, No. 18/15 September 2022/ Optics Letters

the determination of n, due to the liquid’s high temperature
sensitivity, which is of the order of a few times 10~*/K RIU.
Under practical operating conditions, where the temperature
operating range exceeds at least a few tens of degrees K, the
temperature-induced change of ny would be within the 10> RIU
range, thus far exceeding 4n,, which is of the order of 9 x 10~
RIU (as shown later in the discussion of our experimental work).
A properly temperature-compensated demodulation scheme is
required to eliminate this hindering temperature influence. On
the other hand, the fluid’s birefringence 4n, is related to the
physical rotation of the nanoplatelets in the magneto-optic fluid,
and is almost constant over a broader temperature range when
using constant and sufficient magnetization, which aligns most
of the nanoplates and brings the fluid close to saturation. There-
fore, 4n, can be measured at the given magnetic field density
produced by external magnets (for example, by the calibration
procedure when the magnets undergo one full turn around the
sensor and the maximum change in RI is measured, as explained
further in detail below). When 4n, is known, @ can be deter-
mined independently from n, by subtracting the RIs measured
along both lead-in fiber axes:

Rppe — Nppy = Any, €08 2. (3)

From the above expressions, @ can be expressed as:

1 Nppy — Nppy
& = 3 (arccos (A—nb)) . (4)

Subtracting the RI values measured along the fast and the slow
axes thus eliminates n, fully from the equations related to @,
which is otherwise the main source of temperature dependence
in Egs. (1) and (2).

Figure 3(a) shows the measured raw phases (obtained using
the FFT algorithm) and calculated RI changes (as measured
directly by the interrogation system) along both polarization
axes versus the rotational position of the magnets when per-
forming two full 360° rotations of the magnets around the sensor
(this test was performed within about 20 s at room conditions
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Fig. 3. (a) Measured phase (obtained using the FFT algo-

rithm) and calculated relative RI changes for both polarization

axes/channels. (b) Measured RI difference between both polariza-

tion axes/channels. (c) Calculated angular position @ of the magnets

(see Visualization 1).
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at 22°C, so the temperature can be assumed to be nearly con-
stant; it drifts within about 200 mK of 22°C). The measured RI
changes follow two raised sine periods delayed by 180°, with a
magnitude of about 2.2 x 10~* RIU (this magnitude also corre-
sponds to the fluid’s birefringence at the given density of the
magnetic field). Figure 3(b) shows the difference between the
measured RI changes shown in Fig. 3(a). The calculated differ-
ence oscillates sinusoidally around a value of nearly zero, with
the amplitude corresponding to the fluid’s birefringence. Two
initial self-calibrations were performed before applying Eq. (4)
for the calculation of the magnet’s angular position @. Firstly,
for a given density of the magnetic field generated by the magnet
pair used (35 mT in our case), 4n, was determined experimen-
tally by rotating the external magnet pair around the sensor axis
for several turns while measuring and recording 7, and n;p,.
The difference between n,p, and n,p, was then calculated as
shown in Fig. 4(b). The peak-to-peak values of the recorded n;p,
— n.py difference were determined and averaged further. The dif-
ference between the average minimum and maximum recorded
values of n;p, — n,p, thus corresponded to 24n,, as also indicated
by Eq. (3). One half of the difference between the minimum and
maximum recorded values of n;p, — n,p, was thus used as 4n,
in the further calculation of @. Secondly, the mean value of the
RI difference was offset slightly from zero in our experimental
setup (by a value of the order of 0.5% of the peak value or RI
difference). This offset was probably caused by asymmetry in
the interrogator’s channel readout system and the limited polar-
ization extinction ratio that can be achieved in the proposed PM
fiber readout system. This offset was not temperature depen-
dent, and was subtracted from the measured RI difference. It
should be stressed, however, that the mitigation of this initial
offset requires good parallelism of the microcells* optical end
surfaces. We tested several microcell designs before reaching the
solution described in Fig. 1. Nonparallelism of both surfaces that
formed the FP interferometer proved to be the dominant cause of
temperature-dependent initial offsets, which easily exceeded 1%
of the peak RI difference value. Therefore, all cleaved fibers used
to build the microcell were checked interferometrically before
reflective layer deposition and assembling the microcells.

Figure 3(c) shows @ calculated from the measured RI using
Eq. (4). The latter indicates a linear correlation between the
rotation angle and system output, with a 90° unambiguous
measurement range.

To investigate the temperature stability of the proposed system
further, we enclosed the entire sensor (including the mag-
nets) within a compact container, which allowed for controlled
temperature variation of the sensor and magnets while read-
ing the sensor. Figure 4 shows an example of the measured
RI change when rotating the magnets around the sensor con-
tinuously while inducing an ambient temperature change of
about 25K. A significant effect of temperature on the meas-
ured Rl is apparent which exceeds the magnetic-field-induced RI
changes by about two orders of magnitude. Figure 4(b), which
shows the difference in measured RI between both polariza-
tion channels, however, indicates that both channels subtract
highly efficiently over the given temperature range and yield
a sinusoidal, rotation-dependent signal with a constant (almost
temperature-independent) amplitude and a stable offset of nearly
Zero.

Thus, despite the strong temperature impact on the absolute
value of the fluid’s RI, the RI difference between both measure-
ment polarization channels remains well defined and depends
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Fig. 5. Demonstration of the sensor’s resolution: left and right
movements of the rotational stage from 0.05° to 0.45° in 0.05°
steps.

only on the rotation angle. This highly efficient subtraction is a
consequence of using a single compact microcell design which
performs RI measurements along both orthogonal polarization
axes within the very same volume of the liquid sample.

The angular displacement resolution was estimated by placing
the magnets at @ = 0° and performing small (0.05°) steps in both
the clockwise and counterclockwise directions. The results are
shown in Fig. 5, and indicate an angular resolution of better than
0.051°, most likely around 0.02°. This test was performed at a
sampling frequency of 1 Hz.

In conclusion, this paper has presented a miniature, contact-
less angular displacement sensor operated through an optical
fiber. The system utilizes a small amount (1 ml) of magneto-
optic fluid, which becomes birefringent in the presence of the
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magnetic field, and a compact fiber-optic system to read out the
spatial orientation of the fluid’s optical axis. The large impact of
temperature on the raw measurement results, which originates
from the fluid’s high temperature sensitivity, was successfully
eliminated from the measurement results by the application of a
highly symmetrical differential configuration and compact opti-
cal system setup, which measured the fluid’s RI within the same
volume of the liquid. The proposed optical configuration can-
celed out the large RI variations of the fluid efficiently while
extracting the useful rotation-related RI changes required to
determine the angular position of the external magnet.

Funding. European Union’s Horizon 2020 Research and Innovation
Programme, (MAGNELIQ) (899285).

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this Letter are
not publicly available at this time, but may be obtained from the authors
upon reasonable request.

REFERENCES

1. A. S. A. Kumar, B. George, and S. C. Mukhopadhyay, IEEE Sensors
J. 21,7195 (2021).
2. F. Paredes, C. Herrojo, and F. Martin, Sensors 21, 2738 (2021).
3. W. Lin, Y. P. Miao, H. Zhang, B. Liu, Y. G. Liu, B. B. Song, and J. X.
Wu, J. Lightwave Technol. 31, p. 2599 (2013).
4. C. Jiang, Y. Q. Liu, X. L. Si, J. X. Wen, and C. B. Mou, 2019 18th
International Conference on Optical Communications and Networks
(ICOCN) (2019).
. V. Mahendran and J. Philip, Sens. Actuators, B 185, 488 (2013).
. V. Mahendran and J. Philip, Appl. Phys. Lett. 102, 063107 (2013).
. A. W. Zaibudeen and J. Philip, Sens. Actuators, B 268, 338 (2018).
. H. V. Thakur, S. M. Nalawade, S. Gupta, R. Kitture, and S. N. Kale,
Appl. Phys. Lett. 99, 161101 (2011).
9. P. Zu, C. C. Chan, Y. X. Jin, Y. F. Zhang, and X. Y. Dong, Proc SPIE,
21st International Conference on Optical Fiber Sensors 7753 (2011),
paper 77531G.
10. L. Li, Q. Han, Y. F. Chen, T. G. Liu, and R. X. Zhang, |IEEE Sensors
J. 14,1749 (2014).

11. X. Q. Lei, J. J. Chen, F. Q. Shi, D. R. Chen, Z. J. Ren, and B. J. Peng,
Opt. Commun. 374, 76 (2016).

12. H. Liu, C. Tan, C. H. Zhu, Y. Wang, and H. L. Ma, J. Mod. Opt. 64,
887 (2017).

13. W. H. Wang, H. M. Zhang, B. Li, Z. Li, and Y. P. Miao, Opt. Fiber
Technol. 50, 114 (2019).

14. S. A. Mitu, K. Ahmed, F. A. Al Zahrani, H. Abdullah, M. N. Hossain,
and B. K. Paul, Plasmonics 16, 905 (2021).

15. W. H. Wang, Y. P. Miao, Z. Li, H. M. Zhang, B. Li, X. P. Yang, and J.
Q. Yao, Appl. Opt. 58, 979 (2019).

16. G. Violakis, N. Korakas, and S. Pissadakis, Opt. Lett. 43, 142 (2018).

17. P. H. Bostjancic, M. Tomsic, A. Jamnik, D. Lisjak, and A. Mertelj, J.
Phys. Chem. C 123, 23272 (2019).

18. G. Ferk, P. Krajnc, A. Hamler, A. Mertelj, F. Cebollada, M. Drofenik,
and D. Lisjak, Sci. Rep. 5, 11395 (2015).

19. M. Shuai, A. Klittnick, Y. Shen, G. P. Smith, M. R. Tuchband, C. Zhu,
R. G. Petschek, A. Mertelj, D. Lisjak, M. Copic, J. E. Maclennan, M.
A. Glaser, and N. A. Clark, Nat. Commun. 7, 10394 (2016).

20. S. Pevec and D. Donlagic, Opt. Eng. 58, 1 (2019).

21. S. Pevec and D. Donlagic, Opt. Lett. 39, 6221 (2014).

o0 N o O


https://doi.org/10.1109/JSEN.2020.3045461
https://doi.org/10.1109/JSEN.2020.3045461
https://doi.org/10.3390/s21082738
https://doi.org/10.1109/JLT.2013.2271635
https://doi.org/10.1016/j.snb.2013.05.038
https://doi.org/10.1063/1.4792055
https://doi.org/10.1016/j.snb.2018.04.098
https://doi.org/10.1063/1.3651490
https://doi.org/10.1109/JSEN.2014.2302812
https://doi.org/10.1109/JSEN.2014.2302812
https://doi.org/10.1016/j.optcom.2016.04.044
https://doi.org/10.1080/09500340.2016.1266050
https://doi.org/10.1016/j.yofte.2019.03.011
https://doi.org/10.1016/j.yofte.2019.03.011
https://doi.org/10.1007/s11468-020-01347-9
https://doi.org/10.1364/AO.58.000979
https://doi.org/10.1364/OL.43.000142
https://doi.org/10.1021/acs.jpcc.9b07455
https://doi.org/10.1021/acs.jpcc.9b07455
https://doi.org/10.1038/srep11395
https://doi.org/10.1038/ncomms10394
https://doi.org/10.1117/1.OE.58.7.072009
https://doi.org/10.1364/OL.39.006221

