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Abstract: In this article, a novel miniature Fabry-Perot twist/rotation sensor using a four core fiber
and quadruple interferometer setup is presented and demonstrated. Detailed sensor modeling,
analytical evaluation and test measurement assessment were conducted in this contribution.
The sensor structure comprises a single lead-in multicore fiber, which has four eccentrically positioned
cores, a special asymmetrical microstructure, and an inline semi-reflective mirror, all packed in a
glass capillary housing. A four core fiber positioned in front of a special asymmetrical microstructure
and the inline semi reflective mirror defines four Fabry-Perot interferometers. Rotation of the sensors’
asymmetrical microstructure around the axis of the in-line four core fibers´ modulates the path
lengths of all four interferometers simultaneously. Proper processing of path length changes of all
four interferometers allows for unambiguous and temperature independent determination of the
sensor’s rotation angle.

Keywords: optical fiber sensor; rotation sensor; strain sensor; temperature sensor; multi core fiber;
Fabry-Perot

1. Introduction

Over the last few decades, fiber optic sensors have become widely used in different applications,
due to their distinctive and well known advantages, such as lightweight design, small size, immunity
to electromagnetic interference (EMI) and high sensitivity. Fiber optic sensors have a reputation
for high efficiency sensing of numerous physical parameters, such as strain, temperature and
refractive index. Measurement of twist/rotation is also a basic and essential parameter measured
in several industrial fields, such as industrial, geophysics, navigation, aeronautic, construction and
the military systems. Hence fiber optic-based twist/rotation sensors have recently been investigated
intensively. There have been several investigated approaches that depend either on measurements
of circular birefringence [1–4] or linear birefringence [5–13], changes in twisted fibers, systems that
exploit different effects related to Fiber Bragg Gratings (FBGs) [14–17], tilted FBGs [18–22] and Long
Period Grating (LPGs) [23–28], E-field vector displacement in circularly symmetric fibers [29–32],
multimode interference [33], and other systems based on specialty fibers and waveguides [34].
Many of the described approaches, however, suffer from limitations that can limit their functional
usage. The majority of the sensors employ in-line configurations which require access to the sensor
from both (opposite) directions, thus increasing the entire sensor setup to impractical proportions.
Other configurations depend on specialized gratings, which are proved to introduce costly spectral
interrogation techniques [35]. On the other hand, Fabry-Perot (FP) interferometry is presenting itself as
a simple and compact alternative solution attempting to overcome the stated limitations. Several sensor
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systems have already been reported exploiting FP interferometry for measuring pressure [36,37],
strain [38], temperature [39], and other physical parameters [40,41]. The greatest challenge when
trying to design and fabricate a Fabry-Perot twist/rotation sensor is the modulation of the optical
path length change of the FP interferometer instigated by twist/rotation. In current FP interferometer
sensors applied pressure, strain, temperature, etc. produce linear displacements. On the other hand, in
a homogeneous medium, i.e., glass or air, twist/rotation causes no variation of the optical path length
of the FP interferometer. This paper presents a compact twist/rotation Fabry Perot (FP) sensor based
on a four-core fiber. The sensor introduces an asymmetrical microstructure that modulates path length
with respect to the twist/rotation of the sensor structure.

2. Sensor System Description

2.1. Sensor Design and Fabrication

The proposed sensor assembly is presented in Figure 1, and consists of a lead-in four core fiber,
an asymmetrical microstructure positioned in front of the lead-in four core fiber, an in-line semi-
reflective mirror and a support fiber, all packed in a thick wall glass capillary. The asymmetrical
microstructure comprises of a short section of a coreless fiber, which is polished at an angle on one side,
and spliced to the in-line fiber mirror and the support fiber on the other. The length of the support
fiber is arbitrary, and serves primarily as a fastening element for attaching the sensor assembly to the
measured object. The cores of the four core fiber are positioned tetragonally within a fiber cross-section
plane, with distances between diagonally positioned cores of 70.7 µm (Figure 2a). The sensor assembly
thus defines four FP interferometers, which are formed by the perpendicularly cleaved end of the
lead-in four core fiber and the in-line fiber mirror, positioned between the asymmetrical microstructure
and the support fiber. The optical path length of each FP interferometer is comprised of two paths:
A path in the air and a path in the glass. The lengths of those two paths are, however, different for each
individual interferometer, and, further, depend on the rotational alignment between the lead in four
core fiber and asymmetrical microstructure, as shown in Figure 1. The angular displacement between
lead-in fiber and support fiber, (which is permanently attached to the asymmetrical microstructure),
thus modulates the total path lengths of all four interferometers in distinctive ways, as explained
further below.
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divergence within the open-path FP-cavity, and Fresnel loss, instigated by light passing through a 
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Figure 1. Sensor design.

The asymmetrical microstructure and the supporting fiber were fabricated from a coreless
fiber. The sensor housing was made of a thick wall glass capillary with an inner diameter of
127.5 µm and outer diameter of 180 µm. The sensor production started by chemical etching of
the coreless fiber with an initial diameter of 140 µm to a diameter of 127 µm, which corresponded
closely (within tolerance better than a µm) to the measured diameter of the in-line four core fiber.
To maximize the interferometer’s fringe visibility, the reflectance of the in-line mirror was adjusted
to approximately 15%. This value was determined heuristically, and depended on signal loss caused
by beam divergence within the open-path FP-cavity, and Fresnel loss, instigated by light passing
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through a tilted surface (asymmetrical microstructure) having different refractive indices (the tilted
surface deflects the incoming and back reflected beam from the senor assembly axis, but within
given geometrical parameters and beam divergence at the output of the four core fiber, reasonably
good interference fringes were obtained for all interferometers). The in-line mirror was generated
by sputtering a multi-layer film of TiO2 and SiO2 on the cleaved tip of a coreless fiber, which was
then spliced to the support fiber by a fusion splicer by an appropriate splicing procedure to yield
the preferred reflectivity [42]. The next manufacturing step included cleaving of the coreless fiber
on one end, around 50 µm from the in-line mirror, and polishing it at an angle of approximately 15◦,
thus finalizing the fabrication of the asymmetrical microstructure. To achieve a respectable compromise
between mitigating the sensors’ temperature influence on elongation (strain) measurements and the
capability to measure temperature, the length of the asymmetrical microstructure was a few µm
long [39,43]. Therefore, the angle polishing process ended when the shorter side of the asymmetrical
microstructure was in the vicinity of the in-line mirror (Figure 2b). The final step included fitting the
in-line four core fiber and the asymmetrical microstructure into the thick wall glass capillary housing.
To assure proper fixation of the thick glass capillary housing, we attached it firmly to the lead-in four
core fiber with a high Young modulus epoxy glue, to prevent any torsional creep of the fiber. The inner
wall of the glass capillary was smooth and without irregularities in the change of the inner diameter,
so it did not cause noticeable influence on the measurements. The distance between the in-line four
core fiber and the asymmetrical microstructure with the supporting fiber depended on a sufficient
fringe visibility of all four cores (interferometers), and was determined practically by monitoring them
with the interrogation system.
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2.2. Sensor Operation

As already described in the previous section, the perpendicularly cleaved end of the in-line
four core fiber (M1) and the in-line mirror (M2) define four FP interferometers. We assume that
when no twist/rotation is applied to the sensor, core c1 is positioned against the shorter side of
the asymmetrical microstructure h1, thus the light wave within the resonator trespasses the longest
distance in the medium with the refractive index n1, and the shortest distance in the medium with
the refractive index n2. Diametrically located core c3 is positioned against the longer side of the
asymmetrical microstructure h2, therefore, the light wave travels the shortest distance in the medium
with the refractive index n1, and the longest distance in the medium with the refractive index n2.
The optical path lengths of interferometers defined by cores c2 and c4 are the same in this initial
position. Exposing the sensor to twist/rotation alters the position of cores with respect to the angled
plane of the asymmetrical microstructure. Rotation thus causes variation of optical path length in
all four interferometers. For example, when the sensor is subjected to a 180-degree twist/rotation,
diametrically positioned core c1 and core c3 interchange their positions, i.e., core c3 becomes positioned
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against the shorter side of the truncated cylinder h1, and core c1 is sited against the longer side of the
truncated cylinder h2. Thus, the optical path length of the FP interferometer defined by the core c1

becomes longer than the optical path length of the interferometer defined by c3 (Figure 3b).Sensors 2019, 19, x FOR PEER REVIEW 4 of 12 

 

 
Figure 3. (a) Relaxed sensor and (b) 180-degree twist/rotation applied to the sensor. 

When the sensor is subjected to twist/rotation of an angle Φ from the initial state, the optical path 
lengths of all four interferometers change, as the ratio between path lengths of the light waves 
traveling in the medium with refractive index n1 and in the medium with the refractive index n2 
change. Accordingly (and using Figures 3 and 4), the path length of the light wave traveling in the 
medium with refractive index n1 can be expressed as: 

( )1, ´ tan sin 1 ,    1, 2,3, 4
2 2n N p
dl l N Nπδ  = + Φ + − = 

 
， (1) 

where l’ represents the initial path length of the light wave in the medium with refractive index n1, d 
represents the distance between diametrically positioned cores, δp represents the angle between the 
longitudinal axis and polished plane of the asymmetrical microstructure, while N denotes the index 
of cores of the four core fiber. Furthermore, the path length of each individual interferometer in the 
medium with refractive index n2 can be expressed as: 

2, 1,´ .n N n Nl l l l= + −  (2) 

where l represents the initial path length of the light wave in the medium with refractive index n2, 
ln1,N represents the optical path length in the medium with refractive index n1. Thus, the optical path 
length of the sensor’s FP interferometer, defined by the core with index N, can be expressed as: 

( ) ( )1, 1 2, 2 1, 1 2 2      N n N n N N n NOPL l n l n OPL l n n l l n= ⋅ + ⋅ → = − + + ′  (3) 

When the sensor is subjected to twist/rotation by angle Φ, optical path length change can be 
expressed as: 

Figure 3. (a) Relaxed sensor and (b) 180-degree twist/rotation applied to the sensor.

When the sensor is subjected to twist/rotation of an angle Φ from the initial state, the optical
path lengths of all four interferometers change, as the ratio between path lengths of the light waves
traveling in the medium with refractive index n1 and in the medium with the refractive index n2

change. Accordingly (and using Figures 3 and 4), the path length of the light wave traveling in the
medium with refractive index n1 can be expressed as:

ln1,N = l′ +
d
2

tan δp sin
(

Φ + (N − 1)
π

2

)
, N = 1, 2, 3, 4, (1)

where l′ represents the initial path length of the light wave in the medium with refractive index n1,
d represents the distance between diametrically positioned cores, δp represents the angle between the
longitudinal axis and polished plane of the asymmetrical microstructure, while N denotes the index
of cores of the four core fiber. Furthermore, the path length of each individual interferometer in the
medium with refractive index n2 can be expressed as:

ln2,N = l + l′ − ln1,N . (2)
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where l represents the initial path length of the light wave in the medium with refractive index n2,
ln1,N represents the optical path length in the medium with refractive index n1. Thus, the optical path
length of the sensor’s FP interferometer, defined by the core with index N, can be expressed as:

OPLN = ln1,N · n1 + ln2,N · n2 → OPLN = ln1,N(n1 − n2) +
(
l + l′

)
n2 (3)
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When the sensor is subjected to twist/rotation by angle Φ, optical path length change can be
expressed as:

∆OPLN = OPLN,0 −OPLN,Φ. (4)

Considering Equations (1), (3) and (4), the above expression for optical path length change of each
FP-Interferometer (N = 1, 2, 3, 4) can be expressed as:

∆OPLN =
d
2

tan δp(n1 − n2)(sin αN,Φ − sin αN,0) +
(
l′Φ − l′0

)
n1, N = 1, 2, 3, 4. (5)

The optical path length of individual interferometers depends on the distance between fibers
in the center of the structure l’, which also depends on strain and temperature. To obtain
strain and temperature insensitive information on angle Φ, optical path length changes from two
diametrically positioned FP-Interferometers (i.e., N = 1 and N = 3 or N = 2 and N = 4) can be further
subtracted. By using Equations (1) and (5), twist/rotation angle from optical path length changes in
FP-Interferometers N = 1 and N = 3 can be expressed as:

sin Φ = −∆OPL3 − ∆OPL1

d tan δp(n1 − n2)
+ sin Φ0. (6)

Angle Φ0 in Equation (6) is determined by the initial core alignment with respect to the
asymmetrical microstructures’ plane angle (Figure 4). When Φ0 = 0, diametrically positioned FP
interferometers N = 1 and N = 3 are located in the center of the asymmetrical microstructure slope,
thus, their optical path lengths are identical (dashed region (c) on Figure 5a). The optical path length
of FP interferometer N = 2 is the shortest (dashed region (b) on Figure 5), while the optical path length
of its diametrically positioned FP interferometer N = 4, is the longest (dashed region (a) on Figure 5a).

By subtracting path length variations of diametrically positioned FP interferometers, i.e., N = 1 –
N = 3 and N = 2 – N = 4, two output signals are obtained, which are shifted in phase by 90 degrees and
possess no offset value, and, thus, allow for unambiguous rotation angle reconstruction over the entire
2π rotation range (Figure 5b).
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d = 70.7 µm, δp = 15◦, n1 = 1, n2 = 1.444 and (b) Subtracted path length variations of diametrically
positioned FP-Interferometers (N = 1 – N = 3 and N = 2 – N = 4).

The proposed sensor also enables measurements of elongation (strain) and temperature, as strain
and temperature modulate the distance between the semireflective mirrors and the refractive index
of the glass respectively. Strain and/or temperature variations modulate the optical path lengths
of all four FP interferometers simultaneously and proportionally. To distinguish between strain or
temperature effects, appropriate operations shall be implemented among the acquired optical path
length changes for all four FP interferometers. For example, elongation ∆L can be extracted by
calculating average change in length of all four FP interferometers:

∆L =
(∆OPL1 + ∆OPL3) + (∆OPL2 + ∆OPL4)

4
. (7)

The sum of optical path length changes of diametrically positioned FP interferometers shall be
subtracted to extract the temperature:

∆T =
(∆OPL1 + ∆OPL3)− (∆OPL2 + ∆OPL4)

dnSiO2
dT LSiO2

. (8)

where LSiO2 corresponds to the path length of interferometers in the asymmetrical microstructure, and
dnSiO2/dT represents the change of fiber refractive index due to temperature change.

2.3. Sensor Interrogation

Measurements of the optical path length changes for each FP interferometer were obtained by
phase-tracking of characteristic components with Inverse Discrete Fourier Transform (IDFT) of the
sensor’s Back-Reflected Optical Spectrum (BROS) [44–46]. In our experimental characterization, we used
a NI PXIe-4844 spectral interrogator (National Instruments) to acquire sensors’ spectral characteristics
(we performed 80 nm wide sweeps with a 10 Hz repetition rate). Prior to the IDFT, spectral data were
converted from the optical wavelength domain into the optical frequency domain. The complex IDFT
data contain local peaks in their absolute values, which correspond to round trip time-of-flights of
individual FP interferometers (Figure 6). Phases of these complex peak values (ϕ = arctan(Im/Re))
further correspond to the relative positions of spectral components (spectral fringes) of individual FP
interferometers in the optical frequency spectrum [46]. Thus, by calculating the phases of complex
values that otherwise correspond to the local absolute peaks in IDFT data, one can track small changes
in an individual interferometer’s length changes reliably:

∆OPLN =
λ

4π
∆ϕN . (9)
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To calculate twist/rotation angle, elongation and temperature according to Equations (7)–(9)
respectively, data from all four FP interferometers’ phases were recorded with the spectral interrogator.

3. Experimental Results

The experimental setup is illustrated in Figure 7. A special fan-out unit (FAN-4C, Fibercore) was
used to couple light between the in-line four core fiber and four separate single core fibers, which were
then connected to a four channel NI PXIe-4844 spectral interrogator. The sensor was fixed between
two clamps. For measuring twist/rotation, a second clamp was mounted on a rotational stage with an
angular resolution of 0.01◦. For measuring elongation, the same clamp was attached to a linear stage
with a resolution of 1 µm.
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Figure 7. Experimental setup.

The rotational stage was used to impose rotation/torsional twist to the sensor, as shown in
Figure 7. The sensor was rotated in a clockwise, and afterwards in a counter clockwise direction,
by a mechanical angle of 90◦ in 10-degree steps. Figure 8 shows a normalized phase readout from
diametrically opposite FPIs’ (N = 1 and N = 3) and calculated rotational angle using Equation (6).
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To estimate the viable resolution of the system, the rotational stage was moved periodically in
clockwise and counter clockwise directions while reducing the amplitude of these movements. Figure 9
shows rotation in clockwise and counter-clockwise directions by 0.02 degrees, which is well above the
measurement noise. The measurement data were averaged five times by the measurement algorithm,
i.e., the sampling rate of the spectral interrogator was decreased to 5 Hz. From Figure 9, an angular
resolution of about 0.02 degrees is achievable with the presented setup.
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0.02 degrees (mechanical).

Furthermore, the sensor’s response was measured to the change of length (elongation).
By “stretching” the sensor by 4 µm at 1 µm per step, and back to the initial position (Figure 10),
the elongation was calculated by Equation (7).

Parallel with elongation measurement, the influence of the latter on the twist/rotation angle
was evaluated (simply by pressing the data in a way to calculate the rotation angle). In this test,
we applied a constant temperature of roughly 25 ◦C to the sensor, and the rotation angle was set to
around 0 degrees. Results indicate changes in the calculated twist/rotation angle of about 0.013◦

(Figure 11a). Possible grounds for the inconsistency in the twist/rotation angle readout could arise
from the vibrations of the motors, built in the linear stages, which might have altered the uneven
change in the optical path length of the diametrically opposite FP interferometers. Furthermore,
we also investigated the possible temperature impact on the elongation measurements (Figure 11a).
We calculated the temperature with Equation (8). Since the length of the temperature sensitive part
of the sensor, i.e., the asymmetrical microstructure made out of silica was few µm long, the recorded
temperature influence did not exceed 0.65 ◦C.
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Finally, we recorded the sensor’s response to the temperature change. For testing objectives,
we designed a special tubular shaped temperature chamber. Temperature was calculated by
Equation (8). The sensor was tested in a temperature range between 25 ◦C and 125 ◦C (Figure 12).
For reference measurements we used a PT100 temperature sensor.
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Figure 12 compares the actual temperature change with the proposed sensor’s response over time
(the reference sensor was a PT100). Furthermore, we monitored the calculated twist/rotation angle
change (Figure 13), which evolved during the same temperature cycle.
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Figure 13. Influence of the change in temperature on the calculated twist/rotation angle measurement
when the sensor was heated by about 100 ◦C.

As depicted in Figure 13, the largest deviation in the measured twist/rotation angle was not
excited i.e., 0.012 degrees. The local peak in amplitude of this deviation coincided with the initial
part of the temperature characteristic, which also has the highest temperature gradient (see Figure 12).
Thus, this deviation could probably be attributed to the temperature gradients that developed across
diametrically positioned FP interferometers (the drift would probably be even lower if the change in
temperature were slower).

4. Conclusions

This paper presented a miniature Fabry Perot twist/rotation sensor with a special asymmetrical
microstructure, which allows modulation of the optical path length when the sensor is subjected to
twist/rotation. The asymmetrical microstructure was fabricated by angle polishing of the coreless fiber.
The perpendicularly cleaved end of the in-line four core fiber and the in-line mirror define four FP
interferometers with rotation-dependent path lengths. The measured ambiguous range of the sensor
was ±90◦. The sensor was also tested for elongation and temperature measurements. The influence of
strain and temperature on rotation sensing proved to be below 0.015◦, even over relatively wide strain
and temperature spans.

Author Contributions: Conceptualization, D.D.; Methodology, D.D. and V.B.; Software, V.B.; Validation, V.B.;
Formal analysys, V.B.; Investigation, V.B.; Resources, D.D.; Supervision, D.D.; Visualization V.B.; Writing—Original
Draft, V.B.; Writing—Review & Editing, D.D.; Funding Acquisition, D.D.

Funding: This work was supported by the Slovenian Public Research Agency under P2-0368 and P2-0028.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Galtarossa, A.; Palmieri, L. Measure of twist-induced circular birefringence in long single-mode fibers:
Theory and experiments. J. Light. Technol. 2002, 20, 1149–1159. [CrossRef]

2. Xi, X.M.; Wong, G.K.L.; Weiss, T.; Russell, P.S. Measuring mechanical strain and twist using helical photonic
crystal fiber. Opt. Lett. 2013, 38, 5401–5404. [CrossRef] [PubMed]

3. Ceballos-Herrera, D.E.; Torres-Gomez, I.; Martinez-Rios, A.; Garcia, L.; Sanchez-Mondragon, J.J. Torsion Sensing
Characteristics of Mechanically Induced Long-Period Holey Fiber Gratings. IEEE Sens. J. 2010, 10, 1200–1205.
[CrossRef]

4. Liang, H.H.; Jin, Y.X.; Zhao, Y.; Wang, J.F. Twist sensor by using a pressure-induced birefringence single
mode fiber based Sagnac Interferometer. In Proceedings of the 2011 Asia Communications and Photonics
Conference and Exhibition, Shangai, China, 4 June 2011; p. 8311.

http://dx.doi.org/10.1109/JLT.2002.800338
http://dx.doi.org/10.1364/OL.38.005401
http://www.ncbi.nlm.nih.gov/pubmed/24322268
http://dx.doi.org/10.1109/JSEN.2010.2042951


Sensors 2019, 19, 1574 11 of 12

5. Frazao, O.; Jesus, C.; Baptista, J.M.; Santos, J.L.; Roy, P. Fiber-optic interferometric torsion sensor based on a
two-LP-mode operation in birefringent fiber. IEEE Photonics Technol. Lett. 2009, 21, 1277–1279. [CrossRef]

6. Chen, W.G.; Lou, S.Q.; Wang, L.W.; Zou, H.; Lu, W.L.; Jian, S.S. Highly sensitive torsion sensor based on
sagnac interferometer using side-leakage photonic crystal fiber. IEEE Photonics Technol. Lett. 2011, 23, 1639–1641.
[CrossRef]

7. Song, B.B.; Zhang, H.; Miao, Y.P.; Lin, W.; Wu, J.X.; Liu, H.F.; Yan, D.L.; Liu, B. Highly sensitive twist sensor
employing Sagnac interferometer based on PM-elliptical core fibers. Opt. Express 2015, 23, 15372–15379.
[CrossRef] [PubMed]

8. Yu, Y.; Huang, Q.; Li, X.; Chen, X.; Du, C. An in-line fiber-optic modal interferometer for simultaneous
measurement of twist and ambient temperature. Sens. Bio-Sens. Res. 2014, 2, 38–42. [CrossRef]

9. Fu, H.Y.; Khijwania, S.K.; Tam, H.Y.; Wai, P.K.A.; Lu, C. Polarization-maintaining photonic-crystal-fiber-based
all-optical polarimetric torsion sensor. Appl. Opt. 2010, 49, 5954–5958. [CrossRef]

10. Frazao, O.; Silva, S.O.; Baptista, J.M.; Santos, J.L.; Statkiewicz-Barabach, G.; Urbanczyk, W.; Wojcik, J.
Simultaneous measurement of multiparameters using a Sagnac interferometer with polarization maintaining
side-hole fiber. Appl. Opt. 2008, 47, 4841–4848. [CrossRef]

11. Kim, H.M.; Kim, T.H.; Kim, B.; Chung, Y. Temperature-insensitive torsion sensor with enhanced Sensitivity
by use of a highly birefringent photonic crystal fiber. IEEE Photonics Technol. Lett. 2010, 22, 1539–1541.
[CrossRef]

12. Zu, P.; Chan, C.C.; Jin, Y.X.; Gong, T.X.; Zhang, Y.F.; Chen, L.H.; Dong, X.Y. A Temperature-insensitive
twist sensor by using low-birefringence photonic-crystal-fiber-based sagnac interferometer. IEEE Photonics
Technol. Lett. 2011, 23, 920–922. [CrossRef]

13. Ferreira, M.S.; Santos, J.L.; Mergo, P.; Frazao, O. Torsion sensor based on a figure-of-eight cavity fibre laser.
Laser Phys. Lett. 2013, 10, 3. [CrossRef]

14. Lo, Y.-L.; Chue, B.-R.; Xu, S.-H. Fiber torsion sensor demodulated by a high-birefringence fiber Bragg grating.
Opt. Commun. 2004, 230, 287–295. [CrossRef]

15. Wang, Y.P.; Wang, M.; Huang, X.Q. In fiber Bragg grating twist sensor based on analysis of polarization
dependent loss. Opt. Express 2013, 21, 11913–11920.

16. Wang, Y.P.; Huang, X.Q.; Wang, M. Temperature- and strain-independent torsion sensor utilising
polarisation-dependent loss of Hi-Bi FBGs. Electron. Lett. 2013, 49, 840–841. [CrossRef]

17. Zhang, W.G.; Kai, G.Y.; Dong, X.Y.; Yuan, S.Z.; Zhao, Q.D. Temperature-independent FBG-type torsion sensor
based on combinatorial torsion beam. IEEE Photonics Technol. Lett. 2002, 14, 1154–1156. [CrossRef]

18. Shen, C.Y.; Zhang, Y.; Zhou, W.J.; Albert, J. Au-coated tilted fiber Bragg grating twist sensor based on surface
plasmon resonance. Appl. Phys. Lett. 2014, 104, 071106. [CrossRef]

19. Mou, C.; Zhou, K.; Suo, R.; Zhang, L.; Bennion, I. Fibre laser torsion sensor system using an excessively tilted
fibre grating and low-cost time domain demodulation. In Proceedings of the 20th International Conference
on Optical Fibre Sensors, Edinburg, UK, 5–9 October 2009; Volume 7503, p. 75033E.

20. Lu, Y.F.; Shen, C.Y.; Chen, D.B.; Chu, J.L.; Wang, Q.; Dong, X.Y. Highly sensitive twist sensor based on tilted
fiber Bragg grating of polarization-dependent properties. Opt. Fiber Technol. 2014, 20, 491–494. [CrossRef]

21. Chen, X.; Zhou, K.; Zhang, L.; Bennion, I. In-fiber twist sensor based on a fiber Bragg grating with 81 degrees
tilted structure. IEEE Photonics Technol. Lett. 2006, 18, 2596–2598. [CrossRef]

22. Guo, T.; Liu, F.; Guan, B.O.; Albert, J. Polarimetric multi-mode tilted fiber grating sensors. Opt. Express
2014, 22, 7330–7336. [CrossRef] [PubMed]

23. Lin, C.Y.; Wang, L.A.; Chern, G.W. Corrugated long-period fiber gratings as strain, torsion, and bending
sensors. J. Light. Technol. 2001, 19, 1159–1168.

24. Rao, Y.J.; Zhu, T.; Mo, Q.J. Highly sensitive fiber-optic torsion sensor based on an ultra-long-period fiber
grating. Opt. Commun. 2006, 266, 187–190. [CrossRef]

25. Wang, Y.P.; Rao, Y.J. Long period fibre grating torsion sensor measuring twist rate and determining twist
direction simultaneously. Electron. Lett. 2004, 40, 164–166. [CrossRef]

26. Pulido-Navarro, M.; Álvarez-Chávez, J.; Ceballos-Herrera, D.; Escamilla-Ambrosio, P. Optical fiber torsion
sensor with mechanically induced long period fiber gratings in rare-earth doped fibers. Opt. Photonics J.
2014, 4, 129–135. [CrossRef]

27. Wang, Y.P.; Chen, J.P.; Rao, Y.J. Torsion characteristics of long-period fiber gratings induced by high-frequency
CO2 laser pulses. J. Opt. Soc. Am. B Opt. Phys. 2005, 22, 1167–1172. [CrossRef]

http://dx.doi.org/10.1109/LPT.2009.2025870
http://dx.doi.org/10.1109/LPT.2011.2166062
http://dx.doi.org/10.1364/OE.23.015372
http://www.ncbi.nlm.nih.gov/pubmed/26193517
http://dx.doi.org/10.1016/j.sbsr.2014.10.013
http://dx.doi.org/10.1364/AO.49.005954
http://dx.doi.org/10.1364/AO.47.004841
http://dx.doi.org/10.1109/LPT.2010.2068043
http://dx.doi.org/10.1109/LPT.2011.2143400
http://dx.doi.org/10.1088/1612-2011/10/4/045105
http://dx.doi.org/10.1016/j.optcom.2003.11.068
http://dx.doi.org/10.1049/el.2013.1229
http://dx.doi.org/10.1109/LPT.2002.1022000
http://dx.doi.org/10.1063/1.4865932
http://dx.doi.org/10.1016/j.yofte.2014.05.011
http://dx.doi.org/10.1109/LPT.2006.887371
http://dx.doi.org/10.1364/OE.22.007330
http://www.ncbi.nlm.nih.gov/pubmed/24664080
http://dx.doi.org/10.1016/j.optcom.2006.04.045
http://dx.doi.org/10.1049/el:20040117
http://dx.doi.org/10.4236/opj.2014.46013
http://dx.doi.org/10.1364/JOSAB.22.001167


Sensors 2019, 19, 1574 12 of 12

28. Shi, L.L.; Zhu, T.; Fan, Y.E.; Chiang, K.S.; Rao, Y.J. Torsion sensing with a fiber ring laser incorporating a pair
of rotary long-period fiber gratings. Opt. Commun. 2011, 284, 5299–5302. [CrossRef]

29. Lesnik, D.; Donlagic, D. In-line, fiber-optic polarimetric twist/torsion sensor. Opt. Lett. 2013, 38, 1494–1496.
[CrossRef]

30. Guo, T.; Liu, F.; Du, F.; Zhang, Z.C.; Li, C.J.; Guan, B.O.; Albert, J. VCSEL-powered and
polarization-maintaining fiber-optic grating vector rotation sensor. Opt. Express 2013, 21, 19097–19102.
[CrossRef]

31. Budinski, V.; Donlagic, D. Miniature, all-fiber rotation sensor based on temperature compensated wave
PLATE. IEEE Photonics Technol. Lett. 2015, 27, 85–88. [CrossRef]

32. Budinski, V.; Donlagic, D. Quasi-distributed twist/torsion sensor. Opt. Express 2016, 24, 26282–26299.
[CrossRef]

33. Song, B.B.; Miao, Y.P.; Lin, W.; Zhang, H.; Wu, J.X.; Liu, B. Multi-mode interferometer-based twist sensor with
low temperature sensitivity employing square coreless fibers. Opt. Express 2013, 21, 26806–26811. [CrossRef]

34. Askins, C.G.; Miller, G.A.; Friebele, E.J. Bend and twist sensing in a multiple-core optical fiber. In Proceedings
of the 2008 Conference on Optical Fiber Communication/National Fiber Optic Engineers Conference,
San Diego, CA, USA, 24–28 February 2008; Volume 1–8, pp. 1545–1547.

35. Budinski, V.; Donlagic, D. Fiber-optic sensors for measurements of torsion, twist and rotation: A review.
Sensors 2017, 17, 443. [CrossRef]

36. Cibula, E.; Pevec, S.; Lenardic, B.; Pinet, E.; Donlagic, D. Miniature all-glass robust pressure sensor.
Opt. Express 2009, 17, 5098. [CrossRef]

37. Heo, J.S.; Lee, J.J.; Lim, J.O. A micro total reflective extrinsic fabry-parot interferometric fiber optic pressure
sensor for medical application. Int. J. Mod. Phys. B 2003, 17, 1199–1204. [CrossRef]

38. Pevec, S.; Donlagic, D. All-fiber, long-active-length Fabry-Perot strain sensor. Opt. Express 2011, 19, 15641.
[CrossRef]

39. Pevec, S.; Donlagic, D. Miniature all-fiber Fabry–Perot sensor for simultaneous measurement of pressure
and temperature. Appl. Opt. 2012, 51, 4536. [CrossRef]

40. Paulicka, I.; Sochor, V. Optical fibre Fabry-Perot sensor for the detection of small vibrations and displacements.
In Proceedings of the SPIE—The International Society for Optical Engineering, Budapest, Hungary,
9–13 September 1993; pp. 1066–1067.

41. Acceta, J.S. Ultra-sensitive optical sensors for robotic touch and hearing. In Proceedings of the Robotic
Intelligence and Productivity Conference, Detroit, MI, USA, 18–19 November 1983; p. 75.

42. Bendoula, R.; Wacogne, B.; Pieralli, C.; Gharbi, T. Fabrication of an intrinsic fiber Fabry-Pérot interferometer
involving simple in situ control of multilayer TiO2-SiO2 mirrors: Material properties studies and cavity
interrogation procedure. Opt. Eng. 2005, 44, 1–11. [CrossRef]

43. Pevec, S.; Donlagic, D. Miniature all-silica fiber-optic sensor for simultaneous measurement of relative
humidity and temperature. Opt. Lett. 2015, 40, 5646. [CrossRef] [PubMed]

44. Pevec, S.; Donlagic, D. High resolution, all-fiber, micro-machined sensor for simultaneous measurement of
refractive index and temperature. Opt. Express 2014, 22, 16241. [CrossRef] [PubMed]

45. Pevec, S.; Donlagic, D. MultiParameter fiber-optic sensor for simultaneous measurement of thermal
conductivity, pressure, refractive index, and temperature. IEEE Photonics J. 2017, 9, 1–14. [CrossRef]

46. Pevec, S.; Donlagic, D. Miniature fiber-optic Fabry-Perot refractive index sensor for gas sensing with a
resolution of 5 × 10−9 RIU. Opt. Express 2018, 26, 23868. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.optcom.2011.07.049
http://dx.doi.org/10.1364/OL.38.001494
http://dx.doi.org/10.1364/OE.21.019097
http://dx.doi.org/10.1109/LPT.2014.2362196
http://dx.doi.org/10.1364/OE.24.026282
http://dx.doi.org/10.1364/OE.21.026806
http://dx.doi.org/10.3390/s17030443
http://dx.doi.org/10.1364/OE.17.005098
http://dx.doi.org/10.1142/S0217979203018740
http://dx.doi.org/10.1364/OE.19.015641
http://dx.doi.org/10.1364/AO.51.004536
http://dx.doi.org/10.1117/1.2049273
http://dx.doi.org/10.1364/OL.40.005646
http://www.ncbi.nlm.nih.gov/pubmed/26625072
http://dx.doi.org/10.1364/OE.22.016241
http://www.ncbi.nlm.nih.gov/pubmed/24977875
http://dx.doi.org/10.1109/JPHOT.2017.2651978
http://dx.doi.org/10.1364/OE.26.023868
http://www.ncbi.nlm.nih.gov/pubmed/30184882
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Sensor System Description 
	Sensor Design and Fabrication 
	Sensor Operation 
	Sensor Interrogation 

	Experimental Results 
	Conclusions 
	References

