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A Curvature Sensor Based on Twisted
Single-Mode—Multimode—Single-Mode
Hybrid Optical Fiber Structure

Ke Tian, Yifan Xin, Wenlei Yang, Tao Geng, Jing Ren, Ya-Xian Fan, Gerald Farrell,
Elfed Lewis, Senior Member, IEEE, and Pengfei Wang

Abstract—An optical fiber curvature sensor based on a twisted
multimode fiber (MMF) sandwiched between two single-mode
fibers (SMF) is proposed and investigated theoretically and ex-
perimentally. The measured transmission spectrum exhibits good
agreement with theoretical predictions. Compared with a tradi-
tional single-mode-multimode-single-mode fiber structure sensor,
the proposed configuration offers a higher average curvature sen-
sitivity of —2.42 nm/m™' over a curvature measurement range of
0-1.7390 m~' and -7.09 dB/m™' at an operating wavelength of
1537 nm. The temperature sensitivity of this sensor has been deter-
mined as 0.01 nm/°C over a wavelength range of 1535-1550 nm and
circa 0.007 dB/°C at the wavelength of 1537 nm, over a measured
temperature range of 21-121 °C.

Index Terms—Curvature sensor, Mach-Zehnder interferometer,
multimode interference, temperature dependence.

1. INTRODUCTION

HE well-established hybrid single-mode-multimode-
Tsingle-rnode (SMS) fibre structure has been widely
investigated and exhibits a number of advantages, such as
compact structure, low insertion loss and ease of fabrication.
A comprehensive theoretical description of the SMS fibre
structure has been developed and is described in [1]. The
operating principle of the hybrid SMS fibre is based on
multimode interference excited in the multimode fibre section,
which is also the underlying operating principle of the SMS
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fibre structures. The hybrid SMS fibre has been demonstrated
for a wide range of applications in telecommunication and fibre
optic sensing, including edge filters [2], [3], bandpass filters
[4], [5] as well as a variety of sensors for measurands including
temperature [6], strain [7], curvature [8] and refractive index
(RD [9], [10]. Additionally, due to the relative ease of light
coupling and interconnection of the wide cored SMS fibre struc-
ture, it can be easily combined with other fibre components,
e.g. It can be fusion spliced with single mode fibres which
include a fibre Bragg grating (FBG) to achieve multi-parameter
measurement [11], [12].

Optical fibre based curvature sensors have been widely in-
vestigated for applications in industry, medicine and structural
healthy monitoring. To date several types of optical fibre based
curvature sensors have been proposed. The most common ap-
proaches include on the use of long-period gratings (LPGs) [13],
[14], FBGs [15], [16], core-offset fibre [17] and SMS fibre struc-
tures [18]. SMS fibre curvature sensors offer advantages such
as low cost and ease of fabrication, without the use of expensive
masks, compared with the other existing technologies used for
curvature measurement based on optical fibre.

To date improvement in performance of the traditional SMS
fibre structure, has been achieved using a range of post-
fabrication methods. Examples include chemically removing
the cladding of multimode fibre section for increasing the sensi-
tivity of refractive index measurement [9] and single-stretching
[10] or multi-tapers [19] on the multimode fibre section for
generating an enhanced evanescent wave, hence significantly
increasing the sensitivity of the hybrid SMS fibre structure.
However, both of the two fabrication methods increase the fab-
rication difficulty and the resulting mechanical instability may
lead to significant breakage risk during use. It is desirable to fur-
ther improve the performance of the SMS fibre structure in terms
of achieving a high sensitivity on curvature monitoring while re-
taining good mechanical stability and robustness. In this paper, a
novel singlemode-twisted multimode-singlemode (STMS) fibre
structure is described and investigated. The schematic configu-
ration of the proposed STMS fibre structure is shown in Fig. 1.
The hybrid fibre configuration under consideration consists of
an input single-mode fibre (SMF), a multimode fibre (MMF)
with two twist points and an output SMF. Note that both twist
sections are permanently generated using a combined filament
heating and twisting process. The twist changes not only the

0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Schematic of the STMS fibre structure with two twisted points.

Fig. 1.
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Fig.2. Schematic diagram of STMS fibre (dotted curve express twisted area).

shear stress but also the local refraction indices of the MMF.
The multimode interference generated within the multimode
section is significantly effected by both twist sections on the
MMF [20]. Additionally, a Mach-Zehnder interference induced
by the two twist sections is realised in this fibre structure.

II. THEORETICAL ANALYSIS

A schematic diagram is illustrated in Fig. 2 to explain the
light propagation and interference signal development within the
STMS fibre structure. The input signal launched to the MMF
section can be treated as the fundamental mode of the SMF,
the eigenmodes of LP,, of the MMF can be excited provided
that the central axes of the fibre cores of the SMF and MMF
are perfectly aligned, in which case strong mode interference
occurs within the MMF section. When the two twisted sections
are introduced on the MMF section, the excited LP,, modes
will be partially coupled to the high-order cladding modes at
the first twisted point and this increases the fraction of power in
the evanescent field within the region of MMF cladding. Fig. 2
illustrates the mechanism through which the MMF high-order
modes leak from the MMF core into the MMF cladding at the
first twist point, traveling in the MMF cladding region between
the two twisted points, and coupled back to the fibre core at the
second twisted section. As a result, interference occurs between
the cladding and core modes. Therefore the two twist points
form a fibre Mach-Zehnder Interferometer (MZI) structure. For
the light coupled from the MMF into the output SMF, a portion
of the light enters the SMF core while the remainder is coupled
into the output SMF cladding (Fig. 2).

In the well-established mode theory describing the process
of high-order mode coupling in the multimode fibre [20], the
coupling status can be assumed to be “statistically isotropic”
[21], [22]. This assumption saves computational time and im-
proves the numerical computation efficiency. However, for
the twisted fibre case, the magnitude and spatial scale of the
high-order modes coupling are significantly different from the

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 35, NO. 9, MAY 1, 2017

straight case. Since the step-index MMF is an isotropic and
symmetrical structure, only the coupling that occurs among the
same manifold modes (intra-manifold coupling) is considered.
Under this assumption, the coupling rate K can be calculated by
the integrals:

00 27
Kyy=2 / / rEEE, dpdr = K, )
4 Jy 0 '

where u and v are the different mode indices and F,, and E,
are their corresponding electric fields value, r and @ are the
coordinates of a cylindrical reference frame, € is a 3 x 3 matrix
representing the permittivity tensor. When the multimode fibre
is twisted, the axial and shear stresses of the fibre are radically
altered, € is varied by a perturbation due to the elasto-optical
effect:

0 0 —sinp
€ = gTENNay T 0 0 cos ¢ , 2)
—singy cosgp 0

where g is the elasto-optic coefficient, 7 is twist-rate (twist
applied per unit length), and n,, is the mean refractive index.
From equations (1) and (2) it is clear that two linearly polarized
(LP) modes such as LP,, , and LP,, can only be coupled
when m =p or |[m — p| =2 (in any other case, the matrix
yields zero).

The twist in the sensing fibre not only induces a change of
the elasto-optic coefficient, but also a geometrical rotation of
the MMF itself. Such rotation also results in a perturbation
of the high-order modes coupling and affect the coupling ma-
trix. If it is assumed that the final coupling matrix is K’, let A
be the twist-induced coupling matrix due to elasto-optic effect
which has been previously discussed in equation (2) presented
above. B is the coupling matrix which is a perturbation not in-
duced by twist. When the fibre is twisted, matrix A is induced
by twist, and for the matrix B, the geometrical rotation trans-
forms the coupling matrix B to B’ = R(§)BR" (), where ¢
is rotation angle, and it can be calculated by straightforward
integration: 6(z) = [, 7(u)du, note that 7 is the twist-rate of
fibre and R(0) = diag(R;1(0), Ri2(0),...) is a block-diagonal
matrix [23]. The corresponding LP manifold can be represented
by each block as:

R cosf) —sinf R Ry O I cosnf —Isinnf
0 sinf cosf )" 0 Ry Isin@ Tcosnf )’
3
where R corresponds to L% , manifolds, R, (#) corresponds
to LP, , modes. The coupling matrix is ultimately determined
asK'=A+B.

Based on the above theoretical analysis of the mode coupling
in the case of the STMS fibre, a commercial software Beam-
PROP (Rsoft, Pasadena CA USA) based on a 3-dimensional
finite difference beam propagating method (FD-BPM) has been
used to calculate the optical intensity distribution with light
propagation as shown in Fig. 3. The mesh size on X and Y di-
rection is 0.1 pm and the mesh size on the propagation direction

Z is 1 um, a perfectly matched layer condition has been adopted
as the boundary condition in the model. Fig. 3 shows that the
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Experimental setup for twist SMS fibre.

TABLE I

EXPERIMENTAL PARAMETERS FOR FABRICATION OF STMS FIBER STRUCTURE
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Fig. 4. Simulated transmission spectrum of the STMS fibre structures.

high-order MMF core modes leak out from the MMF core into
the MMF cladding at the first twist point, travel in the MMF
cladding region between the two twist points, and coupled back
to the fiber core at the second twisted section. Fig. 4 shows the
simulated transmission spectrum of the STMS fibre structure
with a length of 20 mm between the two twisted points which
has been fabricated using the filament heater. It is clear that the
larger dips induced by mode interference occur over the entire
transmission spectrum and these dips can be used for sensing
applications.

III. FABRICATION OF STMS FIBRE SAMPLES

The entire fabrication process can be divided into four steps
as follows: 1) Firstly, an SMS fibre structure was prepared
by using a commercial fusion splicer (Fujikura 62S, Japan).
The SMF and MMF used in the experiments were SMF28 and
AFS105/125Y, respectively. The entire length of the MMF used
was 41.5 mm; 2) Secondly, one of the SMFs was mounted on
the fibre holder and the other was mounted on the rotatable fibre
holder, as illustrated in Fig. 5. Then two twisted sections were
selected on the MMF section, the distance between the end of the
MMF and the beginning of the twisted section was circa 20 mm;
3) The filament heater heated the MMF and the SMS fibre struc-
ture was continuously rotated using the rotatable fibre holder,
thus creating the first twist point; 4) The filament heater was
relocated to a new position using a linear translation stage and
the MMF was again heated to create the second twist point. The

Parameter Data Unit
Heating Temperature 1300 + 20 °C
Heating Length 1 mm
Speed of Swivel /12 rad/s
Number of Twisting Turns 1.5 N
Distance Between Swivel Head and Holder 2400 mm
0
—— Simulated result /"\
—— Experimental result / \
a) a et e W
m 104 VL '\"‘-\ R, oS A .“/
=) (WA AN/ ‘I | A |
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Fig. 6. Simulated data and experimental results of STMS fibre.

transmission spectra of the STMS fibre structure were analyzed
on-line during fabrication using a broadband LED source and
a high-resolution (20 pm) optical spectrum analyzer (YOKO-
GAWA AQ6370D, operation wavelength range: 600-1700 nm).
The twisting process parameters, i.e. the temperature of filament
heater, the heating length, the relative angular speed and the
twisting turns were carefully optimized in order to achieve
minimal transmission loss. The experimental parameters used
in our experiment are shown in Table I. Fig. 5 shows the exper-
imental setup for the fabrication of the STMS fibre structure.
Fig. 6 presents the simulated and measured transmission spectra
of the STMS fibre structures following the twisting process.
From Fig. 6 it is clear that the measured results exhibit a general
agreement with the theoretical predictions. The discrepancy
between the theoretical predictions and measured results could
be induced by deformities shape of the twisted sections on the
MMEF, the manufacturing tolerances on refractive indices and
physical dimensions of the MMF fibre used in the experiments
and approximations made during the simulation, e.g. transmis-
sion for a twisted MMF includes some approximations in the
FD-BPM based model. Also the twist effect has changed the
interference status of the high-order modes in the MMF section.
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IV. CURVATURE MEASUREMENTS AND DISCUSSION

The experimental setup for performing the curvature mea-
surement is illustrated in Fig. 7. A super-continuum light source
(SLS) was used as the input light. The output light signal was
detected using an optical spectrum analyzer. The STMS fibre
structure was placed at the center of two holders. One end of
the STMS structure region was clamped using a holder and the
other end was not fixed but was attached to a 5 g-weight in order
to prevent fibre breakage due to excessive stress. The distance
between the two holders (L) was set to 139 mm. This could
be accurately determined using a steel rule pressed onto the fi-
bre between the two holders. Above the steel rule, a micrometer
caliper was used to change the radius of curvature by adjust-
ing the screw gauge and the resulting bending displacement
is d. The curvature of the STMS fibre structure can be deter-
mined using the formula p = 12d/L2. Fig. 8 shows the spectral
response changes in curvature. In Fig. 8 it is clear that there
is a distinct blue shift in the transmission spectrum at dipl
(1542.4 nm) when the curvature increases from 0 to 1.7390
m~'. The minimum dB transmission value of dipl decreases
within the curvature range 0-0.9937 m~ !, and increases within
curvature range 0.9937 — 1.7390 m ' . Fig. 9 represents the poly-
nomial fit of the curvature sensing characteristic of dip1. A linear
regression analysis of the dip wavelength position in Fig. 9(a)
shows that within the curvature range of 0- 1.7390m™!, the
average wavelength-curvature of dipl is —2.42nm/m™! with a
regression coefficient value (R?) of 0.9972.

If viewed at a single wavelength, the shift of the interfer-
ence dip means that the transmission (in dB) is a strong func-
tion of curvature. For example for a wavelength of 1537 nm,
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the change in transmission for a curvature change between 0
and 1.7390m™! is —12.33 dB. Fig. 9(b) shows the intensity-
curvature characteristic of 1537 nm, within the curvature range
of 0-1.7390 m~!. The average intensity-curvature sensitivities is
—7.09 dB/m~! with a regression coefficient value R? of 0.9888.
To better compare with the performance of the curvature sensing
of a traditional SMS fibre structure, the measured transmission
changes of both the SMS and the STMS fibre structure are shown
in Fig. 10. Fig 10 clearly shows that the curvature sensitivity
of the STMS fibre structure is larger than that of the traditional
SMS fibre structure within the curvature range of 0-1.7390 m!,
the multimode fibre length of SMS fibre structure is about 41
mm and the average sensitivity of curvature is —3.45dB/m .
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TABLE II
COMPARISON OF THE FIBRE CURVATURE SENSORS DEVELOPED TO DATE

Sensitivity of Linearity Configuration References

Curvature

8.7+ 0.1 nm/m™! not given SMS fibre strcture 8]

(substantial

sensitivity)

Not calculated not given LPG [13]

Not calculated not given All-fiber [14]
Mach-Zehnder
combined with a
LPG

8.9pm/m™! not given FBG in multicore [15]
fibre

Not calculated not given FBG misaligned [16]
with a SMF

—22.947 nm/m~"! 0.9903 SMFs using [17]
core-offset splicing

130.37dB/ m™! not given SMS fibre structure [18]

(maximum

sensitivity, curvature

range: 0-0.3m™!)

2.24nm/m ! and 0.9972 and STMS fibre structure Our work

7.09dB/m™! 0.9888

(average sensitivity)
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Fig. 11.  Experimental setup for the temperature test.

During the experiments, no well-defined relationship between
the length of the twisted section and the curvature sensitivity of
the proposed sensor has been found, therefore here we have just
presented the results of the twisted SMS fibres with a 2 cm long
twist section with a maximal curvature sensitivity in the work.

In order to better compare with the sensitivity of the different
fibre optic curvature sensors, Table II is provided for a direct
comparison. Apart from the direct advantages of high sensitivity,
the advantages such as ease of fabrication allows the possibility
of new fibre optic sensor designs with a compact size, thereby
reducing the size of the sensor, along with a low cost. As pre-
viously mentioned, the twisting process on the multimode fibre
section has improved the sensing performance of the original
SMS fibre structure significantly.

The temperature dependence of the proposed fibre curvature
sensor was also studied, since temperature effects normally have
a significant influence on the performance of a fibre optic sen-
sor. To experimentally study the temperature dependence of the
hybrid STMS fibre structure, the sample was placed in a heating
furnace as shown in Fig. 11. The temperature of the heating
furnace was controlled using a temperature controller. An addi-
tional handheld thermometer was used to confirm the tempera-
ture changes in the furnace. For the purpose of this experiment
the ambient temperature inside the furnace was strictly fixed at
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21 °C (room temperature) without temperature variation as a
starting point. A super-continuum source was used for launch-
ing power into the STMS device and the wavelength shifts were
monitored by the optical spectrum analyzer as described above.

The measured spectral responses are shown in Fig. 12, it is
clearly shown that when the surrounding temperature increases a
red shift of the wavelength dip occurs accompanied by a decline
of transmission.

Fig. 13 shows the measured temperature dependence for the
hybrid STMS device over a temperature range from 21 °C to
121 °C atintervals of 20 °C. In Fig. 13(a), the mode interference
dip exhibits very small shifts to longer wavelengths (red shift)
when the temperature was increased from 21 °C to 121 °C.
The temperature sensitivity was determined to be 0.01 nm/°C
over the temperature range concerned. Fig. 13(b) shows the
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intensity-temperature sensitivity is 0.007 dB/°C at the single
wavelength of 1537 nm. Both data sets show excellent lin-
earity, demonstrated by a linear regression value of R?> =
1.0000 and 0.9906. As expected, the measured thermal sensi-
tivity of the STMS device has been proven to be very low,
confirmed by the thermal sensitivity obtained in the experiment
for the hybrid STMS device which is circa 10 pm/°C. Since the
dip red-shifts increase monotonically as a function of tempera-
ture, it is possible to apply a simple correction factor to mitigate
the temperature induced errors.

V. CONCLUSION

In this paper, a curvature sensor based on STMS fibre struc-
ture has been investigated theoretically and experimentally. The
measured transmission spectra demonstrate a general agreement
with the theoretical predictions. This sensor can be interrogated
using an optical spectral analyzer (OSA) or a ratiometric inter-
rogation system as developed previously. Using the novel sensor
design developed in this investigation a higher average curva-
ture sensitivity of —2.42 nm/m~" over a curvature measurement
range of 0-1.7390 m~' and —7.09 dB/m " at an operating wave-
length of 1537 nm has been achieved, compared with a conven-
tional SMS fibre structure sensor. The temperature dependence
of this optical fibre curvature sensor has also been demonstrated,
the temperature sensitivities are 0.01 nm/°C over a wavelength
range of 1535-1550 nm and circa 0.007 dB/°C at the wavelength
of 1537 nm, over a temperature range of 21-121 °C. Further op-
timization of this hybrid fibre sensor geometry, such as twisting
turns and twisting positions, will result in a more compact fibre
optic sensor device with improved performance.
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