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A Twin-Core and Dual-Hole Fiber Design
and Fabrication

Tingting Yuan , Xiaotong Zhang, Qi Xia, Yiping Wang , and Libo Yuan

Abstract—We have proposed and demonstrated novel twin-hole
and dual-core optical fiber. We used the normal MCVD technology
to fabricate a single core fiber preform with a thin cladding. Then,
two small holes were drilled in the center and on the side of the pure
silica rod, the fabricated single-core fiber preform was inserted into
the two holes, and then the combined preform was heated until three
parts were fused. Finally, two larger holes were drilled close the
center core and twin-core and dual-hole are vertically distributed.
In order to retain the shape of air hole, we filled nitrogen gas in the
two holes to against the ambient pressure, which made the holes
collapse during the fiber drawing. The dual-hole microstructure
may be used as micro-containers to inject modulation medium
and aside the center core, and to induce accumulated interaction
between flow material and evanescent field of the center core,
therefore, it can be used as a modulation function fiber to fabricate
a very compact in-fiber integrated device.

Index Terms—Twin-core optical fiber, micro-container fiber,
multifunctional sensors, in-fiber integrated device.

I. INTRODUCTION

IN-FIBER integrated device is a burgeoning field that owes to
the growing awareness of new structures and new materials

of optical fiber are emerging continuously, which provides a
variety of possibilities for the expansion of new functions of
optical fiber, such as photonic crystal fiber [1], [2], multicore
fiber [3]–[5], chiral fiber [6]–[8], metamaterial fiber [9], [10] and
microstructure fiber [11], [12]. Most of the optical fiber sensors
are based on the same operation principle, i.e. the evanescent
field sensing, and all of them make use of optical waveguides as
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Fig. 1. Integration devices by a specially designed functional optical fiber. (1)
In-fiber integrated modulator; (2) In-fiber integrated microfluidic sensor.

the fundamental element of their structure for light propagation.
For example, the Michelson interferometer or the Mach-Zehnder
interferometer are most commonly employed for sensing. The
evanescent wave penetration into the adjacent media is in the
order of hundreds of nanometers, depending on the sensors
structure, being able to interact with the environment.

As we all know, microstructure fiber with porosity have been
widely used in optical fiber sensors. Hollow photonic crystal
fibers can greatly improve the interaction between light and mi-
crofluidic material. However, this kind of fiber using a bandgap
waveguide mechanism [13]–[15] is difficult to be applied to
control the infiltration of the liquid in the bandgap structure.
In addition, C. E. Kerbage et al. reported a six-hole optical fiber
around a central fiber core [16], but the interaction between light
and matter is weakened due to the large distance between the
fiber core and the microflow in the hole. On the other hand,
because the fiber has only one core, it is difficult to construct a
double-path interferometer on the same fiber.

In order to overcome the above shortcomings, we propose to
build-up an in-fiber integrated component in the optical fiber,
which has a microporous structure, and also includes a dual
waveguide as an interferometer, so that one beam is used as a
reference, and the other as a modulation or sensing, as shown in
Fig. 1.

If we have this kind of fiber, then the microsensors “Lab-
in-a-fiber” may be easy to fabricate. The schematic diagram of
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Fig. 2. (a) The schematic diagram of the twin-core optical fiber with a dual-
hole; (b) Fabrication process of the microstructure optical fiber preform: firstly,
a single core fiber preform; secondly, a twin-core preform; and thirdly, drill two
air holes near the central core in the twin-core preform.

optical fiber modulator is shown in Fig. 1(a), this fiber is used to
prepare a Michelson interferometer, and the air holes structure
is used as a microcontainer for the modulation medium. Fill the
hole with the medium having the characteristics of electro-optic
effect or magneto-optic effect as a modulation medium (for
example, electro-optic crystal, graphene, magneticfluid). Due
to the high adjust coefficient of the medium, when the voltage,
magnetic field or other control parameters change, the refractive
index (RI) of the medium will also change, thereby realizing the
modulation function of the sensor [17]–[20]. Fig. 1(b) is a Mach-
Zehnder interferometer optofluidic sensor prepared by using this
fiber. Unlike the previous devices, this sensor naturally forms
a microcavity because of the structure of the Mach-Zehnder
interferometer. The micro-processing of the microcavity can
make solutions of different RI flow in and out. The change of the
liquid in the air holes can be monitored through spectroscopy,
which is always a dynamic process.

Therefore, in this work, a novel type of microstructured
optical fiber with twin-core and dual-hole is proposed, which
is very suitable for use as an integrating interferometer mi-
crosensor. Since the center core is located close to the air hole,
the evanescent wave in the core will interact with the medium,
which makes the core sensitive to changes in the refractive index
of the material in the holes, therefore achieving the purpose
of modulating the output optical signal. Integrated optics tech-
nology can combine the waveguide and the microcontainer in
one optical fiber, so that miniaturized compact sensing devices
can be flexibly developed, and optical integrated devices can be
fabricated in a single optical fiber.

II. DESIGN AND FABRICATION OF THE FIBER PREFORM

Fig. 2(a) shows a schematic diagram of a novel microstruc-
tured optical fiber with dual-hole and twin-core designed by us.
The size of the side core is the same as the center core. Both
air holes are very close to the center core, and are located on
the same horizontal line, so this new microstructure is suitable
for fiber-optic modulation sensors. The sensor has two optical
paths and two microcontainers to accommodate the modulation
medium, the center core near the holes is used as the detection

Fig. 3. The drawing process of fiber with twin-core and dual-hole.

path and the side core away from the center core is used as the
reference path. The material in the hole will interact strongly
with the central core, but it will not affect the side core.

The fiber structure proposed in this paper is different from
the traditional single-core optical fiber preform. Firstly, use
the traditional modified chemical vapor deposition (MCVD)
technology to manufacture a standard single-core fiber preform.
Then, drill a small hole near the single core of the single-core
fiber preform, and insert a thin-clad core preform into this small
hole. Next, heat and melt the two in a vacuum to exhaust the
air in the gap until the preforms are combined. Finally, drill two
atmospheric holes near the central core of the preform, and a
dual-core optical fiber preform with two air holes is obtained.
This fabrication process of the twin-core and dual-hole fiber
preform is shown in Fig. 2(b).

III. DRAWING THE FIBER WITH DUAL-CORE AND A

SIDE-HOLE

The preparation steps of the microstructured optical fiber are
similar to the conventional single-core standard optical fiber.
After the optical fiber preform is prepared, heat it to a high
temperature in the drawing tower. When the preform is melted
and sufficient to flow, a drop of molten preform is pulled from
the bottom of the furnace, then a coating is applied on the outside
of the silica fiber, and it is wound up by the traction machine.
The constant speed of the reel can ensure that the fiber diameter
is stable, and the fiber will be measured through the parameter
monitor. Since the microstructured optical fiber preform has air
holes, in order to avoid the collapse of the air holes during the
drawing process, an immobile nitrogen pressure needs to be
added at the upper end of the preform to balance the pressure
inside and outside the air holes. The drawing process is shown in
Fig. 3, although the manufactured optical fiber has two air holes,
it can still achieve the same robustness and physical matching
size as the standard optical fiber. Generally, the temperature
range is controlled to be between 1900 and 2000 °C, and nitrogen
gas is pumped into the holes and is maintained at a pressure
greater than that of the outside atmosphere. In our experiment,
the furnace temperature was controlled to be at 1950 °C, and the

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on May 06,2022 at 05:34:37 UTC from IEEE Xplore.  Restrictions apply. 



4030 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 12, JUNE 15, 2021

Fig. 4. Cross-section view photograph of the fiber sample with twin-core and
dual-hole: (a) sample 1; (b) sample 2.

Fig. 5. RI profile of the fiber sample 2: (a) RI diagram of fiber end face;
(b) RI data in the blue line; (c) RI data in the red line.

nitrogen pressure was set at 101.345 kp at a drawing speed of
150 m/ min.

IV. CHARACTERISTICS OF THE FIBER WITH DUAL-CORE AND

A SIDE-HOLE

A. Optical Fiber Samples and the Refractive Index Profile

Compared with single-hole fibers, the double-hole structure
has many new advantages, such as expanded functions, im-
provements of the sensing sensitivity, increase of the types of
substances that can be measured, and so on. Here we prepared
these two kinds of optical fiber samples with the same structure
but different sizes. The outer diameters of both samples are
125 μm, the air hole diameter of sample 1 (Fig. 4a) is 38 μm, the
diameters of the center core and the side core are 9.1μm, and the
distance between the two cores is 28.4 μm; the air hole diameter
of sample 2 (Fig. 4b) is 22.1 μm, the diameters of the two cores
are 8 μm, and the distance between the two cores is 31.8 μm.
We can observe the cross-sections of the two microstructured
fiber samples through a microscope and measure their specific
dimensions.

As can be seen in Fig. 5, the RI distribution of the fiber sample
is measured by RI profiler. The core and cladding RI of sample
1 and sample 2 are 1.462 and 1.457, respectively.

Fig. 6. The conformal transformation for the dual-hole fiber. (a) Cross-section
of the eccentric air hole fiber on the G-plane. (b) The concentric circles mapped
on the W-plane.

B. Waveguide Mode Field Characteristics of Adjacent
Microflow Holes

Base on the mapping technique, the fiber with dual-hole could
be transformed into a four layers structure from the G-plane
to the W-plane, as shown in Figs. 6(a) and 6(b). Although
the geometry after conformal transformation is simplified, the
Helmholtz wave equation is not easy to solve [21]. We set
the G plane as the plane before the conformal transformation,
and we set the W plane as the plane after the transformation
(Fig. 6), based on the mapping technique [22], the Helmholtz
wave equation becomes the following equation:

[∇2 + (k2n2 − β2)/|W ′(G)|2]E = 0 (1)

Here W ′(G) = dW/dG.
If the above problems can be solved, then this mapping

technique can be considered reasonable [23]. The conversion
relationship between the G plane and the W plane can be de-
scribed as

W (G) = −s
z − t

z − s
(L > 0, s < t < 0) (2)

In Eq. (2), s and t are the roots of the following equations{
st = r22
(s+ L)(t+ L) = r21

(3)

R1 and R2 are the radiuses of the inner and the outer circles
respectively in the W-plane. Assuming R1 = r1, Eq. (2) can be
rewritten as

z =
Ws+ st

W + s
(4)

If W = rexp(jϕ), we obtain

1/ |W ′(z)| =
∣∣∣∣ 1− t/s

1 + 2r exp(jϕ)/s+ r2/s2

∣∣∣∣ (5)

From Eq. (5), 1/|W ′(G)|2 can expand into a series of power
r/s:

1/|W ′(G)|2 =

(
1− t

s

)2

/

(
1 +

4r cosϕ

s
+ L

)
(6)
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Fig. 7. The difference between FEM and CMM. (a) The relationship between
the effective RI of the center core and the hole size when the eccentric stomatal
fiber has a modulation medium or not. (b) The electric field mode distribution
in air and medium in the same Cartesian coordinate system, respectively in air
and water.

If L + s is great enough, the term 4r cos ϕ/(L + s) can be
absolutely negligible (<1%) [24]. Thus, the zero-order approx-
imation of Eq. (1) can be expressed as follow:[

∇2 +

(
1− t

s

)2

(k2n2 − β2)

]
E = 0 (7)

Based on Eq. (7), the longitudinal field components can be
written as

Ez =⎧⎨
⎩
AJm(u1r/R2) cos(mϕ) r < R2

[BIm(u2r/R2) + CKm(u2r/R2)] cos(mϕ) R2 < r < R1

DKm(u3r/R1) cos(mϕ) r > R1

,

(8)

Here, Jm is the mth order Bessel function of the first kind,
Im and Km are the mth order modified Bessel functions of the
first kind and the second kind, respectively. The constant Eqs. (8)
should be determined by the continuous condition of the tangent
component at the boundary. As a result, just like the traditional
three-layer fiber, by using these phase parameters to solve the
corresponding characteristic equations, the propagation constant
of the mode propagating in our fiber can also be calculated [25].

Compared with finite element modeling (FEM), conformal
mapping method (CMM) has been proved to be an effective
and direct solution for optimizing eccentric structured fibers
with fewer errors. When the air holes are 43 μm in a 1500 nm
wavelength and d = 26.5 μm, Fig. 7(a) plots the effective RI
of the fundamental mode of the central core with different air
holes sizes. It is worth noting that a decrease in the difference

of effective RI between FEM and CMM is accompanied by an
increase in the RI of the medium in the holes. When n1 = 1, The
maximum difference is 3.35 × 10−4 and when n1 = 1.45, the
maximum difference is only 9.55 × 10−5, so it is proved that
this method is suitable for solving eccentric structured fibers.

The field distributions of the fundamental mode of the central
core on the W plane and G plane are shown in Fig. 7(b). In the
simulation, the proposed method was evaluated by the measuring
parameters n1 = 1 or n1 = 1.45, n2 = 1.457, n3 = 1.462 in fiber
samples. Since the structure of the air holes area are bilaterally
symmetric, the distribution of the waveguide model in the center
core is still a gaussian at the origin. The simplified structure after
conformal transformation is similar to a single-mode fiber, so the
distribution of the waveguide model should also be at the origin.
However, there is still a difference between FEM and CMM in
the simplified geometry. In order to solve the position deviation
problem introduced by CMM, when it is inversely transformed
back to the original coordinate system, we perform a second
conformal transformation on the structure, following formula:

Z = α(Z − t)
α = r2/(r2 + t), t < 0
α = r2/(r2 − t), t > 0

(9)

In fact, the numerical results and analytical solutions are
approximates, so they all have error bands. At the same time,
their difference is not enough to affect our comparative analysis,
as can be seen from Fig. 6(b), there is not much difference
between FEM and CMM, the difference is small and can be
ignored. Based on these data, it is proved that this method is
suitable for the solution of double-hole structured optical fiber,
and the accuracy of this method is proved.

C. Interaction Between Fluidic Materials and Evanescent
Optical Field of the Center Core

By using finite element software, it is possible to simulate
the effective RI of the fiber’s central core mode at different
wavelengths. Fig. 8(a) is the central core effective RI of the
dual-hole and twin-core optical fiber with air holes of a diameter
of 22 μm at different wavelengths. Due to the change in the
RI of the modulation medium in the air holes, the effective RI
of the central core mode will also change. Since the positions
of the central core and the holes are almost tangent, the change
of the evanescent field in the core will sensitively transform with
the alteration of the RI of the medium in the holes. We found
that as the RI of the material in the hole increases, the effective
RI of the core also increases.

The proportion of the evanescent field of light waves in the
air hole is considered to be able to assess the sensitivity of the
sensor. In the case of injecting different RI modulation medium
into the hole, the energy ratio of the energy in the hole to the total
energy at different wavelengths is analyzed. The energy ratio in
the fiber is defined as η = Phole/Ptotal, where Phole represents
the optical power in the air holes, and Ptotal is the total power of
the entire area. The power ratio η between the stomata and the
entire area is shown in Fig. 8(b). As the wavelength increases,
the van evanescent field in the hole will increase as the medium
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Fig. 8. (a) The effect of different materials on the effective RI of the central
core, insert: simulation results of evanescent field distribution with air in the
air hole. (b) The power ratio of the evanescent wave in the air hole of the fiber
which filled in different materials. (c) The relationship between the effective RI
of the center core and the hole size with different modulation medium. (d) The
relationship between modulation medium and γ which is the holes size affects
the neff of the center core ratio.

RI increases. The above data graphic was obtained when the
air holes had diameters of 22 μm in a 1500 nm wavelength.
Although, the size of the holes also affect the performance of the
fiber, but from Fig. 8(c) we found that the relationship between
the two is not obvious and the effective refractive index of the
central core tends to be flattened as the hole increases. γ is the
linear fitting slope of each data line in Fig. 8(c), expressed as
the degree to which the holes size affects the effective RI of
the center core. It can be seen from Fig. 8(d) that γ will become

larger when the RI of the modulation medium in the hole become
larger, that is, the larger the RI of the medium, the smaller the
effect of the hole size on the core (Fig. 8d).

Since the center core is obviously affected by the material
in the holes, but the side core is not, because they are far
enough away from each other that they do not interfere with each
other, so it has the potential to be an optical interference sensor.
In addition, the characteristics of low consumption and high
sensitivity are suitable for interference microstructured sensors.
These advantages have attracted considerable attention in the
use of fiber optic sensing.

This new microstructured optical fiber with twin-core and
dual-hole has advantages such as a micro-size, tracing of sample
measurement, material control in the microholes, and a stable
environment. In addition to this, there are other superiorities,
for example, in this integrated optical paths, the light wave can
be easily transmitted over long distances, and clear results can
be obtained in a low-key range. The device combines material
and light, and the optical propagation path of the core will be
affected by the modulation medium RI in the microholes. The
optical signal can reflect certain characteristics of the detected
electromagnetic field.

V. CONCLUSION

A novel type of microstructured optical fiber, which integrates
the micro-container and the optical waveguide into one optical
fiber, has been designed and fabricated. We proposed that the
eccentric construction can be transformed into a concentric
optical fiber through the CMM. The CMM is used to sim-
plify the dual-hole structure, and the corresponding light field
distribution is obtained. For sensing application, the in-fiber
multifunction integrated device has a low loss, a fast response
and a high sensitivity. In-fiber integrated technology allows
the integration of passive and active optical components into
a single fiber, allowing the flexible development of miniatur-
ized compact sensing devices, with the additional possibility to
fabricate multifunctional sensors inside one fiber. The in-fiber
integration technology offers some additional advantages to the
optical sensing systems, such as robustness, reliability, potential
for mass production with consequent reduction of production
costs, low energy consumption and simplicity in the alignment
of the individual optical elements.
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