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Pressure Sensing Based on Photonic Crystal Fiber by Infiltrating
the Air-Holes with Water

Ilhem Mired1, 2, *, Mohammed Debbal2, 3, and Hicham Chikh-Bled3, 4

Abstract—Photonic crystal fiber sensors could be used for a variety of purposes including food
preservation, manufacturing, biomedicine, and environmental monitoring. These sensors work based
on novel and adaptable photonic crystal fiber (PCF) structures, and controlled light propagation
for the measurement of amplitude, phase, polarization, the wavelength of the spectrum and PCF
incorporated interferometry techniques. A new design of PCF was presented in this paper, and a
hexagonal microstructured fiber structure was designed. The proposed PCF can successfully compensate
for the chromatic dispersion by the influence of the pressure. As a result, a PCF pressure sensor
was then successfully developed. The pressure sensitivity of this PCF was measured. We developed
a simulation to understand the relationship between pressure and dispersion. In this work, all
simulations are discussed, and the pressure sensitivity was numerically calculated for three wavelengths
1.1µm, 1.4µm and 1.7µm to be respectively −0.01 (ps/nm/km)/bar 0.0207737 (ps/nm/km)/bar and
0.0236908 (ps/nm/km)/bar.

1. INTRODUCTION

In recent decades, photonic crystals have been developed into interesting new light-control and light-
manipulation structures. The periodic microstructures known as photonic crystal fibers (PCFs) are
those in which the refractive indexes of the materials change in one, two, or three directions over time,
with a period in order of the optical wavelength [1]. A single substance, such as silica, is used to
create PCFs, which have microscopic airholes along the length of the fiber. Russell’s group initially
used the term “photonic crystal fiber” in the early 1990s [2]. PCF is a type of fiber that overcomes the
limitations of conventional optics and offers new and improved properties fiber. These limitations are
related to its geometry and refractive index profile which does not allow for freely engineering optical
fiber features such as inherent losses, dispersion, nonlinearity, and birefringence in order to advance in
applications such as sensors. Due to its form, the length of the fiber is perforated with an irregular array
of air holes. First, a hexagonal photonic crystal fiber structure was designed. To attain appropriate
guiding properties, novel structures like triangular [3], circular [4], square [5], octagonal [6], hybrid [7],
decagonal [8], and hexagonal PCFs [9] have been developed over time as a result of advancements
in manufacturing technology. Topaz [10], Teflon [11], tellurite [12], silica [13], and other substances
have all been employed to enhance the functionality of photonic crystal fiber architecture. As a result,
with advances in fabrication technology, low bending loss [14], high sensitivity [15], high numerical
aperture [16], high nonlinearity [17], wide mode area [18], strong birefringence [19], ultra-flat-top
dispersion [20], zero-flat dispersion [21], and low inclusion loss [22] are all characteristics of PCFs [23].
PCF design is very flexible. In Fig. 1(b), numerous parameters are shown for manipulation, including
the refractive index of the glass, the lattice pitch “Λ”, the air hole form and diameter “d”, the lattice
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type, and more. The design freedom makes it possible to obtain endless single-mode fibers [24] that
are single-mode in the entire optical region and have no cutoff wavelength. Additionally, PCF has two
guidance mechanisms. The first is the index guidance mechanism [25] (similar to conventional optical
fibers) as shown in Fig. 1(a), and the second is the photonic bandgap mechanism [26].

(a) (b)

Figure 1. (a) Index-guided fiber. (b) Cross-section of a PCF [23].

The modification of a variety of characteristics, including the refractive index of fibers, airhole
constant, and periodic arrangement of airholes (also known as hollow channels), can achieve different
applications of desirable optical properties that are studied such as birefringence, anomalous dispersion,
and non-linearity [27]. For the general public, using optical fibers for communications is now an
established practice. More than a century ago, these technologies were created for this market. New
measurement techniques based on fiber optics have also been made possible by broad use [28]. Numerous
benefits of fiber-optic sensors include their inherent immunity to electromagnetic fields (micro-waves,
radio frequencies, high-energy magnetic fields, etc.. . . ) [29]. Then, because of their strength and thermal
or chemical resistance, they may be used in the petroleum [30], aerospace [31] nuclear industries [32],
agro-food engineering [33], civil engineering [34]. . .

Currently, the world of fiber optic sensors is growing rapidly, and their use is becoming more
widespread, although their development and use are only just beginning to be standardized [35].
PCFs have a variety of characteristics [36, 37] being coupled to detecting applications such as
temperature independent strain sensors, which are common to regular filaments [38, 39]. The well-known
refractive index exchange phenomenon, which guarantees regulated light transmission in dielectric or
semiconducting materials, is frequently the basis for the operation of such devices.

The technology based on this effect has been in use for a long time and has now reached the physical
performance limits [40]. Research into new materials has only recently opened up a whole new class of
photonic bandgap effects [41]. This discovery sparked great interest in photonic crystals, a new class
of materials that exploit the bandgap fiber (PBG) effect. It is expected to have a significant impact on
multiple photonics applications [42].

A fiber sensor is generally sensitive to several physical quantities, of which pressure is often one.
Therefore, our main goal was to find devices that are exclusively sensitive to one parameter and
unaffected by the effects of the others. Due to their low cost, high sensitivity, small size, robustness,
flexibility, and capability for remote monitoring, fiber optic sensors are an attractive option for the
electronics industry [43, 44]. Other benefits support their suitability for usage even in difficult conditions
including noise, strong electromagnetic fields, high voltage, nuclear radiation, and situations that are
explosive or chemically corrosive [45, 46]. However, despite their excellent performance, the intrinsic
properties of silica impose restrictions on the development of this technology [47]. The first, and
most obvious, is the selection of the core and cladding material. Other restrictions are geometry and
refractive index profile, which prevent free engineering of its characteristics such as inherent material
losses, dispersion, non-linearity, and birefringence [48, 49]. Another notable feature of these PCF-based
sensors, when being employed as pressure sensors is their minimal temperature sensitivity [50].
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Recently, using Polarization-Maintaining Photonics Crystal Fibers (PM-PCF) as the sensing
element, a novel fiber Sagnac interferometer pressure sensor has been proposed and tested [51]. By
using a pressure-assisted CO2 laser beam-scanning technology to periodically inflate airholes of the
PCF, it successfully shows a unique PCF for high-sensitivity gas pressure measurement [52]. Using the
polarization-maintaining PCF PM-1550-01 produced by Blaze Photonics, a PCF pressure sensor shown
in Fig. 2 has been created successfully [42]. With the aid of a PM PCF-based Sagnac interferometer,
the potential of a high-pressure sensor for downhole use has been shown [53]. It has been reported that
Tapered Long-Period fiber-optic Gratings (TLPGs) have been used to build a tiny reflecting form of
fiber-optic pressure sensor [54].

(a) (b)

Figure 2. Cross section of a PCF sensor of pressure [42]. (a) PCF modeled by manufactured by
Thermo-Electric Generators (TEGS) Inc. (b) PCF made of a commercially available Blaze photonics
PCF, PM-1550-01.

The problem is to measure pressure in different environments, and as normal sensors do not give
such accuracy, our contribution is to use photonic crystal fibers with a diameter of 125µm. To show
that pressure could influence the chromatic dispersion of PCFs the main objective is to develop new
functional principles for fiber sensors for pressure. Since the development of such sensors is rather
limited to date, the approach of this project is first of all exploratory with a theoretical basis and an
increased understanding of the phenomena involved. The secondary aim of this work is to obtain the
best possible performance (high resolution, large stroke, high sensitivity, and low measurement error).

2. THEORY

When a variety of environmental events are observed, pressure is an important measure. Precision
applications and monitoring use many industrial processes with high precision. The fiber optic pressure
sensor is well adapted for the usage with both human and animal bodies, making them useful for medical
diagnosis. Body fluid pressure can be measured using PCF-based pressure sensors. Underwater pressure
and temperature can be measured with these sensors [55].

The motivation for this paper is the first sensor developed based on PCF. New optical solutions
are provided by PCFs; however, some of them are difficult to deal with. For example, the low optical
transmission of PCF makes it difficult to use to make high-quality (low-loss, high-strength) splices and
connectors [56]. It is strongly influenced by the condition of surrounding small holes [57].

The following equation for the refractive index of liquid water as a function of wavelength,
temperature, and pressure was presented at the 9th International Conference on the Properties of
Vapors, held in Munich, Germany, in 1979 [58]:

n(λ, T, P ) =

√
a1

λ2 − λ2
a

+ a2 + a3 · λ2 + a4 · λ4 + a5 · λ6 +
(
b1 + b2 · λ2 + b3 · λ4

)
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+
(
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)
· (T − Tb)
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· (P − Pb)
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With the range of validity of:

0.182µm ≤ λ ≤ 2.770µm

−10◦C ≤ T< 100◦C

1bar≤P≤ 1200 bar

The value of the coefficient in Eq. (1) is determined by the least squares method [44], and
reference temperature Tb = 20◦C selected according to International Practical Temperature 1968 Scale
corresponds to the temperature of Tb = 19.993◦C and reference pressure for Pb = 1atm= 1.01325 bar,
considering these conditions were used to make the majority of measurements. The numerical values of
the coefficients are given in Table 1. Wavelength λ, temperature T , and pressure P must be given in
µm, ◦C, and bar in Eq. (1) [44].

Table 1. Numerical values of the coefficients of Eq. (1) [44].

λ2
a = 0.018058 b1 = −8.454823 ∗ 10−5 c1 = 8.419632 ∗ 10−6

a1 = 5.743534 ∗ 10−3 b2 = −2.787742 ∗ 10−5 c2 = 1.941681 ∗ 10−5

a2 = 1.769238 b3 = 2.608176 ∗ 10−6 c3 = −7.762524 ∗ 10−8

a3 = −2.797222 ∗ 10−2 b4 = −2.050176 ∗ 10−6 c4 = 4.371257 ∗ 10−8

a4 = 8.715348 ∗ 10−3 b5 = 1.019989 ∗ 10−6 c5 = 7.089664 ∗ 10−9

a5 = −1.413942 ∗ 10−3 b6 = −2.611919 ∗ 10−6 c6 = −2.240384 ∗ 10−8

b7 = 8.194989 ∗ 10−9

b8 = −8.107707 ∗ 10−9

b9 = 4.877274 ∗ 10−8

Indeed, in this paper we intend to use a numerical method to study the chromatic dispersion of the
proposed PCF. Sellmeier’s equation (Eq. (2)) can be used to measure and model the effective refractive
index neff of hollow airholes that have been set in silica as the background material, as stated by [59]:

n2 − 1 =
0.6961663 · λ2

λ2+(0.0684043)2
+

0.4079426 · λ2

λ2− (0.1162414)2
+

0.8974794 · λ2

λ2− (9.896161)2
(2)

where λ is the operating wavelength. This equation will help to calculate the dispersion profile of the
structure.

3. DESIGN OF PCF

A novel device was presented and developed using a numerical method. It consists of different sizes of
the airholes that were chosen after multiple simulations to achieve a good curve in dispersion. It makes
use of the fact that when a fluid is injected at an overhead pressure, the variation in hole size between
the core and cladding causes a varied infusion speed inside the holes. The simulated PCF is shown in
Fig. 3(c). It can be seen from this figure that the fiber structure has six rings and contains three sizes of
airholes. In the first ring, the diameter of the airholes is d1 = 0.7µm. In the second ring, the diameter
is d2 = 1µm, and the lattice pitch Λ = 2.3µm and the remaining airholes are d = 1.46µ m. the PCF’s
background is silica, which is represented as the core and has a refractive index of 1.45 as highlighted
in Fig. 3(a). We can find the specific parameter of our PCF in Table 2.

Figure 3(b) shows the profile index when injecting in the air-holes the selective analyte which is
water.

Because of variations in the refractive index of water, which is sensitive to pressure, the airholes are
filled with water since it contains a large part of the biochemical solution. In this work, we contribute
by demonstrating how pressure impacts PCF dispersion. We will use liquid that penetrates air pores
to show how pressure directly affects dispersion.
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Table 2. The parameters of the proposal PCF.

Parameter Value (µm)

Period Λ 2.3

Diameter d 1.46

Diameter d1 0.7

Diameter d2 1

Outer cladding diameter 125

Coating diameter 245

(a) (b)

(c)

Figure 3. Proposal structure. (a) With airholes. (b) Holes infiltrating with water. (c) The PCF
cross-section.

4. RESULTS AND DISCUSSION

Firstly, we will simulate the dispersion of the PCF by numerical method with and without water to
study the differences and the influences of infiltrating water on PCF. From Fig. 4, we observe that when
the holes of the PCF were filled with air, the zero-dispersion wavelength (ZDW) was located at a value
of 1.16µm. However, after filling water in the airholes, the ZDW was shifted to 1.4µm. This is a good
result in the location of the ZDW.

The refractive index of air-holes is largely independent of temperature and pressure, and we can
conclude that the effect of the different pressure on the PCF is insignificant, and the refractive index of
water (H2O) is dependent on both temperature and pressure. For that reason, the air-holes were filled
with water. The temperature was fixed at 25◦C, and the pressure was chosen as 2 bar. The dispersion
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Figure 4. The variation of the chromatic dispersion with and without infiltrating air-holes with water.
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Figure 5. The refractive index of water as a function of wavelength for different pressure.

was moved to large wavelengths when holes were infiltrated with water. Chromatic dispersion is relative
to the refractive index n (λ, T , P ) and also relative to pressure effectively.

Figure 5 shows the change in the refractive index of water as a function of wavelength for various
pressures. We notice that the pressure directly affects dispersion, and when the pressure increases, the
refractive index increases.

The next step is to change the pressure. We start our simulation to calculate the dispersion of
the PCF infiltrated with water for different pressure. The lower pressure was 2 bar, and the higher one
was 345 bar. This range was chosen relative to [60]. Fig. 6 shows the relation of the shift in chromatic
dispersion with the change of pressures, demonstrating that the PCF may be used as a pressure sensor.
This change indicates the relationship between the chromatic dispersion and the pressure.

Then, we restart our simulation with a numerical method to calculate the variation of the dispersion
of PCF infiltrating with water. At this stage, we will change the pressure to the range of 10 bar to
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Figure 6. The variation of the chromatic dispersion at a different pressure.
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Figure 7. The chromatic dispersion as function of wavelength in different pressure.

340 bar. The shift during the change of the dispersion was recorded to evaluate the sensitivity of the
sensor. Fig. 6 shows the dispersion as a function of wavelength by raising the pressure from 10 bar to
340 bar. Clearly from the curve illustrated in Fig. 7, there is a relation between the dispersion and the
pressure. The dispersion is sensitively dependent on the pressure. The sensing property is analyzed by
infiltrating water into the air-holes.

For computing the sensitivity of this pressure sensor, we will choose three different wavelengths,
1.1µm, 1.4µm, and 1.7µm, and we will study the variation of chromatics dispersion at each of these
wavelengths.

So firstly, measurements were made at the wavelength 1.1µm. Fig. 8(a) shows the characteristic
curve of the variation of chromatic dispersion at 1.1µm. The sensitivity was calculated as:
S (ps/nm/km)/bar = ∆D/∆P . It can be noticed from Fig. 8(b) that the simulation sensitivity of
pressure is around 0.01 (ps/nm/km)/bar by using the quadratic fitting.
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Figure 8. (a) Dispersion in the function of wavelength. (b) Dispersion in the function of pressure for
the wavelength 1.1µm.

Then, we use the case when the wavelength is 1.4µm to calculate the sensitivity. Fig. 9(a) clarifies
the variation of the chromatic dispersion when λ = 1.4µm, and the calculations were performed at a
fixed wavelength (1.4µm) and different levels of the applied pressure. We can calculate the sensitivity
as shown in Fig. 9(b). According to the measured experimental data, the average value for the pressure
sensitivity can be calculated to be −0.0207737 (ps/nm/km)/bar by applying the quadratic fitting.

Afterward, we will take the wavelength λ = 1.7µm as shown in Fig. 10(a) and calculate the
average value of the sensitivity of the sensor. Fig. 10(b) illustrates the sensitivity when the wavelength
was 1.7µm. At this point and by using the quadratic fitting, we can calculate the sensor’s sensitivity
to be −0.0236908 (ps/nm/km)/bar.

After several calculations and comparisons among these wavelengths that have been chosen, it can
be noticed that the sensitivity when the wavelength is 1.7µm is better than the sensitivity when the
wavelength is 1.1 and 1.4µm. It can be seen from Fig. 11 that this pressure sensor is more sensitive to
the rising of the wavelength.

The sensitivity changes with the change of wavelength. From this, it can be illustrated that there
is a little change of sensitivity whereas a rapid change. Thus, it is possible to employ the suggested
sensor for pressure sensing.
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Figure 9. (a) Dispersion in the function of wavelength. (b) Dispersion in the function of pressure for
the wavelength 1.4µm.
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Figure 10. (a) Dispersion in the function of wavelength. (b) Dispersion in the function of pressure for
the wavelength 1.7µm.

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
-0.024

-0.022

-0.02

-0.018

-0.016

-0.014

-0.012

-0.01

λ (µm)

S
e
n
s
it
iv

it
y
 (

(p
s
/n

m
/k

m
)/

b
a
r)

Figure 11. Sensitivity in function wavelength.

5. CONCLUSION

In this study, we have studied how pressure affected PCF’s chromatic dispersion, by infiltrating
the air-holes with water. Consequently, a successful PCF pressure sensor has been developed using
a numerical method by infiltrating water in the air-holes. The results indicate that the pressure
sensitivity is −0.01 (ps/nm/km)/bar −0.0207737 (ps/nm/km)/bar and −0.0236908 (ps/nm/km)/bar at
the wavelengths 1.1µm, 1.4µm, and 1.7µm, respectively. The sensitivity at 1.7µm is the best. The
sensor has been operating successfully. It has been shown that the more the wavelength increases, the
more the sensor becomes sensitive. This sensor offers direct sensing, which is simple to design, small in
size, and simple to manufacture, making it a perfect candidate for pressure sensitivity.
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