3D Structured Optical Fiber Pressure Sensors
Based on Femtosecond Laser Fabrication
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Abstract:  Pressure sensors based on air-hole fiber have limitations in design and ma-
terials. We fabricate and test pressure sensors with complex 3D structures in commercial
fibers, with potential for many types of high-performance fibers.
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1. Introduction

Pressure sensors are needed for monitoring a wide range of infrastructure for performance and safety. Compared
to traditional electronic sensors, the optical fiber sensors are immune to electromagnetic interference and able
to operate in explosive environments [1]. Many applications, such as space and aerospace are very sensitive to
mass and size, and optical fiber sensors have very significant advantages over traditional electronic sensors in this
respect [2]. Furthermore, there is a desire to extend pressure monitoring into ultra-extreme environments such as
gas turbines and nuclear reactors, beyond the capabilities of silica fiber.

Fabry-Perot sensors have been used for pressure sensing, but these are unsuitable for multiplexing multiple
sensors on a single fiber [3]. An alternative solution is to use optical fiber drawn with air holes in the cladding
all the way along the length of the fiber [4, 5]. When exposed to external pressure, there is a stress induced
birefringence, which can be detected with polarimetry. Fiber Bragg gratings (FBGs) may be incorporated into
this fiber for high sensitivity pressure measurements at specific points. These sensors have two Bragg reflection
peaks and their wavelength separation is a measure of pressure, while their absolute wavelengths can be used to
determine temperature [4,6]. The sensitivity has been further improved using a microstructure air hole fiber [7].
However, there is a mode mismatch between these speciality fibers and standard single mode fiber, resulting in
high splice losses, which can severely restrict the number of concatenated sensors. For example, the round trip
splice loss in Ref. [7] was 12 dB. In this paper, we design and fabricate three-dimensional custom holes in step-
index fiber to allow high sensitivity without incurring large splice losses. The technique also has the potential for
use in exotic fibers for ultra-extreme environments.

2. Sensor design

Incorporating air holes into an optical fiber will result in an uneven stress distribution inside the fiber when sub-
jected to external pressure. This in turn will cause the refractive index of the fiber to become anisotropic via the
stress-optic effect [8]. The relation between the stress and the induced refractive index change can be described
by,
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where Py, Py, are the stress-optic coefficients, &,&y,€; are the stress components, 1,1, 74 are the refractive index
components and n, is the unstressed refractive index. This anisotropy will change the effective refractive index
of the fiber in the two orthogonal polarization modes. According to the Bragg equation, the central reflection
wavelength of the FBG will shift as the effective refractive index changes. Hence, since the orthogonal polarization
modes have different effective indices, they will also have different Bragg wavelengths. This will result in a
splitting of the reflection peak if light is launched into both polarizations. In contrast, although the refractive index
will also change with temperature, this change is isotropic and will not cause the reflection peak to split.



To model and optimise the structure of the sensor, We used the multi-physics field simulation software COM-
SOL to calculate the distribution of internal stresses in the fiber when it is exposed to external pressure. Then we
calculated the refractive index distribution by bringing the results of the stress distribution into the stress-optic
equation. We simulate the FBG in the modified fiber based on these data and calculate its transmission peak. We
then get the response of the sensor under external pressure changes. We investigated sensors in both standard
single-mode fiber (SMF) and a large cladding fiber (LCF) with 250 um diameter (LIEKKI Passive-20/250DC).
This fiber was few-moded at 1550 nm, but single moded above 1640 nm.
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Fig. 1. Simulation results of the distribution of the change in refractive index components over
different fiber cross-sections when an external 124 bar pressure is applied. (a), (c) Schematic diagram
of the sector holes and the sector holes with elliptical micro-holes. (b), (d) Simulation results for the
distribution of the change in refractive index components.

The starting point for the design is like a bow-tie, consisting of two sectors filled with air. Figure 1 shows the
simulation results. Different shapes and sizes of air holes can have a significant effect on the sensitivity of the
sensor. Adding multiple micro-holes around the fiber core can improve sensitivity considerably. In addition, we
also experimented with changing some other shape parameters to explore their effect on sensitivity such as the
sector angle. We set the radius of the sector to 90 ttm and performed a parameter sweep for the sector angle, which
ranged from 40° to 90°. If the angle is too large the hollow area will also become too large and the sensor structure
will be unstable. The results in Figure 3(a) show the maximum transmission peak separation is 0.3 nm for a sector
angle of 55 degrees at an external pressure of 124 bar.

Diameter Type Sensitivity
125 ym Sector hole 1.128 pmy/bar
220 um Sector hole 2.417 pm/bar
250 um Sector hole with elliptical micro-holes 3.304 pm/bar

Fig. 2. Simulation results of sensitivity in different types of optical fiber.

After analysing the influence of the shape of the air holes, it is also critical to ensure that temperature changes
can be decoupled from pressure changes. We introduced thermal expansion into the model to calculate the trans-
mission spectra at different pressures and temperatures and obtained the simulation results as shown in Figure
3(b). It is clear that at different temperatures, the relative distance between the two orthogonal mode peaks changes
slightly and is more just an overall translation. However, the distances of peak separation change stably at differ-
ent pressures. This also means that temperature and pressure data can be acquired simultaneously for this type



of sensor. Finally, simulation of the transmission spectrum of the same sensor at different pressures leads to the
results in Fig. 3(c), where the pressure shows a linear relationship with the peak separation.
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Fig. 3. (a) Parameter sweep for the sector angle. (b) Simulation results of peak separation at different
temperatures and pressures. (c) Relation between wavelength separation and pressure change.

3. Fabrication and testing

The devices were fabricated by first exposing the fiber to a femtosecond laser to define the areas to be removed.
The fibers were then placed in an etchant to selectively remove these defined areas. The laser used for sample
fabrication was a femtosecond laser (Light Conversion, Pharos) operating at 515 nm with a linear polarization and
an oil immersion objective (Olympus UPlanAPO 20x, NAO.85). The laser power used were in the range of 90
mW to 130 mW. Sensors with sector air-holes were fabricated in the SMF and sensors with sectors and elliptical
micro-holes were fabricated in the LCF.

Fig. 4. Microscope image of the samples. (a),(b) Side views of the inscribed and uninscribed areas
of the 125 um SMF before and after etching. (c),(d) Side views of the inscribed and uninscribed
areas of the 250 um few modes fiber before and after etching. (e) Cross-sectional view of the 125
um SMF inscription area.

We used 8 mol/LL KOH at 85°C for wet etching of the silica fiber because KOH has better selectivity than HF
and it is also less hazardous [9, 10]. The micrograph in Fig. 4 demonstrates the accuracy of this selective etching.
Although the etched area appears to be through the fiber cladding, this is an illusion caused by aberrations.

A LCF sample (80 yum sector holes with micro-holes) smaller than the simulated model (100 um sector holes
with micro-holes) was pressure tested at Halliburton. The samples were spliced to polyimide coated SMF. These
were sealed (using a feedthrough) inside high-pressure stainless-steel tubing (2 mm internal diameter) filled will
oil. The pressure was increased up to 200 bar using a DHI PPCH controller. The results show that the transmission
peak appears to start splitting at 150 bar and two peaks become visible at 200 bar. At 200 bar the peak separation
is approximately 240 pm, leading to an estimated sensitivity of 1.2 pm/bar.

The proposed fabrication technique can potentially be applied to many different fibers. Sapphire optical fiber
is particularly attractive as it withstand temperatures up to 2000°C and high radiation. Recently, a single-mode
sapphire optical fiber has been demonstrated using femtosecond laser fabrication [11] and sapphire can be etched
with very high selectivity using KOH [12]. The new fabrication technique therefore opens up the possibility of
optical fiber pressure sensing in ultra-extreme environments.



1 T T T T

50 bar 0 bar

100 bar /'
//V\

\/

150 bar / A
7\

f

/

0.8r

0.6 ./

Refelectivity (A.U.)
~—

0 ‘ e
1639.4 1639.5 1639.6 1639.7 1639.8 1639.9 1640 1640.1 1640.2
Wavelength (nm)

L L L e ———

Fig. 5. Preliminary pressure test result of the sector holes with elliptical micro-holes sample.

4. Conclusions

We demonstrated a new method of pressure sensor fabrication using femtosecond laser writing and selective etch-
ing, allowing high sensitivity without incurring high splice losses. Simulations show large pressure sensitivities
of up to 3.2 pm/bar are possible in 250 um diameter fiber. We fabricated 3D pressure sensors in both standard
single-mode fiber and a large diameter fiber. Initial oil-based pressure testing showed a pressure sensitivity of
1.2 pm/bar. The fabrication technique has the potential to be used in a wide range of high performance fibers,
including sapphire fiber for use in ultra-extreme environments.
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