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Abstract

In this paper, we report a fiber-optic pressure sensor fabricated by three-dimensional (3D) printing
of glass using direct laser melting method. An all-glass fiber-housing structure is 3D printed on
top of a fused silica substrate, which also serves as the pressure sensing diaphragm. And an optical
fiber can be inserted inside the fiber housing structure and brought in close proximity to the
diaphragm to form a Fabry-Perot interferometer. The theoretical analysis and experimental
verification of the pressure sensing capability are presented.
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Introduction

Pressure monitoring is of great interests in various important applications where pressure of
the environment usually provides real time information to understand and control the
processes [1,2], such as oil and gas pipelines pressure metering [3], turbines [4] and
downhole pressure monitoring [5]. Pressure monitoring in many cases is under harsh
environments, like, high temperature, time-varying aqueous environments. As such, it is
desirable in harsh environments for pressure sensors to be capable of operating at high
temperatures (e.g., 500 °C) and immune to surrounding environments. Optical fiber sensors
have been widely investigated over the last several decades for pressure sensing. Over the
years, various optical fiber sensors have been proposed and demonstrated for pressure
sensing, such as fiber interferometers [6-8], fiber Bragg gratings [9-11], whispering gallery
mode optical resonators [12] and micro-bending sensors [13]. Generally, these optical
devices have a compact size, high sensitivity, fast response, immunity to electromagnetic
interference (EMI), and promising broad applications.

Fiber-optic extrinsic Fabry-Perot interferometer (EFPI) is among the popular choices for
pressure monitoring, owing to its advantages of high spatial resolution and independence to
polarization changes [6,8,14,15]. A typical EFPI pressure sensor uses a diaphragm as the
sensing element. Pressure induced diaphragm’s deformation generates the change of
interferometer’ s optical path difference (OPD). And the change of OPD is monitored by the
interferometer with high sensitivity and high resolution. In recent years, both fiber inline
EFPI sensors and assembly-based EFPI sensors have been reported for pressure monitoring.
In general, the sensitivity and pressure range of assembly-based sensors is easy to be
adjusted by tuning the dimension of the diaphragm. While at the same time, typically, there
exists the mismatch of coefficients of thermal expansion (CTE) between different materials
(e.g., glass and bonding materials), resulting in the large temperature cross-sensitivity and
sometimes limitations in working temperatures. Comparatively, Assembly-free fiber inline
EFPI sensors have a compact size and improved mechanical robustness, thanks to various
micromachining techniques [6,14,16]. In our previous work, an all-glass fiber inline EFPI
pressure sensor was fabricated by a femtosecond laser [6], which was capable of working at
high temperatures up to 700°C, with small temperature cross-sensitivity. However, the
pressure sensitivity was relatively low because of the dimension of the diaphragm.
Therefore, generally, there are trade-offs between high pressure sensitivity, low temperature
cross-sensitivity, high temperature operating point and mechanical robustness.

Recently, three-dimensional (3D) printing technology has been demonstrated as a powerful
approach for the fabrication of sensors [17-20]. This technique offers great flexibility and
simplicity to produce desired 3D structures. Meanwhile, 3D printing process can incorporate
with other processes to realize an integrated smart structure. Various 3D printed sensors have
been proposed and demonstrated [18,20]. In general, 3D printed structures serve as a sensing
part or mechanical supporting platform. However, due to the properties of the printing
materials, which are typically polymer or metal materials, 3D printed sensors rarely survive
in high temperature environments. Recently, a 3D printed ceramic part with embedded
sapphire optical fiber has been reported for high temperature applications [21]. And a fused
silica additive manufacturing method [22], proposed by Kotz et al, was successfully applied
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to create transparent fused silica components. Components created from both printing
processes show high thermal resistance. However, 3D printed fused silica/ceramic parts with
high temperature sensing capabilities have not been reported yet.

Here we present an all-glass EFPI pressure sensor fabricated by Three-dimensional (3D)
printing of fused silica technique. In our previous work, we reported the extrusion-based 3D
printing of ceramics [23] and glass [24] technique. And in this paper, the extrusion-based 3D
printing of transparent glass assisted with CO5, laser direct melting fabrication process is
employed to fabricate sensing structures. The 3D printing of glass technique allows rapid
fabrication of a fiber housing and diaphragm integrated part with flexible dimension tuning
capability. Optical fiber is brought in close proximity to the diaphragm to form the FPI
cavity. And optical fiber is fixed with the help of CO, laser irradiation. Simulation and
pressure test of the sensor are presented. Meanwhile, the temperature dependence of the all-
glass sensor is studied.

II. Fabrication and simulation of the all-glass pressure sensor

Figure 1(a) schematically illustrates the structure of the proposed sensor. The proposed
sensor is composed of a fiber housing structure on top of a diaphragm and a single mode
fiber (SMF). To fabricate the sensor, 3D printing of glass process is conducted for a fiber
housing structure printing [24]. The fiber housing structure consists of a cone shape and a
tube structure on its top. Firstly, a cone structure is printed on a thin fused silica substrate
(Corning 7980, with a dimension of 10 x 10 x 0.5 mm), which also serves as the pressure
sensing diaphragm. During the printing process, the cone shape structure is printed until the
decreasing radius is small enough for a glass tube to be inserted and fixed. Then printing
process continues with the fixed radius to form a tube structure. The cone structure enhances
the flexibility for diaphragm dimension tuning, to help realize sensors with adjustable
pressure measurement sensitivity and range. And the tube structure makes the perpendicular
alignment of glass tube to the diaphragm easy. After the printing of fiber housing structure,
the inner surface of diaphragm is gold coated with the help of sputter coating machine, for
diaphragm’s optical reflection enhancement. Then, glass tube is inserted and the gap
between tube and fiber housing structure are filled with fused silica paste, which is melted
by CO, laser processing.

Besides, optical fiber is inserted into the glass tube and brought in proximity to the
diaphragm to form the Fabry-Perot cavity. Finally, CO, laser irradiation is conducted for
tube and optical fiber fixing.

During the 3D printing process, for each printing layer, fused silica paste is extruded at
controlled flowrate through an extruder (eco-Pen300, Preeflow) with circular nozzle first.
And CO, laser irradiation (with a wavelength of 10.6 xm, ti1l00W, Synrad) is used to heat
the paste with optimized output power, spot size and scanning speed. With the help of laser
processing, fused silica paste is quickly melted and fused both in the printing layer and
between the adjacent layers. Figure 1(b) shows the extrusion trace and CO, laser irradiation
trace. It is noticed that the extrusion trace is in a spiral shape. Considering the extruded paste
width, each adjacent trace of the spiral is separated with the same distance | to avoid paste
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overlaps or paste gaps. After 40 seconds time delay, CO, laser irradiation follows the same
trace as the extrusion trace. In addition, extra path is designed for the irradiation process, as
shown in Figure 1(b). With this optimized laser irradiation trace setting, fused silica pastes at
the starting and ending point of the spiral will be under the same heating profile from CO,
laser irradiation as the pastes in middle of the spiral. The next printing layer will be
processed 40 seconds after the laser heating process. With this setup for each printing layer,
Figure 1(c) shows the printing model of fiber housing structure. I, d1, d» and hq, hy
represents the separation between two traces, diameters of bottom and top layer, heights of
the hollow cone and tube structures, respectively. And the values were optimized and set to
be 0.4 mm, 7.3 mm, 4.2 mm, 1.5 mm and 3 mm respectively.

Figure 2(a) shows the printed transparent fused silica fiber housing structure on top of a
fused silica substrate. The substrate, which also performed the pressure sensing function,
was fused together with the printed glass to form an integrated part, ensuring the good
mechanical robustness of the structure.

Besides, gold sputter coating (Desk V, Denton) was deposited onto the inner surface of the
diaphragm with the thickness of ~20 nm, to enhance the light reflection as well as the
immunity of the sensor to variations in surrounding media. Additionally, a fused silica tube
with outer diameter (OD) of 4 mm was inserted into the printed structure and the gap
between them was filled with fused silica paste. Laser irradiation was in progress for paste
melting and fusing. Finally, a cleaved single mode fiber (SMF) was inserted into the tube
and brought into the designated position to form the FPI. During this process, a monitoring
system was used to acquire the spectra, which consisted of an optical spectrum analyzer
(AQ6370D, Yokogawa), fiber coupler and broadband light source (Agilent 83437A). Then
COy, laser irradiation with ZnSe cylindrical lens was processed to deform the tube and
eliminate the gap between tube and optical fiber. The CO, laser was set to 30 W and scanned
one time with a speed of 2mm/s in a direction perpendicular to the fiber placement. As
shown in Figure 2(b), no gap existed in the laser irradiation area (left part of Fig. 2(b)).
Moreover, gaps between tube and SMF is clearly shown in the unirradiated area (right part
of Fig. 2(b)). Figure 2(c) shows the assembled all-glass pressure sensor.

When the sensor is exposed to external pressure, deflection of the fiber housing structure can
be modeled and analyzed using a finite element method, with the parameters set the same as
the parameters shown in Fig. 1(c). Figure 3(a) shows the deflection distribution of the
proposed structure in Abaqus when it is under the external pressure of 0.5 MPa. The
majority of the simulated structure is in blue, indicating that no deflection is observed. And
the largest deflection (in red) is located at the center of the diaphragm, which is 1.821m.
Figure 3(b) shows the center deflection under pressure change. A linear relationship is
observed, and the slope of the fitted line is calculated as the simulated pressure sensitivity,
which is estimated as 3.6 nm/kPa.

Through the simulation, only diaphragm is sensitive to external pressure change. As such,
the pressure sensitivity for a circular diaphragm can be also described as [6]:
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3(1 — y?)a*
S = (—"g‘z(ym/Pa) )
16Eh

where a and h are the radius and thickness (in xm) of the diaphragm. E and x are the Young’
s modulus and Poisson’ s ratio of the diaphragm. When the diaphragm is exposed to external
pressure P, the deflection of the diaphragm is given by:

d= 3(1 — /42)04

= §— P(um) @
16Eh

Experimental results of the fabricated pressure sensor

The pressure sensitivity of the fabricated sensor was characterized. As shown in Fig. 4, the
sensor was sealed in a sealed water chamber, where the hydrostatic pressure was supplied
using a hydrostatic test pump and monitored with a commercial pressure gauge (with 0.5%
measurement accuracy). The light from a broadband light source was injected into the sensor
through a fiber coupler and reflected interference spectra were detected via the OSA and
recorded for every 20 kPa increasement from 0 to 0.5 MPa.

Figure 5(a) shows the spectra of the sensor when exposed to external pressures of 0 kPa, 200
kPa and 500 kPa, respectively. Figure 5(b) plots the FFT of the spectra in Fig. 5(a). Three
main frequency components with different spatial position are represented by three peaks in
Fig. 5(b). When pressure increased, the peak position shifted left, meaning that the cavity
length decreased, which agreed well with the simulation results. And cavity length change of
the sensor as a function of the external pressure was plotted in Fig. 6. Under 0.5 MPa
pressure change, a cavity length change of 2148.7 nm was observed. The response curve
shown in Fig. 6 was nonlinear in the large pressure range. As such, a second order
polynomial fit was used to correlate the relation between the cavity length change and
applied pressure. It is noticed that the linear term coefficient is much larger than the
coefficient of second order term. Therefore, the linear term dominated, and the coefficient of
the linear term was calculated as the averaged pressure sensitivity, to be 3.18 nm/kPa.
Additionally, considering the changing slope in the large pressure test range, the cavity
length change in relation to pressure variation was plotted into three separated small
pressure ranges, which were 0 to 160 kPa, 180 to 340 kPa and 360 to 500 kPa, respectively,
as shown in the insets of Fig. 6. A linear fit was applied to the three separated regions and
sensitivities were calculated to be 3.52 nm/kPa, 4.30 nm/kPa and 5.22 nm/kPa, with the
coefficients of determination (or the R-squared values) of the curve fittings being 0.998,
0.999 and 0.998, respectively. The sensitivity shows the trend of improvement when the
sensor was exposed to larger external pressures.

Besides, the radius of the diaphragm could be calculated from the cavity length change using
Eqg. (2). The calculated diaphragm radius was 3.80 mm, which was close to the proposed
radius of 3.65 mm. The small difference between experimental results and simulation results
was related to the sensor fabrication process. As shown in Fig. 1(b), during the 3D printing
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process, for each printing layer, due to the spiral-shape extrusion process, the area inside the
printing trace was not a perfect circle. While in equation calculation and model simulation,
the radius applied was the value of Ry in Fig. 1(b). But the size of the printed diaphragm
should be in the range of a circle with radius between R1 and Ry, which was 3.65 mm and
3.85 mm. As such, the printed structure matched the designed model in dimensions, showing
the small shrinkage of the all-glass part fabricated by this 3D printing of glass based on
direct laser melting method.

To demonstrate the feasibility as a high temperature pressure sensor and study its
temperature dependence, the pressure sensor was measured in an electrical tubular furnace
and the interference spectra were monitored as the temperature varied programmatically
from room temperature 20°C to 700°C. As the temperature increased, the cavity length
increased, as shown in Fig. 7(a). Linear regression was applied to fit the response curve and
the slope was calculated as the temperature sensitivity, which was estimated to be 0.215
nm/°C. And the cavity length change was mainly induced by the thermal expansion of the
cavity. Taken the sensor’s cavity length of 359386.0 nm into consideration, the thermal
expansion ratio of the cavity was calculated to be 5.9824x10~//°C, which was close to the
thermal expansion coefficient (CTE) of fused silica glass of 5.5x10~7/°C. The difference
between the two values could be related to the sealed air cavity expansion under higher
temperature environments, and slightly porous glass structure during 3D printing process.
Nevertheless, the sensor showed the low temperature dependence and its capability of
working in high temperature environments. Based on the measurement results, the
temperature-pressure cross-sensitivity is found to be 67.6 Pa/°C.

The stability of the pressure sensor was measured by continuously recording the sensor’ s
cavity length for a period of 4 hours. To eliminate the influence of environmental changes,
the sensor head was put in the sealed water chamber at room temperature, as shown in Fig.
4. The results are plotted in Figure 7(b). The standard deviation of the data within this period
was found to be o= 22.17 Pa. The resolution of the sensor was estimated to be 2o = 44.34
Pa, which is equivalent to 95% confidence.

V. Conclusion

In summary, an all-glass fiber-optic pressure sensor was fabricated by the three-dimensional
printing based on direct laser melting method. The pressure sensor was made of fused silica
material, and its fiber housing structure was fabricated by direct three-dimensional (3D)
printing of glass on top of a fused silica substrate, which also served as the pressure sensing
diaphragm. A cleaved single-mode fiber (SMF) fixed inside a glass tube was inserted into
the fiber housing structure and brought in proximity to the diaphragm, to form the FPI. CO,
laser irradiation was applied in optical fiber fixing process. Test results showed that the
pressure sensitivity and resolution were 3.18 nm/kPa and 44.34 Pa, respectively, which
agreed well with the simulated results, showing that the printed sensor matched the 3D
model, small shrinkage was observed, and the accuracy and precision of this 3D printing of
glass method were high. Moreover, temperature dependence of the sensor has been tested up
to 700 °C with low temperature sensitivity of 0.215 nm/°C, corresponding to the
temperature-pressure cross-sensitivity of 67.6 Pa/°C. Based on this 3D printing of glass
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method, the diaphragm thickness and diameter can be designed to adjust the sensitivity and
measurement range. Besides, the sensor can work in high temperature environments. It is
believed that this all-glass fiber-optic pressure sensor is potentially useful for pressure
measurement in high temperature harsh environments.
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Fig. 1.
(a) Schematic of the pressure sensor. (b) Schematic diagram of the process flow for one

single printing layer. Glass paste is extruded following the extrusion trace and then CO,
laser irradiation going through the CO» laser trace will be conducted for paste melting and
fusing. (c) 3D model for the fiber housing structure.
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CO2 laser Gaps
irradiating area  between fiber

and tube

Fig. 2.
(a) photo of the 3D printed fiber housing structure, (b) microscope image showing that

optical fiber is fixed inside the tube with the help of CO, laser irradiation through cylindrical
lens. No gap can be found at the laser irradiation area. (c) Photo of the assembled all-glass
pressure Sensor.
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Fig. 3.
(a) Simulation results from Abaqus showing the deflection distribution of the fiber housing

structure under external pressure of 0.5 MPa. (b) Center deflection of the diaphragm in
response to external pressure change.
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Schematic of the experiment setup to test the pressure measurement capability of the all-

glass FPI sensor.
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(a) Spectra shift in response to external pressure changes. (b) FFT results of the sensor
spectra. When external pressure increased, the cavity length decreased.
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Pressure-induced cavity length change of the pressure sensor. Insets: Cavity length change
with respect to the pressure change in the range of 0 to 160 kPa, 180-340 kPa and 360 to

500 kPa, respectively.
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Fig. 7.
(a) Cavity length change with respect to temperature change. (b) Measured pressure

deviation in a period of 240 mins.
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