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Abstract: Microstructured polymer optical fibers (MPOFs) have long attracted great interest
due to their wide range of applications in biological and chemical sensing. In this manuscript,
we demonstrate a novel technique of manufacturing MPOF via a single-step procedure by
means of a 3D printer. A suspended-core polymer optical fiber has been extruded and directly
drawn from a micro-structured 3D printer nozzle by using an acrylonitrile butadiene styrene
(ABS) polymer. Near-field imaging at the fiber facet performed at the wavelength A~1550 nm
clearly indicates guidance in the fiber core. The propagation loss has been experimentally
demonstrated to be better than a = 1.1 dB/cm. This work points toward direct MPOFs
manufacturing of varieties of materials and structures of optical fibers from 3D printers using
a single manufacturing step.
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1. Introduction

Microstructured optical fibers (MOFs) have attracted an increased interest because of their
wide range of unique properties such as ultrawide single mode operation, tailorable
dispersion, high or low nonlinearity, and guidance in selected spectral regions. These features
promoted MOF in numerous applications in telecoms, power delivery systems, industrial
lasers, environmental monitoring as well as medicine/healthcare. The use of polymers as
material of choice has been proposed to reduce manufacturing cost and increase the fiber
mechanical ductility for applications in environments exposed to vibrations. Many techniques
have been suggested and implemented to fabricate microstructured polymer optical fibers
(MPOFs) and their related preforms, including stacking, drilling, milling, and polymerization
of liquid monomers [1,2]. Yet, these conventional techniques have limitations to the number
of transverse features or the hole shapes, and it often involves multiple steps and requires
expensive facilities like clean-room environment for fabrication.

A promising alternative to the conventional preform drawing is represented by billet
extrusion, which has been shown to be a versatile, reproducible single-step approach for the
fabrication of soft glass and polymer structured optical fiber preforms [3—7]. Preforms are
fabricated by forcing a soft bulk polymer billet through a die to form a preform with a
complex transverse profile. Non-circular holes, large air-filling fractions, and long preforms
can be achieved with this technique. This technique, however, does not draw optical fibers
directly, and thus is limited to manufacture only the preforms.

In the past decade, additive manufacturing has gained interest in many applications of
optical device fabrication. In particular, 3D printing has shown strong potential for the
manufacture of optical waveguides in many regions of the optical spectrum, including
telecom, mid-infrared and terahertz [8—13]. Since devices operating in the terahertz region
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require dimensions comparable to the width of the 3D printed structures, hollow-core MPOFs
were directly 3D printed without any subsequent drawing [12]. Simultaneously, the
fabrication of solid core optical fibers drawn from 3D printed preforms has been investigated
[14]. A step-index plastic fiber has been drawn in 2016 from a fiber preform printed using a
two-nozzle 3D printer with acrylonitrile butadiene styrene (ABS) and Polyethylene
Terephthalate Glycol (PETG) filaments [15]. This fiber showed the possibility of guiding
light at telecom wavelengths. A year later, the first drawn hollow-core fiber (HCF) cane based
on the 3D printed preform was demonstrated, but no guiding was observed. Both circular and
rectangular hollow-core fiber preforms were 3D printed using ABS filaments [16]. The first
3D printed hollow-core fiber guiding in the mid-IR has been also proposed in the same year
[17]: and guidance in the mid-IR (A =3.5 — 5 pm) has been confirmed.

3D printers have been optimized for printing high quality objects from a variety of
materials including polymers, glasses, and metals, resulting in improved control systems
which include built-in temperature controller and polymer filament feeding system, allowing
for their potential use in fiber drawing. By combining the extrusion technique with the
capabilities of 3D printers, the extrusion of coreless solid optical fibers in one low-cost
process has been shown [18].

Here we present the fabrication of a MPOF in a single step using a desktop fused
deposition (FDM) 3D printer as the extruder. A suspended-core fiber was extruded and
directly drawn from a structured nozzle. Consequently, our approach is much faster than
printing the preform and extruding it afterwards. Also the length of extruded fiber in principle
can be limited only by the length of the filament. The fiber microstructure was maintained all
along the fiber allowing to demonstrate light guiding.

2. Structured nozzle design and fiber fabrication

Suspended core fiber is chosen for extruding MPOF because of its relatively simple
geometry, which allows to fabricate light guiding fiber using a single material. 3D models of
the nozzle with the fiber cross section inverse structure profile was designed with the Fusion
360, Autodesk software and were used for computer numerical control (CNC) machining.
The nozzle was manufactured using a micromachining technique, traditionally used to
fabricate the dies used for extruding structured fiber preforms. The design of structured
nozzles is separated into two pieces including the nozzle body and the nozzle cover. Figure
1(a) reveals the designed structured nozzle including a 3D model, and side- and bottom-view
cross-sections.

(a)

Cross-section Cross-section
Side-view Bottom-view

8 mm

Fig. 1. (a) Structured nozzle design including a 3D model, a side- and a bottom-view cross-
sections, from left to right respectively. Green arrows and green colours represent the direction
of filament moving and cross-section of extruded polymer from structured nozzle. (b-d)
Micromachined structured nozzle: (b) body, (c) body + cover, (d) after MPOF drawing.
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To extrude the fiber, the machined nozzle was mounted on the printing head and a
commercially available 3D printer filament (acrylonitrile butadiene styrene (ABS)) was fed
through it. The extrusion quality was tested by extruding the fiber preform without any
additional drawing. Different extrusion parameters (feeding speed and nozzle temperature)
were used to explore their impact on the quality of the extruded preform and achieve the
optimal effective temperature experienced by the polymer during drawing.

When the filament feeding speed was s~100 mm/min and the nozzle temperature 7~250
°C, air bubbles occurred in the extruded preform and a coarse surface was be observed. To
reduce the size and number of bubbles, 7 was decreased from 250 °C to 230 °C but large
number of bubbles and surface non-uniformities still remained. These bubbles were attributed
to the expansion of air trapped in the filament due to high filament 7 inside the nozzle. These
bubbles are extremely detrimental and can result in a deformation of the microstructure inside
the fiber and cause the fiber to break at small diameters. When s was changed, slow feeding
speeds, resulted in low filament fictive temperature thus affecting the surface quality of the
extruded structure. When the s was increased to 250 mm/min, a smooth surface was achieved.

The surface roughness and defect formation in the extruded polymeric structure are
strongly dependent on the fictive temperature. For 7~250 °C, a smooth and shiny surface was
observed, but defects inside structure appeared, attributed to the presence of bubbles. At
7~240 °C, both surface roughness and bubble formation were reduced. Matt surface was
observed at 7 ~230 °C and was attributed to instabilities in the polymer flow behavior as a
result of the wall slippage. The average surface roughness (Ra) of the extruded preforms were
measured by importing (Fig. 2) into a surface characterization software (Gwyddion). Results
show that Ra of the preforms extruded at speed of 100 mm/min and 250 mm/min are 249.6
nm and 91.8 nm, respectively. A comparison between surface roughness of extruded preforms
with feeding speeds of 100 mm/min and 250 mm/min (at the same nozzle temperature of 240
°C) is shown in Fig. 2.

Flow speed
eE—— 250 mm/min.

Fig. 2. Extruded structures with different filament feeding speeds at 7= 240 °C.

The polymer fiber was extruded at 7' ~240 °C through the structured nozzle at s ~250
mm/min by using a built-in feeding motor [Figs. 3(a)-3(b)]. Diameter reduction (fiber
drawing) took place by connecting the extruded polymer fiber preform to a constantly
rotating spool. A stepper motor was used to rotate the spool and the pulling speed of fiber
drawing was controlled by changing the rotation speed (Q) of the stepper motor [Figs. 3(c)-
3(d)].

The suspended-core polymer optical fiber was directly drawn from the 3D printer
structured nozzle at Q ~20 rpm. The final diameter of drawn MPOF was d~800 pm. The
MPOF was cleaved by using a heated razor blade and optical microscope images of different
cross-sections showed that the microstructure inside fiber was maintained after drawing [Figs.
4(a)-4(b)]. The surface roughness in the extruded preform was reduced by the fiber drawing.
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The different elliptical shape of fiber cross-section of Figs. 4(a) and (b) are caused by
cleaving of the fiber.

Structured
nozzle
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Direction of - :
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Fig. 3. (a) Schematic and (b) photograph of the experimental setup used to extrude MPOF. (c)
Fiber drawn from the heated structured nozzle. (d) MPOF wrapped onto the 3D printed
spoolconnected to the stepper motor.

100 pm

Fig. 4. (a,b) Microscope images of the fiber cross-section at different diameters. (c) Near field
image (A = 1550 nm) at the fiber output for a full turn bending (R~12.5 mm)

3. Characterization of the suspended-core MPOF

In order to evaluate the MPOF optical guidance properties, the near-field image of the
transmitted light at A~1550 nm from the fiber facet was recorded. A fiberized laser source
(Thorlabs, CLD1015) was launched into a 20 cm long section of fiber using a bare-fiber
adapter. The image of the output intensity profile was taken by collecting the output of the
fiber shown in Fig. 4(b) into a near-IR camera (Electrophysics, 7290A) using an objective
lens with a 20 mm focal length.

The near field image of the fiber output was captured at different bending radii and
confirmed guiding in the fiber core [Fig. 4(c)]. This not only corroborates that the fiber
successfully guides light in the core, but it also demonstrates that no scattered light is guided
in the cladding. In this experiment, the MPOF length was 5 m, but the fiber structure
collapsed after 50 cm. This collapse depends on the drawing parameters such as drawing
speed, temperature, and air pressure inside the fiber cavities. Due to the fiber structure
deformation, 20 cm of MPOF were used to characterize the propagation loss. An optical side
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scattering radiometry (OSSR) technique [19-21] was used to measure the fiber attenuation by
using an integrating sphere (Newport 819D-SL-2). In this setup, light from the fiberized laser
source with A = 1557 nm was launched into the MPOF. Then, the optical fiber was inserted
into the integrating sphere and the scattered light coming out from the fiber side was collected
by the sphere on a detector as shown in Fig. 5(a). The scattered light at different sections of
the fiber was measured by scanning the integrating sphere along the fiber (in 1 mm steps)
over the length of 2.0 cm and confirmed a propagation loss of 1.1 dB/cm at A = 1557 nm [Fig.
5(b)]. Attenuation was measured close to the input of fiber and included spurious values of
radiation and high order modes that were still guided over this transition region. Therefore,
lower attenuation is expected at longer fiber lengths. Also, the surface roughness of a fiber
core can contribute to the high propagation loss. This can be improved by smoothening the
inner surface of the nozzle die and by reducing the structural deformations associated to the
fiber drawing.

Bend loss measurements were performed with different bend radii of 51.7, 80, 112.1 and
179.4 mm. As before, light from the fiberized laser source was coupled into a section of
MPOF and the intensity at the optical fiber output at different bend radii was measured using
a power meter. From the experimental results presented in Fig. 5(c), the bend loss at A = 1550
nm for R~51.7 mm was estimated to be 20 dB/m.
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Fig. 5. (a) Experimental setup used to measure propagation loss, (b) Relationship between
OSSR scattered power at A = 1557 nm and distance, (c) Normalized transmitted intensity at
different bend radii (R) at A = 1550 nm. (d) Intensity profile of the mode supported by fiber
core in the simulated fiber structure at A ~1550 nm.

Simulations of the mode propagating through the extruded and drawn suspended-core
MPOFs were performed by importing the microscope image cross-section [Fig. 4(b)] of the
fiber used for loss measurements into a commercial finite element method software
(Lumerical). Figure 5(d) shows the intensity distribution of a linear combination of equally
weighted supported mode at A ~1550 nm. This result is consistent with the experimental result
of Fig. 4(c), where light is mostly confined in the fiber core and there is a small overlap with
the three struts. The different intensity distribution between experiments and simulations are
attributed to the mode mismatch between the light source and the fiber, which resulted in an
unpredictable weight distribution between the various modes guided in the core. Bending
could also cause the different weight and number of propagating modes. Indeed, the fiber is
heavily multimoded (more than 70 modes) at A ~1550 nm, due to the large fiber core, and the
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leaking into three struts around fiber core, observed in both experimental and simulated
result, can be attributed to high order modes, such as HEy,. Single mode operation can be
achieved in a fiber with a smaller core size, which could be manufactured by pressurizing the
air holes around the fiber core and optimizing the drawing speed to reach a regime driven by
viscosity and not by surface tension. The drawing parameters and optical properties of first
MPOF directly drawn from a 3D printer is presented in Table 1.

Table 1. Conclusion of MPOF drawing parameters, fiber geometry and optical properties

MPQF material and MPOF geometry MPOF op'tical
drawing parameters properties
Material ABS
Feeding speed 250
(mm/min)
Temp (°C) 240
Drawing speed 20
(rpm)
Core diameter (um) 133
Fiber diameter (um) 800
Bending loss (dB/m) 20
Attenuation (dB/cm) 1.1

4. Conclusion

In conclusion, a direct drawing of a microstructured polymer optical fibers from a low-cost
desktop 3D printer has been demonstrated. Given the relatively small cost and short time of
operation of current desktop printers compared with a conventional drawing tower, this could
become an invaluable tool for the fabrication of microstructured optical fibers. Images of the
final fiber cross-section indicate the possibility of maintaining the microstructure inside the
fiber after the drawing process. Although the size of fiber is large compared with commercial
optical fibers (@ 125 pum), this demonstrates the potential to directly draw microstructured
polymer optical fiber using a customized 3D printer head. The near-field end facet image and
the modal profile simulations show the ability to confine light at A ~1550 nm in the fiber core.
The measured maximum propagation loss reveals an attenuation of 1.1 dB/cm at A ~1557 nm.
A natural next step can be designing the nozzle die for different optical fiber geometries. The
developments in new 3D printer filaments made of different polymers or even soft glasses can
be envisaged. 3D printing can provide a cost-effective production process, both in terms of
polymer preform and optical fibers, compared to conventional high-cost and lengthy two-step
fabrication methods.
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