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Abstract: The technology of polymer microtips’ manufacturing on the ends of selected multi-mode
fibers has been reported. The study’s key element was an extended description of technology
parameters’ influence on the shape of these 3D microstructures. Basic technology parameters such as
spectral characteristics of the light source, monomer mixture type, optical power, and exposure time
were taken under consideration. Depending on those parameters, different shapes, sizes, and surface
structures of microtips were obtained. The spectral characteristics of the light and optical power
delivered to a monomer drop were identified as the most important parameters for the formation
of the desired 3D shape of the microtip. Presented experimental results are the base for further
studies directed to the application of these micro-elements in the fields of optical measurements and
sensors’ technology.

Keywords: optical fiber microtip; photopolymerization; material properties; fiber optic
element technology

1. Introduction

The photopolymerization phenomenon has been used in various fields of science and
technology because of its unique advantages such as low cost, fast chain reaction, time-efficient,
ambient temperature processing, and the possibility of making desirable micrometer-sized 3D structures.
Showing only a few examples of industrial implementation, it has found applications in surface
fabrication, particle preparation, and continuous flow technology [1]. These materials are present
as adhesives, coatings, photoresponsive gels, and photoresists dedicated to microlithography and
nanolithography in microelectronics, optoelectronics, holographic data storage, etc. [2]. Application of
the photopolymerization phenomenon in the optical fiber technology as a new production method
of micrometer sizes’ polymeric structures at the ends of selected optical fibers has been reported.
Previously, these polymeric structures, named microtips, were fabricated at single-mode fibers
(SMFs) [3,4], including standard telecommunication fiber (SMF-28e+) [5], SMF at 488 nm (SM-450) [6],
as well as large mode area photonic crystal fibers (LMA-10) [7]. Their possible applications in
microscopy required an investigation of the beam outgoing from the SMF and its distribution in the
far-field region [3-5], as well as an analysis of the refractive index distribution in this type of optical
elements [8].

However, a microtip can be considered as an optical fiber refractive index sensor transducer,
as well. Known from the literature, the designs have used optical fiber transducers based on Bragg
gratings [9,10], long-period gratings [10,11], plasmonic effects in standard and microstructured
optical fibers [10], or even micro-interferometers [10,12]. In the authors’ studies regarding microtips on
multi-mode fibers (MMFs), including polymer MMF (GIPOF-62) [6] and silica-based MMF (GIF625) [13],
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the preliminary results have shown linear changes of return losses when the refractive index (RI)
around the microtip was changed within the range of 1.3-1.5. The measured dynamic range of these
losses was at the level of 28 dB [13,14]. In this way, it was shown that a microtip manufactured at the
end of MMF has a higher back reflecting signal than microtip on SMFE. Moreover, microtips produced
on optical fibers with a large core diameter have a larger adhesion surface between the microtip base
and fiber end face, which reduces the probability of delamination. The two above advantages are the
main reason for the investigation of such structures.

In this paper, the extended study presents a technology of polymer microtips’ manufacturing on
MMEF with a detailed description of the experimental conditions, as well as an extended analysis of
the influence of the technology parameters on microtips” shaping. The main technology parameters
selected during the investigation were: composition of monomer mixtures, spectral characteristics
of the used light sources, MMFs’ types, deposited mixture quantity, position of the fiber, and energy
absorbed by the monomer material during photopolymerization. The last one has been investigated as
the composition of two technical parameters, i.e., optical power (P) and exposure time (t). Geometries of
manufactured elements were analyzed and compared with different variations of the above-mentioned
parameters. Finally, conclusions with a qualitative research commentary and a proposal for potential
applications in the optical fiber sensors’ technology were presented.

2. Technology of Microtips on Multi-Mode Optical Fibers

Microtips” manufacturing procedure consists of two steps. The first step is the application of a
liquid monomer mixture as a drop at the end of a cleaved optical fiber [6,13,14] or immersion of the
optical fiber into a cuvette with this mixture. In the second step, light propagated in the optical fiber
core cures the photopolymer so it becomes a hardened 3D polymer microstructure. The main elements
of the technology are: monomer mixture photopolymerization ability, light source radiation parameters,
and type of applied optical fiber. Proper selection of these parameters significantly influences the
microtip shape. Therefore, the next section of the paper is dedicated to the detailed description of the
impact of these parameters on the geometry of these types of micro-optic elements.

2.1. Monomer Mixtures and Optical Properties of Polymers

From the huge number of monomers that could be the basis for microtips” production, the
ones that are photopolymerizable were selected. Many tests were carried out, after which two
types of multifunctional acrylate monomers met all requirements. In each of the tested mixtures,
3-functional pentaerythritol triacrylate (PETA; Sigma-Aldrich, St. Louis, MO, USA) or 2-functional
tricyclo decanedimethanol diacrylate (TCDMA; Sigma-Aldrich, St. Louis, Missouri, United States)
were used, and various additives depending on the light source were used in the experiment. Two
types of photo-initiating systems (PISs) were used; the mixture was cured with UV (ultraviolet) or
VIS (visible) radiation. The UV-curable mixture contained only two compounds, i.e., monomer and
photo-initiator. The ranges of possible percentage compositions of mixtures are presented in Table 1.

Table 1. The measured value of the tested mixtures’ refractive index (RI).

Mixture Components UV Mixture VIS Mixture

Monomer (wt %) 99.70-99.95 89.00-92.40
Sensitizer (wt %) 0.05-0.30 0.40-1.00
Co-initiator (wt %) - 7.00-10.00

In this mixture, the PIS 2,2-Dimethoxy-2-phenylacetophenone (DMPAP) was used, which belonged
to the a-Dialkoxy-acetophenones’ photo-initiator class [14]. The VIS-curable mixture needs three
compounds, i.e., monomet, sensitizer dye, and co-initiator. In this mixture, Eosin Y disodium salt
and methyldiethanolamine (MDEA) were used as sensitizer and co-initiator, respectively. Eosin Y
is photosensitive in the spectral range from 450 nm to 550 nm and allows use of the trigger
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photopolymerization process for the used VIS light source [15]. Both above-mentioned chemical
compounds were purchased from Sigma-Aldrich. Applications of different spectral ranges of the light
sources and various compositions of the monomer mixtures allow obtaining polymers with different
refractive indices (RI) [1,16]. In Table 2 are presented measurements of Rls of the above-mentioned
polymers. All prepared materials were measured on the Abbe refractometer, where uncertainty is
defined at the level of 20 where o is the standard deviation of RI.

Table 2. The measured value of the tested mixtures’ refractive index (RI).

- UV Mixture VIS Mixture
Material PETA PETA TCDMA TCDMA  PETA PETA TCDMA  TCDMA
atetia liquid solid liquid solid liquid solid liquid solid
RI 1.4834 1.5159 1.5041 1.5077 1.4816 1.5076 1.5012 1.5268

Uncertainty of RI 0.0004 0.0002 0.0004 0.0008 0.0006 0.0008 0.0004 0.0004

In all cases, the RI of the prepared mixtures increases after polymerization. Referring them
to silica glass for which Rls are of around 1.4607 at 530 nm and around 1.4745 at 365 nm, both
polymers have higher RIs. Moreover, the microtip can have an anisotropic structure with a higher
RI in the center and with a lower RI in the outer section. However, as was shown by tomographic
examinations [8,17], this difference reaches a value of around 0.0007 and the assumption that the RI
distribution is homogeneous is acceptable.

2.2. Light Sources’ Parameters

In previous papers, the results obtained by using separately coherent light sources [3,13] or UV
LED [14] have been presented. In this paper, the influence on the microtip geometry of such source
parameters as a full width at half maximum (FWHM) and a central wavelength are investigated. As the
light source, the coherent laser at a wavelength of 532 nm and two broadband UV and VIS LEDs were
used and compared.

Spectral characteristics of the light sources used in all experiments are presented in Figure 1.
VIS light sources have central wavelengths at 512 nm, 532 nm for a broadband LED (M530F2, ThorLabs,
Newton, New Jersey), and an Nd YAG solid-state laser (Samba, Cobolt, Hubner Group company,
Solna, Sweden), respectively. Their calculated FWHMs are of about 20 nm and less than 0.1 nm,
respectively. The spectral characteristics of UV LED (M365FP1, ThorLabs, Newton, New Jersey) has a
central wavelength of around 365 nm with a 5.0 nm FWHM.
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Figure 1. Spectral characteristics of light sources: UV LED, 365 nm (blue curve); VIS LED, 512 nm
(red curve); and VIS laser 532 nm (black curve).

In Figure 2a,b, examples of intensity patterns in the near field of the fiber output for the
standard gradient-index MMF with a 62.5 pm core were shown when the fiber was illuminated by the
above-mentioned VIS light sources, whereas in Figure 2c,d, a pair of microtips based on PETA monomer
manufactured by using these sources is presented. The surface shape of the manufactured microtips
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reflects the modal characteristics of the used optical fiber illuminated by given sources. The broadband
spectral characteristics of UV LED have a uniform Gaussian-like intensity distribution; the microtip
has smooth edges and apex, while the intensity speckle pattern of the narrowband laser remodels these
patterns in the 3D polymer structure. Both microtips have quasi-trapezoidal cross-sections, wider in
the bottoms (base) and narrower at their tops.

(b)

(©) (d)

Figure 2. CCD images of the intensity patterns of multi-mode fibers (MMF) with a 62.5 um core
illuminated by VIS: (a) laser; (b) LED, SEM images of microtips manufactured with mentioned
pentaerythritol triacrylate (PETA)-based mixture and prepared with a respective light source, optical
power, and exposure time; (c) laser, Eosin Y/amine photo-initiating system (PIS), P = 20 uW, t =30 s;
(d) LED, Eosin Y/amine PIS, P = 20 uW, t = 60 s.

Although the broadband source is key for obtaining a smooth microtip surface [14], the other
source parameter has an influence on the general microtip shape. In Figure 3 are shown SEM images
of the microtips manufactured by using UV (Figure 3a) and VIS (Figure 3b) LEDs based on a PETA
monomer obtained on the same type of MMF as in the previous test. Depending on the used UV or VIS
LEDs’ source, the microtip cross-section shape is quasi-rectangular or quasi-trapezoidal, respectively.
Additionally, the microtip manufactured by UV light has a rounded apex while the other has a flat one.
The above aspect will be deeper discussed in Section 2.4 and summarized in Section 3.

(@) (b)

Figure 3. The SEM images of microtips manufactured with mentioned PETA monomer on MMF with a
62.5 um core illuminated by: (a) UV, acetophenone PIS, P = 50 uW, t = 60 s; (b) VIS, Eosin Y/amine PIS,
P =20 uW, t = 60 s with respective optical powers and exposure times.
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2.3. Selected Multi-Mode Optical Fibers

As was shown in the previous section, the optical fiber influences the microtip’s shape due to
its modal characteristics. Therefore, different types of optical fibers were selected to optimize the
procedure of microtip manufacturing. In this paper were used: gradient-index MMF with a 62.5 pm
core diameter and three step-index MMFs with 50 pm, 105 pm, and 200 pm cores diameters. Based on
the previous studies, these MMFs were selected in terms of their reflective properties [13,14]. In Table 3,
the main parameters of the used MMFs are presented. They were divided into categories related to the
core and cladding diameters, numerical aperture (NA), and RI profile distribution. All selected optical
fibers were purchased from ThorLabs, and their specific names were presented.

Table 3. Main technical parameters of selected MMFs used in the experiments.

MMEF Catalog Name Core Diameter = Cladding Diameter = NA RI Profile
FGO050UGA 50 um 125 pm 0.22 step-index
GIF625 62.5 pm 125 pm 0.275 gradient-index
FG105LCA 105 pm 125 um 0.22 step-index
FT200EMT 200 pm 225 um 0.39 step-index

In Figure 4 are presented the selected microtips obtained using the UV LED and both PETA and
TCDMA monomer mixtures at the ends of the MMFs from Table 3. Each of the micro-element was
prepared at various optical power and exposure times to show the possibility of shaping this type of
optical microstructure.

(@ (b) (c) (d)

Figure 4. The SEM images of microtips obtained using UV LED with acetophenone PIS on MMF with a
respective RI profile, core diameter, optical power, exposure time, and monomer type: (a) step-index,
50 um, P =5 uW, t = 30 s, PETA; (b) gradient-index, 62.5 pm, P = 20 uW, t = 10 s, PETA; (c) step-index,
105 um, P = 30 uW, t = 30 s, PETA; (d) step-index, 200 um, P =5 uW, t = 60 s, tricyclo decanedimethanol
diacrylate (TCDMA).

As demonstrated, all of them have smooth surfaces, but their shapes significantly differ.
The microtip on a 50 pm step-index MMF from Figure 4a has a quasi-rectangular cross-section
with a flat apex. The microtip on a 62.5 um gradient-index MMF (Figure 4b) is quasi-rectangular
with a rounded apex similar to the microtip in Figure 3a. Increasing the core size of the step-index
optical fiber to 105 um resulted in the shape change to quasi-rounded with high curvature (Figure 4c).
Further increase of the core size of the same MMF refractive index profile formed a microtip with a
quasi-rectangular cross-section and conical apex (Figure 4d). The above results showed the possibility
for microtip shaping by choosing suitable optical fibers.

2.4. Technical Parameters of the Manufacturing Process

Technical parameters in the manufacturing process are: position of the fiber, amount of optical
energy absorbed by the mixture, and amount of mixture that can be assessed as the droplet size. As an
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application method of the monomer mixture was used a drop deposition at the end of a cleaved optical
fiber by the method previously described [4]. Immersing the optical fiber into a cuvette with the
monomer mixture does not give positive results.

The shape of the liquid drop deposited at the MMF’s end depends on surface tension forces defined
by optical fiber diameter, amount, and viscosity of the monomer mixture [1]. In Figure 5 are shown two
pairs of optical microscope images of the optical fiber with deposited monomer drops (Figure 5a,c) and
formed microtips for the same optical power and different exposure times (Figure 5b,d). The applied
drops of the mixture (Figure 5a,c) have the same height and the same shape because the surface tension
forces form a rounded shape on the forehead of the fiber. The photopolymerization process creates a
3D polymer microstructure in the form of a microtip and the height of the microtip varies depending
on the absorption by mixture energy, which is proportional to the exposure time, in this example.
In the first case (Figure 5b), the short exposure time produces a 20 um high trapezoidal microtip and in
the second case (Figure 5d) the microtip is rectangular at 39 um high and is equal to the size of the

initial drop.

W

-

Liquid drop of the P=5uW;t=1s Liquid drop of the P=5uW;t=60s
mixture mixture
(@) (b) (c) (d)

Figure 5. Optical microscope images of the gradient-index MMF with applied PETA monomer mixture
drops: (a,c) as well as microtips formed by VIS LED with Eosin Y/amine PIS for different exposure
times and the same source optical power (b,d).

The exposure time, for a given optical power of the source, should be enough to polymerize over
the entire area of the applied drop. It results from the fact that the chain process of photopolymerization
occurs when the mixture is illuminated with a VIS source, defined in Section 2.1. After radiation stops,
the polymerization process is stopped as well. As noted in [18], the cured part of the mixture becomes
an extension of the optical fiber core and acts as a waveguide, illuminating and curing subsequent
layers of the liquid polymer. Time of exposure does not affect the shape of the edge or the top of the
microtip, but it determines its height. Keeping the same optical power, the resulting microtips have the
same height as the height of the liquid drop if the exposure time is long enough for polymerization
along the entire length of the drop. If the exposure time is too short, not all of the liquid mixture is
polymerized, and the microtip has a lower height than the initial drop. For a different testing time of
exposure (1s,10s,20s,30s, 60s, 120 s), it was found that 60 s is enough to cure the entire height of
the drop. Reduced exposure time means less energy delivered to the system, so the manufactured
microtip is lower than microtip for longer times.

Microtips produced on the gradient-index MMF had a slightly rounded apex with a large radius
of curvature. The curvature is in proportional relation to the curvature of the liquid drop before
photopolymerization and the microtip’s apex radius is always smaller than the drop’s radius (see
Figure 6). This discrepancy results from the fact that the polymerization process runs only in a certain
area of the drop and the apex shapes are determined by the mode distribution of the light beam on the
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optical fiber output. This shrinking process of the material occurs when it changes its state from liquid
to solid. The experimental results showed that for optical powers within the range of 5 uW—40 uW and
exposure times from 1 s to 60 s, the average difference between the curvature radius of the microtip’s
apex and drop is of about 26 um for the VIS light sources and of 36 pm for UV LED. It was previously
noted [19] that elements produced on an SMF’s end face had a greater curvature radius than the fiber
core diameter, and the microtip curvature radius increased with the exposure time. While for the used
MMEF, the microtip’s apex curvature radius can be greater or smaller than 62.5 pm and it depends on
optical power. Besides, no relationship was found between exposure time and the microtips’ curvature
radius. In Figure 6, the microscope images of the liquid drop and microtip with the approximation
circles are presented.

Circumference: 430 um Circumference: 228 pym
j Area: 14759 pm® : B Area: 4171 ym?
Diameter: 137 ym Diameter: 72 um

(a) (b)

Figure 6. Optical microscope images: (a) a drop of liquid polymer; (b) microtip cured by using a VIS
laser with P =5 pW and t =20 s.

The difference between the drop’s curvature and microtip’s apex in the above figures is around
32.5 um. By careful control of the mixture amount, the microtip height is similar every time. In Table 4,
the average microtips” heights with their uncertainties for an MMF gradient-index with a 62.5 um core
diameter and both monomers’ mixture (PETA, TCDMA) are presented. Moreover, research results
have shown that the highest microtip fabricated on an MMF with the core diameter of: 50 um, 62.5 um,
105 pm, and 200 pm have lengths of about: 31 um, 39 pm, 29 um, and 63 um, respectively. The position
of the optical fiber was always the same, i.e., MMF’s end was directed vertically downward. However,
it is worth noting that no differences were found in the microtip’s creation in various fiber settings in
space. What is most important here is that the adhesion force between the fiber and the polymer drops
while the gravity force is of secondary importance.

Table 4. Average heights of microtips with their uncertainties for optical power range from P = 5 uW
to P =40 uW and time of exposure fromt=1stot=60s.

- VIS Laser VIS LED UV LED
Monomer PETA TCDMA PETA TCDMA PETA TCDMA
Average Height (um) 33+3  25+2 29x4 - 24 +4 27 +5

During the experiment, it was found that absorbed optical energy is a more important parameter.
This energy is defined by optical power and exposure time. Depending on this parameter, microtips
have different base sizes [13,14]. Moreover, it has been noticed that with the optical power increase,
the microtip base diameter increases as well. The rate of this change depends on the monomer mixture
composition and the source spectral characteristics. In Figure 7 the results for microtips, based on
mixtures with PETA (black dots) and TCDMA (red dots) monomers, manufactured by VIS laser
are presented.
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Figure 7. Microtip base diameter vs. optical power of VIS laser with Eosin Y/amine PIS on the
gradient-index MMF with the mixture based on monomers: PETA (black dots) and TCDMA (red dots)
for t = 60 s with respective approximation curves (dashed lines).

SEM images of microtips allow measuring the size of their bases. Analysis of the data related to
the PETA-based microtips (black) indicates that, theoretically, the microtip base covers the entire core
of the MMF at the optical power of about 30 uW (black curve approximation) while the experimental
value is of around 40 uW. For the mixture with the TCDMA monomer, the approximated optical power
value of 150 uW is enough to form a microtip with a base diameter similar to the core diameter of the
used MMF (red curve), while the experiment’s obtained value (red dots) was of 300 pW.

3. Summary of Microtips’ Geometry Shaping on the MMF

In the previous section, the main parameters of the microtips’ manufacturing technology were
identified and described. The graphical summary of the microtip shaping possibilities on the selected
MMFs is shown in Figure 8. The evolution of the microtips’ cross-sections’ shape is presented in the
form of sketches. Each sketch is related to the selected optical power ranges for all tested MMFs,
separately. Evidently, the shape is connected with the used light source type, as well as the technical
parameters of the MME.

The microtip produced by VIS light (right column, Figure 8b,d) had a cross-section that can be
approximated as trapezoidal, and the microtip produced by UV light (left column, Figure 8a,c) had a
cross-section of the rectangular shape. The reasons can be in the light transition and different refraction
angles between the MMF and the applied drop of the monomer mixture. It is a transition from a
material with a lower refractive index to a material with a higher refractive index (Table 2). As a result,
various of the cross-sections’ shapes were obtained.

The microtip formed on a step-index MMF with a 50 pm core diameter by UV light has a
hemispherical shape, and its cross-section is semi-circular with a small optical power (P = 2 uW).
With the increase of the optical power, it tends to a rectangular shape (Figure 8a). The microtip at the
same MMF but manufactured with VIS light has a quasi-rectangular cross-section and evolves with
an increase of the optical power to a trapezoidal shape (Figure 8b). The micro-element formed on a
gradient-index MMF with a 62.5 um core diameter (Figure 8c) has a semi-circular cross-section with a
large radius of the curvature comparable to a plano-convex lens. Higher values of optical power change
its cross-section to rectangular. The microtip formed on this type of MMF using VIS light changes
from trapezoidal to a semi-circular cross-section with the increase of the optical power (Figure 8d).
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The microtip formed on a step-index MMF with a 105 um core diameter has a similar semi-circular
cross-section for both light sources, and with increasing optical power, the manufactured microtips
increase (Figure 8e,f). Finally, the microtip on a step-index MMF with a 200 pm core diameter created
by using both types of light sources has an axiconal and semi-circular cross-section. The conical top
for the starting optical power becomes hemispherical with the power increase (Figure 8g,h). This fact
should be noticed so all the above-described optical elements have similar geometries regardless of the
type of monomer used for the mixture.

UV light VIS light
50 pm

— 50 ym / \ / \
core fiber S

core fiber

P=2uw P=30uW P=5uW P =8000 uW
optical power optical power
(a) (b)
62.5um T 62.5um —\ /_\
core fiber core fiber

P=5uW P=70pW P=5uW P =7000 uW
optical power optical power
(c) (d)
105 um — P /-_\ 105pm e /—‘\

core fiber core fiber

P=4uw P = 5000 pw P=3uWw P = 5500 uyw

optical power optical power

(e) (f)
L) N Ny ol g il

P=2pw P = 1000 pW P=5uw P =950 pW

optical power optical power

(8) (h)

Figure 8. Shapes of microtips” evolution obtained by using UV light with acetophenone PIS and VIS
light with Eosin Y/amine PIS on various optical fibers with a core diameter: (a,b) 50 um; (c,d) 62.5 pm;
(e,f) 105 um; (g,h) 200 pm.

One of the most spectacular side effects of the photopolymerization process on the MMF is a
polymer flange formed on the outer side of the optical fiber (Figure 9). Itis created by the polymerization
of the monomer mixture deposited on the side of the MMF by back-reflected light at the interface of
cleaved optical fiber and microtip.

The produced polymer flange on the MMF reflects the intensity pattern of the modal characteristics
of the used optical fibers. The polymer flange has a grooved surface and oval cross-sections.
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(a) (b)

Figure 9. Optical microscope images of the optical fiber with deposited monomer mixture (a); polymer
flange produced by the back-reflected light on gradient-index MMF by VIS laser with Eosin Y/amine
PIS (b).

4. Conclusions

From a technological point of view, the geometry of polymer microtips at the end of the MMF
depends on a monomer mixture composition, light sources” parameters including the amount of
delivered energy and spectral characteristics, type of used optical fiber, as well as the size of the liquid
drop, and optical fiber position.

Microtips manufactured on chosen the MMFs had a large reflective surface and better optic
properties compared to those manufactured on SMFs. However, the fiber modal structure connected
with the used light source has an influence on the manufactured microtips, whose effect is not observed
for SMFs. Therefore, a light source with a broad spectrum is preferred. When the beam has a wider
spectrum, more modes are propagated inside the fiber, and thus the microtip surface becomes smooth.
The used mixtures varied depending on the added monomer and the initiator type. By changing the
mixture’s composition changes, in its RI could be observed.

Two main technical parameters of the manufacturing process are optical power and exposure
time. They determine the amount of delivered optical energy to the monomer drop. It was noticed that
the microtip base diameter increases with the increase of the optical power, while the exposure time
influences the microtip height. The adhesion forces between the optical fiber end and the polymer drop
are greater than gravity forces, so the optical fiber position does not significantly affect the creation of
the microtip.

Based on the presented analysis, an optimal manufacturing process of the microtips was obtained.
These efforts have been made to gather knowledge on how to plan the strategy of such kinds of 3D
microstructure formation in order to reach the required optical properties. All the above-presented
experimental results are considered in their applications’ point of view. Measurements of reflection
and transmission properties of manufactured polymer microtips allow us to validate and indicate how
to select process parameters to obtain the proper geometry of this element. Reflection measurements
were previously performed and have led to testing such optical elements as optical fiber Rl sensors’
transducers. Transmission properties have been pre-characterized, and for the tested microtips,
their output intensity patterns are comparable to divergent light. The microtip increases numerical
aperture and can be considered as an illuminating point source dedicated to optical measurements.
However, these properties will be studied in the future.

Author Contributions: Conceptualization and methodology, M.Z. and PM.; chemical structure preparation, L].;
investigation, M.Z. and PM.; writing—draft, review, and editing, M.Z., PM., and L.R.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was financially supported by the Ministry of the National Defence Republic of
Poland, project GBMON/13-995/2018/WAT, as well as the Ministry of Science and Higher Education as a statutory
activity of Technical Physics Applications Department of the Military University of Technology.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2020, 13, 416 11 of 11

References

1. Chen, M,; Zhong, M.; Johnson, J.A. Light-controlled radical polymerization: Mechanisms, methods, and
applications. Chem. Rev. 2016, 116, 10167-10211. [CrossRef] [PubMed]

2. Andrzejewska, E. Free Radical Photopolymerization of Multifunctional Monomers. In Three-Dimensional
Microfabrication Using Two-Photon Polymerization; Baldacchini, T., Ed.; Elsevier: New York, NY, USA, 2016;
pp- 62-81.

3. Bachelot, R.; Ecoffet, C.; Deloeil, D.; Royer, P.; Lougnot, D.J. Integration of micrometer-sized polymer elements
at the end of optical fibers by free-radical photopolymerization. Appl. Opt. 2001, 40, 5860-5871. [CrossRef]
[PubMed]

4.  Tan,]; Yu, R; Xoa, L. Bessel-like beams generated via fiber-based polymer microtips. Opt. Lett. 2019,
44,1007-1010. [CrossRef] [PubMed]

5. Dudek, M.; Kujawiriska, M.; Makowski, P.; Jaroszewicz, L.R.; Parat, V. Optical properties of polymer microtips
investigated with workshop tomographic system. Proc. SPIE 2016, 9890, 98901D.

6.  Pura, P; Szymanski, M.; Dudek, M.; Jaroszewicz, L.R.; Mar¢, P.; Kujawiniska, M. Polymer microtips at
different types of optical fibers as functional elements for sensing applications. J. Light. Technol. 2015,
33, 2398-2404. [CrossRef]

7. Pura, P; Szymarski, M.; Wisniowski, B.; Dudek, M.; Jaroszewicz, L.R.; Napierata, M.; Spadlo, A.; Mar¢, P;
Kujawiriska, M. Polymer microtips fabricated at the extremity of photonic crystal fibers. J. Matter. Sci. Eng. B 3
2013, 12, 749-758.

8.  Dudek, M.; Kujawiriska, M. Optonumerical method for improving functional parameters of polymer
microtips. Opt. Eng. 2018, 57, 014101. [CrossRef]

9. Jorge, PA.S,; Silva, S.0.; Gouveia, C.; Tafulo, P.; Coelho, L.; Caldas, P; Viegas, D.; Rego, G.; Baptista, ].M.;
Santos, J.L.; et al. Fiber optic based refractive index sensing at INESC Porto. Sensors 2012, 12, 8371-8389.
[CrossRef] [PubMed]

10. Asseh, A.; Sandgren, S.; Ahlfeldt, H.; Sahlgren, B.; Stubbe, R.; Edwall, G. Fiber optical Bragg grating
refractometer. Fiber Integr. Opt. 1998, 17, 51-62.

11.  Vengsarkar, A.M.; Lemaire, PJ.; Judkins, ].B.; Bhatia, V.; Erdogan, T.; Sipe, J.E. Long-period fiber gratings as
band-rejection filters. J. Light. Technol. 1996, 14, 58-65. [CrossRef]

12.  Gong, Y.; Guo, Y.; Rao, Y.J.; Zhao, T.; Wu, Y. Fiber-optic Fabry-Perot sensor based on periodic focusing effect
of graded-index multimode fibers. IEEE Photonic Technol. Lett. 2010, 22, 1708-1710. [CrossRef]

13.  Chrusciel, M.; Mar¢, P.; Dudek, M.; Pura-Pawlikowska, P.; Wonko, R.; Jaroszewicz, L.R. Technology of a
photopolymer microtip as an optical fiber sensor’s transducer. Proc. SPIE 2017, 10325, 103250E.

14. Chrusciel, M.; Mar¢, P.; Jakubowska, I; Jaroszewicz, L.R. UV polymerized microtips on multimode optical
fibers. Proc. SPIE 2018, 11045, 110450G.

15. Hocine, M.; Fressengeas, N.; Kugel, G.; Carré, C.; Lougnot, D.].; Bachelot, R.; Royer, P. Modeling the growth
of a polymer microtip on an optical fiber end. J. Opt. Soc. Am. B 2006, 23, 611-620. [CrossRef]

16. Espanet, A.; Ecoffet, C.; Lougnot, D.J. Photopolymerization by evanescent waves. II.* Revealing dramatic
inhibiting effects of oxygen at submicrometer scale. J. Polym. Sci. A11999, 37, 2075-2085. [CrossRef]

17.  Kujawinska, M.; Parat, V.; Dudek, M.; Siwicki, B.; Wéjcik, S.; Baethge, G.; Dahmani, B. Interferometric and
tomographic investigations of polymer microtips fabricated at the extremity of optical fibers. Proc. SPIE
2012, 8494, 849404.

18. Jradi, S.; Soppera, O.; Lougnot, D.J. Fabrication of polymer waveguides between two optical fibers using
spatially controlled light-induced polymerization. Appl. Opt. 2008, 47, 3987-3993. [CrossRef] [PubMed]

19. Jradi, S.; Soppera, O.; Lougnot, D.J.; Bachelot, R.; Royer, P. Tailoring the geometry of polymer tips on the end

of optical fibers via control of physico-chemical parameters. Opt. Mater. 2009, 31, 640-646. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acs.chemrev.5b00671
http://www.ncbi.nlm.nih.gov/pubmed/26978484
http://dx.doi.org/10.1364/AO.40.005860
http://www.ncbi.nlm.nih.gov/pubmed/18364878
http://dx.doi.org/10.1364/OL.44.001007
http://www.ncbi.nlm.nih.gov/pubmed/30768035
http://dx.doi.org/10.1109/JLT.2014.2385961
http://dx.doi.org/10.1117/1.OE.57.1.014101
http://dx.doi.org/10.3390/s120608371
http://www.ncbi.nlm.nih.gov/pubmed/22969405
http://dx.doi.org/10.1109/50.476137
http://dx.doi.org/10.1109/LPT.2010.2082518
http://dx.doi.org/10.1364/JOSAB.23.000611
http://dx.doi.org/10.1002/(SICI)1099-0518(19990701)37:13&lt;2075::AID-POLA22&gt;3.0.CO;2-F
http://dx.doi.org/10.1364/AO.47.003987
http://www.ncbi.nlm.nih.gov/pubmed/18670551
http://dx.doi.org/10.1016/j.optmat.2008.06.021
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Technology of Microtips on Multi-Mode Optical Fibers 
	Monomer Mixtures and Optical Properties of Polymers 
	Light Sources’ Parameters 
	Selected Multi-Mode Optical Fibers 
	Technical Parameters of the Manufacturing Process 

	Summary of Microtips’ Geometry Shaping on the MMF 
	Conclusions 
	References

