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Method for increasing the core count and area of
high density optical fiber bundles
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Abstract— Current manufacturing methods limit the increase
in both core count and the area for optical fiber bundles. Here a
method for increasing the core count and hence the available
image area of high density optical fiber bundles, through fusing
multiple smaller sized sub-bundles is proposed and experimentally
investigated. The key issue being investigated is whether it is
possible to eliminate or reduce the dead-space between cylindrical
sub-bundles, where no cores are present to spatially sample an
image. Small sample lengths of fused optical fiber bundles are
fabricated and characterized using an optical and scanning
electron microscope to assess the reduction in dead-space and the
optical losses near the interfaces. We demonstrate a 30% decrease
in the dead-space area through fusing three equally sized subbundles in a triangular arrangement, while still retaining the lightguiding ability of more than 70% of the cores which transported
into this region. We also assessed the optical losses for cores near
the fused interfaces, at different wavelengths in the visible
spectrum. A model of the propagation modes supported by the
cores is explored which attributes these losses to the increasing
eccentricity of cores near the fused interfaces.
Index Terms— Multicore fiber, fiber fabrication and design,
optical fiber imaging, linearly polarized modes

I. INTRODUCTION

W

HILE the use of high density coherent optical fiber
bundles (fiber bundles) have been prominent in the
medical and bio-medical fields [1, 2], they have also been
utilized in a wide-range of other industrial applications. For
instance, fiber bundles have been used for the inspection of
defects on surfaces [3], high-resolution Raman imaging [4], and
the spatial monitoring of the concentration of various analytes
in solution through fluorescence [5, 6]. In many of these
industrial applications where restriction in space is not a major
limitation, larger sized fiber bundles with a greater field-ofview and high resolution are desirable, for example the imaging
in large pipelines for defects.
At present, Schott North America (Schott) manufactures the
largest fiber bundles, with their wound image bundle capable of
imaging across an available area of up to 38×38 mm2 and with
a core count in the order of millions. However, these fiber
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bundles are far from ideal for many applications where higher
resolution is required, as the resolution available is only
45 lp/mm using diffuse white light illumination. These fiber
bundles also have a large individual core diameter of ~10 μm,
and also have a low packing density with multiple square 6×6
core sub-bundles making up the entire fiber bundle through a
laminating operation [7]. Currently, the largest high density
fiber bundle is manufactured by Fujikura Ltd, having 100,000
cores confined within an area of 1.54 mm2 (Fujikura FIGH-1001500N). However, larger bundles with this high packing
density have not yet been manufactured, due to the difficulty of
working with the extremely large initial glass array preforms,
as well as the low yield and the high costs involved with current
manufacturing methods.
In this work, we develop a new alternative method for
increasing the core count and available image area for optical
fiber bundles through fusing multiple smaller sized subbundles, each having a large number of small diameter cores.
The lack of research in this area indicates there are considerable
barriers to overcome in order to achieve very large area imaging
fiber bundles with high density. The key barrier we have
identified and investigated in this work is how to use this fusing
process to reduce the dead-space area (illustrated in Fig. 1)
between cylindrical sub-bundles at the distal (object) end,
where no cores are present. A similar fusing approach has been
investigated for astronomical applications, however only large
single core fibers were fused for purposes of their application
[8]. In our work, core distortion in the fused region when fusing
multiple existing multicore fiber bundles consisting of
thousands of micrometer diameter cores is identified to be an
issue, which has not previously been addressed.
Using the developed method, we demonstrate that the deadspace at the fused (distal) end can be reduced by 30%, while
still retaining the light-guiding ability of the new cores which
now occupy the dead-space. Light was transmitted through the
short fused length and the relative losses estimated through the
fused set of fiber bundles at various wavelengths in the visible
spectrum; blue at 475 nm, green at 560 nm, and red at 640 nm.
A model of the propagation modes supported in elliptical fibers
as a function of core eccentricity was developed based on the
work of Ivan and Ramon [9], which provided insight into the
loss mechanisms for the distorted cores in the fused region. This
work is primarily focused on understanding the reduction in
dead-space at the distal end and the quality of cores in the fused
region for the fused set of fiber bundles.
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II. FABRICATION METHOD
The fabrication method developed in this work is similar to
the approach used for fabricating hexabundles for astronomical
imaging applications [8], as well as fiber couplers [10], and
combiners [11]. In this study, the fusing of the fiber bundles
was achieved through the use of a hydrogen flame in air to reach
the high temperatures required for processing silica as
demonstrated in our previous study [12]. Three small 5 cm
length samples of FIGH-06-400N Fujikura fiber bundles were
fused for the tests presented here. The short lengths allowed the
dead-space region and the fused interfaces to be easily
inspected under an optical and scanning electron microscope,
while keeping the fabrication costs manageable due to the
consumption of the high density fiber bundles during process
development.
The individual Fujikura fiber bundles used in this study
consisted of 6,000 cores with an average diameter of 3 μm, a
pitch of ~4.5 μm [13], and a 15 μm thick surrounding protective
silica jacket. Prior to fusing, the silica jacket around each fiber
bundle was etched in 10% hydrofluoric acid, and the diameters
measured to ensure that only a thickness of 1 μm ±0.5 μm was
retained. Once etched the total diameter of the fiber bundle was
measured to be approximately 367 μm. The diameters were
measured using a dual axis optical gauge from Zhengzhou
Mercury-tech Co. Ltd. (LDM2025) with custom made v-groove
supports [12]. The removal of the silica jacket ensured that the
maximum number of cores could fill the dead-space, however
the small amount remaining provided isolation to protect the
cores at the interfaces during fusing. Three etched fiber bundles
were then inserted in a fused quartz capillary tube from
VitroCom with an inner diameter of 0.8 mm and wall thickness
of 0.1 mm as illustrated in Fig. 1. Through the application of
heat, the capillary tube collapses due to surface tension [14] and
pushes the heat softened silica fiber bundles together to drive
the transport of cores into the dead-space region.
An automated system was developed in this work to achieve
high controllability of fusing conditions, consisting of various
motorized stages; to control temperature through distance of the
hydrogen flame, for rotation of the fibers in the flame at 50 º/s,
for brushing the flame back-and-forth at high velocities of
80 mm/s to uniformly fuse over a 1.5 cm length, and for the
application of tension to the fibers and capillary to prevent sag
due to gravity. The temperature profile with distance from the
hydrogen flame was determined through prior measurement
using a K-type thermocouple for temperatures up to 1000 ℃
and estimated for higher temperatures through the melting of
various materials including stainless steel (grade 316) at
~1400 ℃ and fused quartz (type I) at ~1700 ℃. The
temperature during fabrication was controlled by accurate
adjustment of the flame distance to the outer capillary tube.
Consistency between fuse runs was achieved by controlling gas
flow to the flame and ensuring an in-situ known thermocouple
temperature of 950 ℃ (±50 ℃) was obtained at a distance of
3 cm. The fuse length of 1.5 cm was chosen as it provided a
sufficient length for subsequent polishing and fuse inspection.
This length can be varied through changing the span over which
the flame traverses using the linear stage. In practice, when
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requiring image transmission through fiber bundles across
longer distances (meters), the fused length can remain short to
minimize losses, but needs to reduce or eliminate the deadspace at the distal end to ensure complete object coverage. The
proximal (detector) end does not need to be fused, but image
reconstruction requires mapping of cores between the distal and
proximal ends using software.

Fig. 1 Illustration of the concept of the dead-space between high
density optical fiber sub-bundles, where no cores are present to transmit
an image. During fusing the outer capillary tube collapses and applies
forces on the internal softened sub-bundles to support mass transport
into the dead-space.

III. CHARACTERIZATION OF THE DEAD-SPACE
A. Fuse durations
In Fig. 2, optical microscope images of two fused fiber
bundles fabricated through fusing at an estimated temperature
of approximately 1600 ℃ for different durations are presented.
These images were taken from the fused end of the samples
after illumination of a 50 μm negative grid pattern through the
unfused end of the samples. After a fuse duration of only 30 s,
Fig. 2(a) indicates that the bundles are only lightly fused at the
interfaces. However, fusing for 60 s at these high temperatures
was sufficient to reduce the dead-space area between the subbundles from an unfused (ideal) area of 5430 μm2 to a fused
area of 3866 μm2.
The residual dead-space area for the fused fiber bundle in
Fig. 2(b) corresponds to ~192 lost cores, or 1.1% based on
18,000 cores in all three fiber bundles. This is almost a 30%
improvement from the initial configuration with a dead-space
area corresponding to ~270 lost cores. This analysis is based on
the fact that a circular area of ~141 μm2 can contain 7 cores
from the FIGH-06-400N Fujikura bundle, with the cores being
hexagonally arranged. While effectively 78 cores were
recovered in the dead-space after fusing which could transmit
image data, these images a priori indicate a trade-off with the
optical losses near the fused interfaces in the fused region.
B. Image transmission through cores in dead-space
As only one end is fused using this method, in practice the
image will be transmitted from the fused (distal) end to the
unfused (proximal) end. The optical microscope images
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Fig. 2. Optical microscope images of fused optical fiber bundles experiencing
an estimated temperature of around1600 ℃ for (a) 30 s and (b) 60 s duration. The top part of the bundle in (a) is black due to cracks and breakage
during handling and polishing post fusing.

Fig. 3. Optical microscope images of fused fiber bundle with 30% reduced dead-space. In these images a 50 μm negative grid pattern was
transmitted. Images are taken at 10x magnification of both the (a) fused end and the (b) unfused end of the fiber bundle, as well as images at 50x
magnification of the dead-space for (c) the fused end and the corresponding (d) unfused end.

presented in Fig. 3 depict both the fused and unfused ends of
the fused bundle shown in Fig. 2(b). The image of the 50 μm
grid pattern was visible through this fused fiber bundle where
the distortion of the grid lines is caused by the mass transport

of the cores during fusing. However, this distortion can be
corrected by mapping the core displacements at the fused end
to those cores at the unfused end and using software to
reconstruct the original image. The development of a process
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for correcting this image distortion is beyond the scope of this
study, as our primary aim was to evaluate the reduction in deadspace and quality of cores through the fusing approach. It is
important to observe that the cores on the perimeter of the
reduced dead-space in Fig. 3(c) preserved their ability to guide
an image. This can also be seen in Fig. 3(d), where the image
was transmitted in reverse from the fused to the unfused end,
where the edges associated with the dead-space display the
guided image of the grid-pattern. The significance of this result
is that it is possible to recover some of the image within the
dead-space of an unfused fiber bundle (see Fig. 1) through the
fusing process.
In Fig. 4(a), through backside illumination of all cores from
the fused end, we demonstrate that the majority of cores
corresponding to the dead-space region on the unfused end of
the sample, maintained their light-guiding ability. This is
quantified in Fig. 4(b), where the normalized light intensity of
the cores along the indicated curve in Fig. 4(a) is profiled from
the optical microscope image. The image normalization was
performed using the ImageJ software by converting the
microscope image into a grey-scale image and normalizing all
intensities by the max core intensity found within a selected
rectangular section containing a large number of illuminated
cores. Around 70% of cores along the profiled curve have an
intensity value of between 60 - 90% of the maximum measured
intensity with a periodicity between 4 to 5 μm as expected.
However, towards the region associated with the fused
interfaces on the unfused side of the bundle we see the peak
intensities drop below 10% (see Fig. 4(a)-(b)), due to optical
losses caused by leaky radiation modes in the fused region.
Since, scattering losses are strongly dependent on the corecladding index difference, which is unchanged by the fusing
process other than to reduce it through inter-diffusion, as well
as side wall roughness [15], which away from the fused
interface is also unchanged, we cannot attribute the loss to
scattering. This result suggests a better understanding of the
losses near the fused interfaces labelled ‘A-C’ in Fig. 3(a) is
required, which is subsequently discussed.
IV. CHARACTERIZATION OF FUSED INTERFACES
A. Light intensity at interfaces
The losses near the interfaces were assessed by transmitting
light through the fused bundle using a single Tricolor LED at
blue, green and red wavelengths in the visible spectrum, as
illustrated in Fig. 5. By comparing the wavelength dependence
of the loss of each core at these three distinct wavelengths using
an incoherent LED source, we were able to able to get a strong
indication of the effect of the change of the waveguide
parameter (V-number) for the fiber bundles. Electrical
switching between the LEDs allowed measurement over a very
short time period with minimal movement of the fiber bundle.
A broadband source such as an incandescent lamp was not used
as it would require several narrow band filters to be
mechanically inserted into the optical path which could perturb
the measurement and also makes it difficult to characterize our
small samples using an optical microscope. Our intent here is
not to measure the optical loss in every sub-bundle, but only to
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Fig. 4. (a) Optical microscope image with backside illumination of fused
fiber bundle with 30% reduced dead-space and (b) the intensity as the
normalized grey-value along the profile length indicated in previous image.

correlate the losses with core distortion near the interfaces.
Fujikura indicates the optical attenuation ranges from 0.9 dB/m
(𝜆 = 400 nm) to 0.15 dB/m (𝜆 = 650 nm) for FIGH series
fiber bundles [16], and hence propagation loss is not the
dominant loss mechanism given the exceedingly short (1.5 cm)
fused length. We therefore believe the losses near the interfaces
are primarily due to leaky propagation modes [17] well below
the cut-off frequency for the distorted cores in the fused region.
The interface labelled ‘A’ from Fig. 3(a) is studied as it
exhibits the least core losses and reduces the complexity of the
pursuing analysis, where we correlate these losses to the change
in core shape across the interface. The normalized light
intensities of cores across this interface were profiled along the
lines indicated in Fig. 5 from the corresponding optical
microscope images. The corresponding grey-scale images were
normalized by the maximum intensity in a selected rectangular
region containing many illuminated cores using the ImageJ
software, in order to assess the relative drop in intensity across
the interfaces for the different wavelengths. It can be observed
in the graphs in Fig. 5(a)-(c) that the peaks, which correspond
to the cores profiled along the line, drop in intensity towards the
interface and the separation between neighboring cores reduces
from ~4.5 μm until they are no longer isolated from one
another, indicated by the overlapping intensity peaks near the
interface.
The losses across the interface appear to be wavelength
dependent. In Fig. 5, significant optical losses appear to occur
for all wavelengths within 12 µm about interface ‘A’. For the

1077-260X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: University of Western Australia. Downloaded on April 05,2020 at 05:28:17 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2020.2984562, IEEE Journal
of Selected Topics in Quantum Electronics

JSTQE-CON-EAMMSF-08230-2019.R1

5

Fig. 5. Fused interface ‘A’ with plotted intensity values along indicated profile length for backside illumination with (a) blue light with wavelength
475 nm ±25 nm, (b) green light with wavelength 560 nm ±25 nm, and (c) red light with wavelength 640 nm ±25 nm. All images here are enhanced in
contrast for presentation.

shorter wavelength in the blue region it is found that within
12 µm about the interface the relative core light intensity
dropped 30% (see Fig. 5(a)). Whereas, for the longer
wavelengths in the green and red regions it is found that within
12 µm the relative intensity drop was larger than 50% (see
Fig. 5(b)-(c)). It is believed that the reason for the reduced light
intensity is due to a reduction in the number of propagation
modes supported by the highly elliptical cores near the interface
at the fused end of the fiber bundle, as depicted by the scanningelectron microscope (SEM) image in Fig. 6(a).
The increasing eccentricity of cores towards the interface is
indicated by the decreasing ratio of the minor to major axes
(axis ratio) of the fitted core ellipses towards the interface in
Fig. 6(b). Through the image processing of an SEM image of
an unfused fiber bundle, the mean core axis ratio was
determined to be 0.8 with a standard deviation of 0.1 for a
sample size of 346 detected cores. This average and uncertainty
in axis ratios for unfused fiber bundles is also shown in
Fig. 6(b), which indicates that cores further than 12 µm about
interface ‘A’ settle within this uncertainty range. This finding
is highly suggestive that the large optical losses observed within
12 µm about the interface is attributed to the increased
eccentricity of cores near the interfaces at the fused end. The
increased eccentricity of cores is caused by the mass transport
during the fusing event. During fusing, the collapse of the
external capillary tube exerts a force on the softened internal
sub-bundles which pushes them together. This results in the
cores near the interface being squeezed closer to each other and
elongating as a result of conservation of mass (see Fig. 6(a))
assuming no transport out-of-the-plane.
The number of propagation modes supported by a core
depends on the normalized frequency or V-number defined by,

𝑉=

2𝜋𝑏
λ0

2 )1/2
2
(𝑛𝑐𝑜𝑟𝑒
− 𝑛𝑐𝑙
.

(1)

where 𝑏 is the semi-minor axis length of the core, 𝜆0 the free
space wavelength, and 𝑛𝑐𝑜𝑟𝑒 and 𝑛𝑐𝑙 the core and cladding
refractive indices respectively. In general, the larger the
normalized frequency the greater the number of high order
modes which can be supported. Thus, for longer wavelengths
and smaller cores, fewer bound modes are supported leading to
greater light loss. From (1), it is clear that wavelengths in the
blue region have a larger normalized frequency in comparison
to the longer wavelengths in the green and red regions of the
visible spectrum. Since, the cut-off frequency for modes in
elliptical cores is further complicated by the fact that it also
depends on the core eccentricity, we proceed to calculate the
normalized cut-off frequency for various modes as a function
of core eccentricity. This way the potential modes supported by
cores across the interface can be studied.
B. Mode filtering at the interfaces
The modes in elliptical waveguides were originally analyzed
in 1962 by Yeh [18]. The calculation of modes in elliptical
waveguides are considerably more complicated than their
circular counterparts, as they exhibit a property known as
birefringence [9, 19], where the modes degenerate into even and
odd modes with slightly differing propagation constants, 𝛽.
This is due to different lengths associated with the semi-minor
and semi-major axes of elliptical cores. The analysis of modes
in these waveguides were simplified by using the weakly
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Fig. 6. (a) Scanning-electron microscope image of interface ‘A’ of the
fused-bundle showing the fitted ellipses along the profile length indicated
and (b) a plot of the axis ratio of the fitted cores along the profile length.

guiding approximation [20-22], where the modal field can be
considered to be nearly transverse and linearly polarized (LP)
when the refractive index contrast between the core and
cladding is small [17]. In the weakly guiding analysis, the
transverse modal fields for elliptical waveguides are solved
from the scalar wave equation in an elliptical coordinate
system, (𝜉, 𝜂), where the solutions are known to be the socalled Mathieu functions [20, 21]. The modes are then
determined from the characteristic equations, which are derived
through application of the boundary conditions requiring
continuity of the modal field and its normal derivative at the
core-cladding interface, 𝜉 = 𝜉0 . In this work, the normalized
cut-off frequencies for selected even and odd LP modes,
𝐸
𝑂
designated as the LPmn
and LPmn
modes respectively, were
computed using the method developed by Ivan and Ramon [9].
𝐸
In Fig. 7(a) the normalized cut-off frequencies for the LP11
,
𝑂
𝑂
𝑂
𝑂
𝑂
E
𝐸
𝐸
𝐸
LP11 , LP02 , LP12 , LP12 , LP22 , LP22 , LP03 , LP41 and LP41 modes
were computed for an axis ratio in the range between 0.1 to 1,
to aid discussion of the optical losses at the interfaces for our
fabricated fused fiber bundles. It is to be noted that the
normalized cut-off frequencies for the LP𝑥1 modes
monotonically increase with 𝑥 for both the even and odd modes,
however all the modes in the range 1 < 𝑥 < 4 are not displayed
in Fig. 7(a) for convenience of presentation. The few points
computed by Ivan and Ramon [9], with axis ratios in the range
between 0.5 to 1, lie on the curves produced in Fig. 7(a).
𝑂
𝐸
E
Furthermore, the curves for the LP11
, LP11
, and LP02
modes in

Fig. 7. (a) Normalized cut-off frequencies of various LP modes and (b)
the normalized frequencies as a function of axis ratios for the blue, green
and red wavelengths studied. (c) Estimated LP mode capacity of cores along
the profile across interface ‘A’.

Fig. 7(a) lie in a similar range as that computed in other studies
using finite-element methods [23]. For all the curves, the
normalized cut-off frequency for an axis ratio approaching 1 are
extremely close to that computed for circular waveguides [24],
which provides confidence for all the computations performed
in this work.
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For the fiber bundles used in this work, the normalized
frequency for the same range of axis ratios were estimated for
the blue, green and red wavelengths as depicted in Fig. 7(b).
This estimation is based on the mean area of all cores being
6.4 µm2 with a standard deviation of 1.1 µm2, which again was
determined from the image processing of an SEM image of an
unfused fiber bundle across a sample size of 346 detected cores.
Assuming an elliptical shape for a core, using this mean area,
the semi-minor axis length, 𝑏, can be determined and therefore
using (1) the normalized frequency calculated for any axis ratio,
knowing that the core and cladding refractive indices of these
bundles are 1.5 and 1.446 respectively [13]. It is observed in
Fig. 7(b) that for all the wavelengths the normalized frequency
drops rapidly for cores with decreasing axis ratio, as would be
expected due to the decreasing semi-minor axis length. The
normalized frequency associated with a core at a specific
wavelength in Fig. 7(b) must be greater than the cut-off
frequency for a mode in Fig. 7(a), in order for it to be supported.
Since, for Fig. 5 light is launched from the unfused end to the
fused end of the fiber bundle, only those modes which are
supported by the nearly circular cores at the unfused end can
propagate. While intermodal coupling between higher order
modes is possible, it can be considered negligible as it requires
the propagation constant, 𝛽, between modes to be similar in
value and generally requires longer distances for any power
exchange between modes to occur [25]. In Fig. 7(a)-(b), the
uncertainty range of the axis ratios of the nearly circular cores
at the unfused end are indicated. For the blue wavelength for an
axis ratio above 0.85, all the LP modes displayed in Fig. 7(a)
are potentially supported. However, at this wavelength for an
𝐸
axis ratio below 0.85, the LP03
cannot be supported, thus there
is some uncertainty whether this mode can be supported at all
throughout the length of the fused fiber bundle (see Fig. 7(a)𝑂
𝐸
𝐸
(b)). Likewise, for the green wavelength, the LP03
, LP22
, LP22
,
𝑂
𝐸
LP41 and the LP41 cannot be supported by the nearly circular
𝑂
cores (see Fig. 7(a)-(b)). In addition to the previous, the LP12
mode cannot be supported for the red wavelength (see Fig. 7(a)(b)).
As light propagates to the fused end of the fiber bundle, due
to increased eccentricity of the cores near the interface (see
Fig. 6(b)) and consequently a decrease in the normalized
frequency at the different wavelengths (see Fig. 7(b)), a greater
number of higher order modes are filtered by these cores. For
𝑂
𝑂
𝐸
𝐸
𝐸
an axis ratio as low as 0.1, the LP03
, LP12
, LP12
, LP22
, LP22
and
𝐸
the LP02 modes are no longer supported under the blue
𝐸
wavelength. Likewise, under the green wavelength the LP02
,
𝑂
𝑂
𝐸
LP12 , LP12 and the LP31 (not shown in Fig. 7(a)) modes cannot
be supported, in addition to the ones that cannot normally
propagate by the nearly circular cores. For the red wavelength,
𝑂
in addition to the previous the LP21
(not shown in Fig. 7(a))
mode cannot be supported for this low axis ratio.
Based on the axis ratios for the cores across interface ‘A’
along the profile in Fig. 6, the estimated number of bound LP
modes supported by each of these cores is determined and
displayed in Fig. 7(c). The significant drop in LP mode capacity
for cores within 12 µm about the interface (see Fig. 7(c))
explains the significant optical losses observed in Fig. 5. Since
for the longer green and red wavelengths there are less modes
supported by the nearly circular cores far from the interface, the
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high degree of mode filtering by the elongated cores should
have a greater impact in the relative drop in light intensity
across the interface (see Fig. 7(c)). This is in fact supported
experimentally, where it was observed that there was a greater
relative drop within 12 µm about the interface for the green and
red wavelengths in comparison to the blue wavelength (see
Fig. 5).
This study of the modes supported as a function of core
eccentricity, provides insight into the loss mechanisms for cores
across the interface for fused fiber bundles. For axis ratios
below 0.5 the number of higher-order modes supported by the
cores at the three wavelengths studied appears to drop rapidly
(see Fig. 6 and Fig. 7), and results in significant optical losses
at the interfaces in the visible spectrum. Thus, the fusing
method needs to be optimized in order to reduce the elongation
of cores and minimize losses at the interface, while recovering
a greater number of cores in the dead-space. Therefore,
potential methods to further reduce the dead-space and losses at
the interfaces are subsequently discussed.
V. FUTURE PATHWAYS
While fusing for longer durations or at higher temperatures
will enable us to reduce the dead-space area further, this would
result in greater optical losses at the interfaces due to increased
core distortion. A potential solution to this problem is to reduce
the initial dead-space area by inserting an even smaller subbundle into the gap as illustrated in Fig. 8. From purely
geometric arguments, the area of a single gap after insertion of
smaller fiber bundle as depicted in Fig. 8, would be 82%
smaller than the total dead-space area without insertion. A small
dead-space would only need a short fusing duration leading to
less overall distortion. This improvement is reserved for future
work, as significant process development is required for the
selection, preparation, handling and characterization of the
mixed-size fiber bundles.
Alternatively, we could reshape the distal (object) end of the
fiber bundles into a hexagonal shape and mate multiple fiber
bundles to form a larger hexagonal array [26]. However, this
solution requires high precision side-polishing [26] due to the
small 3 μm diameter core sizes within the fiber bundles.
Furthermore, this process would result in a significant number
of unusable fiber cores at the proximal (imaging) end due the
removal of these cores at the distal end.

Fig. 8. Illustration of the modification of the dead-space area through the
insertion of a smaller fiber sub-bundle between the three large sub-bundles.
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VI. CONCLUSION
In this work we presented a promising alternative fabrication
approach for increasing the core count and available image area
through a fusing process. We demonstrate a reduction of the
dead-space area by 30% through a short length fusing process,
while still retaining the light-guiding ability of more than 70%
of cores which transported into the dead-space. Optical losses
are found to be associated with the cores in the fused region and
are attributed to the increased core eccentricity, where cores
reached axis ratios below 0.1. This was supported by a model
showing that a greater number of higher order modes were
filtered by the cores with increased eccentricity near the
interfaces on the fused end. This study presents the first step
towards realizing a fully developed and pragmatic alternative
approach for fabricating large high density fiber bundles,
potentially overcoming the difficulty faced by current
manufacturing methods to further increase both the core count
and the available image area.
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