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We report design, fabrication, and characterization of bend-resistant high-resolution imaging optical fiber
comprising over five thousand cores. The fiber is made of low-cost commercial-available H-ZK9B and H-K3
glasses which gives rise to a maximum numerical aperture up to 0.552 at 750 nm wavelength. The multi-stacking
arrays of three-sized cores can effectively suppress the core-to-core crosstalk and raise the bend resistance. No
degradation of imaging is demonstrated at a bending radius less than 2 cm and at an extensive wavelength range
from the visible to the near-infrared, showing a substantial improvement over commercial state-of-the-art fiber

1. Introduction

Fiber endoscope technology emerged at the early stage of optical
fiber development and is now playing an inevitable role in biomedical
imaging and many applications where a lightweight and miniaturized
imaging system is required [1]. Multi-core imaging fiber (MCIF)/fiber
bundle, as a key element of endoscopy, usually comprises thousands of
cores or more that spatially sample the incident light field and delivery
to the distal end. Today bonding with deep learning and computational
imaging methods, the imaging through MCIF is exploiting the potential
to circumvent its physical limits [2,3] (see Table 1).

Direct-stacking [4], chemical-leaching [5] and stacking-and-draw
[6-9]methods are conventionally adopted in the fabrication of MCIF.
The first two have been widely used in the commercial production; while
the latter one, in spite of showing greater potential to bring in more
complex fiber design, takes more efforts and merely finds demonstration
in lab currently. Commercial MCIFs usually contain from thousands up
to nearly 100,000 cores with lattice defects kept below 0.1%. The typical
resolution of MICF varies from several microns to tens of microns which
is determined by the pitch of core and strength of crosstalk depending on
wavelength. Fujikura product FIGH-30-650S [10], for example, can fully
resolve the details of the 1950 USAF target at a wavelength of about 550

nm in a zero working distance. While at longer wavelengths, its imaging
resolution declines with the rising of crosstal [7,8,10].

Numerical aperture (NA) of silica glass MCIF hardly exceeds 0.4 by
pairing the highly germanium-doped and fluorine-doped silica glasses as
the core and cladding materials [11]. Highly doped softglass materials
are can offer an extensive selection range of NA [12,13], in spite of
degraded transparency and relatively low use tempera-ture [14,15]. The
state-of-the-art commercial fiber bundles, e.g. Fujikura (FIGH-10-500N,
FIGH-10-350S) and Sumitomo (IGN-05/10), are composed of
germanium-doped silica cores with a fluorine-doped common cladding
with an NA of 0.35 ~ 0.39. Edmund Optics’ rigid fiber bundles (NT53-
846 and NT53-840) have an NA of 0.53 ~ 0.55 [16]. Recently a novel
design of air-clad MCIF is proposed and fabricated at the University of
Bath and the air-silica microstructure can bring down the effective index
of cladding close to 1, and raise the NA of MCIF up to 1. The large NA
helps MCIF effectively reduce the core size and pitch where the crosstalk
still remains low [8]. However, the fabrication of such delicate fiber
design makes it challenging to scale up the number of cores for a larger
vision field.

In this paper, we report design, fabrication and characterization of
high-resolution MCIF made of low-cost, commercial multi-component
silicate glasses for fiber endoscopy application at ambient temperature
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Table 1
Key parameters of H-ZK9B and H-K3 glasses.
Refractive Index At 587.56 nm wavelength Tg (°C) Ts (°C) Material absorption at 600 nm wavelength
H-K3 1.50463 537 609 1.739 dB/m
H-ZK9B 1.62041 663 704 0.869 dB/m

HZK9B

5% hydroflu )
Before acid etching Etching for 30 s

"

hydrofluoric acid hydrofluoric acid

HZK9B

5% hydrofluoric acid

Etching for 2 min

Fig. 1. Treated surfaces of H-ZK9B glass etched by hydrofluoric acid of different concentrations and for different dissolution times.

H-ZK9B

H-K3

Before heat treatment

After heat treatment

Fig. 2. Surfaces of two glass samples before and after heat treatment are characterized by AFM (Single-Chip AFM, nGauge, Canada).

of 260 °C. H-ZK9B and H-K3 glass-es are used as core and cladding
materials leading to a NA of 0.55. The applied three-size core design of
MCIF is demonstrated an effective strategy to suppress the core-to-core
crosstalk with a substantial improvement over the commercial state-of-
the-art fiber bundles.

2. Glass preparation and test

H-ZK9B and H-K3 glasses are chosen for the balanced performances
of spectral transparency, thermal expansion mismatching and manu-
facture cost (with basic parameters summarized in Table 1). Their
relatively high transition temperatures allow MCIF to work at temper-
ature of 260 °C.

At 650 nm wavelength, the internal transmittance of 5 mm thick H-
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Fig. 3. Transmittance of glass samples was measured with a spectrophotometer (Perkin Elmer Lambda950) for different polishing conditions.
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Fig. 4. Measured losses of multimode fibers made of glasses with and without
heat treatment. The inset is one multimode fiber end under the optical micro-
scope. The core diameter is 152 um and the fiber outer diameter is 210 um.

K3 glass is measured as 0.998, and 0.999 for H-ZK9B, corresponding to
1.739 dB/m and 0.869 dB/m respectively.

The stack-and-draw method uses rods and tubes of millimeters in
diameter for fabrication. As the result, the raw glasses are machined and
mechanical polished for preparation in the first place. Under a micro-
scope, the mechanically polishing leaves a notable amount of pits and
scratches on the glass surface, which would possibly cause defects of
MCIF giving rise to strong scattering and high fiber loss. To remove the
microscopic defects, further treatment of glass surface using chemical
and thermal polishing are explored and compared.

2.1. Chemical polishing

Chemical polishing of host glasses is achieved by etching using hy-
drofluoric acid. Mechanically polished samples of H-ZK9B as the core
glass material were cut into 2 cm long by 1 cm wide by 2 mm thick
pieces. The hydrofluoric acid was diluted to 10% and 5% and immersed
samples for 30 s, 1 min and 2 min respectively. The treated samples were
then washed and cleaned by supersonic in the deionized water.

Fig. 1 compare glass samples under microscope before and after
chemical etching and indicate that the surface roughness of samples
become deteriorated by using HF etching. We attribute the ineffective-
ness of chemical etching to the isotropic nature of wet etching as simi-
larly reported in [17-19]. In the process of dissolution of uneven glass
surface, the local defects with large curvature could suffer a quicker
reaction dis-solution rate, resulting in the expansion and extension of
scratches and pits.

2.2. Thermal polishing

Thermal polish of glass refers to the reduction of the surface
roughness at high temperature close to the transition temperature,
where the reduced viscosity in the surface of glass leads to the recovery
of surface smoothness by surface tension [20,21]. In the thermal pol-
ishing treatment, mechanically polished glass samples were placed in an
annealing furnace, where the temperature was ramped at a rate of 5 °C/
hour. H-K3 and H-ZK9B glasses were annealed at 660 °C and 730 °C for
2 h respectively and then cooled down at a natural rate to the room
temperature. Fig. 2 shows the measurement of surface roughness of two
types of glasses before and after the thermal treatment using atomic
force microscope. Thermal polishing effectively decreases the surface
roughness of two glasses after heat treatment.

Fig. 3 shows the measured transmittance of the two glasses under
different polishing conditions. The measured transmittance in the
wavelength range from 350 nm to 1000 nm increases by 2% to 4% after
the thermal polishing. Notably, a slight deformation of the glass samples
was observed when the heating temperature was close to the transition
temperature.

2.3. Loss of multimode optical fiber made of H-K3 and H-ZK9B glasses

To evaluate the loss of MCIF made of H-K3 and H-ZK9B, multimode
optical fibers were fabricated by the stack-and-draw and characterized.

Two sets of rod and tube of same sizes were mechanically polished
first. And one was then thermally treated. The two sets were stacked and
drawn into two multimode optical fibers with the same core diameter of
152 um. The losses of two fibers were measured using the standard
cutback method as shown in Fig. 4. It is demonstrated that the use of
thermal polishing effectively reduces the fiber loss by 0.773 dB on
average.
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Fig. 5. Left: Schematic of multiple-stack-and-draw method; and Right: pictures of stacking at each stage to fabricate MCIF. Rods of the first stacking units were
stacked and drawn from raw glasses of H-K3 and H-ZK9. In the first stage of stacking, rods with different core sizes are painted in different colors to ensure no two

preforms share the same core size in neighbour.

3. MCIF fabrication

The pursuit of higher resolution of MCIF demands higher density of
cores and lower strength of crosstalk so that a higher NA is always
favorable. In 2017, Stone and colleagues proposed the multi-stacking
arrays of three-sized cores to effectively suppress the crosstalk where
the NA was only around 0.2 [7]. In hexagonal stacking, the use of three-
sized fiber preforms is the most economical to arrange MCIF design so
that cores in the closest neighbour are different in diameter. The inter-
core coupling is thus suppressed effectively to bring with the
enhanced imaging quality of MCIF. We apply the three-sized core design
in our MCIF and fabricate MCIF by a multi-stage stack-and-draw method
as similarly described in [7,22].

Firstly, multimode optical fiber preforms were stacked and drawn
from rods and tubes machined and polished from raw glasses into pieces
of 1-meter length with an outer diameter of 950 pm. Three core-cladding
ratios are 0.5, 0.61 and 0.72. As shown in Fig. 5, 271 elements of pre-
forms were arranged and stacked into hexagonal arrays without iden-
tical cores in neighbor. We draw the first stacking into canes of 2 mm
across as stacking units for the next stacking stage. Finally 19 canes were
stacked, inserted into a jacket tube made of H-K3 glass and eventually
drawn into MCIF. The obtained MCIF has an outer diameter of about
310 pm, and 5149 cores as “pixels”. It is noted that air gaps between rods
in the stacking were collapsed by applying vacuum in the fiber fabri-
cation process. The deformation of claddings leads to the core size
varying in a range from 1.05 pm to 1.8 um as shown in Fig. 6.

4. Numerical simulation of inter-core coupling of MCIF

Deformation of cores in both shape and size can be found in both
drawn cane and final MCIF in Fig. 5 because of malposition in the
stacking and the vacuuming of gap in the drawing.

300 cores in total are selected from an area of the fabricated MCIF
under a microscope, and the histogram of average core diameter
(equivalent circle diameter of the same core area) distribution is shown
in Fig. 6 (a). The deformation of fiber cores is attributed to the malpo-
sition and sliding in the stack-and-draw process. Fig. 6 (b)-(d) plot the
calculated inter-core coupling efficiencies at 650 nm, 850 nm and 1000
nm given the statistical ranges of core diameters. It is noted that the
inter-core coupling efficiency becomes constant due to the summed ef-
fect for a distance much longer than the beating length. Details of
calculation refer to [23,24].

As Fig. 6 shows, the minimum coupling efficiency is calculated in the
order of 10-13 between core 1 & core 3 at wavelength of 650 nm. The
dash lines in Fig. 6 indicate the coupling efficiencies between cores of
designed diameters Note that the maximum difference among average
diameter of three cores is only about 600 nm. Therefore, the introduc-
tion of a three-sized-core design can well inhibit the coupling.
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Fig. 7. Left: Schematic of NA measurement experiment. Right: The normalized distribution curve of measured intensity at different wavelengths. The intensity of

0.05 is marked in cyan.

Table 2
NA of MCIF at different wavelengths.
Wavelength 650 700 750 800 900 1000
nm nm nm nm nm nm
NA 0.530 0.530 0.552 0.541 0.548 0.548

5. MCIF characterization
5.1. Numerical aperture

NA of MCIF was characterized (as shown in Fig. 7) by measuring the
far-field intensity pattern out of fiber end at various wavelengths. A
broadband light source was filtered by an bandpass filter(series of
Thorlabs FKB-VIS-1 and FKB-IR-10 filter set) and launched into a 0.8 m
length of fiber by using a high NA microscope objective lens (Olympus
RMS40X, NA = 0.65). The distal end of MCIF was mounted on a high
precision rotation stage before a power meter. When rotating the stage,
we obtained the intensity distribution as a function of emission angle.
The NA was determined by measuring the rotation angle where the in-
tensity falls above 5 % of the maximum [25-27]. The NA values at
different wavelengths are summarized in Table 2. The maximum NA of
MCIF was 0.552 at 750 nm.

5.2. Resolution of imaging at zero working distance

We use the 1951 USAF test target to evaluate the resolution of MCIF.
MCIF was cut in about 1 m long piece with both ends polished. The USAF
target was placed against one end of MCIF and illuminated by the
homemade optical fiber supercontinuum source as shown in Fig. 8. The
output at the other end of MCIF was imaged on a CCD camera (Image
Source, DMK23U74) by a lens. Different bandpass filters (series of
Thorlabs FKB-VIS-1 and FKB-IR-10 filter set) were used in the
experiment.

In the experiment, MCIF was kept straight and the seventh group of
the USAF test target could be fully resolved at visible wavelengths and
shorter wavelengths in the near-infrared (as shown in Fig. 9), corre-
sponding to a resolution of 228 line pairs per millimeter, or namely a
pitch of 2.19 um. In the near-infrared spectral region, the image became
blurred at 900 nm and beyond, owing to the rising of inter-core coupling
strength at long wavelengths. The brightness variation of MCIF cores is
found in the imaging with all three fibers. In our MCIF, such difference is
found more significant which we attribute to the dependence on loss
that a larger core is usually found with a lower attenuation.

We tested our MCIF performance under bend by rewinding the fiber
in one loop of different diameter to characterize the imaging resolution
under bend. Fig. 10 shows the imaging of the UASF target by our MCIF
under different bending radius from 8.93 cm to 1.48 cm at 650 nm. In
the imaging test under bend, MCIF breaks at a bend radius around 1 cm,
where no degradation of imaging is observed. Bend resistant imaging of
MCIF could be favorable for practical medical endoscope applications,
and it reported that a bending radius of at least 5 cm is required for MCIF
to enter the upper lobe of the human lung [22].

6. Conclusions

In this paper, we demonstrate design and fabrication of high NA
MCIF using cost-economic softglasses of H-K3 and H-ZK9. Compared
with the current state-of-the-art commercial fiber bundle, our fiber
shows a comparable imaging resolution but stronger bend resistance. At
wavelengths from 550 nm to 900 nm, our fibers can resolve the smallest
elements in the USAF targets corresponding to a resolution of 2.19 um.
Under a bending radius of 1.48 cm, the imaging by MCIF shows no
degradation. The broadband high resolution and bend resistant imaging
performance make our MCIF a promising candidate for practical appli-
cations in fiber endoscopy.

All data underlying the results presented in this paper can be found at
[28].

Fig. 8. Schematic MCIF imaging test at a zero working distance.



F. Qu et al

500 nm
Air-clad

Air-clad

Optics and Laser Technology 157 (2023) 108650

500nm

%10 20 30 40 50 290 250
Gray-scale value

850 nm 1000 nm
Air-clad Air-clad
20000
16000 12000
12000 2000
8000
Adr- Air- 1
Air-clad 4000 Air-clad
4000 850nm 1000nm
%010 20 30 40 50 34025 %970 20 30 20 S0 240250

Gray-scale value Gray-scale value

500 nm 850 nm 1000 nm
Fujikura Fujikura Fujikura
znnne
12000
12000
16000
2 3000 3000 12000
A~ 5000 L
4000 Fujikura 4000 Fujikura Fujikura
500nm X 850nm 4000 1000nm
i
00 10 20 30 40 50 240 250 00 10 20 30 40 50 240 250 00 10 20 30 40 50 240 250
Gray-scale value Gray-scale value Gray-scale value
SIOM SIOM
650nm 750nm
600000
450000 300000 [
450000
=z 200000
g 300000 300000
= . SION SIOM
150000 SIOM 150000 10M 100000
550nm 650nm ‘ 750nm
0 — 0 -+
0 10 20 30 40 50 240 250 0 10 20 30 40 50 240 250

00 10 20 30 40 50 240 250
Gray-scale value

Gray-scale value Gray-scale value

Fig. 9. Zero-working distance imaging of the USAF target by using three types of image fibers. Fujikura FIGH-30-650S and Air-clad imaging fiber at the University of
Bath, reprinted from [8]; and cropped so that the imaging of USAF test target group 7 are all kept only. Illumination on USAF test target is carefully adjusted in the
experiment so that the images taken by MCIF present similar grey level distributions to the ones by Fujikura and UOB imaging fibers for the convenience

of comparison.
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