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thermally matched soft glasses with refractive index difference of 0.37 were used for FB 
development [47]. 

In this work, we report the fabrication and characterization of flexible, lensless and high-
resolution imaging FBs with a variety of pixel size and field of view using novel in-house 
synthesized zirconium, sodium and borosilicate soft glasses. Stack-and-draw technique was 
used to fabricate FBs with approximately 15000 pixels ordered in a hexagonal lattice based 
on in-house synthesized glasses. Use of in-house synthesized soft glasses allows us to obtain 
relatively high refractive index contrast between the fiber core and cladding compared to 
commercially available FBs made with silica glasses [42,48,49]. Our FBs had NA values of 
0.53 or 0.59. These high NA FBs bring together increased fluorescence collection efficiencies 
and reduced mode overlaps between neighboring fiber cores, i.e. reduced optical crosstalk. 
These imply better imaging contrast especially for fluorescence applications. We performed 
numerical analysis which verify the effects of the NA and FB geometry to fluorescence 
collection efficiency and mode overlap. Increasing the NA of the FBs also allows for 
reducing the core-to-core distances without a significant reduction in image contrast, resulting 
in less pixelation artifacts [50]. Critical FB parameters such as core size, pitch between the 
individual fibers, and NA of fibers were verified so as to optimize the imaging quality. The 
brightfield and fluorescence imaging properties of these bundles were characterized. First, 
wide-field imaging experiments on both transmission and fluorescence of a micro-ruler 
sample, Convallaria majalis sample and dye stained paper tissue sample were carried out and 
the pixel size effects on resolution were compared. Afterwards, ex-vivo fluorescence imaging 
of a cirrhotic mice liver tissue that is cleared using the CLARITY technique [51] was 
performed, and the resulting image contrasts were compared. We also performed fluorescence 
imaging experiments with FBs in presence of several bending radii as small as 32 mm and 
observed good contrast for all cases. Our results show significant improvements on FB 
development with novel material systems for non-invasive, fast and high-resolution 
fluorescence imaging. Such flexible, high NA FBs can enhance the contrast of the collected 
fluorescence images thanks to their relatively large collection efficiencies and small mode 
overlaps. 

2. Development of imaging fiber bundles 

Optical FBs studied in this work are fabricated using two different pairs of glass materials 
[47–49]. The first set includes in-house synthesized high-index zirconium-silicate glass 
labelled ZR3 (40.5% SiO2, 17.5% ZrO2, 12.0% BaO, 12.0% Na2O, 10.0% B2O3, 5.0% CaO 
and 3.0% K2O) and in-house synthesized low-index borosilicate glass labelled SK222 (68.4% 
SiO2, 12.3% Na2O, 7.1% CaO, 7.1% ZnO, 2.4% Al2O3, 2.0% B2O3 and 0.7% K2O). The 
second set includes in-house synthesized high-index sodium-silicate glass labelled K209 
(49.88% SiO2, 31.4% B2O3, 9.67% Na2O, 7.09% K2O and 1.96% Al2O3) and commercially 
available low-index lead-silicate F2 glass (45.7% SiO2, 45.5% PbO, 5.0% K2O, 3.5% Na2O 
and 0.8% As2O3). Each pair of glasses are thermally matched which ensures that they can be 
drawn together on the optical tower. The basis optical and thermo-physical parameters of the 
glasses are presented on Table 1. 

To develop the FB elements, the modified standard technique for fabricating the step-
index fibers is used [52]. The technique consists of several steps shown in Fig. 1. First, a 
circular rod, approximately 10 mm in diameter, made from high-index glass and a tube with 
an internal diameter of 10 mm and an outer diameter of about 20 mm made from low-index 
glass are prepared. Next, after inserting the rod into the tube, both glasses are drawn on the 
optical fiber drawing tower and scaled down to obtain a rod with a diameter of about 400 µm. 
Then, approximately 15000 rods produced in this way are inserted into a thin-walled capillary 
made of low-index glass to form final preform. The rods form a hexagonal structure where 
each rod performs the role of a single ‘pixel’ in the optical bundle. Finally, the FB preform is 
drawn on the optical fiber drawing tower and scaled down to obtain the final optical bundle. 
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