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Abstract: In recent years, 3D printing glass optics has gained massive attention in industry and
academia since glass could be an ideal material to make optical elements, including the lens. However,
the limitation of materials and printing methods has prevented 3D printing glass optics progress.
Therefore, we have developed a novel printing strategy for germanate glass printing instead of
pure silica. Moreover, compared with traditional multi-component quartz glass, germanate glass
has unmatched advantages for its mid-infrared (MIR) transparency and outstanding visible light
imaging performance. Furthermore, compared with non-oxide glass (fluoride glass and chalcogenide
glass), germanate glass has much better mechanical, physical, and chemical properties and a high
refractive index. Germanate glass has been widely applied in remote sensing, ranging, environmental
detection, and biomedical detection. However, it is difficult to shape, cast, polish, and grind for optical
and photonics applications such as imaging optics and laser-collimation optics. These drawbacks
have made germanate glass inaccessible to complex optical elements and greatly increased their
cost. In this report, we use germanate glass fibers with a diameter of 125 pm based on fiber-fed
laser heating technology to fabricate an mm-size optical application. In this paper, we combine the
fiber-fed laser heating technology with an optimized temperature control process to manufacture
high-precision optical elements. Germanate glass optics can be printed with excellent visible light and
IR transparency and a smooth surface with roughness under 4 nm. By optimizing the layer-by-layer
3D printing process and the thermal feedback in the printing process, we avoid cracks and minimize
surface deformation. This work shows the possibility of the mm-size glass optical elements 3D
printing and widens its application for IR optics.
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) Nowadays, 3D printing technology has started to release its potential in manufactur-
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ing and more modern functionalities such as biomedical [1], automotive and aerospace [2],

Received: 12 February 2023 and construction [3] are being developed. Three-dimensional printing optics has become
Revised: 24 March 2023 a possible solution for complex geometrical optics. Polymer-optics 3D printing has been
Accepted: 27 March 2023 substantially researched and developed [4-11]. However, 3D printing glass optics still
Published: 29 March 2023 faces challenges from manufacturing accuracy, shrinkage, and material limitation [12-25].

The most common approaches for glass 3D printing, including direct printing, transparent
inorganic glass optics with laser sintering, fused filament deposition, direct ink writing

(DIW), stereolithography (STL), projection microstereolithography (PuSL), or two-photon
stereolithography (TPSL), have generally not achieved the quality required for optical
This article is an open access article  apPlications [4-6,8,9,13,15-18,25-29]. These approaches have been limited by shrinkage,
distributed under the terms and  the burning out of organic components and high-temperature sintering, defects (bubbles,
conditions of the Creative Commons ~ hidden layers, etc.), and material limitations. These have prevented inorganic glass from
Attribution (CC BY) license (https:// ~ becoming a reliable material for modern optic printing. Although the solvent-free, silica
creativecommons.org/licenses /by / precursor, and two-photon polymerization process have highly decreased the shrinkage
40/). and deformation through pyrolysis to avoid the sintering process [13,25,27]. The challenge
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of printing glass optics into mm-size remains due to the time consumption from its di-
rect laser writing (DLW) process, such as two-photon polymerization (TPP) or two-step
polymerization (TSP) [11,30-33].

In addition, it is extremely tough to develop different glass materials to fit different
optical properties such as the refractive index, abbe number, and transmittance. Fused glass
filament deposition of inorganic glass fiber also suffers from low print resolution due to the
size of the filament, and the CO2 laser-induced temperature variation highly increases the
difficulties in controlling the layer thickness. Meanwhile, the glass fiber feeding process
and translation stage movement may suffer from changes in the glass viscosity, which can
stimulate adverse effects in each layer [15-17].

In this paper, we resolve the limitation of material by using germanate glass instead
of silica and manufacture an accurate spherical lens with a diameter from millimeter size
to centimeter size and prove the possibility of printing a complex aspherical lens. We
develop a germanate glass fiber-fed laser-melting method with the temperature keeping
and feedback system (GFLES) to control a stable layer thickness for the input germanate
glass fiber (GGF). Printing is carried out by laser melting and feeding germanium glass
fiber on the germanate glass slide with a CW CO2 laser. We demonstrate that the germanate
glass lens can be printed accurately with a peak to valley <600 nm and a surface roughness
lower than 4 nm. Furthermore, the printed lens can collimate 632.8 nm and 1.7 um laser
beams. Simultaneously, the printed lens is used to make a microscopy system and proves
the potential for biomedical imaging. Germanate glass, a popular near infrared glass fiber
material, is also a great choice for visible light and IR imaging optics, which has a large
refractive index, n = 1.6555 at 589 nm wavelength and n = 1.6399 at 1 um wavelength,
showing that it is suitable for visible, NIR, SWIR, and MWIR applications [34-43].

2. Materials and Methods

Figure 1a is the layout of the GFLFS platform. A CW CO2 laser (A = 10.6um) melts the
fed GGF and prints the structure on the germanate glass substrate. Figure 1b shows that
the GGF feeding process, and the prepared GGF feeding speed can be highly controlled
through the aluminum feeding tube. The substrate is fixed on the temperature control
system with a temperature feedback circuit in Figure 1a. Figure 1c,d show the top view and
the side view of the schematic diagram set on the insulation system in Figure la. Instead of
using a simple heating plate, we built a ceramic insulation material bulk to improve the
temperature control accuracy and decrease the thermal expansion difference between the
printed lens and the substrate. The substrate is pre-manufactured with the same diameter
as the designed lens. We also can cut the substrate to fit the lens diameter if we print more
than one lens per substrate.

Figure 2a shows the glass lens manufacturing process. As Figure 2c shows, the
temperature control strategy mainly divides into 4 parts: pre-heating, printing, stress
releasing, and cooling. The substrate is pre-heated to Tg (~450 °C) in ~30 min, and then
we print the lens structure layer-by-layer (Figure 2b). After the lens printing, to alleviate
the residual inner stresses and to avoid cracking (Figure 2f), the temperature is increased
to ~500 °C by 10 °C/min for 30 min for a 5 mm-diameter lens and slowly decreased to
30 °C below Tg (2 °C/min) for 30 min. Finally, the temperature is cooled down to room
temperature by 2 °C/min.

It should be noted that the time of the printing process is determined by the lens size
and printing resolution. We manufacture the lenses with GGF with different diameters
(125 um and 150 pm). Figure 2d shows the printing process with the fixed parameters,
0.15 mm/s feeding speed and 0.15 mm/s translation moving speed. The laser focal spot
diameter is around 0.8 mm. We use an external voltage board to switch and control the
laser power by changing the voltage, amplitude, and frequency. The manufacturing laser
power range has been optimized to set the manufacturing window from 16 W to 41 W to
avoid cracks in the printing process. Figure 2d shows an example of the optimized printed
glass curve performance. The layer thickness and diameter were analyzed based on the
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default parameters. The feeding volume (FV) per second can be simplified as a cylinder. In
the printing process, FV depends on the feeding speed (FS) and the diameter of the glass
fiber (D).

FV = n1(D?/4) x FS(s™1)

Although FV is stable for constant fiber diameter and feeding speed, the different
input power will change the aspect ratio (AR) of its cross-section.

AR = height/diameter

Figure 2e shows the relationship between the height and diameter of the printed
single line for different laser powers. The height of the printed line decreased for different
laser powers, and the diameter increased simultaneously, meaning that the axis printing
resolution can be controlled by the laser power or the diameter of the fed glass fiber.
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Figure 1. Printing system and printing process. (a) Schematic diagram of the 3D printing system
including fiber-fed system, laser-melting system and temperature control system; (b) The fiber-
feeding process including the aluminum tube and GGF; (c,d) The top view and side view of the
schematic diagram of self-build ceramic insulation material bulk.
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Figure 2. (a) The diagram of glass lens fabrication process; (b) The diagram of layer-by-layer printing

process; (c) The strategy of temperature control during the manufacturing process; (d) The example
for line printing and the optimized smooth printed glass line (scale bar: 100 um); (e) The printing
resolution with a staple feeding and stage moving speed at 0.15 mm/s; (f) The crack surface and
smooth surface comparison.
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3. Fabrication Results

Additionally, the temperature control time is positively proportional to the diameter
and the sag height of the lenses. For example, it takes around 35 min for the 3 mm sag and
5 mm-diameter lens. Figure 3a shows a 5 mm-diameter plano-convex spherical lens printing
process and the clear lens after thermal treatment. Figure 3c shows two manufactured
plano-convex germanate glass lenses with the same parameters, where the lenses are
3.75 mm in diameter and 5.15 mm radius of curvature. The surface profile was detected by
a white-light interferometer (Figure 3d). Surface deviation from the ideal lens surface in
the central region was less than + 300 nm (Figure 3e). RMS surface roughness (Sq) was less
than 1 nm (Figure 3f). The fabricating method proves reliability and allows the possibility
for excellent surface performance manufacturing.
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Figure 3. (a) The lens with 5 mm-diameter printing process; (b) The manufactured plano-convex lens
after fully stress releasing; (c) The image of two printed glass lenses with same surface curvature,
thickness and diameter; (d) The surface profile of the printed lens in (c); (e) Surface deviation of
the printed lens in (c); (f) The surface roughness of the printed lens in (c). ((d,f) detected by Zygo
Newview 8300 optical white light interferometer).
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4. Experiment Results

Considering the excellent transmittance in visible and infrared bandwidth of ger-
manate glass, the transmission measurement from 1.5 um to 5.5 um is shown in Figure 4b.
The germanate glass thick plate (3.6 mm thickness) shows a high transmission, nearly 90%
in the range of 1.5 pm to 3.5 um, and transmission >70% at 4 um. Then, we developed the
laser collimator, which has become an available application to evaluate its performance.
Figure 4a shows the designed laser-collimating system, including the multimode fiber
mount, lens mount, and adjustable part. The assembled printed germanate glass lens
can adjust the distance between the lens and the fiber output end. It can flexibly control
the diverse angle of the collimated IR (wavelength ~1.7 pm) laser beam. We can clearly
observe a collimated circle-like beam pattern on the IR card. Figure 4c shows the designed
single-mode fiber (SMF) for a 632.8 nm laser. Multimode fiber and SMF mount were manu-
factured by the commercial 3D printer using plastic material. The collimated 632.8 nm laser

beam has been appropriately demonstrated to propagate through the interference pattern
in Figure 4d.

08 Wavelength~1.7pm
Focus-adjust part 0.7 ,J—\
0.6

Fiber mount

Collimated beam output

Focus
adjusting
part

—Germanate Glass (3.6mm Thick) \ Collimated
\ laser beam

N\
Collimator 0.1 \

Transmission (%)

Fiber 15 2 25 3 35 4 45
Wavelength (um)

(b)

o
o
3]

(o) (d)

Figure 4. (a) Schematic diagram of the designed mount for laser collimator including multimode
fiber mount, lens mount and the side-view of the manufactured laser collimator and the laser fiber;
(b) The collimated 1710 nm wavelength laser beam performance on the IR card; (c) The design of the
collimator structure for single-mode fiber and the single-mode fiber with the mounted collimator;
(d) The beam spot after collimating the fabricated collimator and the inference by the shear plate.

Therefore, the laser collimator can also be utilized for IR and visible wavelength laser
beams. The detected laser divergence dimension of 632.8 nm and 1.7 pm laser beams, as
shown in Figure 5a,b, offers an available specification for industrial possibilities.

Further analyzing the glass 3D printing performance of the lens, we designed a
microscope system for a cell phone camera. Figure 6a shows the experiment setup, and we
set the optical system in front of the cell phone camera. Figure 6b shows the image of the
USAF 1951 resolution target by the printed glass objective. The 6th term from the 6th group
(the highest resolution of the target) of the target has been captured clearly, at 114 Ip/mm.
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The system can be used to test the bio-sample. Figure 6¢ shows the image of onion pulp
cells. The outline of each cell is observed.
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Figure 5. (a) The divergence dimension performance of 632.8 nm laser beam; (b) The divergence
dimension performance of 1.7 pm laser beam.
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Figure 6. (a) The designed microscopy layout and the diagram of the experiment set up; (b) The
image of 1951 USAF resolution target. (c) The image of onion pulp cells.

Furthermore, we printed the aspherical donut-shape-like lens in Figure 7b. The
diameter of the lens is ~4 mm, and the thickness is ~2 mm. From its center to the edge-
side of the printed lens, the bent image explains the capability of its radius of curvature
distribution. As the side view of the designed printing strategy shows in Figure 7a, the a, b,
and c curves are convex, concave, and convex. Like spherical lens printing, the printing
resolution is also controlled by layer thickness. The printed non-spherical lens further
demonstrates the manufacturing flexibility of our proposed method.
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Figure 7. (a) The design of the donut-shape lens and layer-by-layer printing strategy; (b) donut-shape
lens showing ray bending; (c) The images of the donut-shape lens on the caliper and desk.

5. Conclusions and Discussion

We developed the laser-heat germanate glass optics 3D printing method using the
optimized temperature feedback circuit fiber-fed system. The proposed method was
not only used for printing the single spherical lens but for the multi-lens microscopy
imaging system build and the continuous surface manufacturing. The surface roughness is
lower than 1 nm, and the surface deviation peak-to-valley (PV) value is lower than 600 nm
(£300 nm), which meets the commercial standard for imaging optics and pioneers the
accurate millimeter size glass imaging optics printing. Compared to the 3D-printed glass
optics through the methods such as two-photon polymerization, direct laser writing, direct
ink writing, glass deposition, and glass filament feeding, we upgraded the available
glass optics printing method for “Macro” optical elements, including laser collimator and
microscope without the shrinkage and cracks. Moreover, we have created new potential
for germanate glass and its excellent properties, such as thermal stability, mechanical
properties, chemical resistance, and imaging performance in visible light, NIR, and MIR
regions. Moreover, instead of pure silica, we utilized complex doped glass to break through
the material limitation by its different refractive index and transmittance. We believe
that the reported research not only paves the way for low-cost fabrication of complex
IR glass optical systems for imaging applications but also develops the heating strategy
for glass additive manufacturing, including preheating, the printing process, and inner
stress-releasing corresponding to the glass transition temperature (Tg).

The proposed printing method and laser heating process for printing precise optical
elements still face major limitations in the complex optical imaging system. Double-let lens
manufacturing needs an accurate optical axis alignment for up-surface and down-surface.
Additionally, the 3D printing process will print millimeter-size components and centimeter-
size optics for more imaging optics with larger apertures, such as camera lenses, especially
the infrared (IR) camera lens, significantly reducing the cost. Figure 8a,b demonstrate a
manufactured plano-convex germanate visible-IR lens with around 20 mm diameter and
more positive lenses with different sag heights and diameters. It should be mentioned that
the micro-bubbles mainly cause defects inside the lens during the fiber-feeding process,
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which can be highly decreased by optimizing the temperature control and feeding stability.
The OCT system will detect the uniformity of the refractive index inside the lens.

(b)

Figure 8. (a) The manufactured germanate glass lens with (20 & 0.01) mm diameter; (b) The manu-
factured spherical lenses. (Scale bar: 5 mm).

With outstanding properties in resolution, dimension, and cost, we expect that the
GFLFS system will have a variety of applications in astronomy, remote sensing, surveillance,
biotechnology, medical diagnosis, agriculture, pharmaceuticals, food analysis, oil and gas
detection, machine vision, etc., from visible to IR.
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