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Rapid Fabrication of Silica Microlens Arrays
via Glass 3D Printing
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Abstract

Rapid manufacturing of high purity fused silica glass micro-optics using a filament-based glass 3D printer has
been demonstrated. A multilayer 5 · 5 microlens array was printed and subsequently characterized, showing
fully dense lenses with uniform focal lengths and good imaging performance. A surface roughness on the order
of Ra = 0.12 nm was achieved. Printing time for each lens was <10 s. Creating arrays with multifocal imaging
capabilities was possible by individually varying the number of printed layers and radius for each lens,
effectively changing the lens height and curvature. Glass 3D printing is shown in this study to be a versatile
approach for fabricating silica micro-optics suitable for rapid prototyping or manufacturing.
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Introduction

With the development and miniaturization of modern
optical systems, there is an increasing demand for small,
complex, and tailored optical components. In recent years,
the number of systems using microlenses or microlens arrays
(MLAs), having micron to submillimeter dimensions, has
increased due to their compact footprint, low weight, and
improved optical performance.1 The type of materials used
for the fabrication of MLAs is limited and the choice depends
on the specific application and optical requirements. For
applications in the visible region, polymers are commonly
used due to the benefits associated with low cost and the
relative ease of processing and manufacturing.2,3

In more harsh conditions, high-performance materials may
be required, for example, having properties such as increased
thermal, chemical, or mechanical stability. For applications
using light in the ultraviolet wavelength region, polymers
have limitations due to their increased optical absorption. For
many applications, the ideal material would be fused silica
having an optical transmission window between *180 nm to
2.5 lm. Silica glasses are well known for their high me-
chanical strength as well as their superior thermal and che-
mical stability.4 However, these properties also come at a
cost. Silica glass is hard and brittle and, therefore, difficult to

machine. With a softening point as high as 1700�C, thermal
processing such as molding or embossing is extremely
challenging. For chemical processing (etching), hydrofluoric
acid is typically required.

Techniques used for fabricating glass MLAs include surface
reshaping, and subtractive or additive manufacturing. The
surface reshaping techniques include, for example, glass
molding5 and hot embossing.6 These are suitable for high
volume production, but generally suffer from high surface
roughness (Ra < 120 nm) and are applicable to multicompo-
nent glasses with lower softening temperatures, such as soda
lime4 and borosilicate glass.5 For small-scale production or
prototyping these techniques are less attractive due to the high
costs associated with making the mold or the master copy.

Subtractive manufacturing, in contrast, is more suitable for
limited production and prototyping. This includes techniques
ranging from, for example, wet7,8 and reactive ion etching9–11

to direct laser writing.12,13 Novel approaches for producing
glass MLAs involve structuring using femtosecond laser ab-
lation with a subsequent surface smoothing using a carbon
dioxide (CO2) laser.14–16 Laser-induced wet etching,17 black-
body heating,18 or backside dry etching have also been used.19

The application of high power/pulsed lasers or chemical
etching enables effective processing of high-grade optical
glass such as fused quartz or fused silica.
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The submicron processing resolution of these tech-
niques enables the formation of optically smooth surfaces
(Ra £ 100 nm) on as-produced microlenses.7–19 Using the
aforementioned techniques, MLAs can be fabricated with
highly customized optical characteristics and lens densities,
with the size of microlenses ranging from a few microns
to millimeters. Although highly applicable for scientific
studies and prototyping, the subtractive nature of these
technologies limits the application area to a small produc-
tion volume due to the time-consuming production and the
high cost.

Glass additive manufacturing is an emerging research to-
pic showing an increase in publications in recent years.20–28

Recent studies demonstrated MLA fabrication in fused silica
using two-photon polymerization through a direct laser
writing technique,29,30 an approach that combined hot
embossing with custom glass 3D printing,31 stereo-
lithography,32 and microscale computed axial lithography.33

These studies were realized by utilizing a new type of silica
nanocomposite resin. After printing, thermal postprocessing
is required to create fully dense glass microlenses. This in-
cludes removing the binder (polymer), followed by a high-
temperature sintering step. This postprocessing can be time
consuming, requiring several hours of heating. The debinding
and sintering steps also result in significant volume shrink-

age, which can deform the structure and influence the re-
sulting surface roughness of the print. Despite this challenge,
the state-of-the-art techniques demonstrate up to 6 nm
roughness for the printed surface after sintering.29,30,32,33

In this study, we report on 3D printing fused silica glass
MLA through CO2 laser heating of glass filaments. This
technique enables highly customizable MLA design having
sub-mm lens diameters, without the need for any thermal
postprocessing. Through laser heating, lenses with sub-nm
surface roughness can be achieved. The demonstrated tech-
nique is well suited for rapid prototyping of MLAs, as well as
for small- to medium-size production in glass.

Material and Fabrication

The feedstock material used for MLA fabrication was
fused silica glass filaments, having a diameter of 200 lm. The
filaments were made using a conventional draw tower de-
signed for optical fiber fabrication. Fused silica is a synthetic
silicon dioxide glass of high purity, providing enhanced op-
tical transmission in the wavelength range from *180 nm to
2.5 lm, enabling MLAs to be designed for a large range of
wavelengths. The MLA was fabricated directly onto a
25 · 25 mm2 fused quartz plate having a thickness of 300 lm.
A glass 3D printer (Nobula� Zero; Nobula3D AB) was used

FIG. 1. (a) Schematic of process showing filament feeder and 4 · laser beams, (b) printing review of the MLA model, and
(c) a single lens model from the slicing program. MLAs, microlens arrays.
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for printing the MLA as well as for postprocessing. The
printer used multiple beams from a CO2 laser to locally heat
and soften/melt the substrate and glass filament. The CO2

laser operated at a wavelength of 10.6 lm.
The technique is similar to the one, demonstrated previ-

ously by Kinzel et al.20–23 The current 3D printer, however,
uses four symmetrically placed beams surrounding the glass
filament, which was fed perpendicular to the fused quartz
plate. Before printing, the protective coating was removed
from the filament using mechanical stripping pliers. A
schematic of the print head is shown in Figure 1a, depicting
the filament that was fed into the hot zone created by the laser
beams. The filament was deposited onto the glass plate in a
predetermined layer-by-layer geometry using a machine
code, which was generated using a commercial slicing soft-
ware such as Simplify3D or PrusaSlicer.

To test the printability of MLAs, a CAD model of a 5 · 5
lens array was designed having a 1 mm center-to-center
separation between lenses. In the CAD model, the radius of
each microlens was designed to be 300 lm. In Figure 1b, the
sliced model of the MLA is shown with Figure 1c showing a
single lens, indicating the two-layer structure of the print.

Fabrication of the 5 · 5 MLA was performed with a print
speed of 100 mm/min resulting in a total printing time of
*4 min, that is, <10 s/lens. The laser power launched at the hot
zone and filament by the four beams was estimated to be 7.5
W. During printing, the glass filament was fed into the hot zone
and subsequently softened and fused to the glass substrate.
Owing to the similar size of the hot zone and the microlens
being printed, in combination with the relatively high laser
power used, the printed glass was partially molten during de-
position and, therefore, reshaped due to surface tension.

This unique effect resulted in fully dense glass micro-
lenses without any voids or layer gaps. The final size and
shape of a microlens is determined by several parameters,
including the initial CAD model, slicing algorithm and
printer settings (print speed and filament feed rate), filament
diameter, and laser power settings and focused spot size of
the laser beams. For producing size- and shape-specific
microlens designs parameter mapping is required, for which
the matrix printing ability of the glass 3D printer is highly
suitable for. The high laser power used during printing
caused a small amount of glass to be evaporated from the hot
zone, with a subsequent partial redeposit of fumed silica
surrounding the microlens and, in some instances, onto
nearby microlenses.

To remove this unwanted redeposited material, each lens
was irradiated using the CO2 laser for a duration of *10 s,
using the four laser beams with a total power of 5 W.
Figure 2a shows the printed and postprocessed MLA. The
redeposited fumed silica can be seen here as darker regions
between the microlenses. Figure 2b shows a close-up of a
single lens from the same MLA, corresponding to the sliced
model in Figure 1c.

Fabrication of microlenses with different heights was
possible simply by varying the number of print layers.
Figure 3 shows images of three different microlenses,
having a similar convex radius but different thickness,
printed with a single layer (shown in Fig. 3a), double layer
(Fig. 3b), and five layers (shown in Fig. 3c). Note that within
the five-layer microlens, some small voids are visible that
likely are formed during layer shifting. Further improve-
ment of the process parameters is needed for printing mul-
tilayer MLA (‡5 layers).

FIG. 3. Microlenses in different thickness: (a) 1-layer microlens, (b) 2-layer microlens, (c) 5-layer microlens.

FIG. 2. Top view (a) of the 5 · 5 MLA, and side view (b) of a single microlens.
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Characterization

To evaluate the reproducibility of the 3D printing tech-
nique, the MLA was characterized using optical microscopy
(Nikon Eclipse LV100) in combination with image proces-
sing (ImageJ). The surface roughness was measured for
several microlenses using atomic force microscopy (Bruker
Dimension ICON). The optical properties of the lenses were
measured and compared with the lens maker’s formula as
well as the ray optics model using COMSOL simulations.

Optical microscopy

The plano-convex shape of the printed microlenses, shown
in Figure 2, was characterized using an optical microscope in
combination with image processing. As an example, the single
lens shown in Figure 2b has a radius of curvature, R, of the
convex face equal to R = 232 lm. The distance from the sub-
strate plane to the lens vertex was measured to be 472 lm.

The measured radius from the top view (shown in Fig. 2a),
r, of the lens was 232 lm. The similar values of the radius of
curvature (R) to the cross-section radius (r) suggests that the
convex microlens was nearly hemispherical in shape. The
standard deviation for the cross-section radius (r) of all the
lenses in the MLA was 1.3% (232 – 3 lm).

There is a slight misalignment of the lenses along rows/
columns as seen in the MLA shown in Figure 2a. This mis-
alignment was believed to have been influenced by hysteresis
of the 3D translation stage of the printer. However, the main
cause is ascribed to the slicing program that outputs a machine
code with slightly variable starting coordinates for each lens
position (can be observed in Fig. 1b), that is, first contact point
between filament and glass substrate. Owing to wetting of the
glass to the substrate, in combination with surface tension of the
molten glass, the center position of each lens is slightly shifted
and does not strictly follow coordinates of the CAD model.

Surface roughness

The surface roughness for several microlenses was charac-
terized using atomic force microscopy. A typical measurement
performed near the apex of the lens is shown in Figure 4, in-
dicating the average surface roughness of Ra = 0.12 nm, ex-
ceeding the microlens surface roughness of 6 nm in the
aforementioned studies.29,30,32,33 For context, a dual-axis wheel
polished glass typically has a surface roughness of 1.24 nm.34

Optical (lens) properties

The effective focal length (EFL), f, for a plano-convex lens
with respect to the principal planes can be estimated by an
equation derived from lens maker’s formula:

1

f
¼ n� 1ð Þ

R
, (1)

where n is the refractive index of fused silica (n = 1.459, at
k = 0.588 lm). The estimated EFL of the single microlens,
shown in Figure 2b, is f = 505 lm, which refers to the back
focal length (BFL) from the lens vertex for a plano-convex
configuration.

For light propagation in the opposite direction, the lens is
in a convex-plano shape, which has the same EFL as the

FIG. 5. Simulations of the focusing performance of the
microlens. The model included the quartz glass substrate
(the square volume), which has the same refractive index as
the microlens (a) plano-convex configuration, (b) convex-
plano configuration.

FIG. 4. Roughness measurement by AFM on an example microlens. AFM, atomic force microscopy.
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plano-convex lens. The BFL can be estimated by subtracting
the secondary principle plane position, p2, from the EFL, f.
The position of the secondary principle plane can then be
calculated using the equation:

p2 ¼ �
f n� 1ð Þt

nR
, (2)

where t is the lens thickness, which in this case is 772 lm
(lens height 472 lm + substrate thickness 300 lm). BFL for
convex-plano configuration is thus estimated to be -24 lm
suggesting the focal point is 24 lm below the plano surface,
within the silica glass substrate.

Simulations of the parallel ray propagation (at
k = 0.588 lm) through the single microlens were performed
for both plano-convex and convex-plano directions using a
COMSOL ray optics model. The results are shown in Fig-
ure 5. The simulated BFL is 475 lm for the plano-convex
configuration and -36 lm for the convex-plano configura-
tion, respectively.

The optical focal length of the microlenses was further
measured by using the setup depicted in Figure 6a, with
Figure 6b showing the relevant parameters. Here a simple
optical microscope was constructed using an objective lens
and a CCD camera at a fixed distance. A parallel white light
beam was projected through and focused by the glass MLA.
Initially, a clear image was captured of the substrate surface
plane by adjusting the microscope position relative to the
MLA. The microscope position was then changed until the
image plane overlapped with the optimum MLA focal plane
where most focal spots were minimized. A spot-matrix image
captured at this position is shown in Figure 6a.

The focal length (fmeasured = 483 – 40 lm) was obtained by
subtracting the average lens height (475 – 5 lm) from the
measured distance DL between the two microscope posi-
tions (958 – 40 lm). The homogeneity of the spots was then
analyzed by comparing the intensity of the spots along a
selected array of spots. The light intensity of the selected
array with five spots (indicated by the red box in Fig. 7a) was
measured with the results presented in Figure 7b. The in-
tensities were measured across the center of each spot and
quantified using image processing software ImageJ. The
result from the five selected microlenses shows uniform
light intensities for the different lenses with a variation of
–3.4%, indicating similar focusing performance for each
microlens in the glass MLA.

Imaging performance

The imaging performance of the microlens was also
evaluated as shown in Figure 8. Here a parallel white light
source was projected through a filter (black Swedish Dala
horse on a white paper), through the MLA with the image
captured using the CCD camera of the optical microscope.
Each lens provides a clear image with little distortion (see
Fig. 8b) indicating reproducible fabrication and homoge-
neous refractive index of the different lenses with overall
good imaging performance of the MLA.

Conclusions

We present results on a simple and rapid method of 3D
printing silica glass MLA using a filament-based laser de-
position technology. The microlenses had a hemispherical

FIG. 7. (a) Spot-matrix image captured from the focal plane of the MLA, (b) light intensities of five spots taken from the
red box area.

FIG. 6. The schematic (a) of the optical setup for focal length measurement, with definitions shown in (b).
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plano-convex shape. An ultrasmooth lens surface was
achieved with a measured roughness of 0.12 nm. The 5 · 5
MLA displays uniform focusing performance with an aver-
age EFL of 483 – 40 lm across the whole array, in agreement
with theoretical values and simulation results. The MLA
provides good imaging quality. The capability of creating
microlenses in different thickness enables versatile custo-
mizations of microlenses and multifocal MLA fabrications
for 3D imaging applications.
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