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Abstract

Digital fabrication enables precise, flexible, and scalable manufacturing of intricate
optical elements from traditional optics to complex microstructures and freeform optics. This
paper presents a hybrid approach that combines filament-fed laser additive manufacturing with
femtosecond laser micromachining to shape parts precisely. A framework for deterministically
fabricating arbitrary features using a single-point machining basis is discussed. Using a 4-axis
CNC stage, substrates are controlled relative to a CO. laser, locally heated to form optical
elements, followed by surface mapping and registration for femtosecond laser micromachining.

1. Introduction

Precision optics is essential across a wide range of applications. The form complexity of
optical lens geometries varies significantly depending on the intended use, ranging from
rotationally symmetric aspheric lenses to freeform Alvarez lenses.[1] These lenses also demand
stringent tolerances, with form accuracy often required to be below 50 nm and surface roughness
under 1 nm for high-precision applications.[2] Commercial manufacturing techniques, such as
single-point diamond turning, magneto-rheological finishing, or a combination of both, can
achieve sub-wavelength (A/8) form accuracy and sub-nanometer surface roughness.[2] However,
for more complex geometries like aspheric lenses, fabrication typically involves a multi-step
grinding and polishing process, which increases costs and extends production lead times.

Glass additive manufacturing has gained significant attention for its ability to produce
complex glass structures.[3-6] One such method, Digital Glass Forming (DGF), has been
explored for optics manufacturing.[3] This process involves selective laser heating of filament-
fed glass relative to glass substrates, combined with CNC forming and shaping. DGF enables the
creation of intricate shapes through precise path planning and layer-by-layer deposition, making
it well-suited for fabricating optics with complex geometries.[4] During the process, glass is
either reflowed in situ or post-processed to significantly reduce surface roughness to optical-
grade levels.[3] However, a challenge arises as the reflow process often compromises the form
accuracy of the optical components. This contrasts with subtractive manufacturing methods,
which maintain high machining precision but are limited in handling complex geometries.
Consequently, a hybrid approach is necessary to achieve both rapid fabrication and high
precision in complex optical components.

Ultrafast laser machining is highly effective for fabricating micro-, nano-, and mesoscale
features and bulk machining with nanometer precision.[7-11] The short pulse duration of
ultrashort laser pulses allows for precise machining with minimal heat-affected zones (HAZ)
[12] and is suitable for various materials, including silicate glasses used in optics. Femtosecond
laser machining has been widely applied for direct glass processing in applications such as
cleaving[13], microfluidics[14], waveguides[15], and optical components such as microlens
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arrays[9,10]. It has also been used for bulk machining and fabrication of optical lenses[16][11].
There is ongoing research that aims to optimize process parameters for lens fabrication, making
ultrafast laser machining a strong candidate for hybrid lens manufacturing[11,17,18].

This paper presents a hybrid manufacturing approach for glass, combining Digital Glass
Forming (DGF) technology with ultrafast laser machining. Femtosecond laser machining is
investigated to develop an effective set of basis functions for precise conformal machining of
arbitrary surfaces. A single-point basis function is used to deterministically machine arbitrary
shapes in unprocessed flat glass, while a hybrid framework is created that includes surface
mapping, registration, and tool path generation to machine shapes in additively manufactured
glass structures. The integration of femtosecond laser processing also expands the capabilities of
hybrid manufacturing, enabling the production of functionalized optics such as Graded Index of
Refraction (GRIN) optics and anti-reflection coated lenses through ultrafast texturing.

2. Micromachining Basis Functions

Femtosecond laser shots with pulse energy above the threshold fluence have finite
material removal characterized spatially with shot width or diameter, D, and depth, d.
Empirically determined basis functions for a single spot can be spatially arrayed to
deterministically machine features on substrates. For a specific material and an ultrafast laser
with a fixed wavelength and pulse duration, the basis function is influenced by control
parameters: which are the laser spot size, @, Pulse energy, E, and the number of laser shots, n as
explained in Equation 1. Non-linear effects (incubation effect) [18] of the Pulse Repetition
Frequency (PRF) are ignored by carefully selecting PRF and n and only controlling the spatial
array of the pulses.

(D.d)=f(¢,E.n) [1]

For laser shots with a Gaussian beam profile, the material removal creates holes with a
Gaussian depth profile, as illustrated in Fig. 1. These single-point laser shots are referred to as 1-
D cases. The micromachining basis function, described in Equation 1, can be applied to multiple
shots, with depth (d) scaling linearly to create deeper holes. For 2-D cases, such as machining a
single line, the 1-D basis function can be extended along a line. Here, the depth (d) is determined
by the basis function, and the trench width is equivalent to the shot width (D). To maintain
accurate spacing between laser shots when arrayed along a line, the linear scanning speed (v) and
pulse repetition frequency (PRF) are adjusted to ensure that the total number of laser shots per
spot matches the 1-D case. This is referred to as the equivalent pulse number [18], and in the 2-D
case, it is denoted by 7, as defined in Equation 2.

¢ PRF
\'

n=

[2]
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Fig. 1. Conceptual images illustrating ultrafast laser machining: (a) 1-D (holes), (b) 2-D (lines), (c) 3-D
(trenches), and (d) conformal machining of curved profiles.

For 3-D machining or when processing large areas with dimensions exceeding those of
individual laser shot craters, laser pulses need to be arranged along both the length and width of
the feature. In this scenario, laser pulses are spaced along the length of the trench using PRF and
scan speed (v) with each line of machining separated by hatch spacing (4). To machine large
trenches, a path of parallel lines or a raster scan can be utilized, with the equivalent pulse
number, 77, adjusted according to Equation 3. For areas with arbitrary dimensions, machining can
be performed using Equations 1 and 3, with the depth determined by Equation 1.

7-¢*-PRF
4.v-A

ﬁ:

[3]

For machining to arbitrary depths and conformal machining, the machining plane can be
relocated to the bottom of the ablated crater after 77 laser shots and repeated until commanded
depth is achieved. Conformal machining can be accomplished by following 7 in equation 3 for
determining the equivalent number of shots and designing a path plan along the feature by point-
to-point machining as shown conceptually in Fig 1d. This becomes analogous to traditional
subtractive manufacturing processes such as milling.
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3. Experimental Methods

3.1 Laser Processing Setup

A Pharos PH1-20W (Light Conversion, USA) maximum pulse energy of 200 pJ, and
maximum pulse repetition frequency of 200 kHz was utilized for material processing. The laser
operates at a central wavelength of 1030+5 nm and a pulse duration of 230 fs. The output beam
was focused using a 5x near infrared (NIR) apochromat objective lens (Mitutoyo 378-802-6),
resulting in a spot size of 11.6 um at focus, determined by standard knife-edge measurements. A
4-axis CNC stages ANT130XY, ATS150, and ANTIL30R from Aerotech was used for precision
path planning against the laser pulses. An overhead visible camera is used to inspect the
machining process. A schematic of the setup is shown in Fig. 2.

Fused silica substrates (25x75x1 mm) from AdValue Technologies, without additional
processing, were used in this study.

The spatial profile of the machined features was assessed using a Zygo newView9000
white light interferometer, also without further

processing.
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E, PRF
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Speed, v
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Fig. 2. Schematic of the laser processing setup with ultrafast laser processing and digital glass forming

3.2 Digital Glass Forming

For Digital Glass Forming, a CO> laser (A = 10.6 um) is focused on the machining plane
of the femtosecond laser beam. The CO. laser is incident at a 30° angle relative to the horizontal
and is used to heat and fuse glass filaments onto the substrate. A custom-designed filament
feeder, incorporating an Aerotech stage, is used to feed cane filaments or optical fibers. The 4-
axis CNC stages are employed for positioning and path planning of complex geometries. An in-
plane visual camera is utilized to monitor the glass printing process. The CNC stages are
equipped with a heat bed featuring 100W Watlow heaters to prevent thermal shock to the
glass during deposition. 1 mm fused quartz filaments and SMF-28 telecom optical fiber were
used in this study.

3.3 Hybrid Manufacturing Setup

The hybrid manufacturing system comprised digital glass fabrication to additively build
geometries on fused quartz, followed by ex-situ imaging to resolve the surface profile of the
printed parts and use the spatial information to machine them to the desired geometries. A VIEW
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Benchmark metrology microscope was employed to map the spatial profile of the printed
objects. Before scanning, a 3D scanning spray from AESUB was applied. The registration
process, involving three steps after 3-D printing and before machining, is illustrated in Fig. 3.
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Fig. 3. Conceptual map of the co-ordinate transformation process during ex-situ imaging of the printed parts

Laser-machined witness marks were created after the digital glass-forming process. The
substrates were aligned against hard stops to ensure consistent positioning. The part was then
scanned relative to the witness marks using the view scope stages and repositioned in the
machining setup. The (X, y) point cloud data from the Aerotech stages were derived from the (X,
Y) point cloud information from the view stages using coordinate transformation. This data was
then exported to custom-built CAM software for tool path generation.
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Fig. 4. Algorithm for tool path generation in the CAM software

The CAM software was developed using Python, based on a simple algorithm outlined in
Fig. 4. The desired geometry was designed using SolidWorks 2021, and the spatial information
was transformed into the Aerotech (X, y) coordinate system. The point cloud data was converted
into a mesh and iteratively compared with the mapped printed part until the error between the
two was zero. Point cloud information for the areas to be machined was extracted and
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incorporated into G1 linear motion codes, maintaining 7, for a point-to-point machining path
plan.

Fig. 5a. shows an example of a printed part mapped using a VIEW microscope, alongside
the surface map of the ideal part. After processing with the CAM software, the tool path is
generated to achieve the target profile, which is shown and highlighted in red in Fig. 5c. The
final rendered surface map of the processed part is presented in Fig. 5d.
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Fig. 5. () Photograph and surface map of the printed part, (b) 3-D image and surface map of the target
geometry designed with CAD, (c) Surface map showing tool path coverage on the printed part, and (d)
Surface map of the final part generated by CAM.

4. Results and Discussion

4.1 Mapping Micromachined Craters

The depth profile for laser-processed fused quartz was mapped as a function of pulse
energy (E), with a focused laser beam of 11.57 um. Using n =10 laser shots, the resulting holes
were measured, and their cross-sections were plotted against pulse energy, as shown in Fig. 6a.
The maximum diameter and depth of the machined holes are illustrated in Fig. 6b.
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Fig. 6. () Cross-section of laser-processed holes at different pulse energies, and (b) Plot of depth and diameter as a function

of pulse energy.

The depth and diameter of the machined craters increase with pulse energy. At high
fluences, the total width of the craters saturates and approaches the width of the laser beam.
Additionally, the depth of the craters logarithmically saturates at high fluences due to the effects
of plasma formation in the air.

For a pulse energy of 5 pJ, the ideal Gaussian function fitted to n = 10 shots is depicted in
Fig. 7a. The linearity of the 5 pJ pulse energy was quantified for n shots, and this is shown in
Fig. 7b as a function of the number of shots.
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Fig. 7. (a) Cross-section of the micromachined crater fitted with a Gaussian function, and (b) Uncertainty in depth and
diameter of the machined craters from 50 samples.

The fitted Gaussian function is described by Equation [4]. For the 5 pJ pulse energy, the
uncertainty in crater depth was measured to be £0.39 um, and the uncertainty in diameter was
+2.44 pm.

2
d=-2.05- exp[—(%} } [4]

According to Fig. 7b, the micromachined crater depth scales linearly with the number of
shots up to 40, with the depth being n times the 5 pJ basis function. Beyond 40 shots, the depth
scales non-linearly due to the taper angle of the machined craters, which makes it increasingly
difficult to ablate and remove material at greater depths. Nevertheless, the linear relationship of
crater depth up to 40 shots allows for deterministic machining of features by arraying 40 shots
simultaneously on a plane.
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4.2 Subtractive Machining: 2-D, 3-D and Conformal

The 5 pwJ micromachining basis function was extended to 2-D (machining lines) and 3-D
(machining trenches) with an equivalent pulse number of 40 shots, as set by Equation 3. For
machining lines, a pulse repetition frequency (PRF) of 20 kHz and a scanning speed (v) of 5.3
mm/s were used. For machining trenches, a PRF of 20 kHz and a scanning speed of 11.25 mm/s
were employed, with 60% overlap between machining lines to achieve a net # of 40 shots per
spot. Fig. 8a shows the surface map and cross-section of the machined line, while Fig. 8b
presents the surface map and cross-section of the machined trench. These results were compared
to the convolution of the ideal Gaussian basis function.
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Fig. 8. Surface map and cross-section of a micromachined: (a) line and (b) trench, both machined to a
commanded depth of 8 um.

Maximum error of 2.3 um in diameter and an error in depth of 0.17 um seen for the
micromachined line without correcting for the uncertainty in basis functions. For the trench 2 um
error in the width of the track and a 0.25 pum error in the depth was seen which were also below
the uncertainty for the basis functions. Using this framework, a 4-leaf clover was fabricated on
bare glass to an expected depth of 250 um by changing the machining plane after 40 shots. This
is shown in Fig 9. An average error of 120 nm was observed in the area highlighted in Fig 8a.
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Fig 9 a. Surface map and b. the cross-section of a micromachined 4-leaf clover to a depth of 250 um

4.2 Subtractive Manufacturing Conformal Surface

The CAM software generated tool paths for machining a stepped sphere, as depicted in
Fig. 10a, which was designed with CAD. The part has a total depth of 100 um and a diameter of
approximately 1 mm. The 5 pJ micromachining basis was used to machine out approximately 8
um depth with 40 shots on a single plane.
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Fig. 10. (a) Surface map of the stepped spherical profile rendered using CAM, (b) Optical microscope image of
the machined profile on fused silica, (c) Surface map of the actual part after machining, and (d) Comparison of
the cross-section of the ideal part versus the machined part along the diameter of the stepped spherical profile.
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The machining plane was then adjusted and the process repeated until the desired depth was
achieved. Fig. 10b shows a microscopic image of the machined profile, and Fig. 10c displays the
surface map of the part after applying a 3-D scanning spray and imaging with the metrology
microscope.

A comparison between the actual cross-section and the target cross-section of the feature
demonstrates good agreement at both the peak and base of the desired profile. However, along
the X-Y axis of the profile, significant deviations (~100 um) were observed due to the
convolution of the Gaussian basis function and the resulting taper along the profile. Despite these
deviations, the comparison of depth revealed a maximum error of 1.32 um, with an average error
of less than 100 nm.

4.3 Hybrid Manufacturing Artifact

Using Digital Glass Forming (DGF), 1 mm fused quartz cane filaments were employed to
fabricate dense walls on 5x10x2 mm? fused quartz substrates, as shown in Fig. 11a and 11b. The
structure was printed at 70W with a CO> laser beam diameter (Jco2) of 1.5 mm (FWHM) at a
speed of 2 mm/s, with a feed-to-speed ratio (f/v) of 1.0. A spacing of 1.15 mm was maintained
between the walls, with two layers printed, the second layer separated by 0.575 mm. The surface
map of the fabricated walls is depicted in Fig. 11a.
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Fig. 11. (a) Diagram highlighting the fabrication of dense fused quartz walls, (b) Surface map of the fabricated
quartz walls, (c) Taraet aeometry with a 2 mm slot, and (d) CAM-generated surface map of the final geometry.

For the target geometry, a 2 mm slot with approximately 300 um depth on the printed
beads was desired. The CAM-generated final surface map is shown in Fig. 11d. Using the 5 uJ
basis function and machining 40 shots on a single plane, the CAM-generated tool path was
implemented, and the final image after machining is depicted in Fig. 12a.

625



b
®) CAM Generated Final Surface Map © g 2Actual Surface After Machining

2
X-distance [mm]

(e)
50 r T
g a0l \I Z-resolutiol ]
O a2l ]
L E 30 X-Y registration
= 320 :
3
o 10+ E
<
O 1 1 1
0 1 2 3 4

X-distance [mm]

Fig. 12. (a) Photographs of the hybrid-manufactured part on fused quartz. Comparison of surface maps: (b) CAM-
generated final map, (c) actual map after machining, (d) comparison of the cross-sections of target versus actual,
and (e) plot of absolute error along the length of the section.

Fig. 12b shows a comparison between the surface map of the ideal part generated using
CAM and the actual surface map after machining. Fig. 12d presents a cross-section of the surface
map, demonstrating that the actual part closely follows the intended path. Fig. 12e highlights the
absolute error along the length of the section, revealing significant depth errors up to 10 pum and
sharp peaks exceeding 100 um at different locations, particularly at the beginning and end of the
profile. These discrepancies are attributed to X-Y registration errors during coordinate
transformation between the machining plane and the imaging plane. The low-frequency peaks
observed in Fig. 12e are due to Z-resolution errors, constrained by the resolution of the
metrology microscope. Improved in-situ imaging and tool path generation with nanometer-level
resolution could enhance hybrid machining accuracy.
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5. Conclusions

Precision fabrication of optical lenses often requires hybrid approaches that combine the
high precision of subtractive manufacturing with the complex form factor capabilities of additive
processes, such as Digital Glass Forming (DGF). This hybrid methodology enhances cost-
efficiency and throughput for producing complex optical lenses. Ultrafast laser machining is a
suitable tool with its high precision and compatibility with laser additive manufacturing such as
digital glass forming. Femtosecond laser machining was modeled using single point basis
functions, showing linear depth scaling up to 40 shots with 5 pJ pulse energy, achieving sub-100
nm precision for machining arbitrary shapes to deterministic depths in fused quartz. However,
Gaussian basis function convolution caused tapering and precision loss in the X-Y dimensions.
An in-house CAM software was employed for tool path generation with a 2-step ex-situ imaging
and machining hybrid framework. Hybrid manufacturing agreed with the commanded machining
path but revealed X-Y registration errors impacting precision to within 10 um. Future
improvements with in-situ imaging and refined tool path generation could achieve sub-50 nm
accuracy. This integration also opens possibilities for hybrid manufacturing of advanced optics,
such as anti-reflective lenses and graded index of refraction (GRIN) optics.
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