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From Two-Photon Grayscale Lithography to Scalable
Replication: Enabling Complex Aspherical Micro-Optics for
Mass Production

Stefan Wagner,* Leander Siegle,* Stephan Haeusler, Philipp Flad, Mario Henschel,
Thomas Guenther, André Zimmermann, and Harald Giessen

The evolution of complex micro-optics from prototyping to scalable manufac-
turing is a key challenge for modern imaging, sensing, and photonic systems.
Two-photon polymerization grayscale lithography (2GL) revolutionized the
fabrication of micro-optics by combining aspherical lenses with micro-features
enabling performance increases, weight reduction, aberration correction,
and beam shaping. Its scalability for mass production, however, remains a key
limitation. In this study, the replication and integration of 3D printed optics
are demonstrated through electroplating and injection molding processes,
enabling high-volume production without sacrificing precision. Advancements
in replicating complex micro-optics fabricated via 2GL are presented by
designing and 3D printing a diffractive, aspherical micro-lens array. In relation
to their size, these optics are almost impossible to produce with common tech-
niques such as precision turning. The topography, beam profiles, and imaging
quality of the 3D printed master are compared to the replicated lens array.
By combining 2GL 3D printing and injection molding, micro-optical mass pro-
duction of arbitrary geometries is enabled. It is highlighted how this approach
unlocks new opportunities for scalable production, addressing disparities
between rapid prototyping and industrial manufacturing of micro-optics.
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1. Introduction

In recent years, two-photon polymerization
(2PP) emerged as one of the most promis-
ing additive manufacturing methods for
optical components.[1,2] The lithographic
fabricationmethod has gathered significant
attention due to its range in resolution and
structure size, reaching from multiple
millimeters[3] down to nanometers,[4,5]

making it a powerful tool for fabrication
of optics,[2,6–8] quantum applications,[9–11]

fluidics,[12,13] and micromechanics.[14–16]

The process is based on photoactive resins,
structured via two-photon absorption, a
nonlinear optical process wherein the
concurrent absorption by a photosensitive
molecule is triggered by near infrared,
ultra-short pulsed and tightly focused laser
light. Precise movement of this polymer-
ized volume in the focus, called a voxel
(volume pixel) in the photopolymer using
galvo scanners allows polymerization of
arbitrary 3D structures. The resin-based
approach enables a range of different mate-
rials to be processed like optical polymers,[1]

glasses,[17–20] or ceramics.[21] While offering the resolution and
versatility in producing highly complex structured geometries,
2PP is currently a research-focused technology. Prototypes fabri-
cated with 2PP often show multifunctional capabilities, but their
practical application, especially in optical systems, is frequently
limited due to challenges in the seamless integration of printed
structures into functional setups. Often fabricated on carrier sub-
strates such as glass,[3,6,13] silicon,[22] or optical fibers,[7,23] proto-
types require careful handling, particularly for micro-scale fea-
tures. As optical elements made of polymers are highly sensi-
tive to dust, dirt, or scratches, handling and manipulating such
printed elements becomes highly complex. From an industrial
production perspective, the process is constrained by its high
cost and lengthy fabrication, making it less viable for large-scale
manufacturing. Recently, the introduction of Two-Photon Poly-
merization Grayscale Lithography (2GL) has accelerated produc-
tion by dynamically adjusting the laser power during the fabri-
cation. This allows the fabrication of optically smooth surfaces
with larger slicing distances in comparison to the typical 2PP

Adv. Optical Mater. 2025, 13, e02089 e02089 (1 of 10) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

http://www.advopticalmat.de
mailto:stefan.wagner@hahn-schickard.de
mailto:l.siegle@pi4.uni-stuttgart.de
https://doi.org/10.1002/adom.202502089
http://creativecommons.org/licenses/by/4.0/


www.advancedsciencenews.com www.advopticalmat.de

fabrication, reducing printing times.[6,24] However, with improve-
ments in speed and surface finish, 2GL is still limited in pro-
duction capacities. In this context, several fabrication methods
have been reported for the production of polymer micro-lenses.
Among the most common are Ultra-Precision Diamond Turn-
ing, Laser Direct Writing (LDW), and Nanoimprint Lithography
(NIL). While Diamond Turning achieves surface roughness val-
ues below Ra = 10 nm and dimensional errors below 0.5 μm,[25]

micro-structured surfaces or diffractive surface structures are
limited to the sizes of the diamond tool radii. LDW in photore-
sists enables flexible fabrication of diffractive optical elements.
A few machines allow binary writing with feature sizes below
0.5 μm, achieved through a radial-moving beam on a rotating
substrate. With grayscale systems, surface roughness can be low-
ered down to Ra = 20–40 nm, yet the process is mostly limited to
2.5D.[26,27] Electron Beam Lithography (EBL) achieves the highest
structural resolution with feature sizes below 50 nm, yet fabrica-
tion often requires multiple days for a single master. The sur-
face roughness varies due to staircasing effects comparable to
stereolithography. In addition, proximity effects hinder the fab-
rication of diffractive structures, limiting the capabilities of EBL
for micro-optics.[28] Since all these processes are serial processes,
their throughput remains inherently low. While these methods
are essential for the precise fabrication of optical master struc-
tures, they are not suitable for high-volume production. There-
fore, replicating optical master structures through parallel pro-
cesses such as NIL or Injection Molding is the key to an ultra-
precise, high-throughput manufacturing of advanced optical sys-
tems. NIL offers rapid replication and surface roughness below
Ra = 35 nm,[29,30] but is limited to shallow and planar structures,
proving inefficient in the fabrication of refractive aspheres and
structures exceeding structural depth.[31] The production of mul-
tiple parts from a single prototype requires a stamp, which resem-
bles the master structure in the highest possible accuracy. There-
fore, repetitive techniques such as NIL often use polydimethyl-
siloxane (PDMS) stamps because they are cheap and easy to pro-
duce via casting,[32] achieve high resolution and are well-suited
in lab-based environments such as microfluidics[33] or photonics
engineering.[34] While PDMS stamps provide high pattern accu-
racy, their lifetime is typically limited to only 10–50 replications
due to their weak resistance against external influences such
as mechanical and thermal stress or chemical exposure. There-
fore, tool-based manufacturing processes like injection molding
are fundamental for high-quality mass production, especially for
micro-optical components such as free-form lenses, diffractive
optical elements or micro-lens-arrays.[35–37] One injection mold-
ing shot takes less than 30 s making it suitable to produce more
than 1000 parts per day with a single cavity molding tool. As in-
jection molding does not require photopolymerizable resins, a
wide mixture of different materials can be injected, such as ther-
moplastic polymers,[38–40] or glass.[41–43] The most significant ad-
vantage of the injection molding process is its high scalability
paired with extreme robustness of the tools. Although the initial
costs are relatively high, a preciselymanufactured injectionmold-
ing tool enables the production of an extensive number of poly-
mer optics[36] with consistent precision in a short time period,
highlighting the process efficiency and productivity. To maintain
the goal ofmass-producible high precision polymer components,
micro- and nanostructures are usually embedded directly into

functional parts such as lenses and thus are directly carved into
the molding tool. Since injection molding is a process that in-
volves high pressures and temperatures, the durability of the tool
relies on the materials used and therefore often consists of alu-
minum, hardened steel or additional coatings, further increasing
the surface hardness. The direct integration of optical structures
in these surfaces and their accuracy is mostly limited to clas-
sic subtractive tooling approaches such as milling and turning.
Tooling with a focused ion beam has been shown as a promising
technique to fabricate small diffractive lenses but is not suitable
for lens arrays or bigger structures, since the process is heavily
cost- and time-intensive and requires uncommon tool materials
like titanium.[44] To overcome these limitations, indirect integra-
tion methods such as electroplating have emerged as powerful
alternatives. Electroplating is a precise technique to create high-
precision tool inserts for injection molding.[45] In the process,
nickel is transferred onto a micro-structured surface via a Gal-
vano process to create a precise mold, referred to as shim, re-
sembling the surface structure in nickel. The subsequent inte-
gration of the shim into an injection molding tool enables im-
printing of the negative structure into a polymer component,
making it a suitable technique to integrate microstructure-based
optical functions into polymer surfaces.[40,46] In general, nickel
offers multiple advantages, including high robustness, stiffness,
and a thermal expansion coefficient that is close to tooling steel,
which makes a nearly seamless integration into injection mold-
ing tools possible. While different metal alloys like copper can
also be plated, they are not suitable for the high pressure and
temperatures of the molding process. Recent developments also
demonstrated tool-fabrication via casting of amorphousmetals as
an alternative to nickel-shims which delivered promising results
for tooling in future applications.[47]

To validate the unique production value and versatility of the
proposed approach, we demonstrate the fabrication of an as-
pherical, diffractive micro-lens array, initially produced as a high-
resolution prototype using 2GL and subsequently replicated as a
scalable polymer component. We demonstrate the optical prop-
erties of both, the master structure and the replica to demon-
strate the immense potential of the process chain, enabling next-
generation optical devices and advanced sensor systems.

2. Results and Discussion

In this section, the complete fabrication workflow of the aspher-
ical micro-lens array is presented. We start from optical design
and 2GL 3D printing through electroplating-based mold produc-
tion and injection molding and conclude with optical perfor-
mance validation. Figure 1 provides a process overview of the
steps included in the production process.

2.1. Optical Design, 3D printing, and Topography of Master
Structures

The master sample consists of multiple lens arrays composed
of three design types that have different focal lengths, diame-
ters, and surface properties as well as the two logos, visible on
the right of Figure 2. All lenses have been designed using the
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Figure 1. Fabrication workflow and manufactured micro-optical elements at each stage of the workflow. Schematic of the process in three steps.
a) Two-photon polymerization grayscale lithography to produce a 3D printed master structure containing aspherical, diffractive micro-lenses on a glass
substrate. c) Electroplating of the surface structures, coated via physical vapor deposition. e) Injection molding with the nickel mold for high-fidelity
replication of the surface. Associated photographs and SEMmicrographs of the results for b) 3D printing, d) Electroplating, f) Injection molding. White
scale bars represent 1 mm, black scale bars represent 100 μm.

raytracing software Ansys Zemax OpticStudio 20.1. The optical
designs in the top two rows of themaster were adjusted for the re-
fractive index of the used injection molding material cyclic olefin
copolymers (COC TOPAS 5013L-10, TOPAS Advanced Polymers
GmbH), while the bottom two rows were adjusted for the refrac-
tive index of the resist used in fabrication of the 3D printed mas-
ter, Nanoscribe IP-S[48] (Nanoscribe GmbH&Co. KG, Germany).
COC was chosen as molding material due to the low process
viscosity and high structure replication abilities as measured by
Rytka.[49]

The lens arrays include multiple conic lenses with diameters
of 100 and 300 μm, designed for the wavelength of 633 nm. The
two shortest focal length designs of each type are presented in
Figure 3a,b. The surface of the conic is given by the formula

z (r) =
r2∕ROC

1 +
√
1 − (1 + k) r2∕ROC2

(1)

where z is the height, r the radius, ROC the radius of curva-
ture and k the conic constant. For a fixed diameter and focal
length, ROC and k are optimized in the design software. The fo-
cal lengths of the smaller 100 μm lenses are fixed at 100, 200,
300, 400, and 500 μm, as well as 200, 400, 600, 800, and 1000 μm
for the larger 300 μm diameter lenses. As the refractive index
of the photopolymer Nanoscribe IP-S for the 3D printed mas-
ter and the polymer COC TOPAS 5013L-10 for the replicated

lenses differ slightly, we design two pairs of lenses for each de-
sign, one for the 3D printed master and one for the replicated
lenses. All lenses exhibit diffraction-limited focal spots. In addi-
tion to themonochromatically designed conic lenses, four hybrid
achromatic lens designs have been designed for the two wave-
lengths 500 and 700 nm, a diameter of 300 μm, and focal lengths
of 200 and 400 μm, the first of which can be seen in Figure 3c.
These hybrid lenses[50] consist of an aspheric base topography,
which has a diffractive lens structure on top. The topography is
given as

z (r) =
r2∕ROC

1 +
√
1 − (1 + k) r2∕ROC2

+
M∑
m=2
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2m
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r
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]2k
, 2𝜋

)
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Here, the first part describes the underlying conic lens topog-
raphy as already given above. The first sum with parameters a2m
defines the aspheric part up to order M, and b2k gives the diffrac-
tive polynomial terms up to order K. Furthermore, rlens, nlens, and
𝜆 are defined as the lens radius, the refractive index of the lens,
and the wavelength of the diffractive lens. In our study, we opti-
mize the lens surfaces up to the terms a16 and b16, correspond-
ing to an aspherical order of M = 8 and a diffractive order of

Adv. Optical Mater. 2025, 13, e02089 e02089 (3 of 10) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 2. Top-view microscope image of the lens array comparing the master and replication. The left side shows the replicated structure, the right side
the 3D printed master (imaged with Keyence VHX6000). In total 1632 lenses are displayed. The top two rows show conic and hybrid lenses designed for
TOPAS 5013L-10 as well as the Hahn–Schickard Logo. The bottom two rows display the same lenses, designed for Nanoscribe IP-S and the logo of the
University of Stuttgart. 1440 refractive conic lenses (D= 100 μm), 160 refractive conic lenses (D= 300 μm), and 32 hybrid achromatic aspheric-diffractive
lenses (D = 300 μm) were printed within 13 h.

K = 8. The hybrid lenses have diffraction-limited spots for the
entire spectral range between the design wavelengths of 500–
700 nm. In total, the 3D printed master consists of 1632 lenses
and the two logos, placed over an area of 4.8 mm by 7.2 mm. The
heights range from 4.65 μm for the 100 μm diameter, 500 μm
focal length refractive lens design for COC TOPAS 5013L-10, to
73.56 μm for the 300 μm diameter, 200 μm focal length hybrid
achromatic lens design for Nanoscribe IP-S. These two lenses
also illustrate the range of numerical apertures (NAs) of the array,
ranging from 0.10 to 0.60, respectively. For the same NA lens, the
designs from Nanoscribe IP-S are slightly higher than those for
COC TOPAS 5013L-10 due to their smaller refractive index. All
lens design parameters are given in Tables S1 and S3 (Supporting
Information).
The designs are fabricated by 2GL using a commercially avail-

able 3D printer (Quantum X, Nanoscribe GmbH & Co. KG). A
femtosecond pulsed laser centered at a wavelength of 780 nm
with a repetition rate of 80 MHz is focused through a 25x mag-
nification objective with a NA of 0.8 (Zeiss LCI Plan-Neofluar
25x/0.8 Imm Korr DIC) and into the clear and liquid photoresist
Nanoscribe IP-S (Nanoscribe GmbH & Co. KG), which has been
dropped onto a square glass substrate (25 mm sidelength and
0.7 mm thickness). Due to the high intensity in the focus, two
photons are absorbed simultaneously, resulting in the polymer-
ization of an ellipsoid-shaped portion of the photoresist, called a
voxel. The laser is scanned in the xy-plane using a pair of Galvo
mirrors with a speed of 200 mm s−1, and each scanned line is
separated by a hatching distance of 200 nm. After finishing the
first layer, the substrate moves down by the slicing distance of
1 μm using a piezo-electric stage and continues to print the next
layer. Typically, this relatively large slicing distance would result
in a rough surface with steps on the order of the slicing dis-
tance and is usually circumvented by reducing the slicing dis-
tance and increasing print time. 2GL overcomes this issue by
adjusting the laser power dynamically between 8 and 50 mW
with an acousto-opticalmodulator that adjusts the power depend-

ing on the designed surface. 2GL keeps the printing time mini-
mal and provides highly smooth surfaces with root-mean square
surface roughness values Sq down to single-digit nanometers.[24]

Larger structures than the field of view of the microscope objec-
tive are created by stitchingmultiple printing fields together. Fab-
rication of the circa 35 mm2 large master sample takes ≈13 h.
An overview photograph and SEMmicrograph of the 3D printed
master is presented in Figure 1b, while a top-view microscope
image is depicted in Figure 2.
We measured and analyzed the topography of the 3D printed

master using confocal microscopy (μurf expert, Nanofocus AG).
Themeasured topography of the highest NA lenses of each of the
three lens design types are depicted in Figure 3a,c as they are the
thickest lenses for each design type and have the steepest edges,
resulting in the most challenging topographies for each fabrica-
tion step. The center column in Figure 3 displays the topography,
measured with a confocal microscope with a 0.95 NA, 50xmagni-
fication objective. The only visible steps are the desired diffractive
structures of the hybrid lens in Figure 3k, which show up as con-
centric rings. The right column of Figure 3 illustrates profiles of
the measured topography in x- and y-direction as marked in the
corresponding topography plot in the center. Here, we also show
the designed profile and the deviations from the design, where
a defocus term was subtracted as the lens concentrates all opti-
cal power in the top surface. The deviations of the 100 μm conic
lens presented in Figure 3f are below 0.4 μm peak-to-valley (PtV)
for both profiles. The conic lenses with a diameter of 300 μm de-
picted in Figure 3b have maximum deviations below 1 μm PtV
for each profile. This discrepancy in comparison to the smaller
conic lens in Figure 3a scales well with the size of the lens. The
deviations of the hybrid lens shown in Figure 3c are roughly on
the same scale as the ones of the larger conic lens. They have four
distinct jumps in the deviations at the position of the diffractive
rings and can be explained by slight radial shrinking of the struc-
ture during polymerization. Moreover, we analyzed the surface
roughness of the sample by extracting several 100 μm by 100 μm
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Figure 3. Ray-optical design, topography, profiles, and profile deviations of the 3D printed master and replicated lenses. a) Conic lens with a diameter
of 100 μm and a focal length of 100 μm. b) Conic lens with a diameter and focal length of 300 and 200 μm, respectively. Both conic lenses are designed
for the wavelength 633 nm. c) Hybrid achromatic lens consisting of an aspheric base topography with a diffractive surface on top. The hybrid lens is
designed for the wavelength range of 500–700 nmwith a diameter and focal length of 300 and 200 μm respectively. Panels (d–f) show the 2D topography
and profile plus profile deviations of the 3D printed master and replicated conic lens shown in (a). In panels (g–i), we give the 2D topography, profile,
and profile deviations of the 3D printed master and replicated conic lens of (b). Panels (j–l) graph the 2D topography and profile plus profile deviations
of the 3D printed master and replicated hybrid lens schematized in (c). The profiles and profile deviations are displayed as cuts in x- and y-direction and
compared to the design. The z- and Δz-scales are the same for each lens type of the 3D-printed master and replication.

fields of the confocal measured topographies. We subsequently
Fourier short-pass filtered the topography with a filter areal linear
Gaussian at the spatial cut-off frequency of 2.5 μm−1. We deter-
mined the root mean square (rms) surface roughness (Sq) of the
3D printed master samples to be at 4–17 nm (ISO 25178-1).

2.2. Replication of Optical Structures

As presented in Figure 1 the replication of the 3D printed aspher-
ical micro-lenses involves a multi-step process that transforms a
printed prototype into a scalable polymer optic. Onemajor step is
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the replication of the optical structures in a metallic mold insert
via nickel electroplating.
To enable the plating process, a conductive seed layer of 3 nm

chrome and 10 nm gold was deposited via physical vapor de-
position (PLS 500, Pfeiffer Vacuum GmbH) on the 3D-printed
surface. Electroplating was then performed in a small-scale plat-
ing unit (Walter Lemmen GmbH) using a nickel salt electrolyte.
With a constant current density of 0.17 A dm−2 over a period of
120 h ≈5 mm of nickel was deposited on the surface. This pro-
longed deposition time ensured a uniform and defect-free nickel
layer suitable for use as a mold insert in the injection molding
process. After deposition the 3D-printed master was mechani-
cally separated from the nickel shim and residual resist was re-
moved through various cleaning steps. Electric discharge ma-
chining was used to prepare the mold insert for the injection
molding tool.
The final replication step, as shown in Figure 1ewas conducted

via injection molding. The nickel shim was integrated into a cus-
tommold insert and mounted on an Arburg 370A machine (AR-
BURGGmbH + Co. KG). Cyclic olefin copolymer (COC, TOPAS
5013L-10) was used as molding material in the following step.
Molding parameters are included in the Supporting Informa-
tion. Due to a refractive index of nd = 1.533 and a high optical
transparency, the material was well-suited for precision molding
of optical components. Smaller surface defects were seen in the
SEM but only had minor influences on the optical performance
as shown in the following results. The observed defects are likely
occurring from adhesion phenomena between COC and nickel,
as reported in previous studies.[49]

We measured and analyzed the topography of the injection
molding parts via confocal microscopy. As shown in Figure 3, the
resulting geometries exhibit sub-micron deviations relative to the
printed samples. The analyzed replicated samples have Sq rms
surface roughness values between 6 and 20 nm, showing only a
small increase in comparison to the 3D printed master and high-
lighting the effectiveness of the galvanically assisted replication
and accuracy of injection molding for sub-micron features.

2.3. Optical Performance Testing

Analyzing surface topography is only one step in optics evalua-
tion, with the main one being optical performance testing. We
measure, analyze, and discuss both the beam profiles and imag-
ing quality of both the 3D printed master as well as the replicated
lenses depicted in Figure 1b,f, respectively.
To measure the beam profiles, we utilize a setup previously in-

troduced in ref. [24]. The samples are illuminated by a collimated
and wavelength-tunable laser source (NKT SuperK Extreme and
NKT SuperK Select+, NKT Photonics A/S) which is then directed
onto the lenses. The light is subsequently focused by the manu-
factured optics and imaged by a basic microscopy setup consist-
ing of a 60x magnification, 0.7 NA microscope objective (CFI S
Plan Fluor 60x ELWD MRH08630, Nikon), a 1.5x magnification
tube lens, and a camera (GC2450C, Allied Vision). In order to
measure the 3D intensity distribution around the focal plane, the
lenses are axially moved around the focus by ±50 μm in steps of
0.1 μm by a piezoelectric stage (P-736 PI nano Z, Physik Instru-
mente (PI) SE & Co. KG). In Figure 4, we plot the intensity in

the focal plane on the left and the axial intensity in the yz-plane
for the three lens designs with highest NA. We directly compare
the beam profiles of the 3D printed master and the replicated
lenses. To quantify deviations, we fit a Gaussian function to the
intensity along the x-, y-, and z-axis through the point of highest
intensity. From these fits we can extract the full width at half max-
imum (FWHM) values, giving us the opportunity for a quantita-
tive performance comparison. All FWHMvalues of themeasured
3D printed master and the measured replicated lenses as well as
the design are plotted in Figure S1 (Supporting Information). The
beam profiles for three lenses of the 3D printed master, designed
for the photopolymerNanoscribe IP-S are shown in Figure 4a,c,e,
those of the replicated master, designed for COC TOPAS 5013L-
10 in Figure 4b,d,f. For the 3D printed refractive master lens with
a diameter and focal length of 100 μm, depicted in Figure 4a, we
measure a symmetric focal spot, where even the first diffraction
ring of the Airy disk is visible in the xy-focal plane. The FWHM
values in the focal plane are 1.28 μm in x- and 1.28 μm in y-
direction, and 7.97 μm along the optical axis. The beam profile
for the same lens design of the replicated sample is depicted in
Figure 4b and exhibits the same symmetrical focus spot, with
FWHM of 1.26, 1.25, and 8.17 μm in x-, y-, and z-direction. The
difference of the fitted values is small enough to be attributed
to measuring inaccuracies in the setup and manual alignment
of the two samples. The 0.6 NA lenses also show great focusing
performance, as graphed in Figure 4c,e, and the expected tighter
intensity distribution in comparison to the 0.45 NA design plot-
ted in Figure 4a. The more concentrated intensity distribution is
also quantitatively given in the fitted FWHM values. The beam
profiles of the 3D printed master lens with a diameter and focal
length of 300 and 200 μm is presented in Figure 4c and has a
FWHM of 0.98, 0.99, and 5.34 μm in x-, y, and z-direction. The
beam profile of the replicated lens of the same design is pre-
sented in Figure 4d and shows slightly larger FWHM values with
1.19, 1.56, and 5.51 μm in x-, y, and z-direction. There are, how-
ever, some aberrations left in the system most likely resulting
from the larger PtV surface topography discrepancies to the de-
sign. The most visible aberration in the beam profiles shown for
both the 3D printed master lens in Figure 4c and the replicated
lens in Figure 4d is coma, which could be corrected by tilting
the sample. The performance of the refractive-diffractive hybrid
achromatic lens is displayed in Figure 4e for the 3D printed mas-
ter and in Figure 4f for the replicated sample. Differences in per-
formance of the 3D printedmaster and the replicated lenses illus-
trate the same trend as the purely refractive lens in Figure 4c,d.
At the shorter end of the design spectrum of 500 nm, the 3D
printed master lens has FWHM values of 0.81, 0.86, and 3.98 μm
in x-, y-, and z-direction. The replicated lens has slightly larger
values with 1.09, 1.24, and 3.86 μm in x-, y-, and z-direction. As
expected theoretically, the FWHM values in x- and y-direction
follow a linear trend with the wavelength. The measured focal
length shift with wavelength, expressed by the longitudinal chro-
matic aberration (LCA) is±276 nm for the 3Dprintedmaster lens
and ±209 nm for the replicated lens. These LCA values are both
smaller than the designed diffraction-limited range of 2.6 μm for
the 3D printed master and 2.5 μm for the replicated lens, de-
termined by Ansys Zemax OpticStudio, illustrating ideal achro-
matic behavior, which is important for imaging applications. All
FWHM values of both the 3D printed master and the replicated
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Figure 4. Beam profile comparison of the 3D printed (left) and replicated lenses (right). Both the xy-intensity in the focal plane and the intensity along
the optical axis, with a cut along the yz-plane are shown. All plots show intensity profiles across the x-, y-, and z-direction which are all fitted with a
Gaussian profile. The fitted FWHM-values are graphed and compared to the design in Figure S1 (Supporting Information). The panels in (a,b) show the
beam profile of the refractive lens with both a diameter and focal length of 100 μm at a wavelength of 633 nm. (c,d) depict the intensity distributions of
the refractive lens with a diameter of 300 μm, focal length of 200 μm also at 633 nm. Panels (e,f) show the intensity distributions of the hybrid refractive-
diffractive achromatic lens with a diameter of 300 μm and focal length of 200 μm at the wavelengths 500 nm in green, 600 nm in yellow, and 700 nm in
red.

lenses are plotted in Figure S1 (Supporting Information), giving
a direct comparison. In general, the replicated lenses show only
slight deviations in focusing performance from the 3D printed
master, highlighting the potential of galvanically assisted injec-
tion molding replication for mass producible freeform optical
solutions. Optical performance deviations of the manufactured
lenses from the design can be explained with the topographical
errors from the design, slight misalignment such as tilts in the
optical setup, and during printing and replication. Further cor-
rections in the optical quality could be made using an iterative
optimization algorithm for the surface deviations,[24,51] resulting
in profile deviations below 100 nm PtV.
We additionally analyzed the imaging quality with a USAF

1951 resolution test chart, which are depicted in Figure 5. Here,

we examine both the 3D printedmaster and the replicated lenses,
two refractive lens designs with diameters and focal lengths of
100 and 200 μm, as well as 300 and 400 μm, respectively. The
imaging quality of the hybrid lens design with a diameter and
focal length of 300 and 400 μm is also shown in Figure 5. The
setup was previously highlighted in refs. [24,52] and utilized with
minor adjustments. A collimated white light LED (MCWHLP1
and SM1U25-A, Thorlabs) strikes a diffusor (DG10-1500-A, Thor-
labs), ensuring a homogeneous illumination, is focused by a 20x
magnification microscope objective (M Plan Apo 20x, NA = 0.42,
Mitutoyo) through the USAF 1951 resolution test chart (USAF
HI-RES Target 2IN SQ NEG, Edmund Optics) onto the lens ar-
ray. The beam diameter can be adjusted with an iris placed in
the back focal plane of the objective. Images of the test charts
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Figure 5. Imaging quality comparison of the 3D printed master and replication with an USAF 1951 test chart. The scale bars have a length of 50 μm and
correspond to the physical size of the test chart. Panels (a) through (c) show imaging tests with the 3D printed lenses, (d–f) depict imaging tests with
the replicated lenses having the same lens designs. The images (a,d) are taken with the 100 and 200 μm focal length refractive lens, (b) and (e) with the
300 and 400 μm focal length refractive lens. (c,f) Hybrid achromatic imaging with white light using the 300 μm diameter, 400 μm focal length lens.

formed by the lenses are imaged by a microscopy setup consist-
ing of a 50xmagnificationmicroscope objective (M Plan Apo 50x,
NA = 0.55, Mitutoyo), a tube lens, and a camera (UI-3180CP-
C-HQ R2.1, IDS). For the imaging tests of the purely refractive
lenses, a bandpass filter centered at 633 nm with a FWHM of
10 nm (FL05632.8-10, Thorlabs) is placed in between the LED
light source and the diffusor. The imaging tests of the refractive
lenses have been imaged in the monochromatic mono8 format
and recolored with color of light with a wavelength of 633 nm.
The hybrid lens imaging tests were conducted in the RGB8 for-
mat. In Figure 5, we compare the imaging performance of the 3D
printed master and replicated lenses, again using three different
lenses. The performance of the refractive lens with a diameter
of 100 μm and focal length of 200 μm is displayed in Figure 5a
for the 3D printed master lens and in Figure 5d for the repli-
cated lens. The imaging performance of both lenses is compa-
rable, with clear lines of the USAF 1951 test chart until about
group 6, element 4 (90.5 lp mm−1). No noticeable field curvature
or distortion is apparent for the 3D printed master and the repli-
cated lens. Imaging with the larger 300 μm diameter, 400 μm
focal length refractive lens is demonstrated in Figure 5b,e, for
the 3D printed master and the replicated lens, respectively. This
lens, with a slightly larger 0.35 NA in comparison to the smaller
100 μm diameter lens, illustrates higher contrast for both the 3D
printed master and replicated lens, where element 3 of group
7 (161.3 lp mm−1) can still be distinguished. Again, no major
field curvature or distortion are visible. White-light imaging with
the hybrid achromatic lens with diameter and focal lengths of

300 μm and 400 μm, respectively, is depicted in Figure 5c for
the 3D printed master and in Figure 5f for the replicated lens.
The imaging contrast is comparable to the larger refractive lens
presented in Figure 5b,e. Both lenses provide high-quality achro-
matic imaging with only slight transverse chromatic aberrations,
visible for example as the slight off-white coloring in the upper
part of the 3D printed master lens. All lenses show performant
high-contrast imaging in the visible with no apparent field curva-
ture or distortion. Differences in performance of the 3D printed
master and the replicated lenses are minute, emphasizing the
powerful technique of replication. Imaging performance could
be enhanced using doublet designs that can be replicated by our
presented method if 3D printed in a two-sided design such as
presented by M. Schmid et al.[53]

3. Conclusion and Outlook

We demonstrated a functional process chain to replicate 2GL
printed optical structures via small-scale electroplating and in-
jection molding. The process enables the production of small as-
pheric optics with high NA, low surface roughness ≈10 nm Sq
rms, and integrated surface features such as achromatic diffrac-
tive correction. We have validated the process with an injection
moldingmachine, but the small-scale electroplatingmakes it also
suitable for lab-based “table top” processes like NIL or molds for
PDMS casting. The resulting nickelmolds are highly durable and
allow production of multiple thousands of parts with a single
mold with precision in the range of the printedmaster structures.
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Wehavemeasured the optical quality of both,master andmolded
lenses, and conclude that molded replicas reproduce the perfor-
mance of the grayscale structures not only in the optical quality
but also in the surface roughness.
This process chain enables both prototyping and large-batch

manufacturing of high-NA micro-optics, from refractive micro-
lenses to hybrid refractive–diffractive achromats, with cycle
times under a minute per lens array. Future work may address
system-level integration of said micro-optics in larger assemblies
and photonic components. Applications could also include fur-
ther materials research, enabling unique combinations such as
glass-based micro-optics for injection molding.[42,43,54,55] The ex-
treme resolution of the mastering process, paired with a high-
accuracy replication, allows for the integration of anti-reflective
microstructures in the master and therefore in the mold. The
integration of functional elements such as optical alignment
structures, anti-reflective structures,[30] or meta-optical struc-
tures needs to be further investigated in future research. Opti-
mizing the injection molding process will lead to smaller cycle
times and higher surface quality, enabling a large-scale produc-
tion process for otherwise almost impossible optic designs. Dif-
ferent sources have shown direct printing of multi-element op-
tical systems.[7,22,24] Replication of such systems through injec-
tion molding will require additional manufacturing steps. One
approach can be the replication of individual lenses and the sub-
sequent combination of these to form a compound optical sys-
tem. A major application example for such replication processes
could be found in the manufacturing of endoscopic devices or
smartphone lenses, where barrels are commonly used to stack in-
dividual lenses after fabrication. These approaches often require
active alignment, which could be avoided if lens stacks were di-
rectly produced in a single step. A manufacturing route capable
of replicating complex lens assemblies as demonstrated through
3D printing would represent a significant breakthrough for op-
tics manufacturing.
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