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Abstract

Freeform optics belong to the increasingly important elements in optical research and in-
dustry, which pose several challenges regarding design and highly precise manufacturing.
First being used in cameras and for focusing, nowadays freeform optics are used in a broad
range of applications, from lighting to LiDAR, from endoscopy to photovoltaics, and from
astronomical instruments to quantum cryptography. Designing freeform optics can be
based on different theories and methods. Fabrication is possible by mechanical methods,
such as diamond turning or high-precision milling, often followed by different polishing
techniques, as well as laser-based techniques, mainly applying different lithographic tech-
niques. Here, we give an overview of recent design and optimization methods, production
methods used during the last years, and applications of freeform optics, including the
possibility to combine freeform optics with tunability for different applications. We describe
the opportunities of new applications as well as common problems and give an outlook
towards future directions of research and development.

Keywords: photopolymerization; tunable micro-optical freeform elements; two-photon
polymerization; multiphoton lithography; direct laser writing; diamond turning

1. Introduction

Lenses and other optical parts are used in a broad range of applications, not only
in the form of glasses for nearsighted people and microscope lenses, but also in lasers,
for lithographic techniques and many other applications [1,2]. Common lenses can be
produced by mechanical techniques, such as grinding or lapping [3], by molding [4], or by
different 3D printing methods, depending on the used material and the required surface
accuracy [5,6].

The growing requirement for freeform optics with improved accuracy, however, has
led to the necessity to develop design and production methods further. While a wide range
of subtractive manufacturing techniques has been used for the production of freeform
optics, such as high-precision turning, milling, fly-cutting and grinding [7,8], nowadays
lithographic and additive manufacturing techniques are more and more used.

We present and review the results of our literature search performed in Febru-
ary/March 2026, concentrating on papers indexed in the Web of Science, supplemented
by papers found in Google Scholar, mainly from the years 2022-2026. Besides general
keywords such as “freeform micro-optics”, several specific production techniques and
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applications were researched, all of which are given in this review as sub-section headers.
The combination of a general search with more specific keywords leads to a comprehensive
overview given in this review.

This review is structured as follows: Section 2 gives an overview of recent design meth-
ods for freeform optics and corresponding theories, followed in Section 3 by the production
of freeform optics, subdivided into subtractive, additive and lithographic manufactur-
ing methods as well as finishing procedures. In Section 4, the most recent applications of
freeform optics are discussed, before Section 5 gives an overview of the challenges regarding
design, manufacturing and metrology, system integration and applications, supplemented
by recent research to overcome these problems. Throughout the review, the term “freeform
(micro-)optics” refers to (small) optical surfaces that do not have a rotational symmetry,
while the term “freeform micro-optical elements” denotes specific optical components on
the micrometer scale.

2. Freeform Optics—Mathematical Description and Design

In order to produce freeform optics, it is necessary to describe the required three-
dimensional shapes mathematically [9].

Usually, the propagation of light through optical elements is described by Fermat’s
principle, stating that a ray of light passes between two points in the shortest possible
duration, i.e., along the shortest optical length [10], where the optical length is defined as
the geometric length times the medium’s refractive index. This theory can also explain light
reflection on a reflective surface, where incident and reflected rays have identical angles
towards the normal direction, while the rays lie in the same plane, and the refraction effect
when a ray of light enters a medium with a different refractive index, leading to Snell’s
law [10].

Extending this simple description of light towards wavefronts of light, emitted from
a defined source, Fermat'’s principle allows for deriving the Malus—Dupin theory, which
describes the propagation of a wavefront, where the light rays may experience reflections
or refractions [10]. Along this wavefront, all rays—being electromagnetic waves—have the
same phase.

While simple lenses are usually described by simple mathematical formulas, they will
usually show lens errors, such as spherical and chromatic aberration, coma, or astigmatism.
These lens errors can be corrected by combining different lenses, e.g., in a microscope, or
by developing new meta-lenses [11-13]. To compensate for time-dependent wavefront
deformations, adaptive optics have been developed, in which a deformable optical element
is adjusted by real-time calculations to correct for a time-dependent refractive index, as
is usually the case in astronomy with earth-bound space telescopes [14-16]. However,
deformable mirrors and lenses can also be applied in optical microscopes to improve the
resolution and accuracy of imaging [17-19], for wavefront stabilization in lasers [20], and
other areas.

Besides deformable optical surfaces, another possibility to adapt optical systems is
given by the Alvarez lens [21], similar to the lenses later described by Lohmann [22]. Such
lens systems are based on two lenses, which can be laterally shifted to enable varifocal
properties, e.g., for inexpensive spectacles [23], but also for fast focusing and other appli-
cations [24]. While the first Alvarez lenses were composed of two simple lenses, in recent
years researchers also reported Alvarez lenses with freeform optics, as shown in Figure 1.
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Figure 1. Working principle of the Alvarez lens: (a) A modulation of the optical power is attained
when conjugate phase plates are shifted with respect to each other in the direction where their phase
profile is anti-symmetric. Depending on the displacement of the sub-elements from their zero position,
a lens with positive or negative optical power is generated. (b) Refractive Alvarez sub-element with
a profile function proportional to x3/3 + xy? and the corresponding diffractive Alvarez sub-lens, the
phase pattern of which is generated by taking the refractive phase structure modulo 27r. From [24],
originally published under an Optica open access license.

With increasing complexity of lenses and mirrors, the necessary calculations and
design methods to create the desired optical properties also get more and more complex.
In addition, it is necessary to investigate the manufacturability of the designed freeform
optics, depending on the subtractive or additive manufacturing technique [25-27].

Among the common approaches, ray-mapping methods have to be mentioned, which
firstly calculate a ray-mapping from the source to the required irradiance distribution on
the target, followed by constructing the necessary surface [28]. These methods, however,
necessitate an integrable mapping in order to ensure a continuous surface. As Bosel and
Gross have shown, calculation of the mapping is possible for a small-angle approxima-
tion by an equation for optimal mass transport [28]. Other approaches are based on the
Monge-Ampere methods, i.e., on solving nonlinear partial differential equations of Monge—
Ampere type [29], which can be used for single-freeform designs for point sources in a
far-field approximation [30] or collimated beams [31]. For the first, the so-called supporting
ellipsoids method and its generalization are also suitable [32,33].

Recently, several design concepts have concentrated on miniaturizing the applied illu-
mination concept. Schmidt et al. described a combination of refractive freeform wavefront
tailoring and diffractive beam shaping especially for micro-optical systems, leading to so-
called freeform holograms [34]. For such miniaturized freeform optics, with characteristic
features in the same order of magnitude as the used wavelengths, refractive beam shaping
based on a geometrical optical approach becomes problematic, since the wave-optical
nature of light has to be taken into account. This is why diffractive beam shaping, which
takes into account coherent interference effects between the waves to realize the desired
intensity distribution on the target, is advantageous for micro-optics [34].

A design approach for ultra-thin freeform micro-optical elements was suggested by
Leiner et al. [35] in order to enable a laser direct writing method to produce freeform
optical elements, as opposed to common mechanical methods. While laser direct writing
is more cost-effective, it can only produce elements of a limited height, which is why the
authors developed a method to design freeform micro-optical elements with a maximum
height of 50 um, which was investigated for the specific example of uniform illumination
in ultra-thin direct-lit luminaires. For this, they used a matrix of freeform micro-optical
elements with hexagonal irradiance distribution. By implementing secondary triangular
target areas and an algorithm for iterative ray-mapping, the overall irradiance distribution
became highly uniform [35].

Off-axis reflective systems can be used to enlarge the field of view and to reduce
obscuration. On the other hand, they induce different asymmetric aberrations, which
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need to be corrected. This leads to the necessity to exchange common surfaces with
rotational symmetry by freeform surfaces [36,37]. Freeform surface systems, on the other
hand, are problematic to assemble due to the missing rotational symmetry [38]. Xia et al.
reported a freeform surface system design method which improved the assembly tolerance
requirements of optical systems by about a factor of 2, so that freeform off-axis systems
could be realized more easily [39].

Another area in which freeform optics can be used is the creation of optical beams with
phase singularities, which is an important tool for high-resolution imaging and advanced
microscopy [40,41], optical switching [42,43], and other fields [44]. Among the different
methods to create geometric-phase optical elements that can shape optical wavefronts,
spatially varying axis plates based on liquid crystals have been investigated in detail [45-47].
Piccirillo et al. showed that dark hollow beams with highly variable-intensity landscapes
could be generated by an azimuthal phase factor for optical field encryption, i.e., by directly
encoding the required geometric properties into the mold which is used to prepare a
liquid-crystal-based freeform waveplate [48].

As these examples show, different mathematical and design approaches are required
to define freeform surfaces optimized for the respective application. Besides the theoretical
surface shapes, it is necessary to improve the production techniques in order to reduce
roughness and waviness of the freeform optics as well as potential material shrinkage and
deformation upon thermal and other post-treatments. The next section describes recent
subtractive and additive production techniques for freeform optics.

3. Production of Freeform Optics

This section gives an overview of different subtractive and additive production tech-
niques for freeform optics that have been reported in recent years. This classification is
based on the different physical processes used: While subtractive processes start from
a bulk substrate and remove material to create the designed freeform optics, additive
processes form the required shapes by polymerizing material at defined positions. Litho-
graphic methods—that are in the literature sometimes regarded as additive, sometimes as
subtractive—are usually based on pattern transfer, e.g., from a mask or digital exposure,
and subsequent development or etching. Finishing, as the last sub-section, does not signifi-
cantly change the geometry of freeform micro-optics, but rather their surface roughness.

3.1. Subtractive Production

Subtractive production techniques, such as turning, milling, fly-cutting or grinding,
have been used for the production of freeform optics for a long time. A comprehensive
overview of these techniques was given in 2022 by Kumar et al. [8], who described in detail
the applicable techniques like ultra-precision diamond turning, ultra-precision milling,
ultra-precision fly-cutting, ultra-precision grinding, and the respective state of the art. In
addition, they reported the subsequently necessary polishing method, such as bonnet
polishing, magnetorheological finishing, laser polishing, and ion beam polishing [8].

In recent years, some new developments have been reported in these and other areas,
which are depicted in the following sub-sections.

3.1.1. Diamond Turning

Diamond turning can be used to machine flat, aspheric or also freeform surfaces [8].

Hard and brittle substrates are not easy to machine by diamond turning. One method
to overcome this problem is laser-assisted diamond turning [49]. You et al. suggested
a special laser-assisted diamond turning method, in which they used a PID laser power
controller to optimize the laser heating temperature stability and pre-compensated the
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thermal expansion in the toolpath [50]. In this way, they could produce silicon freeform
optics without thermal defects.

Zhang et al. concentrated on the problem that a constant control point sampling
scheme may lead to losing micro-features [51]. They showed that an optimized sampling
pattern could reduce the measured form error by about one third, without increasing the

number of control points, as depicted in Figure 2.

Figure 2. The 3D morphologies of the form error map in the ring pattern in (a) the adaptive control
point sampling method and (b) the constant sampling method. From [51], published under a CC-BY-
NC-ND license.

Another way to improve the sampling scheme was suggested in [52], where a toolpath
modification based on iterative learning was described, which allowed for producing
high-quality freeform surfaces with high efficiency. Here, the focus was on compensating
servo dynamic deviations by iterative adjustments. This method especially aimed at mass
production and was shown to reduce the form error by approx. 40% to 527 nm for sinusoidal
grid surfaces [52].

Working with brittle single-crystal germanium for infrared imaging systems, Prasad
et al. reported a method to overcome thermally induced defocus challenges [53]. Applying
a hybrid cutting approach, i.e., combining constant-angle and arc cutting, was shown to
improve the surface quality to a form error of 0.47 um and a surface roughness Sa of 2 nm.

For the special case of fast-tool-servo diamond turning of freeform surfaces, Hashimoto
and Yan investigated the sources of form errors due to clocking angle errors based on servo
control time delays in the system [54]. By carefully identifying and compensating these
time delays, they could reduce the form accuracy to 850 nm.

3.1.2. Diamond Milling

Diamond milling uses a tool with a diamond tip, which is fixed on a spindle and
rotates with it [8].

Diamond milling, like diamond turning, necessitates proper toolpath planning due to
the variational features of freeform optics. Guo et al. developed a feature-adaptive toolpath
planning to improve the uniformity of the surface texture [55]. Starting from two different
mathematical descriptions of freeform optics for a virtual-reality lens and an LED lens,
they used the equal chord length strategy to define the feed distance between neighboring
tool location points. After adapting the step distance to surface curvature, tool geometries
and machining parameters, they produced freeform optics from oxygen-free copper with a
significantly improved surface roughness Sq around 8.5 nm.

Wu et al. also used a freeform LED lens and a virtual-reality lens from oxygen-free
copper for their experiments on a five-axis ultra-precision machine [56]. They developed a
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process for the surface measuring, here by a white-light interferometer, that combined a
coarse registration based on two-dimensional Fourier transform and Pearson correlation
coefficient with a fine registration based on singular value decomposition. In this way,
they achieved a very low deviation between designed and measured surface after fine
registration below 10~7 um.

A semi-ductile diamond milling method was proposed by Li et al., who took into
account the full surface curvature variation, microstructure geometry characteristics, and
machining parameters [57]. By matching the chip thickness in subsequent tool rotations
along the feed direction with the material depth of ductile-brittle transition, while using
a constant tool residual height in step direction, the toolpath was planned by an iterative
algorithm. This led to a sinusoidal surface roughness Sa of 16 nm, as opposed to 75 nm
after conventional diamond milling.

An even lower surface roughness Sa of 4 nm, combined with improved processing
efficiency, was reported by Sun et al., who used a self-tuned diamond milling approach
for infrared micro-optic arrays [58]. They added a double-axial rapid servo movement
platform to the raster milling system in order to match the maximum chip thickness per
rotation tool cycle with the critical cut deepness of the infrared material, which not only led
to an enhanced surface homogeneity, but also avoided cracks.

It should be mentioned that not only the diamond milling process itself, but also the
diamond tools for this process are regularly developed further [59], e.g., by investigating the
possibilities of different 3D printing techniques [60] or by using a picosecond laser-based
single-crystal diamond tool fabrication technique to prepare micro-milling tools especially
for fused silica lenses [61].

3.1.3. Fly-Cutting

Similarly, the machine tools for fly-cutting have a strong impact on the produced
freeform optics, such as the tool nose radius and the swing distance [62]. In fly-cutting, a
diamond tool on a spindle is used to remove material from a substrate [8]. The process can
be differentiated into end fly-cutting and radial fly-cutting, as depicted in Figure 3 [63].

Principal (b) Principal
axis axis
Fly cutter Diamond Fly cutter
disc Cutting Tools disc

Figure 3. Diamond fly-cutting processing method. (a) End fly-cutting. (b) Radial fly-cutting.
From [63], originally published under a CC-BY license.

Especially for large-scale lens arrays, a new end fly-cutting process was suggested by
Zhang et al. who developed a mathematical model for a uniform tool trajectory during
production of square and hexagonal boundary lens arrays [64]. They found a root mean
square error of less than 1 pm by comparing measured and simulated results.

Bu et al. worked with diamond fly-cutting to produce anti-reflective microgroove
arrays on BK7 glass [65]. They investigated the impact of machining parameters and tool
geometries on the surface quality and found that sidewall collapse and crack propagation
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could be reduced by a higher rotational speed and a lower feed rate, while the tool rake
angle had only a very small influence.

In order to produce straight-groove microstructure arrays from shapes like square or
triangular pyramids, Wang et al. developed a method to use an ultra-precision machine
tool with only three axes, combined with a new offset-tool-servo end fly-cutting system,
integrating slow-tool servo technology [66]. For this, they developed a mathematical model
to linearize the tool arc trajectories. Comparing theoretical and experimental results, they
found a root mean square error below 1 pm.

Generally, fly-cutting is less often used to produce freeform optics than diamond
turning, diamond milling, and grinding, which is described in the next sub-section.

3.1.4. Grinding

Grinding is a method of material removal from substrates by a grinding wheel with
ultra-fine grains [8].

For large-scale freeform optics, grinding of hard, brittle materials is impeded by the
wear of the grinding wheel that is hard to estimate, and by the complicated profile-error
measurement directly on the machine. This is why Wang and Zhao concentrated on the
development of an on-machine measurement system to improve the effectiveness and
machining efficiency of compensation grinding [67]. For this, they measured the full-
aperture profile error under different sampling parameters along different raster scanning
paths by a measurement system on a four-axis machine tool, leading to a sub-micron
variation in the measurement results.

For such freeform optics prepared from hard, brittle materials, researchers from the
same working group also developed a slow-tool servo with a diamond grinding wheel [68].
After developing a theoretical model of the scallop height and calculating the profile
error due to the diamond wheel centering error, they suggested an improved adjustment
method for the grinding wheel position. In this way, they reached a high profile accuracy
below 100 nm and a surface roughness Sa around 9-24 nm, depending on the machining
parameters and the position on the sample.

Another approach was chosen by Prochaska et al., who developed a CAD/CAM
grinding process chain applicable for conventional and corrective grinding, which they
used for freeform optics from S-BSL7 optical glass, leading to a shape error of 15 um after
conventional grinding and 9 um for corrective grinding, respectively [69]. They showed
that the results produced by corrective grinding of other freeform optics varied by about
20%, indicating the stability of this process.

Peng et al. aimed at a low subsurface damage and a high surface shape accuracy
during high-precision grinding of hard, brittle materials [70]. By optimizing grinding and
polishing, they managed a root mean square of the surface of around 12 nm, while the
subsurface damage was approximately halved from 20 um to 10 pum.

Combining ultra-fine grinding with plasma-jet polishing, Miiller et al. showed es-
pecially the impact of different polishing steps, as depicted in Figure 4 [71]. The authors
used self-designed Alvarez lenses from fused silica glass as test objects and applied a
three-stage grinding process, consisting of a coarse pre-shaping, followed by fine freeform
shape generation and finally ultra-fine first surface smoothing on a five-axis machine with
spherical diamond grinding tools. After plasma-jet polishing, a roughness Sq below 0.5 nm
could be reached.
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Figure 4. Topographical comparison (figure error topographies) for one Alvarez sample after (A) D30
fine grinding and the same sample (B) after D16 ultra-fine grinding measured by telecentric WLI.
From [71], originally published under a CC-BY license.

3.1.5. Laser-Based Methods

Besides the aforementioned methods of mechanical subtractive manufacturing,
freeform optics have also been prepared by laser-based methods, such as selective laser
etching (SLE) [72]. In this technique, fused silica and other materials can be shaped on mil-
limeter scales with micrometer precision [73]. As an example, Figure 5 shows the schematic
of such a process as well as laser-written tracks from the top and from the side. Using this
technique, the authors showed the fabrication of long homogeneous microchannels, to be
used as low-loss optofluidic waveguides [74].

P
I [
|
z L2 D
T(’X == WP (C)
_ S

T,

fused silica

—

Figure 5. (a) Schematic of the spatial light modulator (SLM)-assisted spatially shaped fs laser
microfabrication system. The dashed blue rectangle indicates the phase diagram loaded onto the
SLM. (HWP: half-wave plate; P: pinhole; OBJ: objective lens; M: metal mirror; D: dichroic mirror;
BE: beam expander; L1 and L2 represent lenses with different focal lengths.) (b) Top-view and
(c) side-view optical micrographs of the laser-written tracks inside the fused silica. The dashed line
in (c) indicates the glass surface. The image below the dashed line in (c) shows the actual structure
of the laser-written tracks, while the one above the dashed line is a virtual image created by optical
microscopy. From [74], originally published under an Optica open access license.

Laser ablation from the front or back surface of a substrate has also been shown
by several research groups. Hua et al. used cavitation-assisted ablation by direct laser
writing (DLW) with a femtosecond laser on a crystalline substrate and subsequently a
high-temperature post-treatment to remove the upper layer which is no longer crystalline
due to the ablation process [75]. For this, a low-viscosity liquid was applied at the back of
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the crystal substrate, and the laser was focused onto the liquid—crystal interface. The liquid
was used to take the ablated debris off the back surface. The final thermal treatment could
further reduce the surface roughness Ra from around 21 nm after cavitation-assisted direct
writing to around 2.1 nm. This technique was also used for fully three-dimensional nano-
sculpturing of different hard materials [76]. Other groups also mentioned the importance
of a thermal annealing post-processing step, independent from the exact technique of the
previous laser direct writing step [77].

Another parameter which can be optimized for laser ablation is the pulse duration.
Zubauskas et al. compared the effect of femtosecond and picosecond pulses regarding the
thickness of the removed material and the resulting surface roughness and found that the
feature resolution and the surface quality were significantly better for femtosecond pulses,
while picosecond pulses enabled higher glass removal rates [78].

While selective laser etching used only a laser to write inside or on the surface of
optical materials, Kong et al. combined maskless discrete wet-etching with picosecond
laser direct writing [79]. After the laser was used for a line-array discrete modification of
the fused silica substrate, hydrofluoric acid was applied for wet-etching along these lines in
combination with ultrasonic treatment to form a lens-shaped mold with additional regular
surface modifications, which was used to prepare a polydimethylsiloxane (PDMS) lens
with an ommatidia-shaped freeform surface. Similar approaches have been reported by
other research groups to produce other freeform optics [80-82].

While the previously described methods to prepare diverse freeform optics can be
regarded as subtractive techniques, the different lithography processes are usually also
subtractive, but sometimes regarded as additive techniques. Thus, an overview of recent
lithographic methods to produce freeform optics is given in the next sub-section, followed
by a sub-section dealing with conventional additive manufacturing, i.e., 3D printing.

3.2. Lithographic Production

Lithographic methods are used to pattern substrates for diverse sensors and other
devices [83]. Recently, different lithography techniques have been applied, depending on
the used materials and required resolution, such as optical lithography, extreme ultraviolet
(EUV) lithography, electron beam lithography, X-ray lithography, or ion beam lithogra-
phy, with optical lithography being most often investigated in recent years [83]. Usually,
lithography applies light or other electromagnetic waves, projected on a photoresist on
top of a wafer or another substrate, to modify the photoresist, as shown in Figure 6 [83].
Afterwards, the photoresist is developed, leading to the exposed areas becoming more/less
soluble in case of positive/negative resists [83].

It should be mentioned that multiphoton lithography, also described as direct laser
lithography or direct laser writing, can be used to write small structures inside a photoresist
without using a photo-mask by polymerizing the photoresist at the laser focal spot and is
nowadays more often used for the production of freeform micro-optics [84-86].

Lithography as a production method for freeform optics is reported by many research
groups. Lamprecht et al. described a self-developed grayscale laser direct write method
based on one- and two-photon absorption lithography that was used to produce freeform
micro-optical elements to project a defined light pattern from an LED onto a wall [87].
A similar two-photon grayscale lithography was also applied by Aderneuer et al. who
produced freeform micro-optical arrays and found this process to be much faster and result
in a higher surface quality than conventional two-photon polymerization [88], as well as
by Weinacker et al. who described an iterative pre-compensation of statistical deviations
between printed and targeted structures [89], and by Lutey et al. who optimized this
process by a data-driven optimization algorithm [90].
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Figure 6. Schematic of optical lithography. From [83], originally published under a CC-BY license.

Leiner et al. used maskless laser direct write lithography, followed by imprinting
replication, to produce freeform micro-optical elements with a height of only 50 um for
direct-lit applications [35]. Similarly, Hafttananian et al. suggested a combination of two-
photon polymerization by direct laser writing with soft lithography [91], where a stamp or
mold from elastomeric PDMS is prepared from the master mold [92]. A combination of
multiphoton lithography with atomic layer deposition (ALD) and calcination was suggested
by Galvanauskas et al. and Astrauskyte et al. to produce highly transparent, heavy-
durability freeform micro-optics [93,94].

A special way of performing lithography was suggested by Toombs et al. who used a
microscale computed axial lithography process on fused silica/photopolymer nanocompos-
ites [95]. By using a tomographical 3D illumination of this nanocomposite and subsequent
developing in a solvent, they could produce three-dimensional green parts, which were first
heated to 600 °C for debinding, followed by sintering at 1300 °C. In this way, they produced
a broad variety of different shapes as examples, amongst them freeform micro-optical
elements with a surface roughness of 6 nm.

Finally, it should be mentioned that using the subsurface controllable refractive in-
dex via beam exposure (SCRIBE) method, it is possible to tune the refractive index of
optical components prepared by direct laser writing by applying the DLW process inside
nanoporous silicon and silica scaffolds filled with photoresists [96].

3.3. Additive Production

While we gave a broad overview about optical elements from 3D-printed polymers, in-
cluding the additive manufacturing methods especially suitable for optical elements, in [5],
this sub-chapter concentrates on different 3D printing methods which have been applied
for the production of freeform micro-optics. Lithographic methods, such as multiphoton
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printing [97] or two-photon polymerization [98,99], were described in the previous sub-
section and are thus not mentioned here again. On the other hand, common 3D printing
methods that can be used to print transparent materials, such as stereolitho-graphy (SLA)
or digital light processing (DLP), work with visible light and thus cannot produce very fine
structures [100]. This would be possible with electron-induced deposition (EID), which,
however, has technological limitations leading to a low printing throughput [101].

Nevertheless, some reports of conventional 3D printing methods for freeform optics
can be found in the literature. Additive manufacturing of silica glass, e.g., can be performed
using sol-gel based materials, in which different organic mixtures contain up to 50% silica
nanoparticles, and which can be 3D-printed by SLA, DLP or direct ink writing (DIW) [102].
However, a subsequent sintering step is necessary to get solid, transparent silica glass
from the as-printed composite. To solve this problem, Huang et al. suggested crosslinking
hydrogen silsesquioxane to silica glass by nonlinear absorption of sub-picosecond laser
pulses, resulting in optically transparent glass [102].

Using SLA, Gonzalez-Utrera et al. printed plano-freeform lenses from clear resin [103].
They used isopropyl alcohol to clean the resin excess, followed by washing and curing
for 15 min at 60 °C. While the freeform surface was grinded and polished with different
micro-graded wet/dry polishing papers, the plane surface was cured whilst pressing it
against a flat glass surface (Figure 7). Aiming at an improved resolution while using a
low-cost resin printer, Nair S et al. investigated the influence of a fiber-optical taper to
demagnify images from the screen of such resin printer, leading to a resolution of around
15 pm half-pitch [104].

RARIE

®  ©

Figure 7. Fabrication process. (a) Printing, (b) post-processing, and (c) polished surface. From [103],

originally published under an Optica open access license.

Webber et al. described a modified tomographic volumetric additive manufacturing
process [105]. Volumetric additive manufacturing (VAM) is a three-dimensional extension
of conventional SLA and DLP printing techniques that build an object layer-wise. In VAM,
instead, the whole part is printed at the same time by a tomographic technique. VAM-
printed objects still have so-called striation artifacts within the plane of the photoresin vial,
resulting in ridges on the object surface. To avoid these artifacts, they suggested using
purposely blurred writing beams, leading to strongly reduced striation, as the comparison
of VAM-printed microlens arrays in Figure 8b,c shows [105].

Inkjet printing of freeform optics has also been reported in the literature [106]. Williams
et al. used inkjet printing for the manufacturing of gradient index optics [107,108]. Sieber
et al. applied an optical twin to increase the optical precision by geometrical measurements
which were fed back into the simulation model, leading to an optimization of the printing
speed, drop size, and UV illumination used for curing [109]. Assefa et al. used a modified
inkjet process with three slightly misaligned printheads, containing 1000 parallel nozzles
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each, creating layer thicknesses around 4 um that are solidified by UV exposure, resulting
in 3D-printed optical elements that needed no post-processing [110].

(b) Conventional ~ (¢)  Blurred tomography

| T

[T
. .

or

Figure 8. Printing microlens arrays using blurred tomography. (a) Computer model of MLA inside
vial (not to scale). Images of MLA printed using (b) conventional printing conditions and (c) blurred
tomography. (d) Diagram of the setup used to measure laser spot size through the microlens array.
Laser spot size measurement of the microlens array printed using (e) conventional printing conditions
and (f) blurred tomography. Scale bars are 1 mm, except insets of (e,f), which are 50 um. From [105],
originally published under an Optica open access license.

As these few examples show, there are still many kinds of freeform optics that may be
3D-printable by SLA, DLP or inkjet printing, making such freeform optics available also for
institutions without specialized lithographic or mechanic machining possibilities.

3.4. Finishing

In most cases, freeform optics are not ready to use after the first production step,
but need to be finished, usually by polishing. Typical polishing methods include bonnet
polishing, magnetorheological finishing, laser polishing, and ion beam polishing [8]. While
these methods are well known, there are nevertheless some papers discussing new aspects.

For bonnet polishing, Deng et al. recently showed that a multi-factor multi-scale
material removal function model could be used to reduce the deviation between experi-
mental and theoretical material removal rates [111]. Pant et al. used a seven-axis bonnet
polishing machine with polyurethane and uninap-13 pads to polish the surface of a cubic
freeform profile, produced by diamond turning [112]. To correct surface shape errors in
different bonnet polishing cycles on freeform optics produced by EUV lithography, Peng
et al. suggested a cross-scale surface shape error correction method [113].

Magnetorheological (MR) finishing can be combined with chemical finishing by re-
placing the MR carrier fluid with a reagent, leading to significantly reduced surface rough-
ness [114]. A small polishing wheel especially for micro-optical elements was designed,
constructed and tested by Wang et al. who showed that the 13 mm polishing device was
better suited for small optical components than a commercial 100 mm device [115]. A
robot-assisted magnetorheological finish of freeform surface, based on an industrial 3D
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camera, was investigated by Raza et al. who reached a surface roughness of 55 nm after 10
polishing cycles [116].

Laser polishing plays an important role in the finishing of fused silica freeform op-
tics [117]. Metallic freeform optics for EUV applications can also be polished by laser
polishing to reach a very low micro-roughness below 0.2 nm root mean square [118].
Laser polishing was also successfully used as post-processing after different laser-ablation
methods on quartz glass and Boro-float®33 glass, reducing the surface roughness Ra from
around 1 um to 0.4 pm [119].

In recent years, ion beam polishing of freeform optics has been reported less often
in the literature than the other methods, while plasma polishing can sometimes be found
as a possible finishing method for freeform optics. The latter can be used for finishing
hard-brittle material surfaces, such as glass or fused silica [120]. Fan et al. used multi-
jet plasma polishing based on an atmospheric-pressure plasma jet and showed that this
method could reduce errors stemming from the periodic toolpath, resulting in a root mean
square roughness of 17 nm [121]. Arnold et al. reported even a roughness reduction
by three orders of magnitude, depending on the initial roughness, using atmospheric-
pressure plasma-jet polishing on fused silica freeform optics [122]. For the investigation of a
medium-pressure plasma polishing process on fused silica, Yadav et al. used a comparison
of experimental results and numerical simulations to optimize the etchant ratio in terms of
surface roughness, at the same time leading to a hydrophilization of the surface [123].

Besides these finishing methods, several other polishing methods can be found in the
literature that are more often used on geometric optics than on freeform optics [124].

3.5. Comparative Analysis of Different Production Processes for Freeform Micro-Optics

In addition to the technological descriptions given in the previous sub-sections, here
we give a cross-process comparison and discuss the limits of comparability. Generally, such
a comparison between different freeform manufacturing techniques is necessary since the
performance metrics given in the cited papers depend strongly on the used processes and
can often only be applied to a narrow range of techniques [8]. Moreover, different technolo-
gies do not only vary in production times, but also in costs, in addition to different quality
challenges [125]. Typically, more efficient machining is combined with lower accuracy,
while ultra-precision machining needs longer time and has higher costs [55,125]. It should
be mentioned that costs do not only increase by increased machining times, but also by
tooling, quality tests, etc. [125]. Comparing subtractive and additive production processes,
ultra-precision machining has a low throughput, but high flexibility, while lithographic
methods have a high throughput at the cost of limited geometric possibilities [8].

As mentioned before, the materials used to produce freeform micro-optics, such as
polymers, metals, brittle crystals, etc., limit the machinability, which leads to the problem
that not all materials can be manufactured with the same machines. Typically, ultra-
precision diamond turning and milling are used for ductile materials, while laser-assisted
machining is advantageous for brittle materials [50,126].

In all manufacturing techniques, the process kinematics limit the minimum feature
size and thus the achievable surface accuracy. These can be mechanical limitations, such as
tool radius or servo bandwidth, or voxel sizes in lithographic and additive manufacturing
processes [55,127]. In addition, the necessity to follow the designed shape as closely as
possible can in all manufacturing techniques increase the surface roughness and vice
versa due to mid-spatial-frequency errors which can reduce the optical performance of
manufactured freeform optics [50,128]. This leads to the requirement to characterize
freeform surfaces along all frequency bands, not only shape deviations or roughness [128].
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Another point that makes the production techniques hard to compare is the necessity
of post-processing or finishing processes. Different kinds of polishing and even corrective
machining are in some papers part of the result, while other studies concentrate on the first
production step, reducing the comparability across different production techniques [128].

As described before, there are currently no unified performance metrics available
that would enable a reliable comparison of different freeform micro-optics produced by
different techniques [8]. This means, on the other hand, that the literature data cannot be
compared with high reproducibility and reliability [55,128]. Table 1 thus can only offer
estimated performance metrics that may be biased by the aforementioned problems.

Table 1. Comparison of freeform micro-optic manufacturing technologies. Fly-cutting has approxi-
mately equal parameters as diamond milling, as the tool principle is similar.

Parameter

Form Post-

Technique Materials Feat. Size Accuracy Roughness SA Efficiency Scalability Processing Costs
. tool
Diamond Metals, polymers, nm ( ~1 pm Low Low/ Often . .
tming  Rerystals[126] 0 [50] 1m0l [129] medium[129]  required(s0] 8" 1]
Diamond Metals, - . = . Required High/
milling polymers [55] wm [55] um [55] ~10 nm [55] Medium [55] Medium [55] [55] medium [55]
Glass, brittle >10 um, grain .
Lo . —~ 50— . . Required Low/
Grinding crystals, size pm > High [69] High [69] .
ceramics [69] limited [69] 10 pum [69] 500 nm [69] [69] medium [69]
Glass (fused silica), .
~100 nm-~— Low/ . Required .
Laser-based transparent ~10 um [131] 1-10 um [132] um [132] medium [133] Medium [133] [‘%30] High [133]
crystals [130]
. Photoresists, y 20— ) . y . ) Required Low/
Lithography polymers [134] 1-5 um [134] 100 [134] 10-50 nm [134] High [134] Very high [134] [134] medium [134]
Photopolymers,
. . o 1-10 pm (voxel . . .
. hybrid resins, silica - . 0.1-1 pm (lay- Medium/ . Required Medium/
Additive glass (incl. size/ shrink- 1-10 pm [135] ers/voxels[135] high [135] High [135] [135] high [135]

sintering) [135]

age) [135]

3.6. Metrology and Characterization of Produced Freeform Micro-Optics

While the previous Table 1 as well as descriptions of production methods for freeform
micro-optics have already mentioned parameters such as form accuracy and surface rough-
ness, here we discuss measurement and evaluation of these parameters.

Generally, the lack of a rotational symmetry makes measurements of freeform optics
much more complicated than evaluations of conventional optics, mainly due to the compli-
cated mathematical description of the designed surface. The methods often mentioned in
the literature are B-spline description and B-spline fitting of the surface, point orthogonal
projection and registration parameter optimization [136].

The evaluation of surface deviations is necessary along a broad range of spatial
frequencies, as different errors—such as shape deviations and roughness—can occur in
different manufacturing methods [128]. However, the surface topographies themselves can
influence the results of optical measurement methods, such as laser-based, structured light
and photogrammetry-based 3D scanning systems, even if proper cutoff wavelengths are
defined [137]. While these methods measure the surfaces themselves, it is also possible
to measure the optical performance and potential wavefront errors. Such wavefront-
based characterization goes one step further than the comparison of theoretically designed
and really manufactured freeform micro-optics, as it also allows for the evaluation of
aberrations, e.g., by computer-generated hologram interferometry, typically achieving
micrometer-level accuracy in wavefront spacing, or non-null interferometric testing for
wavefront deformation correction [138,139].

Other metrology techniques that are specifically used for freeform optics are, e.g.,
phase measuring deflectometry, which becomes complicated for high local slopes [140],
Shack-Hartmann wavefront sensing that also necessitates stitching of scanned areas [141],
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or focal-plane wavefront sensing techniques that are especially used for highly complex
freeform surfaces where common interferometric methods are insufficient [142].

Finally, alignment tolerances and evaluation at the system level are usually performed
by investigating the optical performance and wavefront errors, since only in this way can
alignment errors be properly estimated, although combined with the effect of surface errors
and optical path differences [138,142].

Generally, metrology of freeform optics lacks standardized evaluation processes, since
there are no simple correlations between wavefront aberrations—as the actually important
measure—and shape errors, surface roughness, and alignment errors that cause these wave-
front aberrations. To make things more complicated, the same surface roughness values
can cause different optical performance reductions if their spatial frequency distributions
vary, besides the additional problem that these effects are usually wavelength-dependent.
Finally, surface measurements themselves, especially if stitching is necessary, can lead to
apparent errors that make a comparison between different measurement methods often
highly complicated [143,144].

4. Applications

Generally, the potential applications of freeform optics can be subdivided into non-
image-forming functionalities, such as light concentration, beam shaping, illumination
or optical tweezers, and image-forming ones, such as projection, head-mounted displays,
eye implants or cameras. It should be mentioned that this separation is not always clear,
e.g., when imaging is performed with non-imaging lenses [145], making the following
differentiation into sub-chapters partly subjective. In addition, a large area of application is
related to coupling, i.e., fiber-to-chip coupling, chip-to-chip data communication, waveg-
uide coupling, etc. Finally, some applications are based on tunable or actuated freeform
micro-optical elements. This section gives examples of recent applications.

4.1. Non-Image-Forming Applications

Light concentration and illumination belong to the typical application of freeform
optics. To increase the efficiency of natural light utilization, fiber-optic daylighting systems
can be used which can contain freeform optics to increase the coupling efficiency and
at the same time improve the uniformity of the illumination in the targeted workplace
area [146]. To achieve different light patterns from LEDs, freeform optics can be used to
enable customized lighting solutions [147]. For high-brightness LEDs, freeform topologies
with multiple convex and concave regions can be used to make sure that in the far field,
each point is illuminated by several lens regions to minimize glare [148]. Besides LEDs,
photovoltaics can use freeform mirror arrays to produce the required light patterns on solar
cells [149-151].

Beam shaping also belongs to the often-reported applications of freeform optics.
Freeform optics can, e.g., be used to convert the elliptical Gaussian output of a laser diode
into a defined intensity profile at a defined working distance [152,153]. While freeform
diffractive optical elements are well suited for beam shaping, tailoring the phase and
reducing light scattering losses is still problematic, which is why several groups worked on
the optimization of design processes for such freeform elements or on optimization of the
whole production process from design to fabrication [154,155]. Recently, “programmable”
freeform optics serving as a phase-only spatial light modulator were optimized by an
unsupervised learning framework in order to predict high-parameter freeform topologies
for freely definable target irradiances [156].

The use of freeform optics for optical tweezers is less often reported. On-chip optical
tweezers built with freeform micro-optics were shown to allow for a high degree of freedom
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Imaging Lenses

regarding the design of the optical field, including strong intensity gradients to improve
trapping and manipulating particles [157]. In the automated design of freeform optical
systems, combining ray-tracing with artificial intelligence, light-field-based optical tweezers
were used as an example [158]. Using a digital mirror array and a freeform microlens array,
a matrix of optical tweezers could be produced to trap and move several particles at the
same time [159].

Besides these applications, freeform optics are used in many other non-image-forming
applications, such as a combination of laser focusing and Raman scattering collection for
Raman spectroscopy [160,161] or microlens arrays for diverse purposes [162-164].

4.2. Image-Forming Applications

Among the image-forming applications of freeform optics, projection belongs to
the often-mentioned ones. Pattern projection can be used, e.g., for three-dimensional
measurements of object surfaces and shapes, applying hybrid projection systems combining
a projection lens and a transmissive freeform to prepare an aperiodic sinusoidal fringe
pattern [165]. Ultra-short-throw projectors that enable using large screens in small spaces
necessitate freeform mirrors to reduce image distortion and uneven illumination [166].
Even common DLP projection optical systems can be improved by using a freeform surface,
resulting in a simplified optical design and improved illumination uniformity and optical
efficiency [167].

Head-mounted displays for virtual and augmented reality are among the often-
mentioned kinds of projection, especially in case of screens that strongly deviate from
simple flat screens [168]. In order to reach a wide field of view, freeform off-axis reflective
optical designs can be used with opposite-side oblique projection [169]. For augmented
reality displays, projection optics can be significantly reduced in space by using freeform
optics, as shown in Figure 9 [170].

- Doublet Lens

LED Secondary

~ Freeform Prism

First Freeform Prism

PBS Prism

Figure 9. (a) Optical path diagram of previous design. (b) Optical path diagram of freeform projection
optic design. From [170], originally published under a CC-BY license.

A very special application of freeform optics is eye implants [171]. Such an intraoc-
ular lens can, e.g., be used to overcome hyperopia or other misalignments of the human
eye [172]. Accommodative intraocular lenses enable mimicking natural accommodation
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by shifting the focus along the optical axis, with the Lumina Accommodative Intraocular
Lens (AkkoLens International, Breda, The Netherlands) using an Alvarez system from
two freeform lenses to achieve variable optics [173]. Another freeform intraocular lens
is the Odyssey IOL, working with a freeform diffractive profile designed for the reduc-
tion of visual disturbances and chromatic aberration, which was already investigated in
clinical studies [174,175]. Generally, besides simple intraocular lenses, freeform optics can
be designed to optimize image contrast, focal range, and reduction of unwanted visual
phenomena [176].

More often investigated are possibilities to use freeform optics in diverse cameras,
e.g., compound-eye cameras or microscopic cameras [177]. For optical fiber endoscopes,
the objective lens can be a freeform lens [178]. A tunable freeform lens system, based
on the Alvarez principle, was used for an optical zoom endoscope with a zoom ratio of
about 3 [179]. Correcting optical aberrations in order to enable full-color imaging was also
achieved by an endoscope with multiple freeform surface lens elements [180]. Another
application of small camera lenses is in miniaturization for mobile electronic devices, where
freeform optics enable building wide-angle miniature lenses with small distortion and good
image quality [181]. Especially for infrared cameras, where thermally induced defocusing
is problematic, cubic freeform profiles can be used with an invariant focus across a region
near the focal plane [112]. In space-based cameras, the required ultra-compact design
is enabled by fully freeform cameras [182], while freeform microscope objectives can be
applied for ultra-broadband microscopy [183].

4.3. Coupling and Structuring Optical Fiber Tips

Fiber-to-chip coupling is an important problem for the production of photonic inte-
grated circuits [184]. This is why several research groups have investigated new methods
to improve this coupling in terms of insertion losses, bandwidth density, sensitivity to
misalignment, etc., many of them based on freeform optics. Using freeform reflective micro-
optics, a new design approach was applied to simplify the high-dimensional freeform
optimization problem to only two full-wave simulations, resulting in a low coupling loss
around 0.5 dB at 1550 nm wavelength, combined with large alignment tolerance and
high bandwidth density [185]. These values were also reached by the same research
group working with micro-optical reflector arrays integrated with foundry-processed SiN
photonics [186]. Another approach to designing freeform coupling elements included
facet-attached beam-shaping elements [187,188].

It should be mentioned that there are diverse applications in sensing, imaging and
optical trapping, working also with optical fibers, that necessitate structured tips of these
optical fibers. Different freeform optics, such as dot-in-ring and ring-in-ring beam-shaping
microlenses, have been fabricated on optical fiber tips, e.g., by two-photon polymeriza-
tion [189]. Combinations of microlenses and connectors for photonic integrated circuits
have also been reported, enabling, e.g., expanded beam coupling for higher alignment
tolerances, hybrid integration of thick external components, mode size matching between
edge couplers and single mode fibers, etc. [190].

4.4. Tunable/Actuated Freeform Micro-Optical Elements

Finally, we give some examples of tunable or actuated freeform micro-optical elements
as well as the respective actuation mechanisms and discuss the importance of tunability
for freeform micro-optics. Tuning the optical properties is possible, e.g., by modifying the
refractive index distribution of a planar thermo-optical module by designed microheaters,
which enables producing freeform optical wavefront modifications [191].
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Actuated freeform elements can be moved, e.g., by magnetic actuation through fer-
romagnetic fluids that are injected into predefined microcavities, enabling actuation by
external magnetic fields and removal by additional mechanical retracting elements [192].
Similarly, a bistable microlens actuator was discussed that could be switched between
two stable positions using two coils around a polymeric micro-magnet [193]. Micro-coils
were also used to stimulate endoscopic microsystems with embedded polymer-magnets,
in this way enabling zooming as well as improved resolution and field of view [194].
Artificial muscles from a liquid-crystal elastomer were used to actuate an Alvarez lens
system [195]. A dielectric elastomer actuator was used to prepare adaptive varifocal lenses
with freeform surfaces [196]. Besides magnetic and electric stimuli, it is also possible to
use photo-responsive materials for freeform optics, which enables controlling the optical
properties of the devices by light [197].

While the recent literature does not give many examples of tunable freeform micro-
optics, tunability is nevertheless highly important to further expand the applications of
freeform optics. In this way, the phase, focal length, and intensity distribution can be
dynamically controlled, enabling time-dependent optical properties beyond the static func-
tionality [198]. Such reconfigurable freeform micro-optics can be used, e.g., in spaceborne
remote sensing, active beam steering, or light-field displays [199].

As the aforementioned examples have already shown, different actuation mechanisms
can be used for tunable freeform micro-optics. Micro-electromechanical systems (MEMS)
enable very fast actuation of freeform optics with frequencies of several hundred kHz and
response times in the microsecond range [200]. Electrostatic actuation, on the other hand,
enables large tuning ranges on the millimeter scale, applying relatively low voltages, e.g.,
below 40 V [201]. Piezoelectric actuation offers even larger displacements, but needs longer
response times and more energy [201]. Thermally actuated systems again have a lower
power consumption and enable real-time modification of optical systems [202]. To combine
the advantages of these different actuation mechanisms, electrostatic, piezoelectric, thermal
and pneumatic systems are often combined [200].

Instead of changing the position of optical freeform elements, it is in principle also
possible to modify the optical surfaces themselves. This, however, has more often been
shown for conventional optofluidic lenses, probably due to the problematic stability and
packaging of such optofluidic systems [203]. On the other hand, tunable metasurfaces,
which can be regarded as planar freeform optics with nanostructures, can be tuned by the
aforementioned mechanisms and can also contain liquid crystals, phase-change materials,
and other materials that enable inherent changes in their optical properties [204], enabling
new time-dependent functionalities [199]. Such metastructures can, e.g., be produced by
different additive manufacturing techniques, as described in detail in Ref. [205].

As this discussion shows, there are several challenges for tunable freeform micro-
optics. On the one hand, systems are usually either fast or enable larger deformations [200].
On the other hand, the reliability and cycle stability can be reduced by mechanical fatigue,
thermal drift, or material degradation, depending on the used system [199]. Finally, pre-
cise alignment is also a problem for tunable freeform micro-optics, as well as for static
systems [201].

Nevertheless, such tunable freeform micro-optics are highly interesting for diverse
applications, such as imaging systems [201], non-imaging optics [198], photonic integrated
circuits [206], or sensing and spectroscopy [202].
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5. Opportunities and Challenges

Opportunities and challenges of freeform micro-optics are related to design, to manu-
facturing and metrology, to system integration and applications, and to the rapidly evolving
field of research.

While removing the necessity of rotational symmetry by using freeform optics allows
for building highly compact components with unprecedented optical performance, these
advantages bring the problem of severely more complicated and less intuitive design of the
optical components [8,207]. In addition, there is less experience in designing and optimizing
freeform optics, as compared to conventional optics. This problem, however, may be coped
with through a transition to artificial intelligence (AI)-driven design [208-211]. On the other
hand, the large number of parameters that have to be calculated during freeform surface
design necessitates high computational power and may lead to convergence difficulties
during optimization [154]. It must also be mentioned that polarization effects, aberrations
and other vectorial effects may lead to unexpected problems in strongly off-axis freeform
systems, which have to be taken into account in design and optimization [211]. Besides
these technical design problems, standardization and tolerancing frameworks are still
missing, so reproducibility by other research groups is lower than for common optical
elements, making the industrial adoption problematic [8].

Manufacturing of freeform optics is more complex than manufacturing of conven-
tional optics. The absence of a symmetry axis necessitates sophisticated toolpath strategies
and multi-axis machining to prepare accurate surface geometries and avoid tool interfer-
ence [212]. On the other hand, subtractive manufacturing processes often have a trade-off
between the necessary shape accuracy and the required low surface roughness [8]. In addi-
tion, measuring freeform surfaces poses new metrological challenges regarding stitching
and data-processing [8]. It should be mentioned that not only the manufacturing itself,
but also the potential difference between optimized designs and manufacturable geome-
tries poses challenges for both design and manufacturing, making the implementation of
design-for-manufacturing approaches necessary [8].

System integration is often improved by freeform optics that enable compact and
lightweight optical systems in diverse applications [9,207]. Nevertheless, freeform optics
have to be aligned very carefully, with a lower tolerance than conventional optics [8].
A very interesting upcoming area is the development of programmable and adaptive
freeform optics; however, these are often limited by reduced efficiency and coherence
restrictions [198].

In spite of the aforementioned challenges which still have to be overcome, freeform
micro-optics enable new applications like compact imaging systems, wearable optics, optics
for space applications, etc., where conventional optics reach their limits due to performance
and size restrictions [8]. The research field of freeform micro-optics is rapidly growing to
face the aforementioned challenges, which can be overcome by interdisciplinary research
along the borders between design, manufacturing, and metrology [198].

6. Conclusions and Outlook

This review gives an overview of recent developments and limits in freeform micro-
optical elements. While design and manufacturing have been significantly improved since
the first approaches, all parts of the production chain can still be developed further. In par-
ticular, the use of affordable and widely available methods to produce freeform optics, e.g.,
by common 3D printing techniques such as SLA and DLP, should be further investigated.

As the sample applications mentioned here show, the use of freeform optics has
developed from camera lenses towards miniaturized lenses for endoscopes or intraocular
lenses, concentrators for solar panels and many more.
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Future developments in freeform micro-optics can be based on more sophisticated
design and manufacturing as well as the need for new applications. Design methodologies
should take into account deterministic and inverse approaches as well as data-driven and
Al-based design [208,210,213]. Combining the design of freeform micro-optical surfaces
with mechanical structures and systems and other sophisticated design methods can further
improve stability and reproducible alignment of highly integrated optical systems [39,214].
On the other hand, design-for-manufacturing approaches are necessary to build a bridge
between theoretical optimization and manufacturability [8].

The extension of freeform optics for emerging applications, such as augmented /virtual
reality or optics for space applications, is another important research area, where the afore-
mentioned potential compactness of freeform micro-optics, as compared to conventional
optics, offers advantages [215]. This goal can be accompanied by a reduction in optical
elements to reduce the necessary alignment steps and the system complexity [214] as well
as an increased use of reflective freeform optics to avoid problematic dispersion [216].
Besides the use of reflective optics, improved theoretical understanding of off-axis and non-
symmetric aberrations has to be developed for complex freeform micro-optics [215]. Finally,
new approaches combining freeform optics with digital post-processing, sometimes called
computational optics, should be mentioned, which may enable creating high-performance
optical systems [217].
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