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Current lens systems are restricted in size, shape and dimensions by limitations of manufacturing. Multi-lens elements
with non-spherical shapes are required for high optical performance and to correct for aberrations when imaging at wide
angles and large fields. Here we present a novel concept in optics that overcomes all of the aforementioned difficulties
and opens the new field of 3D printed micro- and nano-optics with complex lens designs. We demonstrate the complete
process chain, from optical design, manufacturing by femtosecond two-photon direct laser writing and testing to the
application of multi-lens objectives with sizes around 100 µm, and validate their high performance and functionality by
quantitative measurements of the modulation transfer function and aberrations. The unprecedented flexibility of our
method paves the way towards printed optical miniature instruments such as endoscopes, fibre-imaging systems for cell
biology, new illumination systems, miniature optical fibre traps, integrated quantum emitters and detectors, and miniature
drones and robots with autonomous vision.

Additive manufacturing enables new and unprecedented
engineering and production possibilities that are predicted
to have an enormous impact in the twenty-first century.

The technology allows for the simple three-dimensional (3D) print-
ing of volumetric objects directly from a computer-aided design1. So
far, additively manufactured objects are mostly fabricated from
metals, ceramics and opaque plastics. There are a number of differ-
ent fabrication methods to manufacture small and high-performance
micro-optical systems2–10; however, these technologies suffer from
drawbacks such as limitedminiaturization, inability to combinemultiple
elements, restrictions in designing the surfaces2–4,11 and problems with
the alignment12.

Multiphoton lithography is one of various 3D printing
technologies that realize the fabrication of 3D objects13–15. Using
femtosecond laser pulses and two-photon absorption, this
manufacturing method takes 3D printing down to submicrometre
feature sizes and therefore pushes the ongoing trend of miniaturiza-
tion forwards. Direct laser writing with highly transparent photo-
resists enables 3D printing to enter the realm of manufacturing
optical elements at the micro- and nanometre scale16–22. Thus
the precise fabrication of complex optical elements on demand
becomes possible.

We demonstrate that 3D direct laser writing is a suitable tool for
fabricating complex multi-lens optical systems that show high
optical performances and tremendous compactness. Until now
multi-lens optics that have comparable performances are consider-
ably larger12,23 and at the same time do not show the manifold
compound structures and possibilities presented here. Our optical
devices consist of several different free-form lens elements with
air in between. This work is right at the interface between micro-
and nano-optics and represents a paradigm shift for micro-optics.
It takes only a few hours from lens design through production
and testing to the final working optical device.

Endoscopic applications will allow for non-invasive and non-
destructive examination of small objects in the medical as well as
the industrial sector and serve as a hallmark application of this
new technology. Figure 1 depicts an optical fibre equipped with a
3D printed multi-lens system for imaging the interior of a hollow

organ or a cavity inside the body. Using a very small injection
cannula with an outer diameter of only 412 μm (27 gauge) together
with the fibre-coupled printed compound microscope objective
lens, the insertion can be easily accomplished.

In this Article we demonstrate the capabilities of 3D dip-in laser
lithography to manufacture high-quality optical compound lenses
with outstanding performances24. We realize a variety of optical
elements with different features for numerous applications. The
optical performance is quantified and analysed by measuring the
optical modulation transfer function (MTF) and the longitudinal
(axial) chromatic aberration. We also characterize the roughness
of the surfaces by atomic force microscope measurements. As
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Figure 1 | Coloured SEM image of a triplet lens objective attached to an
optical fibre inserted into the hollow needle of a syringe. The compound
objective lens (blue) consists of five refractive surfaces for imaging
applications and is directly fabricated on the optical fibre (red). The fibre is
emerging from a hollow needle (27 gauge, outer diameter 412 μm, inner
diameter 210 μm) to demonstrate the possibility of endoscopic applications.
The objective lens is fabricated in a cutout fashion for better visibility. The
inset shows a magnified image of the fibre tip with the objective.
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examples for applications, we show the performance of multi-lens
systems manufactured on optical imaging fibres with 1,600 pixels
as well as on CMOS image sensors with pixel sizes of 1.4 × 1.4 μm²,
whereas our lenses have diameters of not more than 120 μm and
heights between 100 and 200 μm.

Design and fabrication
The submicrometre compound elements presented in this Article
are designed and optimized within the optical design software
ZEMAX. Aspheric surfaces are used to compensate for optical aber-
rations and improve the image quality for each surface. The lens
design is exported and converted into a stereolithographic file
format. Subsequently, the compound lenses are fabricated by
3D dip-in direct laser writing using a commercially available

femtosecond laser lithography system (Photonic Professional GT,
Nanoscribe GmbH, Germany)24. The complete optical compound
system is manufactured from one single material. We therefore
use a photoresist that exhibits high optical quality (IP-S,
Nanoscribe GmbH). Several different singlet lenses are combined
into a compound lens in a supporting shell, which fulfils a variety
of requirements at once. On the one hand, it axially and laterally
aligns the individual optical elements and therefore prevents
tilting; on the other hand, it serves as protection. The shell is
equipped with several holes that are required for the development
process but can also be used for the subsequent deposition of an
antireflection coating by atomic layer deposition (ALD) on the sur-
faces. Further information concerning the design and fabrication is
included in the Methods.
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Figure 2 | Comparison of singlet, doublet and triplet printed lens systems. Each compound objective has a total height of around 115 μm and is fabricated
on a 170-μm-thick glass substrate by 3D femtosecond direct laser writing. The focal length is 68.3 μm at a wavelength of 550 nm. a, Optical design of
singlet, doublet and triplet lenses as optimized in ZEMAX. b, Simulated image of the USAF 1951 resolution test chart. c, Scanning electron microscope
images of the singlet, doublet and triplet lenses printed with a 90° piece cut out to provide a better view of the different lenses. d, Recorded USAF 1951
resolution test chart imaged by the various printed lenses. Images taken with a Nikon microscope equipped with a 50× objective (NA 0.55) and CCD
camera (2,448 × 2,050 pixel²). The distance between the lens and target is 20 mm. The FOV is 80°. Scale bars, 20 μm.
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Measurements and discussion
As a first example of our ultracompact lens systems, we manufacture
compound lenses with different numbers of surfaces starting from
one to five refractive interfaces. Figure 2 depicts a comparison
between singlet, doublet and triplet lens systems, fabricated on a
170 μm thick glass substrate. The lens systems are designed to have
a large field of view (FOV) of 80°. As can be seen from the optical
design and the ray-tracing simulations in Fig. 2a, the performance
improves as the number of interfaces increases. Although in the
singlet lens design the rays across the field are not well imaged onto
one single point, in the triplet lens design the rays incident from differ-
ent angles converge into a single point in the image plane at the

rightmost interface. Simulations with a USAF 1951 resolution test
chart in Fig. 2b confirm this observation. The simulation of the
singlet lens exhibits strong field dependent aberrations that are recog-
nizable from the blurry edges of the image. Additionally, the magnifi-
cation of the singlet lens is non-uniform across the image field. This
barrel distortion is clearly visible at the edges of the image in the
singlet simulation of Fig. 2b. By increasing the number of refractive
interfaces, the field dependent optical aberrations—namely field
curvature, coma, astigmatism and distortion—can be compensated.
Figure 2c shows scanning electron microscope (SEM) images of the
singlet, doublet and triplet lenses that have been manufactured with
a 90° slice cut out for demonstration purposes.

a

b c

Measurement
Groups 6 and 7

Measurement
Groups 4–7 Measurement

d

0.0

0.2

0.4

0.6

0.8

1.0

Spatial frequency (lp mm−1) Spatial frequency (lp mm−1)

Meridional MTF

0 100 200 300 400 0 100 200 300 400 500500

Sagittal MTF

10% modulation 

Simulation
Deformed design
Measurement

0.0°  FOV
34.6° FOV
48.0°  FOV

M
od

ul
at

io
n 

tr
an

sf
er

 fu
nc

tio
n

0.0

0.2

0.4

0.6

0.8

1.0

M
od

ul
at

io
n 

tr
an

sf
er

 fu
nc

tio
n

Figure 3 | Performance measurement using the USAF 1951 resolution test chart, the Telefunken FuBK test card and the knife-edge methodology to
determine the MTF. a, Ray-tracing design of a triplet lens system optimized in ZEMAX (left), an image of the USAF 1951 resolution test chart (groups 4–7)
taken through the triplet lens at a distance of 1 mm behind the lens (centre) and an image of the Telefunken FuBK test card at a distance of 20 mm (right).
Scale bars, 20 μm. b, Ray-tracing design of a doublet lens system (left) and an image of the USAF 1951 resolution test chart at a distance of 1 mm behind the
lens (right). The three bars in group 6, element 5, corresponding to 101.6 lp mm–1 are clearly visible. Scale bar, 10 μm. c, Ray-tracing design of a doublet lens
system with four refractive surfaces optimized in ZEMAX. d, Simulation and measurement of the meridional and sagittal MTF for different angles and for the
doublet lens of c. The appearance, particularly of the resolution charts, might vary when viewed in print or on the computer screen, depending on the
brightness and contrast settings.
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Each lens element is manufactured layer-by-layer from the same
material. The diameters of the lenses are 120 μm (including the sup-
porting shell). The SEM image confirms the high manufacturing
quality and the excellent shape fidelity. To quantify the fabrication
tolerances the surface is also characterized by atomic force micro-
scope measurements. A surface roughness of less than 15 nm
(root mean squared; r.m.s.) is easily feasible (Supplementary
Fig. 1) as we use a photoresist that exhibits high proximity effects.
Figure 2d depicts the optical performance of the singlet, doublet
and triplet lenses achieved by imaging the USAF 1951 resolution
test chart at a distance of about 20 mm. We imaged the rightmost
surface using an optical microscope with a 50× objective lens and
a CCD camera. The true-colour images are subsequently converted
to greyscale intensity images. The simulations and measurements of
the imaging performance exhibit good agreement. Just as in the
simulations, the barrel distortion and other field dependent
aberrations disappear as the number of refractive surfaces is
increased. In the measurements the natural illumination drop-off
and the effect of optical vignetting are visible. The optical vignetting
is caused by the physical dimensions of the optical system, whereas
the natural drop is caused by cos law for the relative illumination4.
The drop-off is particularly enhanced for the triplet lens system, as
Fresnel reflections at five interfaces are substantial.

The quantitative optical performance of different doublet and
triplet systems is further investigated by using different test charts.
In Fig. 3a the imaging properties of a triplet lens system are analysed.
The left image shows the optical ray-tracing design of the lens. The
objective consists of five refractive interfaces that are all aspheric in
shape. The FOV in the object space is designed to be 47°. The last
surface is attached to a 170 μm thick substrate on which the lens
is fabricated. Using the USAF 1951 resolution test chart we
achieve a maximal resolution of 128 line pairs per mm (lp mm–1,
which corresponds to element 1 of group 7 of the test chart
(centre image of Fig. 3a). The 3D printed optical system and the res-
olution chart are separated by a distance of around 1 mm. The
colour fidelity is investigated by a Telefunken FuBK test card in
the right image of Fig. 3a. The image exhibits a yellowish hue,
which is caused by the remaining photoinitiator in the lens material.
By adjusting the colour balance of the CMOS sensor the colour dis-
tortion can be eliminated.

In Fig. 3b the performance measurement for a doublet lens system
with three refractive surfaces is depicted. On the left-hand side the
optical design optimized in ZEMAX is shown. The lens is designed
tohave anFOV in the object space of 50° and an imaging area diameter
of 100 μm. The measurement is displayed on the right. The optical
performance is measured with a USAF 1951 resolution test chart at
a distance of around 1 mm. A 100× objective lens is used to record
the image. We achieve a resolving power of 101.6 lp mm–1, associated
with element 5 of group 6 and corresponding to a line width of
4.92 μm in the USAF 1951 resolution test chart. The images appear
blurry due to chromatic aberrations.

In Fig. 3c a doublet lens system with four refractive interfaces is
shown. The optical system has an FOV in the object space of 60° and
exhibits a meridional and sagittal MTF of at least 195 lp mm–1 for a
10% modulation contrast over the complete FOV. The MTF is
measured using a knife-edge method. To accomplish this, the
sharp edge of a razor blade is imaged by the 3D printed compound
lens and a 50× objective onto the CCD camera at various field pos-
itions and with different orientations. More measurement and
evaluation details are provided in Supplementary Fig. 2 as well as
in the Methods. For small angles, a resolving power of more than
400 lp mm–1 is achieved. Compared to wafer-level objective
lenses12,23 fabricated by micro imprint technology with edge
lengths of 500 μm (ref. 25) our 3D printed compound lenses
show better resolving powers and considerably higher fields of
view of up to 60° in the object space.

Owing to a possible non-uniform shrinkage of the photoresist
during the fabrication and development process, the final shape of
the optical system is not perfectly as-designed, which might be
the source of the deviation between the measurements and simu-
lations (see Fig. 3d). Therefore, in a first approximation we addition-
ally plot a simulation of the MTF (dashed lines in Fig. 3d), where the
radius of curvature part of the aspheric surface shape is reduced by
8%. This corresponds to an axial deviation of roughly 2 μm in a
radial distance of 50 μm for a radius of curvature of 80 μm. The
simulation shows that the origin of the deviations can be partly
explained by a shrinkage of the 3D printed lenses. The sagittal
MTF shows better agreement between experiment and simulation
than the meridional MTF. This suggests an anisotropic shrinking
process, but the details and the dependence on the exposure and
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Figure 4 | Measurement of the longitudinal (axial) chromatic aberration. a, Relative focal shift due to the longitudinal chromatic aberration for the singlet,
doublet and triplet lens systems introduced in Fig. 2 for different wavelengths. The curves are displaced horizontally by 5 μm relative to each other for better
visibility. b, Images of a test chart taken with the triplet lens system and a CCD camera over a wavelength range of 500–800 nm. A white light lamp with
40 nm-wide bandpass filters is used for illumination. Each ring corresponds to a 10° FOV. The outer ring corresponds to an 80° FOV. High image contrasts up to
50° of the FOV are observed. The relative z position of each image is chosen to obtain highest contrast. The distance between the target and the lens is 5 mm.
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writing condition will be investigated in the future. Furthermore, the
uncertainties of some of the material properties as well as material
inhomogeneities might lead to deviations between the results of
experiments and simulations, which predict modulation depths of
up to 0.5 at 500 lp mm–1.

Chromatic aberrations are analysed for the singlet, doublet and
triplet lenses introduced in Fig. 2. Bandpass filters with a width of
40 nm in the range from 450 to 850 nm are used for target illumi-
nation. By adjusting the focal position at each wavelength the image
is sharpened and the highest contrast is achieved. Figure 4a shows
the measurements of the longitudinal (axial) chromatic aberrations
for the singlet, doublet and triplet lenses. For better visibility, the
curves are displaced by 5 μm relative to each other. All three
lenses show the same chromatic aberration behaviour. Owing to dis-
persion effects in the lens material at each wavelength, the target is
imaged onto a different focal plane. To avoid this effect a classical
achromatic lens design consisting of two materials with different
Abbe numbers will be used in the future. In this case, the direct
laser writing process will be accomplished by using different photo-
sensitive materials in separate fabrication steps. Figure 4b depicts
images of a test chart at different wavelengths from 500 to 800 nm
at different focal positions. The test chart is imaged by the triplet
lens introduced in Fig. 2. A high image contrast can be observed
up to a 50° FOV. The test chart consists of concentric rings at an
azimuthal angle separation of a 10° FOV. The outer ring
corresponds to an 80° FOV in object space, which agrees very well
with the optical design.

To make the capability of the system to integrate the production
of 3D printed ultra-compact compound lenses evident, we demon-
strate direct manufacturing on image sensors and imaging fibers.

Figure 5a depicts several arrays of doublet lens systems with four
refractive interfaces directly fabricated on an Omnivision 5647
CMOS image sensor. The doublet lens with a 60° FOV and a
designed f-number of 0.78 has already been introduced in Fig. 3c.
The five megapixel CMOS image sensor possesses a total active
area of 2,592 × 1,944 pixel². Each pixel has a size of 1.4 × 1.4 μm².
Before manufacturing we remove the microlens layer and the
colour filter. Further information on the pretreatments and fabrica-
tion can be found in the Methods. In Fig. 5b an SEM image of a hex-
agonal arrangement of 19 printed doublet lenses is shown. Each
individual lens shows uniformly high quality and performs very
similarly to neighbouring lenses. Image acquisitions confirm the
optical quality. Figure 5c depicts the image of a part of the USAF
1951 resolution test chart taken through a hexagonal multi-
element lens arrangement. The image part has a size of 640 × 480
pixels, and the chart is at a distance of 30 mm. The numbers and
lines of the elements of group −2 can be clearly distinguished.
Each lens has a diameter of 120 μm and an imaging area with a
diameter of around 100 μm. This area contains about 4,000 pixels.
Each doublet lens creates images with the same performance as
its neighbour. This corroborates the fact that femtosecond direct
laser writing is extremely well suited for the reliable and repro-
ducible fabrication of multiple identical or different 3D printed
compound micro-optics, even on large sensor areas. Thus, high
quality and high acceptance angle Shack–Hartmann wavefront
sensors consisting of a regular arrangement of multi-lens systems
can also be fabricated (see Supplementary Fig. 3, which displays a
similar lens array, but with triplet lens elements).

An endoscopic application on the micrometre scale can be rea-
lized by using an imaging fibre with a total outer diameter of only
210 μm. We manufactured a triplet objective lens (the same as the
one in Fig. 2) with five refractive interfaces directly on the end
facet of the fibre. Figure 6a depicts a microscope side view of the
micro-optical lens system. For the writing process the triplet lens
is centred by illuminating the opposite end facet and aligning it
with respect to the writing beam. The Materials and Methods
section in the Supplementary Information contains more details
on the fabrication process. Figure 6b depicts the set-up that is
used for the measurement of the optical performance. The opposite
fibre end facet is then imaged using an optical microscope with 50×
objective with a numerical aperture (NA) of 0.55. The active area of
the fibre has a diameter of 145 μm, whereas the 3D printed objective
provides an imaging area with a diameter of 100 μm. Therefore, the
active area contains roughly 700 of the 1.600 pixels. As each pixel
has a pixel diameter of 4 μm the resolution is limited by this specific
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Figure 5 | Regular arrangement of doublet lens systems directly fabricated
on a CMOS image sensor. a, Photograph of an Omnivision 5647 CMOS
image sensor with doublet lenses. The CMOS-chip has a pixel size of
1.4 × 1.4 μm². b, Scanning electron microscope image of the hexagonal lens
arrangement. Each doublet lens system has a diameter of 120 μm and a
height of 128 μm. Scale bar, 100 μm. c, Image of a part of the USAF 1951
resolution test chart at a distance of 30 mm taken through a hexagonal lens
arrangement. The elements are of group –2. The image section consists of
640 × 480 pixels. Scale bar, 70 μm=50 pixels.
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Figure 6 | Triplet objective lens system fabricated directly on an
imaging fibre. The diameter of the imaging area is 145 μm, with 1,600 single
mode cores of 4 μm diameter each. a, Microscope image of the side view
of the triplet lens introduced in Fig. 2. Scale bar, 50 μm. b, Measurement
set-up. c, Image of a part of the USAF 1951 resolution test chart through a
170-cm-long piece of an imaging fibre with 1,600 pixels. The numbers are
the notations of the elements of group 0. The distance between the fibre
end facet and the test chart is 3 mm. Scale bar, 20 μm.
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fibre geometry. Figure 6c displays the images of a small section of
the USAF 1951 resolution test chart. The image is transfered
through a 170 cm long fibre piece. The notifications of the elements
3 to 6 of group 0 are clearly recognizable. As an example the number
6 (bottom right) of group 0 has a height of about 1.6 mm. The test
target is mounted at a distance of 3 mm from the fiber end facet,
resembling typical endoscopic situations in medical imaging.

Conclusion and outlook
We have demonstrated the femtosecond direct laser writing of
various ultracompact compound lens systems with numerous
refractive surfaces. The lenses show unprecedented performances
and high optical quality with resolutions of up to 500 lp mm–1 for
imaging applications. This method gives submicrometre accuracy
and extremely good reproducibility, allowing for fast and reliable
transfer from design and simulations to high-performance printed
optics. Our approach creates a completely new platform for the fab-
rication of optical multi-lens systems for high-quality imaging on
the micrometre scale with a plethora of applications in numerous
fields that were previously unavailable. We have proven that the
capabilities of additive manufacturing can be used for the fabrica-
tion of high-quality micro- and nano-optical elements and objective
lenses. In the future, optical hybrid systems consisting of a combi-
nation of refractive, diffractive and reflective elements can be easily
manufactured by femtosecond direct laser writing. Consequently,
our method allows for complex free-form optics with numerous sur-
faces and features that show high optical performance and tremen-
dous compactness, with sizes at least one order of magnitude
smaller than current approaches. Our optical elements thus allow
for a completely new generation of ultracompact optical elements
for endoscopic instruments and miniaturized microscopes to be
used in medical engineering—for live neuro-imaging in the brain,
for example. High-NA trapping with optical fibres, optical elements
on the wafer level (such as high-quality imaging directly on CMOS
sensors for miniaturized robots and drones) or quantum emitters
(for example, nitrogen–vacancy centres in diamond or quantum
dots that are combined with their own high-NA collection and
imaging optics) are possible.

Combining different optical materials for 3D printing may com-
pensate chromatic and spherical aberrations in an achromatic lens
design. Alternatively, the achromatic correction can be achieved
by the combination of refractive and diffractive surfaces. An extra
antireflection coating generated by ALD, moth-eye based
structures26 or other surface treatments will further enhance the
optical performance. Anti-reflection coatings would reduce stray
light and improve the image contrast and efficiency. Optimization
of the contour accuracy will further improve the performance. For
example, jet printing27 of thin polymer layers on top of our lenses
might reduce the surface roughness further. Fabrication errors can
be reduced by minimizing the shrinkage of the photoresists during
the fabrication process by using suitable polymers. Alternatively,
the adaption of the shape of the compound lens elements can com-
pensate the shrinking of the materials during development. Using
pressure28, fluids29–31 in microchannels or active materials such as
switchable metasurfaces32–34, static multi-lens systems can be con-
verted into flexible zoom lenses and hence adjustable foci could
become a possibility. Inked photosensitive materials, or the sub-
sequent and specific filling of cavities, will allow for the fabrication
of apertures that further improve the optical performance.
Catadioptric system designs have the advantage of reducing chro-
matic aberrations and thereby reducing the size of the optical
system even more.

Micro-optical systems containing one or more free-form surfaces
are now available. Complex elements for beam shaping, endoscopy,
illumination, high-performance imaging, inspection and microscopy
on the micrometre scale are thus possible. Multi-element optical

systems and even imaging systems with dimensions on the order
of a grain of salt can be realized. This will lead to a plethora of
novel devices with tremendous impact on biotechnology, medical
engineering and safety/security monitoring.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Simulation. The compound lenses are designed and optimized within the optical
design software ZEMAX using a combination of ray- and wave-optical approaches.
We used 1.513 as the refractive index of the lens material. The refractive index value
is confirmed by measuring the critical total internal reflection angle of the
photoresist at different wavelengths. An even aspheric surface parameterization is
used as the surface type of the refractive interfaces. The lens diameters are around
120 μm and the thicknesses of the compound lenses vary between 120 and 200 μm.
The active optical areas for imaging have a diameter of 100 μm. The lens designs are
exported into a computer-aided design file format and afterwards transformed into a
stereolithographic file format. The simulation results of Figs 2b and 3d are also
achieved by using the optical design software ZEMAX.

Sample fabrication. The compound lenses are fabricated by direct laser writing
using a commercially available femtosecond laser lithography system (Nanoscribe
Photonic Professional GT)14,15. The numerous compound lenses are exposed by
two-photon absorption in an ultraviolet sensitive photoresist (IP-S, Nanoscribe
GmbH, Germany) at a wavelength of 780 nm. A dip-in lithography configuration is
used to fabricate these bulky structures24. The designed structures are written layer-
by-layer with a distance of 100 nm between the individual layers. For this,
ultraprecise piezo actuators move the sample in the axial direction after fabricating
each layer. In the lateral direction the laser beam is guided by galvanometric mirrors
parallel to the substrate. After the writing process, the lenses are developed in a bath
of developer (mr-dev 600 for IP-photoresist) for 20 min and a subsequent rinsing
bath of isopropanol for 2 min. The fabrication method allows for optical elements
with an unprecedented high optical quality.

Dip-in laser lithography is not limited to specific substrates, small optical
element volumes or particular fabrication heights. We demonstrate imaging with
compound lenses manufactured on glass substrates (Figs 1–4 and Supplementary
Figs 1–3), on CMOS sensors (Fig. 5) and on the end facets of imaging fibres (Fig. 6).

As an image sensor we use an Omnivision 5647 CMOS image sensor from a
Raspberry Pi Camera Module. The sensor has a pixel size of 1.4 × 1.4 μm². Before
manufacture on the sensor, we scrape off the microlens layer using a wooden spatula.
We use FTIFHR160S-1600 (F&T Fibers and Technology GmbH, Berlin, Germany)
as the image fibres. The fibre has 1,600 single mode cores, where each one acts a
single pixel. The active image area has a diameter of 145 μm and therefore each pixel

has a diameter of about 4 μm. The fibre is mounted using a standard fibre holder
with a V-shaped groove (Elliot Martock MDE 710) directly attached to the
lithography system. The compound lenses can be centred by illuminating the
opposite end of the fibre and observing the end facet with a CCD camera. The fibre
can be perfectly aligned with respect to the writing beam by using the ultraprecise
piezo actuators of the laser lithography system. The fabrication method allows for
the fabrication of imaging fibres with undefined fibre lengths. In our case, the fibre
has a length of 170 cm. The image fibre is directly cleaved before the writing process
by a standard fibre cleaver.

Measurement. The performance of the compound lenses is analysed by imaging
the projection on the last surface by microscope objectives (Nikon CFI LU Plan
Fluor BD 10×, Nikon CFI LU Plan Fluor BD 20×, Nikon CFI LU Plan BD ELWD
50× and Nikon CFI LU Plan BD ELWD 100×) onto a CCD camera (GC 2450C,
Allied Vision Technologies). We use an industrial upright microscope (Nikon
Eclipse LV100-DA). The test charts are illuminated using the light source for
diascopic illumination in combination with a condenser (Nikon LWD achromat
condenser NA 0.65).

The MTF in Fig. 3 is measured by using the knife-edge method. The sharp edge
of a razor blade is imaged by the compound lens and a 50× objective (Nikon CFI LU
Plan BD ELWD 50×) onto the CCD sensor at various positions and at different
orientations. The images are analysed by summing up the edge spread function over
a certain image region indicated by the small arrows in Supplementary Fig. 2. The
averaged edge spread function is differentiated to obtain the line spread function,
which is again Fourier transformed to obtain the MTF presented in Fig. 3.

The longitudinal (axial) chromatic aberrations are measured by using 40 nm
bandwidth optical filters at different wavelengths. At each wavelength, the focal shift
is determined by adjusting the axial position of the compound lens.

To analyse the performance of the CMOS sensor the image is read out using the
Raspberry Pi command raspistill. The quality of the triplet lens fabricated on the end
facet of an image fibre is analysed by observing the opposite end of the fibre with a
microscope objective.

The images are modified by enhancing the contrast and adjusting the brightness,
except for the images that are used for the calculation of the MTF. Some images are
converted from a true-colour image to a greyscale intensity image to remove the
colour cast.
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