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Abstract

Endoscopes are an important component for the development of minimally invasive surgeries. Their size is one of
the most critical aspects, because smaller and less rigid endoscopes enable higher agility, facilitate larger accessibil-
ity, and induce less stress on the surrounding tissue. In all existing endoscopes, the size of the optics poses a major
limitation in miniaturization of the imaging system. Not only is making small optics difficult, but their performance
also degrades with downscaling. Meta-optics have recently emerged as a promising candidate to drastically miniatur-
ize optics while achieving similar functionalities with significantly reduced size. Herein, we report an inverse-designed
meta-optic, which combined with a coherent fiber bundle enables a 33% reduction in the rigid tip length over tradi-
tional gradient-index (GRIN) lenses. We use the meta-optic fiber endoscope (MOFIE) to demonstrate real-time video
capture in full visible color, the spatial resolution of which is primarily limited by the fiber itself. Our work shows the
potential of meta-optics for integration and miniaturization of biomedical devices towards minimally invasive surgery.
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1 Introduction

Ultra-compact, agile endoscopes with large field of view
(FoV), long depth of field (DoF), and short rigid tip
length are important tools for the development of mini-
mally invasive operations and new experimental surger-
ies [1-6]. As these fields develop, the requirement on
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miniaturization and increased precision become progres-
sively demanding. In existing endoscopes, a fundamen-
tal limitation of the device agility within small tortuous
ducts, such as an artery, is the rigid tip length, which in
turn is primarily constrained by the size of the optical
elements required for imaging.  us, alternative solu-
tions are urgently needed to reduce the tip length [1].
Some of these solutions include lensless and computa-
tional imaging with single fibers [7—9] or coherent fiber
bundles [10-13]. However, these are typically limited to
a short working distance and often extremely sensitive
to bending and twisting of the optical fiber, a ecting, or
even precluding accurate computational reconstruction.
Moreover, the need for complex computational recon-
struction often precludes real-time image capture. Addi-
tionally, di erent alternatives for optimizing [14], and
fabricating compact optical elements have been studied,
including 3D optical elements that can be directly printed
on fibers [15], or freeform mirror optics for side-view-
ing endoscopes [16]. While high optical performance is
reported, the scalability of 3D printed or freeform optical
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elements remain elusive, which is an important consid-
eration for endoscopy, where often disposable optics are
preferred to avoid cross-contamination between patients.

An emerging and versatile idea in the photonics com-
munity to create miniaturized optical elements is flat
meta-optics [17, 18].  ese are sub-wavelength di rac-
tive optical elements, composed of nano-scale scatterer
arrays, designed to shape the phase, amplitude, and spec-
tral response of an incident wavefront. Such ultrathin flat
optics not only dramatically shrink the size of traditional
optics, but can also combine multiple functionalities in
a single surface [19—24]. Moreover, flat meta-optics are
compatible with high-volume semiconductor manu-
facturing technology [25—27], and thus can create dis-
posable optics.  ese properties have already inspired
researchers to explore the potential of meta-optics for
endoscopy including fiber-integrated endoscopy [28, 29],
side-viewing single fiber scanning endoscopy [30], and
scanning fiber forward viewing endoscopy [31]. Unfor-
tunately, meta-optics traditionally su er from strong
aberrations (both chromatic and Seidel) making large
FoV and full-color imaging challenging. Several works
have shown that the common metalens design, a hyper-
boloid phase mask, is not suitable for simultaneously
capturing color information across the visible spectrum,
typically resulting in images, that are crisp for the design
wavelength (e.g. green) but strongly aberrated/blurred
for other colors (red, and blue) [32—34]. While disper-
sion engineering [35—38], and computational imaging
techniques [19, 32, 34] can reduce chromatic aberration,
they either su er from small apertures, low numerical
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aperture [39, 40], or require a computational post-pro-
cessing step, complicating real-time video capture. Simi-
larly, an additional aperture in front of the meta-optic
can provide a larger FoV [41, 42], but comes at the cost
of reduced light collection and increased thickness of
the optics.  ese limitations have so far restricted most
meta-optics endoscopes primarily to single wavelength
operation. One recent report, demonstrated a meta-optic
doublet in conjunction with a coherent fiber bundle for
polychromatic imaging (distinct wavelengths in the red,
green, and blue band) [43]. However, such polychromatic
imaging is not suitable for imaging under broadband illu-
mination, which is often the case for clinical endoscopy.
Additionally, the front aperture was limited to 125 pym,
with a short working distance of 200 pm. We note that,
while we do want small aperture meta-optics for endos-
copy, making it smaller than the optical fiber diameter
is not conducive and severely limits the light collection.
Researchers also recently demonstrated achromatic
imaging in a meta-optics integrated fiber, but this was
done in the infrared regime with a fractional bandwidth
of ~0.27 (1.25 — 1.65um) [28]. As such full-color meta-
optical endoscopy (between 400 and 700 nm, a fractional
bandwidth of ~0.54) with acceptable FoV, DoF and large
enough aperture has not yet been achieved.

In this work, we demonstrate an inverse-designed
meta-optic, optimized to capture real-time full-color
scenes in the visible in conjunction with a 1 mm diameter
coherent fiber bundle (Fig. 1). e meta-optic enables
operations at a FoV of 22.5°, a DoF of >30 mm (exceed-
ing 300% of the nominal design working distance) and a
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Fig. 1 Schematic of the meta-optical fiber endoscope: the meta-optics is optimized to have a large average volume under the MTF curve over a
broad wavelength range to allow color preservation. In comparison with a traditional GRIN lens, the use of meta-optics reduces the tip length, while
maintaining a wide field of view of 22.5%nd large depth of field exceeding 30 mm



Froch et al. eLight (2023) 3:13

minimum rigid tip length of only~2.5 mm (e ective NA
of 0.24). Compared to a traditional commercial gradient-
index (GRIN) lens integrated fiber bundle endoscope, this
is a 33% tip length reduction, thanks to the shorter focal
length and the ultrathin nature of the meta-optic, while
at the same time comparable imaging performance and
working distance are maintained. To achieve exceptional
FoV, DoF, and color performance of the Meta-Optical
Fiber Endoscope (MOFIE), we approached this design
problem from a system level perspective, considering
that the diameter and spacing of individual fiber cores
within the bundle limit the achievable image quality,
which in turn also limits the achievable FoV and modu-
lation transfer function (MTF) [6].  is aspect is imple-
mented in an automatic di erentiation framework using
the average volume under the multichromatic, modula-
tion transfer function (MTF) curve as the figure of merit.

e design algorithm is further detailed in the Additional
file 1. By ensuring that the meta-optic has a MTF within
the limit posed by the fiber bundle, we achieve full color
operation without the requirement of a computational
reconstruction step, thus facilitating real time operation.
We emphasize that our design approach is fundamentally
di erent from traditional achromatic metalens design
e ort. Instead of trying to achieve di raction limited per-
formance in all wavelengths, which may pose a physically
unsolvable problem [39], we formulate an optimization
problem that can find the best possible solution for full-
color imaging. An important aspect of this approach is
that it is not limited to this particular system, but can be
extended to larger aperture sizes and also support com-
putational post processing steps. To highlight this, we
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have added an example of a meta-optic with 1 cm aper-
ture, demonstrating full color imaging under ambient
light conditions.

2 Results

A defining limitation of meta-optics is their chromatic
aberration [44]. Whereas a hyperboloid meta-lens can
have di raction-limited performance at the design wave-
length, the MTF degrades rapidly for operation over an
extended spectral range [40]. To tackle this issue, we use
an inverse design approach, which maximizes the vol-
ume under a multi-chromatic MTF curve as the figure of
merit during the optimization. Our figure of merit also
ensures that the MTF remains similar over a broad wave-
length range, which is critical for broadband operation
(detailed in the Additional file 1). To ensure polarization-
insensitive operation and compatibility with high volume
manufacturing processes, the specific design is imple-
mented through simple square pillars with a minimum
feature size of 75 nm and a maximum aspect ratio of 10
(detailed in the Additional file 1).

We fabricated the 1 mm aperture f/2 meta-optic in SiN,
due to its high transparency in the visible wavelength
range (details in Methods) and wide availability of thin
films grown by plasma-enhanced chemical vapor deposi-
tion on quartz [25]. An optical image (Fig. 2a) shows that
the device integrity is maintained throughout the entire
area, exhibited by the same structural color for specific
radii of the meta-optic stemming from a radial-symmet-
ric design constraint. Further inspection with a scanning
electron microscope of the meta-optic (Fig. 2b, c) shows
the scatterer quality of a representative device area,

| \'\\ — e ‘ [ ]

Fig. 2 Characterization of the meta-optic. a Optical microscope image of the 1 mm aperture meta-optic. Different colors of the device correspond
to different regions of pillars, which exhibit a structural color effect. b, ¢ Top view SEM images of the fabricated device. Scale bars correspond to

10 um and 1 um, respectively. d SEM image at an oblique angle of 45°. The scale bar corresponds to 500 nm. e, f Full color scenes displayed on an
OLED screen. g, h Corresponding images captured with the MOFIE at working distance of 10 mm. Scale bars correspond to 1 mm. Images displayed

are without any computational deconvolution
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highlighting the successful fabrication of the individual
elements with the desired footprint and aspect ratio, as
well as negligible sidewall roughness (Fig. 2d). Detailed
characterization, such as the point spread function (PSF)
and the MTF of the stand- alone meta-optic can be found
in the Additional file 1.

For a demonstration of the MOFIE, we placed an
OLED screen in front of the meta-optic at the proximal
end of the CFB and a capturing system at its distal end,
consisting of an objective, tube lens, and camera. e
setup is further detailed in the methods section and sche-
matically depicted in the Additional file 1. A set of multi-
colored images were then displayed on the OLED screen
(Fig. 2e, f) and captured through the MOFIE as shown in
Fig. 2g, h. Importantly, the color quality is entirely pre-
served throughout the visible range, even for more com-
plex scenes (Fig. 2f, h), while maintaining a reasonable
resolution. s is relevant, because common metalens
designs (such as a hyperboloid) are well known to have
a very strong chromatic aberration, which precludes full-
color operation over the entire visible wavelength range.
Yet, medical surgery requires high quality color repro-
duction to confidently discern diseased tissue.

We emphasize here that in comparison to many prior
works [19, 32, 33, 45], the presented images were not
computationally deconvolved to enhance the image qual-
ity. However, an artificial blur was added to reduce visual
moiré pattern artefacts due to the noticeable fiber core
size, as discussed in the Additional file 1.

In the following we characterized the performance
of the MOFIE, with respect to its FoV, DoF, and spatial

10 mm
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resolution using the previously described imaging con-
figuration. e results are summarized in Fig. 3.

First, from a measurement of a checkerboard pattern
(Fig. 3a, b), at a working distance of 10 mm, we deter-
mined the FoV to be ~22.5°. In context, this still allows
to view an object area with a field of view of ~4 mm at
a working distance of 10 mm. s is relevant because
the average diameter of several important human arter-
ies (e.g. coronary, cerebral) are on the order of ~1-3 mm
[46, 47]. Hence the MO endoscope completely covers the
entire relevant cross section that will be under investiga-
tion during operation.

A further important factor for endoscope imaging
is the DoF, because in-vivo movements such as a beat-
ing heart or breathing lung, can significantly change the
working distance within tens of milliseconds, making
a large DoF extremely beneficial. To evaluate the per-
formance in this regard, we placed the OLED screen at
di erent working distances of the respective endoscope,
while displaying the same images, at working distances
of 7 mm, 10 mm (design working distance), 18 mm,
and 40 mm (intermediates are shown in the Additional
file 1). is was done while maintaining the same dis-
tance between the coherent fiber bundle and meta-optic.
Importantly, it can be clearly seen from the image series
(Fig. 3c—e) that throughout this range of 33 mm the same
sharpness and color quality is achieved.

To quantitatively assess the imaging resolution at the
design working distance (10 mm), we placed a USAF
Target in front of the MOFIE, which was illuminated
by a broadband halogen source from a second fiber

18 mm 40 mm

Flg 3 Assessment of the MOFIE. a A checkerboard pattern as displayed on a screen with a width of 4 mm. b Captured image through the MOFIE
at a working distance of 10 mm. Scale bar correspond to 1 mm. ¢, d and e, show images that were displayed on an OLED screen and captured

at working distances of 7 mm (scale bar of 0.5 mm), 10 mm (scale bar of 0.5 mm), 18 mm (scale bar of 1 mm), and 40 mm (scale bar of 2.5 mm). f

Captured image of the group 3 lines of a USAF 1951 resolution chart. Scale bar corresponds to 0.5 mm (@) shows a magnified image of elements

2-5, with a line profile of the red (R), green (G), and blue (B) channels. Scale bar corresponds to 250 um
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placed next to the CFB. A captured image of the group
3 elements is shown in Fig. 3f. A magnified image in 3 g,
shows the attainable resolution down to elements 3 and
4, indicating a line resolution of ~50 pym. An important
aspect is that the individually resolved color channels
show the same resolution throughout, indicated by simi-
lar lines profiles. We note that the yellowish tint in the
captured images stems from the spectral distribution of
the broad band halogen source (see Additional file 1),
which however can be rebalanced on the image display or
resolved using a spectrally equal distributed light source.

To emphasize the capabilities of the MOFIE we dem-
onstrate real-time, full-color imaging of a biological sam-
ple, shown in Fig. 4. is is an important step, because
in-the-field deployment of an endoscope ultimately
requires imaging capabilities with video-rate speed while
maintaining full-color information. We emphasize that
complicated computational imaging approaches, such as
the ones used with lensless imaging may preclude video-
rate imaging. To emulate such a situation under the given
requirements, we recorded the movement of a living cat-
erpillar on top of a strawberry leaf at a video rate of ~14
frames-per-second at a working distance of ~10 mm (a
picture of the image scene is shown in the Additional
file 1). For illumination of the scene, we used a broad-
band tungsten-halogen source, which was coupled into
an optical fiber, placed next to the coherent fiber bundle
pointing towards the scene.

In Fig. 4, a frame series is shown as the caterpillar
moves across the leaf, the full movie can be found in
the Additional file 1. We note that no deconvolution of
the images was applied, and the shown frames are equiv-
alent to the imaging that was displayed on the image
capture tool during this experiment. We emphasize here
that this recording is in fact to our knowledge, one of
the first demonstrations of full-color video-rate imaging
using a meta-optic, which further highlights a relevant
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advancement in this field. Although some other works
have demonstrated frame series acquired using a meta-
optic, these were small apertures meta-optics.

(~100 pym) with much lower NA (0.1) and required
further relay optics for acquisition and a computational
post rendering step [36, 48] or were designed for distinct
wavelengths [49, 50].

3 Discussion

To assess the performance metrics of the MOFIE rela-
tive to an established system, we further compared it
with a commercial state-of-the-art graded index (GRIN)
lens-based endoscope. A comparison of images that were
displayed on the OLED screen and images that were cap-
tured either with the MOFIE or the GRIN endoscope are
summarized in the Additional file 1.

We reduced the optical tip length from 3.75 mm for a
GRIN lens-based endoscope by 33% down to 2.5 mm, for
the MOFIE. We note that the tip length in MOFIE can
be readily reduced further by using a thinner carrier sub-
strate (100 ym instead of 500 um). Although, the image
quality of the MOFIE appears with some residual haze in
comparison to the GRIN lens-based endoscope, due to a
larger tail in the broadband PSF (see Additional file 1), it
still is capable of broadband and full color imaging, with
a resolution of ~50 uym, and up to 4 mm object size, at
10 mm working distance. e FoV of the MOFIE is 22.5°
compared to 45° for the GRIN lens-based endoscope. In
contrast, we achieve a better DoF perception over the
characterized working distance range (~30 mm) over
the GRIN lens (DoF~13 mm). While we used a bench-
top configuration in the current demonstration, future
e ort will focus on full integration with a coherent fiber
bundle and direct medical demonstrations to illustrate
the full power of the MOFIE. is will require significant
e ort on integration and will thus be a topic of future
work, which will also enable to evaluate the mechanical

Fig. 4 Clip of a full color video rate imaging of a caterpillar on a strawberry leaf. Observation of a crawling movement of the caterpillar across a gap
in the strawberry leaf. White scale bars correspond to 500 um. A yellowish tint on the captured video appeared due to the spectral distribution of
the used light source (a spectrum of the light source is shown in Additional file 1)
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performance of the MOFIE, such as the bendability.
Beyond that, multiple pathways could be pursued inte-
grating meta-optics with coherent fiber bundles. Spe-
cifically, a suitable computational backend might further
improve the image quality or an arrayed meta-optics
[51] could enable an ultra large FoV or foveated imag-
ing. Especially the latter would facilitate a reduction in
the optical track length and would thus be an attractive
option to further reduce the rigid tip length. Instead of
a single lens with an aperture of 1 mm and focusing dis-
tance of ~2 mm to the fiber bundle, the system would
consist of multiple apertures, each optimized for a spe-
cific section of the field of view and shorter focusing dis-
tance into the fiber bundle, thus minimizing the optical
track length/rigid tip length. Although a smaller aperture
would trade o lower collected signal intensity, it could
be compensated with an improved illumination.

Among existing types of fiber-based endoscopes, we
chose to optimize a meta-optic for direct full color imag-
ing in combination with a CFB. In contrast, single fiber-
based systems, such as scanning fiber endoscopes [31]
can provide a thinner diameter of the device but require a
sophisticated scanning mechanism at the tip of the endo-
scope. CFB-based endoscopes on the other hand require
a typically thicker diameter, but no scanning element is
required.

Because the ultimate limit on imaging resolution is dic-
tated by the number of fibers within the bundle, a strict
trade-o exists between working distance, DoF, resolu-
tion, and FoV, further restricted by the acceptance NA
of the fibers within the bundle. erefore, a larger FoV
typically results in a lower resolution. However, the exact
needs may vary depending on the type of endoscopy and
whether extended analytical capabilities are required.
For instance, a large FoV might be more favorable over
a higher resolution when simultaneous coordination
with other tools is required. At the same time a specific
working distance with a large DoF might be more appeal-
ing for applications where the working distance changes
rapidly, such as moving parts (e.g., a beating heart) in
the body. However, in all cases a tip length will be ben-
eficial, which is demonstrated in our paper. Especially,
with evolution of this field, new research problems, such
as optimizing application-specific meta-optics for a given
endoscopic applications, are expected to emerge.

4 Conclusion

In summary, we have demonstrated real-time, full-color
operation of a meta-optic fiber endoscope (MOFIE).
Approaching this problem from a system level design
perspective, we created a meta-optic that is specifically
suited for operation in combination with the optical con-
straints of a coherent fiber bundle. Specifically, as the
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spatial resolution of MOFIE is limited by the coherent
fiber bundle, the meta-optic is optimized to have an MTF
su cient to image through the fiber bundle.  us, the
combined system facilitates full-color, video-rate imag-
ing, which could be potentially further improved using a
computational backend. However, in this case a consid-
erable optimized algorithm computer hardware would be
required to avoid any lag during operation of the MOFIE.

e fabricated meta-optic has a device length of
2.5 mm, which is a reduction of ~33% to a compara-
ble GRIN lens (3.75 mm). We demonstrate a 22.5° field
of view, >30 mm depth of field, and real time, full color
imaging, highlighted by video recordings of a biological
sample. To the best of our knowledge the present work
presents one of the first applications, where a meta-optic
is used for full color and real time imaging simultane-
ously. Beyond that, our work exemplifies where meta-
optics can potentially find a strong position in biomedical
applications with drastically reduced imaging system size.

5 Methods

5.1 Fabrication

For fabrication, we first deposited a~750 nm thick
SiN film on a 500 ym thick quartz wafer using plasma
enhanced chemical vapor deposition (PECVD) in a SPTS
PECVD chamber. A positive resist (ZEP 520 A) was then
spun onto the wafer, followed by baking at 180 °C for
3 min. To minimize charging e ects during patterning,
a conductive polymer layer (DisCharge H20) was subse-
quently spun on top. e resist layer was then patterned
using a 100 kV electron beam (JEOL JBX6300FS) at a
dose of ~300 uC cm~2 and developed in Amyl Acetate
for 2 min.  en a layer (~50 nm) of AlO, was deposited
using electron beam evaporation. After overnight lift-
o in NMP, the SiN layer was etched using a mixture of
C,Fg/SFg in an inductively coupled reactive ion etcher
(Oxford PlasmaLab System 100). For SEM imaging a thin
conductive Au/Pd layer was deposited.

5.2 Measurements

e measurement setup consisted of an OLED screen,
the meta-optic element and the CFB (SCHOTT RLIB
CVET, 1.05%x910, 7.6 M, 18K19, QA.90). e imaging
setup at the distal end of the CFB consisted of an objec-
tive lens (Nikon), a tube lens (  orlabs), and a camera
(Allied Vision GT 1930 C). In configurations where the
USAF 1951 target was imaged, or for video recording, the
sample was illuminated with a broadband halogen source
( orlabs SLS301), which was delivered and directed
towards the sample through a multimode fiber (core size
200 ym). e fiber was placed next to the CFB, which
would be a typical configuration for an endoscope. For
comparison with a GRIN lens endoscope, a GRIN lens
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(GoFoton) with 1.3 mm lens diameter, length of 3.75 mm,
and working distance of 10 mm was attached to the CFB.

During processing of the acquired images, we have only
adjusted the brightness, as well as adding a slight blur
to the image to minimize artificial moiré patterns that
would otherwise emerge due to the periodic arrangement
of the fiber cores in the CFB. Such a slight deblur, how-
ever, could also be achieved by adjusting the output facet
of the fiber relative to the imaging system. A comparison
is shown in the Additional file 1.
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