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and Çaǧlar Ataman∗

Gisela and Erwin Sick Laboratory for Micro-Optics, Department of Microsystems Engineering,
University of Freiburg, Freiburg, Germany

E-mail: yanis.taege@imtek.uni-freiburg.de

Received 30 June 2021, revised 27 September 2021
Accepted for publication 7 October 2021
Published 26 October 2021

Abstract
We present a forward-looking, fiber-scanning endomicroscope designed for optical coherence
tomography (OCT) and OCT-Angiography (OCT-A) imaging through the working channel of
commercial gastrointestinal endoscopes and cystoscopes. 3.4 mm in outer diameter and
11.9 mm in length, the probe is capable of high-resolution volumetric imaging with a
field-of-view of up to 2.6 mm and an imaging depth of up to 1.5 mm at a lateral resolution of
19 µm. A high-precision lens mount fabricated in fused silica using selective laser-induced
etching (SLE) allows the tailoring of the optical performance for different imaging
requirements. A glass structure fabricated by the same method encapsulates the optical and
mechanical components, providing ease of assembly and alignment accuracy. The concept can
be adapted to high resolution OCT/-A imaging of various organs, particularly in the
gastrointestinal tract and bladder.

Keywords: microendoscopy, optical coherence tomography, endoscopy,
selective laser-induced etching

(Some figures may appear in colour only in the online journal)

1. Introduction

Optical coherence tomography (OCT) is a scanned-imaging
technique [1] that allows non-invasive cross-sectional visual-
ization of tissue volumes, with an isotropic resolution in the
2–40 µm range [2]. It is based on interferometric detection
of low-coherence or wavelength-swept infrared light back-
scattered from the tissue [3], producing a depth-map of the
refractive index variations in the axial direction. Lateral scan-
ning of the beam allows acquisition of cross-sectional images.
In addition to structural information, its functional extensions
provide angiography (OCT-A) or elastography [4] imaging as
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well. Due to this versatility, endoscopic implementations of
OCT are instrumental in the attempts to attain specificity and
selectivity comparable to traditional biopsy via in vivo ima-
ging [5]. However, there are a number of challenges impeding
the endoscopic implementations of OCT. These are

• the development of scanning engines tailored for the spe-
cifications of the OCT system,

• minimization of the length and diameter of the probe for
compatibility with flexible endoscopy,

• providing optimal resolution, i.e. the number of resolvable
spots in the field-of-view (FOV) within the available clear
aperture,

• and an effective control of back-reflections to enhance image
SNR.

State-of-the-art OCT systems use swept-source lasers
with A-scan rates between 100 and 1000 KHz [6]. MEMS
scanning mirrors, which are commonly used for confocal or
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multi-photon endomicroscopes, have been implemented for
endoscopic OCT instruments [7–10], but can be too fast to
provide sufficient lateral sampling due to the limited A-scan
rate. Furthermore, forward-looking imaging with such mirrors
requires beam folding, which leads to larger, more complic-
ated systems [11–13]. Fiber scanners can address this short-
coming by allowing a reduction of the resonance frequency
as desired via the cantilever length or tip weights [14]. Partic-
ularly compact scanners can be realized using beam-shaping
optics at the tip of the fiber cantilever [15–18].

We discuss here a novel approach for the implementation
of OCT endomicroscopy using glass micromachining based
on selective laser-induced etching (SLE) [19] that addresses
all major challenges listed above. SLE is a laser machin-
ing technology that combines femtosecond laser-writing with
wet-etching to manufacture transparent free-form structures
with a micrometer-scale precision [20]. Through extensive
use of SLE for both mechanical and optical features of this
probe, we were able to realize a lens-on-fiber scanner, encap-
sulation that acts as a precision micro-assembly platform,
and auxiliary micro-assembly tools for robust and repeatable
manufacturing. Combining the lens-on-fiber scanner with a
non-telecentric design allows for precision tailoring of the
opto-mechanical specifications based on the target applica-
tion. The manufactured probe provides a non-telecentric FOV
of up to 2.6 mm for operation in contact mode with 19 µm
resolution.

2. Probe design

Since the optical and mechanical properties of a fiber-scanner
are inherently coupled, sections 2.2 and 2.3 will discuss
the adaptation of both to the design requirements, while
their integration into a glass platform will be described in
section 2.4.

2.1. Design requirements

The target specifications for the OCT/-A probe are set con-
sidering use in clinical cystoscopy equipment. Operation in
a working channel implies a maximum outer diameter of
2.3–4 mm [21, 22] including encapsulation. In terms of optical
performance, a lateral resolution between 10 and 20 µm is
required to resolve features of the microvasculature [23]. A
depth-of-field (DOF), which is a measure for the axial extent
of the imaged volume, of at least one millimeter is a favor-
able trade-off with the lateral resolution. To image a signi-
ficant portion of the microvasculature network, maximization
of the FOV to the mechanical limits of the probe is another
requirement.

2.2. Optical design

One of the most promising approaches for miniaturized scan-
ning is fiber-based [24], which relies on resonant excitation of
a fiber cantilever. These fiber-scanner implementations have
different limitations: use of bare fibers can provide a large

Figure 1. Schematic of the optical design of the non-telecentric scan
engine. A fiber (i) is connected to a tubular piezo actuator (ii) using
an alignment ring (iii). The interface of the fiber (iv) is connected to
a fiber-lens connector (v), in which a plano-convex lens is mounted
(vi). The distal end of the optical assembly is a plano-concave lens
(vii). Important opto-mechanical parameters are the free fiber
distance dff, the fiber-lens distance dfl and the working distance dw.

FOV, but requires long probe heads due to the light tip weight
[24, 25]; a Fourier-plane implementation precisely defines an
imaged cylinder, but can only provide a limited resolution
and FOV due to the aperture restrictions [26]; and assem-
blies which use a GRIN lens at the cantilever tip significantly
shorten the probe heads, but are limited in optical design ver-
satility [15].

Here, we propose and demonstrate a non-telecentric design
which is able to overcome some of those limitations [17]. The
design is illustrated in figure 1. It features a plano-convex lens
(67 423, Edmund Optics Ltd), which focuses a beam from a
single-mode fiber (SM980G80, Thorlabs Inc) towards a plano-
concave lens (67 979, Edmund Optics Ltd). Both lenses have
an anti-reflection coating for the NIR-II range, minimizing
back-reflections. To allow in-contact operation, the working
distance dw, i.e. the distance from the plano-concave lens to
the focal point, was set to 0.5 mm in water.

Part of the versatility of this system arises from use of the
laser-machined fiber-lens connector, which holds the fiber and
convex lens in place. Adjustment of the distance between lens
and fiber, dfl, allows the tuning of the optical performance to
the needs of the specific application. While keeping the work-
ing distance of the probe fixed, the system’s numerical aper-
ture increases with dfl, since the distance between both lenses
is reduced. On one hand, this increase results in an increase
in lateral resolution ∆r and a decrease in optical system
length lsys (fiber facet to distal end); however, it also shortens
DOF.

To numerically investigate the imaging performance,
optical simulations using a commercial ray-tracing software
(OpticStudio 20.1, Zemax) were performed. While the influ-
ence of dfl on NA and optical system length lsys were taken
from the ray-tracing model, axial resolution ∆x was derived
from the Rayleigh contrast of the modulation transfer func-
tion (MTF). Since illumination and collection is performed by
the same imaging system, the imaging MTF is the autocorrel-
ation of the calculated system MTF. The DOF was calculated
according to

DOF= 2zr = 2
nλ0

πNA2 (1)
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Figure 2. Simulated optical performance including numerical aperture (NA), lateral resolution ∆r for illumination (system) and imaging,
optical system length l and depth-of-field DOF as a function of the fiber-lens distance dfl. To achieve an imaging depth of 1.5 mm, the
optimal length was taken as dfl = 517 µm, resulting in ∆ri = 15.2 µm, NA= 0.046 and an optical system length of 5.65 mm.

where zr is the Rayleigh range, n= 1.33 is the refractive index
of water and λ0 = 1.3µm is the central operation wavelength.

As indicated by figure 2, with an increase of dfl of only
200 µm the numerical aperture can be doubled from 0.04
to 0.08. At the same time, the length of the optical system
decreases from 5.7 to 4.9 mm, which places it within the
acceptable range for both flexible and rigid endoscopic probes.
To achieve a total depth of field of at least 1 mm, a fiber-lens
distance of 517 µm was determined. This decision is a com-
promise with a lateral resolution of 22.5 µm and 15.1 µm for
system and imaging, respectively, with an NA of 0.046 that
still allows imaging of microvasculature and keeps the optical
system at a length below 6 mm.

2.3. Mechanical design

Assuming a laser sweep rate fs = 350 kHz [27] and a FOV as
large as the aperture of 2.7 mm, the distance ∆d sampled by
the beam at the outermost edge of the FOV is

∆d= π · fr
fs
·FOV (2)

where fr denotes the resonance frequency of the fiber scanner.
In order to fulfill the Nyquist criterion, ∆d needs to be half
of the lateral resolution, leading to a maximal resonance fre-
quency of 312 Hz.

The free fiber distance dff between the alignment ring and
the lens connector allows adjustment of the resonance fre-
quency of the scanning unit. This mechanical system was sim-
ulated using a finite-element analysis (Comsol 5.4, COMSOL
Multiphysics GmbH). While the actuator was modeled as a
radially polarized tube of PIC151 consisting of four independ-
ent electrodes (PI Ceramic GmbH), the alignment ring, and the
fiber-lens connector were modeled using the mechanical prop-
erties of fused-silica parts, and the lens those of N-LASF9.

Amodal analysis in the range from 1 to 3mmof fiber length
lwas performed and the results fitted by an analytical resonant
beam theory model for the resonant frequency [14], namely

fr =

√
K

m(l− l0)3
, (3)

Figure 3. Results of the FEM simulation. (A) Simulated values of
resonance frequency compared with analytical resonant beam
theory. The center-of-mass is located 122 µm in front of the fiber
tip. (B) Excited mode shape in terms of deflection for a free fiber
length of 2 mm. Solid dark lines indicate the unexcited position. The
arrow indicates the estimated deflection point used for the FOV
estimation in section 3.4, and the white dashed line the mode shaped
used for the design of the scanning inlet (figure 4).

where K denotes the spring constant of the fiber, and m and l0
denote the effective mass at the cantilever tip and the distance
from the fixed end to the center ofmass, respectively. From this
model, we find that a resonance frequency of 306 Hz, which
is slightly below the maximal scanning frequency, is achieved
for a free fiber length of 2 mm as seen in figure 3.

However, such design freedom could only be exploited if
a high accuracy of dfl was achieved. Even under the con-
servative assumption of ± 15µm in SLE tolerancing, a dfl
between 480 and 540 µm would fulfil the resolution require-
ment imposed by cystoscopic angiography. This critical axial
alignment step is thus intrinsically achieved by the fiber-lens
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Figure 4. Design of the glass housing. (A) Section views of the glass housing at two different angles, providing support to all
opto-mechanical components. (B) 3D-render of the glass housing with the components mounted and its cap lifted. Legend: fiber funnel (i),
wire channels (ii), piezo mount (iii), conical connectorization hole (iv), electrode window (v), cap inlet (vi), alignment ring connecting piezo
and fiber (vii), a scanning inlet (viii), distal mount for the plano-concave lens (ix) and cap (x).

connector. Another problem that is inherently solved with
this assembly is the optical coupling between fiber and lens,
which is overcome by using an index-matched, UV-curable
glue (Loctite 3301, Henkel AG& Co. KGaA) at this interface,
as well as at the one between connector and lens.

2.4. Platform design

The design of the housing took the advantage of SLE in cre-
ating hollow free-form structures into account, which allowed
to include nearly all components in a single piece of glass,
which is shown in figure 4. At its proximal end the housing
features a mount for the piezoelectric tube (PT) which aligns
the scanning unit to the optical fiber and the center of the probe.
For two-dimensional scanning, all four external electrodes of
the PT need to be connectorized manually. Holes for apply-
ing conductive epoxy and windows for checking the electrode
alignment are included at the proximal end. Each of the holes
is intercepted by a channel for holding the wires in place.

A mount for the plano-concave lens is placed at the distal
end of the probe. Since an outer wall thickness below 200 µm
can result in mechanical instability, this part poses the limiting
factor on the probe’s outer diameter.

Another particular feature is the inlet for scanning. As a
thicker glass housing provides more mechanical stability, the
highest infill ratio should be used when designing rigid parts,
particularly along the main axis. However, it should allow the
scanning unit to use the full aperture size of the distal lens. To
achieve that, the mode shape (figure 3(B)) is carved along the
housing’s axis (scanning inlet, viii in figure 4) to provide room
for a maximum scanning angle with highest rigidity.

The final dimensions of the housing add up to 11.93 mm in
length and 3.4 mm in diameter. The smallest hollow features
are channels for the stripped fiber with a diameter of 80 µm.

2.4.1. Multi-axes, free-form assembly platform. As
described in the previous section, all components mounted

directly on or into the housing are intrinsically aligned to the
extent of the SLE’s manufacturing tolerances. The alignment
of the oscillating fiber and lens, however, requires to be taken
care of separately. In our previous work, this has been achieved
by sliding a two-dimensional alignment structure, in which all
optical components are placed, into the housing [18]. After
fixing all components in place, the fiber assembly was slightly
lifted and subsequently removed. Due to the large diameter of
the fiber-lens connector this procedure is not applicable to this
design, which is why a multi-axes alignment platform (AP)
was additionally manufactured.

Multi-axes refers to the fact that it does not only align the
lens connector assembly along the optical axis, but also lat-
erally. This is crucial, as misalignment at this point translates
directly to the scanning behavior, and thus into distortion in he
scanning behavior.

The AP accomplishes that by having a nozzle with the exact
negative imprint of lens and lens connector, which is shown in
figure 5. Both are held in place by an external vacuum, which
is connected through channels in the back-end of the AP. Its
main body allows the insertion of the probe with the piezo
mounted, but the fiber being movable. After pushing the fiber
through the probe, the alignment ring and the proximal end
of the lens connector, the entire assembly can be glued in the
aligned state.

The remaining steps consist of mounting the plano-concave
lens and closing the probe using a cover.

3. Materials and methods

3.1. Manufacturing of fused-silica parts

All parts manufactured using SLE were semi-automatically
pre-processed (Rhino 6, Robert McNeel & Associates) before
writing them into fused-silica substrates (Toppan Inc.) using
a commercial laser microscanner (LightFab GmbH). They
were subsequently etched in a potassium hydroxide (KOH)
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Figure 5. Overview of the multi-axis alignment platform (AP) and procedure. The main feature of the AP is its ability to laterally align lens
and lens connector using vacuum channels (i) in a negative imprint (ii). Axial alignment is achieved by inserting the probe housing into the
alignment structure to a stop (iii), such that the nozzle’s tip (iv) is at the correct axial position. An external vaccuum is connected at the back
end (v) of the AP. After inserting the fiber through the back of the probe all scanning components can be fixed into place using UV-curable
glue.

solution with a concentration of 8 mol l−1 at a temperature of
(78 ± 2) ◦C. Depending on their dimensions and features this
process took 8–48 h.

3.2. OCT-setup

The optical source was an akinetic swept-source laser (SLE-
101, Insight Photonic Solutions Inc), which operates at a cent-
ral wavelength of 1.3 µm. The sweep rate was 173 kHz and
the bandwidth 90 nm. Synchronized operation of the laser, the
detector and the power amplifier was ensured with an FPGA.
Signal detection was performed by a balanced detector (BPD-
1, Insight Photonic Solutions Inc).

3.3. Mechanical characterization

The mechanical performance of the probe was evaluated by
recording the deflection of the beam on a position sensitive
detector (PSD; Spotana-9L, Duma Optronics Ltd). As a first
step, the resonance frequencies of both the piezo’s axes were
determined by a frequency sweep over the designed range
(290–310 Hz) with a maximum voltage of 5 V. With an off-
set of+2 Hz to the resonance frequency, both electrodes were
driven up to the maximum voltage of 75 V while keeping the
scan pattern as circular as possible. The voltage and frequency
of a stable, circular scan pattern were then used as an operating
point of the specific probe for all subsequent measurements.

3.4. Optical characterization

The system’s optical performance was quantified by means of
the FOV, the MTF and the DOF, as well as the reduction of
back-reflections during assembly.

Straightforward estimation of the FOV by placing the PSD
at the working distance of the probe is not necessarily accur-
ate in the case of a non-telecentric probe. Since the FOV
scales with distance to the probe, it is favorable to estimate
the opening angle α for a specific operating point. This way
the conical rather than tubular volume, which is imaged by the

probe, can be estimated. To achieve that, the scan pattern was
recorded by the PSD at four different axial locations behind
the probe. By linearly fitting the outermost edge of the scan
pattern with distance as an independent variable, α can be
deduced. An estimation of the FOV at the focal point can then
be obtained by

FOV= 2df tanα (4)

where df ≈ 6.3mm is the distance between the deflection point
and the focus of the probe. The latter was estimated using the
results of the FEM simulations (see section 2.3).

To deduce the MTF, we obtained the edge spread func-
tion (ESF) by moving the focus of the non-scanning probe
over a sharp chromium edge using an xy-stage [28]. The ESF
was estimated by fitting a logistic function to the measured
data using a non-linear least squares algorithm [29, Scipy
1.6.1]. The line spread function, with which one approxim-
ates the point spread function, is calculated analytically using
the derivative of the fitted ESF. In a final step, the fast-Fourier
transform of the LSF yielded the MTF. The axial resolution
of the system’s imaging capabilities was estimated using the
Rayleigh contrast limit of 0.159 applied to the MTF.

To estimate the DOF, the sample arm of the OCT setup was
connected to an optical power meter (PM100D, Thorlabs Inc)
instead of the balanced photodetector. After maximizing the
reflected signal from a mirror in front of the probe head, the
probe was moved axially away from the mirror while record-
ing the change in power. The Rayleigh range was estimated
by a non-linear least-squares fit of the hyperbolic axial beha-
viour of a Gaussian beam from which the DOF was calculated
according to equation (1).

The reduction of back-reflections using the index-matched
resin was estimated during assembly with a similar setup as
for the DOF measurements. The only difference was a change
in the source, which was an SLED (SLED 319, Covega). The
back-reflected power was recordedwithout glue, with glue and
after curing.
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Figure 6. Images of the assembly process of the probe. (A) Critical alignment step of the lens and lens connector to the optical fiber. Lens
and lens connector are held by the alignment nozzle (AN) of the alignment platform. The probe housing (PH) is temporarily fixed to the AP
during this procedure. (B) Finished scanning unit of the probe with the lens centered. During resonant actuation of the piezoelectric tube the
scanning behavior can be directly observed, shown in the bottom image (exposure time: 17 ms). (C) Assembled probe and enclosed probe.
For size reference, a Type A USB connector has been placed in the background.

3.5. Optical coherence tomography

OCT was performed on the finger tip of a healthy volunteer
(male, 28 y old). Informed written consent was obtained prior
to the experiment, and the studywas in agreement with the ten-
ets of the Declaration of Helsinki and approved by the institu-
tional ethics committee. The scan, which took 0.5 s, was per-
formed on the left index finger.

4. Results

Figure 6(A) gives an overview of all scanning components
just after application of the index-matching glue. While the
lens connector is laterally and axially fixed by the AP, the
alignment ring can still be adjusted. The assembled com-
ponents are shown in figure 6(B), where also the scanning
capability through actuation is visualized. After mounting
the plano-concave lens at the distal end of the probe the
probe is closed by its cover, resulting in the final probe head
(figure 6(C)).

4.1. Mechanical performance

The frequency response of the probe, shown in figure 7(A),
revealed a resonance frequency of (302.6 ± 0.1) Hz and a Q-
factor of 99 ± 2, which closelymatches the simulated value of
306 Hz. This is true for both axes of the probe, and underlines
the precise lateral alignment of the scanning unit.

A stable operation point was found at 306 Hz with an open-
ing frequency of the spiral of 0.5 Hz and a maximal electrode
voltage of 75 V on one axis and 69 V on the other. Figure 7(B)
shows the quasi-circular pattern, in which the deviation in
deflection on both axes was only differing by 6.5%.

4.2. Optical performance

The imaging MTF derived from the edge-spread-function
revealed a lateral resolution of 19 µm according to the
Rayleigh criterion in figure 8, which is 23% larger than the
simulated value. Using the non-telecentric FOV calibration,
an opening angle of (11.8 ± 0.1)◦ was determined, which

Figure 7. Results of the mechanical performance of the assembled
OCT-probe. (A) Bode plot showing the frequency response of the
scanning unit. The resonance frequency was determined to be
(302 ± 1) Hz at a quality factor of 99 ± 2. (B) Scan pattern of the
probe at a x- and y-voltage of 69/75 V, respectively, with an
excitation frequency of 306 Hz. The opening frequency of the spiral
was 0.5 Hz. To improve visualization, only 1% of all scanned points
are plotted.

corresponds to a FOV of (2.6 ± 0.1) mm in water. Therefore
the space-bandwith-product SBP of the probe is [30]

SBP=
FOV
2∆r

= 68 ± 2. (5)

Estimation of the Rayleigh range revealed a DOF of (1.06 ±
0.02) mm which is twice the designed value.

Power measurements during assembly showed a drop in
back-reflections by 91% from 558 ppm to 51 ppmwhen apply-
ing the index-matched glue to the fiber-lens connector inter-
face. After curing, this ratio dropped by another 2% to 41 ppm.

4.3. Optical coherence tomography

Images generated of three-dimensional volumes of a human
fingertip placed at the front of the probe revealed several ana-
tomical features. To facilitate visualization, figure 9 shows a
B-scan at the outermost edge of the FOV alongside the 3D-
rendered OCT volume. The location of the scan is denoted by
a red circle. In the image, one can identify the epidermis with
a thickness of around half a millimeter through the strongest
reflection in the image, as well as the dermis. The rendered
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Figure 8. Determined optical performance of the OCT probe. (A) Derived modulation transfer function MTFprobe alongside the simulated
MTFs at no deflection and maximum lateral deflection (MTFc and MTFl, respectively). The measured MTF revealed a resolution
∆r= 19µm according to the Rayleigh criterion. (B) Determination of the field-of-view (FOV) by axially moving the probe away from the
PSD. The fit revealed an opening angle of (11.8 ± 0.1)◦, which corresponds to a FOV of (2.6 ± 0.1) mm. (C) Determination of the
depth-of-field (DOF) by moving a power detector through the probe’s focus, revealing a DOF of (1.06 ± 0.02) mm.

Figure 9. OCT image of a human fingertip. A B-scan through the outermost edge of the FOV is shown alongside the 3D-render of the entire
volume. The red line and red circle mark the approximate location of the B-Scan. The epidermis (ED) can be identified as the strongest
reflection just after the window. Further identifiable anatomical features are the dermis (D) at a depth of around 0.5 mm as well as sweat
glands (SG).

volume also visualizes the sweat glands which diagonally
stretch through the acquired volume. In the axial direction the
signal drops off at about 1.5 mm, which supports the DOF
measurements.

5. Discussion and conclusions

The combination of an integrated glass housing together with
an alignment platform demonstrated the capability of SLE as
a technology platform for excellent alignment of a complex
micro-optical system.

Precise lateral alignment was confirmed by the symmetrical
scan pattern, which was the most critical step in the assembly
process. This step was facilitated making use of an alignment
platform manufactured using SLE, which also enabled axial
alignment. The precision of the latter was verified by both
the resonance sweep closely matching the predicted resonance
frequency from FEM simulations, as well as its DOF analysis.

By manufacturing a fiber-lens connector we have been able
to freely tailor the optical performance to the application needs
of this OCT probe. This design made the optical properties,
namely NA and therefore the resulting lateral resolution and
DOF, very sensitive to the distance between fiber and lens dfl.
The measured lateral resolution of 19.1 µm is lower than the
designed value of 15.1 µm, which points to a reduced dfl of
about 30 µm. The measured DOF, which is larger than the
simulated value, supports this hypothesis since a reduction in

dfl also causes a reduction in NA. A possible reason for this is
over-etching of the custom lens holder, which is caused by a
finite selectivity of the SLE process. This deviation is, how-
ever, challenging to correct, since the surface roughness at
the interface is in the range of 6 µm. This roughness is com-
pensated in terms of optical surface matching with the UV-
curable glue, but it still limits the range of adjustment of dfl.
Nonetheless these tolerances have been accounted for during
the design process by choosing dfl such that the lateral resolu-
tion is within specification for the application needs. The probe
was thus able to deliver images with structural information of
the required resolution throughout the FOV.

5.1. Conclusions

To our knowledge, the most significant advance in this design
is the large FOV and SBP with respect to the size of the probe.
Due to the relatively large weight at the cantilever tip, the
opening angle of the probe allows a FOV almost as large as the
largest aperture size. Relating that to the probe’s diameter, we
achieved a diameter coverage cd = FOV/dprobe of 76%. Other
scanning probes either provide a coverage below 50% [15, 26]
or are significantly longer [25].

Another advantage of the non-telecentric design of the
probe plays a significant role when translating it to non-contact
operation. As the FOV scales linearly with the working dis-
tance, an adapted optical design would allow a coverage sev-
eral times as large as the probe’s diameter. The opening
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angle determines the maximum enhancement possible, and the
design is likely at the maximum limit for this parameter. How-
ever, non-contact operation requires either tissue fixation or
fast acquisition to avoid motion artifacts.

Another application area is OCT-A, which is enabled
without any further modifications of the implementation dis-
cussed here. The small FOV of most forward-looking probes
has limited the application of OCT-A, a limitation which can
be overcome with this design. To push OCT-A to its limits,
the probe head could yet be adapted in terms of cantilever fre-
quency and optical resolution.

In summary we have presented SLE as an enabling tech-
nology platform to manufacture and assist in the assembly
of a high performance OCT microendoscope which provides
both high resolution and a large FOV. With its small diameter
this development significantly extends the limits of large-area
OCT-imaging through an endoscope’s working channel. Due
to the compact nature of the design, applications may not only
be limited to rigid endoscopes but also include those with flex-
ible channels.
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[18] González-Cerdas G E, Stein P, Kretschmer S, Bauer C,
Sandic D, Ataman C and Zappe H 2020 Micro-structured
glass probe for endoscopic Optical coherence tomography
Photonics Europe vol 11359 (France: SPIE) p 113590I

[19] Gottmann J, Hermans M and Ortmann J 2013 J. Laser Micro
Nanoeng. 8 15–18

[20] Choudhury D, Macdonald J R and Kar A K 2014 Laser
Photon. Rev. 846 827–46

[21] Georgescu D, Alexandrescu E, Mulţescu R and Geavlete B
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