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ABSTRACT

Brillouin spectroscopy is a powerful technique for non-invasive micromechanical analysis of biological materials such as tissues and cells.
Conventional bulk-optical Brillouin spectroscopy systems, however, face challenges in translation to endoscopic applications due to strong
parasitic background signals using single optical fibers. To overcome this issue, dual fiber approaches have been proposed, but they suffer from
poor overlap of excitation and collection beam paths. In this work, we present a dual fiber-integrated probe with a tip diameter below 300 ym.
Using tailored freeform 3D-printed micro-optics, we achieve a precise overlap of the foci to map mechanical properties with a resolution
below 10 ym in lateral and 45 ym in axial direction. We detail the probe’s design, fabrication, and optical simulations and present experimental
results demonstrating high-resolution Brillouin measurements from polymer and protein solution samples. Our findings indicate that this
dual fiber probe could significantly advance fiber-integrated Brillouin spectroscopy, with promising applications in materials science and
biomedical diagnostics.
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INTRODUCTION

Brillouin spectroscopy has emerged as a powerful technique
for non-invasive analysis of mechanical properties in various mate-
rials, including biological tissues. Its ability to measure acoustic
phonons provides valuable insights into the microscopic viscoelastic
properties of samples, which is particularly beneficial in biomedical
applications."” Prominent applications for the mechanical analysis
of tissues include diagnosis of osteoarthritis, delineation and analy-
sis of cancer, and atherosclerosis,”” the latter two being among the
leading causes of death worldwide."”

Conventional Brillouin spectroscopy systems are unsuitable
for endoscopy applications (such as imaging inside joints, airways,
blood vessels, and the gastrointestinal tract) due to their bulkiness,
which prevents access to confined spaces. Fiber-based Brillouin sys-
tems are desirable for endoscopic applications as these can be small
and flexible [Fig. 1(a)]. However, fiber-integrated Brillouin appli-
cations are hindered by a parasitic background signal originating
from the optical fiber core. The parasitic signal exhibits significantly
higher intensity compared to the desired signal originating from the
focal point within the sample. This is because the fiber core has
a small effective mode area in which light is highly concentrated.
Therefore, even a single meter of a standard optical fiber will gen-
erate a Brillouin signal that would be orders of magnitude higher
than any scattering in the sample. Such a high relative intensity par-
asitic signal can make it difficult to extract the signal of interest,
highlighting the need to minimize the parasitic background.'”"’

This problem can be addressed by using hollow-core fibers,
thus preventing Brillouin light scattering in the fiber core. However,
hollow core fibers are fragile and not compatible with standard com-
mercial components such as circulators and couplers, which hinders
the integration into established Brillouin spectroscopy setups. On
the other hand, single-mode step-index fibers with standardized
connectors (e.g., FC/APC) enable practical integration and facilitate
the use of common, low-cost components.' "'

Prior studies have demonstrated that a dual step-index fiber
approach can be used to decouple the background signal from the
sample signal.'’ In this approach, the laser light is launched from
one fiber and collected by a second fiber. Brillouin scattering occurs
only in the backward direction. Therefore, the parasitic background
is only contained in the launch fiber and does not leak into the col-
lection fiber. Consequently, the parasitic background is not observed
in measurements through the collection fiber. However, conven-
tional optical elements such as gradient-index (GRIN) lenses are
ill-suited for use in a dual fiber setup. The focal spots of both fibers
should meet in the same spot in the sample. This is required to
collect the signal from where it is created. A rotationally symmet-
ric element (e.g., a GRIN lens) cannot focus two parallel fields into
one point. To achieve this, a free form off-axis optical element is
required.'’ In Fig. 1, we present wave-optics simulations highlight-
ing three approaches. To summarize the content of Fig. 1: Focusing
the input beam of a single-mode fiber with a generic aspheric lens
or GRIN lens [Fig. 1(b)] is favorable from an optics manufacturing
perspective but suffers from a parasitic background Brillouin signal
generated within the fiber core in the backward traveling direc-
tion.'” A dual bare fiber approach [Fig. 1(c)] eliminates the parasitic
signal from the input fiber. However, without suitable optics, the

fields of the two fibers have negligible overlap [Fig. 1(c)], resulting
in a poor spatial resolution and weak signal strength. Figure 1(d)
presents the approach proposed in this work, combining the high
spatial confinement of the Fig. 1(b) approach with the dual fiber
solution of Fig. 1(c). Two-photon lithography (TPL) has proven well
suited for the manufacture of such miniaturized, high performance
optical elements. The quality of these miniaturized TPL optics has
been demonstrated in fiber-optic endoscopic imaging systems to
enable minimally invasive diagnostics;U ' however, not in Brillouin
spectroscopy.

In this paper, for the first time, we present a dual fiber Bril-
louin probe that utilizes a 3D-printed freeform lens. We outline the
ray optical design and additional wave-optical characterizations that
have guided the design process. Our experimental results demon-
strate the probe’s ability to acquire high-resolution Brillouin signals
from various 3D-printed structures and a biological sample of a
phase-separated DDX4 protein.!” The acquired Brillouin signal is
free from the parasitic background that was observed in previous
studies.'’ Due to the utilization of conventional single-mode fibers,
the probe is easy to integrate into an existing Brillouin spectroscopy
setup.

The probe’s compact size and over eight-times enhanced signal
intensity compared to a bare dual fiber setup can offer a promising
path toward in vivo and in situ measurements, including microme-
chanical tissue endoscopy. Compared to previous dual fiber GRIN
lens approaches, which were only collecting efficiently enough to
retrieve single point spectra from clear liquids, the new probe design
enables the sampling of entire 2D areas of a specimen.'’ Our find-
ings highlight the potential of this dual fiber probe to advance the
field of fiber-integrated Brillouin imaging, paving the way for new
applications in biomedical diagnostics and materials science.

MATERIAL AND METHODS
Optical design and simulation

For the design of the probe, we utilize the ray optics simulation
software Zemax OpticStudio (Ansys Inc., USA). The derived design
is illustrated in Fig. 2. Two telecentric fields with an NA of 0.12 (NA
of the optical fiber) and a 125 ym spacing in the y-direction were
considered. We optimized for diffraction limited focusing of both
fields into a single spot.

For wave-optical simulations, we used a custom implementa-
tion of the wave propagation method.'® A sampling step size of dy
= dz = 0.08 ym, n = 1.5081 for the lens material,”’ and n = 1.331
for the environment (water).”! The light emitted by the fibers was
modeled as electric fields (wavelength = 660 nm) with telecentric
propagation direction and a Gaussian envelope curve that matches
the mode field diameter (d = 4.45 ym) of the fiber core (see Ref. 19
for more details). For comparison with the measurements, we com-
puted the intensity from the electric fields calculated in the WPM
simulations.””

Micro-lens fabrication

From the ray optical design file, we imported the mechani-
cal data of the optimized micro-lens into Computer-Aided Design
(CAD) software (SolidWorks, Dassault Systémes, France) and added
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FIG. 1. Concepts for fiber-integrated Brillouin spectroscopy. (a) Simplified setup of fiber-integrated implementations. [(b)—(d)] Wave-optical simulation of different potential
fiber/lens arrangements: (b) single fiber with a generic rotationally symmetric aspheric lens, (c) two adjacent bare optical fibers without lens elements, and (d) two adjacent
optical fibers with off-axis conic freeform lenses to intersect the two fiber mode fields in their focal spots.

mechanical supports. The micro-lens was fabricated using TPL with
a Photonic Professional GT2 (Nanoscribe GmbH, Germany). The
material of the probe is IP-S.”’ The writing process employed a
25%, 0.8 NA immersion objective (Plan-Apochromat 25x%/0.8, Carl
Zeiss Microscopy, Germany). We chose a laser power of 40 mW
and a slicing and hatching of 0.1 ym for the optical surface of the
’ probe. For the bulk material of the probe, we reduced the slicing
b) and hatching to 0.3 pm to increase the process speed. The dual fiber
micro-lens was printed onto an Indium Tin Oxide (ITO) coated
glass substrate. After TPL fabrication, the micro-lens was attached
= to two single-mode fibers (P3-630Y, Thorlabs Inc., USA). The pro-
- cess of connecting micro-optics to fibers as a post-process has been
described in earlier publications.”* The two optical fibers terminate

in FC/APC connectors.
FIG. 2. Optical design and fabricated Brillouin fiber probe. (a) Ray optical conic Post-writing, the fabricated micro-lens was developed to
off-axis freeform design of the dual fiber probe. (b) Two-photon lithography fabri- remove unpolymerized resin through a three-step process:

cated a freeform lens, mounted on and fixing two optical single-mode fibers. The R . .
made propagation is indicated for visualization 15 min immersion in propylene glycol methyl ether acetate
’ (PGMEA), followed by 5 min in 2-propanol (PGMEA and

Optical TPL Beam
fiber _micro lens propagation
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FIG. 3. Point spread function (PSF) measurement and simulation of the fiber probe.
(a) y-z plane of the probe—simulated in wave propagation method. (b) y-z plane
of the probe—measured. (c) Section of the lateral intensity profile of the PSF, full
width half maximum of 5.3 ym (both measurement and simulation). (d) Section
along the fiber axis, FWHM of 53 um for the simulation and 43 ym for the mea-
surement. The lateral and axial sections in [(a) and (b)] are indicated by dashed
lines and the corresponding letters.

2-propanol provided by Merck KGaA, Germany), and subsequent

air-drying at room temperature. The resulting fiber probe is shown
in Fig. 2(b).

PSF measurements

We used a microscope objective with an NA of 1.2 and a magni-
fication of 40x (Plan-Apochromat 40x/1.2, Carl Zeiss Microscopy,
Germany) to image the focal spot of the probe in water on a CCD
sensor. The microscope objective was mounted on a piezo-driven
z-axis stage (P721k137, Physik Instrumente (PI) GmbH, Germany),
allowing precise movement along the optical axis. The scanning was
performed with a step size of 0.5 ym over a total scan length of

APL Photon. 10, 040803 (2025); doi: 10.1063/5.0238060
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100 um. At each scan step, an image was acquired, resulting in a

3D image stack of the probe PSF* (section through image stack in
Fig. 3).

Brillouin scattering measurement

The schematic of the setup for characterizing the dual fiber Bril-
louin probe is depicted in Fig. 4. The sample illumination is provided
by a continuous-wave laser (660 nm, 120 mW, Torus, Laser Quan-
tum, by Novanta Photonics, USA), coupled into the input channel
of the dual fiber Brillouin probe via a fiber coupler. The output from
the second channel of the dual fiber Brillouin probe is collimated by
a 75 mm lens and then focused by a 300 mm lens through the aper-
ture of a 6-pass scanning tandem Fabry-Pérot interferometer (TFP1,
Table Stable Ltd., Switzerland).”

The spectral resolution of our Fabry-Pérot interferometer is
defined by the 3 mm mirror separation, resulting in 512 spectral
points in each spectrum with a spectral resolution of ~276 MHz.
The system’s spectral extinction ratio between the Brillouin signal
and background noise for this spectrometer surpasses 10.'"*’

For accurate data acquisition, the setup utilized Ghost software
(provided by The Table Stable Ltd., Switzerland) for single-point
measurements. The raw spectra of Brillouin scattered light were ana-
lyzed using the Lorentzian model, where the peak positions are used
to determine the Brillouin frequency shift.

The resin spectra (Fig. 5), collected by a bulk optical Brillouin
system, were acquired with an acquisition time of 20 seconds.

A more detailed description of the utilized Brillouin spec-

troscopy system (excluding the fiber probe) has been published
previously.”””*

FC

Laser

BS
660 nm _-=]  Y—

FC
TFPI —1—1—

L1 L2

A,

2x Opti

TPL
micro lens

Sample v#—'
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FIG. 4. Simplified illustration of Brillouin scatter setup. A 660 nm laser is divided
by a beam splitter. The first beam is coupled into the fiber probe through a FC/PC
connector. The second beam is directed into a tunable Fabry-Pérot interferome-
ter (TFPI). The light that is coupled into the fiber probe is focused by a freeform
micro-lens element onto a sample. The fiber probe is mounted stationary, while
the sample is positioned by a three-axis stage. Scattered light is collected from the
sample and coupled back into the fiber probe. The scattered light that is transmitted
through the second fiber of the probe is coupled into the TFPI.
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FIG. 5. Brillouin scattering signals of different photoresins in their polymerized state
and water. A bulk-optical confocal Brillouin scattering microscope was used to
acquire the signals of the photoresins. The signal of water is acquired with the
presented dual fiber probe. The water signal collected by the probe has no visible
signal from IP-S (material of the probe’s micro-lens).

Linear and 2D scans with Brillouin probe

Linear and 2D scans were executed by manipulating the posi-
tion of the sample on a 3D microscopy stage (SmarAct, Germany).
The microscopy stage manipulated the sample in x, y, and z while
the fiber probe was fixed on an optical post. In-house software facil-
itated two-dimensional (2D) scans within the sample plane with an
acquisition time of 120 seconds per point.

Samples

The first 2D sample, displayed in Fig. 7(a), is a 3D-printed
sample featuring the letters “UTS.” This sample was produced via
stereolithography using Clear Resin V4 (Formlabs, United States).
The scanned area of the sample measures 5.25 x 7.65 mm, with a
scanning pitch of 0.15 mm.

In addition, a chirped line target was fabricated for lateral and
axial scanning tests with the fiber probe. The target consists of three
sets of lines. Each set has three lines with a pitch of 40, 20, and 10 ym
for the first, second, and third sets, respectively [Fig. 6(a)]. The tar-
get was designed within CAD software (SolidWorks) and exported
as an STL file. In the TPL fabrication, the utilized microscope objec-
tive had an NA of 1.4 with a magnification of 40x (Plan-Apochromat
40%/1.4, Carl Zeiss Microscopy, Germany). Chirped line targets
were fabricated using IP-DIP 2 (Nanoscribe GmbH, Germany).

In addition, we acquired a 2D Brillouin map of a sample con-
taining phase-separated DDX4 protein droplets immersed in water
[Fig. 7(e)]. The sample was scanned with a stage pitch of 2 ym and
with an acquisition time of one minute per point. DDX4 protein
was expressed in bacteria and purified. DDX4 stored at a concen-
tration of 300 yM in a buffer of 20 mM Tris and 500 mM NaCl
(pH 8.0) with 2 mM B-mercaptoethanol was phase separated by dilu-
tion in 20 mM MES (pH 6.0) at a 1:3 ratio of DDX4 buffer to MES
buffer.”
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FIG. 6. Lateral and axial resolution of the fiber-integrated Brillouin probe. The dis-
played lines have a pitch and width of 40, 20, and 10 um. (a) Spatial arrangement
of a chirped line target, measured by white light interferometry, (b) Brillouin line
scan across the chirped target, and (c) axial scan across an interface of water and
glass. The black dashed line indicates the full width half maximum of the negative
part of dy/dx.

Spectroscopy data processing

The raw spectra comprising Brillouin peaks (both Stokes and
anti-Stokes) were analyzed using the damped harmonic oscillator
model to determine the Brillouin frequency shift. To reduce noise in
measurements of protein liquid-liquid phase separation, we applied
a non-linear 3 x 3 smoothing kernel using MATLAB’s “medfilt2”
function [Figs. 7(c) and 7(d)]. This approach is justified as the
measurement step was 3 ym, which is below the probe’s resolution
limit, hence presenting us with oversampled data.

RESULTS
Optical design

For the excitation beam path, the rays at the 660 nm wavelength
are expanded from the fiber core through a length of 390 ym bulk
material and focused by a conic off-axis freeform lens [Fig. 2(a)]
into an aqueous environment (n = 1.33). The optical surface is
non-rotationally symmetric to achieve an off-axis focal spot, placed
between the excitation and collection fibers (Fig. 2).

This design results in a numerical aperture (NA) of 0.06 and
a focal length of 600 um, targeting a lateral deviation of 62.5 ym
from the optical axis in the y-direction. The ray optical design has
a diffraction limited performance with an Airy radius of 6.4 ym and
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FIG. 7. Brillouin imaging by means of the fiber probe. (a) 2D scan of a 3D-printed
sample with the letters “UTS.” (b)—(d) 2D scan of protein droplets in solution: (b)
raw data, (c) smoothed data with a 3 x 3 non-linear kernel, (d) smoothed data with
droplets highlighted, and (e) bright-field microscope image of protein droplets in
the solution.

a FWHM of 5.2 and 5.6 ym in the x and y directions. The lateral
offset was chosen according to the radius of the optical fiber. For the
collection fiber, this off-axis element is mirrored at the xz-plane, cre-
ating an overlap of excitation and collection fiber spots at the focal
position. The dimensions of this probe are 160 x 285 ym? (x and z
directions).

Characterization of the probe design

To validate the ray optical design, we conducted an addi-
tional wave-optical simulation using the wave propagation method
(WPM).'®"” The predicted focus in the overlap-region between the
two beams [Figs. 3(a) and 3(b)] confirms the validity of the ray
optical design. Experimentally, we characterized the point spread
function (PSF) of our fabricated probe using a 660 nm laser cou-
pled into both fibers simultaneously. An axial cut through the y-z
plane of the acquired 3D PSF is shown in Fig. 3(b). The full width
at half maximum (FWHM) spot size in the lateral direction shows
good agreement with the wave-optical simulation (both 5.3 ym).
Furthermore, the lateral spot extension aligns well with the ray opti-
cal model, indicating performance close to the diffraction limit. This
suggests that the micro-lens does not suffer from significant optical
aberrations. However, the axial FWHM appears shorter in the mea-
surements (43 ym) compared to the wave-optical simulation results
(53 pum). This discrepancy can be attributed to slight deviations in

APL Photon. 10, 040803 (2025); doi: 10.1063/5.0238060
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the production outcome compared to the ideal simulation scenario.
In Fig. 3(d), it can be observed that the intensity profile of the mea-
sured PSF deviates from an ideal Gaussian beam, which leads to an
altered FWHM of the measured PSF. Furthermore, manufacturing
tolerances in the alignment of the fiber and micro-lens can con-
tribute to this issue. In particular, the spacing between the fibers and
any gap between the fiber and the micro-lens are critical factors. A
separation between the fibers causes the two beam paths to intersect
at a steeper angle, thereby reducing the overlap of the focal spots in
the axial direction.

In addition, a gap between the fiber and the micro-lens
increases the numerical aperture (NA) of the optical system (the
beam can expand more before it is focused). Since the axial spot size
is proportional to the square of the NA, this could lead to a reduction
in the axial spot size.

Brillouin signal acquisition

To verify the effectiveness of the dual fiber probe device with a
micro-lens, we measure the strength of the Brillouin scattering signal
collected by our device in distilled water. For reference, we compare
it with a lensless dual fiber arrangement [Fig. 1(b)]. We detect an
8.14 times stronger signal (mean values) collected by the device with
our freeform micro-lens compared to the probe without any lens
(Fig. 8).

Furthermore, to show the clear distinction between the Bril-
louin spectra of the TPL photoresist and a material such as water,
we recorded the Brillouin spectra of three TPL photo resins: IP-S,
IP-DIP 2, and OrmoComp. These correspond to the materials used
to fabricate the micro-lens (IP-S), the material used to fabricate the
line target in section “Spatial and Frequency Resolution” (IP-DIP 2),
and OrmoComp, a material commonly used in TPL processes due
to its favorable properties like high transparency in the visible wave-
length.”’ The Brillouin spectra for these resins (Fig. 5) were collected
using a bulk-optical microscopy setup.

Spatial and frequency resolution

Spatial resolution is predominantly governed by the focusing
power of the dual fiber probe device, resulting in an estimated spatial

Brillouin scattering intensity
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FIG. 8. Signal enhancement by conic off-axis freeform lens, compared to a bare
fiber arrangement. A dual fiber arrangement without lens (left, corresponds to
Fig. 1(c) and dual fiber arrangement with freeform lens [right, corresponds to
Fig. 1(d)].
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resolution of our system to be below 10 ym in the lateral direction
and 43 ym in the axial direction.

To test the spatial resolution, we performed axial and lat-
eral scans of a chirped patterned polymer sample 3D printed on
a glass substrate (Fig. 6). To illustrate the topography of the sam-
ple, we performed a measurement with a white light interferometer
[Fig. 6(a)]. We acquired a profile of the sample in the Brillouin fre-
quency domain by line-scanning with our probe in the x-direction
[Fig. 6(b)]. The 40, 20, and 10 ym wide polymer lines are well
resolved in a lateral scan. We observed frequency peaks in the pro-
file at ~5.6 GHz (water) and ~11.3 GHz (IP-DIP polymer). Note that
this is the same frequency as would be expected from measurements
acquired using a bulk optical system (Fig. 5).

To estimate the probe’s axial resolution, we acquired a depth-
scan by approaching the glass substrate with our probe in a stepwise
fashion, recording the intensity of the water Brillouin peak [Fig. 6(b)
red curve] while the probe’s focus is moving across the water—glass
interface. By taking the derivative of the intensity [Fig. 6(c), blue
dashed curve], we calculated the axial resolution of the dual fiber
probe to be 43 ym, equal to the FWHM of the negative part of the
dy/dx curve in Fig. 6(c).

Acquisition of a 2D image

The Brillouin signal was successfully mapped across several
2D samples in a pointwise scan. Figure 7(a) illustrates a mm scale
stereolithography fabricated sample with the letters “UTS.” The pix-
elation/resolution of the Brillouin signal map is limited by the scan
step of 0.15 mm.

Figures 7(b)-7(d) illustrate the 2D mapping of water immersed
phase-separated DEAD-Box Helicase 4 (DDX4) protein droplets,
ranging in scale from about 5-10 um. The relatively coarse spatial
resolution of the probe and high noise levels result in a Brillouin map
in Fig. 7(b), making it challenging to distinguish the protein droplets
from the surrounding water. Noise-reduction post-processing filter-
ing (more details in the Material and Method section) reveals the
presence of protein droplets as indicated in Fig. 7(c). For reference,
Fig. 7(e) is a bright field image of the protein droplet sample, provid-
ing a visual correlation between the Brillouin map and the physical
structure of the sample.

DISCUSSION AND CONCLUSION

In this work, we demonstrate our advancement in fiber-
integrated Brillouin imaging. The designed TPL micro-lens is specif-
ically tailored for a dual fiber off-axis approach. By eliminating
the parasitic fiber-based background signal and using overlapping
focal spots for the emission and collection light paths, our approach
resulted in an eight-fold increase in the collection efficiency of the
Brillouin scattering signal compared to a reference dual fiber setup
without a lens. We achieve resolutions below 10 ym in the lateral
and 43 ym in the axial directions in simulations as well as in PSF and
Brillouin measurements. Our miniaturized probe has a diameter of
285 pum, which enables new applications in in situ biomedical and
novel material characterization methods.

Our Brillouin fiber probe design uses standard single-mode,
step-index fibers, which are cheap and can be easily combined with
standard fiber-optic components such as fiber circulators and cou-
plers, leading to straightforward integration with a Brillouin imaging

APL Photon. 10, 040803 (2025); doi: 10.1063/5.0238060
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system. Our use of standard fibers allowed the use of off-the-shelf
components to couple the probe to the laser and the spectrometer.
This is in contrast to probes using more exotic, hollow-core fibers,
which present significant complexities in coupling signals from
the hollow core to standard optical components.'’ Our approach
allows for a robust measurement system, which may simplify the
translation of Brillouin fiber probe applications.

Current limitations of the probe include (1) the absolute sig-
nal strength, which is below state-of-the-art bulk-optical Brillouin
imaging systems, resulting in long acquisition times, and (2) spatial
resolution, which is comparable to other fiber-based endoscopy sys-
tems but significantly lower than that in conventional bulk Brillouin
microscopy. These issues may be addressed in the future develop-
ments through more tailored optical designs. By increasing the NA
of the freeform micro-lens, we anticipate an increase in signal inten-
sity and an improvement in spatial resolution. As this design will
reduce the depth of focus, it has not been explored in the current
study. The proposed design relies on a single optical surface to focus
the beam. Other designs are possible, including the use of a stack of
multiple optical surfaces shielded to the immersion medium, which
may yield an optical design with a significantly higher NA.'**

SUPPLEMENTARY MATERIAL

The supplementary material of this paper provides details
on the shape deviation of the Brillouin fiber probe micro-lens.
Furthermore, the ray optical design parameters are provided.
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