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Low-frequency acoustic waves exhibit low attenuation and strong penetration, enabling propagation over long
distances in water and the solid Earth. This capability underpins applications in natural-hazard monitoring and
early warning (earthquakes, tsunamis, volcanic activity), long-range marine sensing and surveillance, and struc-
tural and equipment-health monitoring in harsh environments. Traditional piezoelectric hydrophones suffer
from high self-noise and electro-magnetic interference, motivating the exploration of fiber optic solutions.
However, the operation of fiber solutions at low frequencies suffers from temperature cross-sensitivity due to
the inherent thermal sensitivity of conventional optical fibers. Hollow-core fibers (HCFs), which guide light
in air/vacuum, provide lower thermal and higher acoustic sensitivity than conventional solid core fibers; however,
the extent to which they could address this limitation has never been studied. Here, we present a comprehensive
study of the acoustic and thermal sensitivities of HCFs, combining theoretical modeling and experimental val-
idation, aiming for high acoustic sensitivity while keeping thermal sensitivity low, hence reducing unwanted
cross-sensitivity. We validate its results experimentally on three HCFs with different structural compositions,
quantifying the trade-off between acoustic and temperature sensitivities. Besides, we demonstrate a substantial
improvement in temperature—acoustic decoupling by employing an HCF made from Ti-doped ultralow-expan-
sion (ULE) glass, achieving a reduction in thermal sensitivity by more than three orders of magnitude compared
with standard single-mode fiber while maintaining comparable acoustic sensitivity. Further, based on the theo-
retical model we have developed, we show that more optimal coating material could improve the performance of
ULE-HCF by another two orders of magnitude. This work thus guides comprehensive design of thermally stable
and acoustically sensitive HCF sensors for low-frequency acoustic sensing.

Published by Chinese Laser Press under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work
must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

By detecting the optical phase changes induced by acoustic
pressure, optical fibers have found widespread application as
acoustic sensors in diverse fields. Recently, increasing attention

which introduces phase changes that may overlap in frequency
with the acoustic waves of interest [5—11]. For example, distrib-
uted acoustic sensing (DAS) measurements can be affected by
low-frequency noise possibly associated with the effect of tem-

has been given to the detection of low-frequency acoustic sig-
nals, which propagate over long distances owing to their low
attenuation and subsequent strong penetration capability.
This capability is particularly valuable for applications includ-
ing natural disaster monitoring and early warning (e.g., earth-
quakes [1], tsunamis [2], and volcanic activity [3]),
infrastructure surveillance (such as railways and tunnels [4]),
and marine sensing.

A key challenge in optical fiber acoustic sensors operating in
the low-frequency range is temperature-induced phase drift,
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perature [5,10,11], leading to severe degradation in accuracy.
Besides Earth monitoring mentioned earlier, this limitation
is also acute in environments with high or rapidly varying tem-
peratures (e.g., engine rooms, nacelles, exhaust trunks, or cryo-
genic transitions), where temperature cross-sensitivity can mask
true acoustic/vibration signals.

Various approaches have been explored to mitigate temper-
ature cross-sensitivity, including the use of fiber Bragg gratings
(FBGs) and Fabry—Perot interferometers (FPIs) in differential
or reference-based configurations to decouple acoustic and
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temperature-induced responses [12]. While effective in
certain scenarios, such approaches typically rely on additional
compensation schemes and are often implemented as point
sensors, which can increase system complexity and limit
scalability. Therefore, other attempts have been made to mit-
igate the temperature cross-sensitivity of sensors themselves
[6,13,14].

Hollow-core fibers (HCFs) offer a promising solution to
overcome these limitations by guiding light predominantly
in an air- or vacuum-filled core, which significantly reduces
the interaction between the guided mode and the surrounding
glass. As a result, HCFs exhibit both strongly reduced temper-
ature sensitivity—since temperature-induced refractive index
changes in glass are largely eliminated [15]—and enhanced
acoustic sensitivity, owing to their increased mechanical com-
pliance and the absence of pressure-induced refractive index
effects that partially cancel the strain response in SMFs [16].

Previous studies on HCF acoustic sensors have mainly fo-
cused on photonic bandgap HCFs [17-19], while the current
low-loss HCFs (e.g., with losses below 0.1 dB/km [20,21]) are
based on antiresonant guidance, such as (double) nested anti-
resonant nodeless fiber [(D)NANF] geometries [22].
Antiresonant HCFs such as DNANF remain underexplored
in the context of acoustic sensing. Given their ultralow loss
and unique mechanical properties, antiresonant fibers hold
great promise for low-frequency acoustic detection.

This paper systematically explores the acoustic sensitivities
of HCFs and their cross-sensitivity to temperature. Our study
particularly focuses on examining the effects of bare fiber diam-
eter, air hole size, coating thickness, and material properties on
both acoustic and thermal responsiveness. By combining sim-
ulations with experimental verification, this research provides
insights into how these structural parameters can be optimized
to enhance sensor performance, enabling the development of
next-generation optical fiber acoustic sensors.

2. THEORETICAL ANALYSIS

A. Response to Pressure

The phase accumulated by light with wavelength 4, propagat-

ing in a fiber of length L and effective refractive index 7., is
_ 2angl

: (1)

An acoustic pressure applied to the fiber causes changes in
both 7. and L, which consequently affect the accumulated
phase . The rate of this change is characterized by the fiber
normalized acoustic pressure sensitivity of

5 Lo 1dng 1dl

= = il 2
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where the right-hand side is obtained using Eq. (1).

In antiresonant HCFs [e.g., with NANF structure shown in
Fig. 1(a)], most of the light propagating in the fiber (typically
>99.99%) is guided in the hollow-core region. As the refractive
index of the gas inside the HCF’s core remains constant for an
HCF with sealed ends (no gas entering or leaving) [23], the 7.4
variations due to acoustic pressure are negligible. The first term
on the right-hand side of Eq. (2) can thus be neglected in
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Fig. 1. Example of a cross-section of NANF type antiresonant HCF
(a) and its simplified model used in our acoustic sensitivity analysis,
which neglects the internal structure (b).

HCFs, meaning their acoustic response is driven mainly by
the axial strain response to external pressure:
1dL
S, R ——. (3)
Ldp

In SMFs, the first term on the right-hand side of Eq. (2), has
opposite sign to the second term (fiber elongation due to acous-
tic pressure causes a reduction in 7). This makes SMF’s
acoustic sensitivity smaller than that of HCFs, where no such
partial cancellation of the two terms occurs.

To analyze the acoustic response of HCFs, we neglect the
contribution of the microstructure surrounding the core, as
it contains minimum amount of glass material. This enables
us to model the fiber as a silica capillary, Fig. 1(b), with in-
ner radius 2 and outer radius 4. We also consider it to be
coated with up to two coating layers with outer radii of ¢
and 4 [Fig. 1(b)], representing a common fabrication
scenario.

Each layer characterized by Young’s modulus £ and Poisson
ratio v, is assumed to be homogeneous, isotropic, and perfectly
bonded to the adjacent layers. The fiber is assumed to be sub-
jected to a uniform external acoustic pressure P at the outer
boundary » = 4, while the inner air-glass interface at r = «
is assumed to be stress-free.

The assumption of a uniform acoustic field is justified by the
geometric scale of the here-studied fiber, surrounding environ-
ment considered (water), and the low-frequency acoustic range
considered in this work. Specifically, the maximum considered
excitation frequency is 1 kHz, and with the speed of sound in
water being ~1500 m/s, the corresponding acoustic wave-
length is >1.5 m. This is more than an order of magnitude
larger than the studied fiber coil diameter (10 cm) and many
orders of magnitude larger than the fiber diameter itself.
Consequently, the acoustic pressure acting on the entire fiber
coil can be regarded as spatially uniform. For the same reason,
frequency-dependent effects, including directional sensitivity
and structural acoustic resonances of the fiber, are ne-
glected [24].

Under axisymmetric loading, the mechanical deformation is
governed by classical elasticity theory in cylindrical coordinates.
The stress of each layer is given by
c,
r’

. C; i ]
(751) = Bi + _217 5(91) = Bl' - 0-‘(51) = Di' (4)
7
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Here, B;, C;, and D; are the coefficients to be determined by
boundary conditions. The corresponding strains in each layer
are given by

i 1 i i i
&) =6 -1} + 6],
E,
i 1 i i i
8‘(9) = —[6‘(9) - ui(ag) + oé))],
E,
i 1 i i i
e = 2o - (o) + o)) 5)

7

Applying plane-strain approximation and hydrostatic condi-
tions, the boundary and continuity conditions can be summa-
rized as follows[17].

Innerboundary: ¥ (a) =0,

Outerboundary: o (d) =-p,

Continuity of stress: 2 (6) =P (b), 6V (c) = '?(0),
Continuity of displacement: 24> (6) = u (b), ¥ (c) = u” (c),
Axial strain uniformnity: egz) = &(3) = ef) =e,,

Hydrostatical condition: (4” - az)agz) +(c?- 52)09)

+ (- =-P. 42, (6)

where #(7) is the displacement. In an axisymmetric cylindrical
structure, it can be expressed as

u(r) =7 €y(7). ()

By combining all these equations, the axial strain &, can be
obtained, and the acoustic sensitivity can be calculated as [25]
EZ

- @

In practice, acoustic sensitivity is usually expressed with a
unit of dB re pPa’!. The conversion is performed as
S48 = 201log,((S,) - 120 when the pressure unit in Eq. (8)
is Pa.

S, =

B. Response to Temperature

Variations in ambient temperature also cause changes in the
accumulated phase ¢ [given by Eq. (1)]. This is characterized
by the fiber thermal sensitivity:

- 1 d(p _ 1 dﬂeff 1 dL (9)
C@dT g AT LATT

The right-hand side of Eq. (9) was obtained using Eq. (1).
Similar to pressure sensitivity [Eq. (3)], the temperature-in-
duced refractive index change can be neglected in sealed
HCFs [23], making temperature-induced HCF length changes
the dominant contributor to their thermal sensitivity. Using the

simplified HCF structure shown in Fig. 1(b), this term can be
calculated as [26]

Sr

1dL S aEA,
TLAT T S EA;
Here, @; and A; are the coefficient of thermal expansion

(CTE) and cross-sectional areas of silica glass (i = 1), inner
coating (7 = 2), and outer coating (i = 3).

Sr (10)

) “ - Q Vol. 14, No. 5 / May 2026 / Photonics Research 1885
| —

C. Simulations

To explore the design dependencies of the acoustic and thermal
responses in HCFs, we conducted a series of simulations by
varying key structural and mechanical parameters of the fiber
geometry and coating material. Our aim was to provide clear
design guidelines for developing HCFs that offer high acoustic
sensitivity while minimizing temperature crosstalk.

In the initial analysis, we used a simplified HCF design
structure that considers a single coating layer made of acrylate,
which is the most commonly used optical fiber coating material
[18]. Its properties strongly depend on the fabrication recipe
[27]. Here, we use parameters shown in Table 1, which were
reported to be used on a single-coated HCF. The table also
shows the properties of silica and ultra-low expansion (ULE)
glasses, which are the glass materials used in the experimental
work reported here.

To evaluate the effect of each parameter independently, we
varied one of the HCF structure parameters at a time while
keeping the rest constant, at a value that is typically used in
fabricated HCFs or at a value at which the parameter studied
changes the performance very weakly.

To evaluate the best performance in our target application,
which aims at maximizing the acoustic sensitivity while keeping
the thermal sensitivity as low as possible, we introduce a figure
of merit (FoM) that we normalize to the performance of
SMEF as

HCF SMF
F, = % : % (11)
? T

where SSMF and SMF are acoustic and thermal sensitivities of
the SMFs, respectively. When calculating FoM, we take
the linear value of acoustic sensitivity with a unit of Pa~!.
For $MF, we use the value of 1.26x107" Pa’!
(-338 dB re pPa!), which we calculated using the above-men-
tioned approach. In the experiments that follow, we confirm
the validity of this value. As for the thermal sensitivity, we
use SSMF=11 ppm/°C (ppm, parts per million), which is a
value reported in Ref. [29].

We first investigate the effect of cladding radius [parameter
b shown in Fig. 1(b)] by varying it between 40 and 140 pm
while fixing both the air hole radius [parameter « in Fig. 1(b)]
and coating thickness at 30 pm. As shown in Fig. 2(a), both
acoustic sensitivity and thermal sensitivity decrease with in-
creasing cladding diameter. Within the selected range of clad-
ding diameters, the acoustic sensitivity decreases by 12 dB,
from -326 to -338 dB repPa!, while the thermal sensitivity
reduces by a factor of 3.7 (corresponding to 5.7 dB), from 1.7
to 0.45 ppm/°C. Besides, to examine our simplification of our
model, we performed numerical simulations on NANF struc-
tures that include the antiresonant cladding geometry here.

Table 1. Material Properties of Cladding and Coating
Used in Simulations

Material Young’s Modulus Poisson’s Ratio CTE (ppm/°C)

Silica 72 GPa 0.17 0.3 [28]
Acrylate 200 MPa [26] 0.37 [18] 110 [26]
ULE 67.6 GPa 0.17 -0.04 [29]
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Fig. 2. Numerical analysis of the acoustic and thermal sensitivities
of HCFs as a function of the cladding diameter (a), and corresponding
FoM (b).

The calculated difference in acoustic sensitivity between the full
microstructure  model and the simplified homogeneous
capillary model was found to be very small, <0.2 dB.
Furthermore, this difference decreases with increasing outer
cladding glass content, falling below 0.1 dB for cladding radii
larger than 90 pm, confirming that the simplified model pro-
vides an accurate approximation for the fibers studied in
this work.

The FoM calculated from data in Fig. 2(a) is shown in
Fig. 2(b). Here, we sce that it improves with the increasing
cladding radius &, although this change is relatively modest,
especially for &> 70 pm. In the following analysis, we fix
the cladding radius to 110 pm.

The next parameter studied is the radius of the air hole 4,
which affects the fiber’s mechanical properties, Fig. 3. By vary-
ing it from 25 to 60 pm, we cover the typical range found in
most antiresonant fibers [21,22,30-32]. Over this range, we
observed relatively modest changes in both acoustic and ther-
mal sensitivities: less than 3 dB variation in acoustic sensitivity
and below 0.1 ppm/°C in thermal sensitivity. However, the
FoM improves with the increasing hole radius . This is because
the cladding glass mass decreases with increased hole radius 4.
In the following analysis, we use « = 45 pm as this is the size of
the latest low-loss HCF [21].

To examine the role of the coating thickness, we varied it
from 10 pm (as thin as demonstrated in Ref. [28]) to 100 pm.
As shown in Fig. 4(a), both acoustic and thermal sensitivities
increased with coating thickness. Thicker coatings provide
more mechanical compliance, enhancing acoustic strain trans-
fer. However, this improvement in acoustic response is accom-
panied by a substantial increase in thermal sensitivity due to a
high thermal expansion coefficient of the coating. As a result,
the FoM decreases from 29 to 16 across the considered coating
thickness range, Fig. 4(b). For subsequent studies, we choose a
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Fig. 3. Numerical analysis of the acoustic and thermal sensitivities
of HCFs as a function of the air hole radius # (a), and corresponding

FoM (b).

30 pm coating thickness, as thicker coatings lead to reduction
in the FoM, while thinner coatings are more challenging to
fabricate and use.

Many of the trade-offs discussed above are strongly influenced
by the fiber coating. Thus, we also studied the influence of the
coating Young’s modulus. Acrylate coating can be prepared with
a large range of Young’s moduli, and harder/softer coatings have
been reported in the literature. Thus, we consider a wide range of
Young’s modulus, spanning over five orders of magnitude, from
1 MPa to 100 GPa, Fig. 5. Here we see the acoustic sensitivity
remains nearly constant in the low-modulus range (1-100 MPa)
but begins to deteriorate significantly beyond 1 GPa [Fig. 5(a)].
This behavior is attributed to the increased stiffness of the coat-
ing, making the whole fiber hard to compress. In contrast, the
thermal sensitivity remains relatively low and stable when the
Young’s modulus is below ~1 GPa, but increases sharply with
stiffer coatings due to higher thermal stress between the glass
and coating. The resulting FoM, Fig. 5(b), drops from ~41
at 1 MPa to below 2 at above 5 GPa of Youngs modulus.
These results suggest that employing low-Young’s-modulus (be-
low 10 MPa) coating minimizes the acoustic-temperature cross-
sensitivity performance of the HCFs.

Besides Young’s modulus, Poisson’s ratio can also be varied
via the choice of coating. We consider values between 0.1 and
0.5, while keeping the coating thickness of 30 pm and Young’s
modulus of 200 MPa, Fig. 6(a). We see that the acoustic sen-
sitivity reduces with increasing Poisson’s ratio. This is because
higher Poisson’s ratios result in larger lateral expansion under
axial compression, thereby weakening the radial deformation
needed to enhance acoustic response. In contrast, the thermal
sensitivity remains nearly constant across the entire range, as
Poisson’s ratio has a limited influence on thermally induced ex-
pansion. As a result, FoM, Fig. 6(b), exhibits a substantial de-
cline from ~31 to ~18 as Poisson’s ratio increases from 0.1 to
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0.5. These results indicate that coating materials with lower
Poisson’s ratios are favorable for reducing the acoustic-temper-
ature cross-sensitivity of HCFs.

From our analysis, it follows that silica-made HCFs will typ-
ically have FoMs in the range of 2030, which could be further
improved to about 50 with the right choice of coating material
and thickness. The factor of 20-50 represents an important
improvement over SMF, suggesting HCFs will significantly im-
prove low-frequency acoustic sensor performance.
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Fig. 6. Numerical analysis of the acoustic and thermal sensitivities
of HCFs as a function of coating Poisson’s ratio (a), and corresponding

FoM (b).

However, if further improvements are needed, HCFs from
different materials would be required. We recently reported on
HCFs made of ULE glass, which strongly reduces thermal sen-
sitivity [29]. Together with the reduction in Young’s modulus
of ULE as compared to silica, this should lead to a significantly
improved FoM. This is demonstrated in Fig. 7 where we show
calculated acoustic sensitivity and thermal sensitivity of HCFs
made of ULE glass with an air hole radius 2 = 45 pm and a
cladding radius 4 = 110 pm with different coating thicknesses.
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Fig. 7. Numerical analysis of the acoustic and thermal sensitivities
of HCFs made of ULE glass as a function of coating thickness (a), and
corresponding FoM (b). As a comparison, we also put silica-HCF FoM
in (b). Solid line: ULE-HCF; dashed line: silica-HCF.
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Fiber #1 Fiber #2

O

Silica-HCF

Fiber #3

ULE-HCF

Fig. 8. Cross-sectional images of stripped (no coating) HCFs that
we tested. The scale of all HCFs is the same, and we also put an image
of SMF with a diameter of 125 pm to enable direct comparison of their
sizes.

As we see, the ULE-glass HCF achieves an FoM more than 10
times larger than that of silica-glass HCFs at 10 pm coating
thickness, which represents over 300 times improvement over
SMFs. The simulation also suggests that ULE-HCF’s FoM is
significantly influenced by coating thickness, as its thermal sen-
sitivity mainly comes from the coating.

3. HCF SAMPLES

The equations outlined in the previous section suggest that
both thermal and pressure sensitivities depend on the mechani-
cal properties of the used materials (fiber, coating) as well as on
their dimensions. Thus, out of HCF samples available to us, we
chose four samples that represent the largest variation in these
characteristics. The selected HCFs are shown in Fig. 8.

The first three HCFs (Fibers #1—#3) were fabricated from
pure silica glass, with DNANF (Fiber #1) and NANF (Fibers
#2, #3) geometries. Fiber #4 was drawn from ULE glass using
standard stack-and-draw techniques similar to those employed
for silica-based HCFs and has a simple tubular geometry [29].
In the future, DNANF and NANTF structures can be also made
to achieve a lower transmission loss, as discussed in Ref. [29].
Fibers #3 and #4 both have a coating thickness of 30 pm, which
represents a compromise between low thermal sensitivity and
mechanical robustness [28,33]. The microstructure geometry
should play a negligible role in the pressure and temperature
responses, as discussed in the theoretical analysis part and as-
sociated simplification shown in Fig. 1(b). The difference be-
tween the samples can be appreciated from Fig. 8 with the same
scale for all samples, and from Table 2 that summarizes their
key parameters. Only Fiber #1 is dual coated, while the rest
have a single coating.

4. EXPERIMENTS

A. Measurement Setup

The experimental setup used to measure the acoustic sensitivity
of fibers under test (FUTs) is shown in Fig. 9. Each FUT was

Table 2. Size, Characterized by Parameters a, b, c, d,
Defined in Fig. 1(a) of the Tested HCFs

Cladding Material 4 (um) & (um) ¢ (pm) 4 (pm)

Fiber #1 Silica 30 62.5 92.5 122.5
Fiber #2 46 108 168
Fiber #3 35 147.5 177.5
Fiber #4 ULE glass 45 145 175

S5 O researcr arco |
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L.S_‘:'_.J
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Fig. 9. Experimental setup for acoustic sensitivity characterization.
FRM: Faraday rotator mirror; PD: photodiode; Circ: circulator.

coiled with a diameter of 10 cm and hung horizontally in the
center of a water tank with a diameter of 60 cm [34]. A refer-
ence hydrophone (Briiel & Kjaer 8105) was placed at the center
of the FUT coil to monitor the acoustic pressure at the same
water level as the FUT.

The phase changes ¢ were extracted using an SMF-based
Michelson interferometer, Fig. 9. In the sensing arm, the
FUTs were fusion-spliced to standard SMFs with a segment
of graded-index (GRIN) fiber being used as a mode-field
adapter [35]. For the ULE-HCF, although ULE glass has a
melting temperature ~100°C lower than silica [29], it was fu-
sion-spliced using the same approach with appropriately ad-
justed parameters, thereby demonstrating compatibility with
standard SMF-based systems. In the reference arm, SMF has
the same optical length as the sensing arm. This optical path
balance minimizes the changes of interference pattern due to
laser wavelength drift during the measurement, while the
use of Faraday rotator mirrors (FRMs) ensures polarization in-
sensitivity of the interference contrast.

For unambiguous phase demodulation, a 3 x 3 coupler
method was used [28]. The interferometer was illuminated
by a narrow-linewidth fiber laser (central wavelength:
1556 nm; linewidth: <10 kHz).

Acoustic excitation was provided by a shaker mounted be-
neath the water tank. A sinusoidal electrical signal drove the
shaker, generating a single-frequency acoustic field in the water.
The resulting phase changes in the fiber were detected by the
interferometer, while the acoustic pressure was simultaneously
measured by the hydrophone. An example of measurement of
the 100 Hz acoustic signal with a duration of 100 ms is shown
in Fig. 10. In the real case, we measured the signals for 5 s, and
then both signals were subjected to fast Fourier transform
(FFT) analysis, enabling the extraction of the sound pressure
amplitude AP and the corresponding phase change Ag in
the tested HCF. The measured acoustic sensitivity was then
calculated as defined in Eq. (1):

_1dep 1 Ag



Research Article

300
200 ¢
100

Acoustic pressure (Pa)
o

Hydrophone

| | |
w N =
o O O
o O O

L (b)

N

w
T

Interferometer

Phase change (rad)
N

0 1 1 I 1
0 20 40 60 80 100
Time (ms)

Fig. 10. An example of the hydrophone extracted acoustic pressure
when the shaker was set to frequency of 100 Hz (a) and extracted
phase change from the interferometer (b).

We scanned the excited acoustic wave frequency from 100
to 1000 Hz in steps of 100 Hz.

B. Experimental Results

The measured acoustic sensitivity was evaluated using the phase
@ extracted from the interferometer used in Eq. (12). The re-
sults are shown in Fig. 11(a). Unexpectedly, significant fluctu-
ations exceeding 15 dB were observed within the measured
frequency range. We presume this was mainly due to the lim-
ited diameter (60 cm) of the water tank, which may cause non-
uniform acoustic pressure distribution patterns at different
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Fig. 11. Measured acoustic sensitivity of the tested HCFs when ref-

erenced with the hydrophone (a) and SMF-28e coil (b). Scatters: mea-
sured; dashed lines: simulated.
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frequencies due to reflection at boundaries (e.g., water and
tank), especially for those acoustic signals above 500 Hz.
This would cause different readings of the reference hydro-
phone that operates as a point detector, while the fiber coil op-
erates as a ring-shaped detector. To address this, we used a coil
of single-mode fiber (SMF28e, Corning Inc.) as a reference. It
had the same diameter as the FUT coil. Subsequently, we evalu-
ated the relative acoustic sensitivity of the tested HCFs against
this SMF reference, as shown in Fig. 11(b). The revised mea-
surements show smaller variation over measured frequencies
(<10 dB) than shown in Fig. 11(a), supporting our hypothesis
that the measurement is strongly influenced by the accuracy of
the reference acoustic pressure measurement. In realistic field
deployments, such as underwater or buried fiber installations,
boundary-induced pressure non-uniformities are expected to be
substantially reduced, particularly at low frequencies.
Consequently, the uniform-pressure approximation employed
in the theoretical analysis is generally more applicable in prac-
tical sensing environments than in the laboratory-scale setup
used here. Importantly, these results show clear differences
in relative acoustic sensitivity of the four FUTs compared to
the SMF. To further validate the reliability of our measure-
ment, we conducted simulations using the approach presented
in Section 2, with results shown in Fig. 11(b). The simulated
relative acoustic sensitivities with respect to the SMF show
good agreement with the experimental results, with Fibers
#3 and #4 having similar acoustic sensitivities to SMF28e,
while Fibers #1 and #2 have significantly higher acoustic sen-
sitivity than SMF28e. This higher acoustic sensitivity is attrib-
uted to their thick coating and lower stiffness due to their large
air hole radii a.

5. DISCUSSION

A. Acoustic/Thermal Characteristics of HCF Samples
Studied

We summarize the acoustic and thermal sensitivities and asso-
ciated FoMs of the four tested HCFs and compare them to
those of SMF28e in Fig. 12. The acoustic sensitivities were
taken as the average values of measurements in Fig. 11. The
thermal sensitivities were taken from our previous measure-
ments [26,29,36]. Due to large differences in thermal sensitiv-
ities, the x-axis is shown on a log scale.

We can see that the acoustic sensitivity of measured silica-
made HCFs varies by about a factor of three (between 0.8 and
2.2 relative to SMF28e); however, the FoM shows a smaller
variation of 14 to 28. This FoM range, which is in line with
our expectations from our theoretical analysis, is due to higher
acoustic sensitivity being accompanied by higher thermal sen-
sitivity. For example, Fiber #1 exhibits an acoustic sensitivity
2.4 times that of Fiber #3 while its thermal sensitivity is 4.5
times higher. Nevertheless, the experiments confirm that
silica-made HCFs can achieve FoM 20 times higher than
SMF28e, making HCFs significantly more suitable for low-fre-
quency acoustic sensing.

A promising strategy to decouple acoustic and thermal sen-
sitivities is to use ULE-glass-made HCFs (Fiber #4). As shown
in Fig. 12, Fiber #4 demonstrates a thermal sensitivity >1000
times lower than that of SMF28e while having an increased
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Fig. 12. Comparison of relative acoustic and thermal sensitivities of
measured HCFs with respect to SMF28e (a) and their FoM (b).

level of acoustic sensitivity. This increased acoustic sensitivity is
mainly due to ULE glasses with reduced Young’s modulus of
67.6 GPa compared to silica modulus of 72 GPa. This leads to
a significant improvement in performance, confirmed

by FoM > 1000.

B. Further Optimization of Acoustic/Thermal
ULE-HCF Response

Although ULE-HCFs exhibit exceptionally low thermal sensi-
tivity due to the ultra-low expansion coefficient of the ULE
glass, their acoustic sensitivity in the current configuration is
not fully optimized. Based on the theoretical analysis intro-
duced in Section 2, we have further investigated how different
coating materials will affect the acoustic and thermal perfor-
mance of ULE-HCFs.

Figure 13(a) compares the relative acoustic sensitivity in
respect to SMF28 and thermal sensitivity of ULE-HCFs with
four coating materials that have been used on optical fibers, all
modeled with a fixed air hole radius 2 = 45 pm and a clad-
ding radius 4 = 62.5 pm. The ULE’s CTE is considered as
-0.04 ppm/°C [29]. The coating thickness is set based on
practical constraints related to fiber protection and its contri-
bution to acoustic sensitivity enhancement. The correspond-
ing FoMs, plotted in Fig. 13(b), span more than four orders of
magnitude across the considered coating materials. Among
them, silicone yields the highest FoM, primarily due to its
minimal impact on thermal sensitivity. However, its near-
incompressible nature (Poisson’s ratio ~0.5) limits the extent
of acoustic enhancement it can offer. We demonstrate this by
considering a fifth coating material, which would have the
same properties as silicone but a smaller Poisson’s ratio of
0.3. Our current configuration is marked by a blue pentagon,
which shows clear room for performance enhancement in
both acoustic sensitivity and FoM when implementing sili-
cone coating (violet hexagon, Coating 4). Further improve-
ments could be expected if a coating with small Young’s
modulus could be complemented with small Poisson’s ratio
(red star).
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Fig. 13. Calculated acoustic/thermal response of ULE-HCF with
the same air hole size (2 =45 pm) and cladding radius
(b =62.5 pm) as well as different coating materials. Coating 1:
30 pm acrylate (Young’s modulus: 200 MPa; Poisson’s ratio: 0.37;
and CTE: 110 ppm/°C); Coating 2: 20 pm fluorinated acrylate
(Youngs modulus: 800 MPa; Poisson’s ratio: 0.37; and CTE:
70 ppm/°C); Coating 3: 5 pm polyimide (Young’s modulus:
4800 MPa; Poisson’s ratio: 0.34; and CTE: 10 ppm/°C); Coating
4: 90 pm silicone (Youngs modulus: 1 MPa; Poisson’s ratio:
0.499; and CTE: 200 ppm/°C); optimized coating: same properties
as silicone, but with a Poisson’s ratio of 0.3. The four coating materials
are chosen based on literature [27].

6. CONCLUSION

In this work, we have presented a comparative study on the
acoustic and thermal response of hollow-core fibers (HCFs).
We first developed a model to simulate the acoustic sensitivity
of HCFs. By varying cladding diameter, air hole size, coating
thickness, and mechanical parameters, such as coating’s Young’s
modulus and Poisson’s ratio, we examined their respective
influences on acoustic sensitivity and temperature cross-
sensitivity. A figure of merit (FoM) was introduced to evaluate
the trade-off between acoustic response and thermal stability
and show that silica-made HCFs can reduce temperature
cross-sensitivity as compared to single-mode fiber (SMF28e).

The theoretical analysis is then validated with four different
HCFs, three made from silica and one made from ULE glass.
While improvement in FoM for silica-made HCFs as compared
to SMF is significant (by a factor of 14 to 28 in our experi-
ments, depending on the HCF design), large further improve-
ment is achieved in the ULE-HCF with FoM improvement
>1000. ULE-HCF exhibits an acoustic response at a similar
level to SMF28e, while offering extremely low thermal sensi-
tivity (>1000 times better than SMF28e), a feature attributed
to the near-zero coefficient of thermal expansion of the ULE
glass. Our analysis also shows that by carefully selecting the di-
mensions of the HCFs and the coating material, ULE-HCF’s
acoustic sensitivity could be further improved by an order
of magnitude with simultaneous reduction in the thermal
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sensitivity by an order of magnitude, leading to two orders of
magnitude FoM improvement.

These findings pave the way for the next generation of fiber-
based acoustic sensors that combine strong low-frequency re-
sponse with exceptional thermal stability, meeting the challenge
of temperature crosstalk in low-frequency acoustic sensing.
Besides, the FoM introduced in this work reflects intrinsic
acoustic and thermal properties of the fiber and is therefore in-
dependent of the specific acoustic field distribution. Therefore,
this could be combined with distributed measurement, some-
thing routinely implemented in SMF-based systems, given
early reports indicating its feasibility in HCFs [37]. It can also
extend to long-baseline monitoring of geophysical activity, civil
infrastructure, and equipment-health in harsh, thermally dy-
namic environments.
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