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ARTICLE INFO ABSTRACT

Keywords: A compact reflection-mode fiber Fabry-Pérot (FP) sensor based on a mechanically tunable polydimethyl-
Fiber Fabry—Pérot interferometer siloxane (PDMS) cavity is proposed for micro-force measurement and stiffness characterization. The device
PDMS membrane

forms a low-finesse FP cavity between a cleaved fiber end-face and a gold-coated PDMS membrane integrated
within a ceramic ferrule, providing a free spectral range on the order of several nanometers. Under axial
compression, deformation of the PDMS layer modulates the cavity length, producing a clear and reversible
spectral response with a force sensitivity of 0.72 nm/mN and a resolution of approximately 80 uN. The
sensor exhibits a relatively fast dynamic response (0.24-0.40 s) with limited hysteresis, enabling reliable
tracking of force variations. By employing PDMS layers with different mixing ratios, stiffness-dependent
spectral responses are obtained for effective hardness discrimination. In addition, lateral scanning enables
spatial stiffness profiling. To further improve robustness, an FBG-based temperature compensation approach is
incorporated, with detailed implementation provided in the Supplementary Material. The proposed modular
FP platform offers compactness, robustness, and multifunctional sensing capability.

Micro-force sensing
Stiffness discrimination
Optomechanical sensing

1. Introduction

Mechanical sensing of soft materials is of great importance in ap-
plications such as soft robotics, wearable electronics, and biomedical
diagnostics, where accurate force detection and mechanical charac-
terization are essential [1,2]. Although electrical pressure and strain
sensors have been widely studied, their performance can be affected
by electromagnetic interference, signal drift, and long-term stability
issues. Optical sensing offers an attractive alternative due to its intrinsic
immunity to electromagnetic noise, high resolution, and capability for
remote interrogation [3,4].

Among various optical sensing approaches, fiber-optic sensors — par-
ticularly Fiber Bragg Gratings (FBGs) and Fabry-Pérot (FP) interfero-
meters — have attracted significant attention owing to their compact
size, mechanical flexibility, and excellent compatibility with flexible
and miniaturized systems [5,6]. Extrinsic fiber Fabry-Pérot interfer-
ometric (EFPI) sensors have been extensively explored for pressure,
displacement, and mechanical sensing [7,8]. By employing diaph-

* Corresponding authors.

E-mail addresses: cyguan@163.com (C. Guan), wjbao@szu.edu.cn (W. Bao).

https://doi.org/10.1016/j.yofte.2026.104689

ragm-based or polymer-assisted cavity structures, fiber FP sensors can
achieve high sensitivity within compact configurations [9,10]. In par-
ticular, miniature fiber-tip FP cavities based on elastomeric membranes
have demonstrated promising performance in micro-force and pressure
sensing [11]. The modulation of cavity length under external loading
provides a direct optical response to applied force, making FP-based
sensors well suited for precision mechanical measurements.

However, despite these advances, most reported fiber-optic sensors
primarily focus on force or pressure quantification, while quantitative
discrimination of material stiffness remains insufficiently explored.
Stiffness selectivity is critical for applications such as tissue mechanics
evaluation, material classification, and tactile perception in soft robotic
systems [12,13]. Furthermore, achieving micronewton-level force reso-
lution within a compact and reusable fiber-integrated platform remains
technically challenging [14,15]. Such a dual-function capability is par-
ticularly advantageous in applications including soft robotic manipu-
lation, where both contact force and material stiffness are required for
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accurate object recognition, as well as in biomedical diagnostics, where
simultaneous force sensing and mechanical characterization can assist
in tissue evaluation. In addition, this multifunctionality is beneficial
for flexible electronics and soft material analysis, enabling integrated
mechanical sensing within compact platforms.

To address these challenges, we propose a compact reflection-mode
fiber Fabry-Pérot sensor incorporating a dual-layer polydimethylsilox-
ane (PDMS) structure within a ceramic ferrule. The modular archi-
tecture ensures stable cavity formation and mechanical robustness,
while enabling interchangeable sensing membranes with tunable elastic
properties. The proposed sensor achieves quantitative micro-force mea-
surement with reversible spectral response under axial compression,
exhibiting fast dynamic response and limited hysteresis. By employing
PDMS layers with different mixing ratios, stiffness-dependent spectral
responses are obtained for effective hardness discrimination. In addi-
tion, lateral scanning enables spatial stiffness profiling and detection
of localized mechanical variations. Furthermore, an FBG-based tem-
perature compensation strategy is introduced to decouple temperature
and force responses, enhancing measurement accuracy under varying
thermal conditions. This demonstrates that the proposed fiber FP plat-
form provides a compact and multifunctional solution for quantitative
mechanical characterization of soft materials.

2. Design and principle

The proposed device is a fiber-integrated extrinsic Fabry-Pérot (FP)
interferometric sensor formed between the cleaved end face of a single-
mode fiber (SMF) and a gold-coated polydimethylsiloxane (PDMS)
membrane, as illustrated in Fig. 1. The PDMS layer simultaneously
serves as the optical cavity medium and the mechanically deformable
element, enabling direct opto-mechanical coupling within a compact
fiber-based architecture.

As shown in Fig. 1(b), the incident optical field E; is partially re-
flected at the fiber—PDMS interface with an effective power reflectivity
R, while the remaining portion transmits into the PDMS cavity. During
propagation, the field experiences absorption loss «; and accumulates
a single-pass phase delay ¢ = L, where g = 2zn/A, L is the cavity
length, n is the refractive index of PDMS, and A is the wavelength. At
the PDMS-gold interface, the light is reflected with a high reflectivity
R, ~ 1 and propagates back to the fiber interface, where multi-beam
interference occurs.

All reflectivities and loss factors (R;, Ry, A, and «,) are defined
as effective power coefficients describing reflection and attenuation in
the cavity. For consistency with the schematic representation in Fig.
1(b), the reflected field amplitudes are expressed in terms of equivalent
power coupling factors.

The first round-trip component reflected back into the fiber is given
by

ED =1 -R)(1-A)1 - a)Ee . ey

For each additional round-trip within the cavity, the field acquires
an additional attenuation factor and phase delay. The round-trip atten-
uation factor is

r=R(1-A)*1 —ay)?e . 2
Thus, the nth order reflected component can be written as
1) n—1
E®W = EDprl, (3)

By summing all round-trip contributions, the total reflected field
becomes

n=1

1—R(1— A2 —a))2ei2¢
The measurable reflected intensity is proportional to the square
modulus of the reflected field:
- (1= RD*(1 = A1 — P |E;
"= L+ R2(1 = A)*(1 = ap)* = 2R, (1 — A))2(1 — &) cos(4pL)

)
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Under the low-loss and low-finesse approximation [16], Eq. (5) re-
duces to the standard Airy-type interference response of a Fabry—Pérot
cavity [17].

The interference follows the standard Fabry-Pérot condition. The
corresponding free spectral range (FSR) is approximately

}'2
Ar L 6)

The sensing mechanism originates from elastic deformation of the
PDMS membrane. Under external mechanical loading, the cavity length
varies by AL, resulting in a phase perturbation

Ap = 4?AL. @

Since the deformation magnitude depends on the effective Young’s
modulus E of the PDMS layer, different stiffness values produce distinct
cavity-length variations under identical loading conditions [18,19].
This establishes a direct mapping between mechanical stiffness and
optical phase modulation, forming the theoretical basis for stiffness-
sensitive tactile detection.

In addition to mechanical deformation, the optical path length of
the PDMS-based Fabry-Pérot cavity may also be influenced by tem-
perature variations. Owing to the relatively large thermal expansion
coefficient and thermo-optic coefficient of PDMS, both the cavity length
L and the refractive index n may vary with temperature, which can
introduce an additional phase shift and consequently lead to spectral
drift. Therefore, the measured wavelength response should be under-
stood as predominantly deformation-induced under stable laboratory
conditions, while temperature fluctuations may act as a secondary per-
turbation. In practical applications, such temperature cross-sensitivity
can be mitigated by calibration or compensation strategies, such as ref-
erence structures or differential interrogation. To further improve mea-
surement robustness under varying thermal conditions, an FBG-based
temperature compensation approach was implemented. The detailed
configuration, theoretical derivation, and experimental validation are
provided in the Supplementary Material.

3. Fabrication and characterization

The fabrication process of the micro-force sensor is schematically il-
lustrated in Fig. 2(a). A single-mode optical fiber was inserted into a ce-
ramic ferrule, with the fiber tip protruding approximately 40 pm beyond
the ferrule end to form the initial optical interface. As shown in Fig.
3(a), the corresponding reflection spectrum exhibits only weak Fresnel
reflection at the fiber-air boundary, without observable interference
features, indicating the absence of a defined cavity structure.

To obtain a highly compliant and pressure-sensitive microcavity,
the base-to-curing-agent ratio of the PDMS was set to 1:20 [20]. The
Young’s modulus of PDMS varies significantly with the precursor-to-
curing-agent ratio, typically ranging from tens of kPa to several MPa, as
reported in the literature. The elevated base content reduces crosslink
density, resulting in a lower elastic modulus and enhanced deformabil-
ity of the sensing membrane. The effective Young’s modulus of PDMS is
strongly dependent on the base-to-curing-agent ratio. A higher curing-
agent content leads to increased crosslinking density and thus a higher
elastic modulus, resulting in reduced deformation under the same
applied force. A controlled droplet of the uncured PDMS was dispensed
onto the ferrule tip and thermally cured at 120 °C for 90 s, forming a
hemispherical membrane with an average thickness of approximately
86 pm (Fig. 2(b)). The introduction of this PDMS layer establishes a
secondary reflection surface at the PDMS-air interface, resulting in the
emergence of weak interference fringes in the reflection spectrum (Fig.
3(b)). This high-ratio PDMS layer functions as the primary deformable
sensing element.

To enhance cavity reflectivity and improve fringe contrast, a gold
film with a thickness of approximately 120 nm was laminated onto the
PDMS surface (Fig. 2(c)). The gold layer serves as a high-reflectance
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Fig. 1. Schematic and interference mechanism of the fiber-PDMS Fabry-Pérot sensor.
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Fig. 2. Fabrication of the modular fiber-PDMS-gold Fabry-Pérot sensor. (a) The SMF protrudes by approximately 40 pm from the ceramic ferrule. (b) A
~ 86 pm PDMS layer is deposited and cured at 120 °C for 90 s. (c) A ~ 120nm gold foil is applied to form the reflective interface. (d) A second PDMS encapsulation

layer (total PDMS thickness ~ 255 pm) is added and cured for 200 s.

mirror at the cavity boundary. As shown in Fig. 3(c), the introduction
of the gold film significantly enhances the fringe visibility and increases
the overall reflected intensity, while the free spectral range (FSR)
remains nearly unchanged.

According to the standard Fabry-Pérot relation 44 ~ 42/(2nL), the
measured FSR corresponds to an effective cavity length on the order
of tens of micrometers (assuming n =~ 1.4), which is consistent with
the experimentally estimated PDMS thickness. The preservation of the

FSR indicates that the effective cavity length is not significantly altered
by the gold-film integration, whereas the improved fringe contrast
suggests an increase in the effective cavity reflectivity and finesse.
Subsequently, to form a mechanically robust sensing contact layer
with higher stiffness, the PDMS base-to-curing-agent ratio was adjusted
to 1:5 [21]. The increased curing-agent content promotes crosslinking,
leading to reduced compliance and improved structural rigidity. This
lower-elasticity PDMS was dispensed over the gold-coated surface and
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Fig. 3. Reflection spectra at key fabrication steps. (a) bare SMF; (b) after PDMS membrane casting; (c) with gold reflector; (d) final PDMS encapsulation.

cured at 120 °C for 200 s, fully encapsulating the reflective interface
(Fig. 2(d)). After encapsulation, the total PDMS thickness increased to
approximately 255 pm. The final reflection spectrum (Fig. 3(d)) exhibits
strong and stable interference fringes with high visibility, confirming
the formation of a fully enclosed low-finesse Fabry—Pérot cavity.

It should be noted that the cavity geometry is primarily determined
by the dispensed PDMS volume, fiber protrusion length, and curing
conditions. In this work, the PDMS droplet volume was controlled using
a fixed-volume micropipette, while the fiber alignment and protrusion
length were maintained using a mechanical positioning fixture. These
measures help improve fabrication consistency and reduce operator-
dependent variations. Although slight device-to-device variations may
arise from the droplet-based fabrication process, the measured spectra
consistently exhibit a well-defined Fabry—Pérot response with a similar
free spectral range, indicating that the effective cavity length remains
within a reasonably controlled range.

4. Sensing performance and discussion
4.1. Micro-force calibration

To investigate the mechanical-to-optical transduction behavior of
the proposed fiber-PDMS-gold Fabry-Pérot sensor, controlled compres-
sive loading experiments were conducted. The fabricated device (Fig.
4(a,b)), approximately 7 mm in length and 1 mm in diameter, was
mounted on a precision translation stage (Newport GTS30V). The re-
flection spectrum was monitored using a fiber-optic interrogator (MOI
SI1255), while a microbalance positioned beneath the sensor enabled
quantitative force measurement (Fig. 4(c)). As the translation stage
advanced in 1 pm increments, the sensor gradually contacted a flat plate
and experienced progressive compression. This deformation induces a
clear blue shift of the interference spectrum (Fig. 4(d)). The wavelength
shift was determined by tracking the positions of interference extrema
in the reflection spectrum, where the peak wavelengths were extracted
from the spectral response under different loading conditions. The
spectral shift arises from cavity-length reduction, which induces a phase
variation A¢ = 4%AL according to the interference model established
in Section 2.

The relationship between pressing depth and applied force is shown
in Fig. 5(a), demonstrating excellent linearity (R*> = 0.999). Represen-
tative reflection spectra under three discrete compressive forces (400,

850, and 1100 uN) are presented in Fig. 5(b). The interference fringes
shift uniformly toward shorter wavelengths with increasing force, while
maintaining consistent fringe spacing and visibility. The preserved free
spectral range confirms that the cavity structure remains intact during
compression, and the spectral modulation primarily results from elastic
cavity-length variation rather than structural distortion.

The wavelength shift as a function of applied force is plotted in
Fig. 5(c). A quadratic dependence is observed, reflecting the nonlinear
elastic deformation behavior of PDMS under compressive loading. Since
the cavity-length change is proportional to mechanical strain, and
the optical phase scales linearly with AL, the nonlinear mechanical
response of the polymer membrane naturally translates into a nonlinear
spectral shift. This behavior is consistent with previously reported
elastomer-based FP micro-force sensors. The observed nonlinear rela-
tionship between wavelength shift and applied force arises from both
the intrinsic nonlinear elastic behavior of PDMS and the geometric
deformation of the curved sensing membrane. As the applied force
increases, the deformation of the PDMS layer becomes progressively
nonlinear, leading to a non-proportional variation in cavity length and
thus wavelength shift.

4.2. Repeatability and dynamic response

The repeatability of the device was evaluated through loading—
unloading cycles, as shown in Fig. 5(d). During force increase and
subsequent release, the wavelength response exhibits good reversibility
with a small separation between the loading and unloading traces, in-
dicating slight hysteresis behavior. The slight hysteresis originates from
the viscoelastic behavior of PDMS. Within the investigated force range,
the hysteresis remains limited and does not affect the overall monotonic
relationship between the applied force and wavelength shift. To further
quantify the dynamic response of the sensor, the response time was
evaluated based on the step transitions in the loading process. As shown
in Fig. 6(a), a representative force step from 260-470 uN is selected
for analysis. The response time is defined as the time required for the
wavelength shift to increase from 10% to 90% of its steady-state value,
yielding a value of approximately 0.34 s. In addition, the response times
for multiple force steps, including 0-140 uN, 140-260 uN, 260-470 uN,
470-620 uN, 620-1000 uN, and 1000-1200 uN, were extracted and
summarized in Fig. 6(b). The results show that the response time varies
within the range of 0.24-0.40 s, with an average value of approximately
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Fig. 4. Experimental setup for mechanical loading and spectral measurement. (a) Ceramic ferrule-based fiber module (~ 0.7 cm). (b) Mounting into standard
metallic flange. (c) Axial loading using translation stage and flat-tip probe. (d) Reflection spectra under increasing compressive forces.
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Fig. 5. Mechanical calibration and spectral response of the fiber-PDMS FP sensor. (a) Force-displacement curve of the PDMS dome under axial loading.
(b) Reflection spectra under 400, 850, and 1100 4N compressive force. (c) Wavelength shift as a function of insertion depth with polynomial fitting. (d) Dynamic
load-unload response of the sensor. () Comparison of wavelength shifts under three discrete force levels. (f) Spectral stability over 60 min under constant load.

0.30 s. These results indicate that the sensor exhibits a relatively fast
and consistent dynamic response across different force levels.

To further evaluate the dynamic tracking capability, vibration-
induced tapping tests were carried out. Consistent spectral modulation
was observed across multiple force levels (400, 850, and 1100 uN),
confirming robust mechanical coupling at the fiber-PDMS interface and
the ability of the sensor to follow repeated force variations.

Due to the viscoelastic properties of PDMS, the response exhibits
rate-dependent behavior, as reflected by the variation in response
time (0.24-0.40 s). Therefore, the dynamic response of the sensor is

intrinsically rate-dependent, which should be considered in practical
applications, especially under high-speed or time-resolved conditions.

Long-term stability was further examined under constant loading for
60 min (Fig. 5(f)). The spectral fluctuation remained below 0.06 nm.
The fluctuation mainly reflects the short-term stability of the enclosed
cavity structure under stable laboratory conditions. Based on the cal-
ibration results in Fig. 5(c), the force sensitivity .Sy is determined to
be 0.72 nm/mN under stable temperature conditions. Accordingly, the
force resolution, estimated as 44, /SF, is approximately 80 uN. The
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high signal stability can be attributed to the enclosed cavity config-
uration and enhanced reflectivity at the PDMS-gold interface, which
suppress environmental perturbations and improve fringe contrast. In
addition, the signal-to-noise ratio of the measurement is improved by
the high fringe visibility, while the use of a stable broadband light
source minimizes spectral fluctuation.

4.3. Hardness discrimination

Beyond micro-force sensing, the device was evaluated for material
stiffness discrimination. PDMS samples with precursor-to-curing-agent
ratios of 1:10, 1:20, and 1:30 were prepared under identical curing
conditions. The corresponding Shore A hardness values were measured
to be 50, 39, and 24 HA, respectively.

As shown in Fig. 7, the spectral shift amplitude increases with
increasing material stiffness. Under identical indentation depth, stiffer
materials generate larger reaction forces, leading to greater cavity
compression and enhanced phase modulation. In contrast, softer sam-
ples undergo larger local deformation with reduced reaction force,
resulting in smaller spectral shifts. The monotonic correlation between
hardness level and wavelength shift confirms the sensor’s capability
for stiffness-dependent discrimination. Although PDMS samples with
different mixing ratios are used here as representative test materials,
the proposed sensing approach is not limited to PDMS. Since the sens-
ing mechanism relies on deformation-induced cavity-length modulation
and the corresponding reaction force under contact loading, it can be
extended to other soft or heterogeneous materials with different elastic
properties.

4.4. Spatial stiffness profiling

To further demonstrate spatial mechanical mapping capability, a
composite sample consisting of a PMMA mold embedded with glass

rods inside a PDMS matrix was fabricated (Fig. 8(a)). The sensor was
mounted on a two-axis translation stage and scanned laterally with a
step size of 3 pm (Fig. 8(b)).

The resulting spectral response map (Fig. 8(c)) clearly reveals
regions corresponding to pure PMMA (higher stiffness), pure PDMS
(lower stiffness), and glass-embedded zones (locally elevated stiffness).
When the sensor contacted pure PMMA regions, pronounced spectral
shifts were observed due to higher indentation resistance. In contrast,
pure PDMS regions produced smaller shifts. The glass inclusions in-
creased the effective local stiffness within the PDMS matrix, resulting
in intermediate spectral modulation.

The ability to resolve localized stiffness variations highlights the
potential of the proposed fiber-integrated FP sensor for micro-scale
mechanical profiling in soft materials, flexible electronics, and tactile
sensing applications.

5. Conclusion

A compact and reconfigurable fiber-integrated Fabry-Pérot (FP)
sensor based on a PDMS cavity is demonstrated. The ferrule-assisted
architecture ensures mechanical robustness and enables modular inte-
gration within standard fiber-optic systems.

Quantitative micro-force measurement is achieved through cali-
bration of the force-wavelength response, exhibiting high resolution,
good reversibility, and limited hysteresis. The sensor also shows a fast
and consistent dynamic response, with a response time of 0.24-0.40 s
(average ~0.30 s), enabling reliable tracking of force variations.

By employing PDMS layers with different mixing ratios, stiffness-
dependent spectral responses are obtained, allowing effective hardness
discrimination. In addition, lateral scanning enables spatial stiffness
profiling, demonstrating the capability to resolve localized mechanical
variations.
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Fig. 8. Spatial stiffness profiling using Fabry-Pérot spectral scanning (a) Microscope image of the composite PDMS sample. (b) Schematic of lateral scanning
configuration (step size 3 pm). (c) 2D spectral and intensity map revealing localized stiffness variations across embedded structures.

To improve measurement robustness under practical conditions, an
FBG-based temperature compensation strategy is introduced, with de-
tailed implementation provided in the Supplementary Material, thereby
enhancing measurement accuracy in thermally varying environments.

Overall, the proposed sensor integrates micro-force measurement,
dynamic response, stiffness discrimination, spatial mapping, and tem-
perature compensation within a compact fiber platform, showing strong
potential for applications in soft robotics, flexible electronics, and
biomedical sensing.
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