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Abstract: Nanoindentation is a widely used technique for localized mechanical characterization
at the micro- and nanoscale, where measurement accuracy critically depends on high-resolution
sensing and signal readout mechanisms. In this work, we present an improved fiber-optic
nanomechanical probe (FONP) fabricated by femtosecond laser two-photon polymerization
and develop a dedicated fiber-optic nanoindentation system specifically designed for automated
measurements. The enhanced FONP employs Fabry—Pérot interferometric optical readout and
incorporates an optical shielding layer that ensures spectral stability during surface approach
without requiring a gold coating, maintaining a cross-correlation coefficient of 1 with the reference
spectrum. Using the developed system, we investigate the time-dependent mechanical evolution
of onion outer epidermal cells during natural dehydration, revealing a clear increase in Young’s
modulus. In addition, automated array-based Young’s modulus mapping of polydimethylsiloxane
(PDMS) samples shows strong agreement with a commercial nanoindenter, with deviations
within 10%. These results demonstrate the accuracy, stability, and automation capability of
the proposed fiber-optic interferometric nanoindentation system, highlighting its potential for
compact and robust nanomechanical characterization.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nanoindentation is a widely adopted technique for localized mechanical characterization at the
micro- and nanoscale [1-3], in which measurement accuracy and reliability critically depend
on the underlying sensing and signal readout mechanisms. Although traditionally viewed as a
mechanical testing method [4-6], modern nanoindentation increasingly relies on advanced optical
techniques to achieve high-resolution force and displacement measurements. In particular, fiber-
optic and interferometric sensing approaches offer distinct advantages, including high sensitivity,
immunity to electromagnetic interference, and strong potential for system miniaturization and
automation [7-9].
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Nanoindentation determines mechanical properties by applying small forces to a material
surface and recording the corresponding load—displacement response, from which parameters
such as hardness and elastic modulus can be extracted [10,11]. Conventional commercial
nanoindenters predominantly employ electrical or MEMS-based force and displacement sensing
architectures. Although these systems offer high resolution, their electrical demodulation circuits
are inherently sensitive to thermal drift and electromagnetic interference, which can significantly
degrade signal stability and measurement accuracy. Moreover, the complexity of these sensing
architectures results in bulky instrument configurations and limited portability.

Optical approaches provide an attractive alternative for nanoscale mechanical sensing owing to
their high sensitivity, immunity to electromagnetic interference, and potential for miniaturization.
Atomic force microscopy (AFM), which relies on the optical lever principle, represents a typical
optical readout strategy for nanoscale force measurement [12—14]. However, AFM requires a
precisely aligned free-space optical path, leading to complex calibration procedures and reduced
robustness, particularly in long-term or automated measurements.

To overcome these limitations, we previously proposed a miniaturized fiber-optic nanomechan-
ical probe fabricated by femtosecond laser two-photon polymerization [15]. The FONP integrates
a mechanically compliant microstructure directly onto the end face of an optical fiber and employs
Fabry—Pérot interferometric sensing for force and displacement readout. This all-fiber optical
configuration enables high-resolution mechanical sensing while eliminating free-space optical
alignment. In addition, the probe stiffness can be flexibly engineered through geometric design,
allowing adaptation to materials with a wide range of mechanical properties [16].

Building upon this optical sensing architecture, the present work reports the development
of a fully automated fiber-optic nanoindentation system centered on the FONP. By integrating
interferometric optical readout with a custom positioning platform and self-developed control
software, the system enables automated indentation and spatially resolved mechanical mapping.
The proposed approach demonstrates how fiber-optic interferometric sensing can be leveraged to
realize compact, stable, and automation-ready nanoindentation instrumentation, highlighting
its potential for advanced nanomechanical characterization in both material and biological
applications.

2. Working principle

The micro-cantilever probe was fabricated on the end face of an optical fiber using femtosecond
laser two-photon polymerization (TPL) through a three-step process consisting of photoresist
dispensing, laser polymerization, and development [17-20]. This fabrication approach produces a
cantilever-beam structure with characteristic dimensions on the order of hundreds of micrometers
[21]. Together with the fiber end face, the cantilever forms an optical Fabry—Pérot (FP)
microcavity, as illustrated in Fig. 1(a), which serves as the core sensing element of the fiber-optic
nanomechanical probe. Micro-scale forces applied to the probe are detected by demodulating the
reflection spectrum of this FP microcavity.

The FP microcavity is a widely employed interferometric structure in optical sensing. It
consists of two parallel reflective surfaces, between which incident light undergoes multiple
reflections, producing an interference pattern in the reflected spectrum [22-24]. In the FONP,
the air gap between the micro-cantilever and the fiber end face defines the FP cavity, with these
two interfaces acting as the interferometric mirrors.

When an external force is applied to the probe tip, the micro-cantilever deflects, leading to
a change in the cavity length D. The resonant wavelength A of the FP interference spectrum is
directly related to the cavity length according to [23]
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Fig. 1. Optical interferometric working principle of the fiber-optic nanomechanical probe
(FONP). (a) Schematic structure of the FONP, in which a micro-cantilever fabricated on
the fiber end face forms a Fabry—Pérot (FP) microcavity. (b) Dip wavelength shift of the
FP interference spectrum induced by force-driven cantilever deflection. (c) FONP-based

nanoindentation measurement.

Where m is the interference order, n is the refractive index of the medium within the cavity. As a
result, force-induced cantilever deflection produces a measurable shift in the resonant wavelength,
as schematically shown in Fig. 1(b). By tracking this wavelength shift and correlating it with the
mechanical response of the cantilever, the applied force can be quantitatively determined.

To convert the optical wavelength shift into mechanical information, prior calibration of the
cantilever is required. The elastic constant K of the micro-cantilever defines the relationship
between the applied force F and the resulting deflection d:

F=K-d 2)

For a rectangular cantilever beam, the elastic constant is governed by its geometric parameters
and material properties and can be expressed as [15]

EbP
T )

where E is the Young’s modulus of the cantilever material, and b, ¢, and L denote the width,
thickness, and length of the cantilever, respectively. The elastic constant of the probe is
experimentally calibrated using a reference material. Subsequently, the calibrated probe is
indented into a rigid glass substrate. Owing to the large stiffness mismatch between the polymer
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cantilever and the glass, the cantilever deflection at each displacement step closely approximates
the imposed displacement. Under this condition, the observed resonant wavelength shift can be
directly mapped to the applied force, enabling accurate force calibration of the FP optical readout.

During nanoindentation, the FONP allows the simultaneous acquisition of force—displacement
data. Combined with the known probe geometry, this information enables the extraction of the
sample’s Young’s modulus.

For data analysis, classical nanoindentation methods such as the Oliver—Pharr model are
commonly employed. This method determines elastic modulus and hardness by fitting the
unloading curve to obtain the contact stiffness and projected contact area. However, its accuracy
strongly depends on precise calibration of the probe area function and may be compromised
when applied to fully plastic or viscoelastic materials [25].

In this work, the Hertzian contact model is adopted to analyze indentation data. Originally
developed to describe elastic contact between two solids, the Hertz model is particularly well suited
for soft materials and thin films. For a spherical indenter, the force—displacement relationship is
given by [26]

4 F 3
=300 Vz)«/z_ecz “)

where F represents the external force, and d represents the indentation distance, and E and v
are the Young’s modulus and Poisson’s ratio of the sample, respectively, and R is the radius of
the spherical indenter. Unlike the Oliver—Pharr approach, which relies on unloading data, the
Hertzian model utilizes the loading curve and assumes purely elastic deformation. This feature
enables high-precision mechanical characterization of soft and viscoelastic materials under small
deformations, making it particularly suitable for fiber-optic nanoindentation applications.

3. System composition

The fiber-optic nanoindentation instrument developed in this work is a highly integrated and
automated measurement system. It consists of a fiber-optic nanomechanical probe (FONP), a
probe positioning stage, a sample positioning stage, an inverted optical microscope, and a spectral
demodulation unit. These components are coordinated to enable real-time optical sensing,
automated probe—sample interaction and spatially resolved mechanical characterization.

3.1. Optical characterization and shielding performance

Accurate determination of the probe state is essential for automated nanoindentation. In the
proposed system, the real-time Fabry—Pérot (FP) interference spectrum of the FONP serves as a
direct optical indicator of probe—sample interaction. By continuously acquiring the reflection
spectrum and tracking characteristic spectral features, the probe state—including free approach
and initial contact—can be reliably identified without additional force or displacement sensors.

Following fabrication by two-photon polymerization, conventional approaches coat the
cantilever surface with a thin gold layer to suppress stray light and stabilize the FP cavity.
However, selective gold deposition exclusively on the cantilever, without contaminating the fiber
core end-face, is technically challenging and highly sensitive to sputtering alignment. Moreover,
metal coatings may introduce additional optical loss and long-term stability issues.

To overcome these limitations, we designed a monolithic optical shielding layer integrated
directly into the cantilever structure, eliminating the need for metallic coatings. This shielding
structure exploits total internal reflection (TIR) to optically isolate the FP cavity from the
surrounding environment and the sample surface, thereby suppressing parasitic reflections and
preventing the formation of spurious FP cavities during surface approach.

Given a refractive index of 1.53 for the polymerized photoresist, the critical angle for TIR at
the polymer—air interface is approximately 40.81°. A pyramid array was designed on the upper
surface of the cantilever, with each pyramid having a square base of 4 um X 4 um and a height
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4 um. When sensing light propagating from the fiber end-face reaches the polymer—air interface
at an incident angle of 54.73°, the TIR condition is satisfied, effectively confining the optical
field within the probe structure and preventing stray light leakage.

An FONP incorporating the optical shielding layer was successfully fabricated on the fiber
end-face. Scanning electron microscopy (SEM) images in Figs. 2(a) and 2(b) reveal the cantilever,
probe tip, reinforcement structure, and the integrated shielding layer. The fabricated pyramid
array exhibits a measured height of 5.8 um and a base side length of 4.6 um, corresponding to an
incident angle of approximately 64.59°, well above the critical angle, thereby ensuring complete
total internal reflection. The different between the fabricated results and the designed model
parameters is primarily attributed to the Z-axis stretching of the femtosecond laser focal spot.
However, this specific fabrication outcome increases the incident angle at the inner interface,
thereby benefiting the total internal reflection condition. The reflection spectrum of the shielded
FONP, shown in Fig. 2(c), exhibits a free spectral range (FSR) of 25.31 nm. The relationship
between the FSR and the FP cavity length D is given by

/12
FSR = D 4)
where A is the resonant wavelength and n is the refractive index of the cavity medium. Using
Eq. (5), the cavity length is calculated to be 47.6 um, in close agreement with the value of 47.9 um
measured by optical microscopy.
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Fig. 2. FONP with an integrated optical shielding layer: (a) SEM image of the probe,
(b) schematic of the shielding structure, (c) FP reflection spectrum, and (d) comparison of
cross-correlation coefficients during surface approach with and without shielding

To quantitatively evaluate spectral stability during probe approach, a cross-correlation-based
demodulation strategy was employed. At the beginning of the approach, the initial FP spectrum
is stored as a reference. During subsequent approach steps, the cross-correlation coeflicient
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between the live spectrum and the reference is computed in real time. A coefficient approaching
unity indicates high spectral similarity, while a sudden decrease signifies a significant spectral
shift associated with probe—sample contact [27,28].

Stepwise approach experiments were performed using FONPs with and without the optical
shielding layer, and the corresponding cross-correlation responses are shown in Fig. 2(d). For
the shielded probe, the coefficient remains at unity prior to contact, indicating excellent spectral
stability, and decreases monotonically upon contact. In contrast, the unshielded probe exhibits
continuous fluctuations throughout the approach, with no clear transition point. These results
demonstrate that the optical shielding layer enables reliable, threshold-based contact detection
and forms the foundation for automated nanoindentation.

3.2. System integration and automated measurement workflow

Precise spatial localization of indentation points is achieved using an inverted optical microscope
system comprising a white light source, mirrors, a dichroic mirror, an objective lens, and a CCD
camera. The probe positioning unit integrates a three-axis manual translation stage, a single-axis
piezoelectric actuator, and a fiber clamp to ensure alignment and perpendicularity between the
probe and the sample surface.

For fine positioning, a linear nanopositioning stage (PI, P-631.XCD) with an 80 pm travel
range and 0.1 nm resolution was employed. The sample stage combines a two-axis coarse
positioning stage with a three-axis nanopositioning stage (PI, P-561.3CD), providing a 100 um
travel range and 0.8 nm resolution on each axis. Optical spectral demodulation is performed
using an FBG interrogator (Bayspec, WaveCapture) operating from 1510 to 1590 nm with a
wavelength resolution of 175 pm.

All hardware components are synchronized through a centralized control program developed in
LabVIEW, enabling automated probe approach, indentation, spectral acquisition, and mechanical
data extraction. The fully integrated system configuration is shown in Fig. 3(a).
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Fig. 3. Fiber-optic nanoindentation instrument: (a) system configuration and (b) flowchart
of the automated nanoindentation procedure.
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The automated measurement workflow, illustrated in Fig. 3(b), consists of three stages: surface
approach, single-point indentation, and sample repositioning. During surface approach, the probe
advances toward the sample in discrete steps, and the cross-correlation coefficient is evaluated
after each step. Once the coeflicient drops below a predefined threshold, contact is detected
and indentation is initiated. After completing a single indentation, the probe retracts to a safe
height, the sample is repositioned, and the process repeats to enable array-based measurements.
It is worth noting that to eliminate potential interference from environmental fluctuations during
prolonged measurements, reference spectrum calibration is performed immediately prior to each
individual indentation.

For soft materials, the probe step distance dp is composed of the cantilever deflection dc and
the sample indentation depth d;:

d, =d.+d; 6)

Using the calibrated force—wavelength relationship, the applied force F corresponding to dc is
determined, and the indentation depth is calculated as
F
di=d,—d.=d,— — 7
P 14 K ( )
The resulting force—indentation data are then fitted using an appropriate contact mechanics
model corresponding to the probe tip geometry to extract the Young’s modulus of the sample.

4. Sample measurement

In this section, single-point and array-based Young’s modulus measurements were performed
using the fabricated FONP and the fiber-optic nanoindentation instrument. All results were
obtained after mechanical calibration of the probe and were systematically compared with those
from a commercial nanoindenter to validate accuracy and reliability.

4.1. Mechanical calibration of the FONP

Prior to sample measurements, mechanical calibration of the FONP was conducted. The probe
was positioned several micrometers above a rigid glass substrate, and the automated surface-
detection routine was executed within the 80 um travel range of the piezoelectric stage. Upon
surface detection, the probe indented the glass substrate using predefined step parameters. The
resulting relationship between cantilever deflection and resonant wavelength is shown in Fig. 4(a).
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Fig. 4. Mechanical calibration of the FONP: (a) cantilever deflection versus dip wavelength
and (b) elastic constant calibration using a reference PDMS sample.

To establish the quantitative relationship between resonant wavelength and applied force, the
elastic constant K of the cantilever was calibrated using a reference-material-based method,
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analogous to that employed in commercial nanoindentation systems. A PDMS sample with a
known Young’s modulus was used as the reference material. Nanoindentation experiments were
performed on the PDMS sample (Fig. 4(b)), and the step distance-resonant wavelength data were
converted into force—indentation curves using different trial values of K. These curves were fitted
with the Hertzian contact model, and the value of K that yielded the best agreement with the
known PDMS modulus was selected. With both the deflection—wavelength relationship and the
calibrated elastic constant determined, the resonant wavelength—force mapping of the FONP was
uniquely established.

4.2. Single-point measurements on onion epidermal cells

Following calibration, single-point nanoindentation measurements were conducted on onion outer
epidermal cells. The cells were allowed to undergo natural dehydration under ambient conditions,
and measurements were performed at regular time intervals to investigate time-dependent
mechanical evolution, as summarized in Fig. 5.
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Fig. 5. Mechanical characterization of onion epidermal cells: (a) representative nanoinden-
tation curves at O h and 22 h and (b) temporal evolution of Young’s modulus.

The epidermal cells were peeled from an onion, flattened on a glass slide, and placed on the
sample stage. Nanoindentation was performed using a step size of 0.3 um and 10 indentation steps.
Using the calibrated force—wavelength relationship, the measured wavelength—displacement data
were converted into force—indentation curves and fitted using the Hertzian contact model. The
maximum indentation depth was approximately 2 um, which is safely below 10% of the typical
thickness of an onion epidermal cell (20-30 um) [29]. Therefore, measurement errors induced by
the substrate effect can be essentially neglected. The initial Young’s modulus was determined
to be 1.655 MPa. As dehydration progressed, the Young’s modulus increased monotonically,
reaching 5.126 MPa after 22 h. This trend indicates an inverse relationship between water content
and mechanical stiffness, consistent with previously reported observations for plant cells [30].
These results demonstrate the capability of the proposed system to resolve subtle mechanical
variations in soft biological samples.

4.3. Automated array measurements on PDMS

To further validate system accuracy, stability, and automation capability, array-based Young’s
modulus mapping was performed on PDMS samples. The PDMS surface was observed using the
inverted optical microscope, and a suitable measurement region was selected. Automated array
measurements were then carried out using the programmed routine without manual intervention.
The resulting 10 X 10 Young’s modulus map is shown in Fig. 6(a).
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Fig. 6. Young’s modulus mapping of PDMS: (a) 10 x 10 array measurement results and
(b) frequency distribution of Young’s modulus values

All 100 measurement points exhibited coefficients of determination (R?) exceeding 0.98. The
complete array measurement was completed within 15 minutes, corresponding to an average
acquisition time of approximately 9 s per point, and proceeded without interruption. The
measured Young’s modulus values ranged from 1.252 MPa to 1.708 MPa, with a mean value
of 1.457 MPa. This value shows excellent agreement with the reference modulus of 1.454 MPa
obtained using a commercial nanoindenter, corresponding to a deviation of less than 10%. The
frequency distribution of the measured moduli follows a Gaussian profile (Fig. 6(b)). A Gaussian
fit yields a central value of 1.453 MPa, further confirming the high accuracy, repeatability, and
robustness of the fiber-optic nanoindentation system.

5. Conclusion

In this work, a fiber-optic nanomechanical probe was fabricated on the end face of an optical
fiber using femtosecond laser two-photon polymerization. A monolithic optical shielding layer
was integrated into the probe, effectively suppressing parasitic optical cavities and significantly
enhancing spectral stability during surface approach. Based on the FONP, a compact fiber-optic
nanoindentation instrument was developed, in which Fabry—Pérot interferometric sensing serves
as the core optical readout. Fully automated acquisition and analysis of Young’s modulus were
realized through a dedicated LabVIEW-based control program.

Using the developed system, time-resolved nanoindentation measurements on onion outer
epidermal cells revealed a progressive increase in Young’s modulus during natural dehydration,
demonstrating sensitivity to subtle mechanical variations in soft biological samples. Automated
10 x 10 array measurements on PDMS samples showed excellent agreement with a commercial
nanoindenter, with deviations within 10%. All indentation curves exhibited coefficients of
determination (R?) exceeding 0.98, confirming high accuracy, repeatability, and operational
stability. In addition, the system achieved a high throughput, with an average acquisition time of
approximately 9 s per measurement point.

Limited by the intrinsic Young’s modulus of the photopolymer material, the maximum
measurable Young’s modulus of the current system is capped at approximately 200 MPa. To
broaden the measurable range in future applications, ceramic-doped photoresists could be
developed and utilized to further enhance the intrinsic stiffness of the 3D-printed probe. Looking
forward, the FONP holds significant potential for advanced biomedical applications, such
as the continuous in situ monitoring of localized cellular stiffness changes during metastasis.
Furthermore, by integrating a high-frequency driving module and dynamic spectral demodulation,
the system could be upgraded to a dynamic non-contact operating mode.
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The proposed FONP-based fiber-optic nanoindentation platform provides a versatile and
extensible solution for optical interferometric mechanical sensing. Its all-fiber architecture,
miniaturized probe, and robust spectral demodulation strategy make it well suited for applications
in biomedical mechanics and soft material characterization. With minimal system modification,
the platform can be readily extended to investigate time-dependent mechanical behaviors,
including creep and viscoelasticity, highlighting its potential for dynamic nanomechanical
studies.
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