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ABSTRACT

Two-photon lithography (2PL) is a high-resolution additive manufacturing technique achieving complex three-dimensional (3D)
microstructures with sub-micrometer precision. This capability has driven applications across optics, microfluidics, bioelectronics,
metamaterials, and biomedical engineering. Beyond geometry, the functionality of 2PL-fabricated structures critically depends
on their mechanical properties, which are influenced by resin chemistry, printing parameters, and post-processing treatments.
Understanding the mechanical behavior of 2PL-fabricated structures at both macro- and micro-scales is essential for the
rational design and development of advanced devices and systems. Accordingly, this review provides the reader with a concise
yet comprehensive overview of the current knowledge on the mechanical properties of materials usually employed in 2PL.
Common photoresist classes (e.g., hydrogel-like, elastomeric polymer networks, rigid glassy polymers, and hybrid organic-
inorganic networks) offer distinct trade-offs in stiffness, with Young’s modulus spanning several orders of magnitude. Mechanical
performance can be further tuned via laser settings, environmental conditions, or post-processing approaches such as UV curing,
pyrolysis, or incorporation of responsive chemistries for dynamic “4D” behavior. We then examine the methodologies applied—
or specifically developed—to characterize 2PL materials and microstructures in terms of stiffness, toughness, and viscoelastic
response at the micro- and nanoscale. Finally, we discuss the applications where mechanical properties are critical to the
functionality of 2PL structures, such as tissue engineering, microfluidics, and tunable metamaterials. Looking ahead, advances
in material design, adaptive characterization, and predictive modeling will enable rational, data-driven workflows. Treating
mechanical properties as fundamental design parameters will be key for developing reliable microdevices for next-generation
technologies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2026 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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1 | Introduction

Two-photon lithography (2PL), also referred to as two-photon
polymerization or direct laser writing, is an advanced additive
manufacturing technique enabling the fabrication of complex 3D
microstructures with sub-micrometer resolution. This method
leverages a nonlinear process in which the simultaneous absorp-
tion of two photons initiates localized polymerization exclusively
at the focal point of a pulsed laser beam. As a result, 2PL
achieves high spatial resolution while minimizing off-target
exposure. Owing to this capability, 2PL has become an attractive
method for fabricating miniaturized optical, mechanical, and
multifunctional devices, with applications spanning optics [1, 2],
microfluidics [3, 4], bioelectronics [5, 6], metamaterials [7, 8], and
biomedical research [9-11]. A critical aspect of the design and
application of 2PL-fabricated structures lies in understanding and
controlling their mechanical properties. Indeed, the functional
behavior of a 3D structure depends not only on its geometry,
but also on its intrinsic material characteristics and on their
interaction with experimental conditions. For instance, in the
case of scaffolds for cell biology studies, often the 3D structure not
only hosts the cells undergoing investigation, but constitutes itself
an experimental variable, being able to significantly influence cell
behavior, e.g., by providing a soft/stiff substrate, thus inducing
specific phenotypic and genotypic responses well known in 2D
systems [12].

This review is grounded in the recognition that the mechan-
ical properties of photoresists play a key role in determining
the behavior of 2PL microstructures, alongside other funda-
mental features, such as chemical composition and functional
responsiveness. Understanding the mechanical behavior of 2PL-
fabricated structures at both macro- and micro-scales is essential
for the rational design and development of advanced devices
and systems. Accordingly, this review aims to provide a concise
yet comprehensive overview of current knowledge regarding
the mechanical properties of materials commonly used in 2PL,
with particular emphasis on Young’s modulus. We then examine
the methodologies developed or adapted to characterize these
properties, offering insight into the state of the art in mechanical
characterization techniques for 2PL materials and microstruc-
tures. Recognizing that measuring material properties is often a
means to enable functionality rather than an end in itself, we
conclude by presenting representative examples of 2PL-fabricated
architectures that leverage specific mechanical properties to
address fundamental research challenges.

In summary, this manuscript is intended as a practical refer-
ence for researchers newly approaching 2PL, guiding them in
identifying the most relevant mechanical properties and charac-
terization methods for 2PL materials. At the same time, it aims
to serve experienced scientists by providing them with a logi-
cally structured compilation of references, facilitating efficient
access to functional information, and supporting the design of
experiments.

2 | Materials for 2PL and Mechanical Properties

Over the years, a plethora of photoresists have been developed
for 2PL, and several reviews available in the literature provide

detailed insights into the most commonly used materials [1, 13-
19]. While commercial resins are still the most employed, many
research groups have formulated custom materials to achieve
specific mechanical and chemical properties, tailored to intended
applications.

In general, 2PL relies on the radical or cationic polymerization of
monomeric units. The former is based on the production of light-
induced radical species by the initiator, followed by propagation
of the polymerization: when the individual monomers (e.g., acry-
lates) add sequentially to a single active chain end, the process is
referred to as chain-growth, while in step-growth polymerization,
reactive groups on different monomers/oligomers react randomly
to link together (as in thiol-ene chemistry). Instead, cationic poly-
merization relies on transferring a cationic charge from growing
polymeric chains to nucleophilic monomers or oligomers, e.g., in
the case of vinyl- or epoxy-based monomers. At the termination of
the process, the percentage of reactive groups that have reacted to
form the polymer network is defined as the degree of crosslinking,
which is directly related to the resulting mechanical properties of
the material. According to their mechanical behavior, materials
for 2PL can be broadly subdivided into the following categories:

(i) Soft/Hydrogel-like photoresists, with low elastic modulus
(kPa-MPa);

(ii) Elastomeric polymer networks, showing moduli in the
range of MPa to GPa;

(iii) Rigid glassy polymers, encompassing stiffer materials,
usually with low viscoelastic behavior;

(iv) Hybrid organic-inorganic networks and composite resists,
usually showing brittle failure and modulus in the range of
several GPa.

Soft/Hydrogel photoresists are water-rich polymer formulations
that enable the fabrication of swellable 3D micro/nanostructures
via 2PL. This class of materials typically exhibits a Young’s
modulus spanning from the order of ~1 kPa to ~10 MPa,
comparable to the stiffness of many biological tissues (e.g., from
a few hundred pascals in brain tissue up to ~1 MPa in cartilage or
tendons). Indeed, in the case of hydrogels, the crosslink density
influences the swelling capability of the material, and the final
mechanical properties are directly affected by the amount of
water uptake. Three main subcategories can be distinguished:
(i) protein-based hydrogels, characterized by protein networks
within an aqueous phase (e.g., gelatin [20-24], and silk fibroin-
based [25], with tunable Young’s modulus between ~10 and 50
kPa); (ii) polysaccharide-based hydrogels, (e.g., hyaluronic acid
vinyl ester (HAVE)/dithiothreitol (DTT) blend, with reported
moduli of 86-106 kPa [26]); (iii) synthetic hydrogels, including
PEG [27, 28] and pNIPAM derivatives [29, 30], HEMA, acrylamide
and others [31-34].

Elastomeric polymer networks usually rely on radical polymer-
ization of monomers with high average molecular weight con-
taining at least two carbon-carbon double bonds, but in this
class, also other chemical (co)-polymerization mechanisms might
be included (e.g., step-growth polymerization [35], thiol-ene
chemistry [36], reversible addition-fragmentation chain transfer
polymerization [37], nitroxide mediated polymerization [37]).
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Although the resulting stiffness may be -even significantly- mod-
ulated based on network composition and crosslinking density,
generally the stiffness of these materials is in the range of
several MPa to a few GPa, and shows a clearly evident viscoelas-
tic behavior [38, 39]. A number of commercial acrylate-based
formulations are available, including most of the photoresists
belonging to the IP series developed by Nanoscribe GmbH [40-
46], together with materials produced by UpNano GmbH [47],
MicroResist GmbH, and IQS [48]. Numerous research groups
have explored custom formulations, with pentaerythritol triacry-
late [28], pentaerythritol tetraacrylate, and trimethylolpropane
ethoxylate triacrylate among the most widely employed [28, 29].
Photoinitiators, typically incorporated at concentrations between
0.01 and 5 wt%, play a critical role in defining the mechanical
properties of the fabricated structures.

Rigid glassy polymers easily reach several GPa stiffness and
relatively high tensile strength, and might show a less evident
viscoelastic behavior with respect to softer counterparts [47, 49-
51]. In this case, radical polymerization is the most common
mechanism, leading to high crosslinking density or degree of
conversion. This category is mainly populated by short-chained
acrylate-based formulations, but original strategies to obtain
glassy polymers via 2PL have been proposed [52].

Hybrid organic-inorganic networks and composite resists are
obtained by incorporating nanofillers into a polymer matrix or by
applying functional coatings. The modification of a basic resist
may be aimed at: (i) introducing additional functionalities to
the material, or (ii) mechanically reinforcing the material. In
the first case, mechanical properties are usually not significantly
affected. For example, conductive fillers can be included to
introduce a conductive behaviour, retaining at the same time the
softness of a hydrogel structure, e.g., in the case of PEDOT:PSS
incorporated in methacrylated gelatin [53] or polyethylene oxide
[54], or the stiffness of an acrylated formulation [55]. Additionally,
other strategies [56] were also explored to confer function-
ality to resists, including the deposition of conductive layers
on structures made via conventional photoresists [5], or the
integration/decoration with metal/silica nanoparticles [57-61],
carbon nanotubes [56, 62], or graphene [63]. Alternatively, the
aim of including nanofillers may also consist of enhancing
stiffness. For instance, Ovsianikov et al. introduced zirconium
propoxide into a MAPTMS-based sol-gel system to obtain the
hybrid SZ2080 [64, 65], where inorganic Zr-O-Si bonds strongly
reduce the material shrinkage during polymerization, and sig-
nificantly improve mechanical stability, as more recently shown
by Pertoldi and colleagues [66]. The commercial Ormocomp
family, produced by MicroResist Technology GmbH, represents
another example of hybrid photoresists, combining silica-based
components within an acrylate matrix [49]. To further increase
the stiffness of architectures such as nanolattices—which, despite
being fabricated from intrinsically rigid resists, exhibit reduced
mechanical strength due to their porous geometry—thin metal
or oxide coatings can be applied. Fundamental works by Jang
etal. [67] and Meza et al. [68] exploited the principle of fabricating
lattices via 2PL, which were then covered with TiN and alumina
via atomic layer deposition, respectively, and then etched out
via plasma cleaning. This left ceramic hollow structures showing
exceptionally high mechanical performance yet presenting low
density and ordered hierarchy with length scales comparable to

those found in several biological materials. In turn, Maggi et al.
[69] demonstrated that such coatings increased the Young’s mod-
ulus from sub-MPa values to approximately 100 MPa, enhancing
scaffold suitability for cell growth. Finally, another subclass of
hybrid organic-inorganic materials for 2PL may be identified,
including preceramic- or silica-containing resists for which stiff-
ness increases only after thermal post-processing by conversion of
the inorganic fillers. This usually leads to mechanical and optical
properties, and thermal and chemical resistance comparable to
commercial fused silica glass [70].

Figure 1 summarizes the main properties of commercially
available and custom-made 2PL resins based on current literature.

In summary, each class of photoresists offers distinct trade-offs,
making material selection critical for designing 3D microstruc-
tures, especially when specific mechanical properties and func-
tionality are required.

2.1 | Techniques for Enhancing Mechanical
Properties

Studies have shown that the mechanical properties of microstruc-
tures fabricated via 2PL can be tuned by adjusting key printing
parameters. In particular, the Young’s modulus of commercial
and custom acrylate-based photoresists correlates not only with
laser power [28, 71, 72], but also with printing speed [73] and
geometry discretization parameters, commonly referred to as
slicing (along the z-axis) and hatching (along the x- and y-
axes) [74, 75]. In some cases, these variations can be substantial,
reaching up to an order of magnitude [40]. Recently, a single-
component resist demonstrated extreme stiffness variability as a
function of exposure dose during polymerization [35]. Further-
more, immersion in water can significantly reduce the Young’s
modulus of a given material, an important consideration when
designing photoresists for biological applications [34, 40].

Beyond printing parameters, post-processing techniques offer
additional opportunities for tuning mechanical properties. For
example, UV post-curing has been reported to increase the
Young’s modulus of acrylate resins [76]. Alternatively, the
exploitation of chemical (click) reactions may reinforce the
material structure: for example, incorporating anthracene moi-
eties into acrylate-based photoresists enables the formation of
anthracene dimers upon prolonged exposure to visible light
at 415 nm, resulting in increased stiffness and hardness [77].
Similarly, thiol-ene chemistry [36, 78] and nitroxide-mediated
polymerization [79] were exploited to achieve structures with
improved mechanical properties.

A well-established method for substantially increasing the stiff-
ness of 2PL-fabricated structures is post-exposure carbonization
via pyrolysis. Although this treatment typically induces signif-
icant shrinkage [80-84], it can yield up to a ten-fold increase
in Young’s modulus [85], depending on both the polymerization
parameters applied prior to pyrolysis and the temperature and
duration of the carbonization treatment [86]. Interestingly, recent
findings by Zhang et al. challenge the assumption that pyrolyzed
structures are inherently brittle. Their study showed that 2PL-
fabricated micropillars (approximately 2 um in diameter) exhib-
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ited rubber-like behavior, sustaining compressive strains of ~50%
without catastrophic failure [87]. This opens new possibilities
for designing mechanically robust yet flexible microarchitectures
using 2PL.

In recent years, the concept of 4D materials [88] has been
extended to the field of 2PL. This refers to 3D microstructures
capable of reversible changes in mechanical properties, along
with shape deformation or swelling, in response to external physi-
cal, chemical, thermal, or optical stimuli. Such dynamic behavior
offers a powerful route for imparting novel functionalities to
conventional 2PL materials and geometries. The development
and application of stimuli-responsive 4D materials, as well as
the evolving understanding of their dynamic behavior, have been
extensively reviewed, as these have contributed to the design and
realization of adaptive and multifunctional microstructures in
fields such as soft robotics, biomedical devices, and smart sensors
[10, 13, 29, 30, 89-99].

3 | Characterization Techniques

When characterizing the mechanical properties of materials
at the microscale, selecting the right methodology is crucial.
Experimental procedures at this scale typically require greater
precision and effort compared to standard macroscale tests. For
example, performing tensile tests on dog-bone-shaped specimens
only a few micrometers wide—intended to measure parameters
such as Young’s modulus, elongation at break, and maximum
strength—poses significant challenges. These difficulties stem
from the complexity and sensitivity of the required equipment,
including micromanipulators operated within scanning electron
microscopes [45]. Consequently, widely adopted standards for

materials testing, such as ISO 527-2 for tensile properties and
ISO 48-4 for hardness [100, 101], may not be easily applied to
2PL-fabricated microstructures, which induced researchers to
develop standardizable characterization strategies tailored to the
unique scale and fabrication constraints of 2PL [102]. On the other
hand, approaches and technologies to characterize mechanical
properties directly at the microscale may present advantages that
macroscopic tests do not provide, including nanometric precision
in the evaluation of the measured properties.

3.1 | Nanoindentation and Atomic Force
Microscopy (AFM)

As already stated, the dose delivered by the pulsed laser beam
in a 2PL system defines the voxel dimensions, and in turn the
crosslinking density of the resulting polymerized material. In
principle, the dose—which correlates to the laser power—may be
significantly tuned within the same structure. As a consequence,
the resulting mechanical response can also considerably differ
within a single microstructure. Conventional bulk tests are
blind to these gradients, whereas nanomechanical techniques,
most notably instrumented nanoindentation and atomic force
microscopy (AFM), provide the spatial resolution to detect them.

3.1.1 | Nanoindentation of Two-Photon-Polymerized
Materials

Among the panoply of micromechanical techniques available
for small-scale materials, instrumented nanoindentation remains
the most versatile and quantitatively robust method for probing
local mechanical behavior (Figure 2A). Its principle is con-
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FIGURE 2 | Selection of methodologies for mechanical characteri-
zation of 2PL materials. The classification refers to the main categories
identified in this work: surface methods, which include nanoindentation
(panel (a), adapted with permission [111] Copyright 2020, Elsevier),
and atomic force microscopy (panel (b), adapted with permission [115]
Copyright 2021, Elsevier); bulk techniques, which do not rely on models
to infer mechanical properties from surface measurements (panels (c)
and (d), adapted with permission [71] Copyright 2017, IEEE, and [66],
Copyright 2020, AIP Publishing, respectively); original approaches to
mechanical characterization of materials and 3D structures microfabri-

ceptually simple: a hard tip of known geometry (commonly a
three-sided Berkovich pyramid [103] or a spherical/conospherical
diamond) is pressed into the surface of a material while recording
the applied load (P) and the resulting penetration depth (k). The
resulting P-h curve embodies the material resistance to elastic
and plastic deformation. The widely adopted Oliver-Pharr model
enables the evaluation of nanoindentation measurements, start-
ing from the definition of contact stiffness (S) during unloading:

S= =

hmax

which defines the reduced modulus E,:

where A, is the projected contact area. The intrinsic elastic
modulus E of the specimen is obtained from:

1 _1—7;2+1—V,-2

E, E E,

r

with E; , v; the indenter constants.

To extend the static indentation framework and allow the
measurement of depth-dependent properties of materials in
a single step, modern nanoindenters implement Continuous
Stiffness Measurement (CSM), in which a small oscillatory load
is superimposed on the quasi-static loading signal. This dynamic
load on top of the static load is then used to measure the stiffness,
which is further processed to calculate the modulus and hardness
of the material. Indeed, this dynamic excitation—typically a
sinusoidal force at frequencies between 1 and 200 Hz—enables
real-time determination of contact stiffness and phase lag as a
function of penetration depth. From these data, one obtains the
storage modulus E’, representing the recoverable elastic response,
and the loss modulus E”, quantifying energy dissipation due
to viscoelasticity. The ratio tané = E” /E’ serves as a reliable
indicator of time- or frequency-dependent deformation, revealing
transitions from glassy to rubber-like behavior in soft or partially
cross-linked 2PL materials. Since stiffness and phase information
are continuously acquired during loading, CSM enables depth-
resolved profiling of modulus gradients, detection of interfacial
layers, and assessment of curing heterogeneity within printed
voxels—features particularly relevant to 2PL materials, where
polymerization kinetics and network density vary over sub-
micrometer scales.

In 2PL architectures, even under constant laser power and writing
speed, individual voxel volumes may exhibit varying degrees of
conversion due to local factors affecting polymerization. This
does not necessarily imply that the overall mechanical properties
of 2PL structures are inhomogeneous; rather, nanoindentation
provides a means to bridge processing physics and mechanical
functionality down to the mechanical signature of a single written
layer [102].

cated via 2PL (panels (e) and (f), adapted with permission [130] Copyright
2023, Elsevier, and [44] Copyright 2023, Wiley, respectively).
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The robustness of this method is well documented. Belqat
et al. [28] demonstrated that by probing PEGDA-, TMPTA-, and
PETA-based resins, indentation spans three orders of magnitude
solely through variations in laser power and scan strategy. The
implication is clear: indentation becomes a tool to infer crosslink
density as a function of printing parameters.

The versatility of the technique is further highlighted by Eivgi
et al. [104], who validated nanoindentation for soft, adhesive
elastomers—where conventional approaches often fail. Their
protocol, built around a small-radius conospherical tip and a
trapezoidal displacement path with dwell and lift-off control,
captured the viscoelastic drag and adhesion that would otherwise
distort an Oliver-Pharr analysis. Adoption of a nano-JKR [105]
contact model revealed how adhesion can inflate apparent mod-
uli by up to 80%, a critical correction for compliant 2PL materials
to be used in soft robotics and biointerfaces.

Even for soft networks (3-4 MPa), nanoindentation remains pre-
cise enough to resolve microstructural transitions. The same logic
extends to coupled spectroscopic approaches: Schweiger et al.
[106] correlated Raman-derived conversion ratios (C=C/C=0
band ratio) with indentation moduli in IP-Dip and IP-Q struc-
tures, demonstrating a direct, quantitative link between polymer-
ization degree and mechanical stiffness.

Collectively, these studies converge on a coherent picture:
nanoindentation elucidates the interplay between 2PL process
parameters and the resulting spatial distribution of stiffness.
It functions as a mapping probe of crosslinking, with load-
displacement data replacing absorbance spectra (e.g., in the
case of dry polymers) or complementing micro-Raman or -
FTIR spectroscopy (e.g., in the case of swollen hydrogels) as a
fingerprint of the voxel polymerization state.

3.1.2 | Compression Testing Using the Nanoindenter as
a Force Actuator

While Oliver-Pharr indentation extracts moduli from unloading
stiffness, the same instrument can be repurposed as a micro-
compression platform by using a flat-punch tip to impose
uniaxial strain on micro- or nano-pillars, unit cells, or complex
metamaterials—architected materials that behave as homoge-
neous media when their periodicity is much smaller than the
characteristic structural dimension. In this configuration, the
nanoindenter acts not as a hardness tester but as a precision
load-displacement actuator and sensor [107,108]. No contact-area
model or unloading analysis is required; instead, the compressive
response of the printed material is directly recorded, and the
stress—strain curve is obtained by computing the appropriate
cross-sectional area.

This approach developed alongside the rise of mechanical meta-
materials as a distinct class of materials whose geometry governs
mechanical performance (Section 5.2). Early experimental and
theoretical work by Bauer and Valdevit [109, 110] demon-
strated how micro- and nanolattices fabricated via 2PL exhibit
stiffness-density scaling laws comparable to those observed in
metallic and ceramic lattices. These studies underscored the
importance of unit-cell-level testing and inspired the adaptation

of nanoindenters into miniature uniaxial testing platforms by
equipping actuators with flat punch diamond tips as miniaturized
compression plates.

Numerous investigations have since adopted this approach.
Examples include studies of buckling and densification modes
mimicking those of metallic microlattices (i.e., localized hard-
ening effects akin to strain-gradient plasticity) as reported
by Vangelatos et al. [111]: the authors analyzed mechanical
isotropy and auxeticity in topologically optimized metamaterials,
achieved by coupling finite element predictions of topologies
with mechanistic understanding of the different regimes where
property homogenization eventually fails.

A major milestone has been the integration of flat-punch nanoin-
dentation with environmental control, enabling measurements in
hydrated and reactive media.

Rohbeck et al. [45] advanced this concept by coupling flat-punch
micro-compression with variable strain rate and temperature
control, testing IP-Dip pillars up to 600 s™' and 80°C. Their
work revealed strong rate hardening and thermal softening,
modeled through strain rate-temperature superposition, estab-
lishing nanoindentation as a dynamic micromechanical platform
for viscoelastic 2PL polymers. Methodologically, the flat-punch
configuration differs from standard indentation in that no
contact-area function is required; however, alignment accuracy
is critical, as even slight tilt can induce asymmetric deformation
and shear. Contact is established through a pre-load protocol
at forces below 1 — 5 uN, after which the instrument stiffness
ensures linear force control. CSM can be incorporated to monitor
compliance changes throughout loading. For soft or viscoelastic
2PL materials, frequency (storage and loss modulus) and rate-
dependent behavior become central: by varying displacement
rate from nanometers to micrometers per second, researchers
have mapped apparent yield stress and plateau modulus as a
function of strain rate, constructing time-temperature superpo-
sitions at the microscale. Such behavior has also been observed
in nanoindentation creep and relaxation studies of hydrogel-
based 2PL structures [112], confirming that even within a single
polymer network, viscoelastic timescales can differ markedly
with exposure dose and cross-linking density.

Beyond individual pillars, automated arrays of flat-punch tests
now enable a statistical assessment of reproducibility and failure
variability [113]. The apparent modulus and strength of 2PL-
fabricated structures often follow log-normal distributions, a
signature of photon-statistical fluctuations during crosslinking.
This statistical dimension highlights an essential aspect of 2PL
mechanics: even under nominally identical conditions, stochastic
energy absorption and polymerization kinetics introduce local
heterogeneities—subtleties that nanoindentation is uniquely
sensitive to detect.

3.1.3 | AFM-Based Mechanical Characterization of 2PL
Structures

If nanoindentation can be regarded as the quantitative back-
bone of small-scale mechanical testing, atomic force microscopy
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(AFM) represents its complementary, high-resolution counter-
part (Figure 2B). Both techniques, when AFM is used in
indentation mode, rely on controlled penetration of a sharp probe
into the surface, yet their underlying principles differ profoundly.
Nanoindentation measures force through the deflection of a rigid
load frame with a known geometry, whereas AFM measures
deflection directly at the cantilever tip by optical lever detection,
converting nanometric bending into a calibrated force. The result
is exquisite force sensitivity—often in the nanonewton range—
and a spatial resolution defined not by the indentation area, but
by the tip radius, which can be as small as 5-10 nm.

The operating principle of the AFM is based on a sharp tip
pointing toward the sample in a direction which is perpendicular
to the cantilever. This senses the interaction forces generated
between the tip and the sample surface, i.e., van der Waals, and
electronic repulsions arising at (sub-)nanometric distances. The
cantilever and the tip scan the sample via a piezoelectric stage.
The deflection of the cantilever in the z direction is measured
using a laser beam that is projected on the upper surface of
the cantilever, close to the tip. The reflected beam is led to
a four-segment photo-diode, usually by means of mirrors. The
vertical and lateral deflection, vibration phase, and amplitude
of the AFM probe while interacting with the sample are used
to investigate surface topography, friction, and elastic properties
of the sample. To obtain quantitative results, the relationship
describing the interactions between tip and sample surface needs
to be established, which is usually done via analytical and
numerical models [114].

Practically, AFM enables quantitative nanomechanical measure-
ments in regions inaccessible to conventional nanoindenters, i.e.,
on delicate membranes, steep topographies, or hydrated envi-
ronments, where large loading frames would introduce artifacts.
Moreover, AFM can simultaneously image and measure, map-
ping elastic modulus, adhesion, and dissipation across an area
while maintaining nanometric lateral resolution. Its limitations
mirror its strengths: the achievable load range is low (tens to
hundreds of nanonewtons), restricting indentation depth to the
near-surface region, and the determination of absolute moduli
depends strongly on the chosen contact model (e.g., Hertz,
DMT, JKR). Nevertheless, these constraints make AFM ideally
suited for probing surface-level and sub-micrometer mechanics
of 2PL micro-architectures, where gradients in crosslink density,
residual stress, or hydration are often confined to the outer few
hundred nanometers of each voxel.

The most direct implementation—force-distance spectroscopy
(FDC)—records cantilever deflection during approach and
retraction, generating a curve from which elastic modulus,
adhesion, and viscoelasticity can be extracted. In the simplest
Hertzian approximation for a paraboloidal tip of radius R,;,, the
contact force F and indentation & obey:

tip»

4_. 1 3
F=3E ‘R}, - 62

where E* is the reduced modulus, analogous to the nanoindenta-
tion parameter E,. From a series of such measurements, AFM can
generate modulus maps with nanometric resolution, effectively

transforming it from an imaging device into a true mechanical
microscope.

In the context of 2PL, this ability to combine topography and
mechanics in a single measurement is invaluable. Structures pro-
duced by 2PL often exhibit complex 3D morphologies—pillars,
bridges, lattices, and membranes—with stiffness variations span-
ning orders of magnitude over micrometer scales. AFM enables
the direct visualization of these heterogeneities. Angeloni et al.
[115] leveraged this capability to characterize arrays of nanopillars
fabricated by 2PL using the commercial IP-L780 resist. Through
contact-mode imaging (CMI) and force-spectroscopy imaging
(FSI), they determined the stiffness, adhesion, and failure stress
of individual pillars, reporting stiffness values of 13-16 N m~" and
failure stress levels around 0.3 GPa, without requiring electron
microscopy or conductive coatings. This represents a clear advan-
tage over in situ SEM-based tests that often demand metal coating
or vacuum conditions, together with the consideration that AFM
usually enables the preservation of the fabricated geometries,
given that other destructive events (e.g., structure detachment
due to poor adhesion) do not intervene.

Beyond simple force curves, dynamic AFM techniques such as
Quantitative Nanomechanical Mapping (QNM) and Intermodu-
lation AFM (ImAFM) enable faster, high-resolution assessment
of local viscoelasticity. QNM uses intermittent contact to measure
force, deformation, and phase lag at every pixel during raster
scanning, achieving kilohertz sampling of local moduli [116-118].
ImAFM advances this further by driving the cantilever at multiple
frequencies simultaneously, extracting storage and loss moduli
with sub-100 nm lateral resolution [119-121].

Silbernagl et al. [122] applied these methods to dual-cured epoxy-
acrylate interpenetrating polymer networks (IPNs) produced by
multiphoton lithography. By correlating AFM-derived stiffness
maps with laser power and scan velocity, they revealed how
radical and cationic curing kinetics create nanoscale domains of
differing elasticity.

Another key frontier for AFM is operation in liquid environ-
ments, which is crucial for biocompatible or hydrogel-based
2PL systems. Because cantilever deflection is measured optically,
AFM remains fully functional in water, thus enabling direct
probing of hydrated surfaces at physiologically relevant temper-
atures. Examples include the work of Dudziak et al. [123], who
investigated long-term surface aging of SZ2080 microstructures in
conjunction with XPS measurements to correlate mechanical and
chemical changes, and Minnick et al. [44], who focused on liquid-
phase tensile testing of shape-memory microfibers, as further
discussed in section 4.3.

The precision of AFM, however, comes with interpretative com-
plexity. Elastic moduli extracted from Hertz, DMT, or JKR fits
depend critically on tip shape, cantilever calibration, and the
local Poisson’s ratio (a parameter often uncertain for polymeric
microstructures). Moreover, adhesion and hydration introduce
long-range interactions that blur the classical notion of contact
area. To mitigate these issues, current best practice involves in-
situ calibration using reference samples of known moduli and
combining AFM data with finite-element modeling of the tip-
sample interaction. When applied to 2PL-fabricated PDMS and

Laser & Photonics Reviews, 2026

70f19

85U80| 7 SUOWWIOD @A1eR.D |qeol(dde auy Aq pausenob ke ssjoe YO 8sN JO San1 o} A%eiq 1T 8UIjUO AB]IA UO (SUORIPUOD-pUR-SBI W00 A3 | 1M ARe.q 1l |uO//:SdNU) SUORIPUOD PuUe swiie | 83 89S *[9202/20/80] U0 Areiqiauluo AB|IM ‘ 13ea N -sefed aor Ag 0gST. 10d |/200T 0T/10p/wo0" A8 1M ARe.q 1 eul|uo//SdnY Wwoj pepeojumod ‘0 ‘6688€98T



IP-L780 resins, this approach yielded moduli within 10% of those
obtained by nanoindentation, confirming AFM as both accurate
and non-invasive when properly calibrated.

In summary, AFM-based mechanical characterization serves as a
nanoscale complement to nanoindentation, extending mechani-
cal quantification into lower-load, higher-resolution, and liquid-
compatible regimes. It excels at revealing surface and interfacial
phenomena—aging, adhesion, swelling, and phase separation—
that govern the functionality of two-photon-polymerized struc-
tures but remain invisible to deeper-probing indentation. Its
ability to map stiffness and dissipation alongside topography
makes AFM a powerful nanomechanical imaging tool.

3.2 | Bulk Techniques

Although relatively straightforward in implementation,
nanoindentation and AFM rely on mathematical models to
extract mechanical properties—such as Young’s modulus—
from surface-level measurements. However, most mechanical
properties relevant to practical applications are bulk quantities
that surface techniques may not fully capture. To overcome
this limitation, alternative characterization methods have
been developed to study the bulk mechanical behavior of
2PL-fabricated materials.

3.2.1 | Micro-Tensile Testing

The mechanical characterization of structures fabricated by 2PL
has long been dominated by microscale techniques, within a
highly heterogeneous landscape ranging from AFM cantilevers
and optical tweezers to micro-compression, nanoindentation,
and other highly specialized approaches, yet tensile tests are
particularly informative for assessing process stability. Koch et al.
[102] highlighted that, compared with compression or indenta-
tion, these testing approaches are more sensitive to specimen
defects such as microbubbles, microcracks, surface roughness,
and notches, all of which are closely linked to system stability and
polymerization parameters. For this reason, micro-tensile testing
requires a dedicated discussion within the mechanical character-
ization of 2PL microstructures: it allows for a direct evaluation of
the uniaxial response of the system and fundamental parameters
such as Young’s modulus, yield stress, ultimate tensile strength,
and strain at failure.

From an experimental point of view, micro-tensile testing consists
of applying a uniaxial load to a micro-specimen gripped at its ends
by dedicated gripping systems. Throughout the test, the applied
load and the elongation of the gauge section are recorded to derive
the material stress-strain curve. Tensile tests are performed
using dedicated micro- or nanomechanical systems and, in some
cases, in situ inside a scanning electron microscope (SEM). This
setup allows the specimen to be loaded until fracture, while
the force is monitored by a load sensor and the deformation is
either estimated from the gauge section displacement or precisely
determined through digital image correlation.

From the stress-strain curve, Young’s modulus, yield stress or
yield onset, ultimate tensile strength, and strain at failure can

be determined. The stress (o) is calculated as the ratio between
the applied load (F) and the initial cross-sectional area of the
gauge section (A,), whereas the strain (¢) is obtained by dividing
the measured change in length (AL) by the initial gauge length
(Ly). Young’s modulus (E) is then derived from the slope of
the initial linear elastic region of the stress—strain curve, while
yield stress can be determined using the 0.2% offset criterion,
and ultimate tensile strength corresponds to the maximum stress
reached before fracture [124, 125]:

L_F
-4
AL
-
=2
€

However, at the microscale, the accurate determination of the
effective strain represents one of the most critical aspects of
the test. Ideally, strain is derived from the change in length of
the gauge section; in practice, in microtests, deformation cannot
always be reliably obtained from actuator displacement alone,
because the compliance of the system -including the gripper, the
specimen head and base, as well as the substrate- all contribute
to the measured response. As a result, the displacement values
provided by the instrument may be affected by errors arising
from the elastic deformation of the testing setup itself. To address
this issue, several authors combine load measurement with
digital image correlation (DIC), video tracking, or image-assisted
deformation tracking in order to correct the effective elongation
of the gauge section and obtain a more reliable estimate of the
elastic modulus and the other mechanical parameters. Bauer et al.
[125], for instance, reported that “the displacement was corrected
for equipment and substrate compliances via a DIC algorithm,”
whereas Keckes et al. [124] showed that neglecting compliance
correction may lead to an underestimation of the modulus by up
to 30%. Minnick and co-workers [44] also used DIC to track both
the deformation of the testing device and the actual deformation
of the microfiber during tensile loading in liquid.

Beyond conventional mechanical parameters, micro-tensile test-
ing can reveal deformation regimes and failure modes that
depend on the geometry and topology of the structure. In
particular, Moestopo et al. [126] showed that, in intertwined archi-
tectures, the tensile response may reveal distinct deformation
pathways, including fiber alignment, fiber stretching, and knot
tightening, which are associated with different values of failure
strain and energy absorption.

A key aspect in micro-tensile testing is the possibility to carry
out reliable measurements also in liquid environments, which
is particularly relevant for the characterization of bio-based
systems, hydrogels, and scaffolds. In the aforementioned work
of Minnick et al. [44], a liquid-phase micro-tensile method for
2PL-fabricated microfibers was developed, explicitly showing
that their mechanical behavior differs significantly from that
measured in air. By employing DIC in this setup, the authors
successfully tracked both the testing device displacement and the
fiber length evolution during loading. This highlights that the
mechanical response is highly sensitive to the testing environ-
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ment, meaning that air-based measurements may not accurately
reflect actual operating conditions.

As it will be clarified in Section 3.3, tensile characterization
of 2PL structures has usually lacked standardized procedures,
relying instead on procedures and protocols that vary between
laboratories. This poses a significant challenge when materials,
process parameters, and length scales need to be compared
reliably. The mechanical behavior of 2PL materials cannot be
reliably inferred or extrapolated from microscale tests alone,
which makes standardized procedures especially relevant for
industrial translation. Establishing standardized procedures is,
therefore, a fundamental step for any real-world or industrial
application of 2PL. The transition from microtests to uniaxial
testing on larger specimens, however, is not straightforward.
When component dimensions exceed the optical system’s field
of view, stitching multiple blocks becomes necessary, and the
influence of these interfaces on the mechanical response must
be carefully considered. In this context, Garcia-Taormina et al.
[127] showed that scalability is a crucial challenge for 2PL
structures and that stitch boundaries may introduce structural
defects and non-uniformities capable of affecting the macroscopic
mechanical behavior of the considered specimen. The same
authors also highlighted that, due to print-volume limitations,
the mechanical evaluation of these architectures has long been
confined predominantly to compression tests, requiring both
scaling-up strategies and testing methodologies to assess the
effect of stitching on structural integrity under tensile loading.

In line with this issue, Forien et al. [128] showed that even nom-
inally identical 2PL structures tested in tension at the millimeter
scale may exhibit a wide scatter in elastic modulus, ultimate
strength, and strain at failure; the authors discussed this variabil-
ity in relation to printing defects and structural non-uniformities,
including sub-lattice misalignment, resin shrinkage, laser beam
shadowing, and local depletion of the oxygen inhibitor.

To overcome these limitations, Koch et al. [102] investigated mate-
rials compatible with upscaled 2PL, including the commercial
resins UpPhoto and UpDraft, developed with this application
in mind, and demonstrated for the first time the feasibility of
performing ISO-standardized tests on 2PL-fabricated specimens
of macroscopic dimensions.

3.2.2 | Other Static and Dynamic Bulk Testing Methods

Mechanical information on 2PL materials at the microscale
might also be retrieved by exploiting deflection or inducing
deformations periodically. One reported approach leveraging the
flexural state of 2PL structures involves non-destructive bending
tests on vertical micropillars produced using various photoresists
(Figure 2C). By measuring the force required to achieve a prede-
termined displacement, researchers estimated material stiffness
and demonstrated a direct correlation between Young’s modulus
and 2PL fabrication parameters, such as laser power [71]. The
same method also shed light on the viscoelastic response of the
materials. Understanding the time-dependent behavior of mate-
rials is particularly important when microstructures are subjected
to long-term or cyclic loading. In such cases, dynamic mechanical

testing is necessary, often requiring custom-built equipment. For
example, Cayll et al. [129] developed a MEMS-based dynamic
mechanical analysis (DMA) device utilizing a chevron-style
thermal actuator. This setup allows 2PL microstructures to be
directly fabricated on the device, which then applies tensile
loads to the structures. The system achieved a displacement
resolution of 1.5 + 0.75 nm and a load resolution of 104 + 52 nN,
enabling the estimation of storage (G") and loss (G”) moduli of
IP-Dip photoresist (Nanoscribe) across various temperatures and
frequencies. The innovation of this approach lies in integrating
conventional macroscopic testing principles with the specialized
requirements of microscale structures fabricated via 2PL. The
MEMS-based approach facilitates in situ testing, minimizes han-
dling errors, and offers a robust platform for dynamic mechanical
characterization.

Dynamic mechanical characterization techniques have also been
exploited by Pertoldi et al. [66] to assess the elastic and damp-
ing properties of SZ2080. Frequency-dependent studies have
yielded critical data on crosslinking density and overall structural
integrity of this resist, enabling the estimation of the Young’s
modulus for this resist (Figure 2D).

In some cases, efforts to understand the mechanical behavior of
2PL-fabricated microstructures have driven the development of
innovative characterization methodologies. One notable example
is the work of Jelinek et al. [130], who adapted a nanoin-
dentation system for tensile testing of micrometer-scale 2PL
specimens. Their approach involved fabricating a double-edge-
notched tension (DENT) structure within a push-to-pull frame.
When compressed vertically by a nanoindenter tip, the frame
deformed elastically, inducing tensile stress on the DENT speci-
men perpendicular to the indentation direction (Figure 2E). Upon
fracture, the work of fracture could be accurately determined by
decoupling the deformation contributions of the frame and the
specimen in a force-displacement graph. This method enabled
precise mechanical analysis and demonstrated scalability, paving
the way for high-throughput testing platforms [131]. Moreover,
insights from fracture analysis were instrumental in refining
2PL printing strategies (e.g., the introduction of slightly tapered
geometries) to mitigate artifacts and imperfections in suspended
structures without compromising mechanical integrity. This
underscores the importance of mechanically informed design
in enhancing the reliability and performance of microfabricated
architectures.

Another sophisticated approach was developed by Minnick
et al. [44], who employed AFM for uniaxial tensile testing
on micrometer-scale specimens (Figure 2F). Their device fea-
tured two independent horizontally movable 2PL-fabricated
structures—a sensing unit and an actuating unit—each sup-
ported by “A-shaped” vertical trusses and equipped with top
stages. A micrometer-wide dog-bone sample (referred to as a
microfiber) was printed between these two posts using the
photoresist under investigation. Testing was initiated by anchor-
ing an AFM probe to the actuating structure, which was then
translated horizontally. The applied force transmitted through
the microfiber caused a measurable deflection in the sensing
structure, enabling accurate force determination, while strain
in the microfiber was calculated from the relative displacement
between the rest and the measuring positions. This setup enabled
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precise measurement of Young’s modulus and yield strength
for photoresists such as IP-S and IP-Visio, supported loading—
unloading cycles, and operated in liquid environments simulating
physiological conditions. The method represents a significant
advancement in microscale mechanical testing, combining high
sensitivity, environmental versatility, and material-specific adapt-
ability.

As a final example of original characterization methods, we
report the introduction of laser-based dynamic vibrational test-
ing, which was recently proposed by Kai and colleagues [132]. The
authors exploit the photoacoustic excitation of elastic waves on
the surface of metamaterials fabricated via 2PL, showing different
architectures, to achieve stiffness values compatible to those
obtained with indentation-based techniques without destroying
the structures. The technique also showed its potential to identify
defects in the metamaterial structure.

Collectively, these investigations underscore the importance of
integrating dynamic, static, and in situ testing methodologies to
achieve a comprehensive understanding of the structure-
property relationships governing material performance
at the microscale. The ongoing evolution of mechanical
characterization—driven by innovations in high-throughput
platforms, MEMS-based analyzers, and computational
modeling—ensures rigorous evaluation of even the most intricate
microfabricated structures. Notably, the cross-disciplinary
synthesis of insights has led to the development of predictive
models that deepen our understanding of material behavior and
guide the design of more reliable and efficient microdevices. As
the field advances, these integrated, predictive approaches
are poised to become the gold standard for mechanical
characterization in emerging technological applications.

3.3 | The Quest for Standardization

These approaches highlight the critical need for a reliable esti-
mation of mechanical properties in 2PL-fabricated materials and
structures. However, a major barrier to the industrial adoption
of 2PL remains the lack of systematic data on material prop-
erties and the limited understanding of their correlation with
processing parameters. Despite the availability of numerous char-
acterization techniques, a standardized metrological framework
for 2PL is still missing [133]. The importance of this gap is
evident from findings that different nanoindentation protocols
can yield significantly different mechanical properties for the
same material under identical polymerization conditions [104].

To address this gap, Cantoni et al. [134] conducted a round-
robin study to compare polymerization accuracy and geometric
fidelity across different commercially available 2PL systems.
Their investigation included diverse conditions—free-hanging
geometries, stitching, and multi-scale structures—using the three
most widely used commercial 2PL platforms. While the study
offered valuable insights into the capabilities and limitations
of each system, it did not assess the mechanical properties
of the fabricated structures. Surface characterization was lim-
ited to AFM-measured root-mean-square roughness (Rq), and
different photoresists were used for each system, complicating
direct comparisons. Nevertheless, this work marks a significant

milestone toward standardization in 2PL, laying the groundwork
for future studies integrating mechanical performance metrics
into comparative analyses.

Indeed, material properties could be measured on macroscopic
specimens: fabrication times of macroscopic structures can be
reduced by using lower-magnification objectives, albeit at the cost
of decreased resolution [135]. It should be noted that structures
produced with low-magnification objectives may not exhibit
identical mechanical properties to those obtained via higher-
magnification objectives, in principle. Indeed, voxel dimensions
and proximity effects (e.g., Schwarzschild effect, shadowing
of already polymerized material, photoresist shrinkage) [136-
140] can affect structural continuity, leading to scale-dependent
variations in measured properties. Similarly, mechanical proper-
ties measured on macroscopic specimens might not be directly
applicable to structures at the microscale. Indeed, several factors,
including possible polymerization-induced defects, size effects,
and stress localization, can lead to significant differences in
micromechanical properties [141, 142]. However, the potential
of carrying out a systematic investigation of the mechanical
response of specimens from the micro- to the macroscale was
demonstrated recently [102]. As discussed above, Koch et al.
leveraged the reduced fabrication time which can be achieved
not only by modulating the writing speed, but also by using
objectives at lower magnification in combination with adaptive
resolution (“coarse mode,” which increases voxel dimensions
and thereby volumetric build rates) to fabricate standardized
macroscopic specimens. Once the writing parameters (e.g., slic-
ing and hatching of adjacent voxel lines) are optimized for a given
material, specimens of 2-20 mm (e.g., dog-bone specimens) can
be fabricated for testing with conventional mechanical charac-
terization equipment, such as tensile testers, hardness indenters,
and three-point bending setups. Such standardized cross-scale
testing is essential for evaluating the application potential of
newly developed 2PL materials and for ensuring process sta-
bility. However, not all photoresists compatible with 2PL may
be processable at high writing speeds, potentially limiting the
feasibility of macroscopic specimen fabrication. Besides using
lower magnification objectives, other strategies to increase fab-
rication speed were commercialized (e.g., galvanometric mirrors
to complement the motion of piezoelectric stages on which the
sample is placed) or developed [143-145], but the possibility of
realizing structures at the macroscale with resolution typical of
2PL systems in reasonable time remains a partially unaccom-
plished challenge, which would clearly improve -among others-
our capability to investigate the mechanical features of the used
photoresists. Another strategy to obtain standardizable stiffness
measurements, proposed by Bauer et al. [125], involves developing
an empirical model correlating 2PL writing parameters with the
degree of crosslinking and, consequently, with Young’s modulus.
Initially developed for IP-Dip and requiring the determination
of material-specific constants, the model is expected to apply
to other acrylate-based resists and, potentially, to any photo-
crosslinkable material used in 2PL. Key input parameters include
hatching distance, laser power, and the optical characteristics of
the 2PL system.

Recently, Eivgi et al. [104] summarized the best practices for
nanoindentation characterization to ensure accurate and trust-
worthy Young’s modulus determination for 2PL resins.
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In summary, significant theoretical and practical efforts are
underway to standardize protocols and procedures in 2PL fab-
rication. Emerging methodologies aim to reduce reliance on
custom setups and establish universal, predictive models for
the mechanical properties of 2PL materials, accelerating their
integration into industrial and technological applications.

4 | Mechanical Properties as Functional Features
in Static and Dynamic 2PL Structures

Historically, the mechanical characterization of 2PL-fabricated
microstructures has primarily served to elucidate the influence of
polymerization parameters on material behavior. In this context,
mechanical testing has been instrumental in deepening our
understanding of the 2PL process itself, resulting in a substantial
dataset detailing the key mechanical properties of commonly
used photoresists.

However, as novel materials for 2PL continue to emerge,
researchers have increasingly recognized that the potential of the
technology lies not only in its ability to fabricate unprecedentedly
complex 3D geometries with sub-micrometer resolution, but also
in its capacity to finely tune mechanical properties for functional
applications. This shift in perspective has led to the design of an
expanding array of microstructures in which geometry, material
composition, and structural characteristics are synergistically
engineered to achieve innovative functionalities across diverse
fields.

4.1 | Cell (Mechano)Biology

Disentangling the respective contributions of 3D architecture and
material properties to biological responses is often challenging.
Nevertheless, the literature provides a substantial subset of
studies where the mechanical features of 3D structures can be
clearly linked to specific cellular behavior or biological properties.

One of the earliest landmark examples is the work of Klein et al.
[146], who developed spiderweb-like 3D structures composed of
suspended beams that could be deflected by forces of approx-
imately 50 nN. Measuring the force-displacement behavior of
these beams—directly related to their stiffness—enabled, for the
first time, an accurate estimation of forces exerted by single
cells in a 3D scaffold. Building on this concept, the exploitation
of flexural properties in acrylate-based 3D structures has led to
several biologically relevant findings, including (i) an inverse
correlation between breast cancer cell invasiveness and materials
stiffness [38, 147], (ii) actin cytoskeleton remodeling induced by
controlled cyclic mechanical stimulation at 0.5 Hz of human
fibroblast-like synoviocytes (HFLS) and human umbilical vein
endothelial cells (HUVEC) on a multimaterial 2PL scaffold [148],
(iii) increased mineralization (i.e., increased calcium and phos-
phorus deposition) by osteoblast-like SAOS-2 cells cultured on
soft tetrakaidekahedral lattice scaffolds (E = 0.7 MPa) compared
to stiff ones (E = 100 MPa) [69] (Figure 3A). Stimuli-responsive
2PL scaffolds have also enabled researchers to gain insights into
the mechanisms underlying cell force response: for example, a
rapid increase (within 30 min) in traction forces induced by
the controlled swelling of a concentration-responsive photoresist

[29] was observed for osteosarcoma cells (U20S) and NIH3T3
fibroblasts. This behavior was shown to be reversible when
traction is released, unless non-muscle myosin IIA (nmMIIA)
was pharmacologically inhibited or nmMIIA knock-out cell lines
were used, suggesting that cellular tensional homeostasis strongly
depends on functional myosin motors (Figure 3B). 2PL-based 3D
structures have demonstrated their potential in investigating the
mechanics of biological systems, also in the presence of stem
cells and primary cells: indeed, enhanced neurite directionality
was demonstrated in primary hippocampal neurons and neural
progenitor cells in response to low shear modulus in the range
0.5-35 MPa [46] (Figure 3C). More recently, Lodhi et al. [149]
advanced cell force sensing applications by integrating piezore-
sistive elements beneath 2PL-fabricated flexible micropillars.
These structures enabled highly accurate and sensitive force
measurements based on pillar deflection induced by cellular
mechanical activity.

4.2 | Metamaterials

The term “metamaterials” originally referred to materials exhibit-
ing unusual electromagnetic properties, such as a negative
refractive index. Today, it more broadly denotes materials with
extraordinary or rare mechanical properties, achieved through
carefully engineered micro- or nano-architectures. While the
distinctive features of metamaterial classes have been widely
reviewed elsewhere [150, 151], here we focus on examples of
micro- and mesostructures where the key interest lies not in
the exotic “meta” behavior per se, but in how their unique
mechanical characteristics enable other scientific applications.

Within this category, notable examples include meta-
biomaterials, photonic metamaterials, and metasurfaces.
Rationally designed meta-biomaterials, specifically characterized
by auxeticity (i.e., a negative Poisson’s ratio), have been developed
to serve mechanobiology and tissue engineering purposes [152].
Leveraging the extremely high resolution of 2PL, intricate
structures featuring different lattice geometries have been
interfaced with fibroblasts [153, 154], bone stem cells [155],
and mesenchymal stem cells [156] (Figure 3D). In these
works, both the scaffold design and its mechanical properties
directly influenced cell colonization, differentiation, and force
generation. However, a universal consensus on the role of
Poisson’s ratio or auxeticity on cell fate remains elusive, as these
effects are intrinsically linked to other scaffold properties (e.g.,
Young’s modulus, porosity, etc.) and because most investigations
were performed under static conditions, without dynamic
loading.

Beyond biomedical engineering, 2PL-fabricated microstructures
also play a pivotal role in photonics and metasurface applications.
Recently, neuron-inspired metastructures [157] have opened new
avenues for creating low-density 3D materials with applications
in light-matter interactions and 3D topological photonics. 2PL
also enabled the manufacturing of multilevel metalenses [158],
with numerical apertures up to 0.96, which play a crucial role in
enhancing light-matter interaction mechanisms. An instructive
example of the correlation between metamaterials’ mechanical
features and optical properties resides in the work of Choi
and co-workers [159]: here, the geometry of the helical pattern
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FIGURE 3 | Relevance of mechanical properties of 2PL materials and structures for functional investigations. Panel (a): on soft 3D nanolattices,

osteoblast-like cells showed increased mineral secretions and intracellular f-actin and vinculin concentrations with respect to cells cultured o stiffer
structures with similar geometry (adapted with permission [69] Copyright 2017, Elsevier; panel (b): single-cell stretching induced by structure deflection
shows that cellular tensional homeostasis strongly depends on functional myosin motors (adapted with permission [29] Copyright 2020, Wiley; panel
(c): the shear modulus of nanopillar arrays correlates with the growth directionality of hippocampal neurons (adapted with permission [46] Copyright
2024, Wiley; panel (d): morphometric parameters of human mesenchymal stem cells, such as the projected area per cell and the aspect ratio, show clear
differences across 2PLL metamaterial structures (adapted with permission [156]. Copyright 2024, Wiley; panel (e): design optimization of metamaterials
via machine learning leads to supercompressible 3D microstructures (adapted with permission [160]. Copyright 2019, Wiley; panel (f): AFM cantilever

and tip fabricated via 2PL (adapted with permission [163]. Copyright 2024, MDPI).

was carefully calibrated to confer architectural and mechanical
stability to the fabricated microstructures, which in turn affects
the chiroptical properties. Additionally, the authors managed to
embed the micro-coils in PDMS and to control the response in
ellipticity when subjected to compressive load.

Finally, in recent years, synergistic approaches of machine
learning-driven design and 2PL microfabrication have led to the
realization of barrel-shaped [160] or dome-like [161] deformable
structures showing unprecedented flexibility (Figure 3E).

4.3 | Exploiting Mechanical Properties for
Opto-Acoustic Sensing and Highly Precise
Manufacturing

Partially overlapping with the metamaterials domain, the work
of Stinson and collaborators explores the compression properties

of 2PL photoresists—specifically IP-Dip—for developing tunable
beam splitters and micromechanical sensors [162] (Figure 3F).
Although the functionality of the fabricated 3D structures
was not experimentally demonstrated, numerical simulations
assessed the opto-mechanical behavior of an array of slanted
wires operating in the infrared spectral range. The slanted-
wire grating geometry was designed to modulate transmitted
diffraction order efficiencies as a function of the slant angle
@, which could be dynamically adjusted through mechanical
compression. Simulations indicated that slant angle variations
between 35° and 45° could be achieved with compression forces
in the millinewton range, suggesting that the fabricated pillars
are sufficiently compliant to produce measurable changes in
diffraction efficiency.

Beyond optical applications, the acoustic properties of 3D struc-
tures have also been investigated in relation to their mechan-
ical characteristics. In a preliminary study, scanning acoustic
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microscopy was combined with nanoindentation to correlate the
acoustic impedance of 500 x 500 x 100 um?® cuboids—fabricated
using the IP-Q photoresist—with their elastic modulus. The
estimated impedance, approximately 3.5 MRayl within the MHz
frequency range, was found to be directly influenced by the laser
power used during fabrication. These insights open promising
avenues for optimizing material compositions and geometries in
the development of functional acoustic metamaterials.

In a particularly innovative application, Gaso et al. [163] suc-
cessfully designed and fabricated AFM cantilevers and tips using
IP-Dip photoresist. By integrating previously measured Young’s
modulus values with theoretical models, they estimated the
resonant frequencies of the probes, which were subsequently
employed to detect surface topographies with nanometric res-
olution. Their results highlight the excellent performance of
these cantilevers for high-resolution imaging and precise surface
characterization over large areas. Moreover, this work demon-
strates the feasibility of using 2PL-fabricated structures not only
for imaging but also for mechanical investigations of other 2PL
architectures. This expands the scope of AFM-related techniques
in conjunction with 2PL, including advanced methods such as
dip-pen nanolithography and Microchannel Cantilever Spotting
[164].

Alongside functional device fabrication, ensuring the structural
integrity of 3D architectures represents a fundamental yet often
overlooked objective. Fine control over the final geometry at a
nanometer scale has been achieved only in a few recent works,
but it is essential for guaranteeing uniform mechanical properties
throughout the structure. Although this may appear secondary
due to its lack of immediate applications, refining 2PL poly-
merization strategies could unlock new design possibilities and
enhance the functionality of existing devices. For instance, in the
metamaterials field, the fidelity of the fabricated outcome to the
intended design is critical: Kurpiers et al. [80] demonstrated that
continuous nonlinear variations in laser power during writing
result in nanometric adjustments of the designed geometries in
tetrahedral lattices. In particular, joints between adjacent beams
were modified from rounded shapes to sharp notches, and beams
with convex and concave shapes were realized. This not only
increases design freedom for mechanical metamaterials, but also
impacts the control over imperfections in fabrication, which were
considered unavoidable.

Efforts to minimize mismatches between design and fabrica-
tion results have also been reported by Oguguo et al. [165],
who introduced compensation factors to counteract distortion
sources in voxel polymerization—such as defocusing, voxel size,
and proximity effects—when designing gyroid-like and lattice
structures. Unaddressed fabrication inaccuracies can lead to
inconsistencies in 3D structures and poor mechanical response,
even when the dimensions of the realized specimens are macro-
scopic. Several authors report that overcoming fabrication defects
to achieve predictable mechanical behavior cannot be accom-
plished solely by refining the design of the intended architectures
[128]. In such cases, a comprehensive rethinking of both the
materials —e.g., by introducing resins with better mechan-
ical performance [50]— and the 2PL process parameters is
required.

5 | Conclusions

Two-photon lithography (2PL) has emerged as a transformative
technology in high-resolution additive manufacturing, enabling
precise fabrication at the micro- and nanoscale. The mechan-
ical properties of 2PL structures—such as Young’s modulus,
Poisson’s ratio, fracture toughness, and viscoelastic response—
cannot be regarded as fixed attributes of a given resin. Instead,
they result from a complex interplay of resin chemistry, print-
ing parameters, environmental conditions, and post-processing
treatments. Understanding and controlling these properties is
essential for ensuring the structural integrity, functionality, and
long-term reliability of 2PL-fabricated devices. Acrylate-based
resins, including commercial formulations, dominate the field
due to their high stiffness and strength. However, custom resin
formulations usually offer flexibility in tailoring properties.
Notably, stiffness can vary by an order of magnitude depending
on fabrication conditions: higher laser power, slower scan speeds,
and denser slicing and hatching generally increase crosslink
density and modulus. Post-processing methods such as UV curing
and thermal annealing can be used to enhance rigidity, while
emerging “4D materials”—structures designed to change shape
or stiffness in response to external stimuli—introduce dynamic
mechanical behaviors.

Taken together, these considerations suggest that the versatility
of 2PL over other microfabrication techniques lies not only
in the virtually unrestricted capability to create free-form 3D
geometries, but also in the possibility of selecting among a variety
of photoresists and processing strategies the most suitable to
achieve the desired mechanical features for the intended appli-
cation. Advanced characterization techniques, computational
modeling, and post-processing treatments have greatly refined
our understanding of how process variables influence material
outcomes at both the micro- and nanoscale.

As the number of 2PL structures continues to grow, several
emerging directions can be envisioned for the field. The develop-
ment of complex materials—including nanocomposites, hybrid
organic-inorganic formulations, and functional hydrogels—
promises tunable mechanical, chemical, and biological proper-
ties. The integration of real-time mechanical characterization
within fabrication workflows could enable adaptive printing,
reducing trial-and-error and improving reproducibility. Predic-
tive design approaches leveraging multiphysics modeling and
machine learning may soon forecast mechanical performance
based on resin chemistry, exposure settings, and geometry,
accelerating innovation.

The future of 2PL will also depend on treating mechanical proper-
ties as fundamental design parameters, along with geometric and
optical considerations. As micro- and nanoscale devices become
increasingly integral to biomedical research, industry, and health-
care, the demand for robust, predictable mechanical behavior will
intensify. Reliable microfluidic platforms, bioengineered tissues,
soft robots, and tunable metamaterials will require not only
dimensional precision but also carefully engineered elasticity,
toughness, and dynamic response. By emphasizing mechanical
understanding alongside geometric control, 2PL can truly emerge
as a key enabling technology for advanced manufacturing,

Laser & Photonics Reviews, 2026

13 of 19

85U80| 7 SUOWWIOD @A1eR.D |qeol(dde auy Aq pausenob ke ssjoe YO 8sN JO San1 o} A%eiq 1T 8UIjUO AB]IA UO (SUORIPUOD-pUR-SBI W00 A3 | 1M ARe.q 1l |uO//:SdNU) SUORIPUOD PuUe swiie | 83 89S *[9202/20/80] U0 Areiqiauluo AB|IM ‘ 13ea N -sefed aor Ag 0gST. 10d |/200T 0T/10p/wo0" A8 1M ARe.q 1 eul|uo//SdnY Wwoj pepeojumod ‘0 ‘6688€98T



transitioning from empirical, proof-of-concept approaches to
data-driven, predictive workflows at higher technology readiness
levels.
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