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In Situ Nanomechanical Characterization Techniques for
Soft Bioelectronic Interfaces and Their Building Blocks

Giorgio Cortelli, Tobias Cramer,* Luca Patruno, Beatrice Fraboni, and Stefano de Miranda

Soft bioelectronic interfaces constitute a paradigm shift for biomedical
devices. High-resolution monitoring and stimulation of physiological
processes in vivo are becoming possible with minimally invasive devices
operated without inflicting tissue damage or discomfort over prolonged
timescales. However, the development and commercialization of such
interfaces still must address significant challenges. Biological tissue is
subjected to continuous motion and the related device deformations can
easily trigger fracture or delamination of the device components, putting
long-term durability of soft implants at risk. In this review, an overview of
experimental techniques for testing mechanical properties and failure
mechanisms of soft bioelectronic devices at the nanoscale while the
deformation takes place (in situ) is provided. Through the tensile test,
bending test, nanoindentation, and micropillar compression test, precise
measurements of the mechanical properties of individual building blocks and
the interfaces themselves can be obtained. Such parameters are crucial to
design, model, and optimize the device’s performance. Then, recent examples
of how this information guides design and optimization of soft bioelectronic
interfaces and devices for healthcare, robotics, and human-machine
interfaces is provided. Last of all, future research that is needed to fully
achieve long-term soft bioelectronic interfaces for integration with the human

control of biological processes for diag-
nostic and therapeutic uses in health-
care applications.[?] Bioelectronic inter-
faces have significant potential for both
therapy and diagnosis as they can mea-
sure physical, electrical, and chemical
signals in the body.>”] Physical biosen-
sors can detect physical signals, such as
body motion,®?) heart rate, and blood
pressure;'13] while, electrophysiologi-
cal signals can be captured via electro-
cardiography , electromyography , and
electroencephalography . Nevertheless,
the most crucial element of implantable
devices is centered around the record-
ing and modulation of neural signals.
This is accomplished by directly inter-
facing with neural tissue using invasive
electrodes. This bidirectional communi-
cation can monitor and stimulate the
centrall'* or peripheral*®! nervous sys-
tem, making it crucial for the diagnosis
and therapy of neural diseases. Moreover,
the real-time monitoring of biochemi-

body is discussed.

1. Introduction

Bioelectronics is based on the transduction of signals between
tissue and device interfaces, enabling the measurement and
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cal markers, including pH, ions, glucose,

and lactate, offers comprehensive in-

sights into an individual’s health, perfor-

mance, or stress on a molecular level.l”:¢]
This underscores the immense potential of utilizing bioelec-
tronic interfaces to enhance patient outcomes across a broad
spectrum of medical disciplines.

As the human body is inherently soft and in continuous me-
chanical motion, bioelectronic interfaces have to comply with
movements of the human body to be biocompatible, stable, and
safe during long-term operation.['7-2!] Understanding the me-
chanical response of wearable and implantable devices during
deformation is crucial for optimizing their performance, improv-
ing their biocompatibility, and increasing their lifespan. Conven-
tional stiff bioelectronic interfaces cannot conform to soft and
curvilinear skin or tissue or adapt to body motions, leading to
performance issues and high impedance.?2?3] Friction between
stiff wearable devices and skin can cause rashes, inflammation,
and even allergic reactions.?*®! In the body, stiff implanted bio-
electronics can trigger foreign body responses and inflammatory
reactions that lead to scar tissue formation, causing increased
electrical impedance and reduced recording performance.[26-2]
Increased electrode impedances cause further degradation due to
water electrolysis and radical formation happening at increased
electrode potentials. Instead, degraded isolation materials cause
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Figure 1. Soft bioelectronic interface. On the bottom left, a schematic of a wearable (left) and implantable (right) soft bioelectronic interface in contact
with biological tissue is shown. The image shows the main components of a soft bioelectronic device: substrate, electrodes, interconnects, and encap-
sulation layer. The encapsulation layer is shown in light blue. It covers the interconnects and parts of electrodes that should not exchange signal with
biological tissue. The inset on the top left shows typical failure modes (breaking and delamination) that can occur in the interconnects under device
operating condition. The inset in the center presents different failure mechanisms of 3D electrodes (buckling, breaking, and friction of the encapsulation
layer). For the case of 2D electrodes, they can be damaged by friction as well as by breaking or delamination. The bottom right inset shows the main
interfaces between the device and the tissue. In the case of wearable and the non-inserted part of the implantable device, inflammation can occur due
to the mechanical mismatch. For implantable devices, the foreign body response can cause scar tissue formation, leading to an increase in impedance.

increased leakage currents and unwanted electrochemical
reactions.[?]

In recent years, significant advances in flexible and stretch-
able electronics have been obtained leading to soft bioelectronic
interfaces.[3*-*] Soft bioelectronic devices need to be designed for
long-term use and must adapt to mechanical strains; while, main-
taining good tissue coupling.3¢#01 Soft bioelectronic interfaces
aim to avoid the mechanical mismatch by using materials thatare
soft and flexible, allowing the devices to conform to the shape of
biological tissues without causing damage or discomfort. To ad-
dress these issues, new materials and manufacturing techniques
have been developed that can produce devices with mechani-
cal properties more closely matched to biological tissues.[*1*]
This includes the use of materials such as hydrogels and poly-
mers, which are soft and biocompatible and implement dynamic
stress relaxation, toughness, and self-healing properties.*?] Dy-
namic stress relaxation allows stretchable materials to endure re-
peated stretching and recover their original shape without per-
manent damage. Toughness ensures that stretchable materials
can handle substantial strain or deformation without breaking.
Self-healing characteristics enable stretchable materials with dy-
namically crosslinked bonds to repair or re-establish their bonds
when damaged during stretching or deformation. The combina-
tion of these properties makes stretchable materials with dynam-
ically crosslinked bonds highly desirable for applications such as
flexible electronics, wearable devices, and biomedical implants,
where mechanical durability and self-repair capabilities are cru-
cial for long-term performance and reliability.[*4]

Manufacturing strategies to develop devices that can stretch
and deform without causing damage to the tissue or the device
are based on several components usually made of materials with
different mechanical properties. Typically, the building blocks of
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soft bioelectronic interfaces can be classified into four categories:
1) the substrate, 2) the interconnects, 3) the electrode, and 4) the
encapsulation layer.>%! The substrate serves as the physical sup-
port for the device and can be made of various materials such as
polymers, ceramics, or metals. The layer with interconnects is the
active layer of the device and can include materials such as con-
ductive polymers, hydrogels, or nanowires. The electrode is the
component that interfaces with the biological tissue and can be
made of conductive metals such as gold or platinum, and also of
conductive hydrogels, conductive polymers, or conductive fibers.
Finally, the encapsulation layer is responsible for protecting the
device from the surrounding environment and can be composed
of polymers or other biocompatible materials.>!l A schematic of
soft bioelectronic devices interfacing with a biological tissue is
shown at the bottom of Figure 1.

Despite the improvements from rigid to soft bioelectronics,
achieving a good match between the mechanical properties of the
device and the tissue is still a major challenge, especially when
considering long-term implantation and use of the devices. Sur-
face morphology of both the device and the heterogeneous body
parts plays a crucial role in determining the performance of bio-
electronic soft interfaces and their failure modes as the surface
is the point of contact between the sensor and the body.**! As for
rigid bioelectronic interfaces, it is crucial to avoid the mechanical
mismatch due to stiffness incompatibility among different layers
of the soft device and between the device itself and the biolog-
ical tissue. In addition, developing flexible and stretchable soft
devices based on multiple layers and building blocks with dif-
ferent material properties introduces new critical mechanical is-
sues. Delamination of the functional layer from the substrate, for
example, typically can occur as a result of compression or bend-
ing of the soft device.’>>* The formation of microcracks large
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enough to render the electrode or interconnects nonconductive
can be caused by excessive stretching or bending of a single de-
vice component.[>=7] In addition, it is not guaranteed that soft
bioelectronic interfaces can withstand mechanical loads during
handling and insertion. In fact, the device must reach its operat-
ing target location without triggering mechanical failure modes
such as buckling, cracking, delamination, or excessive friction be-
tween the encapsulation layer and the biological tissue.>2>%-60]
An illustration of the main mechanical failure modes of the dif-
ferent components of a soft bioelectronic device is reported in
Figure 1.

Microscopic mechanical characterization is mandatory to un-
derstand the activation of failure mechanisms and optimize the
devices coupling with the biological tissue; for example, to de-
tect fracture of interconnects or partial damage to a microelec-
trode. However, microscopic characterization alone is not suffi-
cient to provide all the information needed in the investigation
and optimization of mechanical properties of soft bioelectronic
devices. Indeed, the failure mechanisms mentioned above occur
while the device is operating under strain in different configu-
rations, such as stretching or bending, as well as compression.
Therefore, mechanical characterization techniques, performed
during the deformation, are needed to reveal insights into the
nanoscale mechanisms causing device failure. Throughout this
manuscript, we refer to the term in situ as those characterization
techniques that take place during deformation. Conducting in
situ, localized micromechanical tests on individual components,
along with assessing their inherent properties, presents practical
obstacles. These challenges include the need to examine samples
at the nanoscale, precisely manipulate the sample for mechani-
cal testing, and accurately measure the applied force and defor-
mation during the process. Traditional universal material testing
machines are generally suited for testing objects manageable by
hand and don’t demand direct observations at the microscale.[*!]
The most used instruments for soft bioelectronics mechanical
characterization are the universal testing machine (UTM) and
dynamic mechanical analyzer (DMA). UTM is versatile and com-
monly used for materials testing and characterization, allowing
to perform tensile, compression, bending, and shear tests on soft
materials.[**/] DMA evaluates viscoelastic properties, crucial for
understanding time-dependent mechanical behavior in soft bio-
electronic interfaces.[***] These instruments enable the assess-
ment of overall device performance under operating conditions.
Unfortunately, the relatively small size of the individual compo-
nent cannot be observed without the aid of a microscope. In addi-
tion, a greater manipulation precision and force resolution than
provided by conventional methodologies is required. It therefore
turns out to be necessary to complement standard global tests of
the whole device with local in situ tests to have a greater under-
standing of deformation phenomena. Therefore, a rational op-
timization process of soft bioelectronic devices can only occur
when mechanical testing is combined with specific experimen-
tal setups for local in situ characterization supported by predic-
tive models. Only a deeper understanding of these mechanical
aspects will pave the way to an optimized design of wearable
and implantable soft bioelectronics initiating a new era of health
monitoring, diagnosis, and therapeutics.

In this work, we review in situ nanomechanical characteri-
zation methods to study soft bioelectronic interfaces and their
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building blocks, such as nanowires, nanofibers, nanopillars, and
ultra-thin films. Reported techniques for in situ local nanome-
chanical testing used various microscale imaging techniques
such as atomic force microscopy (AFM), confocal laser scanning
microscopy (CLSM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The instrument to
perform the mechanical test was placed inside the chamber of
the imaging tool to observe the samples during the acquisitions.
Recently, specific instruments, such as microelectromechanical
systems (MEMS) or AFM cantilevers to achieve controlled
microscale deformations have also been adopted. In advanc-
ing our understanding of soft bioelectronic interfaces, in situ
nanomechanical characterization techniques play a crucial role
by providing valuable insights into their mechanical behav-
ior under real operating conditions. These methods enable
researchers to investigate the intricate mechanics of these inter-
faces at nanoscale resolutions, shedding light on the underlying
processes and interactions that govern their functionality. How-
ever, it is important to acknowledge the limitations associated
with these techniques. Notably, the size constraints of soft bio-
electronic devices can be challenging as some nanomechanical
testing methods require minimum sample sizes for accurate
measurements. Manipulating and positioning very small or
thin devices may affect the accuracy of the results. In addi-
tion, the delicate nature of soft bioelectronic samples requires
careful preparation for nanomechanical testing. The handling
and mounting process may inadvertently alter the mechanical
properties of the samples and introduce artifacts, potentially
impacting the experimental outcomes. Moreover, maintaining
physiological conditions during nanomechanical testing poses
challenges. Variations in temperature, humidity, or pH levels
can influence the mechanical behavior of the samples, leading
to discrepancies between in situ measurements and real-world
performance. Despite these limitations, the significance of in
situ nanomechanical characterization techniques cannot be
overstated. They remain indispensable tools in bioelectronic
interface research, offering unique insights into the mechan-
ical properties and behavior of soft interfaces under realistic
conditions. Understanding these mechanical responses helps
optimize the design of more robust, reliable, and biocompat-
ible bioelectronic devices. It is essential to consider in situ
nanomechanical techniques as complementary rather than sub-
stitutive to other global characterization methods such as UMT
or DMA. By integrating diverse approaches, researchers can
gain a comprehensive understanding of soft bioelectronic inter-
faces, bridging the gap between macroscopic and nanoscale
behavior, and driving groundbreaking advancements in
bioelectronics.

To structure the review, we first consider the main modes of
deformation to which a soft bioelectronic interface is subjected
both during insertion and during its long-term operation. As pre-
viously mentioned, devices are mainly subjected to stretching,
bending, and compression. Accordingly, this work is organized
into three main sections related to what deformation mode is ac-
tivated during the in situ nanomechanical characterization tests:
tensile, bending, nanoindentation, and micropillar compression.
The final, most relevant section is dedicated to case studies in
which such nanomechanical characterization techniques have
been employed to enhance the mechanical performance of soft
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Table 1. Summary of the discussed in situ nanomechanical tensile tests.
The table shows the properties that can be measured and the kind of sam-
ple that can be investigated with the proposed technique as described in
the referenced articles.

Measurements Samples References

Tensile test

Elastic modulus Nanowires and thin films ~ Zhu et al.[®?]

Thin films Cao et al.[®3]

Thin films Costa Angeli et al.[5]
Delamination Thin films Costa Angeli et al.[®]
Tensile strength Nanofibers Hang et al.[67]
Yield strength Thin films Thomas et al.[®]
Stiffness and conductivity Thin films Cortelli et al.l57]
Fatigue Thin films Cattarinuzzi et al.l®]

bioelectronic interfaces. In the conclusions, we discuss the chal-
lenges that need to be addressed before soft bioelectronic inter-
faces can achieve long-term integration with the human body.

2. Tensile Test

The traditional tensile test conducted at the macroscale consists
in subjecting a specimen, typically of dog-bone shape, to a uniax-
ial increasing load resulting eventually in the sample failure. The
tensile test can be used to determine several characteristics of the
material under test, including Young’s modulus, yield strength,
and ultimate strength. In recent years, tensile tests have been try-
ing to reproduce at the nanoscale with different experimental se-
tups. In the context of soft bioelectronic interfaces, such an ap-
proach is crucial to investigate how is the response of the device
and its building blocks under stretching.”) The added value of de-
veloping techniques for in situ tensile testing lies in the ability to
observe the onset and evolution of damage of single components
and their assembly as the load is applied. In Table 1 is summa-
rized the in situ tensile test discussed below.

The elastic modulus is a key parameter to estimate for soft
bioelectronic devices as it has a direct impact on the mechani-
cal mismatch with biological tissue. The ability to estimate this
parameter for each device component provides a method to also
understand the interaction and mechanical mismatch between
the various building blocks. In this context, Zhu et al.l%?] devised
a material testing setup to enable in situ electron microscopy and
mechanical testing of nanostructures. This testing configuration
incorporates a microelectromechanical system (MEMS) contain-
ing an actuator (electromechanical or thermomechanical) and a
load sensor based on capacitance measurement. To observe the
specimen during the uniaxial tensile test, they used either a SEM
or a TEM and monitored two displacement markers during the
acquisition (Figure 2a). To test their experimental setup, they in-
vestigated different free-standing nanostructures, such as carbon
nanotubes, palladium nanowires, and polysilicon films, acquir-
ing the stress—strain curves. In the case where nanofibers were
embedded in a polymer matrix, Cao et al.[®®] proposed in situ ten-
sile testing by exploiting the ability of TEM to obtain surface infor-
mation of the sample but not just that. Specifically, they consid-
ered graphene hybrid films with Ag nanowires. The sample and
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the experimental setup can be seen in Figure 2b. Their findings
highlight a softening of the hybrid films compared to a single
graphene film. Similarly, Costa Angeli et al.[*) performed tensile
tests to investigate the strain sensing behavior of 3D printed car-
bon nanotubes percolation matrix. The resistive strain sensor ar-
ray, produced using all-inkjet printing, successfully mapped the
deformation of the substrate surface. The initial step involved ex-
amining the strain-sensing characteristics of the printed CNTs
percolation network by creating and electromechanically assess-
ing a single sensor. Further, a confined electromechanical tensile
test was conducted on the manufactured sensor array, applying
a non-uniform strain distribution. The outcomes demonstrated
that the deformable sensor array, printed using inkjet technol-
ogy, possessed the capacity to depict distinct local strains across
the substrate surface.

The in situ tensile test can also be a valid method for investi-
gating delamination between layers of the same device. For ex-
ample, with the same micro-tensile tester and a confocal laser
microscope, Costa Angeli et al.l®] developed and studied inkjet
printed interconnects using both linear and serpentine shapes
on two distinct substrates (Figure 2c). The findings revealed that
the printing quality and the electromechanical response were sig-
nificantly influenced by the geometrical layout and printing di-
rection. An AFM was employed by Hang et al.l®!] as mechanical
tester in studying the mechanical properties of nanofibers. The
evaluation of individual nanofibers’ mechanical properties took
place within the SEM chamber, which was equipped with an AFM
system. To facilitate this, a specially designed AFM setup was em-
ployed, where the sample stage was oriented at a 90° angle to
a typical AFM configuration. This adjustment enabled exposure
to the SEM’s electron beam. Precise manipulation was achieved
by maneuvering the AFM probe, affixed to a cantilever, using a
piezo scanner linked to the AFM head. The nanofiber under in-
vestigation was glued on both sides, one to a substrate and one
to the AFM tip. A scheme of the experimental setup as well as a
glued nanofiber to the AFM tip before the acquisition are shown
in Figure 2d. The nanofibers were tested by applying a uniaxial
tensile load moving the AFM tip. Force spectroscopy showed in-
creased tensile strength and elastic modulus when compared to
bulk equivalents. Measurements of this kind are crucial for the
development of optimized soft bioelectronic interfaces as they al-
low tuning of the mechanical properties of the device, based on
its target.

As devices whose goal is to remain implanted or worn for a
long time, it is necessary for the performance of the device to
be stable over time. Therefore, it is important to estimate the
yield strength of the components and of the entire device to char-
acterize the onset of the plastic response of the material. Once
this threshold value is exceeded, in fact, the device will undergo
permanent deformation. Thomas et al.[%! developed an experi-
mental configuration aimed at studying the plastic deformation
mechanism of semi-crystalline polymers. This setup involves
capturing images from the same point on the sample as strain
is applied, allowing for the observation of changes over the defor-
mation process. The strain is applied and monitored with a mo-
torized stretching stage which is placed under the AFM probe to
capture images of the sample while stretching. In particular, they
studied the initiation, growth, and coalescence of crazes in poly(1-
butene) at different strain values. Figure 2e shows an image of
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Figure 2. Tensile test. a) The setup features an in situ TEM holder paired with a 5 x 10 mm MEMS chip. In the experimental configuration, the MEMS
chip is flipped and positioned within the TEM holder; then, firmly secured using the left and right clamps. The two SEM images on top show the working
configuration of both a thin film and a nanowire. Adapted with permission.[®2] Copyright 2005, National Academy of Sciences. b) In situ TEM tensile
testing platform of Ag NW/graphene hybrid film sample. Reproduced under the terms of the CC BY 4.0 license.[3] Copyright 2020, The Authors, published
by International Journal of Smart and Nano Materials. c) Linear and serpentine inkjet-printed interconnects. Reproduced with permission.!53] Copyright
2019, Springer Nature. d) AFM-in-SEM configuration for in situ nanofiber tensile test. The image on the right shows the glued nanofiber attached to the
AFM probe before the acquisition. Adapted with permission.[®] Copyright 2011, IOP Publishing. ) On the left, the AFM image of the diagonal region of
spherulite at 10% strain is shown. The label (1) denotes the initiation of crazes at the interface between lamella stacks displaying distinct orientations;
while, label (2) indicates the fragmentation of lamellae within a single lamella stack. Reproduced with permission.[®®] Copyright 2007, Elsevier. f) AFM
setup for in situ multichannel mapping of metallic thin films on polymers. Reproduced under the terms of the CC BY 4.0 license.[®”] Copyright 2022,
The Authors, published by American Chemical Society. g) Microcracks evolution as a function of tensile strain. The figure shows the three-channels
maps: morphology, elastic modulus, and current at different strain values (0%, 5%, and 10%). Reproduced under the terms of the CC BY 4.0 license.!57]
Copyright 2022, The Authors, published by American Chemical Society. h) FEM outcomes are presented alongside the mixed-mode cohesive zone model.
For comparison, the insets display topographic height profile measurements obtained from experiments conducted at the corresponding global stretch
increment. Reproduced under the terms of the CC BY 4.0 license.[®] Copyright 2020, The Authors, published by Elsevier.

the samples obtained using SEM with 10% strain. Their findings
show the presence of crazes oblique to the principal tensile stress.
In addition, the tensile test allowed to investigate the formation
and growth of microcracks till they reached a width large enough
to cause a significant drop in electrical conductivity of the device.
For example, Cortelli et al.l®”] designed an experimental setup
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combining an AFM and a strain stage to investigate in situ, the
mechanically induced electrical properties of thin metal films on
a polymeric substrate under tensile strain (Figure 2f). In particu-
lar, the AFM was exploited for a three-channels acquisition: mor-
phology, stiffness, and conductivity. The approach utilizes rapid
and repetitive nanoindentation experiments (force spectroscopy)
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in conjunction with a conducting AFM probe. These experiments
are conducted on a freestanding stretched sample, enabling the
acquisition of multichannel images at varying strain levels. In
order to validate the experimental configuration, the researchers
analyzed the propagation of microcracks in a thin gold film de-
posited on polydimethylsiloxane (PDMS). This technique permit-
ted the observation of microcrack formation during tensile strain
and its impact on local current conduction and surface mechan-
ics. Figure 2g presents the morphology, elastic modulus, and con-
ductivity maps of the same sample area under different strain
conditions. The results indicate that, even as the film fractures
into distinct fragments, higher strains sustain current conduc-
tion through a tunneling mechanism.

So far, tensile test experiments that reach the sample failure
within a single acquisition have been reported. Nevertheless, it is
also crucial to investigate the material behavior at the nanoscale
under cyclic load, that is, under multiple usages. This is the case
of the fatigue test, which consists of the application of a cyclic load
to the sample, keeping the maximum load in the elastic regime.
These tests serve the purpose of generating data related to fatigue
life and crack growth, pinpointing critical locations, or validat-
ing the structural integrity of components that could be vulner-
able to fatigue. For example, Cattarinuzzi et al.[®®! investigated
the failure mechanism of aluminum/polyimide stretchable in-
terconnects under cyclic load with a uniaxial stress test with in
situ SEM or CLSM. Their work highlights the crucial role played
by the interface between the substrate and the metal serpentine
in defining the mechanical properties of the stretchable intercon-
nects. During the process of stretching the substrate, the stress
that affects the interconnect metal core is alleviated by the defor-
mation of the winding structure. This structure undergoes both
in-plane and out-of-plane distortions. Further, the compliant sub-
strate beneath provides additional support, contributing to a de-
lay in the occurrence of ductile failure in the metal film. In a sub-
sequent work, Kleinendorst et al.[®! used the same experimen-
tal setup with CLSM to extract height profiles of metal serpen-
tines on polyimide. Using a digital height correlation algorithm,
they recorded the 3D microscopic deformation both in-plane and
out-of-plane. They then compared the experimental results with
numerical simulations to model and describe the behavior of the
interface during the experiment. The comparison between exper-
iments and simulations suggests that only considering residual
stresses and different properties in shear and normal directions
allows a comprehensive description of the delamination mecha-
nism. A simulation result and a CLSM image are compared in
Figure 2h.

3. Bending Test

In a macroscopic bending test, specimens are typically character-
ized by a geometry for which one (two) dimension(s) are greater
than the other two (one) and can be modelled as beams (plates).
These specimens are loaded perpendicularly to the longitudinal
axis (middle plane) identified from the sample geometry. De-
pending on the geometry of the specimen, different experimental
setups are used and allow for the investigation of its mechanical
properties, such as the bending stiffness, the maximum deflec-
tion, and the failure stress. Typical soft bioelectronics building
blocks tested under bending are nanowires, nanofibers, nanopil-
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Table 2. Summary of the discussed in situ nanomechanical bending tests.
The table shows the properties that can be measured and the kind of sam-
ple that can be investigated with the proposed technique as described in
the referenced articles.

Bending test

Measurements Samples References
Ultimate strength Nanowires Kim et al.[”0]
Elastic modulus Nanofibers Morel et al.l’"]
Elastic modulus Nanowires Antsov et al.l2]
Bending stiffness Micropillars Cortelli et al.[73]
Bending stiffness and Nanopillars Angeloni et al.[74]
failure stress
Bending stiffness Thin films Abrahamians et al.l’?]
Elastic modulus Thin films Cortelli et al.[7°]
Fatigue Thin films Kim et al.l”%]

lars, or thin films. Table 2 reports a summary of the in situ bend-
ing tests and the characterized micromechanical properties de-
scribed below.

Structures such as nanowires and nanofibers are often used
in soft bioelectronic devices, especially in the functional layer.
Therefore, the electrical conduction of the device depends on
them. Such components can be exploited as functional layers in
soft bioelectronic devices either embedded in a polymer matrix or
deposited on a softer substrate. Quantitative estimation of bend-
ing stiffness, which is elastic modulus dependent, allows the me-
chanical mismatch between the device and the target tissue to
be evaluated. The added value of applying in situ characteriza-
tion is that one can observe the component or device during test-
ing. This makes it possible not only to evaluate maximum de-
flection and failure stress but also to understand at what point
the failure mechanism is activated. Due to the small size of the
samples, a microscope is crucial to observe the sample and ap-
ply the load at the desired location and direction. In addition, the
ability to investigate the mechanical response of the single com-
ponent (nanowire) at the nanoscale provides fundamental infor-
mation for tuning the mechanical properties of the device. For
example, Kim et al.l’! explored the nanomechanical character-
istics of silicon nanowires with radii ranging from 15 to 70 nm
using AFM bending on freestanding samples. In this case, the
nanowires were clamped on both ends, as shown in Figure 3a.
In particular, results highlight that under a minimum threshold
radius, the mechanical properties show significant size depen-
dency because the nanowire strength dramatically increases as
the radius is reduced. Similarly, Morel et al.”!] investigated the
micromechanical properties of poly(L-lactide) nanofibers of dif-
ferent diameters with AFM bending. To apply the load at the cen-
ter of the nanofiber, a hook was used. The experimental setup
and the sample during the acquisition can be found in Figure 3b.
Young’s moduli show a strong increase for thinner fibers below
a critical diameter of 800 nm. Antsov et al.”?l used AFM to mea-
sure the elastic modulus of fivefold twinned gold nanowires and
compare three different sample configurations to perform the ac-
quisitions. Specifically, they tested the following configurations:
three-point bending with fixed ends, three points bending with
free ends, and cantilevered-beam bending. The configurations
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Figure 3. Bending test. a) SEM images of fabricated structures and AFM bending configuration. AFM images before and after the bending are reported
on the right. Adapted with permission.I”%l Copyright 2010, Wiley-VCH GmbH. b) On the left, the electrospun nanofibers are shown. On the right, the
micromechanical testing setup is reported. The hook used to apply the load to the fibers is drawn in blue. Adapted under the terms of the CC-BY-NC-ND
license.[1l Copyright 2018, The Authors, published by Elsevier. c) SEM images, accompanied by corresponding schematics, showcasing Au NWs in three
different configurations: free-ends (left), fixed-ends (center), and cantilevered (right). Reproduced with permission.[”2] Copyright 2019, Elsevier. d) SEM
image of PA 3D inkjet printed with a thin metallic coating and a schematic of the AFM experimental setup to investigate their bending. Reproduced under
the terms of the CC-BY 4.0 license.l”3] Copyright 2023, The Authors, published by American Chemical Society. e) SEM image of the nanopillars under
investigation. On the right, the force spectroscopy imaging approach and the contact mode imaging method are shown, respectively. Adapted under the
terms of the CC-BY 4.0 license.l”#] Copyright 2021, The Authors, published by Elsevier. f) Scheme of the AFM experimental setup for nanomechanical and
electrical characterization of thin metallic layers on elastomeric substrate. Reproduced under the terms of the CC-BY 4.0 license.”8] Copyright 2021, The
Authors, published by American Chemical Society. g) Schematic of the bending fatigue test and an electrical resistance monitoring system. Reproduced
under the terms of the CC-BY 4.0 license.[”®] Copyright 2019, The Authors, published by MDPI.

are depicted in Figure 3c. In addition, all three setups were sub-
jected to finite element simulations to provide enhanced compre-
hension of the stress distribution within nanowires during bend-
ing, as influenced by the specific testing conditions.

Nanopillars are the components that interface with the biologi-
cal tissue to be monitored or stimulated. They are composed of a
conductive material and an encapsulation layer that isolate the
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conductive part except where required. Bending test is crucial
for these structures as it gives insight into whether the electrode
will be able to be inserted correctly in contact with the tissue or
whether it will undergo buckling or breaking. This type of charac-
terization is crucial because while in order to avoid damage to the
3D electrode (pillar), the ideal would be to develop it as rigidly as
possible, excessive stiffness leads to activation of the foreign body
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response; and thus, to an increase in electrical impedance, pre-
venting the soft bioelectronic interface from functioning. In this
contest, the possibility of in situ nanomechanical characteriza-
tion allows monitoring not only the pillar breakpoint but also the
state of the encapsulation layer. In fact, this layer of material tends
to be thinner than the conductive part of the pillar and made of an
extremely softer material. Therefore, the impact on the mechani-
cal response of the device alone is negligible. However, delamina-
tion or damage of the encapsulation layer dramatically decreases
the performance of the device. Cortelli et al.l”*! showcased an ex-
perimental approach solely relying on AFM force spectroscopy,
which furnished measurements for both the stiffness of a mi-
cropillar and the elastic modulus of its constituent material. This
methodology was validated using four distinct varieties of 3D
inkjet-printed micropillars: silver micropillars sintered at temper-
atures of 100 °C and 150 °C and polyacrylate microstructures with
and without a metallic coating. The obtained elastic moduli were
observed to be comparable with the corresponding bulk values.
Moreover, their findings indicate that neither the sintering tem-
perature nor the presence of a thin metal coating significantly
influences the mechanical characteristics of the micropillar. A
SEM image of the micropillars and a schematic of the experi-
mental setup are shown in Figure 3d. An experimental approach
to characterize micromechanical properties of nanopillar in verti-
cal rather than freestanding configuration has been recently pro-
posed by Angeloni et al.”* They introduced two atomic force
microscopy-based techniques: contact mode imaging and force
spectroscopy imaging. These methods enable the assessment of
mechanical properties of individual micro- and nanopillars in
their as-fabricated state, without using SEM. Figure 3e shows
the samples as well as the working principle of both techniques.
The technique has been tested either on polymeric nanopillars
or electron beam-induced deposited nanopillars. With the pro-
posed technique, authors were able to estimate the stiffness of
the nanopillars, as well as the maximum lateral force, the maxi-
mum deflection, and the failure stress.

Bending test performed on thin films provides direct access to
evaluate the stiffness of the conductive layer of the bioelectronic
device. In situ mechanical characterization makes it possible to
directly observe the formation and evolution of micro- and nanoc-
racks that, when too wide, render the functional layer noncon-
ductive; and thus, the device unusable. However, the formation
of microcracks is one of the techniques for obtaining a conduc-
tive and stretchable material. In situ nanomechanical character-
ization; therefore, allows the study of the flexural limit beyond
which the device can no longer be used and also to test different
crack arrangements to optimize this threshold value according to
the application. These types of measurements are critical in pre-
dicting whether the device will be able to operate properly and
evaluate the level of mechanical mismatch between the device
and the tissue. In this context, Abrahamians et al.”*! developed
an experimental setup to perform in situ stiffness measurements
on ultrathin membranes. More precisely, the local stiffness of
suspended indium phosphite (InP) membranes was gauged by
making contact at various locations on their surface. This was
achieved using a self-sensing quartz tuning fork probe regulated
under frequency modulation. These tests were carried out in a
controlled manner within a SEM, utilizing the in situ capabilities
of a robotic nanomanipulation system. Cortelli et al.l”¢! investi-
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gated the bending of thin metal films on polymeric substrates
employing AFM force spectroscopy. The resulting method en-
abled quantification of the local Young’s modulus of elasticity of
the nanometer-thick film. A schematic of the experimental setup
is reported in Figure 3f. The technique has been tested investigat-
ing gold thin films on PDMS substrate. The systematic variation
in the thickness of the gold layer indicated that the interface be-
tween the metal layer and the elastomer substrate was diffused
and that only part of the metal film contributed to bending stiff-
ness. This effect is associated with the gold clusters’ penetration
into the silicon. Their findings show the presence of a critical
layer thickness that acts as a threshold for the mechanical and
electrical properties of the double layer. Only when the thresh-
old is exceeded does percolation of the thin metallic film occur,
resulting in linear bending stiffness and electrical conductivity
with respect to the thin film thickness. Cramer et al.l’’] designed
an experimental setup exploiting the scanning kelvin probe mi-
croscopy (SKPM) with AFM. Their study demonstrated the fea-
sibility of utilizing SKPM in non-contact mode to detect strain-
induced electronic defects on deformed and flexible samples. As
a case study, the authors analyzed the strain response of organic
thin film transistors, which are composed of TIPS-pentacene
and patterned on polymer foils. By bending the transistor sub-
strate, controlled surface strain was induced in the semiconduct-
ing layer. Their findings unveiled that the gradual decline in de-
vice performance at specific bending radii originated from the
emergence of nano-cracks within the microcrystal arrangement
of the TIPS-pentacene film. These cracks become discernible due
to the abrupt alteration in SKPM surface potential, an outcome
of heightened resistance in localized regions. Notably, the micro-
crystals displayed robust surface adhesion to the flexible dielec-
tric, a characteristic that empowered them to sustain a conduc-
tive pathway even post-fracture. This mechanism mitigates the
impact of strain on the overall performance.

As in the case of tensile testing, bending testing also allows for
investigating the reliability of the device or its components when
subjected to a cyclic load, that is, fatigue. Typically, to understand
the damaged state of the device, the electrical resistance is mon-
itored during these tests. This makes it possible to study in situ
bending-induced electrical properties. For example, Kim et al.[”®!
examined the bending strains experienced by Cu thin films on
flexible polyimide substrates of varying thicknesses. Simultane-
ously, they tracked the electrical resistance changes in the metal
electrode throughout a bending fatigue test. Their findings high-
light different fatigue lifetimes of the thin metal electrode, not
only depending on its thickness but also depending on the poly-
meric substrate thickness. A schematic of the setup is shown in
Figure 3g.

4. Nanoindentation and Micropillar Compression
Test

Nanoindentation stands as an effective technique for investigat-
ing material mechanical properties on a small scale, requiring
minimal sample preparation. This method is particularly suited
for examining thin films or small material volumes situated near
the surface. In a typical nanoindentation test, force and dis-
placement are recorded when an indenter is pressed against the
surface of the material being measured, with defined loading
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Table 3. Summary of the discussed in situ nanoindentation and micropillar
compression tests. The table shows the properties that can be measured
and the kind of sample that can be investigated with the proposed tech-
nique as described in the referenced literature.

Measurements Samples References
Nanoindentation  Hardness and elastic Thin films Guillonneau et
modulus al.[80]

1.181]

Viscoelastic response 3D architecture Lewis et a

Phase identification Bulk Novotna et al.[32]

Micropillar Phase identification Micropillars Jun et al.[®3]

compression
test

and unloading profiles. Nanoindentation is most often used to
measure hardness and elastic modulus, but significant advances
have also been made in measuring other mechanical parame-
ters such as hardening exponents, creep parameters, and residual
stresses.[””l In Table 3 is summarized the in situ tests discussed
below.

In the context of soft bioelectronic interfaces, this technique
allows investigation of how small portions of the sample behave
when subjected to compression. It also allows the stiffness in a
surface region of the device to be assessed and mapped to es-
timate any mechanical mismatch with respect to biological tis-
sue. This information is crucial to optimize the material com-
position to achieve the best performance and biocompatibility.
In situ nanoindentation tests are also relevant to investigate the
causes that determine the deformation mechanism. In addition,
it can provide a method to visualize how the indenter footprint
evolves in the sample as the load increases. The contact area is a
crucial parameter for being able to evaluate mechanical param-
eters from the load-displacement curves provided by a nanoin-
dentation test. The data obtained from nanoindentation experi-
ments can be used to validate and refine theoretical models that
describe the mechanical behavior of different materials. For ex-
ample, Guillonneau et al.[®] developed an experimental method
to determine the true projected contact area during indentation
testing. In particular, the experimental setup was composed of
a micro indenter placed inside an SEM. They investigated the
pile-up and sink-in effect during the nanoindentation of differ-
ent thin films such as nanocrystalline nickel, ultrafine-grained
aluminum, and fused silica. Figure 4a shows the contact area af-
ter the nanoindentation experiment. The SEM is used to contin-
uously observe the indentation testing process, allowing for the
monitoring of surface deformation modes around the indenter
tip. Their findings highlight that the hardness/elastic modulus
ratio defines a threshold to what contact mechanics model is ap-
propriate to describe the nanoindentation model. In particular,
when the hardness/elastic modulus ratio is small, the pile-up ef-
fect will be predominant; while, when the ratio is big the sink-in
dominates the deformation of the material under the indenter.

Nanoindentation experiments provide information about how
materials respond to mechanical loading, including their elastic
and plastic deformation behavior. The combination of nanome-
chanical testing and direct observation provides insights into
the material’s behavior, including crack initiation, delamination,
stacking, elastic, and plastic deformation, viscoelastic behavior,
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and presence of different phases of the material. For example,
Lewis et al.®! designed a method able to microfabricate the sam-
ple first and characterize them with the same instrumentation.
Exploiting the focused ion beam-induced deposition, they were
able to microfabricate platinum-carbon 3D nanoscale structures.
The nanomechanical tests were performed using a nanoindenta-
tion system inside the same SEM for simultaneous in situ imag-
ing. The real-time imaging during the sample deformation al-
lowed them to record a viscoelastic response of the material un-
der investigation. Figure 4b shows a platinum-carbon 3D archi-
tecture before and after the nanoindentation on top. Recently, an
AFM-in-SEM setup had been proposed by Novotna et al.l¥2] Such
a setup allowed the exploitation of the imaging capabilities of
the two techniques, while an indenter performed the mechanical
testing. This hybrid technique combined sample phase identifi-
cation, precise indentation targeting, and topographical analysis
into a single measurement, allowing for comprehensive charac-
terization, as shown in Figure 4c.

Similar to the nanoindentation test is the micropillar compres-
sion test. During a micropillar compression test, a rigid indenter
is typically placed inside an SEM. To apply this characterization
technique, the samples must have a pillar-like structure, which is
typically achieved with a focused ion beam. In contrast to nanoin-
dentation, compression testing often employs a flat punch inden-
ter that possesses a slightly larger diameter than the micropillar
itself. Consequently, the compression technique is less reliant on
the precise indenter geometry. Specimens for compression tests
offer a small volume of material with a well-defined shape, typi-
cally with cylindrical or square cross-section. The in situ SEM mi-
cropillar compression tests provide a means to gauge the uniaxial
mechanical response of small material volumes, allowing for di-
rect correlation of stress—strain data with individual deformation
occurrences. This approach facilitates the quantification of spe-
cific phases and particles, as well as the examination of deforma-
tion behavior and strengthening mechanisms. For example, Jun
etal.®¥] reported a study of local deformation mechanisms in two-
phase Ti alloys. Specifically, they conducted micropillar compres-
sion tests by employing a displacement-controlled nanoindenter
within a SEM, maintaining a constant displacement rate. The
outcomes demonstrated a notable influence of the morphology
of the two phases on the localized deformation behavior. Snap-
shots extracted from the time step evolution of the compression
test can be seen in Figure 4d.

5. Optimized Soft Bioelectronic Interfaces Via
Nanomechanical Characterization

In this section, we describe recent examples from the litera-
ture that showcase how in situ nanomechanical characteriza-
tion methods are relevant to optimize the mechanical proper-
ties of soft bioelectronic interfaces. We discuss case studies in-
volving the design of wearable or implantable devices, where in
situ nanomechanical testing was used to improve stability, per-
formance, and biocompatibility. These results highlight the po-
tential for future applications in the design of bioelectronic pros-
theses, implantable sensors, and wearable devices.

The first case study focuses on the design of stretchable
low impedance electrodes for recording from small periph-
eral nerves. In particular, Decataldo et al.'®! showed how in
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Figure 4. Nanoindentation and Micropillar compression tests. a) The indentation at its peak load and the indentation post-unloading, revealing the
material’s imprint on the tip that aids in determining the sink-in phenomenon. Reproduced with permission.[89] Copyright 2019, Springer Nature. b)
Pyramidal structure before (captured with a 30° tilt) and after (obtained at an 89° angle relative to the electron beam) compression. Reproduced with
permission.[3'] Copyright 2017, Royal Society of Chemistry. c) SEM image obtained with secondary electrons (SE) with circles highlighting individual
indents and SEM image obtained with backscattered electrons (BSE) indicating the material composition. On the bottom, the AFM image of the same
region of the sample is shown. The AFM image allows the extraction of the profiles of the nanoindentation imprint into the sample. Reproduced with
permission.[32] Copyright 2020, Oxford University Press. d) Time step evolution of the micropillar compression test. Reproduced under the terms of the

CC-BY 4.0 license.[®3] Copyright 2016, The Authors, published by Elsevier.

situ nanomechanical characterization could be used to opti-
mize the mechanical properties of the stretchable conductive
polymer, resulting in improved stability and performance in
vivo. Recent advancements in minimally invasive electrodes for
recording peripheral sympathetic nerves in small animals had
centered on electrode materials featuring both low-impedance
ionic/electronic interfaces and elastic mechanical attributes ca-
pable of accommodating the soft and delicate nerve fibers.
This particular case study introduced a highly stretchable, low-
impedance electrode design that employed microcracked gold
films as the metallic conductors. These gold films were covered
with a stretchable conducting polymer composite to facilitate ion-
to-electron exchange. Figure 5a illustrates a schematic of the elec-
trode. The conducting polymer composite, consisting of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
demonstrated adhesive properties and low impedance, attributes
achieved through meticulous control of thickness, plasticizer
polyethylene glycol (PEG) content, and deposition conditions.
AFM measurements conducted under strain revealed that the op-
timized conducting polymer coating aligned well with the micro-
crack mechanics of the underlying gold layer. This allowed the
coating to effectively absorb tensile deformation when the elec-
trodes were stretched (as depicted on the right side of Figure 5a).
The significance of the PEG plasticizer became evident when ex-
amining the electrode properties under tensile strain. By incor-
porating a plasticizer into the PEDOT:PSS/PEG coating, an elec-
trode was achieved that combined low-impedance characteristics
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with elastic stretchability. This electrode maintained impedance
levels comparable to unstrained PEDOT:PSS up to a strain of
40%. The efficacy of these stretchable electrodes was validated
by successfully recording high-quality renal sympathetic nerve
activity in rats under chronic conditions.

The second case study concerned the development of a stretch-
able conductor based on gold nanowires chemically bonded to an
elastomer. Specifically, Wang et al.®*l showed how the electrome-
chanical performance of the material depended on the geome-
try and position of the nanowires relative to the substrate. Their
results show how standing enokitake-like gold nanowires, when
chemically bonded to elastomeric materials, can showcase excep-
tional stretchability, reaching up to 900%. This level of stretch-
ability far surpasses that of conventional vacuum-evaporated
bulk metals or percolating nanowire films. A schematic of the
enokitake-like sample tested is shown in Figure 5b. To test the
electromechanical properties of the samples, they performed an
in situ tensile test by studying the relative change in electrical re-
sistance as a function of strain. The morphology of the specimen
was monitored during strain using an optical microscope. In or-
der to evaluate the electromechanical response for tensile strain
sensing, motorized moving stages were employed to clamp the
two ends of the samples. The data acquired for the sample with
standing enokitake-like gold nanowires is shown in Figure 5b.
Through images acquired with AFM at different strains, they
investigated the shape of the microcracks in the different
samples. Their discoveries emphasized that exclusively in the
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Figure 5. Soft bioelectronics interfaces optimized with nanomechanical characterization techniques. a) On the top, scheme showing the stretchable
microelectrode for small peripheral nerve recordings. On the bottom, the force-indentation curves acquired with AFM are reported. In the presence
of PEDOT:PSS surface coating, the effective modulus of the surface decreases. Adapted under the terms of the CC-BY 4.0 license.l"] Copyright 2019,
The Authors, published by Springer Nature. b) On the top, standing enokitake-like gold nanowires chemically bonded to an elastomer. On the bottom,
the electromechanical test results are shown along with the optical microscope images acquired during the deformation. Adapted with permission.[84]
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scenario of vertically aligned nanowires, the cracks’ initial shape
was V-like, typically occurring at strains below 300%. Subse-
quently, under more extensive strains, typically ranging between
300% and 800%, the cracks transitioned into large U-shaped pat-
terns that spanned the entire film. In contrast, the remaining
samples exhibited the standard U-shaped crack formation from
the outset. Ultimately, they established that these stretchable con-
ductors could be harnessed to manufacture inherently stretch-
able supercapacitors and serve as sensors for facial expression
recognition masks, effectively resembling a “second-skin.”

The third case study focused on the correlation between fabri-
cation parameters and the mechanical behavior of polycrystalline
micropillars 3D printed. Saleh et al.®*] 3D printed several Ag mi-
cropillars, varying systematically the grain size. The grain size
could be tuned by altering either the initial nanoparticle size or
the sintering conditions. They then performed an in situ mi-
cropillar compression test using an optical microscope to observe
the samples during the deformation (Figure 5c). The grain sizes
were determined by identifying boundaries within the SEM im-
ages using image processing software. Micropillars with small
grain sizes exhibited brittle behavior, and the moment they be-
came unstable, they collapsed. This failure occured without plas-
tic deformation. On the other hand, in the case of coarse grains,
buckling occurred at lower stresses than brittle behavior in the
previous sample, but the micropillars buckled without breaking.
Such fabrication procedure for the micropillars had then been
exploited developing an implantable soft device to record brain
activity. In particular, the microelectrodes had been designed to
enable safe insertion into a mouse brain, avoiding buckling and
breakage.[*®] To examine the impact of repeated insertions during
acute usage on impedance, the researchers introduced microelec-
trodes tipped with PEDOT:PSS into an agarose phantom brain
multiple times. The resulting effect on the electrode impedances
was measured. The average impedances consistently remained
within the range of 300 to 800 kilohms at a frequency of 1 kHz
up to 15 insertions. Notably, no micropillars experienced detach-
ment from the substrate during this process, a fact confirmed
through visual inspection after each insertion.

The fourth case study reported the use of in situ bending test
to investigate the performances of nanoscale crack-based sensor
made of Pt thin film on a polyurethane-acrylates substrate. Park
et al..3%] developed an experimental setup that allowed to modu-
late the crack depth in a two-step process. Initially, the sample was
bent around a rod of known radius of curvature to generate the
cracks on the metal layer. Then, the crack depth was modulated
by applying a tensile force. To monitor the crack depth during
bending and stretching, an AFM was used. Their findings high-
lighted that the sensitivity of the sensor was directly related to the
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crack depth. Indeed, they found that the deeper the cracks were,
the greater the sensitivity was (Figure 5d). Finally, they developed
several wearable sensors as proof of enhanced sensitivity. Specif-
ically, sensors positioned across various areas of the hand proved
to be effective in discerning motion; while, a sensor situated on
the neck facilitated the recognition of voice tones.

The last case study introduced a geometrical solution for in-
tegrating rigid islands into a soft polymeric matrix. This strat-
egy involved placing non-stretchable devices on arrays of rigid is-
lands, effectively reducing the lateral strain applied to the devices.
This is because the polymer matrix surrounding the islands pos-
sessed a lower elastic modulus compared to the islands, leading
to predominant stretching of the polymer matrix. However, po-
tential interfacial cracks between the rigid islands and the poly-
mer materials can arise due to mechanical disparities, such as
differences in modulus and stretchability. These cracks are likely
to occur during excessive or repetitive stretching, eventually re-
sulting in crack propagation and device failure. Yang et al.#’! ad-
dressed this issue by presenting geometrically engineered rigid
islands that exhibited robust mechanical stability at the interface.
They developed an in situ nanomechanical characterization tech-
nique to investigate strain distribution and failure modes at the
interface between rigid and soft components. Their experimen-
tal setup utilized a CCD camera, a strain stage, and a commer-
cially available digital image correlation algorithm program to
analyze images captured at various strain levels (Figure 5e). The
study considered different island geometries and polymer matri-
ces to optimize the design. The findings of their research under-
scored the effectiveness of the interlocking structure within the
proposed Ferris wheel-shaped island (FWI) design in suppress-
ing crack propagation at the interface. The optimized geometrical
shapes of FWIs were dependent on the mechanical properties of
the polymer materials used (such as Ecoflex, Dragon Skin, and
Ecoflex Gel). This repetitive interlocking structure significantly
extended fatigue life against various 3D deformation modes such
as twisting, poking, crumpling, and stretching in the 1D direc-
tion. Further, the authors demonstrated several practical appli-
cations utilizing the FWI array within Ecoflex and an intrinsi-
cally stretchable electrode. These applications included stretch-
able electronics capable of functioning under diverse deforma-
tions and electronic skin (e-skin) capable of detecting tactile stim-
uli.

6. Conclusion

In conclusion, soft bioelectronic interfaces have shown the pos-
sibility of monitoring and stimulating physiological processes in
vivo. The development of these interfaces has been driven by

Copyright 2018, American Chemical Society. c) On the left, micropillar buckling without breaking at different loads during the compression test. The
experimental data acquired are reported on the right. Adapted with permission.[8] Copyright 2018, Elsevier. d) On the left, schematics of crack generation
via bending and crack propagation to modulate the crack depth via additional stretching. The red arrows indicate the direction of the load applied. The
AFM images are acquired during the crack formation and propagation to measure the crack depth. On the right, the dependence of the sensitivity
(gauge factor) from the tensile force applied to modulate the crack depth is shown. Reproduced with permission.[8] Copyright 2016, Wiley-VCH GmbH.
e) Top left: photographs displaying PLA islands embedded in Ecoflex. Bottom left: Photographs comparing the maximum stretchability of circle-shaped
islands (Cl) and Ferris wheel-shaped islands (FWI) within an Ecoflex substrate. Notably, the Cl achieves a stretch of 75%; while, the FWI reaches a
stretch of 175%. Right: Digital Image Correlation (DIC) images offer a visual representation of crack propagation progression for both Cl and FW!I
configurations within Ecoflex during stretching. Reproduced under the terms of the CC-BY 4.0 license.[#] Copyright 2022, The Authors, published by
American Association for the Advancement of Science.
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the need for minimally invasive devices that can provide high-
resolution data on biological systems without causing damage
or discomfort. With the advent of new materials and fabrication
techniques, soft bioelectronics has become increasingly versa-
tile, allowing for the creation of complex devices that can inte-
grate with biological tissues and adapt to their mechanical prop-
erties. In this review, we reported experimental techniques for
testing mechanical properties in situ at the micro- and nanoscale
that are emerging nowadays. Using local in situ nanomechan-
ical characterization techniques, the elastic modulus, adhesion,
friction, and other properties of these materials at the nanoscale
have been measured, analyzed, and mapped. This information
can help guide the design and optimization of soft bioelectronic
interfaces and devices, which have numerous applications in ar-
eas such as healthcare, robotics, and human-machine interfaces.
However, further research is needed to fully understand the com-
plex mechanical behavior of these materials and how it relates to
their biological and electronic properties. Despite the progress
made, the development and commercialization of soft bioelec-
tronic interfaces still face significant challenges that need to be
addressed. These include ensuring biocompatibility to avoid any
negative reactions or tissue damage by selecting safe implanta-
tion materials and designing interfaces that do not cause inflam-
mation. Achieving the longevity of these interfaces inside the
body is also crucial, which requires the development of materi-
als and manufacturing techniques that can withstand the harsh
conditions within the body. Moreover, flexibility and stretchabil-
ity are essential features of soft bioelectronic interfaces to match
the shape of biological tissues and organs. However, developing
materials that are soft yet mechanically robust remains a major
obstacle. Moreover, in situ techniques still show several limita-
tions, such as size constraints of devices impacting accurate mea-
surements and the potential alteration of results due to device
manipulation. Delicate preparation is necessary, and handling
could introduce artifacts. Maintaining physiological conditions
is challenging due to temperature, humidity, and pH variations
affecting mechanical behavior. In addition, the majority of the in
situ techniques often involve the combined use of two or more
instruments; thus, being expensive and difficult to reproduce in
other laboratories with other experimental setups. Therefore, fu-
ture experimental techniques should provide approaches that are
easy to access. Despite these limitations, in situ nanomechani-
cal techniques are indispensable for researching bioelectronic in-
terfaces, aiding in device optimization, as highlighted in this re-
view. Looking ahead, the potential future direction for these tech-
niques involves establishing standardized setups that minimize
the need for extensive sample manipulation and ensure physio-
logical operating condition during tests, making them applicable
to a wide range of different samples. This way, in situ nanome-
chanical characterization methods could be effectively integrated
with other approaches, such as UMT or DMA, enabling a com-
prehensive understanding of soft bioelectronics devices. Such a
methodological advancement in combination with new materials
and processing methods will enable a future generation for soft
bioelectronic interfaces that integrate seamlessly into the body
mechanics while preserving device integrity over long timescales.
Only with such low-invasive and durable devices, the prospect
of bioelectronic medicine will become a reality leading to novel
medical technologies improving human health and quality of life.
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