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motion-artifact-free skin-interfaced
soft bioelectronics
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Skin-interfaced bioelectronics are particularly susceptible to motion artifacts, and their increasingly
miniaturized integrated circuits are mechanically fragile and prone to damage from external forces.
These limitations hinder their reliability for long-term, continuous monitoring of physiological signals.
Emerging selective-damping materials provide a promising route to overcome these limitations by
absorbing and dissipating mechanical vibrations, thereby enhancing stability in prolonged wear. This
review begins by outlining the challenges that motion artifacts pose for soft bioelectronic devices and
the current mitigation strategies, followed by an introduction of emerging damping material design
approaches tailored to the requirements of skin-interfaced bioelectronics. It further highlights the
application of selective-damping materials in soft bioelectronics, with an emphasis on biosensing
(electrophysiological and electrochemical signals) and mechanical shock protection. Lastly, several
challenges that need to be addressed are discussed before the practical deployment of soft
bioelectronics integrated with selective-damping materials.

Selective-damping materials are poised to redefine how we design and deploy skin-interfaced bioelectronics by minimizing motion artifacts and protecting
fragile components. This review highlights recent progress in selectively damping materials for targeted low-frequency filtering, including viscoelastic
polymers, hydrogels, and acoustic metamaterials. These developments hold substantial interest in healthcare and beyond because long-term continuous
sensing becomes increasingly important to disease management, and robust devices that provide continuous, artifact-free signals over prolonged periods that

can greatly improve both clinical decision-making and patient quality of life. Moreover, these strategies of designing damping materials can be adapted to
different application scenarios, reflecting a general trend toward more adaptive smart materials. By detailing design fundamentals and emerging case studies,

our review underscores the necessity of seamlessly integrating selective-damping materials into skin-interfaced bioelectronics. We anticipate that building on
these foundational insights will accelerate the arrival of next-generation devices, enabling a future in which wearable, multifunctional bioelectronics operate

with unprecedented reliability in real-world conditions.

1. Introduction

can collect vital health parameters during daily activities with
minimal discomfort. Beyond comfort and wearability, these skin-

Recent advances in materials science and flexible electronics
have enabled the seamless integration of bioelectronic devices
onto the skin surface, enabling a direct interface between daily
physiological monitoring and clinical diagnostics.'™ By con-
forming to the body’s soft, curvilinear structures, these systems
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integrated systems offer multifunctional sensing capabilities,
capturing a diverse range of physiological signals: biomechanical
(e.g., stress, pressure, and deformation), electrophysiological (e.g.,
electrocardiogram and electromyogram), and electrochemical
(e.g., sweat biomarkers) signals.* Skin-interfaced soft bioelectro-
nics hold great potential to transform traditional healthcare
models by enabling continuous human health data acquisition
and active physiological intervention, thereby enhancing disease
understanding and facilitating targeted treatments.>™®

To fulfill this potential, soft bioelectronics must maintain
continuous and stable high-quality signal collection without
disrupting normal daily activities. However, achieving these

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-6363-5295
https://orcid.org/0000-0001-5968-0934
http://crossmark.crossref.org/dialog/?doi=10.1039/d5mh00700c&domain=pdf&date_stamp=2025-07-01
https://rsc.li/materials-horizons
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh00700c
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH012019

Open Access Article. Published on 25 jani 2025. Downloaded on 7.10.2025 01:14:39.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

requirements poses a daunting challenge. One of the primary
barriers to long-term, real-world applications of skin-interfaced
soft bioelectronics is the prevalence of motion artifacts.* Com-
pared to implantable devices, skin-mounted systems are highly
exposed to external forces and mechanical stress, and are
particularly vulnerable to severe artifact signals. These devices
are subject to both internal mechanical stress and external
environmental forces, making them more susceptible to signal
disruption.’ Specifically, motion artifacts from the body
typically arise at the device-skin interface, where activities such
as bending, stretching, vibration, and shear stress induce
mechanical strain,"®'" as illustrated in Fig. 1A. This strain
can alter the electrical properties of both the bioelectronics
and the interface, leading to signal distortion. For electrophy-
siological signals (such as electrocardiogram (ECG), electroen-
cephalogram (EEG), electromyogram (EMG), etc.), both active
body motions (walking, running, and jumping) and passive
body activities (breathing, heartbeat, and pulse) contribute
significantly to motion artifacts,**'* as shown in Fig. 1B.
While clinical settings often require patients to remain still to
minimize artifacts from active motions, this strategy is ineffec-
tive against passive mechanical noise.”'*'> On the other hand,
environmental factors such as impact, friction and vibration in
real life can also cause more complex interference to biosignals.
Current devices often include delicate but fragile electronic
components, which are vulnerable to shocks, impacts, or low-
frequency mechanical vibrations, leading to large noise or
malfunctions.”"® These external forces can either directly
damage the fragile electronic components or transfer mechan-
ical energy to the device-skin interface.'®'” As a result, ensur-
ing the stability of these soft bioelectronic systems becomes
increasingly difficult in dynamic conditions. Another critical
challenge is accurately distinguishing target biological signals
from motion artifacts, as dynamic noise from mechanical
stimuli is often embedded within recorded signals.'®® This
overlap makes it difficult to filter out noise while preserving
the integrity of the desired physiological signals. Moreover, the
complexity of these mechanical interferences increases the diffi-
culty of developing effective noise-reduction strategies, especially
when multiple signals are being recorded simultaneously.*’

To date, many efforts have been made to eliminate motion
artifacts in biosignals. The most common approach is post-
processing, which employs signal processing techniques such
as band-pass filtering to remove noise from raw signals®®~?
(Fig. 1C). This approach has successfully reduced noise in
various physiological signals, including electrophysiological
signals,”"® pulse,*® and respiration.>® Furthermore, with the
rapid development of artificial intelligence technologies in
recent years, machine learning and deep learning models have
also emerged as powerful tools for mitigating signal noise®”
(Fig. 1D). However, for complex dynamic noise, such signal
post-processing methods are less effective.***” Moreover, post-
processing inevitably results in signal distortion or information
loss.>**® Due to the limitations of post-processing techniques,
attention has shifted to device-level design strategies to proac-
tively mitigate the impact of mechanical stress. A frequently
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adopted strategy is “strain-compliance,” which aims to reduce
the mechanical energy transferred to the device by lowering its
effective modulus. Representative device structure designs,
such as wavy geometries,>® serpentine interconnects,> and
Kirigami architectures® (Fig. 1E-G), diffuse mechanical energy
by allowing controlled deformation of noncritical regions and
reduce the modulus, enabling stretchability in intrinsically
non-stretchable materials.>****! Thin, compliant substrates can
also conform to skin motions without producing large stress
gradients, thereby minimizing the risk of partial delamination.
Additionally, emerging conductive elastomeric composites
show remarkable potential for mitigating mechanical distur-
bances in dynamic conditions, due to their ability to maintain
high conductivity under frequent deformation. A conductive
phase-separated porous silver nanowires (AgNWs) nanocompo-
site that is insensitive to mechanical strain has been developed,
as displayed in Fig. 1H, enabling stable biosignal recording
under dynamic scenarios.>®

Another strategy, referred to as “strain-resistance,” strategi-
cally increases the effective modulus in select regions to shield
sensitive components from mechanical deformation and
energy transfer. In this design, the device includes high-
stiffness “islands” or layers to protect critical electronic com-
ponents (e.g., transistors or electrodes), while the surrounding
substrate or “bridge” regions employ softer, lower-modulus
materials. Such a contrast in stiffness ensures that most
external strain is absorbed by the more compliant regions,
minimizing dimensional changes in high-modulus islands.
Consequently, delicate electronic components remain structu-
rally and electrically stable under stretching or bending
motions. The strain-resistance strategy can be implemented
in multiple forms. One widely adopted form is the “island-
bridge” geometry,>® where rigid, small-footprint device islands
are connected through serpentine or wavy interconnects, as
shown in Fig. 1I. When tension is applied, these bridging
sections deform to accommodate strain, so the stiff islands
remain mostly strain-free. Another method involves placing
high-modulus layers beneath critical device regions,”” creating
a localized barrier against mechanical distortion, as Fig. 1]
illustrated. These high-modulus islands or layers are essentially
“strain-resistant,” allowing sensitive electronics on them to
experience less mechanical stress during motion. This reduced
deformation in turn protects the electronic performance from
large fluctuations or noise spikes associated with movement. At
the same time, the surrounding flexible regions preserve the
overall conformity and comfort needed for skin-interfaced or
implantable devices, preventing excessive strain at the user-
device interface.

Additional strategies focus on improving skin adhesion by
employing specialized adhesives or micro-engineered surfaces,
such as pillar arrays or suction-cup-inspired geometries, to
enhance contact and minimize lateral shifts.”*> These
approaches help stabilize the electrode-skin interface, redu-
cing both baseline drift and random spikes. Furthermore,
mechanical and adhesive refinements can be coupled with
sophisticated signal-processing techniques. For example, a
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Fig. 1 Motion artifacts and current strategies. (A) Mechanical factors contributing to noise from motion artifacts and types of mechanical stimulations in
human biocelectronics applications. Reproduced with permission.*> Copyright 2024, American Chemical Society. (B) Representative frequency ranges of
human mechanical (blue) and electrophysiological (orange) biosignals at 27° to 45 °C. Reproduced with permission.** Copyright 2022, American
Association for the Advancement of Science. (C) Traditional band-pass filtering method for processing ECG signals under rest and exercise conditions.
Reproduced with permission.? Copyright 2020, The Institution of Engineering and Technology. (D) Signal processing method based on machine
learning. Reproduced with permission.* Copyright 2024, Springer Nature Limited. (E) Wavy, stretchable single-crystal Si devices built on an elastic
substrate. Reproduced with permission.?? Copyright 2006, American Association for the Advancement of Science. (F) 2D serpentine structure bonded at
stretched soft elastomeric substrate. Reproduced with permission.?®> Copyright 2017, The Author(s). (G) Examples of microscale Kirigami patterns.
Reproduced with permission.?* Copyright 2015, Springer Nature Limited. (H) Scheme illustration of the strain-insensitive porous silver nanowire
nanocomposites elastomer in original (left) and stretched (right) states. Reproduced with permission.?®> Copyright 2024, Spring Nature. (I) Optical
microscopy images and FEM-derived distributions of the stretchable silicon integrated circuits with non-coplanar bridging interconnects. Reproduced
with permission.2® Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (J) Schematic illustration of stretchable electronics with the Ferris
wheel-shaped island (FWI) array in Ecoflex. Reproduced with permission.?” Copyright 2022, The Authors.
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multi-channel layout can be employed in which one channel
records the primary biosignal while another tracks motion-
induced disturbances; real-time subtraction of the noise chan-
nel yields a cleaner, artifact-free waveform.*’

An emerging strategy involves the use of damping materials
that intrinsically absorb or dissipate mechanical energy, effectively
reducing motion artifacts. Damping refers to the reduction of
unwanted mechanical vibrations through the dissipation of the
associated mechanical energy as heat during impacts.*> Common
soft damping materials, such as biological tissues,***® viscoelastic
polymers,”>° and meta-materials,”" mainly exploit the high fric-
tion among molecular chains® and/or the cyclic breaking and
recovery of viscous weak bonds™® to efficiently dissipate mechan-
ical energy. Specifically, optimal damping performance is achieved
when the relaxation time of the damping material matches the
frequency of the absorbed mechanical vibration, a relationship
quantified by the Deborah number (De)."**** The Deborah
number is a dimensionless parameter that relates an intrinsic
relaxation time (,) of material to the characteristic time scale of an
applied deformation or vibration (z,). It can be expressed as:

De = L Tf
Tt

where f = 1/7, is the vibration frequency. For example, when
De =~ 1, the relaxation time matches the vibration period,
maximizing viscoelastic energy loss and therefore damping
efficiency, while the energy dissipation performance of the
material is poor when De is much larger or much smaller than
1. This allows for the selective filtering of vibration noise at
specific frequencies through rational material design. Once the
primary sources of motion artifacts and their typical frequency
distribution are identified, researchers can design damping
materials specifically for the targeted noise spectrum. By align-
ing the material’s relaxation time with the frequency band of the
noise, vibrations in those specific frequencies can be effectively
attenuated. Through this integrated approach, combining noise-
source analysis with strategic material optimization, it becomes
possible to customize materials to achieve highly efficient energy
dissipation at the most common motion-artifact frequencies.
These tailored damping materials are termed “selective damping
materials”, where ‘selective” means the capacity to preferen-
tially dissipate mechanical energy within a targeted frequency
band while allowing higher-frequency physiological signals to
pass with negligible attenuation.'>'>”> This strategy signifi-
cantly suppresses motion artifacts and thereby provides a pro-
mising pathway toward the long-term, stable operation of soft
bioelectronics.

This unique capability of damping materials has enabled
diverse applications in soft bioelectronics, such as biosensing
with mitigated motion artifacts, shock absorption, and
others.”>>*">” Numerous studies have explored the incorporation
of damping materials into soft bioelectronics, leading to signifi-
cant advancements in functionality and reliability. Fig. 2 illus-
trates the developmental trajectory of damping materials in recent
years, demonstrating their growing importance in soft bioelec-
tronics and related biomedical fields. Early efforts primarily

This journal is © The Royal Society of Chemistry 2025
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focused on elastomeric matrices with basic viscoelastic properties,
aiming to absorb mechanical energy and mitigate low-amplitude
vibrations. Subsequently, researchers integrated advanced che-
mistries, such as interpenetrating polymer networks and dynamic
supramolecular assemblies, to optimize energy dissipation and
enhance material resilience under cyclic loading. Innovations in
hydrogel-based damping systems further accelerated this progress
by enabling precise tunability of mechanical properties through
reversible cross-linking mechanisms and solvent-dependent swel-
ling behaviors. By tuning the mechanical and chemical properties
of damping materials, researchers can create systems that selec-
tively attenuate specific mechanical noise sources, significantly
improving the precision of biosignal monitoring devices.'*®
These materials have also proven effective in shock
absorption®**>® and other areas, including self-healing skin®
and energy storage,”>** further expanding the scope of their
application in wearable technologies. These advancements are
driven by increasing clinical and industrial demands, particularly
the need to suppress motion-induced noise in wearable bioelec-
tronics and to extend device longevity under continuous mechan-
ical stress. Today’s damping materials not only demonstrate
superior strain tolerance and mechanical stability but also accom-
modate evolving design criteria, including biocompatibility,
degradability, and multi-functional responsiveness.

To contextualize the role of selective-damping materials within
the broader landscape of motion-artifact mitigation, Table 1
contrasts SDM-based solutions with the other strategies, includ-
ing post-processing, strain-compliance designs, strain-resistance
layouts, high-adhesion interfaces, and strain-insensitive compo-
sites, thereby clarifying where SDMs provide distinctive advan-
tages and where other strategies remain complementary.

In this review, we summarize the potential, progress, and
challenges of soft bioelectronics integrated with selective-
damping materials (SDM). Firstly, we provide an overview of the
internal energy dissipation mechanisms in damping materials.
Based on this, we discuss targeted SDM material designs aimed at
eliminating motion artifacts, which are essential for developing
high-precision, artifact-free bioelectronics. Subsequently, we high-
light recent advances in the applications of SDM in soft bioelec-
tronics, such as biosensing with mitigated motion artifacts, shock
absorption, and others. Finally, we discuss future opportunities
and potential challenges in the broader adoption of these intri-
guing materials in soft bioelectronics, emphasizing the promising
avenues for further research and development. We believe that the
strategic integration of SDM into soft bioelectronics holds trans-
formative potential, which can significantly enhance device per-
formance, reliability, and functionality, paving the way for next-
generation soft bioelectronics that are effective and sustainable.

2. Mechanism of damping materials

As shown in Fig. 3A, viscoelastic damping materials exhibit a
glass transition at specific frequencies/temperatures, which
significantly influences their damping behavior.>”" Below
the glass transition, polymer chains exhibit high mobility and

Mater. Horiz., 2025,12, 7894-7913 | 7897
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interact through transient, weak interactions, generating a
“rubbery”’ response with high viscous losses and, consequently,
significant damping. As the frequency (or temperature) rises
above this transition region, the polymer network becomes
stiffer and less capable of dissipating energy, shifting into a
“glassy” regime with substantially reduced damping perfor-
mance. Fig. 3B illustrates a commonly used viscoelastic
mechanical model (for example, the standard linear solid),
comprising elastic spring elements (E;, E,) and a dashpot
(7).”*> Under an applied stress, the elastic components store
deformation energy, whereas the dashpot (viscous) element
dissipates that energy over time. This time- or frequency-
dependent interplay between the spring and dashpot underlies
viscoelastic damping, enabling the material to respond elasti-
cally at short timescales yet gradually relax stress through
viscous flow at longer timescales. Within the rubbery state,
the materials function with a viscous damping mechanism,
effectively dissipating mechanical energy, while the modulus of
the material increases above the transition frequency, leading
to a reduction in its damping performance of mechanical
vibrations,'®”>”* as illustrated in Fig. 3C. This characteristic
makes viscoelastic polymers especially suitable for applications
requiring the absorption of low-frequency mechanical noise,
such as the filtering of motion-artifacts from physical,*>
electrophysiological,"*”® and electrochemical’®> sensors. By
adjusting or broadening the glass transition range of elasto-
mers through various material design strategies, it is possible
to target and filter specific frequency bands selectively.
Different types of damping materials exhibit varying damp-
ing performances (Fig. 3D), which can be quantified by the loss
factor (tan o), defined as the ratio of the loss modulus (G”) to
the storage modulus (G').>>®® Generally, a higher tané value
indicates superior damping performance. Common natural
damping materials such as adipose’® and rubber®® typically
exhibit low tané values. While these materials offer basic

7898 | Mater. Horiz., 2025, 12, 7894-7913

damping properties, they often fall short of the requirements
for more demanding applications. In contrast, emerging
hydrogel-based dampers often combine moderate to low mod-
ulus with potentially large tan  values.'® Hydrogel-based damp-
ing materials can dissipate energy through the reversible
breaking and reformation of weak interactions or bonds. Under
external force, these weak bonds within the hydrogel network
break and then re-form, a dynamic process that consumes
substantial energy. As a result, vibrations or noise at specific
frequencies or intensities are effectively dissipated or filtered.
Likewise, elastomer-based damping materials leverage their
viscoelastic nature to absorb mechanical disturbances across
a tunable range of frequencies. Additionally, compared with
hydrogel-based damping materials, elastomer-based damping
materials typically offer superior mechanical properties and are
not prone to the common drying issues that often affect
hydrogel systems. These materials will be discussed in detail
in the next section.

3. Material design of damping
materials

The starting point for selecting or designing an SDM strategy is
usually to define the operating window, which includes: (1) a
damping dissipation window that coincides with the dominant
motion artifact frequency, and (2) a signal transmission band
in which damping must be minimized so that the target
biosignal can be transmitted without attenuation.'**"8
Motion artifacts resulting from human activities predominantly
occur within the low-frequency range (0.01-50 Hz),"*”” encom-
passing daily activities such as breathing (0.1 to 1 Hz), heart-
beats (0.3 to nearly 4 Hz), gait movements (1 to 15 Hz), and
strenuous exercise (15-50 Hz). Consequently, damping materi-
als used in soft bioelectronics should exhibit outstanding

This journal is © The Royal Society of Chemistry 2025
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damping performance across this frequency spectrum. In con-
trast, the information-bearing portions of most electrophysio-
logical waveforms lie above 80-100 Hz (such as ECG, EMG, and
EEG), whereas electrochemical and biomechanical outputs are
quasi-DC and therefore insensitive to the high-frequency band
of the damping curve. Therefore, when the application scenario
involves electrophysiological signal monitoring, it is necessary
to ensure that the loss factor of the damping material is at a low
level in this frequency band. Based on this framework, the
material properties of SDM materials for skin-interface bioelec-
tronics are obtained: high loss factor (tané > 0.5) throughout
0.01-50 Hz, followed by a rapid drop (tané < 0.1) beyond
~80 Hz to preserve electrophysiological fidelity. For SDMs
selection of electrochemical and biomechanical signals, mate-
rial selection generally needs to focus only on damping perfor-
mance in the low-frequency range. Plotting tan ¢ - frequency
curve obtained from dynamic mechanical analysis can reveal
whether a candidate material satisfies the criterion. For the
design of motion-artifacts-free bioelectronics, the selected
damping material should exhibit a high tan J value within the
damping dissipation window."”®

Designing damping materials essentially relies on structural
modifications that manipulate polymer chain flexibility and
intermolecular forces to tune their glass transition range.*"
Different types of SDMs rely on diverse damping mechanisms.
In the following sub-sections, we present representative SDM
designs for each material category and elucidate their specific
damping mechanisms.

3.1. Elastomer-based damping materials

Elastomers typically exhibit outstanding mechanical properties
and durability, making them highly promising materials for
skin-interface bioelectronics. Elastomer-based damping mate-
rials can be engineered by incorporating reversible crosslinks,
chain reorientation, or phase transitions into the polymer

Table 1 Comparison of different noise reduction strategies
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backbone or network, while also leveraging multiphase struc-
tures, filler composites, or glass-transition temperature control
to achieve a balance between high elasticity, reversible defor-
mation, and enhanced damping performance. For example, a
recent study developed nematic liquid crystal elastomers
(LCEs), as shown in Fig. 4A, which are soft, rubbery materials
incorporating liquid-crystalline (LC) ordering into their poly-
meric network.”” Unlike ordinary rubbers, LCEs exhibit a
stress-strain plateau caused by the rotation or reorientation
of the LC director under deformation, enabling large strains at
relatively low stress. Their internal nematic ordering can also
rearrange under mechanical force, leading to high damping
and slow stress relaxation. LCEs show high loss factor tan ¢ and
remain highly dissipative through frequencies from roughly
0.1 Hz to tens of kHz. Another approach involves blending an
amorphous polymer with an ion-containing compound that is
chemically compatible. Although some mechanical perfor-
mance is sacrificed compared to the original viscous polymer,
the resulting composite can still exhibit viscoelastic properties.
For instance, introducing the ionic liquid 1-ethyl-3-methyl-
imidazolium Dbis(trifluoromethylsulfonyl)imide (JEMI|TFSI]) into
the fluorinated elastomer poly(vinylidene fluoride-co-hexafluo-
ropropylene) (P(VDF-HFP)) facilitates ion-dipole interactions and
amplifies hydrogen bonding as well as other dynamic linkages®'
(Fig. 4B). The synthesized composite proves to be tough, stretch-
able, and self-healing. Recently, advancements have been made in
developing elastomers with high tané values, suitable for a
broader range of conditions. For example, a pressure-sensitive
adhesives (PSAs),*® shown in Fig. 4C, synthesized through the
copolymerization of 2-methoxyethyl acrylate (MEA) and N-
allylthiourea (ATU), has demonstrated the ability to maintain a
tan d value close to 1 across a wide temperature range. Addition-
ally, a phase-separated fluorinated ionic elastomer comprising
short-chain (TFEA) and long-chain (PFOEA) monomers, along with
LiTFSI, is designed to mimic the structure of human fat, and

Artifact sup-

Reported pression Typical fabrica-

Strategy Examples Mechanism Durability SNR gain band tion methods Ref.
Post- Band-pass, CNN/LSTM filters  Digital removal of noise Unlimited (software) <20 dB Tunable Firmware update 28-37
processing frequencies; data-driven (software or cloud pipeline
filters decomposition defined)
Strain Wavy films, serpentine inter- Lower effective modulus Usually >1000 bend — Broad Photolithography/ 22—
compliance connect, Kirigami meshes so skin motion is cycles laser cutting 24,39-41

accommodated by

stretchable paths
Strain Island-bridge geometries, stiff Localize strain in com- Usually >1000 bend Usually = Broad Multilayer 26,27
resistance underlayers pliant bridges; keep cycles <20 dB lamination

active “islands” rigid
High- Micropillar & suction-cup skins Minimize lateral slip at Some adhesive fati- <10 dB Broad Micro-molding or 4,42
adhesion electrode-skin interface gue in 1-3 days laser texturing
interfaces
Strain- AgNW phase-separated Maintain conductivity =~ >10° strain cycles = — Broad Solution casting 25
insensitive elastomer under strain
composites
Selective-  k-Carrageenan hydrogel, gela- Frequency-matched Hydrogels: 24-72 h  20-50 dB Targeted, Casting, coating 13,52,55—
damping tin-chitosan damper, PTFEA- energy dissipation without humectant; usually less 58,60,65—
materials co-PFOEA ion-elastomer, ion-elastomers: >10° than 60 Hz 70
(SDMs) MXene-hydrogel cycles
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Society. (C) Schematic illustration of the working mechanism for a damping device with band-pass filtering functionality. Reproduced with permission.*
Copyright 2024, Springer Nature Limited. (D) Comparison graph of modulus and loss factor values for various material types. Reproduced with
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demonstrates a loss factor exceeding 1 at typical human-motion
frequencies (0.1-50 Hz), while maintaining 2000% elongation and
self-healability (Fig. 4D).>>

3.2. Hydrogel-based damping materials

Hydrogel-based damping materials, including tough hydrogels or
supramolecular gels with reversible cross-links can dissipate
mechanical stress. These often exhibit strain stiffening or shear
thickening, specifically attenuating low-frequency mechanical
noise while transmitting stable signals. At the critical gel point,
gel systems exhibit viscoelastic properties (tand =~ 1) across a
wide frequency range.®' However, due to the low proportion of the
main chains that form the elastic network and the small mole-
cular weight of the critical gel, it is not practical to use it as an
elastomer.”® One solution involves the polymer fluid gel, synthe-
sized by incorporating viscous fluid into dense elastic fibers,
exhibits a high loss factor (tan > 0.5) across a broad frequency
range (from 102 to 10® Hz).*> On the other hand, by incorporat-
ing damping materials into other substrates, the damping proper-
ties of these materials can be significantly enhanced. For instance,
introducing starch into hydrogels, which typically lack inherent
damping capabilities, can transform them into composites with
promising damping properties.®>%

A gelatin—chitosan-based hydrogel selective frequency
damper,"? inspired by the corneous pad beneath a spider’s
vibration receptors, was reported recently to selectively filter

7900 | Mater. Horiz., 2025,12, 7894-7913

out low-frequency mechanical noise (<30 Hz) while transmit-
ting high-frequency signals (Fig. 5A). This frequency range is
particularly well-suited for reducing noise in electrophysiological
signal measurement. The hydrogel’s damping mechanism arises
from the separation of viscous bonds in the chitosan-based
hydrogel and hydrophobic interactions in the gelatin-based hydro-
gel under external vibration stimuli, leading to the rearrangement
of the polymer chains, allowing for selective frequency damping
through the breaking and recovery of weak viscous bonds.
Furthermore, a single-network kappa-carrageenan (KC) hydrogel
reported recently (Fig. 5B) can achieve self-reinforcing and damp-
ing properties by utilizing its double-helix molecular structure,
where cyclic stretching causes molecular entanglement that
enhances tensile modulus, and high-frequency vibration triggers
viscoelastic transitions for selective signal transmission and noise
elimination.®® In addition, integrating multiple levels of cross-
linking or fibrous reinforcement can further elevate the damping
capacity of hydrogel systems. For example, hydrogels that simulta-
neously leverage ionic and covalent networks can exhibit sub-
stantial energy dissipation under mechanical disturbance,
stemming from the partial rupture and subsequent re-formation
of sacrificial bonds,? as illustrated in Fig. 5C. The dual-network
architectures lead to extraordinarily high stretchability while
dissipating large amounts of energy through repetitive unzipping
and rezipping of ionic crosslinks. Likewise, it has been demon-
strated that reinforcing a tough hydrogel matrix with woven fibers

This journal is © The Royal Society of Chemistry 2025
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and ensuring strong interfacial adhesion can impart both excel-
lent load transfer and resilience to impact loads, underscoring the
role of hierarchical structural design (Fig. 5D).*° Other examples
include an all-natural biogel displaying tunable mechanical prop-
erties and stable biocompatibility for electrophysiological record-
ing on both hairy plants and human tissue (Fig. 5E), underscoring

This journal is © The Royal Society of Chemistry 2025

the diverse potential of next-generation hydrogel adhesives to
couple living organisms with functional devices.®® Moreover, a
solvent-free supramolecular ion-conductive elastomer, as illu-
strated in Fig. 5F, leverages strong hydrogen-bonding interactions
to support excellent ionic conductivity and tensile resilience,
thereby forming “ionic tattoos” that adapt seamlessly to skin
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surfaces for on-skin bioelectronics.”” Meanwhile, a flexible con-
formally bioadhesive MXene hydrogel (Fig. 5G) for machine
learning-facilitated human-interactive sensing integrates robust
MXene nanosheets within a soft hydrogel framework to achieve

profiles capable of addressing vibration management challenges
across a wide frequency range.

3.3. Acoustic metamaterials

strong bioadhesion and high signal fidelity, enabling real-time
gesture recognition with minimal motion artifacts.”® Finely tuning
polymer chemistry, crosslinking types, and structural assemblies
can create hydrogel-based materials with tunable damping

7902 | Mater. Horiz., 2025,12, 7894-7913

Acoustic metamaterials typically employ intricately designed
internal architectures, such as periodic arrays of resonator
elements or labyrinthine chambers, to manipulate the propa-
gation of mechanical waves.'>*"®¥ By guiding these waves

This journal is © The Royal Society of Chemistry 2025
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along convoluted pathways, part of the energy becomes
reflected or dissipated, allowing the structure to serve as a
highly selective mechanical filter. Through meticulous tuning
of parameters, such as the resonator size, arrangement, and
internal porosity, one can precisely target and attenuate vibra-
tions across specific frequency bands, effectively creating a
band-stop or band-pass filtering effect.

Moreover, the ability to fabricate metamaterials from soft or
flexible polymers, like 3D printing technology, broadens their
applicability, making them suitable for contact with delicate,
curved, or dynamically changing surfaces.’*°° For example,
these metamaterials can be intergraded as intermediate layers
or encapsulating shells in bioelectronics, leveraging their capa-
city to shield sensitive transducers and circuitry from mechan-
ical noise. Despite the relative novelty of acoustic metamaterial
research, recent progress underscores their immense promise
in damping applications.

Other damping mechanisms also include a novel layered
material strategy to mitigate motion artifacts in electrochemi-
cal signals.”® This approach involves three coordinated strain-
energy dissipation mechanisms: (i) channel cracking in a brittle
interfacial film, (ii) strain isolation of out-of-plane conductive
pathways within the ACF layer, and (iii) reorganization of the
in-plane silver nanowire. In particular, interface channel cracks
act as a route for relieving tensile strain energy, allowing each
fractured segment to experience minimal strain while still

Table 2 Properties comparison of selective-damping materials
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retaining electrical connectivity. As a result, the electrode
maintains its overall active surface area even under mechanical
deformation and reduces the motion-artifacts in electrochemi-
cal signals.

3.4. Summary

This section outlines strategies for engineering damping mate-
rials to minimize motion artifacts in the 0.01-50 Hz range
typical of everyday activities. Table 2 offers a comparison of the
SDMs covered in this section, illustrating how different che-
mistries and architectures can achieve the common goal of
concentrating energy dissipation within a motion-artifact band
while leaving the signal band unaffected. Commercial shear-
thickening pads such as D30®™ and DEFLEXION™ achieve
impact absorption through particle-induced dilatancy or lattice
buckling, providing solvent-free durability.®® However, their
relatively high moduli and broadband loss factor impede
efficient transmission of high frequency biosignals. By con-
trast, the ion-elastomers®” and pressure-sensitive adhesives®°
exploit ion-dipole interactions or reversible hydrogen bonding
to create adjustable high-tand band, and their solvent-free
nature confers excellent long-term stability. Certain formula-
tions, such as PTFEA-co-PFOEA,** combine tan § values above
1.0 across the motion-artifact band with negligible damping
above 80 Hz, delivering excellent frequency selectivity.
Hydrogel-based SDMs, including gelatin—chitosan™ and

tan¢ at Rebound Hydration
Ref. Materials Mechanism tan dmax faamp band 100 Hz resilience stability Applications
60 D30 Proprietary polyurethane with High — — Low Solvent-free Electronic protecti