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The rapid advancement of self-powered sensor (SPS) technology has
enabled continuous and autonomous monitoring across various domains,
including biomedical, environmental, and structural applications. Conventional
energy-harvesting mechanisms, such as triboelectric, piezoelectric, and
electromagnetic induction, produce transient AC-type signals that are prone to
drift, attenuation, and poor response under static or low-frequency conditions.
Conversely, self-powered electrochemical sensors (SPESs), which operate
via mechanically induced modulation of interfacial redox kinetics and ion
transport generate stable, quasi-steady-state outputs via Faradaic charge
transfer and electrochemical potential variations at the electrode—electrolyte
interface. These devices exhibit high sensitivity to both dynamic and static
stimuli, presenting operational longevity and material adaptability for long-term
sensing applications. Recent advances in hierarchical electrode architectures,
multifunctional ionic hydrogels, and hybrid redox systems have further
enhanced the energy conversion efficiency, mechanical robustness, and
multimodal responsiveness. In this mini-review, we summarize the working
mechanisms, material strategies, and classification of mechanically driven SPSs
based on the stimulus type. We discuss key challenges such as the limited output
power, environmental cross-sensitivity, and reproducibility. Furthermore, we
discuss future research directions focused on developing scalable, intelligent,
and multimodal self-powered sensing platforms for next-generation loT and
diagnostic systems.

self-powered, electrochemical reaction, sensors, mechanism, redox reaction

1 Introduction

The rapid advancement of sensor technology has revolutionized real-time diagnostics
and environmental data acquisition across various fields, including biomedical
monitoring, health tracking, and wearable electronics (Abdulhussain et al, 2025;
Wang et al,, 2023; Mamdiwar et al., 2021; Azeem et al, 2025; Tovar-Lopez, 2023).
A key area of improvement lies in developing autonomous sensors that are
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capable of continuously monitoring physical and physiological
conditions over extended periods without depending on bulky
or short-lived external power sources (Chatterjee et al, 2023;
Conta et al.,, 2021; Mois et al., 2018; Dahiya et al., 2020). Self-
powered sensors (SPSs), which harvest ambient mechanical or
thermal energy and convert it directly into electrical signals, present
an effective solution for long-term, maintenance-free operation (Shi
and Liu, 2024; Guo et al., 2025; Sohn and Kim, 2021).

Extensive research has been conducted on triboelectric,
piezoelectric, and electromagnetic induction-based SPSs owing
to their facile design and efficient energy harvesting capabilities
(Sreejith et al, 2025; Tang et al., 2023; Rayegani et al, 2022;
Han et al, 2023). Recent studies have employed hybrid
triboelectric-electrochemical ~ systems  for  high-efficiency
mechanical energy conversion (Das et al, 2024) and additive
manufacturing techniques to realize multifunctional electronic
and energy-harvesting devices (Divakaran et al., 2022). However,
the conventional approaches face limitations in detecting the static
pressure, prolonged strain, or low-frequency vibrations—conditions
that are frequently encountered in real-world applications
(Kim et al., 2020; Wang et al., 2025). Their signals are typically
transient and AC-type, and are prone to baseline drift, attenuation,
and environmental noise, thereby limiting their suitability for
continuous sensing or integration with low-power electronics
(Yao et al., 2022; Lu et al., 2021). To overcome these challenges, self-
powered electrochemical sensors (SPESs) based on mechanically
induced modulation of interfacial redox kinetics and ion transport
are a promising alternative (Hasan et al., 2021; Yang et al., 2025;
Yang et al, 2024; Gu et al, 2025; Zhang M. et al, 2025;
Huang et al., 2024; Zhang X. et al., 2025; Kim et al., 2023).

These devices generate stable and quasi-steady-state signals
via Faradaic charge transfer and mechanical perturbation of
electrochemical equilibria at the electrode-electrolyte interface
(del Campo, 2023; Sailapu and Menon, 2022; Li et al, 2022).
Unlike triboelectric and piezoelectric sensors, SPESs exhibit
high sensitivity to dynamic inputs as well as static loads and
long-term deformations (Lei et al., 2022; Zhang et al, 2022;
Jia et al., 2024; Zhang Q. et al.,, 2023). Their operational versatility
and extended signal persistence make them well-suited for
applications that require sustained monitoring, such as wearable
biosensors, smart environmental systems, and infrastructure
integrity diagnostics (Zhang M. et al, 2023; Ren et al, 2023;
Saha et al, 2023; Zhang Q. et al, 2023). Recent advances in
materials science, such as hierarchical electrode architectures and
multifunctional hydrogels, have significantly improved the output
stability, mechanical compliance, and signal specificity of SPESs.
Furthermore, their functionality has expanded into hybrid domains,
such as temperature-mechanical multimodal sensing and real-
time wireless integration (Song et al., 2025; Zhang et al., 2024c).
Figure la depicts the chronological development of self-powered
electrochemical sensors (SPESs), from the first galvanic and
battery-type configurations to the recent hybrid and multimodal
redox-coupled architectures. This evolution demonstrates the
transition of self-powered sensing from conventional charge-
displacement methods toward stable, mechanically triggered
electrochemical mechanisms capable of realizing quasi-steady-state
energy conversion. Figure 1b depicts the conceptual framework of
this review, outlining the relationship between working mechanisms
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(Section 2), classification by stimulus type (Section 3), and potential
research implications (Section 4). Thus, these figures present a
chronological and structural overview of SPESs.

In this mini-review, we present a comprehensive overview of
mechanically stimulated SPESs. We first explain their core working
mechanisms and design principles, followed by a classification of
the representative devices based on the type of mechanical stimulus:
pressure, strain, vibration, and hybrid sensing. Subsequently, we
discuss the primary challenges, including the energy output, signal
selectivity, mechanical reliability, and performance standardization.
Consequently, we propose future research directions that leverage
advanced material platforms, algorithmic signal decoupling, and
scalable manufacturing techniques. Lastly, we determine the
potential for their integration into next-generation autonomous IoT
systems and multimodal diagnostic platforms.

2 Working mechanism and device
architectures of SPESs

SPESs operate via mechanically or environmentally modulated
redox reactions triggered by pressure,
temperature, or humidity. These devices typically comprise

strain, vibration,
two electrodes (anode/cathode), an electrolyte medium, and
a flexible substrate. Following mechanical deformation, the
redox potential difference between the electrodes induces ionic
migration and charge transfer through the electrolyte, producing
measurable current or voltage outputs (Wu et al, 2020a;
Wu et al., 2020b; Wu et al,, 2021; Lei et al., 2022; Zhang et al., 2022;
Kim et al, 2023; Zhang M. et al,, 2023; Huang et al, 2024;
Jia et al, 2024; Yang et al, 2024; ZhangH. et al., 2024;
Zhang et al, 2024b; Zhang et al, 2024c; Song et al, 2025;
Zhang M. et al., 2025; Zhang X. et al., 2025). Unlike conventional
sensors powered by external batteries, SPESs utilize spontaneous
Faradaic or equilibrium redox reactions, making them inherently
autonomous and sustainable.

2.1 Basic principles of mechanically
triggered electrochemical generation

SPES operation involves converting mechanical energy into
electrical energy via mechanically modulated redox coupling.
The effective electrode-electrolyte contact area varies under
compression or tension, thereby altering the ionic pathways and
accelerating the interfacial charge-transfer kinetics (Lei et al., 2022;
Kim et al, 2023; Huang et al, 2024; Yang et al, 2024;
Zhang M. et al., 2025). For example, an MnO,/Carbon-Ag hydrogel
system operates over a range of a few Pa to hundreds of kPa
and exhibits a sensitivity of =14 mV kPa™' with Voc =0.927 V
(Yang et al, 2024). Cu/Al galvanic sensors (filter-paper, 2 M
LiCl) achieve pressure sensitivities of 0.23 kPa™' (1-10 kPa) and
0.01 kPa™' (15-30kPa) (Huang et al, 2024). Mg/Cu systems
(LiClI-PVA-CNT) operate over 0.6-100 kPa with sensitivities
of 0.738kPa™' (0.6-30kPa) and 0.166 kPa™' (30-100 kPa), and
can reach ~6 mA/2.75mW at 100 kPa (Zhang M. et al, 2025).
Carbon/Al  PDMS-sponge sensors (NaCl/glycerol electrolyte)
operate over 0-110kPa, exhibiting a sensitivity of ~10kPa™!
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FIGURE 1
(a) Timeline illustrating the development of self-powered electrochemical sensors (SPESs). (b) Conceptual mind map of the present review. (c) SPESs

mechanism (pressure, strain, vibration, humidity, and temperature).
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with a rapid response of ~83 ms to external pressure stimuli
(Kim et al., 2023). rGO/MXene-GO/PVA ionic-channel devices
operate over 0.7 Pa-1,300 kPa with mV-level outputs and Voc
~0.58 V (Lei et al., 2022). Similarly, potentiometric SPESs, such as
Prussian Blue (PB)/AgCl-based e-skins, rely on reversible Fe?*/Fe**
— Ag'/Ag" equilibria to realize continuous potential variation
with high signal stability. The representative PB/Carbon||Ag/AgCl
hydrogel sensors exhibit potential sensitivities of ~205mV
N' (0-1N) and ~17-20mV N! (0.01-10N), demonstrating
reproducible and low-power operation; temperature-coupled
designs based on the same redox pair show sensitivities of
~5.2-14.9 mV °C™! (Wu et al., 2020a; Wu et al., 2021). Collectively,
these Faradaic and equilibrium redox mechanisms enable highly
sensitive, low-power mechanical-to-electrical transduction. The
working mechanism of SPESs fundamentally varies from that
of conventional piezoelectric or triboelectric sensors. SPESs
reactions

rely on mechanically modulated electrochemical

at the electrode-electrolyte interface whereas conventional
systems generate transient signals through non-Faradaic charge
displacement or contact electrification. Mechanical deformation
affects ion transport and redox kinetics, producing quasi-steady-
state Faradaic signals that clearly distinguish SPESs from other

self-powered sensors.

2.2 Redox pairs and application-oriented
material choices

Multiple redox couples have been optimized to balance the
signal magnitude, durability, and biocompatibility. The Mn/Ag
system delivers a high potential difference and long-term stability
for repetitive pressure sensing (Yang et al., 2024). The Cu/Al and
Mg/Cu galvanic pairs utilize porous paper or CNT-doped polymer
frameworks to enhance the ionic mobility and power density
(Huang et al., 2024; Zhang M. et al., 2025). A C/Al hydrogel-sponge
achieves fast response (~83 ms) and ~10 kPa~! sensitivity in the low-
pressure regime (Kim et al., 2023). The battery-type Zn/VO,(B) and
MoQ;/GO redox pairs form Zn?*- and H*-insertion systems that
exhibit long cycle life (>10° cycles) and stable pressure—temperature
dual sensing (Zhang et al, 2022; Jia et al, 2024). At the
equilibrium end, the PB/AgCl and PEDOT:PSS-metal hybrid
electrodes present reversible potential shifts owing to sub-nW power
consumption (Wu et al., 2020a; Wu et al., 2021). Furthermore,
metal-air systems such as Al/MnO, utilize moisture-assisted
oxygen reduction to deliver OCV =1.3 V and =20 pW output for
wireless humidity sensing (Zhang M. et al., 2023). Hybrid structures
combining Ag or MnO, nanoparticles with conductive carbon
matrices improve the Faradaic efficiency and mechanical durability
(Yang et al., 2024; Zhang M. et al., 2025).

2.3 Electrolyte architectures: from
biointegration to mechanical stability

The ionic conductivity, stretchability, and environmental
endurance are determined based on the electrolytes used.
Aqueous NaCl PBS biocompatible but
are prone to leakage and evaporation. To overcome these

or solutions are
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drawbacks, ionic hydrogels such as PVA/LiCl and NaCl/glycerol
mixtures present high ionic mobility, flexibility, and anti-drying
capability (Wu et al., 2020a; Wu et al, 2021; Kim et al, 2023;
Zhang et al., 2024b; Zhang et al., 2024c; Zhang M. et al., 2025).
(e.g., PAA/PAM)
composites enhance the durability and self-healing ability
(Lei et al, 2022; ZhangX. et al, 2025). Solid-state systems
using PVDF-HFP-GO or gelatin—chitosan matrices stabilize

Double-network —hydrogels and ion-gel

the Zn-ion and proton-type SPESs, thereby preventing leakage
and mechanical fatigue (Zhang et al, 2022; Jia et al, 2024;
Song et al, 2025). Hybrid polymer-ionic networks such as
PDMS-LiCl and textile-based PVA/NaCl further ensure conformal
contact and long-term cyclic operation (Wu et al, 2021;
Zhang M. et al,, 2023; Zhang et al., 2024D).

2.4 Electrode engineering for enhanced
signal output

The electrochemical efficiency and mechanical resilience
are determined based on the electrode design. Nanostructured
graphene, CNT, and porous MnO, electrodes enlarge the
redox interfaces and accelerate ion exchange (Yang et al, 2024;
Zhang M. et al., 2025; Zhang X. et al., 2025). Hybrid structures
that combine Ag or MnO, nanoparticles with conductive carbon
frameworks enhance the Faradaic efficiency and durability
(Yang et al,, 2024; Zhang M. et al,, 2025). Patterned hydrogel
electrodes, such as sandpaper-templated or 3D-sponged structures,
exhibit uniform stress distribution and stable cycling (>10,000
times) (Kim et al., 2023; Zhang H. et al., 2024). Equilibrium-type
PB/AgCl electrodes present stable potential under mechanical
strain (Wu et al., 2020a; Wu et al., 2021), whereas prGO and
PEDOT:PSS architectures enable anisotropic or multimodal sensing
(Wuetal, 2021; Lei et al., 2022). Consequently, optimized electrode
morphology enhances the signal-to-noise ratio, mechanical
endurance, and multimodal responsiveness in SPSs.

2.5 Comparison with triboelectric and
piezoelectric sensors

When
piezoelectric sensors, SPESs present unique advantages in terms

compared with conventional triboelectric and
of the signal characteristics and durability. Triboelectric and
piezoelectric systems primarily generate AC signals, which are
typically susceptible to signal drift, environmental interference,
and limited in capturing static stimuli. However, SPESs inherently
produce quasi-DC or steady-state outputs. Therefore, they are
particularly advantageous for applications that require long-term
monitoring under low-frequency or static loading, such as wearable
biosensors, structural health monitoring, and passive safety alarms.
Furthermore, SPESs are well-suited for more comprehensive sensing
scenarios owing to their ability to respond to both dynamic and static
mechanical stimuli. Their redox-based mechanisms are less affected
by mechanical cycling fatigue, thereby enhancing their reliability for

continuous and repeatable measurements.
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3 Classification of SPESs based on
stimulus and applications

SPESs the the
electrode-electrolyte interface under mechanical or environmental

modulate electrochemical reactions at
stimuli. They are broadly classified into the pressure, strain,
vibration, temperature, and humidity types (Wu et al, 2020a;
Wau et al., 2020b; Wu et al., 2021; Lei et al., 2022; Zhang et al., 2022;
Kim et al, 2023; Zhang M. et al., 2023; Huang et al, 2024;
Jia et al, 2024; Yang et al, 2024; ZhangH. et al, 2024;
Zhang et al, 2024b; Zhang et al, 2024c; Song et al, 2025;
Zhang M. et al,, 2025; Zhang X. et al., 2025). Each type operates
via distinct redox mechanisms and device architectures (Table 1).

In particular, mechanical stimuli can be divided into three
major modes that each induce unique electrochemical responses:
compressive, tensile, and vibrational. The applied pressure
stimuli primarily affect the electrode contact area and interfacial
impedance, thereby modulating the Faradaic charge transfer rate
and ionic accessibility within the electrolyte. The strain stimuli
cause lattice distortion or channel elongation in soft electrolytes,
affecting ion pathways and potential distribution under continuous
deformation. The vibration stimuli periodically perturb the redox
equilibrium, producing quasi-DC outputs synchronized with the
mechanical frequency. These distinct deformation modes define
the sensing characteristics of SPESs and contribute significantly
to tailoring their mechanical and electrochemical coupling
behavior.

3.1 Pressure-based SPESs

Pressure-sensitive SPESs are the most extensively analyzed
owing to their high sensitivity and long-term stability. Devices
using Mn/Ag, Cu/Al, Mg/Cu, and C/Al redox pairs exhibit
reversible voltage and current under compression (Kim et al., 2023;
Huang et al., 2024; Yang et al, 2024; Zhang M. et al, 2025).
Hydrogel-sponge architectures with PVA/LiCl or NaCl/glycerol
electrolytes achieve sensitivities of up to =~10kPa™ and sub-
100 ms response (Kim et al, 2023; Zhang H. et al, 2024).
Battery-type Zn/VO,(B) and MoO;/GO SPSs maintain a stable
output of up to ~500kPa (Zhang et al., 2022) and 524 kPa
(Jia et al., 2024), respectively, with excellent durability. Template-
built piezo-electrochemical hybrids (Zhang H. et al., 2024) further
enhance the output density and frequency response for both static
and dynamic pressure monitoring.

3.2 Strain-based SPESs

Strain-responsive SPESs convert tensile deformation into
potential or current variation. rGO/MXene potentiometric sensors
utilize ion-channel regulation to achieve a stable potential during
stretching (Lei et al., 2022). Yarn-type AI/CNT or PEDOT:PSS
hybrid architectures maintain the conductivity under ~200% strain
(Wu et al,, 2021; Zhang X. et al., 2025), thereby enabling posture
tracking, motion detection, and physiological monitoring via
continuous potential modulation.
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3.3 Vibration-based SPESs

Vibration-responsive SPESs exploit periodic deformation
to drive coupled piezo-electrochemical processes. Mg/Cu and
Zn/Cu hybrid systems generate stable DC outputs during
oscillatory cycles (Zhang H. et al., 2024; Zhang M. et al., 2025).
PB/AgCl-triboelectric ~ hybrid
dual voltage components,

mechanoreceptors ~ produce
plateau (static) and spike

(dynamic, emulating biological fast and slow-adapting tactile

ie.,

responses (Wu et al., 2020b). These devices present considerable

potential for fatigue monitoring and bioinspired tactile

sensing.

3.4 Temperature-hybrid SPESs

Multimodal SPESs integrate thermal sensitivity into mechanical
transduction by exploiting the temperature dependence of
ionic conductivity and redox kinetics. PB/AgCl e-skins present
temperature coefficients of 5.2-14.9 mV °C™/, thereby supporting
wearable health and inflammation monitoring (Wu et al., 2021).
Advanced calibration and signal-decoupling schemes ensure
reliable operation wunder dynamic conditions. Humidity-
activated SPESs represent an emerging class of environmental
self-powered sensors. The Al/MnO, metal-air SPES utilizes
moisture-assisted oxygen reduction to generate OCV =1.32V
and =20 uW cm™, thereby enabling wireless RF humidity
monitoring (Zhang M. et al,, 2023). Al-C textile micro-galvanic
sensors transduce the humidity and temperature variations into

potential shifts for respiration analysis (Zhang et al, 2024b).

Such devices exhibit autonomous, maintenance-free
sensing for environmental, infrastructure, and healthcare
applications.

4 Challenges and future directions

Mechanically driven SPESs have advanced significantly in
terms of their materials, structure, and performance. However,
these devices cannot be deployed reliably on a large scale owing to
key challenges. These include limited energy output, susceptibility
to environmental noise, mechanical instability under repeated
deformation, lack of standardized performance metrics, and the
requirement for multimodal integration. Addressing these issues
is essential for realizing SPES-based platforms for healthcare,
and autonomous infrastructure

environmental monitoring,

diagnostics.

4.1 Energy conversion efficiency and
output stability

Most SPESs generate low voltage outputs (tens to hundreds of
mV) and microampere-level currents, which limit their integration
with signal processing and storage components. In particular,
electrochemical output becomes unstable under low-frequency or
static deformation owing to slow redox kinetics and insufficient ion
redistribution. To improve the performance, hierarchical electrode
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TABLE 1 Self powered sensor properties.

10.3389/fmats.2025.1727201

Stimulus Electrode Electrolyte/structure  Sensing range Sensitivity/output
configuration
Yang et al. Pressure MnO,/Carbon || Ag PVA-H,;PO, hydrogel Pa-hundreds kPa 14 mV kPa™ Voc 0.927 V
(sandpaper template)
Zhang et al. Pressure + strain PU/PPy (+) | PU/MXene (-) PAA/PAM ion-gel bilayer 20 Pa-3.5 MPa Linear current response (LA
level)
Huang et al. Pressure Cu || Al LiCl (2 M) in filter paper 1-30 kPa 0.23 kPa™! (1-10 kPa)
0.01 kPa™ (15-30 kPa)
Zhang et al. Pressure/vibration Mg Cu LiCl + PVA + CNT composite 0.6-100 kPa 0.738 kPa™! (0.6-30 kPa)
0.166 kPa™ (30-100 kPa)
Kim et al. Pressure Carbon || aluminum PAAm-coated PDMS sponge + 0-110 kPa 10 kPa™! AV 100 mV (83 ms)
NaCl/Glycerol
Leietal. Pressure rGO/MXene GO/PVA nanofiber ionic 0.7 Pa-1,300 kPa mV-level
channel Voc 0.58 V
Zhang et al. Pressure Zn (+) | VO,(B)@SS (-) PVDE-HFP-GO solid 2 Pa-368 kPa 320 mV kPa~! (=2 kPa)
electrolyte 4.92 mV kPa™! (2-140 kPa)
0.57 mV kPa™" (140-368 kPa)
Voc 0.8V
Jia et al. Pressure Zn (+) | VO,(B)@SS (-) Gelatin-Chitosan hydrogel + <524 kPa 37.9mV kPa™!
PDMS
Zhang et al. Pressure/vibration Zn | Cu PVA hydrogel w/NH,CI + LiCl 0.23-20 kPa 0.034 mA kPa™
Voc 0.8V
Zhang et al. Humidity Al (+) | MnO, (-) NaCl aq. + OH-MWCNT layer 10.9%-91.5% RH 20.52 W (RH 91.5%)
Voc 132V
Song et al. Pressure Carbon (top) | Zn PVDF-HFP + 0-200 kPa 68.2mV kPa~! (0-10 kPa
(bottom)/V,0;@C//Zn cell [EMIM]BEF,/Zn(BF,), + Nylon electrolyte 18:8)
mesh 22.1 mV kPa™! (0-30 kPa
electrolyte 6:8)
Zhang et al. Pressure/touch Al | carbon Sweat ions (Na*/K*/Cl") as - 74.6 mv N7!
electrolyte
Wu et al. Pressure/strain PB/Carbon || Ag/AgCl PVA/NaCl/Glycerol hydrogel 0-10N 205mV N! (0-1N)
(patterned)
Zhang et al. Humidity + temp Al fiber (+) || carbon fiber (-) PVA/NaCl/Glycerol textile gel - 5.23 mV %RH™! (RH 97%)
442mV °C! (45°C)
Wu et al. Pressure/vibration PB/Carbon || Ag/AgCl PVA/NaCl/Glycerol hydrogel 0.01-10 N 17-20mV N!
(micro-patterned)
Wu et al. Temperature + pressure PB/Carbon || Ag/AgCl PVA/NaCl/Glycerol hydrogel 5 °C-50 °C kPa-MPa 5.2-14.9 mV °C™! /mV-level
(glycerol-ratio tuned) pressure

structures using hybrids or porous foams have been developed to
enhance the ionic mobility and active surface area, thereby achieving

noise

higher power density. Metallic electrodes present better conductivity

but are rigid, whereas carbon-based materials are flexible but yield
lower output. Hybrid composites that integrate carbon nanotubes,
conducting polymers (e.g., PEDOT:PSS), and Ag nanoparticles
present considerable potential for balancing the flexibility and
performance.

Frontiers in Materials

4.2 Signal selectivity and environmental

SPESs operate based on the interfacial redox reactions, making
them sensitive to external factors such as temperature, humidity,
and pH. This noise sensitivity is a major challenge in wearable
and biomedical contexts, where body fluids (e.g., sweat) or

ambient humidity can distort the ionic conductivity and electrode
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potential. Surface modification with ion-selective membranes or
ion-imprinted polymers has improved the selectivity by enabling
specific ion detection under mechanical modulation. Additionally,
real-time signal denoising using lightweight machine learning
algorithms yielded a classification accuracy of over 95%, even with
noisy input signals. However, integrating such signal processing
within ultra-low-power hardware remains a major challenge for
autonomous applications.

4.3 Mechanical durability and long-term
reliability

Hydrogel-based electrolytes present excellent flexibility and
biocompatibility; however, they are susceptible to dehydration,
mechanical rupture, and fatigue. Electrode delamination and
microcrack propagation under cyclic deformation (>10,000 cycles)
cause long-term performance degradation. Double-network or
toughened ionic hydrogels have been developed to overcome this
challenge by providing enhanced mechanical stability and water
retention. Furthermore, encapsulation techniques using elastomeric
coatings and self-healing interlayers present considerable potential
in improving device lifetime under real-use scenarios.

4.4 Standardization and reproducibility

The lack of standardized testing and reporting protocols limits
the reproducibility and industrial scalability. Variations in the
electrolyte type, electrode architecture, and loading conditions make
it difficult to compare studies across different research groups.
Ongoing efforts aim to establish standardized performance metrics
such as areal sensitivity (V/kPa-cm?), response stability under N
cycles, and normalized power density (uWW/cm?). Furthermore, we
proposed the integration of plug-and-play device modules with
wireless connectivity for benchmarking under field conditions.

4.5 Future perspectives

Future SPES systems are expected to evolve into intelligent and
multimodal platforms that can simultaneously detect mechanical,
fiber-based
architectures that integrate ionic gels with temperature-responsive

thermal, and even chemical cues. For instance,
elements demonstrate dual-mode sensing of strain and temperature.
However, advanced calibration algorithms and embedded low-
power computing are required for accurate signal decoupling
and mitigation of cross-sensitivity. Emerging materials, including
MOFs for enhanced ionic transport, anti-drying ion gels for long-
term operational stability, and soft interpenetrating networks for
mechanical resilience, can advance both the robustness and ionic
conductivity in next-generation SPESs. Furthermore, scalable
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