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Abstract

The rapid advancement of the Internet of Things, artificial intelligence, and personalized
medicine has catalyzed unprecedented demand for wearable flexible sensors as critical
interfaces bridging the physical and digital worlds. Lignocellulose-derived hydrogels have
emerged as ideal candidates for next-generation motion monitoring platforms, owing to
their exceptional flexibility, tissue-like mechanical compliance, intrinsic biocompatibility,
and sustainability. In contrast to synthetic petroleum-based polymers and precious metal
conductors, lignocellulose - the most abundant natural polymer resource on Earth - offers a
unigue combination of hierarchical architectures from molecular chains to tissue-level
pores, rich chemical modifiability, and inherent biodegradability. This review systematically
examines recent progress in lignocellulose-based flexible hydrogel sensors for motion
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monitoring, innovatively adopting a “motion demand-oriented” perspective. We first discuss the intrinsic advantages
of lignocellulose, including the synergistic roles of cellulose (high-strength framework), hemicellulose (dynamic
cross-linking and flexibility), and lignin (adhesion, UV resistance, and antioxidant properties), and elaborate on top-
down and bottom-up engineering strategies for constructing programmable hydrogel networks. We then provide an
in-depth analysis of multiscale sensing mechanisms, encompassing piezoresistive, piezoelectric, triboelectric,
capacitive, temperature, and humidity transduction pathways. Furthermore, we highlight cutting-edge applications
ranging from macroscopic joint motion detection and subtle physiological signal capture to healthcare monitoring,
rehabilitation assistance, and human-machine interaction. Finally, this review discusses key challenges and future
development directions in this field from the perspectives of material design, structural regulation, and system
integration, providing a theoretical basis and design ideas for the next generation of sustainable, high-performance,
and intelligent flexible sensing systems.

INTRODUCTION

As the Internet of Things, artificial intelligence (AI), and personalized medicine take off, wearable flexible
sensors are experiencing unprecedented development opportunities as key interfaces connecting the physical
world with the digital world" . These sensors can monitor human physiological signals and motion states in
real time'**), demonstrating huge application potential in health monitoring'®”, motion tracking'®* and
human-machine interaction (HMI)">"". Particularly, flexible sensors based on hydrogels are regarded as
ideal candidate for the next generation of wearable electronic devices”'>**), due to their excellent flexibility,
biocompatibility, and mechanical compliance similar to that of human tissues. However, most traditional
flexible sensors rely on synthetic polymers [such as polydimethylsiloxane (PDMS), polyurethane, etc.] and
precious metal conductive materials. These materials not only face the problems of resource depletion and
high cost, but their non-biodegradability also brings a severe environmental burden"*. In addition, existing
hydrogel sensors generally have bottlenecks such as insufficient mechanical strength, poor environmental
tolerance, and single functionality, which seriously restrict their practical applications">'?. Consequently,
there is an urgent imperative to develop next-generation, green flexible sensing materials with superior
biocompatibility, sustainability, and wearer comfort.

Lignocellulosic biomass, the most abundant natural polymer resource on Earth, offers an ideal solution for
constructing the next generation of flexible motion sensors!”*°!. Lignocellulose is mainly derived from
agricultural waste (such as straw and rice husks), forestry residues (such as sawdust and bark), and specially
grown energy crops, and it has significant advantages, including wide availability, low cost, biodegradability,
and renewability®'**!. From a molecular structure perspective, lignocellulose is composed of cellulose
(providing a high-strength framework), hemicellulose, and lignin (serving as an adhesive and possessing a
natural aromatic structure and antioxidant properties), and this unique composite structure provides rich
chemical modification sites and physical cross-linking possibilities for designing multifunctional
hydrogels® . Structurally, lignocellulose exhibits a hierarchical organization spanning multiple structural
levels, from macroscopic plant cell-wall architecture to nanoscale molecular assemblies™. At the macroscale
level, the ordered arrangement of cellulose fibers within plant cell walls provides an anisotropic framework
and mechanical support. At the microscale level, cellulose microfibrils act as reinforcing elements, while
hemicellulose and lignin form an interconnected matrix surrounding cellulose domains, regulating
interfacial interactions, stress transfer, and structural flexibility?”>’. At the nanoscale level, cellulose
nanofibrils and crystalline domains provide highly ordered reinforcing units, whereas lignin-derived
aromatic structures and abundant oxygen-containing functional groups offer active sites for hydrogen
bonding, chemical modification, and dynamic crosslinking. This hierarchical architecture enables
lignocellulose-derived materials to achieve mechanical robustness, structural flexibility, and functional
tunability, providing a unique foundation for the development of high-performance flexible hydrogel
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sensors!">**'l In recent years, lignocellulose-based nanomaterials [such as cellulose nanofibers (CNFs),
cellulose nanocrystals (CNCs), and lignin nanoparticles] have been successfully integrated into hydrogel
networks, significantly enhancing the mechanical properties, electrical conductivity, and environmental
stability of the materials®>*. For instance, CNF, with its high aspect ratio, high strength, and abundant
surface hydroxyl groups, can form a dense hydrogen bond network and physical entanglement structure in
hydrogels, thereby simultaneously enhancing the tensile strength, toughness, and self-healing ability of the
materials®***). Meanwhile, lignocellulose-based hydrogels can be endowed with excellent electrical signal
response capabilities by introducing conductive polymers [such as polypyrrole (PPy) and polyaniline
(PANT)]P7*%, carbon-based materials [such as graphene and carbon nanotubes (CNTs)]***"), or ionic
conductive media'*"*?}, making them suitable for high-sensitivity sensing and wearable motion monitoring
applications.

Benefiting from this hierarchical structural organization, lignocellulose-derived hydrogels exhibit remarkable
structural tunability and multifunctional integration capability. Rational molecular design and structural
regulation have enabled lignocellulose-derived hydrogel systems to simultaneously achieve self-healing'*,
freeze resistance'*, antibacterial properties'*”, and biodegradability*, meeting the demanding requirements
of complex application scenarios. For instance, the poly-pyrrole/ CNF/polyvinyl alcohol (PVA) composite
hydrogel maintains high ionic conductivity at -20 °C, enabling stable sensing properties in extreme
environments'*’; while the carboxymethyl chitosan/carboxylated CNF double-network hydrogel exhibits
excellent biocompatibility and biodegradability, laying the foundation for implantable sensing
applications*”. Human motion is a highly complex spatiotemporal physical process accompanied by large
deformations, high-frequency vibrations, multiaxial stresses, and extreme microenvironmental interferences
such as sweating'*>*. Simply blending conductive nanomaterials with lignocellulose is no longer sufficient to
meet the rigorous demands of high-precision motion monitoring. Breaking the sensitivity-stretchability
trade-off and achieving accurate signal decoupling, as well as high-fidelity transmission of complex motions
through cross-scale structural engineering, has emerged as critical challenges in this field.

Although several reviews have summarized biomass-derived hydrogels, cellulose-based functional materials,
or wearable electronic sensors, a systematic understanding of lignocellulose-derived hydrogel sensors for
human motion monitoring from the perspective of hierarchical structure-network design-sensing
performance remains insufficient. Unlike previous reviews that mainly focus on individual lignocellulosic
components, general biomass-based hydrogels, or specific sensing mechanisms, this review establishes a
comprehensive structure-network-property-performance relationship connecting the hierarchical structure
of lignocellulose, hydrogel network architecture, physical properties, and motion-sensing capability.
Specifically, this review discusses the hierarchical structural characteristics and functional roles of cellulose,
hemicellulose, and lignin, followed by an overview of fabrication strategies and structure-property
relationships of lignocellulose-derived flexible hydrogels. It then systematically summarizes the sensing
mechanisms and their applications in human motion monitoring, physiological signal detection, and
rehabilitation assessment. Finally, the review highlights current challenges and future opportunities,
including long-term stability, multifunctional integration, self-powered sensing, intelligent signal processing,
wireless communication, and scalable manufacturing, to inform the development of sustainable, high-
performance lignocellulose-based wearable motion sensors.

OPPORTUNITIES AND SUPERIORITY OF LIGNOCELLULOSE-DERIVED FLEXIBLE HYDROGELS
The basic structure and properties of lignocellulose

Lignocellulose is the most abundant natural polymer on Earth, characterized by its renewable origin,
intrinsic biodegradability, and broad availability across a wide range of lignocellulosic feedstocks'”**. This
natural material is mainly composed of three interconnected biological polymers: cellulose (40%-55%),
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Figure 1. Overview of lignocellulose presentations. (A) Sources and constituents of lignocellulosic materials'?®. Adapted with permission
from Ref.129, Copyright 2025, WILEY-VCH; (B) The morphologies of representative lignocellulose derivatives, including CNF'®3, CNCt®23,
BCH7, xylant®), lignint%%; Various properties of lignocellulosic materials, including (C) renewability, (D) porous structure, (E) breathability,
and (F) mechanical properties. Adapted with permission from Ref.l'). Copyright 2024, Elsevier. Adapted with permission from Ref.!*2.,
Copyright 2026, Springer Nature. Adapted with permission from Ref.>”, Copyright 2023, Elsevier. Adapted with permission from Ref.[°8],
Copyright 2023, Elsevier. Adapted with permission from Ref.t°%), Copyright 2023, Elsevier. CNF: Cellulose nanofiber; CNC: cellulose
nanocrystal; BC: bacterial cellulose.

hemicellulose (24%-40%), and lignin (18%-35%), along with minor extractives and inorganic components
[Figure 1A]"">***°). Based on the unique crystal structure, chemical modification, and reconfiguration
potential of lignocellulose, it provides excellent design flexibility for the construction of advanced flexible
sensors. Various types of lignocellulosic materials [including CNF, CNC, bacterial cellulose (BC), xylan, and
lignin] can be obtained through mechanical processing, enzymatic hydrolysis, and acid hydrolysis [Figure
1B] 67,

Cellulose, the primary structural component, is a linear polysaccharide consisting of anhydro-D-glucose
units connected via p-1,4-glycosidic bonds!"”*”). Intrachain hydrogen bonds between hydroxyl groups on C3
and ring oxygen, as well as between C2 and Cé hydroxyls of adjacent units, confer linearity to the chains,
while interchain hydrogen bonding and van der Waals forces drive the parallel stacking into hierarchical
fibrillar structures. These cellulose chains assemble into microfibril bundles and ultimately macroscopic
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fibers, comprising highly ordered crystalline regions and disordered amorphous domains. CNC, normally
isolated via sulfuric acid hydrolysis, exhibits a rod-like morphology with a cellulose I crystal structure (a =

0.778 nm, b = 0.820 nm, ¢ = 1.038 nm, y = 96.5°), and typically has diameters of 3-50 nm and lengths of
50-500 nm with high crystallinity (58%-88%)!*".. CNF produced through mechanical nanofibrillation, often
combined with chemical/enzymatic pretreatments such as 2,2,6,6-tetramethylpiperidinooxy (TEMPO)-
mediated oxidation, possesses high aspect ratios exceeding 100 and contains both crystalline and partially
amorphous regions'". Finally, the abundant surface hydroxyl groups of cellulose provide versatile platforms
for functionalization, grafting, and post-modification, enabling strong interfacial interactions within
hydrogel matrices.

Hemicellulose, a heterogeneous polysaccharide composed of pyranose and furanose sugar units including D-
xylose, D-mannose, D-glucose, D-galactosyl, L-arabinose, galacturonic acid, and glucuronic acid, is a short-
chain polymer with a degree of polymerization of 80-200 that functions together with lignin as a filler and
adhesive between cellulose microfibrils in the secondary cell wall [Figure 1A]******. Among these sugar
constituents, D-xylose constitutes the predominant backbone unit of xylan, which represents the most
abundant hemicellulose type in hardwood and the second most abundant in softwood, thereby making xylan
the archetypal model for hemicellulose-based functional materials. Its molecular chain adopts both two-fold
flat-ribbon and three-fold helical screw conformations, enabling intimate non-covalent interactions with
cellulose surfaces and lignin***!. Compared with the rigid crystalline structure of cellulose, hemicellulose is
amorphous and highly branched, endowing it with structural flexibility and rich chemical modifiability>**°l.
These structural features facilitate the introduction of functional groups or conductive components through
chemical modification, thereby enabling the construction of sensing materials with responsive interfaces and
the flexible regulation of detection signals'®”’. Its abundant free hydroxyl groups can act as dynamic cross-
linking sites, which further enhance the cycling stability of the hydrogel sensor through hydrogen-bonding
reorganization!*>.

Lignin, the most abundant natural aromatic polymer, is a complex three-dimensional amorphous network
composed of phenylpropanoid units” 7. These basic building blocks are p-coumaryl, coniferyl, and sinapyl
alcohols, which give rise to p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units in the lignin
macromolecular structure, respectively?*”*”%. The relative abundance of these three units varies with plant
source: softwood lignin predominantly contains G units, hardwood lignin comprises both G and S units and
minor H units, and herbaceous lignin possesses all three”*7°). These aromatic units are randomly
interconnected through various ether and carbon-carbon linkages - primarily g-O-4, 8-8, B-5, and 5-5
linkages - with the B-O-4 linkage being the most abundant'**'. Extracted technical (or industrial) lignins
retain abundant functional groups, including phenolic/aliphatic hydroxyl groups, carboxyl, and methoxyl
groups®*. These functional moieties are heterogeneously distributed across the three-dimensional aromatic
network, contributing to the structural complexity and polydispersity of lignin***"\. Lignin can provide a
rigid network structure for hydrogels through chemical crosslinking of the stable aromatic structure and the
intrinsic hydroxyl groups. Moreover, its catechol structure can even form strong non-covalent bonds with
the skin and be directly used for skin adhesion in hydrogel form'®.

Superiority of lignocellulose for flexible sensing

The sensing performance of lignocellulose-derived hydrogels is closely associated with their internal network
architectures. Although lignocellulose components provide inherent structural advantages, the final
mechanical properties and electrical responses are mainly determined by the interactions and organization
within hydrogel networks. These network architectures, including hydrogen-bonded networks, covalently
crosslinked networks, dynamic reversible networks, and conductive pathways, regulate the balance between
mechanical strength, flexibility, toughness, conductivity, and sensing sensitivity’* .. Generally, covalent
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networks provide enhanced structural stability, whereas dynamic reversible interactions contribute to energy
dissipation and self-healing capability during repeated deformation. Therefore, rational regulation of
network structures is essential for achieving high-performance lignocellulose-based hydrogel sensors'*".

In lignocellulose-derived hydrogels, the hierarchical structures and abundant functional groups of cellulose,
hemicellulose, and lignin provide versatile platforms for constructing multifunctional networks. CNFs and
nanocrystals can reinforce hydrogel matrices through hydrogen bonding and physical entanglement,
improving mechanical strength and structural stability"”*?. Hemicellulose contributes flexibility and dynamic
interactions, while lignin enhances interfacial adhesion and network toughness through hydrogen bonding,
n-n interactions, and other supramolecular interactions”>**. Through the synergistic contribution of these
components, lignocellulose-derived hydrogels can achieve tunable mechanical properties, improved
structural stability, and enhanced sensing performance when integrated with appropriate functional
components'®.

Naturally, lignocellulose constitutes a uniquely suitable material platform for motion sensing, rather than
merely a passive substrate that satisfies generic sensor requirements'””. Unlike synthetic petroleum-based
polymers or inorganic nanomaterials, renewable lignocellulose possesses structural and chemical attributes
that intrinsically align with the multifaceted demands of wearable motion sensing [Figure 1C]"*”\. The
hierarchical architecture of lignocellulose - spanning multiple structural levels from molecular chains to
nanofibrils, microfibrils, macrofibers, and tissue-scale pores - endows hydrogels with highly interconnected,
multiscale porous networks [Figure 1D]*'*°). Such multiscale network structures not only enhance
mechanical reinforcement but also influence ion transport, water retention, and deformation-induced signal
conversion, directly affecting the sensitivity, response time, and long-term stability of wearable motion
sensors”". These networks facilitate efficient moisture wicking and gas permeation - functions critical to the
reliable operation of skin-mounted motion sensors under dynamic physical activity*". Without effective
moisture management, sweat accumulation can lead to sensor signal drift, epidermal irritation, or premature
device delamination'®'*>'”. By contrast, lignocellulose-based hydrogels exhibit intrinsic breathability [Figure
1E], obviating the need for auxiliary perforation strategies and thereby ensuring sustained interfacial
functionality during prolonged wear!"**,

The coexistence and synergy of rigid crystalline domains and flexible amorphous domains in lignocellulose
microfibrils are governed by the plasticizing action of hemicellulose and the compressive resilience imparted
by lignin, enabling precise, broad-spectrum mechanical tunability [Figure 1F]"***). Through controlled
deconstruction or reconfiguration of these hierarchical structural components, hydrogels with tailored
mechanical properties can be systematically engineered within a compositionally consistent lignocellulosic
material system™*>'*”, In addition, the surface chemical diversity, sustainability, and structural anisotropy of
lignocellulose are key advantages as a motion-detection platform. The abundant hydroxyl groups on
cellulose and hemicellulose, together with the phenolic/aliphatic hydroxyl, and methoxyl functionalities of
lignin, provide dense reactive anchors for covalent and non-covalent functionalization, enabling
simultaneous integration of multiple sensing modalities - including conductive pathways (via grafting of
aniline/pyrrole precursors), self-healing chemistries (via dynamic boronate ester or disulfide bonding), and
bioadhesive interfaces (via catechol-mimicking lignin moieties) - without compromising the structural
integrity of the gel network!""****/, PANI in its emeraldine salt form consists of alternating reduced
(-C,H,-NH-C _H,-NH-) and oxidized (-C.H,~N'=C H =N"-) repeat units with protonated imine nitrogens
that provide charge carriers (polarons/bipolarons) for electronic conduction®***. PPy consists of a,a’-coupled
pyrrole rings with a conjugated n-electron backbone; upon oxidative doping, polarons delocalize along the
polymer chain, conferring metallic conductivity”***. The aromatic backbones of PANT and PPy enable n-=
stacking interactions with lignin aromatic units, enhancing interfacial adhesion and dispersion stability
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within hydrogel networks!"'>***l. Rather than treating environmental friendliness as an afterthought,
lignocellulose offers intrinsic biodegradability, non-toxicity, and renewability as inseparable material
attributes, eliminating electronic waste accumulation and reducing allergenic risks associated with synthetic
polymer degradation products during long-term skin contact or disposable health monitoring
applications""”. Furthermore, the natural alignment of cellulose microfibrils in plant cell walls, and the even
more pronounced directional growth of BC nanofibrils, provide pre-organized anisotropic scaffolds that
enable discrimination between different deformation modes"™”"****\.

The multi-level structural hierarchy of lignocellulose - from molecular chains to nanofibrils, microfibrils,
fibers, and tissue-level architectures - enables precise tuning of mechanical properties through specific
assembly strategies. This structural versatility, combined with the inherent biocompatibility,
biodegradability, and sustainability of lignocellulosic resources, establishes an unparalleled foundation for
developing next-generation eco-friendly flexible sensors. Transforming lignocellulose-based hydrogel
materials into functional flexible electronic devices requires key processes such as electrode integration,
patterning, and interface encapsulation'**"*?). Conductive electrodes can be constructed by introducing
conductive fillers in situ such as CNTs", graphene!*”, or MXene!"**** to form a self-supporting conductive
network, or by compounding flexible electrodes such as carbon tapes and silver nanowire (AgN'W) networks.
Carbon-based conductive fillers, including CNTs and graphene, have different crystal structures. CNTs have
a high aspect ratio (> 1,000) and a high specific surface area (> 1,000 m>-g"') and can form efficient
permeation networks in hydrogel matrices at low content (< 1 wt%)"">'**). Graphene has a hexagonal
honeycomb lattice, in which carbon atoms are sp> hybridized, and the = electron system is distributed in a
delocalized manner, enabling ballistic electron transport*>**). MXene (Ti,C,T) features a hexagonal closely
packed layered structure. Each layer of Ti,C, is composed of edge-shared Ti.C octahedrons, and the surface
terminals (T = -O, -OH, -F) can form hydrogen bonds with cellulose hydroxyl groups, promoting the
electrostatic self-assembly of charged nanocellulose!””'**!. The interlayer spacing (monolayer Ti,C,T
approximately 1.0 nm) provides ion transport channels, thereby enhancing the ionic conductivity of the
composite hydrogel®>'*\. In terms of patterning, 3D printing technology enables rapid prototyping of sensors
with complex structures, while screen printing and templating methods are suitable for large-area
preparation of arrayed sensing units"***?.. To address the drawbacks of hydrogels, such as easy dehydration
and swelling, elastomers like PDMS and TPU are commonly used for encapsulation, or organic hydrogels are
prepared by introducing ethylene glycol/water binary solvents or deep eutectic solvents (DESs) to improve
environmental tolerance!"****. Additionally, by integrating sensing units with flexible circuits, Bluetooth
modules, and energy-harvesting devices [e.g., triboelectric nanogenerator (TENG)], a self-powered and
wirelessly transmissible intelligent sensing system can be constructed, thus realizing the leap from a single
material to a multifunctional wearable platform!**'¥”),

Compared with conventional synthetic and natural polymer-based hydrogels, lignocellulose-derived
hydrogels exhibit a unique balance among mechanical robustness, flexibility, functional tunability, and
sustainability”®"**. Synthetic hydrogels such as polyacrylamide (PAM) and PV A usually provide excellent
stretchability and structural tunability but suffer from limited biodegradability and weak environmental
adaptability!*>***!. Natural polymer hydrogels, including alginate, gelatin, and chitosan, exhibit good
biocompatibility but often require additional reinforcement or functional modification to achieve sufficient
mechanical stability and sensing performance!"*"'**l. In contrast, lignocellulose-derived hydrogels integrate
renewable resources, hierarchical reinforcement, abundant functional groups, and multifunctional
regulation, making them promising candidates for long-term wearable motion monitoring®°>"**/. A
comparison of representative hydrogel systems based on their mechanical properties, electrical
characteristics, and sustainability is summarized in Table 1.
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Table 1. Comparison of representative properties of different hydrogel systems

Tensile Representative
Hydrogel system  Representative materials Stretchabilit onductivity Biodegradabilit: Ref.
ydroge! sy P! strength/toughness y € Yy 8! y advantages
; Tensile strength: 3.09 - Freeze tolerance (-40
PAM/gelatin/polyurethane MPa: strain: 614% Excellent 1.51Sm Poor °0) [143]
PAM/NH,-1GO Tensile strength: 016 £, ojjent 00165m’  Poor Good biocompatibility [140]
MPa; strain: 1,350%
PAM hydrogel
Tensile strength: 2.56 Eizzgm Stibility:
PAM/SA/Zr*/carbon dots MPa; toughness: 10.10  Excellent 2.15Sm? Limited P X Vi . [144]
M3 excellent anti-swelling
performance
Rapid
. Tensile strength: 0.19 response/recovery
PVA/PNIPAM/PEDOT:PSS MPa; strain: 300% Excellent / Poor time (200 ms,/200 [145]
ms)
Excellent anti-swelling
PVA hydrogel .
Tensile strength: 2.87 performance;
PVA/MXene MPa; strain: 558% Excellent / Poor electrical self-healing r4el
properties
PVA/chitosan/p-carboxyphenylboronic  Tensile strength: 3.42 . L Resistance to freezing
acid/MXene MPa; strain: 600% Bxcellent 163.15mSm Limited and water retention (471
Tensile strength: Isotropic sensin
Alginate/CNT 50-250 kPa; strain: Moderate / Good P P 2 [141]
50%-340% performance
Alginate hydrogel
Tensile strength: 281.51
Alginate/corn starch/Ca? kPa; toughness: 61.61 Moderate 9.85Sm”’ Excellent Green and sustainable [148]
kJ-m
Skin temperature-
. . . Tensile strength: 239.1 i . triggered adhesion
Gelatin/PAM/LiCI/Li,SO, KPa; strain: 1,424% Excellent 83Sm Limited and low temperature- [149]
triggered detachment
Gelatin/chitosan
Carboxymethyl . .
hydrogel X . . Tensile strength: 475.4 _ L Good adhesion
chitosan/acrylamide/2-hydroxyethyl KPa; strain: 280% Moderate 19Sm Limited properties [150]
acrylate
. . N Tensile strength: 9.01 i Superior mechanical
Chitosan/acrylamide/acrylic acid MPa: strain: 840% Excellent 692.30 mS'm™  Limited properties [151]
. Tensile strength: 50.2 . . .
Acrylamide/methylcellulose/CNCs KPa; strain: 663.1% Low 2.89Sm Limited High transparency [152]
Lignocellulose-derived . Tensile strength: 25 o Ultrahigh
hydrogel Dialcohol cellulose nanorods KPa; strain: 44,200% Low 25Sm Excellent stretchability [153]
Delignified wood/PAM/LICl Tensile strength: 7.16 Excellent 0.3Sm? Excellent Green and sustainable [154]
MPa process

PAM: Polyacrylamide; rGO: reduced graphene oxide; SA: sodium alginate; PVA: polyvinyl alcohol; PNIPAM: poly(N-isopropylacrylamide);
PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); CNT: carbon nanotube; CNCs: cellulose nanocrystals.

The rational selection of lignocellulosic components is critical for designing hydrogel sensors with targeted
sensing performance. Different lignocellulosic derivatives exhibit distinct structural characteristics and
functional contributions. CNFs, owing to their high aspect ratio, excellent mechanical strength, and
abundant surface hydroxyl groups, are commonly employed as reinforcing frameworks to enhance
mechanical robustness and construct stable hydrogel networks”>**. In comparison, CNCs possess highly
crystalline domains and rigid rod-like structures, which are advantageous for improving stress transfer
efficiency and regulating mechanical reinforcement®**). Lignin, with its aromatic structure and abundant
phenolic hydroxyl groups, provides strong interfacial interactions, antioxidant capability, and environmental
resistance, making it suitable for improving adhesion, durability, and multifunctional sensing
performance”". Hemicellulose, characterized by its amorphous structure and rich functional groups,
contributes to flexibility, hydration regulation, and dynamic crosslinking®**>**!. Therefore, the selection of
lignocellulosic components should be determined according to specific application requirements: CNF/CNC
are preferred for mechanically demanding sensing systems, lignin-containing components are beneficial for
durable and adhesive sensors, whereas hemicellulose-rich structures are suitable for flexible and dynamic
sensing platforms.
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Figure 2. Advantages and preparation strategies for gel sensors using lignocellulose.

Engineering strategies for lignocellulose-based flexible hydrogel sensors

Natural intrinsic advantages establish lignocellulose not merely as a sustainable alternative to conventional
sensor materials, but as a functionally superior platform whose hierarchical architecture and chemical
diversity directly address the core challenges of motion monitoring. However, realizing this potential
requires deliberate structural engineering strategies that either deconstruct the native lignocellulosic biomass
into programmable nanoscale building blocks (top-down) or leverage biological/chemical self-assembly to
construct optimized architectures from the molecular level (bottom-up). Figure 2 illustrates the advantages
and preparation strategies of fabricating lignocellulose-derived gel sensors.

“Top-down” strategy

The top-down approach initiates with native lignocellulosic biomass and employs selective structural
engineering to tune its hierarchical architecture, thereby preserving the intrinsic hierarchical and anisotropic
structural features of the source material"**!. Specifically, the naturally aligned cellulose microfibril networks
impart directionally dependent mechanical behavior, while the hierarchical pore architectures (lumen, pits,
and interfibrillar spaces) serve as templates for constructing directional ionic or percolative electronic

conductive pathways upon incorporation of electrolytes, conductive polymers, or nanomaterials [Figure
2][29,156].

Filling lignocellulosic frameworks is a key strategy for preparing lignocellulose-based hydrogel sensors.
Lignin and/or hemicellulose in natural wood are selectively removed with DESs, chlorite, or mild alkali,
while the highly oriented lignocellulose framework is retained. This process not only exposes the native
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lignocellulose microfibril networks but also creates a hierarchical porous structure that can be subsequently
functionalized®'*”'**l. For instance, hydrophilic delignified wood was used as a scaffold and impregnated
with FeCl, to fabricate conductive wood. The aligned fibers in the conductive wood scaffold endow the
hydrogel with anisotropic mechanical and electrical properties, and its conductivity and sensing response
exhibit a strong directional dependence consistent with the orientation of natural fibers"*. Similarly, Yang et
al. chemically delignified pomelo peels, retaining their three-dimensional porous cellulose framework, and
subsequently riveted AgNWs onto the surface of this framework. The porous structure of delignified pomelo
peel provides stable anchoring sites for AgNWs, and a stable conductive path is constructed on the retained
cellulose framework!*'.

In addition to filling the lignocellulose framework, chemical modification and treatment strategies have also
been reported for preparing high-performance lignocellulose-based flexible hydrogels. Lignocellulose
contains a large number of hydroxyl groups, has good compatibility with polymers, and can interact with
them at the molecular level"*'). PAM, one of the most widely used synthetic polymer matrices in
lignocellulose-based hydrogels, consists of linear chains with repeating -CH,-CH(CONH,)- units. Upon
cross-linking with N,N'-methylenebisacrylamide (MBA), PAM forms a three-dimensional covalent network
with mesh sizes tunable from nanometers to micrometers, providing elastic mechanical support for
conductive fillers”®'". The aligned cellulose skeleton was separated from wood through delignification, and
then chemically polymerized with PAM to preserve the anisotropic structure of the hydrogel. Further alkali
treatment was carried out to provide it with high flexibility™. A major superiority of this approach is that
lignocellulose and polymers contain many hydroxyl or carboxyl groups and can form high-affinity reversible
coordination with metal ions""*>'**). Inspired by catechol chemistry, Yan et al. assembled anisotropic
mechanical property-possessing all-wood tough hydrogels through the formation of dynamic bonding
among cellulose fibers, natural wood lignin, PAM chains, and iron ions"**. Iron ions and the catechol groups
in lignin can trigger rapid self-gelation under ammonium persulfate (APS) and act as reversible hydrogen
bonds and metal coordination bonds to endow the hydrogel with flexibility. Highly oriented delignified
wood serves as a framework that confers strong mechanical strength on the hydrogel. Meanwhile, PAM
chains filling the spaces between cellulose fibers further enhance the mechanical properties of the hydrogel
through hydrogen bonds.

The top-down approach offers distinct advantages in terms of processing simplicity, scalability, and cost-
effectiveness"*”. Unlike bottom-up strategies that require energy-intensive deconstruction of lignocellulosic
biomass, including complete removal of lignin and hemicellulose to isolate nanocellulose followed by
reconstruction into hydrogels, the top-down approach selectively delignifies wood while preserving the
native cellulose microfibril alignment and hierarchical architecture, enabling direct and scalable fabrication
of anisotropic wood hydrogels'"*>'****). However, the top-down strategy also presents some limitations. The
degree of delignification and the resulting porosity must be carefully controlled to balance mechanical
integrity with functional accessibility. Excessive delignification can compromise the structural robustness of
the scaffold, while insufficient removal may hinder efficient infiltration of conductive components'*”'*"),

“Bottom-up” strategy

In contrast to the top-down strategy, the bottom-up approach deconstructs native lignocellulosic biomass
into programmable nanoscale building blocks - such as CNFs!"**'**, CNCs*'*’], hemicellulose fractions"”**,
and technical lignins®*** - which are subsequently reassembled through physical self-assembly, chemical
cross-linking, or polymerization into functional hydrogel networks. This approach enables precise nanoscale
control over the final material architecture, allowing systematic tuning of porosity, mechanical properties,
and conductive pathways through molecular-level design [Figure 3]"%"*%],
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Figure 3. Sensing mechanism of lignocellulose-derived hydrogel sensors, including (A) piezoresistive, (B) piezoelectric, (C) triboelectric,
(D) capacitive, (E) thermoelectric, (F) humidity/sweat.

CNFs are prepared through TEMPO-mediated oxidation combined with mechanical nanofibrillation and are
excellent nano-building units">'7".. They benefit from their high aspect ratio, abundant surface hydroxyl
groups, and the ability to form a three-dimensional permeable network through the synergistic action of
hydrogen bonds and physical entanglements. These nanofibers can be physically cross-linked through
reversible non-covalent interactions or chemically cross-linked through stable covalent bonds, thereby
constructing three-dimensional hydrogel network matrices, presenting excellent mechanical properties and
good structural integrity"”". For instance, by self-assembling CNTs and cellulose to connect two-dimensional
MZXene nanosheets and simultaneously crosslinking them into a complete conductive network through the
metal-ligand bonding of Zn*, the resulting composite hydrogel exhibits excellent sensing performance, such
as high sensitivity [gauge factor (GF) = 20.17], wide detection range (0%-400%), fast response time
(~135 ms), and high stability (~500 cycles)!"”. To address the aggregation tendency of inorganic conductive
materials in hydrophilic gel matrices, surface modification with hydrophilic or charged groups - such as
phenolic hydroxyl, carboxylic acid, or oxide functionalities - is commonly employed"*”'”?. Ni et al. proposed
an effective method for quaternizing CNFs"**. The introduction of cationic quaternary ammonium groups
not only enhanced the hydrophilicity and dispersibility of cellulose in aqueous media but also promoted its
electrostatic self-assembly with negatively charged MXene nanosheets, thereby preventing the re-stacking
and aggregation of two-dimensional fillers in the hydrogel network. The uniform interconnection of this
three-dimensional network is attributed to strong intermolecular forces and nano-reinforcement effects,
enabling the hydrogel to exhibit an ultra-wide working range of 0%-1,465% stretching and rapid
response/recovery times. In addition to CNFs, technical lignins can also serve as programmable building
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blocks for bottom-up hydrogel construction. For instance, lignosulfonate sodium (LS) has been
functionalized into double-bond lignosulfonate sodium (DLS) via a phenolic-hydroxyl-alkyne click reaction,
then copolymerized with acrylic acid and carboxymethyl cellulose (CMC) in a polymerizable DES to form a
plant cell wall-like hydrogel network. The resulting hydrogel exhibits excellent ion selectivity and efficient
osmotic energy harvesting!”. Alternatively, lignin can be directly utilized as a functional cross-linker to
construct dual-network hydrogels through non-covalent interactions. Li et al. developed a lignin-based dual-
network hydrogel by hydrophobically associating lignin with poly (N, N-dimethylacrylamide) (PDMA) to
form the first network, followed by interpenetrating sodium alginate (SA) chains and ionically cross-linking
them with Ca? to create the second network. Lignin-rich domains act as multi-level energy dissipative
centers via reversible hydrophobic associations, while the SA/Ca’* network provides additional sacrificial
bonds for energy dissipation. Furthermore, the bottom-up strategy can be streamlined by integrating lignin
extraction and hydrogel polymerization into a single-step process'’*/. Researchers have designed a
polymerizable deep miscible solvent (PDES) composed of choline chloride and acrylic acid, which can not
only extract lignin from agricultural and forestry waste but also serve as a storage depot for reactive
monomers. The phenolic hydroxyl and carboxyl groups in the extracted lignin combine with the carboxyl
groups in PDES and, through a dense hydrogen bond network, impart a water gel with multi-surface
adhesion, ultraviolet resistance, and self-repairing capabilities" ™.

Bottom-up approaches provide high precision and versatility, promoting many feasible and reliable pathways
to fabricate flexible hydrogel matrices for motion sensing. However, they inevitably disrupt the native
hierarchical architecture of lignocellulose and result in significantly higher energy consumption during
nanoscale deconstruction. Persistent challenges in practical implementation include inorganic or metallic
filler aggregation, interfacial incompatibility in multicomponent composites, and batch-to-batch variability
in nanocellulose dimensions®*'**l. Nevertheless, the bottom-up strategy is indispensable for applications
demanding rationally designed nanoscale architectures, precise compositional control, or multimodal
sensing integration.

SENSING MECHANISM OF LIGNOCELLULOSE-DERIVED HYDROGEL SENSORS

The sensing performance of lignocellulose-based hydrogel sensors is fundamentally governed by a multiscale
structure-function coupling mechanism. This mechanism spans molecular-level reconfiguration of
hydrogen-bonding networks to macroscopic deformation of the three-dimensional polymeric scaffold,
enabling rich and tunable physicochemical responses to diverse stimuli - including strain, pressure,
temperature, and body fluids. A rigorous understanding of these underlying transduction pathways is critical
for the rational design and performance-driven optimization of next-generation soft sensing materials.
Figure 3 illustrates the sensing mechanisms.

Strain/pressure sensing mechanisms

Piezoresistive sensing is the most extensively studied mechanism in lignocellulose-based hydrogel
sensors!"”'®). Tts core principle lies in the structural changes of the conductive network within the gel caused
by external mechanical stimuli, which in turn leads to corresponding alterations in resistance or conductivity
[Figure 3A]"7. Lignocellulose plays a dual role as a structural framework and a functional regulator in this
process.

According to percolation theory, when conductive fillers form a continuous conductive network in a
polymer matrix, the resistivity of the material will undergo a sudden order-of-magnitude change"”’. CNCs
possess an extremely high aspect ratio and abundant surface hydroxyl groups, enabling the construction of
an efficient percolation network within the hydrogel matrix"”77*. When the gel is stretched or compressed,
the number of contact points and the contact area between the conductive fillers change, thereby regulating
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the electronic transmission path"”>'””). CNCs, as functional nanofillers, can be incorporated into dynamic
cross-linked hydrogel composites through surface modification, assisting in the construction of materials
that possess high stretchability, self-healing ability, and sensing performance*'""\. Li et al. fabricated a self-
healing piezoresistive sensor by in situ polymerization of a PVA-PAM double-network hydrogel with SA and
tannic acid-modified CNCs (TA@CNCs)!"*. Tannic acid (TA) is a natural polyphenol (C, H_,0,,) rich in
catechol and pyrogallol groups. It can coordinate polydentately with metal ions and form hydrogen bonds
with cellulose hydroxyl groups!**!. When TA is grafted onto the surface of CNC, TA forms a conformal
coating, introducing catechol-mediated dynamic cross-linking sites while retaining the crystalline core
structure of CNC"\. This dual dynamic cross-linking enables reversible dissociation and reassociation of
conductive pathways under deformation, ensuring rapid recovery of the percolation network and thus
restoring electrical conductivity upon self-healing. Similarly, Li et al. used CNCs modified with
polydopamine (PDA) and gold nanoparticles (AuNPs) (CNCs@PDA-AuNPs) as functional nanofillers,
which were embedded in a PVA hydrogel network'*!. PDA, formed by oxidative polymerization of
dopamine (3-hydroxytyramine, C.H, NO,), exhibits a heterogeneous structure comprising uncyclized
dopamine units, 5,6-dihydroxyindole (DHI), and indole-5,6-quinone moieties cross-linked via Michael
addition and Schiff base reactions"*'!. The catechol groups of PDA were tightly bound to the PVA chains
through hydrogen bonds, and AuNPs provided an electronically conductive path, thus constructing a stable
3D conductive network for human motion monitoring.

Lignin, as a natural aromatic polymer, can enhance the interfacial cohesion and dispersion stability of
hydrogel networks through its abundant phenolic hydroxyl and sulfonic acid groups via multiple dynamic
supramolecular interactions (hydrogen bonding, n-r stacking)'>"**. Zhu et al. prepared a thermoresponsive
in situ adhesive bio-gel by co-embedding LS with MXene nanosheets into a gelatin/glycerol-water binary
solvent matrix""*!. The catechol and sulfonic acid groups on the LS surface form stable interfacial interactions
with MXene, ensuring uniform dispersion of conductive nanosheets during deformation and reversible
regulation of conductive pathways, thereby endowing the sensor with high sensitivity and a wide detection
range. Moreover, as a natural polysaccharide biomass, hemicellulose contains abundant polar groups, such as
hydroxyls, along its molecular chains, enabling the formation of multiple hydrogen bonds with conductive
polymers or nanoparticles”’. Nano-polydopamine (nano-PDA) is uniformly dispersed and stably fills the
pores through non-covalent interactions and electrostatic forces mediated by functional groups like amino
and carboxyl groups in the hemicellulose network, forming continuous electronic conduction pathways.
Meanwhile, ions within the hemicellulose matrix can migrate directionally through the three-dimensional
porous network, contributing to ionic conductivity and offering unique advantages in flexible strain-sensing
applications!*,

These studies collectively demonstrate that rational surface engineering of CNCs with conductive
nanomaterials and dynamic bonding motifs represents a versatile strategy for developing high-performance
piezoresistive sensors with integrated self-healing and mechanical durability.

Piezoelectric sensing mechanism

Piezoelectric sensing is based on the direct piezoelectric effect, where mechanical deformation induces
charge separation due to the redistribution and orientation of electric dipoles within piezoelectric
materials""*'*. As shown in [Figure 3B], the essence of this phenomenon stems from the asymmetry of the
internal polar structure of the material. In the absence of stress, the electric dipoles within the material are
randomly oriented, resulting in a net dipole moment of zero and no potential difference being generated.
When external stress is applied, the displacement of positive and negative charge centers generates an
electrical potential difference, which can be collected as an output signal for detecting mechanical stimuli.
Conversely, the inverse piezoelectric effect refers to the deformation of piezoelectric materials under an
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external electric field"**. In lignocellulose-derived hydrogel sensors, piezoelectric responses can originate
from the intrinsic electroactive characteristics of cellulose crystalline regions and can be further enhanced
through structural design and functional integration. The ordered arrangement of cellulose chains and
asymmetric molecular structures provide potential dipole moments, while hydrogen-bond networks and
oriented nanocellulose architectures facilitate stress transfer and polarization changes during deformation.
Furthermore, incorporation of piezoelectric components, such as ZnO, BaTiO,, PVDF, or other electroactive
polymers, can significantly improve charge generation and signal sensitivity"*". Therefore, lignocellulose-
based piezoelectric hydrogels combine renewable structural frameworks with enhanced electromechanical
conversion capability, showing great potential for wearable motion monitoring and physiological signal
detection.

While native lignocellulose exhibits only weak piezoelectricity, it serves as an excellent green substrate and
functional matrix for constructing high-performance piezoelectric sensors®>'*”. Cellulose can be integrated
with piezoelectric polymers such as poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] through
covalent bonding, hydrogen bonding, and dipolar interactions to form flexible-rigid double-network
hydrogels. The molecular structure of P(VDF-TrFE) consists of alternating vinylidene fluoride (-CH,-CF,-)
and trifluoroethylene (-CHF-CF,-) units, which can crystallize into the electroactive p-phase with an all-
trans conformation!"*'**). Mechanistically, the flexible cellulose network accommodates macroscopic
deformation and distributes external stress uniformly across the hydrogel, while the rigid P(VDF-TrFE)
network undergoes stress-induced reorientation of molecular dipoles - converting mechanical strain into a
piezoelectric potential via the generation of a net dipole moment. The interfacial dipolar interactions
between cellulose and P(VDF-TrFE) stabilize the electroactive B-phase and enable self-polarization without
external poling, thereby ensuring efficient mechanical-to-electrical transduction"*". Moreover, inspired by
nature’s tendrils, this dual-network design further enables the creation of self-wrapping helical
configurations and 3D macrostructures. These non-planar geometries amplify the effective stress
concentration within the P(VDF-TrFE) network under identical mechanical stimuli, thereby enhancing the
degree of dipole reorientation and significantly improving the mechanical-to-electrical conversion efficiency
for energy harvesting and self-powered sensing applications"”".

Triboelectric sensing mechanism

Because of their simple structure, high sensitivity, and self-powered operation, TENGs have attracted
increasing attention for applications in wearable electronics, human motion monitoring, and intelligent
sensing systems"*>***. The integration of triboelectric effects with lignocellulosic materials, owing to their
renewable characteristics, abundant functional groups, and flexible structures, provides new opportunities
for developing environmentally friendly and self-powered sensing platforms. TENGs are based on the
coupled effects of contact electrification and electrostatic induction. When two materials with different
electron affinities undergo periodic contact and separation under mechanical force, charge transfer occurs at
the interface due to differences in surface chemical potential, forming symmetrically distributed positive and
negative triboelectric charge layers. As the separation distance changes, the capacitance between the
triboelectric layers varies, driving induced charges to flow between electrodes and generating an alternating
current output in the external circuit [Figure 3C]"*»**>'*l. Recent advances have demonstrated that flexible
TENGsS can simultaneously realize mechanical energy harvesting and self-powered sensing functions. For
example, Umapathi et al. developed a flexible PVA/g-C N, -based TENG, in which hydrogen-bond-mediated
interactions between g-C,N, and PV A enhanced charge trapping capability and electrical output, enabling
efficient harvesting of human motion energy for wearable and self-powered electronic applications"**).
Similarly, Katta et al. reported a biodegradable chitosan/sodium bismuth titanate composite TENG, where
the incorporation of high-dielectric NBT particles improved interfacial charge storage and triboelectric
performance, allowing biomechanical sensing and motion-triggered smart lighting applications!.
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Depending on the device configuration, TENGs can generally be classified into four fundamental modes,
including vertical contact-separation mode, lateral sliding mode, single-electrode mode, and freestanding
triboelectric-layer mode. These configurations enable TENGs to harvest mechanical energy from diverse
sources and convert biomechanical motions, such as finger tapping, body movement, and pressure
variations, into electrical signals for self-powered sensing!*’!. For lignocellulose-based gel sensors, this
mechanism operates in two typical configurations: (i) the gel serves as an active triboelectric layer directly
participating in contact electrification, where its surface polarity determines the charge polarity and density;
or (ii) the gel functions as a flexible electrode, facilitating charge collection and transport while the
triboelectric charge generation occurs at the interface between other paired materials (e.g., ion-selective
membrane and PDMS).

Lignocellulose-based materials inherently possess positive triboelectric polarity due to the electron-donating
tendency of abundant hydroxyl groups (-OH) along the cellulose chains and lignin macromolecule!*”****7],
However, the triboelectric charge density of pristine cellulose is relatively low, necessitating surface
functionalization to enhance the output performance. By chemically modifying the three reactive hydroxyl
groups per glucose unit, researchers can introduce functional groups with tailored electron affinity to
precisely manipulate triboelectric polarity!*®. Liu ef al. systematically investigated the effects of different
functionalization strategies on the triboelectric performance of cellulose hydrogels, with a focus on the
mechanism of amino surface modification, confirming that the introduction of 3-
aminopropyltriethoxysilane significantly enhances the positive triboelectric polarity of the material**..
Conductive polymer grafting onto cellulose nanofibrils offers a synergistic strategy to boost triboelectric
output and impart self-powered sensing functionality. Qin et al., reported that TEMPO-oxidized cellulose
nanofibrils (TOCNEF), featuring abundant surface carboxyl and hydroxyl groups, serve as an effective
template for in-situ polymerization of PANT via hydrogen-bond-mediated monomer anchoring”'. The
resulting TOCNF/PANI nanocomposite, when integrated into a PVA/borax hydrogel network, forms a
flexible electrode with rapid self-healing capability and high stretchability. Furthermore, inspired by
directional transport in plant vascular bundles, negatively charged CNFs induce the self-assembly of MXene
nanosheets into a continuous multilayer microchannel network via electrostatic adsorption, providing a
directed and rapid pathway for free-ion transport"*®. Under mechanical stimuli (tension/compression),
deformation of the microchannel structure alters the ion migration rate, resulting in resistance changes that
enable highly sensitive strain sensing. Lignin can form a self-catalytic system through redox reactions,
providing energy for monomer polymerization”"**?/. In this study, the lignin-Fe’* system (SL-Fe*")
accelerates the decomposition of APS to produce SO, and OH- free radicals through a reversible quinone-
tyrosine oxidation-reduction cycle. This rapidly initiates in situ polymerization of acrylamide at room
temperature. Meanwhile, the covalent-like hydrogen bond network formed between trehalose and PAM
chains endows the material with tensile strength, freeze resistance, and dehydration resistance. CNFs act as a
network enhancer to increase mechanical strength, providing a new idea for designing frictional electrostatic
materials®.

Capacitive mechanism

Capacitive sensors operate on the principle of parallel-plate capacitance and comprise two conductive
electrode layers separated by a hydrogel dielectric layer [Figure 3D]. Upon application of an external
mechanical stimulus (e.g., compressive pressure or tensile strain), the geometric parameters of the capacitor -
namely, the thickness (d) of the dielectric layer and/or its effective electrode overlap area (S) - undergo
reversible changes, resulting in a corresponding modulation of the capacitance. The capacitance can be
quantitatively described by the following equation:

c =2 (1
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where ¢, is the vacuum permittivity, ¢, is the relative dielectric constant of the dielectric layer, S is the effective
overlapping area between electrodes, and d is the dielectric layer thickness. During compression, the decrease
in dielectric thickness increases capacitance by reducing the electrode separation distance. Under tensile
deformation, the increased electrode overlap area and reduced thickness synergistically contribute to
capacitance enhancement!"”****%),

Lignocellulose is particularly advantageous for capacitive sensing due to its structural tunability””. Wang et
al. developed a dual-mode capacitive sensing mechanism combining “physical capture” and “chemical
adsorption” by synergistically integrating TOCNF with Bi,O,S nanosheets”*. The abundant hydroxyl and
carboxyl groups on the TOCNF surface rapidly physically adsorb water molecules from the environment via
hydrogen bonding, acting as a “water-capturing scaffold”. Meanwhile, the high specific surface area and
vertically aligned porous structure of TOCNF significantly reduce diffusion resistance for water molecules,
accelerating capillary-driven adsorption/desorption processes, thereby enabling ultrafast response and
excellent sensing performance. Based on the electric double-layer capacitance effect, Zhang et al. developed a
supercapacitive pressure sensor using a sandwich structure®”. By incorporating TA-encapsulated CNCs as a
multifunctional hydrogen-bond donor, they formed a dynamic crosslinked network with polyacrylic acid
(PAA) and choline chloride through multiple dynamic hydrogen bonds, ensuring the integrity of ion-
transport channels. In addition, a capacitive humidity sensor reported by Huang et al. uses cellulose-derived
hydroxyl groups, together with MXene surface groups and sodium polyacrylate carboxylates, to
cooperatively generate hierarchical hydrophilic sites. Progressive water adsorption at these sites forms
proton/ion transport networks, modulating the dielectric constant and enabling capacitive humidity
detection™.

Temperature sensing mechanism

Ion mobility increases with rising temperature, decreasing resistance. The temperature sensor transduces
thermal fluctuations into measurable ionic current variations within the hydrogel matrix, as illustrated in
Figure 3E. The sensitivity is evaluated by the temperature coefficient of resistance (TCR), defined as

TCR = (Rr — Ro)/(Ro X AT) @

where R, is the resistance at the measured temperature, R, is the resistance at the initial temperature, and AT

is the temperature change (unit: °C). The larger the absolute value of TCR, the more sensitive the sensor is to
temperature fluctuations* ",

In the temperature-sensing mechanism of hydrogels, lignocellulose enhances this effect by providing a
porous network based on the above principle. Pang et al. developed a skin-inspired hydrogel based on a
three-dimensional cellulose scaffold integrated with conductive fillers to form a composite conductive
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network®?l. The resulting hydrogel displays a highly linear and reproducible resistance-temperature
relationship, allowing temperature changes to be transduced into quantifiable electrical signals. Analogously,
Zhang et al. developed a stretchable and environmentally tolerant hydrogel based on a CNF-stabilized liquid
metal (LM)/MXene composite conductive network, where the synergistic effect of highly conductive LM
droplets and Ti,C,T, MXene nanosheets establishes efficient electron transport pathways?*’’; when
temperature changes, the enhanced thermal excitation accelerates electron mobility while the microstructural
evolution of the conductive network alters the resistance, enabling the hydrogel to convert temperature
variations into quantifiable electrical signals with high sensitivity and excellent linearity. Beyond the
conventional resistive sensing paradigm, an emerging iontronic approach leverages intrinsic temperature
gradients rather than uniform temperature changes. Specifically, Cheng et al. engineered a cellulose hydrogel
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with regulated ion thermal migration channels, wherein the Soret effect drives selective ion diffusion under a
thermal gradient to generate a thermoelectric voltage'”'*; by optimizing channel-ion interactions through
counter-ion condensation and polyelectrolyte crosslinking, the hydrogel achieved an ultrahigh ionic
thermopower of 22.09 mV-K", establishing a self-powered temperature sensing mechanism that directly
transduces heat differentials into electrical outputs without external power sources. The thermal response
behavior of lignin is significantly different from its structural role in plant cell walls. Wu et al. utilized the
abundant phenolic hydroxyl, hydroxyl, and sulfonic acid groups of LS to form a dual-network hydrogel
scaffold through Ca** chelation with SA and PAA, and used this as a matrix to polymerize PANI in situ to

[215

form a semi-interpenetrating conductive network®'®. Lignin provides a uniform and three-dimensional
network support for PANI, while the P-type semiconductor properties of PANT endow the hydrogel with an
inherent negative temperature coefficient effect. This ternary system can inhibit ice crystal formation and

ensure high-temperature water retention properties.

Humidity and biofluid sensing mechanisms

Humidity and sweat sensors can measure changes in environmental humidity or analyze sweat composition
(electrolytes, urea, lactate) in practical applications. The working principle is based on the hydrogel’s ability
to absorb or release water molecules®*?'®. When humidity increases, hydrophilic groups on lignocellulose
bind to water molecules, causing the hydrogel to swell; this swelling alters either the ion transport pathways
(resistance change) or the dielectric constant (capacitance change), generating a detectable electrical signal
[Figure 3F]>.

The abundant hydroxyl functional groups on the surface of lignocellulose can form hydrogen bonds with
water molecules, causing the hydrogel to swell upon absorbing water or shrink upon dehydration when
environmental humidity changes. In low-humidity conditions, moisture in the hydrogel evaporates,
increasing the distance between conductive materials and thus raising resistance; whereas in high-humidity
environments, the hydrogel absorbs water and swells, making the conductive pathways denser and reducing
resistance!'7?**?"l, Researchers reported a humidity sensor based on an acrylic/sugarcane bagasse cellulose
porous hydrogel doped with graphene oxide (GO)™*. The sensor leverages the abundant hydroxyl groups in
the cellulose framework to adsorb water molecules via hydrogen bonding, while the porous structure
facilitates rapid moisture penetration. As humidity increases, more water is absorbed, enhancing the mobility
of free ions within the hydrogel and reducing impedance; desorption reverses this effect. Furthermore, GO,
with its surface rich in oxygen-containing functional groups, further improves sensitivity by providing
additional binding sites for water molecules and promoting charge-carrier formation. Similarly, Bian et al.
developed a transparent, intrinsically stretchable CNF-mediated conductive hydrogel by loading poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) onto a three-dimensional porous CNFs
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network®!, In this system, the CNF skeleton with abundant hydroxyl groups acts as a humidity-sensitive
component: when environmental humidity increases, the hydroxyl groups capture water molecules through
hydrogen bonding, causing the CNFs network to swell and enhancing the connectivity of the conductive
PEDOT:PSS pathways, which reduces resistance; conversely, dehydration in low-humidity environments
shrinks the network and increases resistance. This mechanism enables simultaneous strain and humidity
sensing with high transparency (> 80%) and excellent stretchability (> 100% strain), demonstrating the
versatility of cellulose-based materials in multimodal flexible sensors. By leveraging the abundant hydrophilic
groups (-OH) on the surface of hydroxypropyl cellulose (HPC) molecules and the network structure formed
within the hydrogel system, Song et al. developed a composite ionic conductive hydrogel incorporating
HPCP?'. This hydrogel retains the inherent self-adhesive stress-strain sensing capability of conductive
hydrogels and achieves temperature-responsive transparency variation through the low critical solution
temperature property of HPC, forming a multifunctional sensing system with zero crosstalk. Lignin has a
higher hygroscopicity than cellulose, attributed to its amorphous structure and a large number of polar
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Table 2. Advantages, limitations, and applications of different sensing mechanisms in lignocellulose-derived hydrogel sensors

Sensing
mechanism

Advantages

Limitations

Typical applications

Ref.

Piezoresistive

Piezoelectric

Triboelectric

Capacitive

Thermoelectric

Humidity/biofluid

Simple structure, facile

fabrication, high sensitivity, large
deformation detection capability

Self-powered operation, fast
response, excellent dynamic
signal detection

Self-powered, high output, low
cost, wide material selection

Low power consumption, high
stability, good static pressure
detection

Self-powered temperature
sensing, continuous thermal
monitoring

Multifunctional environmental
and physiological monitoring

Signal drift, dependence on
conductive network stability

Ineffective for static sensing,
requires piezoelectric
components

Sensitive to humidity and
contact conditions

Complex electrode design,
parasitic capacitance
interference

Requires temperature
gradient, relatively slow
response

Strong dependence on
environmental conditions,
slower recovery

Strain/pressure sensing,
human motion monitoring

Vibration sensing, dynamic
force detection

Wearable electronics,
motion monitoring

Electronic skin, pressure
mapping

Thermal sensing and
management

Sweat analysis, humidity
monitoring

[177,178,181-183,224]

[184-186]

[192-195]

[204-207]

[210-213]

[217,218,220,221]

functional groups®). LS acts as a “moisture capture center”, with its abundant sulfonic acid groups, phenolic
hydroxyl groups, carboxyl groups, and other polar functional groups, which can quickly adsorb water
molecules and dissociate to release free protons, forming a proton diffusion current under a humidity
gradient""”.

Meanwhile, the dynamic hydrogen bond-electrostatic cross-linked network composed of chitosan (CS) and
PAA causes the ion transport channels of the hydrogel to undergo reversible changes during mechanical
deformation, achieving sensitive responses in resistance, and these effects work together to endow the
hydrogel with the dual sensing capabilities of humidity-electroconductivity and stress-resistance”**.

Lignocellulose-derived hydrogel sensors can achieve diverse sensing functionalities through different signal
transduction mechanisms, including piezoresistive, piezoelectric, triboelectric, capacitive, thermoelectric, and
humidity/biofluid sensing pathways. Each mechanism exhibits distinct advantages and limitations in terms
of sensitivity, response speed, environmental stability, and application adaptability. A comparison of the
advantages, limitations, and representative applications of different sensing mechanisms is summarized in
Table 2. Generally, piezoresistive and capacitive mechanisms are widely employed for pressure and strain
sensing due to their simple structures, continuous signal output, and good capability for detecting static
deformation. Piezoelectric and triboelectric mechanisms possess rapid response characteristics and self-
powered sensing capabilities, making them suitable for dynamic motion monitoring and interactive wearable
electronics"*?***l, Thermoelectric and humidity/biofluid sensing strategies provide additional functions for
environmental and physiological monitoring, although their response is relatively slower due to thermal
diffusion, molecular adsorption, and ion transport**’.. It should be noted that sensitivity among different
sensing mechanisms cannot be directly compared using a single parameter because different transduction
principles employ different evaluation criteria. For example, piezoresistive sensors are usually evaluated by
GF or pressure sensitivity, while piezoelectric, triboelectric, capacitive, thermoelectric, and humidity sensors
are characterized by parameters such as output voltage, charge density, capacitance variation, Seebeck
coefficient, and resistance variation. Therefore, these parameters should be considered as representative
performance indicators rather than absolute values for direct comparison.
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APPLICATION OF LIGNOCELLULOSE-DERIVED HYDROGEL SENSORS IN MOTION
MONITORING

Lignocellulose-based flexible hydrogel sensors are emerging as sustainable bioelectronic interfaces that
couple renewable feedstocks with soft, real-time signal transduction'***'??*2?_ Their hydrated networks,
tissue-like mechanics, and interfacial conformability allow mechanical information from the human body to
be converted into stable electrical outputs”**>*"). Human motion monitoring is intrinsically multiscale,
covering joint bending, locomotion, respiration, pulse waves, phonation, and small muscle
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deformation®***, In practical applications, sensors must also withstand specific environmental stresses such
as repeated stretching, sweat immersion, temperature changes, dehydration, and long-term mechanical
fatigue. Therefore, high-performance motion sensors must simultaneously deliver sensitivity, stretchability,
adhesion, fatigue resistance, environmental tolerance, and signal stability. The multi-level structure, surface
chemical diversity, and sustainability of lignocellulose make it a desirable material platform for motion
sensors!”>??>»*?) Cellulose and nanocellulose contribute crystalline reinforcement, hydrogen-bonded
networks, and crack-arresting pathways that improve toughness and cyclic durability of hydrogels'7*2*">**),
Hemicellulose-derived polysaccharide segments increase hydration, ion transport, and dynamic interactions
within hydrogel networks. Lignin introduces aromatic, phenolic, and antioxidant motifs that can enhance
interfacial adhesion, ultraviolet shielding, and aging resistance of hydrogels”***'. At present, the research on
lignocellulose-based hydrogel sensors has gradually expanded from the early single mechanical signal
acquisition to advanced interactive functions such as multi-modal perception, intelligent feedback, and
closed-loop control". As shown in Figure 4, through structural engineering, conductive integration, and bio-
interface design, lignocellulose-derived hydrogels can be configured for wearable electronics [Figure 4A],
healthcare monitoring [Figure 4B], and HMI [Figure 4C]22225220.242-244],

Wearable electronics

Wearable electronic devices are the most representative application of lignocellulose-based hydrogel sensors
in motion monitoring. Hydrogel sensors must serve as both soft substrates and stable signal-transduction
interfaces on moving skin'*****!. The key value of these sensors lies in precisely capturing and digitally
reconstructing human movements by converting macroscopic or microscopic deformations of the human
body into quantifiable electrical signals. It also has excellent ductility, adhesion, air permeability, fatigue
resistance, and environmental tolerance in different working environments**'**228/_ Cellulose and
nanocellulose usually provide fibrillar reinforcement and hydrogen-bonded energy dissipation, whereas
lignin contributes aromatic rigidity, phenolic antioxidation, ultraviolet shielding, and interfacial adhesion in
the hydrogels'>”2*. Therefore, lignocellulose-derived hydrogels are not simply renewable substitutes for
synthetic elastomers but application-tailored wearable platforms for continuous and comfortable body-signal
acquisition.

Macroscopic motion monitoring is the earliest and most mature example of wearable electronics, in which
hydrogel sensors attached to fingers, wrists, elbows, knees, ankles, or the neck convert bending and
stretching into resistance or ionic-conductivity changes”"**?. Lignocellulose-derived components play an
active role in this sensing process rather than merely serving as passive fillers. By integrating lignin-
containing cellulose nanofibers (LCNF) into PV A ionic conductive hydrogels, the trade-off between the
mechanical properties and ionic conductivity of ionic conductive hydrogels has been effectively addressed.
The ion-conductive hydrogel demonstrates outstanding response time (300 ms) and sensing stability (300
cycles at 80% strain)®>!. Further, to balance viscosity and mechanical thermal sensitivity, CMC and LS are
utilized to introduce LM into the gel network by dynamic cross-linking, enabling the long-term uniform
diffusion of LM nanodroplets. The resulting hydrogel sensor features excellent adhesion strength [Figure
5A], sensitivity (GF = 3.8; the higher the GF value, the more sensitive it is), and a wide operating range
(temperature 293-333 K). Meanwhile, it can detect movements at various human body joints (such as fingers,
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Figure 4. Overview of the applications of lignocellulose-derived hydrogel sensors in motion monitoring. (A) Wearable electronic
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permission from Ref.1%). Copyright 2026, Elsevier; (B) Healthcare monitoring applications enabled by hydrogel sensors with high
sensitivity, rapid response, and self-adhesive capability for real-time physiological monitoring and warning signal generation; (C)
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2026, Elsevier. Adapted with permission from Ref.[44, Copyright 2026, Springer Nature.

wrists, elbows, and neck) [Figure 5B-D]""**). However, this method did not address the defect of low-
temperature freezing of hydrogels. To ensure the stable operation of gel sensors under low-temperature
conditions, researchers introduced the DES into LCNF gels, endowing them with excellent electrical
conductivity (2.29 S-m™) and anti-freezing properties (-80 °C)""**. Unfortunately, the hydrophilic swelling of
the gel matrix can degrade performance when hydrogel sensors are used in underwater electronics. To
address this defect, the catechol redox reaction between phosphorylated lignocellulose nanofibers and Ag* is
utilized to generate rapid self-gelation at room temperature, forming strong hydrogen-bond interactions and
nano-reinforced effects"”. The hydrogel has excellent anti-swelling performance (equilibrium swelling ratio
of 1.2% after 30 d), high electrical conductivity (2.12 S-‘m™), and strain-sensing ability (maximum GF = 3.98).
Sensors based on this hydrogel can be conveniently attached to the limbs of the human body, achieving
highly stable underwater communication and recognition of the swimming postures of marine organisms
[Figure s5E and F]"*. For macroscopic motion monitoring, lignocellulose must balance hydrogel mechanical
properties with electrical signal conduction to ensure sensor stability under large-scale motion. At the same
time, under complex environmental conditions in real scenarios, functional design must demonstrate

excellent environmental adaptability.
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Beyond large joint movement, wearable electronics must also detect weak physiological and biomechanical
signals such as throat vibration, facial expression, pulse waves, respiration, swallowing, and tremor-related
microdeformation®>?**, This means gel sensors need extremely high sensitivity. Zeng et al. developed a
lignin-modified MXene-Fe’* dual-catalytic system to fabricate conductive hydrogels for wearable sensing
under ambient conditions [Figure 5G]"**. The hydrogel exhibited a GF of 2.8, stable sensing performance
over 200 cycles at 200% strain, and a broad working strain range of 0%-947%. Moreover, its integration into a
smart-mask platform enabled the detection of breathing patterns and other subtle physiological motions
[Figure sH]"**. Another study on the introduction of MXene hydrogel sensors found that the hydroxyl,
carboxyl, and catechol groups on the surface of TA-coated carboxylated CNCs could reduce the number of
oxidizable sites on MXene that react with water, thereby inhibiting the oxidation of MXene within the
hydrogel®'”*). In contrast, this wearable sensor features faster (161 ms) and more sensitive (measurement
coefficient = 4.39) sensing performance, capable of accurately detecting subtle movements such as
swallowing and pen strokes. Meanwhile, the dynamic crosslinking agent borax provides many dynamic
sacrificial bonds, endowing the composite hydrogel with instantaneous self-healing performance and solving
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the problem that hydrogel sensors are sensitive to mechanical damage'. In addition, by introducing
biosynthesized selenium nanoparticles (BioSeNPs) into CNC and MXene hydrogel systems, the synergistic
effect of the three has made the resulting hydrogels impressive in terms of tensile strain, elasticity and fatigue
resistance. More importantly, the sensitivity of this hydrogel has been raised to 6.24, and it has excellent
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antibacterial properties'®. Compared with lignin and cellulose, the large number of hydroxyl groups in
hemicellulose can endow hydrogels with stable mechanical properties and excellent adhesion characteristics.
When hemicellulose is combined with MXene, the resulting hydrogel exhibits good self-adhesion (3.12 kPa
on the skin), excellent stretchability (> 1,700%), and satisfactory electrical conductivity. This hydrogel serves
as an adaptive sensor and can effectively capture subtle signals from various human movements®**. By
contrast, another hydrogel prepared by combining modified esterified hemicellulose with MXene exhibits
higher tensile properties (4,844%) and self-adhesion (12.3 kPa on pigskin)**. The main drawback is that its
detection acuity (GF = 2.36) is slightly lower than that of lignin and cellulose gels”**. In general, the dynamic
cross-linked network constructed by the synergy of lignocellulose and conductive fillers endows the hydrogel
sensor with remarkable sensitivity characteristics as a wearable electronic device. It can generate significant
resistance changes under minor deformations and accurately identify minute strains such as pulse beats,
swallowing movements, and breathing rhythms, providing a reliable technical means for health monitoring
and early disease warning.

A more advanced direction in lignocellulose-based wearable hydrogel sensors is the transition from
individual sensing materials toward system-level wearable platforms that integrate signal acquisition, power
supply, energy harvesting, signal processing, and flexible circuit architectures?***”>*/, Self-powered sensing
systems can achieve energy autonomy through energy conversion. Sun et al. developed a transparent, self-
adhesive, and conductive lignin-based organohydrogels through an alkali lignin-Cu** (AL-Cu®) self-catalytic
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system and assembled it into an extreme-environment-resistant TENG"*?!. It can achieve self-powered
energy collection and movement monitoring of human joints (fingers, wrists)"**?. In another representative
study™, researchers prepared hydrogels with superior mechanical properties and electrical conductivity by
using a self-catalytic system of sodium lignosulfonate and Fe*. The assembled TENG also has an outstanding
self-powered sensing capability”. Significantly, the hierarchical architecture of electrostatic cross-linking,
hydrogen-bonding interactions, and n-n stacking between LS and CMC can balance the mechanical
properties, functional versatility, and sustainability of hydrogels. This integrated function enables the
hydrogel to serve as a unified and all-in-one sensing platform, achieving the collection and conversion of
biomechanical energy, ultra-wide range strain sensing, stable energy storage and output, and real-time self-
powered monitoring of human physiological signals®®. Overall, wearable applications of lignocellulose-
based hydrogel sensors are moving from single-point motion detection toward distributed, continuous,
multimodal, and self-powered monitoring systems.

Healthcare and biomedical monitoring

Healthcare-oriented applications impose stricter requirements on lignocellulose-based hydrogel sensors than
general wearable electronics; the sensing interface must remain mechanically compliant, biologically safe,
and signal-stable during long-term contact with skin or soft tissues, and achieve continuous, non-invasive,
and real-time tracking of an individual’s vital signs and health status!’>**"*°?/ Lignocellulose-derived
hydrogels are particularly attractive for this purpose because their hydrated polymer networks, low modulus,
biocompatible chemistry, and abundant functional groups can collectively support tissue-conformal
adhesion, mechanical buffering, and functional biointerface design"*****. Such tissue-like mechanical and
interfacial properties help reduce modulus mismatch between the device and biological tissue, thereby
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improving signal fidelity during physiological monitoring®*. In addition, the renewable and biodegradable
nature of lignocellulose-derived networks, particularly cellulose- and lignin-derived hydrogel systems, offers
a promising pathway toward sustainable biomedical electronics and transient sensing systems with reduced

environmental burden after use>*,
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Continuous physiological monitoring is one of the most crucial applications of lignocellulose-based hydrogel
sensors in clinical use. Pulse, respiration, ventricular tremors, and even the slightest muscle contractions all
generate weak and repetitive deformation signals. Long-term stable transmission of these signals requires
close, low-irritation, and strong mechanical contact between the hydrogel and the skin or soft tissue*”2"!,
Lignocellulose-based hydrogels are renowned for their excellent biocompatibility and typically adhere closely
to the skin surface to collect different signals, enabling continuous, non-invasive, and real-time tracking of
an individual’s vital signs and health status>''*l. A self-powered sweat-sensing bioelectronic system was
designed by leveraging the close hydrogen-bond interaction between sulfonated cellulose (SC) and PVA
chains. Under dynamic mechanical stimulation, glucose, potassium ions, and sodium ions in sweat are
directly converted into a stable voltage output. This system, which assembles a TENG, can achieve real-time,
non-invasive, multi-channel monitoring during exercise, featuring wireless transmission and thresholding
alarm functions that support exercise optimization, early warning of physiological imbalance, and
rehabilitation guidance™. Similarly, the ability of hydroelectric generators (HVEGs) to generate continuous
electricity using a small amount of water vapor also makes them suitable for self-powered health monitoring
systems. Compared with TENGs, the open-circuit voltage of HVEGs shows high sensitivity to both water
volume and ion concentration, and can detect subtle physiological changes through interaction with body
fluids such as sweat, saliva, or blood”"*7?). Researchers obtained an efficient HVEG by introducing a CNT
assembly into SC/PVA. This device can detect human breathing, coughing, and speaking activities by
collecting energy from water vapor exhaled from the lungs, and also demonstrates outstanding sensitivity (>
40%) and a fast response time (~2 s), capable of monitoring various health conditions in real time*”. In
addition to hydropower sensing, this device also features piezoelectric sensing capabilities, enabling precise
real-time strain monitoring of subtle biomechanical inputs such as finger bending, wrist pulse, and neck
movements. It has a response sensitivity exceeding 80% and a fast response time of 0.5 to 2 s. In addition, its
piezoresistive behavior has been successfully applied in multiple real-world scenarios, including medical
emergency alarm interfaces, smart doorbell systems, and public safety boundary crossing detection
mechanisms [Figure 6 A and B]"””*). To enhance the sensitivity of piezoelectric sensing, the strong
coordination selectivity of alginate is utilized to fix Al’*, which can significantly increase the ion diffusion
difference under pressure®”*. By adopting a controllable phase separation structure strategy, aluminum
alginate is introduced into the cellulose network to improve the performance of hydrogel piezoelectric ion
sensors. In contrast, the optimized hydrogel sensor features high sensitivity (14.13 mV-kPa) and an ultra-
fast response time (60 ms)®”*l. Compared with cellulose, the intermediate catechol groups generated by the
dynamic catalytic system between lignin and metal ions (A", Fe*") provide hydrogels with excellent self-
healing performance and repeatable adhesive performance”*?”. The hydrogel sensor manufactured by the
LS-Fe’* dynamic redox system features a wide sensing range (500%), fast response time (139 ms), and high
sensitivity (GF = 8.98), enabling specific speech recognition and subtle body-movement detection for real-
time elderly health and sleep management””®). The hydrogel obtained by LS-Al’* also exhibits ideal
mechanical properties, good self-recovery ability, and tensile sensitivity””*”*. Surprisingly, introducing Fe**
into hemicellulose hydrogel can double its adhesion and sensitivity (the adhesion strength to pigskin
increases from 12.3 to 23.85 kPa), and the sensitivity is high (the specification factor increases from 2.36 to
4.87)>2%°l Generally, continuous physiological monitoring requires hydrogel sensors that balance
biocompatibility and functional universality, such as adhesion and signal stability, and provide personalized
and operable self-powered bioelectronic interfaces for different health monitoring needs.

Motion-assisted diagnosis and rehabilitation represent another important biomedical direction for
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lignocellulose-based hydrogel sensors””. Clinical rehabilitation often requires quantitative evaluation of
joint range of motion, gait symmetry, muscle coordination, and repetitive training performance’. Wearable
hydrogel sensors mounted on limbs or joints provide an attractive platform for continuous and quantitative

monitoring of biomechanical signals during therapeutic exercise, with relevance to stroke rehabilitation,
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orthopedic recovery, neurodegenerative disease management, sports injury, and postoperative motor-
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function assessment™' ¥/, A highly flexible and mechanically tunable all-wood hydrogel was developed.
The neatly arranged cellulose nanochannels endowed it with remarkable anisotropic mechanical properties
(longitudinal tensile strength of 36.5 MPa) and strain-sensitive electrical response. All-wood hydrogels can
accurately distinguish various macroscopic or subtle human movements, including finger bending, pulse,
and swallowing behaviors. In particular, when “Anqi” is called four times within 15 s, two pronunciation

changes can be identified®*.

Stroke patients often experience limb motor dysfunction, including impaired finger flexion/extension and
decreased wrist/ankle joint mobility. Therefore, precise assessment methods are needed to develop
personalized rehabilitation plans for patients”*>**. A dual-mode sensor (DM-BCESC) was designed by
integrating the structural color interface of hydroxypropyl HPC with a black conductive polymer hydrogel
(CPH) sensing component [Figure 6C]. It features high strain sensitivity (strain coefficient of 4.24) and
excellent durability (over 4,400 cycles). In practice, the structural color shift of the HPC layer provides real-
time visual interaction monitoring, enabling patients to self-adjust their movements. Meanwhile, the CPH
layer can accurately quantify joint motion parameters, such as motion amplitude and frequency. This
collaborative feedback mechanism not only enhances patients’ engagement through color changes but also
provides digital assessment standards via electrical signals, demonstrating strong application potential for
rehabilitation [Figure 6D and E]"*!. In another study, researchers utilized the synergistic effects of PAA,
dialdehyde carboxymethyl cellulose (OCMC), gelatin methacryloyl (GelMA), and lignosulfonate
methacrylate (MLS) to achieve the best balance of adhesion, antibacterial activity, and conductivity in a
multifunctional hydrogel through precise molecular-level regulation. The hydrogel’s wide range and high
sensitivity (GF = 5.31) enable the sensor to reliably record human electromyography (EMG) and
electrocardiogram (ECG) signals. One of the most promising applications lies in the management of
neurodegenerative diseases. Machine-learning models can accurately identify the characteristic tremor
signals associated with Parkinson’s disease [Figure 6F and G]**.

Wound microenvironments are mechanically dynamic and chemically heterogeneous, involving changes in
pressure, exudate level, humidity, pH, inflammation, oxidative stress, and bacterial load. Therefore, hydrogel
wound interfaces should not only adhere to irregular tissue surfaces, but also maintain moisture balance,
resist infection, relieve oxidative damage, and monitor wound-related physiological parameters. However,
existing designs and manufacturing methods for human skin interfaces still fail to meet the challenging
clinical requirements of excellent adhesion. Therefore, researchers have proposed a printable hydrogel with
adjustable adhesion force™”. In clinical cases, the hydrogel interface layer can maintain excellent adhesion
and high-fidelity signal acquisition during flap/human skin measurement, while simultaneously exhibiting
low adhesion after monitoring to avoid wound damage®'. Although the research focuses on characterizing
tunable adhesion force on flaps/human skin, the responsive hydrogel interface can also achieve good
adhesion force to various wet tissues, such as porcine intestines, stomachs, livers, and hearts'>*”. The self-
adhesive property of hemicellulose hydrogels gives them a natural advantage in wound dressings. The
multifunctional composite hydrogel composed of hemicellulose, PVA, and polydopamine-modified zinc
oxide nanoparticles (PDA@ZnO NPs) has good cytocompatibility, blood compatibility, and the ability to
promote fibroblast migration, showing great potential in wound-healing applications'®”. Meanwhile, the
shear adhesion strength of the nano-PDA-reinforced hemicellulose-based hydrogel to skin tissue reaches
7.52 kPa. The excellent adhesion performance extended the hydrogel’s service life in biomedical applications
and enabled rapid loading of cationic drugs, serving as a drug patch to promote the transdermal introduction
of electrically stimulated drug ions"*. These lignocellulose-derived hydrogels provide an important material
basis for developing sustainable medical sensors that are both biocompatible and environmentally
responsible®***). However, most of the lignocellulose-based hydrogel sensors are designed for epidermal or
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external biomedical monitoring, while truly implantable hydrogel sensing systems remain relatively few>..
Progress in this emerging direction will require a closer integration of biomass chemistry, hydrogel
mechanics, bioelectronic design, and clinical translation"*?.

Human-machine interaction

In recent years, with the deep integration of the Internet of Things, Al, and flexible electronics technology,
HMI is undergoing a paradigm shift from the traditional rigid interface to flexible, adjustable mechanical
performance and biocompatibility">*****?. Human intentions must be transformed into digital instructions
through natural gestures, touches, pressures, and deformations. Hydrogel sensors can adhere to moving skin
and provide continuous mechanical readings while avoiding the discomfort caused by hard input devices"*.
Lignocellulose, with its sustainability, tunable mechanical properties, and biointerface compatibility, has

291,292,294]

become a promising material platform for building the next generation of HMI systems! .

E-skins are a key component for achieving natural HMI, as the front-end interface that simulates the
perception function of human skin"***, Inspired by natural skin, electronic skin engineering technology
has attracted increasing attention, promoting the development of single-component multimodal sensors that
can simultaneously respond to multiple external stimuli - temperature, pressure, and biochemical markers -
and offer fast response and high spatial resolution>***. Lignocellulose-derived hydrogels offer unique
advantages for constructing bionic tactile sensors because their mechanical properties resemble those of
biological tissues (low modulus, high flexibility) and ultra-soft characteristics. Researchers have designed
hydrogels based on the natural crystallization behavior of cellulose that can mimic human skin"'°’. By
regulating the self-assembly of cellulose to form a porous, non-swelling supramolecular fiber framework, the
mechanical strength and anti-swelling property of hydrogels can be significantly enhanced, enabling stable
signal output in water environments"'"”. Introducing MXene into the cellulose gel skeleton to form a stable
“brick and mortar” structure further enhances the piezoresistive performance of the pressure-sensitive layer,
which can be used for accurately monitoring limb movement, pulse, and respiration. The flexible pressure
sensor demonstrates high sensitivity (21.457 kPa™'), a wide detection range (0.11-11.022 kPa), fast
response/recovery time (41.84 ms/20.82 ms), as well as outstanding stability and cycle repeatability (up to
6,000 cycles). In addition, the pressure sensor array can also be used as an electronic skin to detect pressure
distribution [Figure 7A]. With the help of the convolutional neural network (CNN) model [Figure 7B], it has
achieved accurate recognition of 9 gestures (98.22%) [Figure 7C]"*””\. By contrast, the piezoresistive sensor
array assembled with hydrogels prepared by combining LS and MXene can achieve uniform and precise
signal acquisition. The sensor array on a badminton racket can achieve the spatio-temporal mapping of four
different paddling postures, with a recognition accuracy rate of 93.75%"*!. Gesture recognition is crucial for
sign language interpretation, virtual and augmented reality control, remote operation of robots, and
contactless command systems">***). Compared with rigid electronic devices, hydrogel sensors can better
match the mechanical characteristics of joints and reduce discomfort during long-term use”. The micro-
nanostructured conductive network in lignocellulose hydrogels can maintain repeatable output under a wide
range of multidirectional deformation.

Introducing an ionic liquid into the cellulose network skeleton can yield an ionic gel sensor with balanced
mechanical and inductive properties. The spatial constraint effect of the cellulose skeleton regulates the
growth and distribution of the ionic gel microphase structure, enabling the gel sensor to possess both
excellent mechanical properties and electrical conductivity®™. Surprisingly, combining gelatin with cellulose
can fabricate all-biomass hydrogels with strength and toughness comparable to cellulose/polymer
hydrogels”*". Furthermore, a lignocellulose-based biomimetic skin hydrogel sensor features moisture
resistance, self-repairing properties, and adhesion, and can directly detect the subtle stretches related to
human speech and expressions. For instance, a study”'” integrated LCNF and sorbitol to endow the hydrogel
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Copyright 2025, WILEY-VCH. CNFs: Cellulose nanofibers; HMI: human-machine interaction; CNN: convolutional neural network.

platform with outstanding self-healing capabilities and temperature resistance, ensuring stable sensing
performance even when damaged or under extreme conditions. Meanwhile, this hydrogel also serves as a
platform for speech recognition and hand-drawing, displaying repeatable and highly sensitive electrical
signal changes”'*). This route can support silent speech recognition, emotion-sensing interaction, and
assistive communication technologies. Nevertheless, pure lignin can be modified to develop 3D-printed
hydrogels through photopolymerization, which were incorporated with glycerol and lithium chloride to
promote the formation of dynamic hydrogen bonds and correspondingly reduce the covalent cross-linking
sites between monomers. This hydrogel exhibited excellent fatigue resistance (up to 10,000 cycles at 50%
strain) and frost resistance (achieving effective sensing performance at -40 °C). As shown in Figure 7D, the
3D-printed hydrogel sensor array demonstrated a uniform stress response in controlling complex bionic
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hand movements”*. Overall, small-range tactile and pressure interaction interfaces, such as pressing,

9 Designing hierarchical conductive

tapping, sliding, and grasping, are an important direction of HMI'
paths or ion channels can enable lignocellulose-derived hydrogels to achieve pressure sensitivity over a wide
dynamic range, which supports the construction of intelligent flexible electronic skin integrating toughness,

sensing, and feedback.

Intelligent control and information interaction interfaces are becoming central to next-generation HMI
research. HMI is shifting from one-way instruction input to two-way coupling between human intentions
and machine responses. Lignocellulose-based hydrogel sensors not only serve as passive signal acquisition
units but also provide active control and information input functions. They thereby become a direct bridge
connecting human intentions with machine execution. Researchers have designed a wearable one-handed
keyboard with gesture-recognition capabilities, using a multifunctional hydrogel constructed from PAM,
sodium CMC, and reduced GO"*\. This sensor features outstanding sensitivity (GF = 8.18) and pressure-
sensing capability. By integrating machine learning algorithms and a custom data acquisition system, the
wearable keyboard developed has an accuracy rate of up to 98.13% in recognizing gesture signals**. In
contrast, another study developed a sensor that achieved a gesture signal classification accuracy rate of 99.8%
under ultra-low temperature conditions (-76.6 °C)"*’l. By using a stepwise dual-salt adjustment strategy
similar to bamboo basket weaving, the common trade-offs among sensing performance, mechanical strength,
environmental tolerance, and biocompatibility in traditional design strategies have been effectively alleviated.
Hydrogel sensors can still achieve stable Morse code communication and gesture-based communication in
simulated high-salinity seawater®. The complexity and uncertainty of EMG can reduce the accuracy of
decoding movement intentions®****!. As shown in Figure 7E, researchers have combined a multimodal
sensing module with AT algorithms to achieve ultra-high-precision motion-intention decoding to drive robot
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operations ”*. This multimodal sensing module, composed of TA and PAM, can efficiently analyze motion
intentions and form corresponding control commands. Compared with traditional multi-channel EMG
signals, this sensor showed high sensitivity to weak pressure and can be used to monitor tiny force
myography (FMG) signals®®. The complementarity of EMG and FMG signals significantly enhanced HMI
efficiency. Finally, the multi-modal HMI system was used to control robotic gloves and achieve active
rehabilitation training based on the human body’s movement intentions, demonstrating the system’s
feasibility. Besides, the precise and repeatable control of the system over mechanical hands, smart cars and

unmanned aerial vehicles was also demonstrated [Figure 7F]>.

TA is rich in phenolic hydroxyl groups and can form uniform metal-TA complexes with metals to achieve
antioxidant effects. Significantly, introducing it into the MXene/TEMPO BC hydrogel can prevent oxidation
of MXene. Moreover, this sensor can also wirelessly monitor human movement quickly (74 ms) and
sensitively (GF = 15.65)"*’\. A major limitation of this approach is the relatively high cost of MXene.
Surprisingly, researchers adopted TA as a “glue” to cross-link anisotropic CNFs decorated with PVA and
PPy by imitating the anisotropic structure of human muscles, permanently fixing their hierarchical
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anisotropic structure through multiple hydrogen bonds**". Thus, the hydrogel achieves a balance among
excellent mechanical properties (tensile strength of 11.41 MPa and toughness of 12.44 MJ-m™), anisotropic
conductivity, and biocompatibility. This assembled hydrogel sensor can stably monitor the multi-degree-of-
freedom joint movements of the human body and facilitate the control of multi-axis virtual robot mechanical
arms. In addition, the prepared hydrogel sensor has excellent biocompatibility and protein resistance as well
as biological safety, as confirmed by its practical application as an implantable sensor*'. Interestingly,
loading tannic acid onto hemicellulose (TA@HC) can endow the hydrogel with both self-healing property
and repeatable self-adhesion. The resulting PAA-TA@HC-AI’" ionic hydrogel has high tensile strength
(1,060%), self-healing property (up to 87%), and high strain sensitivity (GF = 8.34). It can accurately monitor
and distinguish between gross and micro-movements, as well as weak pulses and breaths***!. Further,
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Table 3. Comparison of key performance metrics of lignocellulose-based hydrogel sensors in different motion monitoring applications

Application Tensile strength Elongation atbreak  Toughness Conductivity Response time GF  Ref.
1.28 MPa 794.94% 6.32 MJm3  0.82Sm’ 300 ms / [253]
~0.1MPa ~330% 9 MJ:m=3 0.61Sm? 700 ms 3.8 [104]
Wearable 0.75 MPa 1,593% / 2295m / 13.66 [106]
electronics 0.2 MPa 699% 09MJm?*  212Sm’ 280 ms 3.98 [102]
0.19 MPa 2,139% 2.5MJ-m= 1.88 S'm” 31 ms 2.8 [138]
1.35 MPa 930% 7.8TMJm3  1.62Sm" 161 ms 439 [33]
Healthcare and 36.50 MPa 438% / / / 6.16 [284]
biomedical 0.87 MPa 335.90% / / / 424 [285]
monitoring 0.08 MPa 1,820% / 0.55Sm" / 531 [286]
0.8 MPa 914.30% / 0.3Sm’ 250 ms 1.7 [10]
2.73 MPa ~300% 427 MJm=  0.07 Sm- 125 ms 173 [300]
HMI 2.6 MPa 614% 428 MJm3  3.94Sm” / 0.86 [301]
0.42 MPa 280% / 0.18 S'm? 74 ms 15.65 [123]
11.41 MPa ~150% 12.44 MJm3 10.35S'm? / 1.49  [281]

GF: Gauge factor; HMI: human-machine interaction.

replacing AI’* with Fe** can significantly enhance the mechanical properties of hydrogels (with a strain of up
to 5,600%)'*”. In summary, lignocellulose-derived hydrogel sensors have been deeply integrated into multiple
key scenarios of HMI, demonstrating irreplaceable material advantages from basic signal acquisition to
multi-modal intelligent control, due to the high strength and mechanical robustness of
lignocellulose!'>2%2%>% Tt is expected to become the crucial flexible interface connecting the physical human
body with the digital world, driving the evolution of HMI technology towards a more natural, intelligent, and
sustainable direction”). Table 3 integrates key data on lignocellulose-based motion sensors in various
motion-monitoring scenarios, including tensile strength, elongation at break, toughness, conductivity,
response time, and GF.

CONCLUSION AND OUTLOOK

The development of lignocellulose-based hydrogel sensing systems is undergoing a paradigm shift from
“biomass replacing traditional materials” to “structure-function collaborative design”. Relying on its natural
multi-level structure and rich functional group system, cellulose provides a high-strength framework,
hemicellulose regulates dynamic hydration and ion transport, and lignin endows it with energy dissipation,
antioxidant, and interfacial adhesion capabilities, making it a natural “multifunctional integrated platform”.
Through deliberate top-down preservation of native anisotropic architectures or bottom-up nanoscale
reassembly, these hydrogels can be engineered to reconcile the historically conflicting demands of high
mechanical resilience, broad detection range, rapid responsivity, and long-term cyclic stability. Integrating
multiple transduction mechanisms (piezoresistive, piezoelectric, triboelectric, capacitive, iontronic, and
thermal) has already enabled applications across the full kinematic spectrum, from large-amplitude joint
articulations to microscale physiological vibrations, while advancing system-level functionalities such as self-
powering, self-healing, and multimodal perception. Despite these remarkable achievements, several critical
challenges persist that demand innovative solutions to unlock the full potential of lignocellulose-based
motion sensors [Figure 8].

1. Breaking the sensitivity-stretchability trade-off via cross-scale structural engineering.
Future research must move beyond simple compositional blending toward rational cross-scale structural
engineering that decouples mechanical compliance from electrical sensitivity. This requires harnessing the
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Future Prospects of Lignocellulose-derived Hydrogel Sensors
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Figure 8. The prospects of lignocellulose-based hydrogel sensors for future applications. Al: Artificial intelligence.

intrinsic anisotropy of cellulose microfibrils to construct pre-oriented conductive pathways that maintain
percolation efficiency even under extreme deformation. Emerging strategies such as 4D printing, directed
self-assembly of nanocellulose liquid crystals, and biomimetic “brick-and-mortar” architectures inspired by
plant cell walls offer promising routes to create hydrogels with programmed mechanical gradients and
strain-delocalized conductive networks. Such architectures could enable clinical-grade motion monitoring
where high-fidelity signal transmission is preserved across large deformations, multiaxial stresses, and high-

frequency dynamic loading.

2. Long-term environmental stability and anti-fatigue performance.

Current lignocellulose-based hydrogel sensors face significant challenges in maintaining stable performance
under prolonged operation. Issues such as dehydration (water evaporation from the hydrogel matrix),
swelling (in high-humidity or underwater environments), and mechanical fatigue (after 1,000-5,000 cycles)
remain critical barriers to practical deployment. While strategies such as DES, ethylene glycol/water binary
solvents, and elastomer encapsulation have shown promise, further innovations are needed to achieve
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year-long operational stability without compromising the intrinsic biodegradability of lignocellulose. The
reproducibility of nanocellulose dimensions and lignin functionality across batches also presents a significant
challenge for industrial scalability.

3. Intelligent multimodal perception and Al-driven signal decoupling.

Human motion is an inherently complex spatiotemporal process accompanied by coupled stimuli (strain,
pressure, temperature, humidity, and biochemical flux). The next generation of lignocellulose sensors must
evolve from single-parameter detection toward intelligent multimodal perception platforms capable of real-
time signal decoupling. The convergence of lignocellulose-based sensor arrays with AI and edge computing
presents a transformative opportunity. Machine learning algorithms, particularly deep neural networks,
CNNs, and transformer models, can be trained on the rich, cross-responsive datasets generated by
lignocellulose hydrogels to disentangle mixed signals. For example, Al-assisted signal processing has already
enabled gesture recognition accuracies exceeding 98% and Parkinson’s disease tremor classification with >
95% precision. Future integration with digital healthcare platforms and wireless body area networks will
enable remote, continuous health monitoring with real-time diagnostic feedback.

4. Energy-autonomous and self-powered sensing ecosystems.

The future of wearable motion monitoring lies in energy-autonomous systems that eliminate reliance on
external power sources. Lignocellulose is intrinsically well-suited for this vision due to its natural
triboelectric polarity, piezoelectric potential when coupled with electroactive polymers, and ionic
thermoelectric properties. The development of integrated “energy-sensing-storage” trifunctional devices,
where triboelectric or piezoelectric nanogenerators harvest biomechanical energy from human motion,
supercapacitive hydrogel electrodes store the harvested energy, and the same material matrix performs real-
time motion sensing, represents a key frontier. Recent demonstrations of lignin-based TENG systems
achieving output voltages of 50-150 V and continuous operation for > 10,000 cycles highlight the practical
viability of this approach. Such self-powered ecosystems, potentially combined with wireless transmission
modules, will enable continuous, maintenance-free monitoring of chronic diseases, athletic performance,
and elderly care.

5. From epidermal to implantable: clinical translation and biointegration.

While current lignocellulose hydrogel sensors predominantly target epidermal or ex vivo applications, a
major frontier is developing truly implantable, bioresorbable sensing systems. The biocompatibility, tunable
degradation rates, and low immunogenicity of cellulose and lignin derivatives position them as ideal
candidates for transient bioelectronics that monitor postoperative recovery, neural activity, or cardiac
mechanics from within the body, then safely dissolve without secondary surgical removal. However,
significant challenges remain in achieving precise modulus matching with target tissues (brain: ~0.1-1 kPa;
muscle: ~10-100 kPa; myocardium: ~10-500 kPa), ensuring long-term stability in complex biological
microenvironments (pH fluctuations, enzymatic degradation, protein fouling), and obtaining regulatory
approval for clinical use. Future efforts must focus on establishing standardized biocompatibility (ISO 10993)
and biodegradation protocols.

6. Scalable manufacturing and commercialization.

To transition from laboratory prototypes to commercial products, the field must establish standardized
metrics for evaluating sensor performance, including GF benchmarks under defined strain rates, long-term
cyclic fatigue protocols, and interfacial adhesion standards for diverse skin types. Scalable manufacturing
methods - such as roll-to-roll coating, injectable in situ gelation, and 3D/4D printing - need to be optimized
to ensure batch-to-batch consistency in nanocellulose dimensions and lignin functionality. The development
of cost-effective, green chemistry-based processing routes (e.g., DES extraction, aqueous-phase
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polymerization) will be critical for reducing production costs and environmental impact. Collaboration
between materials scientists, bioengineers, clinicians, and regulatory agencies is essential to accelerate the
clinical translation and commercialization of lignocellulose-based wearable sensing systems.

7. Environmental resilience and closed-loop sustainability.

As wearable electronics proliferate, their environmental impact cannot be overlooked. Lignocellulose offers
an intrinsic advantage, but future designs must embrace a fully closed-loop lifecycle: sourcing from
agricultural and forestry waste streams, manufacturing via green chemistry (e.g., DESs, aqueous processing),
operating under extreme conditions (freeze resistance, anti-dehydration, anti-swelling in saline or sweat-
laden environments), and ultimately biodegrading into non-toxic byproducts (CO,, H,O, and humus). The
carbon footprint and life-cycle assessment of lignocellulose-based sensors should be quantitatively compared
with synthetic polymer-based counterparts to validate their sustainability claims.

Lignocellulose-derived hydrogel sensors have moved beyond sustainable material alternatives to become
functionally superior platforms for motion monitoring. The road ahead demands that we move beyond
isolated performance metrics toward system-level reliability, clinical validation, and manufacturing
scalability. What distinguishes lignocellulose from every alternative material platform is not any single
property, but the inseparable integration of sustainability, hierarchical designability, and biointerfacial
compatibility as intrinsic, non-negotiable attributes. As global demand for carbon-neutral, biodegradable
electronics accelerates, leveraging Earth’s most abundant renewable polymer through intelligent multiscale
engineering will become not merely preferable, but imperative. We anticipate that lignocellulose-based
hydrogel systems will emerge as the foundational interface technology for next-generation wearable and
implantable bioelectronics - enabling electronic skins that heal, sensors that power themselves, and
intelligent interfaces that dissolve harmlessly when their mission is complete, thereby realizing a truly
seamless and sustainable integration of biological and electronic systems.
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