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Abstract

Intrinsically stretchable polymer ionic conductors (PICs) hold significant application prospects
in fields such as flexible sensors, energy storage devices, and wearable electronic devices,
serving as promising solutions to prevent mechanical failure in flexible electronics. However,
the development of PICs is hindered by an inherent trade-off between mechanical robust
and electrical properties. Cellulose, renowned for its high mechanical strength, tunable
chemical groups, abundant resources, excellent biocompatibility, and remarkable recyclability
and biodegradability, offers a powerful strategy to decouple and enhance mechanical and
electrical properties. This review presents recent advances in cellulose-based polymer ionic
conductors (CPICs), which exhibit exceptional design versatility for flexible electrodes and
strain sensors. We systematically discuss optimization strategies to improve their mechanical
properties, electrical conductivity, and environmental stability while analyzing the key factors
such as sensitivity, gauge factor, strain range, response time, and cyclic stability, where strain
sensing refers to a technique that converts tiny deformations (i.e., strain) of materials or
structures under external forces into measurable physical signals (e.g., electrical signals) for
real-time monitoring of their deformation degree or stress state.

Keywords: cellulose; polymer ionic conductors; hydrogels; ionogels; all-solid-state
ionic conductors

1. Introduction

The rapid advancement of information technology have unveiled tremendous application
prospects for flexible and stretchable electronics, including sensors, energy storage devices, and
wearable systems [1]. Stretchable electrodes, as key components in these devices, are required to
possess high electrical conductivity, excellent stretchability, and robust environmental stability.
Traditional stretchable electronic conductors often suffer from disrupted conductive pathways
under large strains due to a lack of intrinsic stretchability [2]. In contrast, polymeric ionic conduc-
tors (PICs) achieve conductivity through ion transport along and between polymer chains—a
mechanism that remains effective even upon significant deformation, granting them intrinsic
stretchability. Composed of a polymer network and dispersed ions, PICs enable efficient ion
migration and charge transport [3]. Through tailored molecular design, they can be engineered
to possess multifunctional properties, such as stretchability, self-healing, transparency, tunable
hydrophilicity /hydrophobicity, and flame retardancy, attracting extensive research interest [4-7].
Currently, the reported PICs primarily include polymer gels (e.g., hydrogels, ionogel, organogels)
and all-solid-state polymer ionic conductors. In polymer gels, a polymer scaffold provides me-
chanical elasticity, while ions dissolved in a liquid phase (e.g., aqueous solution, organic solution,

Nanoenergy Adv. 2025, 5,12

https://doi.org/10.3390 /nanoenergyadv5040012


https://doi.org/10.3390/nanoenergyadv5040012
https://doi.org/10.3390/nanoenergyadv5040012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanoenergyadv
https://www.mdpi.com
https://orcid.org/0000-0002-5269-5532
https://doi.org/10.3390/nanoenergyadv5040012
https://www.mdpi.com/article/10.3390/nanoenergyadv5040012?type=check_update&version=2

Nanoenergy Adv. 2025, 5, 12

20f27

or ionic liquid) migrate freely through the polymer network to enable conductivity. Solid PICs
are typically formed by complexing polar polymers containing heteroatoms (such as O, S, Si,
N) with metal salts. The metal salt ions (e.g., Li*) can dynamically coordinate and dissociate
with lone pair electrons of the heteroatoms on the polymer chains. Through the motion of the
molecular chains, long-range transport of metal ions along and between the polymer chains
is ultimately achieved. However, a critical scientific challenge persists: the inherent trade-off
between mechanical and electrical properties in PICs. Decoupling this relationship to synergisti-
cally enhance both performance and aspects is essential for their advancement. Furthermore, in
the context of sustainable development and the demand for environmentally friendly materials,
the preparation of high-performance PIC with multiple desirable properties from renewable
resources has become a major focus in scientific research [8-14].

This urgency has driven the development of composite PIC materials that integrate
multiple functionalities such as being cost-effectiveness, environmental friendliness, strong
mechanical properties, high electrical conductivity, and excellent biocompatibility [15,16].
Cellulose, the most abundant natural polymer on Earth, emerges as an ideal candidate. It is not
only renewable and biodegradable but also exhibits excellent biocompatibility, and its surface
is rich with hydroxyl and other tunable functional groups. By establishing intermolecular
hydrogen bonds within cellulose chains or using cross-linking agents to form covalent bonds
with cellulose molecular chains, cellulose can combine or cross-link with PICs to form a three-
dimensional cellulose network [5], resulting in what is termed Cellulose Composite Polymer
Ionic Conductors (CPICs). These CPICs exhibit superior physical and chemical properties,
including high flexibility, excellent mechanical strength, and enhanced conductivity, thereby
significantly broadening their application scope and meeting the demands of numerous fields.

This review systematically examines the preparation and applications of various
CPICs, including cellulose composite hydrogels, cellulose composite ionogels, and cellulose
composite all-solid-state polymer ionic conductors. Focusing on recent advances, we
present optimization strategies for improving mechanical properties, electrical conductivity,
environmental stability, and strain-sensing performance (Figure 1). Finally, we summarize
the current challenges and future prospects for CPICs, aiming to accelerate the development
and practical applications of multifunctional electronics and embodied intelligence.
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Figure 1. Classification, application areas, crosslinking strategies, and key properties of cellulose-
composite polymer ionic conductors.
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2. Classification of CPIC
2.1. Cellulose Composite Hydrogels

Hydrogels are gel materials characterized by their high water content and three-
dimensional network structure. They have been extensively studied for their tunable
physical, chemical, and biological properties, as well as its high biocompatibility and versa-
tile fabrication methods [17]. However, conventional hydrogels often suffer from limitations
such as limited stretchability, poor stability, and insufficient stimulus responsiveness, which
restrict their practical applications [8].

In response to growing environmental concerns, hydrogels derived from natural
polymers have garnered significant attention. Their advantages include wide resource
availability, sustainability, biodegradability, biocompatibility, low cytotoxicity, and cost-
effectiveness. Cellulose solution, in particular, has emerged as a promising base material
due to its exceptional capacity to absorb electrolytes while maintaining structural integrity.
Through chemical and physical cross-linking strategies, cellulose can be modified to en-
hance key properties, such as hydrophilicity, mechanical strength, environmental stability,
and biocompatibility. Hydroxyl groups are on the cellulose polymer to facilitate hydrogen
bonding and serve as active sites for chemical modification [18]. This enables the creation of
functionalized structures that not only enrich the functionality of cellulose but also promote
the formation of cross-linked networks, leading to versatile cellulose composite hydrogels
(CCHs) with tailored properties.

CCHs hold broad application prospects in wearable electronics, agriculture, and
biomedical care [19-21]. A significant limitation, however, is their operational temperature
range; the aqueous phase freezes at temperatures below 0 °C and evaporates rapidly at
elevated temperatures, severely degrading electrical conductivity, mechanical properties,
and transparency. Furthermore, the addition of conductive fillers can compromise both the
mechanical stability and electrical performance of CCHs [8,22]. Current research is there-
fore focused on novel modification techniques and eco-friendly additives to enhance the
stability and environmental adaptability of CCHs without sacrificing their biocompatibility
and functionality.

2.2. Cellulose Composite Ionic Gel

Ionic gels (or ionogels) primarily consist of a polymer network infused with an ionic
liquid (IL), which is an organic molten salt composed solely of cations and anions. Although
a liquid phase is present, the cross-linked polymer network immobilizes it, preventing flow.
This structure disrupts the ordered arrangement of polymer chains, thereby optimizing
ion transport efficiency while maintaining excellent structural stability [23]. Compared to
hydrogels, ionic gels offer superior properties, including freeze resistance, low volatility,
flame retardancy, high ionic conductivity, and thermal stability [7,24,25]. However, their
polymer networks are typically synthesized from non-degradable petroleum resources [26].

Following a rationale similar to that for cellulose hydrogel, cellulose can serve as a
sustainable three-dimensional polymer network to form cellulose composite ionic gels
(CCIGs). The cellulose matrix contributes to effective adsorption and storage of ILs, fa-
cilitating their uniform distribution. CCIGs exhibit numerous advantages, such as high
transparency, low volatility, excellent thermal and chemical stability, freeze resistance, high
ionic conductivity, and antibacterial properties. Their recyclability via simple thermal
treatment—while retaining most original electrical performance—further underscores their
environmentally friendly nature. The combination of these properties makes CCIGs highly
promising for a wide range of applications, such as flexible electronic devices, sensors, and
environmental monitoring [27-30].
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Despite its broad application potential due to excellent ionic conductivity, CCIGs
faces challenges as the high concentration of IL. may compromise its mechanical strength
and pose potential leakage risks. IL leakage not only reduces the material’s conductivity
but may also pose environmental and health hazards. Furthermore, the long-term stabil-
ity and sensitivity of CCIGs as a sensing material often fall short of ideal performance
in practical applications. Microscopically, polymer chains within the gel may undergo
rupture due to excessive or cyclic local stress, and microcracks may initiate and prop-
agate over time, potentially degrading the overall material performance. Thus, when
considering the structural reliability of gel materials in practical use, macroscopically,
inhomogeneities within the gel material—such as pores, impurities, or localized structural
inconsistencies—can lead to stress concentration and accelerate material fatigue, which
may further compromise the material’s long-term mechanical stability (e.g., resistance to
stretching or compression) and service life in applications like flexible strain sensors or
wearable electronic components [31].

Consequently, developing conductive materials that simultaneously offer high me-
chanical stability, efficient ion transport, superior fatigue resistance, insensitivity to crack
propagation, and high sensitivity is crucial to meet the rapidly growing demands in various
fields such as flexible skin-like electronics, energy storage, and wearable devices.

2.3. Cellulose Ion-Conducting Elastomer

Ion-conducting elastomers (ICEs) are composed of a polymer host and alkali metal
salts. Cations achieve charge transport by “hopping” between polar or Lewis acid-base
active groups (e.g., -C=0 —, -C -O —, —P —, -N —, =S —, and —C=N —) via dynamic
bonds formed by the reaction of alkali metal salts with these functional groups [32-34].
Currently, the room-temperature ionic conductivity of ICEs typically ranges from 10~ to
1072 mS/cm, which falls far short of the requirement for most flexible electronic devices
(>1 mS/cm) [34].

Cellulose offers polar functional groups (such as hydroxyl, carboxyl, or ether groups),
which can effectively complex with Li* to enhance ion migration and improve the overall
ion-conducting performance of the elastomer. The incorporation of cellulose, particu-
larly after physical or chemical treatment weakens the intermolecular interactions by
disrupting hydrogen-bonding networks [35], introducing steric hindrance [36], or reduc-
ing crystallinity [37] within cellulose and improves the material’s toughness, resulting in
flexible molecular chains with a greater number of polar groups [38]. Through treatments
such as blending [39], copolymerization [40], or cross-linking [41], cellulose composite
solid polymer ionic conductors, referred to as cellulose ion-conducting elastomer (CICEs),
can be synthesized. These materials represent a highly promising class of polymer elec-
trolytes, combining the sustainability of cellulose with enhanced ionic conductivity and
mechanical flexibility [42].

3. Optimization of Mechanical Properties

For emerging applications of flexible and stretchable electronic devices, the excep-
tional mechanical characteristics and outstanding fatigue resistance of CPICs are critical
to ensuring their reliability and prolonged service life. This section will explore and
summarize effective strategies for enhancing the mechanical and fatigue performance of
CPIC materials.

3.1. Enhancement of Mechanical Strength

The polymer matrix serves as the primary mechanical framework in CPICs. Strategies
for improving mechanical performance focus on the following two aspects: (1) optimizing the
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cross-linked network structure of the polymer matrix, and (2) enhancing the interfacial inter-
action between the conductive component and the polymer network. Specific reinforcement
approaches include physical/chemical cross-linking [22,43-45], polymer blending [4,46—49],
hybrid reinforcement [43,50,51], incorporation of dopants and plasticizers (e.g., clay, carbon
nanotubes, TiO,, Fe304, and nanoparticles) [52-54], and graft copolymerization [46].

The use of physical or chemical cross-linking to form dual or multiple network
structures through hydrogen bonds, covalent bonds, and ionic bonds can significantly
enhance both the strength and toughness of the material. For instance, Huang et al. [55]
utilized a hybrid physical network of nanocellulose/Fe** /polyacrylamide (PAM) cross-
linked with a flexible chemical network to fabricate a CCH with exceptional stretchability.
The resulting material exhibited a tensile stress of 128.6 kPa and an elongation of 2795%
(Figure 2a). Zhao et al. [44] dissolved cellulose in an alkali/urea/water system and
constructed a dual-network structure through continuous chemical cross-linking with
epichlorohydrin (ECH) combined with ethanol-induced physical cross-linking. This
approach successfully yielded a mechanically strong and tough CCH, exhibiting a
maximum tensile strength of 2.7 MPa, a fracture elongation of 81%, and a fracture energy
of 0.85 MJ/m? (Figure 2b). Similarly, Shu et al. [56] dissolved cellulose (cotton linter)
using ZnCl, /CaCl, and designed and prepared a dually cross-linked CCH via ECH. By
optimizing the cross-linking density and adjusting the ECH content, they successfully
fabricated a CCH with a tensile strength of 0.82 MPa and a fracture elongation of 260%.
These results demonstrate that this method leads to significant improvements in fracture
stress, higher deformation capability, and enhanced energy dissipation. The combination
of chemical and physical dual cross-linking offers a novel strategy for constructing
high-strength cellulose hydrogels.

Self-healing properties refer to the ability of a material to autonomously restore its
structural integrity, mechanical performance, or functionalities (such as ionic conductivity
and elasticity) after suffering physical damage (e.g., microcracks, scratches, or partial frac-
tures) through intrinsic repair mechanisms such as dynamic bond reorganization, molecular
chain migration, and component diffusion. Cheng et al. [57] designed a CCH featuring a
dual cross-linked network composed of dialdehyde cellulose nanofibrils (DCNF), adipic
dihydrazide-modified sodium alginate (SA-ADH), polyvinyl alcohol (PVA), and borax. The
incorporation of DCNF significantly enhanced the tensile properties of the CCH, achieving
a tensile strain of up to 1440%. The DCNF-CCH exhibited excellent self-healing efficiency
of tensile strength (>92%), calculated as the ratio of tensile strain at the breaking point of the
healed gel over the initial tensile strain of the original sample, within 60 min without any
external stimulus (Figure 2c). Zhang et al. [58] utilized an epoxide ring-opening reaction
to convert the secondary hydroxyl groups in the heterogeneous structure of cellulose into
primary hydroxyl groups, significantly enhancing the flexibility of molecular chains and
the formation of dynamic hydrogen bonds. Benefiting from its unique physically cross-
linked network structure and non-Newtonian behavior, the resulting CCH exhibited an
extraordinary maximum tensile strain of 44,200%, a tensile strength as high as 226 MPa,
and maintained a high Young’s modulus of 9.4 + 1.1 x 10® MPa at 3.5% strain, along
with rapid self-healing properties (Figure 2d). This performance successfully surpasses
that of existing all-cellulose hydrogel materials, not only advancing the development of
ultra-stretchable all-cellulose hydrogels but also opening new possibilities for applications
in wearable devices.
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Figure 2. Investigating the mechanical properties of CCHs. (a) Structure, tensile stress—strain
curves, corresponding tensile stress, and extension ratio of PAM/ Fe3*-CCH under different ball
milling times (Reprinted with permission from [55]). (b) Structure, compressive stress—strain curves
of physically cross-linked cellulose hydrogel (PC), CCH with varying molar ratios of ECH, and
chemically cross-linked cellulose hydrogel (CC) under compression (Reprinted with permission
from [44]). (c) Schematic illustration, strain-stress curves of CCH before and after the incorporation
of DCNEF, strain—stress curves after self-healing for 5, 10, 30, and 60 min and various maximum
stretching (Reprinted with permission from [57]). (d) Fabrication process, stress—strain curves and
the corresponding modulus of CCH with varying contents of dialdehyde cellulose nanorods (DCNR)
(Reprinted with permission from [58]).

The key mechanism in CCIG involves the incorporation of weak or dynamic bonds—
existing either directly between polymer chains or mediated by ionic liquids—as sacrificial
bonds within the network. These bonds effectively dissipate energy during material
deformation, thereby enhancing toughness [59].

Inspired by natural rubber, Qian et al. [60] substituted the hydroxyl groups on the D-
glucose units of cellulose with cyanoethyl groups, transforming the cellulose molecules into
a coiled conformational design. This approach led to the synthesis of an ionogel with ultra-
stretchability, exhibiting a tensile strength of up to 1.8 MPa and a maximum tensile strain of
nearly 1000% (Figure 3a). Jiang et al. [61] redesigned and reconstituted cellulose molecules
by leveraging the distinct hydrogen bonding and electrostatic interactions between 1-butyl
and 3-methylimidazolium chloride ([Bmim]Cl) and 1-ethyl-3-methylimidazolium tetraflu-
oroborate ([Emim|BF,). By strengthening the hydrogen bond network within cellulose
while weakening the electrostatic interactions in the cellulose framework, they success-
fully fabricated a CCIG with a tensile strength of 3.5 MPa, capable of lifting weights
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exceeding 1428 times its own mass (Figure 3b). Guo et al. [62] dissolved cellulose using
1-ethyl-3-methylimidazolium acetate ionic liquid ([EMIM][OAc]) and performed in situ
cross-linking via a ring-opening reaction between bisphenol epoxy resin and ceric am-
monium nitrate. With halloysite nanotubes (HNTs) incorporated as an ion-conducting
promoter, a high-performance CCIG was successfully fabricated. The mechanical properties
were significantly enhanced, exhibiting an elastic modulus of 6.1 MPa, a tensile strength of
3.2 MPa, and an elongation at break of 70.1%. Moreover, the modulus remained stable even
at high temperatures up to 200 °C (Figure 3c). Chen et al. [63] introduced carboxymethyl
cellulose (CMC) into a polyacrylic acid (PAA)/Fe** hydrogel system. By leveraging the syn-
ergistic interaction between the physical ionic network of —COO~ /Fe?* and the covalent
network of PAA, a high-density network was formed. Subsequent immersion in a NaCl
solution introduced sacrificial bonds (or weak bonds) for energy dissipation. The resulting
material exhibited a tensile strength of 4.42 MPa, an elongation at break as high as 750%.

In solid-state ionic conductors, cellulose is commonly employed as a mechanical rein-
forcement material [64]. It is frequently used as a supporting substrate in solid electrolyte
membranes, enabling them to withstand stresses encountered during battery encapsulation
processes. Furthermore, cellulose effectively inhibits the formation and growth of dendrites
during the plating of alkali metal anodes [65]. Zhao et al. [66] utilized low-cost and widely
available cattail fibers to fabricate a CICE for lithium-ion batteries (LIBs) through 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) oxidation and vacuum filtration. The resulting
material exhibited excellent thermal dimensional stability, high tensile strength (75 MPa).
Deng et al. [67] added cellulose acetate (CA) and polyurethane (PU) to a UIO-67 (a metal—-
organic framework, MOF) solution and fabricated a CA /PU-MOF separator via electro-
spinning. Polyurethane was employed to facilitate the formation of a uniform nanoporous
structure within the cellulose acetate framework, thereby enhancing mechanical proper-
ties. The results demonstrated that the CA/PU-MOF separator exhibited increases of
620% in elongation at break and 28.4% in tensile strength (Figure 3d). Wang et al. [68]
achieved nanofibrillation and chemical modification of cellulose in deep eutectic solvent
(DES) systems composed of lactic acid/choline chloride (LA /ChCl) or maleic acid/choline
chloride (MA/ChCl). Using a straightforward one-pot method or 3D printing, they fabri-
cated physically and chemically cross-linked cellulose nanofibril (CNF) /PDES conductive
elastomers. The addition of varying CNF contents increased the stress of the elastomer by
6 to 8 times (Figure 3e). Similarly, Ning et al. [13] employed an ultraviolet (UV)-initiated
in situ polymerization method to integrate a polymerizable deep eutectic solvent (PDES),
synthesized from protic acid/choline chloride (PA/ChCl), with a CNF aerogel. Phytic acid
was introduced to enhance the binding interaction between CNF and PDES, resulting in an
ionically conductive elastomer rich in both covalent and non-covalent (hydrogen) bonds.
The obtained material achieved a stress of 0.38 MPa and a strain of 1378% (Figure 3f).

Enhancing the mechanical properties in CPICs primarily relies on optimizing the poly-
mer cross-linked network and strengthening the interaction between the conductive com-
ponent and the polymer host network [69]. Strategies such as physical and chemical cross-
linking are not only highly effective but also feature straightforward synthesis processes,
making them the most widely applied approaches. CPICs improve mechanical performance
by reinforcing the entanglement and interpenetrating network structure between polymers
and cellulose fibers. Key approaches include chemically modifying active sites on cellulose
into effective derivatives, regulating polymer conformation via pH, temperature, and solvent
effects, and introducing highly polar and long-chain polymers containing heteroaromatic
rings to increase cross-linking density and dynamic interactions [70,71].
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Figure 3. Investigating the mechanical properties of CCIGs and CICEs. (a) Tensile stress—strain curves
and tensile strength comparison of S-ionogel (pre-stretched to 80% strain) and Cel-gel (Reprinted with
permission from [60]). (b) Schematic illustration demonstrating the robust mechanical properties of
Cel-BF4 gel and the tensile stress—strain curves of Cel-BF, gel and Cel-IL gel (Reprinted with permis-
sion from [61]). (c) Stress—strain curves of CCIG with varying cellulose and HNTs contents (Reprinted
with permission from [62]). (d) Stress-stain curves of CA/PU-MOF diaphragm prepared by electro-
static spinning (Reprinted with permission from [67]). (e) Fabrication process, tensile stress—strain
curves of LA /PDES conductive elastomers with varying CNF contents (Reprinted with permission
from [68]). (f) CICE with varying CNF/PDES content (Reprinted with permission from [13]).

3.2. Enhancement of Fatigue Resistance

In practical applications for conductive sensing capabilities, CPICs should possess not
only high strength and good ductility but also considerable fatigue resistance and excellent
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resilience to ensure accurate signal transmission during repeated deformation. Enhancing
the fatigue resistance of CPICs is therefore essential to improve their mechanical stability
and long-term durability.

The dual-network structure fabricated by Zhao et al. [44] through continuous chemical
cross-linking and ethanol-induced physical cross-linking enables the cellulose network
to fully recover its compressive stress to the original state after each unloading cycle at
70% strain, exhibiting significant hysteresis and relatively minor permanent deformation
(Figure 4a). Similarly, Lian et al. [72] employed a dual-network architecture based on
hydrogen bonding interactions between cellulose and PVA, reinforced by Zn?* coordination
with hydroxyl groups of cellulose. In the optimized sample with 5 wt% PVA content
(Gel-5), no significant loss in ultimate stress was observed after 50 compression cycles at
50% strain (Figure 4b).
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Figure 4. Investigating the fatigue resistance of CPICs. (a) Tensile stress—strain curves of DC3-4 under
loading—unloading cycles at 70% strain for the 1st, 2nd, and 100th cycles (Reprinted with permission
from [44]). (b) Schematic illustration Preparation, cyclic compressive stress—strain curves of Gel-5
over 50 consecutive cycles (Reprinted with permission from [72]). (c) Schematic illustration of the
high resilience mechanism, continuous loading—unloading curves of ZnCl, /EG4/AA, /HPC; at 40%
and 100% strain, and the mechanical strength retention rate after 50 loading-unloading cycles at 100%
strain (Reprinted with permission from [6]). (d) Schematic preparation, tensile loading—unloading
curves of MAHC ionogel at 50% strain over 50 consecutive tensile cycles (Reprinted with permission
from [73]). (e) Tensile loading-unloading curves of AC,TC; at different strains and the corresponding
dissipated energy (Reprinted with permission from [74]). (f) Illustration of the reversible stress
dissipation provided, stress—strain curves of ED over 1000 cycles at a fixed strain of 100% under
tensile conditions (Reprinted with permission from [75]).

Lu et al. [6] introduced hydroxypropyl cellulose (HPC) into a metal salt-based deep
eutectic solvent (MDES) and fabricated a CCIG via in situ photopolymerization. This gel
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combines permanently entangled PAA polymer chains and dense dynamic bonds capable
of rapid breaking/reconstruction, resulting in a mechanical strength retention rate of up
to 91.4% after 50 loading-unloading cycles, along with high elasticity (exhibiting 98.1%
recovery) (Figure 4c). Li et al. [73] fabricated a CCIG using allyl glycidyl ether-modified
nanocellulose (CNFA) and Zn?* as a macromolecular covalent cross-linker and a dynamic
metal-ion cross-linker, respectively. The modified CNFA provided multiple reactive sites
for chemical cross-linking with polymer chains of varying lengths. The material was tested
over 50 cycles at 50% strain, retaining 80% of its initial tensile stress. The first loading—
unloading curve exhibited a significant hysteresis loop with high energy dissipation, while
subsequent cycles remained stable and nearly overlapping, confirming a resilient and
recoverable elastic network (Figure 4d).

Zhang et al. [74] incorporated tannic acid-encapsulated cellulose nanocrystals
(TA@CNC) as multifunctional hydrogen bond donors (HBD) into a system with poly-
acrylic acid (PAA) and choline chloride (acting as hydrogen bond acceptor, HBA), forming
a dynamically cross-linked network through multiple dynamic hydrogen bonds. Con-
tinuous cyclic tensile loading—unloading tests were conducted on the resulting CICE at
strains increasing from 100% to 700%. The material exhibited significant hysteresis loops,
and the energy dissipated per unit volume increased progressively from 16.25 k] /m?> to
124.50 k] /m? (Figure 4e). Yin et al. [75] constructed a dual dynamic cross-linked network
utilizing hemiaminal dynamic covalent bonds (HDCN) combined with soft copolymer
chains containing —O—CH; —CH(CH3)— and —O—CH,;—CHj;— segments. The hemiami-
nal cross-linking points feature weak intramolecular hydrogen bonds and relatively strong
—C—N- bonds. After 1000 cycles, the hysteresis ratio was only 2.03%. The loading-
unloading curves at various strains showed no hysteresis loops, and the strength remained
nearly constant throughout the 1000 cycles (Figure 4f).

Overall, the most effective strategy for optimizing the performance of conductive
polymer ionic conductors (CPICs) is to construct a dual-network architecture comprising
a permanent backbone and reversible sacrificial bonds—using hydrogen bonds, metal—
coordination bonds, or dynamic covalent bonds as multifunctional crosslinking sites to
provide energy dissipation and rapid recovery, thereby improving load transfer and dura-
bility; [59]. These strategies collectively enhance both the toughness and fatigue resistance
of CPIC. However, optimizing fatigue resistance must be balanced with the preservation of
electrical properties, mechanical strength, and recyclability. Future research should focus
on identifying optimal trade-offs among multiple performance metrics to facilitate the
broad applications of CPICs across flexible electronics, sensing, and energy devices.

4. Optimization of Electrical Conductivity

The electrical conductivity of CPICs is a critical factor for their applications in flexible
and stretchable electronic devices and electrochemical systems. Both the polymer matrix
and added functional materials influence conductivity, which not only determines the
operational efficiency and stability of electronic devices but also directly affects the energy
conversion efficiency and response speed of electrochemical devices. Due to the inherent
coupling between mechanical and electrical properties, the conductivity primarily relies on
the concentration and mobility of mobile ions within the system. Thus, the principal strate-
gies for enhancing CPIC conductivity involve increasing ion concentration and improving
ion mobility [9].

In CCHs, the ionic conductivity at room temperature typically ranges from 0.1 to
1 mS/cm. A common method to enhance conductivity is the incorporation of conductive
substances such as salts [17], which form a three-dimensional network within the polymer
matrix through physical or chemical cross-linking. The addition of metal salts like ZnCl,,
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CaCly, AlCl3, and FeCl3 not only increases ion concentration but also improves the freeze
resistance of CCHs. Freeze resistance refers to the ability of a material to maintain its structural
integrity and electrical and mechanical properties under low temperature or freeze-thaw
cycling conditions. Upon dissolution, metal salts dissociate into cations and anions, which in-
teract strongly with free water molecules or polar groups within the system—such as hydroxyl
or amino groups in polymer matrices—through mechanisms including ion-dipole interactions
and hydrogen bonding [76]. These interactions significantly lower the freezing point of the
system, thereby preventing water from crystallizing at low temperatures. The inhibition of
ice crystal formation avoids damage to ion transport pathways while preserving mechanical
flexibility and structural integrity. For instance, introducing ZnCl, /CaCl, into the cellulose
dissolution system [56,77] enables Zn* ions to coordinate with hydroxyl groups on cellulose
chains, facilitating cellulose dissolution, while CaZ* ions act as cross-linkers through ionic
interactions and hydrogen bonding, serving as gelling agents. This approach not only inhibits
ice crystallization within the hydrogel but also endows CCH with high ionic conductivity
and excellent mechanical properties. The ionic conductivity of CCH can also be enhanced
by incorporating polymers such as polyacrylamide (PAM) [78], epichlorohydrin (ECH) [56],
polyacrylic acid (PAA) [79], bentonite (BT) [79,80], and benzyltrimethylammonium hydroxide
(BzMe3NOH) [81]. These additives form dual-network structures with cellulose, strengthening
the interaction between the polymer matrix and conductive components, thereby improving
both electrical conductivity and mechanical properties. Additionally, modifying cellulose to
introduce specific functional groups that form covalent bonds with polymers represents an
effective strategy for further enhancing the material’s conductivity. Chen et al. [82] grafted a
copolymer of acrylonitrile (AN) and acrylamide (AM) onto hydroxypropyl methyl cellulose
(HPMC) chains to obtain a CCH with a conductivity of up to 15.4 mS/cm. The resulting
material exhibits excellent electrical and mechanical properties, demonstrating significant
potential for applications in wearable strain sensors.

In CCIGs, ionic liquids possess the ability to dissolve cellulose and can serve as reac-
tion media for producing functional cellulose derivatives. The strong interactions between
ionic liquids and cellulose polymer backbone facilitate the construction of a continuous and
dense conductive network [12], thereby significantly enhancing the electrical conductivity
of the material. Taking 1-butyl-3-methylimidazolium chloride ([BMIM]CI) as an example, it
is recognized as one of the most suitable ionic liquids for dissolving and processing cellulose.
It enables in situ splitting (nanofibrillation) and molecularization of cellulose fibers within
the ionic liquid matrix, forming multi-scale or tunable hydrogen-bonded systems or topo-
logical structures. This enhances the physicochemical properties of CCIG while effectively
increasing ion mobility through hydrogen bonding guidance. Consequently, the electrical
and mechanical performance of the gel material (See the first sentence of Section 2.1) is
substantially improved without the need for increasing ion concentration [60,83,84].

However, its limitation lies in its high viscosity, which slows down the dissolution
rate of cellulose. This issue is commonly addressed by using low-viscosity ionic liquids
as solvents or incorporating cosolvents such as dimethyl sulfoxide (DMSO) or acrylamide
(AM) [12]. In this context, Li et al. designed a polymerizable deep eutectic solvent (PDES)
composed of [BMIM]CI and AM and introduced cellulose into the PDES system to con-
struct a high-performance and multifunctional CCIG. The addition of AM reduced the
viscosity of [BMIM]CI, promoted ion dissociation, and achieved a high ionic conductivity of
24.4 mS/cm. Additionally, ion concentration is positively correlated with ionic conductivity,
but this relationship holds only within a certain concentration range. When the salt con-
centration exceeds the solvation capacity of the solvent, aggregation of cations and anions
occurs—leading to the formation of larger ion clusters—which in turn reduces the number
of freely mobile ions in the solution, thereby adversely affecting the conductivity [85,86].
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In CICEs, ion transport primarily occurs in the amorphous regions of the polymer,
while high crystallinity restricts the motion of polymer chains, resulting in low ionic con-
ductivity (typically 10~# to 1072 mS/cm at room temperature), which fails to meet the
requirements for flexible electronics. Therefore, one of the key strategies to enhance the ionic
conductivity of CICEs is to reduce the crystallinity of the polymer. This can be achieved
through methods such as blending or copolymerization [87,88], cross-linking [89,90], incor-
poration of inorganic fillers [91,92], and addition of small-molecule plasticizers [14,93]. The
summary of the conductivity under optimized strategy for CPIC is shown in Table 1.

Table 1. Conductivity under optimized strategy for CPIC.

CPIC Material Salt Medium Conductivity (mS/cm) Reference
CCH Cellulose ZnCl, /CaCl, 749 [77]
Cellulose + ECH ZnCl, /CaCl, 548 [56]
Cellulose + PAM AlCl3/ZnCl, 270 [94]
Cellulose + PAA + BT ZnCl, 88.9 [79]
Cellulose + BT LiCl 89.9 [80]
Cellulose + BzMe3NOH NOH 237 [81]
Cellulose + PDA + PAM FeCl3 240 [78]
HPMC + AN + AM ZnClI, 154 [82]
CCIG Cellulose + AM [Bmim]Cl 244 [95]
HPC + LA + AA [C2VIm]Br 3.29 [31]
Cellulose [Emim]OAc 59.5 +4.7 [96]
Cellulose [Bmim]Cl 40 [84]
Cellulose + silk fibers [Bmim]Cl 49.6 [83]
Cyanate Cellulose [Bmim]Cl 21.35 [60]
CICEs CLA + LATP 1.1 [35]
cr [Amim]C1 1.09 [97]
Cellulose + TEMPO 2.83 [66]
HEC + NMA LiTFSI 1.61 [98]
CLA + LATP LiTFSI 1.25 [99]

Footer: ECH: Epichlorohydrin; PAM: Polyacrylamide; PAA: Poly(acrylic acid); BT: Bentonite; BzZMe3NOH:
Benzyltrimethylammonium hydroxide; PDA: Polydopamine; HPMC: Hydroxypropyl methylcellulose; AN:
Acrylonitrile; AM: Acrylamide; LA: Lactic acid; AA: Acrylic acid; [Bmim]Cl: 1-Butyl-3-methylimidazolium
chloride; [Emim]OAc: 1-Ethyl-3-methylimidazolium acetate; CLA: Cross-linked cellulose; LATP: Lithium alu-
minum titanium phosphate; CP: Cellulose phosphate; [Amim]Cl: 1-Allyl-3-methylimidazolium chloride; TEMPO:
2,2,6,6-Tetramethylpiperidine-1-oxyl; HEC: Hydroxyethyl cellulose; NMA: N-Methylacrylamide; LiTFSI: Lithium
bis(trifluoromethanesulfonyl)imide.

5. Optimization of Environmental Stability

Hydrogel materials use water as the dispersion medium, making them susceptible
to freezing below 0 °C and rapid evaporation above 100 °C. Both conditions can cause
loss of deformability, restricted ion transport, and severe degradation of performance. To
address these issues, researchers often focus on enhancing the freeze resistance of hydrogels,
commonly by incorporating organic cryoprotectants (typically polyols such as glycerol and
ethylene glycol) or ionic liquids into the medium.

Zhang et al. [77] integrated ZnCl, /CaCl, into CCH to improve freeze resistance. Vis-
coelastic tests showed that the storage modulus and loss modulus of the hydrogel remained
stable at temperatures as low as —60 °C, indicating maintained mechanical performance.
The addition of glycerol into this mixture further enhanced freeze resistance, allowing
the CCH to remain stable down to —100 °C. Wang et al. [100] dissolved cellulose and
poly(vinyl alcohol) (PVA) in an aqueous solution of benzyltrimethylammonium hydroxide
(BzMe3NOH) and directly prepared an antifreezing CCH through chemical cross-linking.
Experimental results demonstrated that the material retained over 90% transparency and
stable mechanical properties within a temperature range of —27.8 to 62.1 °C. This behavior
is likely attributed to the strong attraction between cellulose and water molecules, which
weakens water-water interactions and thereby inhibits ice crystallization [101].
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Yan et al. [79] developed a versatile CCH with high ionic conductivity, high mechan-
ical strength, and broad temperature tolerance by incorporating ZnCl,. The coordination
bonds between Zn?* and carboxyl groups of PAA, the binding energy between cellulose
and bentonite (BT), BT acts as a multifunctional nanofiller, simultaneously reinforcing the
mechanical skeleton, optimizing ion transport, and stabilizing the composite across extreme
temperatures. The abundant hydrogen bonds within cellulose and PAA (polyacrylic acid)
endowed the CCH with remarkable tensile fracture stress (2.39 MPa), compressive strength
(17.85 MPa), high ionic conductivity (88.9 mS/cm), and wide temperature adaptability (re-
taining 30.3 mS/cm even at —60 °C). Shu et al. [56] optimized the preparation conditions and
cross-linking density to develop a dual-network CCH exhibiting high electrical conductivity
of 54.8 mS/cm. Owing to the inorganic salt-induced antifreeze properties (withstanding
—81.0 °C), the material could operate reliably in extremely cold environments.

For CCIG, the incorporation of ionic liquids significantly broadens the operational
temperature range of the material. It not only prevents functional degradation caused by
water evaporation or freezing but also enhances the thermal stability of the gel, allowing
it to remain stable over a wide temperature range and thereby improving environmen-
tal adaptability. Zhao et al. [102] synthesized a polyacrylamide (PAAm)-based CCIG
using 1-butyl-3-methylimidazolium chloride ([BMIM]CI), which maintained excellent im-
pact strength (96.35 k]-m?/g-cm?) even under extreme cold conditions at —50 °C. Wang
et al. [103] developed a CCIG from natural chitosan and cellulose in an ionic liquid, which
exhibited high-temperature stability up to 150 °C, antifreeze performance, and high con-
ductivity (approximately 10~! to 102 mS/cm) over a broad temperature range from —50 °C
to 120 °C. Wu et al. [96] employed 1-ethyl-3-methylimidazolium acetate ((EMIM]OAC)
to dissolve cellulose in delignified wood in situ, mitigating the inhibitory effect of sur-
rounding ions on hydrogen bonding between dissolved cellulose macromolecular chains.
This process resulted in complete dissolution of cellulose and the formation of a homo-
geneous solution. Subsequent removal of the inhibitory influence of the ionic liquid on
the hydrogen-bonded network enabled the self-assembly of cellulose chains, yielding a
CCIG with multifaceted superior properties. Notably, it demonstrated outstanding freeze
resistance, maintaining a relatively high ionic conductivity of 6.4 mS/cm even at —50 °C.

Inspired by cucumber tendrils, Li et al. [104] innovatively designed a coiled structure
in which soy protein molecules are entangled around cellulose macromolecular chains. This
configuration endowed the CCIG with exceptional tensile strength (>30 MPa), enabling it to
withstand temperatures above 85 °C while maintaining a tensile strength exceeding 15 MPa,
and demonstrating excellent cold resistance down to —20 °C with tensile strength over 10 MPa.
This supramolecular conformational design offers a valuable strategy for developing ionogels
that combine high strength with environmental tolerance, overcoming the conventional trade-
off between mechanical robustness and adaptive performance. Lian et al. [72] constructed a
dual-network system based on hydrogen bonding between cellulose and PVA, along with coor-
dination bonds between Zn?* and hydroxyl groups of cellulose. The effective “water-locking”
capability of this polymer network resulted in a CCIG with outstanding low-temperature
resistance (as low as —90 °C) and storage stability (up to 30 days).

Polymers commonly used to enhance CICE include PEO (polyethylene oxide), PMA
(poly(methyl acrylate)), among others [105]. Among these, PEO has attracted significant
attention due to its strong lithium-ion solvation ability and high molecular chain flexibility,
enabling the transport of Li* and Zn?* through segmental motion. However, as a semi-
crystalline polymer, PEO exhibits weak chain dynamics in its crystalline regions, resulting
in low ionic conductivity (approximately 107¢ S/cm) at room temperature for pure PEO-
based ICE, which limits its large-scale application.
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Inspired by the lithium-ion transport properties of PEO, Xu et al. [98] successfully con-
structed a composite solid polymer electrolyte (CCSPE) with a DES mass fraction of up to
90%, based on a deep eutectic solvent (DES) system formed through strong hydrogen-
bonding interactions between hydroxyethyl cellulose (HEC) and N-methylacetamide
(NMA)/lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). This electrolyte system ex-
hibits three key advantages: (1) high ionic conductivity of 1.61 mS/cm at 25 °C; (2) a broad
liquid-phase temperature window from —60 °C to 280 °C; and (3) a stable electrochemical
window of up to 4.2 V. The study demonstrated that the intermolecular hydrogen-bonding
network between DES and HEC not only effectively modulates the solvation structure
of Li* but also significantly enhances the environmental adaptability of the electrolyte
across a wide temperature range by improving interfacial compatibility. Samad et al. [106]
developed a novel CICE by combining polyethylene oxide (PEO) with networked cellulose
(NC). NC suspension is synthesized by opening the structure of microcrystalline cellulose
by acidic hydrolysis using sulphuric acid. The drying characteristics of the NC gel enabled
the entrapment of PEO, and the embedded PEO within the NC network functioned as
ion-conducting pathways while providing structural integrity and stability at temperatures
up to 250 °C. With the addition of 15 wt% NC to PEQO, the storage modulus increased
by more than an order of magnitude at 70 °C, and the thermomechanical behavior was
significantly superior to that of pristine PEO across all temperatures, particularly at 60 °C.
The maximum ionic conductivity reached approximately 5 x 1073 mS/cm at 30 °C and
0.9 mS/cm at 80 °C. The decrease in conductivity upon adding 15 wt% NC was not sig-
nificant at elevated temperatures. The CICE prepared using this method also exhibited
an anodic electrochemical stability of 5 V (vs. Li/Li"), making it suitable for application
in lithium batteries. The summary of the feasible temperatures and performance of CPIC
under optimization strategy is shown in Table 2.

Table 2. Feasible temperatures and performance of CPIC under optimization strategy.

CPIC Optimization Method Feasible Temp. (°C) Performance Reference
CCH ZnCl, /CaCl, + Glycerol —70-50 Max. Conductivity: 74.9 mS/cm [77]
Transparency: >90%;
PVA + BzMe3;NOH —27.8-62.1 Stable mechanical properties; [81]
Conductivity: 18 mS/cm at 38 °C
Conductivity:
ZnCl, + PAA + BT —60-60 30.3 mS/cm at —60 °C; [79]
120.2 mS/cm at 60 °C
Conductivity:
ZnCl, + PAA —70-25 13.9 mS/cm at 25 °C; [77]
6.2mS/cm at —70 °C
CCIG PAAmM —50 Impact strength: 96.35 kJ-m?/(g-cm3) [96]
Chitosan + [EMIM]OAc —50-120 Conductivity: 1071 to 102 mS/cm [103]
Tensile strength:
. . >30 MPa at 25 °C;
Soy Protein + [Bmim]Cl —20-85 510 MPa at —20 °C; [104]
>15 MPa at 85 °C
Conductivity:
[EMIM]OACc —25-50 11.7 £ 1.1 mS/cm at —25 °C; [96]
6.4 + 0.7 mS/cm at —50 °C
CICEs HEC + DES 60-280 Conductivity: 1.61 mS/cm at 25 °C [98]
Conductivity:
PEO + NC 30-80 5 x 1073 mS/cm at 30 °C; [106]
0.9 mS/cm at 80 °C

Footer: PVA: Poly(vinyl alcohol); BzZMe3NOH: Benzyltrimethylammonium hydroxide; PAA: Poly(acrylic acid);
BT: Bentonite; PAAm: Polyacrylamide; [EMIM]OAc: 1-Ethyl-3-methylimidazolium acetate; [Bmim]Cl: 1-Butyl-
3-methylimidazolium chloride; HEC: Hydroxyethyl cellulose; DES: Deep eutectic solvent; PEO: Poly(ethylene
oxide); NC: Nanocellulose.
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6. Optimization of Strain-Sensing Performance

With the advent of the Internet of Things (IoT) era, CPICs have found increasingly
broad applications in the field of sensors, particularly in electronic skin, health monitoring,
and human-machine interfaces [6,59]. In practical applications, sensitivity, response time,
and cycling stability are critical metrics for evaluating strain-sensing performance. The
following section will discuss optimization strategies focused on enhancing sensitivity and
response time.

Sensitivity evaluates the change in electrical resistance of a material in response to
external stimuli and is commonly expressed by the Gauge Factor (GF), which represents
the relative change in resistance per unit strain:

_ R-Ry

F
G R()E

(1)
where Rj denotes the resistance at zero strain and R represents the resistance at strain «.

Response time refers to the duration required for a sensor to convert a physical
deformation into a measurable sensing signal. For CPIC-based sensors, the response time
under loading is typically measured at 10% strain. Shorter response times are desirable for
real-time monitoring applications.

According to Figure 5a, CCHs generally show conductivity decreasing with increas-
ing tensile strength across a broad range (nearly 0 to ~12 MPa), though data dispersion
reflects the diversity of CCH designs in balancing stress tolerance and ionic transport.
CCIGs mainly demonstrate conductivity reduction with tensile strength in the low-stress
regime (~0-2 MPa), where different CCIG designs tune sensitivity to micro-scale strains.
CICEs variants exhibit nonlinear conductivity responses in the low-to-medium stress range
(~0-8 MPa)—conductivity first rises (due to structural optimization during stretching)
then drops (due to structural damage at higher stress), with each data point’s variation
stemming from CICEs’ diverse structural modifications. Collectively, the scattered yet
trend-driven data across all three categories illustrate how material design (e.g., com-
position, morphology) modulates the stress-conductivity relationship, enabling tailored
strain-sensing behaviors for different application scenarios.
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Figure 5. Correlations between key strain-sensing properties of CPICs (a) Correlation between
electrical conductivity and tensile strength (b) Relationship between GF and response time.

According to Figure 5b, CCHs show a wide range of gauge factor (GF:1.5-7.4) and
response time (7—400 s), reflecting flexible material design trade-offs between sensitivity and
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response speed; CCIGs mainly exhibit GF in 1.1-4.3 with response times of 140427 s, where
higher GF tends to correspond to shorter response times (optimizing speed at moderate
sensitivity); and CICEs have relatively lower GF:0.51-1.744 but faster response times
(75-277 s), prioritizing rapid strain detection via material design. Overall, differences in
composition and structure enable each category to offer tailored strain-sensing performance
(sensitivity vs. response timeliness) for diverse applications.

Variations in sensitivity and response time due to strain are closely related to the
material’s structure and properties, the rate of strain application, and the mechanism of
electrical signal transduction [107]. The key strategy for improving both sensitivity and
response time lies in ensuring that the conductive pathways within the material undergo
significant changes in response to minor deformations. Ideally, CPIC should form a stable
conductive network that adheres to the substrate and deforms synchronously with it.
The summary of strain-sensing metrics for representative CPIC-based sensors is shown
in Table 3.

The microstructure of the material is crucial for regulating sensitivity and response
time. Semi-interpenetrating networks (PAAm/CMC), double networks (PVA /borax—
cellulose/Zn?* /Ca?*), dynamic hydrogen-bonded cross-linked networks, and metal ion
coordination (A13*, Zn?*) can optimize the continuity and deformation synchrony of con-
ductive pathways, enabling sensitive resistance change responses. Meanwhile, the rapid
breaking/reconstruction capability of dense dynamic bonds or efficient charge transfer
across heterojunction interfaces helps reduce signal transmission delay and improve re-
sponse speed. Additionally, the assembly method of the sensor (assembled vs. bare
self-adhesive) also affects sensitivity, further highlighting the role of structural design in
performance modulation.

In practical applications, the optimization of sensitivity and response time must align
with specific scenario requirements. For instance, detecting subtle physiological signals (fine
vibrations) demands high sensitivity to capture weak strains, while monitoring large-scale
limb movements requires stable sensitivity across a wide strain range. Simultaneously, the
response speed must match the strain rate of physiological activities or motions to ensure
real-time and accurate signal acquisition [11,108,109]. These characteristics collectively
determine the application potential of strain-sensing materials in fields such as flexible
electronics, human-machine interaction, health monitoring, and intelligent robotics.

For CCH, Yue et al. [110] designed a CMOF@MOoS; heterojunction by in situ growth
of molybdenum disulfide (MoS;) on a carbonized metal-organic framework (CMOF).
They incorporated this heterojunction network into a hydrogel matrix containing sodium
carboxymethyl cellulose and poly(vinyl alcohol), resulting in a CCH with high sensitiv-
ity (GF of 20.1 in the 0-150% strain range, 85.4 in the 150-250% range, and 97.1 in the
150-320% range) and rapid response characteristics (response time of 30 ms, recovery time
of 23 ms) (Figure 6a). Zhu et al. [111] developed a CCH synthesized from carboxymethyl
cellulose (CMC) interpenetrated within a polyacrylamide (PAAm) network. The resulting
material demonstrated high sensitivity (GF = 3.15), a rapid real-time response (360 ms),
and the ability to withstand 500 cycles at 300% strain (Figure 6b). Ni et al. [112] enhanced
the CCH by incorporating quaternized cellulose nanofibers and MXene nanosheets into the
matrix network. The high electrical conductivity of MXene, combined with the bridging
effect of cellulose nanofibers, endowed the CCH with favorable sensitivity (GF: 0.45-2.24),
a broad detection range (0-1465%), and excellent response—recovery capability (response
and recovery time ~140 ms) (Figure 6c). Inspired by human muscle, Lin et al. [113] uti-
lized PVA and polypyrrole-decorated cellulose nanofibrils (PPy@CNF) as biocompatible
polymers mimicking muscle fibers, with tannic acid (TA) serving as a hydrogen-bonded
cross-linking medium. The resulting material achieved a maximum GF of 1.58, enabling
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stable monitoring of multi-degree-of-freedom human joint movements and control of a
multi-axis virtual robotic hand. Moreover, it exhibited stable electrical response signals
even after 14 days of implantation in a mouse tendon. These works provide novel strategies
for the development of integrated flexible smart microsystems that combine power supply,
energy storage, and sensing functionalities.
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Figure 6. Strain-sensing performance and application demonstrations of CCHs. (a) Sensitivity of the
CMOF@MOoS, sensor as a function of strain; schematic illustration of response/recovery time and its
assembly for intelligent healthcare monitoring (Reprinted with permission from [110]). (b) Resistance
change in PAAm/CMC-CCH under various tensile strains at a stretching speed of 1.5 cm/s (Reprinted
with permission from [111]). (c) Sensitivity of PAM-Q-CCH, relative resistance change under varying
strain levels (100-400%), and response time during finger bending loading and unloading (Reprinted
with permission from [112]).

For CCIG, Liu et al. [114] employed acrylic acid (AA), 2-methoxyethyl acrylate (MEA),
sodium carboxymethyl cellulose (CMC), AI**, dimethyl sulfoxide (DMSO), and water as
the main components in a dual-solvent organic CCIG. Under tensile strains ranging from
2.5% to 500%, the GF increased from 1.47 to 3.60, demonstrating sensitive and reliable
strain sensing. The response and recovery times were approximately 400 ms and 600 ms,
respectively, meeting the requirements for human motion detection (Figure 7a). Shu
et al. [72] employed a simple one-pot method to dissolve 5 wt% PVA and cotton linter
cellulose in a concentrated inorganic ZnCl, /CaCl, solution, forming a dual-network CCIG.
Owing to the effective “water-locking” effect of the polymer network, this CCIG exhibited
the GF of 1.14 and a response time of approximately 200 ms at 75% relative resistance change,
demonstrating rapid response and durable sensitivity to both tensile strain and compressive
stress (Figure 7b). Wang et al. [115] developed a dual-network CCIG based on PVA /borax
and cellulose/Zn%* /Ca?*, and evaluated two assembly methods: an assembled sensor
and a bare self-adhesive sensor. The assembled strain sensor exhibited a rapid increase in
GF, reaching a maximum value of 1.04 under strains up to 200%, and maintained a stable
GF around 1 at higher applied strains up to 600%. It demonstrated reasonable response
and recovery times of 268 ms and 346 ms, respectively. In contrast, the bare self-adhesive
sensor showed GFs of 2.1 and 4 in the applied strain ranges of 0-100% and 100-600%,
respectively (Figure 7c). These results indicate that the assembly process influences the
material’s sensitivity, while the dual-network cross-linked structure effectively ensures
its promising potential for use in strain sensors and triboelectric nanogenerators under
harsh conditions.
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Figure 7. Strain-sensing performance and application demonstrations of CCIGs. (a) Sensitivity of
gel-5 across different strain regions (2.5% to 500%); illustration of water writing on the gel surface and
relative resistance changes in an icy environment within the 100% to 500% strain range (Reprinted
with permission from [114]). (b) Relative resistance response of Gel-5 during cyclic strain from 0
to 100%, and relative resistance changes at different finger bending angles under varying strains
(Reprinted with permission from [72]). (c) Relative resistance changes in assembled and bare self-
adhesive strain sensors under applied strain; response and recovery times; schematic illustration of
the sensing mechanism (Reprinted with permission from [115]).

For CICEs, Zhang et al. [74] developed CICEs with a dynamically cross-linked network
formed through multiple hydrogen bonds. When as a strain sensor, it exhibited a three-stage
response within the 0-300% strain range, with the GF of 1.59 in the 0-110% range, 2.66 in
the 110-200% range, and 3.67 in the 200-300% range. The material demonstrated high
sensitivity across a wide strain range. Under ultralow strain (1%) loading and unloading,
it achieved a rapid response time of approximately 75 ms and a recovery time of about
70 ms (Figure 8a). Lu et al. [6] developed the CICEs based on a deep eutectic solvent
(MDES) system comprising hydroxypropyl cellulose (HPC), ethylene glycol (EG), acrylic
acid (AA), and ZnCl,. This system achieved a response time as low as 42.8 ms, making it
suitable for e-skin applications, given that human skin typically exhibits response times
between 50 and 100 ms (Figure 8b). Luo et al. [116] synthesized a cellulose rosin-derived
polyesterimide (PEI) through esterification and imidization reactions, and incorporated it
into a polymerizable deep eutectic solvent (PDES) composed of choline chloride (ChCl)
and 2-hydroxyethyl acrylate (HEA). The supramolecular hydrogen bonds formed between
amine and hydroxyl groups in the system contributed to a gauge factor (GF) of 1.06 within
the 0-300% strain range, along with a rapid response time (114 ms) and self-recovery
capability (230 ms) at 100% strain (Figure 8c).
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Table 3. A summary of strain-sensing metrics for representative CPIC-based sensors.

CPIC Material GF Response Time(s) Strain Range Cyclic Stability Reference
CCH CMC +LiCl + AAM 3.15 360 1200% 500 cycles at a compressive strain of 300% [111]
QACNEF + MXene 2.24 140 1465% 100 cycles at a compressive strain of 60% [112]
PVA +PPY + CNF + TA 1.92 400 414% 2000 cycles at a compressive strain of 30% [113]
cotton linter cellulose + ZnCl, /CaCl, + PVA 1.14 200 50 cycles at a compressive strain of 50% [72]
MoS; + CMOF 20.1 23 320% 10,000 cycles at a compressive strain of 320% [110]
CNF + AAM + Mxenes + LiCl + Chitosan 417 130 800% [117]
CNC + PANI + PVA 2.56 7 1085% Over 1000 cycles of wrist bending [118]
CMC + AM + FeCl3 14 980 1086% [119]
CNF + PAM + PBA-IL 3.41 160 1810% 500 cycles at a compressive strain of 100% [120]
CMC + FeCI; + PAAm 1.99 260 690% 200 cycles at a tensile strain of 100% [121]
Methylcellulose + PAMC + TA@CNCs + LiCl 1.63 227 600.00% 300 cycles at a tensile strain of 100% [122]
BC + LiCl + DMAc + Mxene 1.51 130 120% 250 cycles at a tensile strain of 10% [123]
HECM + PAA + PPy 1.67 180.6 254% 1000 cycles at a tensile strain of 40% [124]
CNCs + AMM + BA + NaCl 74 140 750% Continuous cyclic st‘retchin.g-releass for 700 s under [125]

a tensile strain of 300%
CNC + PAM + rGO 34 125 400 [126]
CCIG CMC + P(AA-MEA) + AlCl; 1.47 400 500% 300 cycles at a tensile strain of 400% [114]
Cellulose + PVA + ZnCl, + CaCl, 2.1 187 600% 10 cycles at a tensile strain of 100% [115]
Cellulose + [Bmim]Cl + P(AM-DMAA-MAA) 3.95 140 350% 100 cycles at a tensile strain of 40% [127]
CNF +PAZ + FeCl; + Gly 1.52 427 900% 500 cycles at a tensile strain of 30% [128]
CNF + PAZ + +LiCl + ZILs 1.98 142 1400% 100 cycles at a tensile strain of 100% [129]
BC + PAM + [EMIM]CI 4.28 177.7 1000% 500 cycles at a tensile strain of 100% [130]
HPC + LA + AA + [C2VIm|]Br 2.29 4222% 1000 cycles at a tensile strain of 50% [31]
HPC + PAA + [EMIM][DEP] 2.65 846 800% 300 cycles at a tensile strain of 40% [131]
PA + DES + [EMIM]BE, 1.15 2500% 45 cycles at a tensile strain of 100% [132]
CICEs CNC +PAA + TA + ChCl 1.59 2400% 75 100 cycles at a tensile strain of 100% [74]
HPC + ZnCl, + EG + AA 197.70% 42.8 700 cycles at a tensile strain of 40% [6]

Cellulose + MCC-M-A + PDES 1.06 395% 114 500 cycles at a tensile strain of 15% [116]
EC-g-P(LMA-co-FMA) + ESOM + CNT 1.744 47.20% 277 200 cycles at a tensile strain of 25% [133]
SCNC + CNT + PDMS 10.77 100% 1000 cycles at a tensile strain of 50% [134]
C-CNC@PANI + ENR 1.45 300% 162.3 5 cycles at a tensile strain of 300% [135]
MCNEF + CNT + SR 20.8 300% 510 cycles at a tensile strain of 100% [136]
CMC + S-PAM + LiCl + S-PDMS 3.8 70% 100 cycles at a tensile strain of 70% [137]

Footer: CMC: Carboxymethyl Cellulose; LiCl: Lithium Chloride; AAM: Acrylamide; QACNE: Quaternized Cellulose Nanofibrils; MXene: Transition metal car-
bides/nitrides/carbonitrides (e.g., Ti3C,Tx); PVA: Polyvinyl Alcohol; PPY: Polypyrrole; CNF: Cellulose Nanofibrils; TA: Tannic Acid; ZnCl,: Zinc Chloride; CaCly: Calcium
Chloride; MoS;: Molybdenum Disulfide; CMOF: Carbonized Metal-Organic Framework; Chitosan: Poly(f-(1—4)-2-amino-2-deoxy-D-glucose); CNC: Cellulose Nanocrystals; PANI:
Polyaniline; AM: Acrylamide; FeCls: Iron(Il) Chloride; PAM: Polyacrylamide; PBA-IL: Phenylboronic Acid-Functionalized Ionic Liquid; PAAm: Polyacrylamide; Methylcellulose:
Cellulose methyl ether; PAMC: Poly(acrylamide-co-methylacrylate); TA@CNCs: Tannic Acid-coated Cellulose Nanocrystals; BC: Bacterial Cellulose; DMAc: N,N-Dimethylacetamide;
HECM: Hydroxyethyl Cellulose Methacrylate; PAA: Poly(acrylic acid); AMM: Acrylamide-methacrylamide; BA: Butyl acrylate; NaCl: Sodium Chloride; rGO: Reduced Graphene
Oxide; P(AA-MEA): Poly(acrylic acid-monoethanolamine); AlCl3: Aluminum Chloride; [Bmim]Cl: 1-Butyl-3-methylimidazolium chloride; P(AM-DMAA-MAA): Poly(acrylamide-
N,N-dimethylacrylamide-methacrylic acid); PAZ: Poly(acrylamide-Zn**); Gly: Glycerol; ZILs: Zwitterionic Ionic Liquids; [EMIM]CL: 1-Ethyl-3-methylimidazolium chloride; HPC:
Hydroxypropyl Cellulose; LA: Lipoic Acid; [C2VIm]Br: 1-Ethyl-2-vinylimidazolium bromide; [EMIM][DEP]: 1-Ethyl-3-methylimidazolium diethyl phosphate; PA: Polyacrylate; DES:
Deep Eutectic Solvent; [EMIM]BF,: 1-Ethyl-3-methylimidazolium tetrafluoroborate; ChCl: Choline Chloride; EG: Ethylene Glycol; MCC-M-A: Microcrystalline Cellulose-modified
Rosin-based Polyimide; PDMS: Polydimethylsiloxane; EC-g-P(LMA-co-FMA): Ethyl Cellulose-g-poly(lauryl methacrylate-co-furfuryl methacrylate); ESOM: Maleimide-modified
Epoxidized Soybean Oil; CNT: Carbon Nanotubes; SCNC: Silylated Cellulose Nanocrystals; C-CNC@PANI: Carboxylated Cellulose Nanocrystals@Polyaniline; ENR: Epoxidized Natural
Rubber; MCNE: Vinyl Silane-modified Cellulose Nanofibrils; SR: Silicone Rubber; S-PAM: Silane-modified Polyacrylamide; S-PDMS: Silane-modified Polydimethylsiloxane.
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Figure 8. Strain-sensing performance and application demonstrations of CICEs. (a) Current-voltage
curves of the CICE-based strain sensor under different tensile strains (from 10% to 100%) with voltage
sweeping from —1.0 to 1.0 V; relative resistance change versus applied strain in the 0-300% range;
and response and recovery time (Reprinted with permission from [74]). (b) Response time of the
e-skin; relative voltage changes during finger bending, walking, and running motions (Reprinted
with permission from [6]). (c) The GF of the PDES-CICE sensor under different strains; relative
resistance change under continuous small strains (20-100%); and response and recovery time at 100%
strain (Reprinted with permission from [116]).

7. Summary and Outlook

As the three major categories of CPICs, CCHs, CCIGs, and CICEs exhibit distinct char-
acteristics and advantages. Among them, CCHs feature high water content and excellent
biocompatibility, endowing it with significant potential for applications in flexible electronic
devices and biomedical materials. CCIGs possess superior freeze resistance, low volatility,
flame retardancy, high ionic conductivity, and thermal stability—properties that underpin
its remarkable application prospects in flexible electronics, sensors, and environmental
monitoring. CICEs have emerged as a research hotspot in solid-state batteries owing to
their high energy density, compatibility with lithium metal anodes, and high conductivity.
The development of these CPIC subtyped materials not only promotes the advancement
and practical application of multifunctional materials in related fields but also offers novel
solutions for sustainable and environmentally friendly material demands.

Despite their promising applications, CPICs still face several challenges. For instance,
the freeze resistance of CCHs at low temperatures and its stability at elevated temperatures
require further improvement. The high concentration of ionic liquids in CCIGs may
compromise mechanical strength and pose potential leakage risks. The ionic conductivity of
CICEs requires enhancement in both numerical magnitude and low-temperature stability—
for example, in practical application scenarios where rapid ion migration is needed to
achieve “real-time signal transmission” or “low-internal-resistance energy transfer,” and
where sharp declines in ionic conductivity below 0 °C must be mitigated to avoid functional
failure. Their mechanical properties call for improvements in tensile strength, flexibility, and
fatigue resistance: for instance, maintaining structural integrity and performance during
repeated stretching or bending without brittle fracture, thus extending the material’s
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service life. Beyond subtype- associated issues, common bottlenecks across all CPIC
include inadequate long-term stability, poor cycling durability, and suboptimal interfacial
compatibility with electrodes—all of which are focal points of current research.

Future studies should focus on addressing these challenges through targeted material
design and structural optimization to improve the overall performance of CPICs. Specific
directions are proposed as follows: developing novel cross-linking strategies to enhance
mechanical properties and fatigue resistance; exploring environmentally friendly additives
and modification methods to improve environmental stability; investigating the interaction
mechanisms between CPICs and electrodes to optimize interfacial compatibility; and
designing new CPIC materials with high ionic conductivity, wide electrochemical windows,
robust mechanical strength, and excellent interfacial stability. Furthermore, with the rapid
development of the Internet of Things and wearable technology, optimizing the strain-
sensing performance of CPICs will be particularly important for applications in flexible
electronic skin, health monitoring, and human—-machine interfaces.

In summary, research on CPICs not only holds theoretical significance and practical
value for promoting the application of renewable resources in energy storage and conver-
sion but also contributes profoundly to the development of an environmentally friendly
and resource-efficient society. With continued advancements in materials science and
energy conversion technologies, CPICs are expected to undergo significant improvements,
expanding their application scope, and playing an increasingly vital role in addressing
global energy challenges and driving sustainable human development.
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