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Abstract 

Nanocellulose, a biodegradable and renewable nanomaterial derived from biomass, has 
emerged as a promising sustainable building block for flexible functional devices due to 
its renewability, low density, excellent mechanical strength, tunable surface chemistry, 
and outstanding film-forming capability. This paper provides a critical review of the eval-
uations and synthesis of recent progress in the manufacturing, functionalization, and in-
corporation of nanocellulose and its composite materials for electronic devices and elec-
trical systems applications. The paper also highlights the contributions of nanocellulose 
to performance, durability, and environmental sustainability, along with its potential uses 
in flexible electrical equipment, energy storage devices, sensors, and conductive compo-
nents. Furthermore, the review examines the combined effects of nanocellulose with me-
tallic nanoparticles, carbon-based materials, and polymers in developing superior electri-
cally conductive composites. In addition, the article highlights research gaps and suggests 
future directions for advancing sustainable, high-performance conductive materials. Fi-
nally, the paper critically analyzes key challenges such as reliability, interface compatibil-
ity, and long-term stability, and proposes strategies to address these limitations. 
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1. Introduction 
The world is confronting two major crises: the growing depletion of fossil fuel re-

sources and environmental degradation caused by non-biodegradable materials [1]. 
These non-degradable materials generate excess waste and cannot degrade naturally. 
They pollute land, groundwater, and marine environments [2]. Hence, they have an im-
pact on water and marine life. In such a scenario, the production of biodegradable sub-
stances from biomass is vital to replace non-degradable materials [3]. Therefore, manu-
facturing biodegradable, biocompatible, nontoxic, and environmentally friendly materi-
als from cellulose is an alternative that promotes sustainability and circular economy [4,5]. 
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Recent research has proposed an advanced integration of nanocellulose with conduc-
tive and functional phases to overcome its inherent electrical limitations and allow it to be 
used in flexible electronics, sensors, and energy devices applications. Hybrid films com-
bining nanocellulose with graphene or reduced graphene oxide demonstrate enhanced 
mechanical resilience and efficient charge transport, suitable for flexible solar cells and 
electrochemical systems [6]. Innovative processing strategies, including in situ polymeri-
zation, surface modifications, and nanostructured architectures, have improved interfa-
cial bonding and overall performance [7]. Consequently, nanocellulose-based multifunc-
tional composites are emerging as strong candidates for next-generation technologies. 
This brings flexibility, durability, and multifunctionality for wearable electronics, energy 
storage, soft robotics, and smart sensing platforms [8]. In addition, nanocellulose-based 
conductive composites also offer significant environmental advantages over conventional 
synthetic materials. Their production typically involves lower carbon emissions and re-
duced energy use compared to petroleum-based polymers [9]. Moreover, the high ratio 
and hydrogen-bonded network of nanocellulose enable effective reinforcement and con-
ductivity enhancement at low filler loadings. When combined with conductive fillers such 
as graphene, reduced graphene oxide, or carbon nanotubes, these composites achieve de-
sirable electrical performance while maintaining sustainability objectives [10]. Recent re-
search demonstrates that the use of renewable feedstock alone does not guarantee envi-
ronmental sustainability. Production processes involving chemical pretreatments, me-
chanical fibrillation, and high energy consumption can substantially compromise overall 
environmental performance. Cradle-to-grave evaluations using LCA frameworks like ISO 
14,040 provide comprehensive insights into these materials [11]. Production routes 
strongly influence LCA outcomes. For example, TEMPO-oxidation with homogenization 
generally yields lower impacts than solvent-heavy chemical methods, while sonication 
and mechanical treatments remain energy-intensive. Optimized processing enables nano-
cellulose composites to outperform other nanomaterials, such as carbon nanotubes, in en-
vironmental performance [12]. Green processing and material design further enhance sus-
tainability. Water-based fabrication, solvent-free methods, and in situ polymerization 
minimize hazardous chemicals and improve environmental compatibility [13,14]. High 
nanocellulose loadings (>60 vol%) in polymer or conductive composites reduce global 
warming potential and abiotic depletion, particularly when device performance benefits 
such as weight reduction or improved functionality are considered [15]. End-of-life man-
agement is another key advantage. Unlike conventional electronic materials, nanocellu-
lose can undergo natural degradation under suitable conditions, reducing long-term eco-
logical risks [16]. Ongoing research continues to develop partially or fully biodegradable 
conductive networks that balance functional performance with environmental responsi-
bility. Overall, nanocellulose-based conductive composites provide a sustainable pathway 
for advanced flexible electronics, combining low environmental impact, high mechanical 
reinforcement, and enhanced conductivity. They are poised to play a pivotal role in envi-
ronmentally friendly technologies aligned with global sustainability goals [17]. This re-
view advances the field by offering an integrated and critical perspective that links mate-
rial design, processing, and performance while highlighting emerging trends and research 
gaps. This approach helps in establishing clear design principles and supports the future 
development and application of cellulose-based materials. 

2. Review Methodology 
The authors conducted a systematic literature review following Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines using PubMed, 
Scopus, Google Scholar, ScienceDirect, and Web of Science. An initial search yielded over 
1000 records with keywords related to nanocellulose, CNF, CNC, sustainable composites, 
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flexible electronics, conductive hybrids, strain sensors, and energy storage. After screen-
ing for relevance and peer review, 431 publications were included for qualitative synthe-
sis. The review methodology is summarized in the PRISMA flow diagram (Figure 1). 

 

Figure 1. Schematic diagram for review methodology. 
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3. Literature Review 
Cellulose, derived from plant biomass, is an environmentally friendly material due 

to its renewable and biodegradable nature [18]. It has crystalline and amorphous parts 
and is a promising material due to its biocompatibility, biodegradability, and sustainabil-
ity [19]. These basic fibrils of cellulose are arranged into bigger microfibrils with lengths 
measured in micrometers and diameters between 5 and 50 nm [20]. After cellulose is sep-
arated by a variety of chemical procedures, two products that contain glucose residue 
chains and are widely accessible organic materials are produced: tiny cellulose nanocrys-
tals (CNCs) and nanocellulose fibrils (CNFs). CNCs are generated through acid hydroly-
sis, and the crystalline region is left behind by the amorphous portion. Unlike CNCs, 
CNFs contain both crystalline and amorphous domains that form a kind of pattern. In 
addition, other types of nanocellulose are obtained from the bacterial cell wall, which is 
called bacterial nanocellulose (BNC) [21]. Table 1 depicts the diverse sources of nanocel-
lulose-derived materials, such as bacteria, wood, plants, and marine animals. 

Table 1. Sources, varieties and applications of nanocellulose. 

Source Types of Nanocellulose Material Application Ref. 

Plant 

Cellulosic seed fi-
ber 

Cotton, palm, kapok  

Used for promising prospects, par-
ticularly in long-term medication 
delivery for medical applications 

and the purification of harmful met-
als (cations) from water 

[22,23] 

Cellulosic bast fi-
ber 

Sisal, banana, abaca, pineapple Thermoplastic bio-based materials [24–27] 
Ramie, hemp, flax, kenaf, jute, nettle High absorbency [28–33] 

Cellulosic fruit fi-
ber 

Coir  Natural fiber composite materials in 
the future and template application 

[34–36] 

Cellulosic stalk fi-
ber 

Rice, wheat, straw, starch, corn, rye, 
oats, maize 

Hybrid composites [37–39] 

Other Eucalyptus, Bamboo Applied in packaging and nanocom-
posites 

[40–43] 

Bacteria 

Gram-negative 
species 

Bacteria like Salmonella, Alcaligenes, 
Pseudomonas, Agrobacterium, Rhizo-

bium, Acetobacter or Komagataeibacter, 
A. xylinum, A. hansenii, and A. pasteur-

ianus 

Used in packaging goods for food, 
adsorbents, coatings or films, medi-
cations, beauty products, biomateri-

als, and electronics [44–47] 

Gram-positive spe-
cies 

Sarcina ventriculi 
Cross-link with other devices and 

biomedical devices 

Marine 
Animals Solitary tunicates, colonial tunicates Packaging, biomedical, composite [48–50] 

Algae, Bacillus vele-
zensis 

water hyacinth  [51,52] 

Moreover, cellulose and its supporting chain make up most plant cell walls. Hydro-
gen bonds within and between molecules, in addition to van der Waals forces, lead cellu-
lose to form a bundle [53]. The amorphous and crystalline parts are represented by highly 
organized and random regions found inside the microfibrils, which are several microme-
ters long and 10–50 nm in diameter. Figure 2 illustrates the structured hierarchy of nano-
celluloses derived from plants. Understanding the chemical structure of cellulose is essen-
tial for the manufacture and use of nanocellulose. A high-molecular-weight photopolymer 
of β-1,4-linked hydro-D-glucose units, cellulose is distinguished by each unit being 180° 
corkscrewed in relation to its surroundings [54]. Every cellulose chain has two unique end 
units. One is the nominal nonproducing end with a pendant hydroxyl group, and the 
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second is a hemiacetal unit, which possesses chemically reducing functionality [55]. Along 
the polymer chain, cellulose molecules are characterized by an abundance of hydroxyl 
groups (one anhydroglucose unit has three hydroxyl groups) [56]. Consequently, hy-
droxyl groups and oxygen atoms in anhydroglucose components produce a significant 
number of hydrogen bonds [57]. Although its morphological, physiological, mechanical, 
and biological characteristics change depending on the source, the structure of its chemi-
cal makeup remains the same. Because of its vast range of characteristics, cellulose can 
satisfy the need for a variety of products and components for a variety of applications, 
such as biomedical [58–60], biological and biomimicking [61–63], energy [64–66], pharma-
ceutical [67–69], infrastructure [70–72], additive manufacturing [73–75], paper and textile 
[76,77], electronics [78,79], and food industry [80] applications. 

The chemical processes involved in the production of cellulosic products pose an en-
vironmental risk. As a result, when constructing environmentally friendly devices for 
storing energy, one should prioritize reducing the impact caused by chemical treatments. 
Furthermore, it is a new and sustainable raw material being used in the field of nanotech-
nology [81,82]. The growth of petroleum-derived synthetic substances and goods in recent 
years has made ecological and environmental issues a significant concern [83,84]. How-
ever, there is a lot of interest in the development of new and innovative engineered re-
sources with cost-effective and environmentally advantageous features [85]. Subse-
quently, the biopolymer nanocellulose has drawn more attention as a result of advances 
in nanotechnology [7]. In addition, because of their benign nature, suitability, biodegra-
dability, and recyclable characteristics, renewable and environmentally friendly materials 
derived from natural sources have developed significantly. The creation of these novel 
materials is turning into a key component of technologies for the future that are sustaina-
ble. Numerous products have been manufactured using these abundant and biodegrada-
ble materials. As a result, scholars are looking into cutting-edge technologies to improve 
performance and lessen environmental impact, encouraging eco-friendly behaviors and 
boosting economic growth in industries that prioritize sustainability [86]. For example, 
the recent literature highlights a growing global interest in sustainability, which has 
driven research toward renewable materials, with cellulose emerging as a promising op-
tion due to its abundance, low cost, and environmentally friendly nature. Recent studies 
show that nanocellulose, which offers high strength, large surface area, and adaptable 
chemistry, can be effectively combined with graphene to create advanced hybrid materi-
als. These nanocellulose graphene composites exhibit enhanced performance and are be-
ing explored for a wide range of applications, including flexible electronics, energy stor-
age, biomedical devices, packaging, shielding, and separation technologies. While signif-
icant progress has been made, the literature also highlights ongoing challenges related to 
processing and large-scale production, emphasizing the need for further research to sup-
port the development of sustainable, high-performance materials [87]. Additionally, the 
utilization of renewable resources is crucial for carbon capturing and storage, which stops 
significant amounts of carbon dioxide from being emitted into the natural environment 
and lessens the rate of global warming [88]. Today, nanocellulose (NC), one of the super 
materials engineered with a tiny element material, has huge applications in various fields. 
These materials may be derived from any organic source of cellulose, including pulp from 
wood, which is made up of a densely packed array of “nanofibrils” [89]. They expand the 
possibilities for materials science and its applications by combining significant cellulose 
features with those of nanoparticles. At the same time, nanocellulose also represents an 
excellent example of the ongoing merger of biological and material engineering [90]. 

In addition to these established applications, an emerging and innovative research 
direction involves the design of multifunctional nanocellulose-based smart systems that 
integrate carbon capture, energy storage, and sensing capabilities within a single material 
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platform [9,91]. By tailoring the surface chemistry of nanocellulose and combining it with 
functional nanomaterials such as graphene, metal oxides, or conductive polymers, hybrid 
structures can be engineered to simultaneously adsorb carbon dioxide, store electrical en-
ergy, and monitor environmental conditions in real time [92,93]. Such integrated systems 
have strong potential for next-generation sustainable technologies, particularly in green 
buildings, wearable electronics, and self-powered environmental monitoring devices [94]. 
This multifunctional material strategy enhances resource efficiency, reduces processing 
complexity, and supports circular economy principles while contributing to low-carbon 
and climate-resilient technology development [95]. 

Figure 2. Visual representations of plant-based nanocellulose�s hierarchical structure (A) [96]; bac-
terial-based nanocellulose (B) [97]; biopolymers of lignocellulosic biomass, including cellulose, 
hemicellulose, and lignin (C) [55]; and genetic modifications of K. xylinus strains under various cir-
cumstances to produce BC (D) [98]. 

The key chemical profile of cellulose molecules is their plentiful hydroxyl groups 
along the polymer chain (one anhydroglucose unit has three hydroxyl groups) [56]. As a 
result, a large number of hydrogen bonds are formed between hydroxyl groups and oxy-
gen atoms in the anhydroglucose parts [57]. Although its morphological, physiological, 
mechanical, and biological characteristics change depending on the source, the structure 
of its chemical makeup remains the same. Because of its vast range of characteristics, cel-
lulose can satisfy the need for a variety of products and components for a variety of ap-
plications, such as biomedical [58–60], biological and biomimicking [61–63] energy [64–
66], pharmaceutical [67–69], infrastructure [70–72], additive manufacturing [73–75], paper 
and textile [76,77], electronics [78,79], and food industry [80] applications. 
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4. Types of Nanocellulose and Their Properties 
Using chemical, enzymatic, or mechanical methods, nanocellulose can be harvested 

from natural resources. The three primary types of nanocellulose materials are bacterial 
nanocellulose (BNC); cellulose nanocrystals (CNCs), also referred to as nanowhiskers; and 
nanofibrous cellulose (NFC) or cellulose nanofibers [99,100]. The following section and 
Table 2 will discuss the abovementioned different kinds of nanocellulose materials. 

Cellulose nanocrystals (CNCs): CNCs are high-aspect-ratio, bio-based nanoparticles 
that are generated industrially in tons per day globally [101]. Highly conductive fluids, 
medical devices, semiconductors and sensors, emulsions and foams, and conductive pol-
ymer composite fibers are just a few of the materials in which the performance, physical, 
chemical, and electrical characteristics can be improved by CNCs. This kind of nanocellu-
lose is created when cellulose combusts and breaks down into nanoparticles (a process 
known as “top-to-bottom”). This nanocellulose is usually produced by hydrolyzing cellu-
lose molecules that have been dissolved in water in an acidic environment. Traditionally, 
strong sulfuric acid has been used to dissolve the amorphous parts of cellulose while leav-
ing the crystalline parts intact [78]. Even though this method yields a stiff, rod-shaped 
CNC that is about 90% pure, the sulfate groups are still present as impurities at the com-
bustion surface [102]. Nanocellulose is already being produced commercially, and re-
search is now primarily focused on industrial uses. Because mechanical disintegration re-
quires a lot of energy, CNF isolation was formerly thought to be a more costly procedure 
[103]. CNFs have emerged as multifunctional nanomaterials due to their high aspect ratio, 
surface reactivity, and mechanical robustness, facilitating their incorporation into conduc-
tive fluids, biomedical systems, semiconductors, sensors, emulsions, foams, and conduc-
tive polymer composite fibers. 

Nanofibrillated Cellulose (NFC): NFC characterizes cellulose fibers that have under-
gone fibrillation to create a collection of cellulose microfibril units, which typically have a 
nanoscale diameter and a length of less than 100 nm [104]. These materials have various 
brand names, and the majority of nano- or micro-fibrillated cellulose (NFC or MFC) comes 
from wood fiber [105]. It is made up of a long, web-like architecture that exhibits remark-
able mechanical properties such as a very low coefficient of thermal expansion, high 
strength, and a high Young�s modulus [106]. NFCs have attracted a lot of attention due to 
their ability to combine with an appropriate matrix polymer to create high-quality, unique 
bio-based composite applications [107]. 

Bacterial nanocellulose (BNC): BNC is a kind of biomaterial that is becoming increas-
ingly popular in the field of environmentally friendly substances and nanocomposites. It 
is too thick to be used as a biological implant substance because it includes 99% water 
[108]. The utilization of microbial pathways to produce nanocellulose was beneficial for 
the creation of eco-friendly products. In fact, BNC production relies on growth, which 
enables large yields and the continuous availability of goods due to the rapid develop-
ment of these microorganisms [109,110]. Moreover, BNC nanocelluloses have various 
properties based on their production process and end-use. All the different types of nano-
cellulose share some general characteristics, including sustainability and biodegradabil-
ity, a large number of options worldwide, the ability to engage local farmers, simple man-
ufacturing techniques, low production costs, an elevated ability for interacting with 
nearby molecules, minimal energy demand, improved mechanical features (such as 
Young�s modulus, magnetic characteristics, stiffness, rigidity, low density, and high as-
pect ratio), superior heat transfer abilities, and a better reactive surface [111]. 
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Table 2. Various types of nanocellulose and their characteristics. 

Properties NFC CNC BNC 

Synonyms 

Microfibrillated cellulose 
(MFC), cellulose microfibrils 
(CMFs), and cellulose nano-

fibrils (CNFs). 

Microcrystalline cellulose, rod-shaped 
cellulose microcrystals, cellulose nano-
rods, cellulose whiskers, and cellulose 

nanowhiskers 

Bacterial nanocellulose 
(BNC), microbial cellulose, 

biocellulose 

Dimension (diameter) 1–10 µm 
4 to 70 nm (often ~3–20 nm for many 

plant sources) 
10–100 nm 

Length 200–500 nm 100–600 nm Up to 10 nm 
Aspect ratio (AR) Very high AR Low AR Low AR 

Chemical requirements Corrosive reagents Corrosive reagents Noncorrosive chemical 

Crystal and DP 
Large range from 40% to 80%, 

≥500 
High (~90%), 500 to 1500 

79% to 92%, 
4000 to 10,000 

Degree of polymerization ≥500 500–15,000 4000–10,000 
Sustainability Have a sustainability issue Have a sustainability issue Green approach 

Industrial-scale production Limited Limited Very limited 
Cost Minimal cost Minimal cost High cost 

Energy High-energy process High-energy process Green process 
Environmental impact Production of toxic effluents Production of toxic effluents Ecologically sustainable 

References [112] [113–115] [97,116] 

5. Extraction Techniques of Nanocellulose 
The distinctive hierarchical structure of natural cellulose, composed of nanoscale fi-

brils and crystallites, enables the extraction of nanocomponents through chemical, me-
chanical, biological, or combined techniques. Nanocellulose preparation methods are di-
vided into two categories: the top-down and bottom-up approaches. In the top-down ap-
proach, cellulose particles are isolated from various sources and reduced to the nanoscale 
[117]. For instance, cellulose nanocrystals (CNCs) can be extracted through three main 
approaches: mechanical, chemical, or biological methods. Strong acids—for example, hy-
drochloric acid or sulfuric acid—are used in the most commonly described acid hydroly-
sis process, which synthesizes highly crystalline nanoparticles with comparatively low 
aspect ratios. This process requires additional steps to remove residual acids. Conversely, 
high-pressure homogenizers, grinders, or high-intensity ultrasonic methods are used to 
fibrillate plant cellulose pulp in water to create nanofibrillated cellulose (NFC), which can 
achieve high aspect ratios but demands an enormous amount of energy. A more sustain-
able alternative combines enzymatic hydrolysis with mechanical fibrillation to produce 
NFC efficiently [118]. In addition, cellulose nanostructures are produced via the bottom-
up method from either the biosynthesis process or the cellulose molecules� solution state. 
Nanocelluloses are comparatively homogeneous particles with a vastly increased surface 
area that are produced by “extraction” or “assembly”, bringing with them many of the 
advantageous characteristics that support their numerous and innovative applications 
[119,120]. Bottom-up synthesis has been used to produce bacterial cellulose since it is 
made up of cellulose nanofibers that certain bacteria secrete extracellularly [121]. Bacterial 
cellulose�s distinct nanofibrillar structure provides it with superior mechanical and phys-
ical characteristics, including a large porosity level, excellent modulus of elastic strength, 
and exceptionally high crystallinity [122]. A schematic diagram of extraction methods of 
nanocellulose from natural resources is presented in Figure 3. 
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Figure 3. Extraction methods of nanocellulose from natural resources [103,117,123]. 

The chemical extraction techniques (acid hydrolysis, TEMPO-mediated oxidation, car-
boxymethylation, acetylation), mechanical fibrillation methods (refining, grinding, homoge-
nization, microfluidization, extrusion, radiation, steam explosion, sonication, cryo-crushing), 
and biological/enzymatic routes (bacterial biosynthesis of nanocellulose, BNC) are all summa-
rized in the comprehensive comparative Table 3. The comparison is supported by the recent 
literature and is based on yield, purity, energy usage, and ecological implications. 

The extraction of nanocellulose via different methods faces several key challenges and 
research gaps that must be addressed to enable more efficient, scalable, and sustainable 
production. Mechanical extraction techniques, such as high-pressure homogenization, 
grinding, cryo-crushing, ultrasonication, and ball milling, can liberate cellulose nano-
fibrils without harsh chemicals, but they are highly energy-intensive and often require 
multiple passes to achieve nanoscale fibrillation, significantly increasing operational costs 
and heat generation; additionally, achieving uniform fibril size and reproducibility re-
mains difficult, which limits industrial feasibility [124,125]. 

Chemical extraction methods, particularly acid hydrolysis for cellulose nanocrystals 
(CNCs), produce corrosive acidic effluent that demands careful neutralization and waste 
management, raising environmental impact and operating expenses, and can also intro-
duce surface groups (e.g., sulfate) that reduce thermal stability [126]. While alternatives 
such as TEMPO-mediated oxidation improve aqueous dispersibility and reduce certain 
hazards, they still rely on toxic oxidants (e.g., NaClO) and generate by-products that are 
difficult to manage. Therefore, green and energy-efficient production of nanocellulose is 
increasingly focused on enzymatic pretreatment combined with mechanical fibrillation as 
a sustainable alternative to conventional chemical and high-energy mechanical methods. 
However, biological and enzymatic approaches offer greener routes under mild condi-
tions and lower toxic waste production but suffer from slow reaction rates, high enzyme 
costs, long processing times, and challenges in enzyme reuse and scalability, which cur-
rently restrict their commercial viability. Moreover, residual biomass components such as 
lignin and hemicellulose can remain in nanocellulose products if pretreatment is inadequate, 
complicating applications that require high purity by interfering with mechanical, optical, or 
electrical properties and necessitating effective delignification steps. Enzymatic pretreatment, 
particularly using cellulase enzymes like endoglucanases, has emerged as a green and energy-
efficient strategy to mitigate this issue. By selectively targeting and loosening the amorphous 
regions of cellulose fibers, enzymatic treatment significantly reduces the mechanical energy 
required for subsequent fibrillation steps. For example, specific glycosyl hydrolase enzymes 
linked with carbohydrate-binding modules have been shown to reduce fibrillation energy by 
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15–32% compared to controls without pretreatment, demonstrating measurable energy sav-
ings while preserving fiber quality [127,128]. 

Across all nanocellulose extraction methods, achieving an optimal balance between 
high yield, material quality, energy efficiency, environmental sustainability, and eco-
nomic viability remains a major challenge, further complicated by the lack of standardized 
production protocols and regulatory frameworks. Mechano-enzymatic extraction ap-
proaches have emerged as a promising solution, as enzymatic pretreatment combined 
with mechanical fibrillation significantly reduces energy consumption by more than 60% 
while improving nanofiber yield and uniformity. These bio-mechanical processes also 
minimize the use of hazardous chemicals, leading to lower environmental impact and re-
duced costs associated with chemical handling and wastewater treatment [127]. 

Beyond energy savings, mechano-enzymatic approaches align with green chemistry 
principles by operating under mild conditions, using biodegradable enzymes, and mini-
mizing toxic waste. A novel two-step mechano-enzymatic method combining ball milling 
and subsequent enzymatic hydrolysis has been shown to produce nanostructured cellu-
lose with functional properties while maintaining a sustainable process footprint. This 
strategy offers a viable alternative to conventional chemical routes that rely on strong ac-
ids or oxidants, which often generate hazardous effluents and require extensive neutrali-
zation and disposal treatments [129]. 

In addition, a novel approach in implementing circular economy principles in nano-
cellulose extraction focuses on converting waste streams and renewable biomass into 
high-value nanomaterials, thereby minimizing raw material consumption and closing re-
source loops. One promising strategy involves valorizing textile waste, particularly cot-
ton-based textiles, as a sustainable feedstock for nanocellulose production rather than re-
lying on virgin cellulose sources [130]. Cotton textile wastes are abundant in global waste 
streams and contain high cellulose content, making them attractive for resource recovery 
and circular reuse; integrating their transformation into nanocellulose can both reduce 
landfill disposal and support material reintegration in industrial value chains, aligning 
with circular economy principles. However, sustainable implementation requires careful 
consideration of energy consumption, chemical usage, and effluent management during 
extraction, as conventional acid hydrolysis and chemical treatments may produce hazard-
ous waste, high water demand, and greenhouse gas emissions [131]. 

Recent research demonstrates that nanocellulose can be effectively extracted from 
textile waste through chemical pretreatments, acid hydrolysis, and functionalization pro-
cesses, enabling its reuse in high-performance applications while reinforcing circular 
economy principles. Beyond textile waste, nanocellulose valorization from agricultural 
residues, paper waste, and other lignocellulosic biomass has gained attention as a sustain-
able strategy, although challenges such as seasonal feedstock availability, transportation-
related emissions, and the need for efficient, low-chemical pretreatment methods remain 
challenging [132]. The adoption of green solvent systems, particularly natural deep eutec-
tic solvents (NADES), has emerged as a promising solution, offering high nanocellulose 
yields, reduced environmental impact, and recyclable processing media that enhance 
overall process sustainability [133]. Lifecycle assessment studies further confirm the envi-
ronmental benefits of green production routes for nanocellulose. Comparative analyses 
indicate that enzyme-assisted pretreatment methods can significantly reduce greenhouse 
gas emissions by approximately 2 to 18 times relative to conventional sulfuric acid-based 
processes, primarily due to lower electricity demand during fibrillation. Additionally, hy-
brid production strategies combining enzymatic pretreatment with energy-efficient me-
chanical processes, such as extrusion, demonstrate substantial reductions in energy con-
sumption, highlighting the viability of enzyme-integrated and low-energy approaches for 
sustainable and scalable nanocellulose production [134,135].
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Table 3. Comparative table: nanocellulose production methods. 

Method Cat-
egory 

Method/Example Yield Purity & Product Type Energy Consumption 
Ecological/Environmental 

Impacts 
Ref. 

Chemical Ex-
traction 

Acid Hydrolysis 
(e.g., H2SO4/HCl) 

Typically, high yields of 
CNC, but dependent on 
acid type & conditions; 

mixed acids can optimize 
yield. 

High crystallinity CNCs (~60–90%) 
with potential surface groups (e.g., 

sulfate) affecting stability. 

Moderate processing energy; sub-
stantial energy in post-wash/dial-

ysis. 

Significant acidic waste re-
quiring neutralization; haz-

ardous effluents. 
[136–138] 

TEMPO-Medi-
ated Oxidation 

High yields reported (of-
ten >80%); effective fibrilla-

tion with charged CNFs. 

High-quality CNFs, excellent dis-
persion due to carboxyl groups; 

preserves crystallinity. 

Lower mechanical energy post-ox-
idation (e.g., 1–7 kWh/kg vs. 

much higher in pure mechanical). 

Mixed: TEMPO chemicals are 
costly and chemically inten-
sive but reduce mechanical 

energy. 

[139–141] 

Carboxymethyla-
tion  

Yield varies with degree of 
substitution; facilitates 

subsequent defibrillation. 

CNF with highly charged surfaces 
(5–15 nm diameter typical). 

Reduces necessary mechanical en-
ergy compared to untreated me-

chanical alone. 

Moderate: uses chemicals but 
improves fibrillation effi-

ciency, less harsh than strong 
acids. 

[142–144] 

Acetylation 
Similar role to CMC in in-
creasing dispersion; less 

extraction itself. 

Modified surface CNF/CNCs; can 
improve compatibility in compo-

sites. 

Not directly a fibrillation driver; 
additional chemical steps. 

Moderate; acetylation intro-
duces organic solvent usage, 
which may increase impact. 

[145,146] 

Mechanical 
Fibrillation 

Refining/Beating 
(PFI) 

Moderate nano-fibrillation 
yield; boosting pretreat-
ment improves results. 

CNFs with broad width distribu-
tion; high aspect ratio. 

Relatively lower energy compared 
to high-pressure homogenization 

but still substantial in scale. 

No chemical waste; environ-
mental impact tied to electric-

ity use. 
[147–149] 

Grinding 
Moderate yield: more 

passes improve conver-
sion. 

CNFs/CNCs with varying crystal-
linity; potential thermal effects. 

High mechanical energy (e.g., sev-
eral kWh/kg). 

Energy use dominates im-
pacts; no chemical waste. 

[150,151] 

High-Pressure 
Homogenization 

(HPH) 

Variable; dependent on 
feed & pretreatment inten-

sity. 
CNFs with high aspect ratio. 

Exceedingly high energy (20–50 
kWh/kg or more). 

Higher indirect emissions if 
from non-renewable grid; no 

direct chemical waste. 
[152–156] 

Microfluidization 
Similar to HPH; can im-
prove uniformity with 

many passes. 

High-quality CNFs; aspect ratio 
sensitive to cycles. 

High (but optimized shear can re-
duce iterations). 

Similar to HPH. [157–159] 

Extrusion 
Moderate yields depend-

ing on design. 
CNFs; solvent-assisted or dry de-

signs. 
Can reduce passes vs. batch sys-

tems; energy moderate. 
Energy impacts vary; no ma-

jor chemical wastes. 
[160–162] 
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Sonication (Ultra-
sonication) 

Increased fibrillation yield; 
often used after pretreat-

ment. 

CNFs with varying quality; frag-
mentation possible. 

High local energy bursts: energy 
depends on duration. 

No chemical waste; noise and 
heating considerations. 

[163–168] 

Steam Explosion Moderate; increases acces-
sibility for mechanical. 

Disrupted fibers aiding CNF yield; 
no direct CNC produced alone. 

Uses thermal energy (pres-
sure/heat); moderate. 

Uses steam; less chemical 
waste, but energy for boilers. 

[169–171] 

Radiation/ball 
milling 

Moderate; often experi-
mental. 

CNF/CNC fragments; variable 
properties. 

High; depends on mechanism and 
duration. 

Equipment wear, energy 
costs. 

[172,173] 

Cryo-Crushing 
Facilitates downstream fi-
brillation, moderate direct 

yield. 

CNFs with less thermal degrada-
tion. 

Additional liquid nitrogen energy 
+ mechanical. 

Liquid nitrogen production 
footprint; mechanical energy. [174–177] 

Enzy-
matic/Biolog-

ical 

Enzymatic Pre-
treatment + Me-

chanical 

Moderate yield: pretreat-
ment increases mechanical 

efficiency. 

CNFs with less damage; retains 
properties. 

Reduced mechanical demand due 
to easier fibrillation; enzymes 

need mild conditions. 

More eco-friendly than acid 
routes; enzymes biodegrada-

ble. 
[178–181] 

Bacterial Nano-
cellulose (BNC) 

Biosynthesis 

Typically, lower yields per 
volume compared with 

plant extractions (<40 g/L 
in media). 

Extremely high purity (no lig-
nin/hemicellulose) & high crystal-

linity. 

Low mechanical but high biologi-
cal culture energy & substrate use. 

Relatively benign chemical 
footprint; culture emissions 
depend on media sourcing. 

[182–186] 
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6. Application of Nanocellulose 
Nanocellulose offers exceptional potential as a sustainable alternative to synthetic 

polymers, combining its superior strength, minimal density, significant aspect ratio, and 
ecological compatibility with the added benefit of being derived from renewable re-
sources [187]. Its lightweight, flexible, mechanically robust, and tunable surface chemistry 
properties, along with its excellent dielectric properties, make it highly attractive for elec-
tronic applications. Transparency and biodegradability further position it as an eco-
friendly substitute for petroleum-based substrates. The use of biodegradable and conduc-
tive nanocellulose-based composite polymers and high-temperature-resistant nanocellu-
lose opens opportunities across diverse sectors, including electronics, energy storage de-
vices, and advanced nanocomposite materials. 

6.1. Nanocellulose in Electronics 

Conventional electronics are usually composed of non-biodegradable, non-renewa-
ble, and occasionally harmful materials like hazardous chemicals and heavy metals [188]. 
As a result, eco-friendly electronics composed of biodegradable materials have received 
extra attention lately, as electronic waste, or “e-waste,” poses a major global health and 
environmental risk [189,190]. One of the new materials utilized for sustainable technolo-
gies is nanocellulose, which has at least one dimension in the nanoscale range of 1–100 nm 
[191]. Numerous industrial applications have made extensive use of them due to their 
intrinsic properties, which include dielectric behavior, biodegradability, mechanical du-
rability, thermal resistance, surface chemistry and porosity, and optical transparency 
[192,193]. Technically speaking, NCs do not have electrical conductivity on their own; yet, 
electrical conductivity is crucial for some essential electronic element components [194]. 
Consequently, to develop and improve the electrically conductive NC-based conductive 
materials, a variety of physical and/or chemically modified techniques have been devel-
oped. For advanced applications, these technologies enable electrical current to flow 
within the nanocellulose composite. NCs can be combined with conductive materials like 
metallic particles, polymers, and carbon materials to create composites that enhance elec-
trical conductivity while maintaining properties like flexibility and strength. This opens 
up new possibilities in electronics chips, sensors, and advanced materials, paving the way 
for innovative designs in next-generation technologies [195,196] 

The fabrication of conductive nanocellulose materials follows two main approaches, 
as illustrated in Figure 4. The first involves coating the NC surface with conductive mate-
rials such as nanocarbon, graphitic particles, silver or gold nanoparticles, and conductive 
polymers using methods like sputter coating, vapor deposition, or particle applications. 
In this approach, NC serves as a substrate or nanoscale template [197]. However, coatings 
often exhibit non-uniformity at larger scales, which can increase light scattering and re-
duce optical transparency. The second approach integrates conductive materials directly 
into the NC substrate to form composites, typically through techniques like in situ 
polymerization or blending. These methods are essential for composite fabrication. Fur-
thermore, various advanced techniques have been employed to create conductive nano-
cellulose patterns for green electronics applications, including green transistors, antennas, 
paper circuits, sensors, and electrochromic devices. 
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Figure 4. Schematic illustration of the generalized fabrication routes for NC-based conductive material. 

One broad class of fabrication strategy is surface coating, in which conductive mate-
rials are deposited or adhered onto preformed nanocellulose films or networks. Metallic 
nanoparticles (e.g., Ag, Cu) and carbon nanomaterials can be coated directly on nanocel-
lulose substrates, taking advantage of nanocellulose�s high surface area and porosity for 
ion transport and mechanical support. Surface coating is often straightforward and can 
yield flexible composite films when using conductive polymers or nanowires, but achiev-
ing uniform dispersion and maintaining optical transparency at higher loadings can be 
challenging due to uneven layers and light scattering [198]. 

In contrast to surface coating, embedding conductive materials within the nanocel-
lulose matrix via blending or in situ polymerization aims to create integrated conductive 
networks throughout the bulk composite. Blending methods mix nanocellulose suspen-
sions with conductive fillers such as carbon nanotubes, graphene, or MXene before film 
formation, which can yield continuous conductive pathways and enhanced electrome-
chanical stability during stretching and bending [199]. Meanwhile, in situ polymerization 
involves impregnating nanocellulose with monomers of conductive polymers (e.g., poly-
aniline, PEDOT:PSS) and initiating polymerization directly on or within the nanocellulose 
network [200,201]. This strategy often produces more uniform, three-dimensional conduc-
tive polymer networks anchored to the cellulose framework and can improve electrical 
conductivity and mechanical integration compared to simple coating. For example, in situ 
polymerization of PEDOT on CNFs has achieved conductivities in the order of ~10.55 
S/cm with notable electromechanical performance and flexibility, leveraging the synergis-
tic interaction between cellulose and the polymerized matrix [202]. 

Comparing these approaches reveals disadvantages in electrical performance, me-
chanical flexibility, transparency, and scalability. Surface coating can preserve high trans-
parency in thin conductive layers and maintain flexibility but may struggle with scalabil-
ity due to the difficulty of achieving uniform coatings on large areas. Embedded ap-
proaches such as blending and in situ polymerization enhance electrical performance and 
mechanical robustness by establishing deeper conductive networks, though increased 
filler content can reduce optical transparency. In situ polymerization often offers superior 
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integration of conductive polymers within cellulose matrices, potentially leading to scal-
able processes with tailored properties, but can involve multi-step chemistry and solvent 
considerations that must be optimized for industrial implementation [203,204].  

Overall, the properties of surface coating and embedding approaches (blending and in 
situ polymerization) for fabricating conductive nanocellulose material are shown in Table 4. 

Table 4. Summary of the physical, mechanical, and electrical properties of conductive nanocellulose 
fabricated using surface coating and embedding methods. 

Fabrication 
Method 

Electrical Perfor-
mance Mechanical Flexibility Transparency Scalability Ref. 

Surface coating 
(metal 

nanoparticles, 
conductive 

polymers on 
nanocellulose) 

Moderate—depends 
on coating 

continuity, sensitive 
to thickness and 

material type. 

Good—nanocellulose 
retains flexibility, thin 

conductive layers bend 
well. 

Often moderate to 
high—thin and 

uniform coatings can 
preserve transparency, 
but non-uniform layers 

may scatter light. 

Moderate—techniques 
like dip-coating or spray 
coating are practical, but 

uniformity over large 
areas can be challenging. 

[205–207] 

Blending (mixing 
carbon 

nanomaterials or 
metal particles into 

nanocellulose) 

High—continuous 
conductive 

networks yield 
enhanced 

conductivity. 

Excellent—embedded 
fillers improve 

mechanical stability 
during 

bending/stretching. 

Variable—high filler 
content reduces 
transparency. 

Good—blending with 
vacuum filtration or 
casting is compatible 
with scaling, though 
dispersion control is 

needed. 

[208,209] 

In situ 
polymerization 

(monomer 
polymerized within 

nanocellulose 
network) 

High—uniform 
conductive polymer 
networks improve 
charge transport.  

High—integrated 
polymer matrices 

maintain flexibility. 

Moderate—depends on 
polymer type and filler 

content; often less 
transparent than 
coated thin films. 

Moderate—low-cost 
chemistry and network 

formation help scale, but 
reaction control and 

solvent management are 
required. 

[210–212] 

In addition, recent studies demonstrate that conductive nanocellulose-based 
composites exhibit a broad range of mechanical modulus and electrical conductivity, 
primarily governed by the type of nanocellulose and conductive filler employed. As 
summarized in Table 5, well-percolated conductive networks formed within CNF 
frameworks, particularly with graphene or MXene fillers, enable electrical conductivities 
ranging from several hundred to above 103 S m−1 while maintaining high stiffness and 
strength, with moduli spanning hundreds of MPa to the GPa scale. These results highlight 
nanocellulose�s effectiveness as a mechanically robust scaffold that supports efficient charge 
transport when combined with two-dimensional or carbon-based conductive fillers [213]. 

Nanocellulose comprising cellulose nanofibrils (CNFs) and nanocrystals (CNCs) has 
emerged as a sustainable high-performance nanomaterial characterized by remarkable 
mechanical stiffness and strength, biodegradability, and tunable surface chemistry. These 
intrinsic attributes make nanocellulose an excellent reinforcement phase in composites 
intended for structural and multifunctional applications. However, its native electrical 
insulating nature necessitates integration with conductive fillers (e.g., graphene, MXenes, 
carbon nanotubes) to engineer electrically conductive composites. This integration 
inevitably introduces a fundamental trade-off between mechanical modulus and electrical 
conductivity because conductive pathways typically require high filler loadings that can 
disrupt the nanocellulose network and weaken mechanical reinforcement [214]. 

In conductive nanocellulose composites, increasing conductive filler loading 
enhances electrical percolation and conductivity but may also induce filler agglomeration, 
phase separation, or weakened interfacial bonding, leading to reduced Young�s modulus 
and tensile strength [215]. This trade-off is widely reported for materials developed for 
flexible electronics and electromagnetic interference (EMI) shielding. To address this 
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challenge, interface engineering strategies, such as surface functionalization of fillers or 
nanocellulose, have been shown to improve compatibility and stress transfer. For 
instance, polyethylene glycol (PEG)-modified nanocellulose/graphene composites 
achieved enhanced tensile strength (~30.56 MPa) alongside measurable electrical 
conductivity (~5.67 S m−1), demonstrating that optimized interfaces can partially decouple 
mechanical and electrical performance [216]. 

Beyond chemical modification, hierarchical and layered architecture provides an 
effective route to multifunctional optimization. Vacuum-filtered and gradient-structured 
CNF/MXene composites spatially confine conductive phases within a mechanically robust 
cellulose framework, enabling high conductivity without sacrificing modulus. Gradient 
and sandwich-structured CNT/MXene/CNF papers fabricated via vacuum-assisted 
filtration have achieved conductivities of ~2506.6 S m−1, tensile strengths of ~97.9 MPa, and 
strong EMI shielding effectiveness, underscoring the importance of structural control in 
balancing stiffness and electrical functionality [217]. 

Despite these advances, trade-offs between conductivity and mechanical 
performance remain evident. MXene- and graphene-based systems typically favor high 
conductivity at the expense of ductility, whereas CNT-based nanocellulose composites 
often exhibit moderate conductivity (S cm−1 range) with improved toughness and 
flexibility, making them suitable for stretchable and wearable applications. These trends 
emphasize the critical role of optimized filler dispersion, interfacial bonding, and 
architectural design in achieving balanced performance [218]. Overall, recent progress 
suggests that rational interface engineering and hierarchical structuring can enable 
sustainable nanocellulose-based conductive composites to approach the performance of 
conventional synthetic or metallic materials while offering enhanced environmental 
compatibility [219]. Some examples of the mechanical modulus versus conductivity trade-
offs of currently fabricated conductive nanocellulose composite materials are shown in 
Table 5. 

Table 5. Mechanical modulus versus and conductivity trade-offs of conductive nanocellulose 
composite samples. 

Composite System Nanocellulose 
Type Conductive Filler Mechanical Modulus/Strength Electrical 

Conductivity Ref. 

NF/MXene composite (EMI 
shielding) CNF Ti3C2Tx MXene Tensile strength ~97.9 MPa; 

Young�s modulus ~2.6 GPa ~2506.6 S/m [217] 

CNF/MXene composite film 
CNF 

(nanofibrils) 
Ti3C2Tx MXene Tensile strength ~252 MPa ~443.5 S/cm [220] 

CNF/graphene composite 
film 

CNF 
Exfoliated 

graphene (20 
wt%) 

Elastic modulus ~8.0 GPa; tensile 
strength ~389 MPa 

~568 S/m [221] 

CNF/CNT/MXene aerogel CNF CNT + MXene 
Up to 80% compressibility and 

extraordinary fatigue resistance of 
1000 cycles at 50% strain 

~2400 S/m [222] 

CNC/rGO laminated 
membranes 

CNC 
Reduced 

graphene oxide 
Not specified mechanically, but 
higher CNC reduces modulus 

Up to ~5000 S/m 
(laminated) 

[222] 

CNF/CNT/PDMS 
nanocomposite 

CNF CNT network 
Young�s modulus ~805 MPa; 

tensile strength ~18.3 MPa 
~0.8 S/cm [223] 

Cellulose + CNT composite 
fiber  

Nanocellulose 
(mixed 

cellulose) 
CNTs (5–30 wt%) 

Young�s modulus tuned to ~90 
MPa 

~8.3 × 10 S/cm [224] 

The mechanisms of improving the conductivity of nanocellulose using conductive 
materials collectively enable a low-resistance, three-dimensional conductive network 
throughout the composite, which is essential for high electrical performance in flexible 
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electronics [218]. For instance, a central challenge in fabricating conductive nanocellulose 
composites is overcoming the intrinsically insulating nature of cellulose (band gap ≈5.7 
eV), which otherwise limits charge transport when combined with conductive fillers. To 
address this, interfacial chemistry must be engineered so that conductive fillers such as 
conductive polymers (e.g., PEDOT:PSS), carbon nanotubes, graphene, or metal 
nanoparticles are not merely physically mixed but are chemically or electrostatically 
integrated with the cellulose matrix. Without proper interfacial interactions, hydrophilic 
nanocellulose tends to aggregate via hydrogen bonding, while hydrophobic conductive 
components experience poor wetting and dispersion, leading to isolated conductive 
islands rather than a percolating network necessary for efficient electron transport 
[225,226]. Proper surface functionalization, including oxidation, the introduction of 
charged groups, or the grafting of computerizing moieties, enhances matrix–filler 
compatibility and reduces agglomeration, thereby promoting uniform filler dispersion 
and continuous conductive pathways throughout the composite. This tailored chemistry 
is a key factor in achieving strong electrical performance alongside mechanical integrity  

A fundamental mechanism by which functionalization improves nanocellulose 
composite performance is through modifying surface groups to create strong interfacial 
adhesion and favorable electrostatic interactions. Introducing ionic or polar groups (e.g., 
via oxidation or sulfation) on the nanocellulose surface increases its hydrophilicity and 
surface charge density, which stabilizes dispersions and enhances interactions with 
conductive polymers or charged fillers [70]. In the case of PEDOT:PSS/nanocellulose 
composites, enhancing surface area and controlling surface chemistry have been shown to 
promote ordered alignment of PEDOT chains along the cellulose scaffold, significantly 
boosting electrical conductivity (up to ∼252 S cm−1) by facilitating π–π stacking and 
continuous charge pathways. This alignment arises because a high nanocellulose surface area 
provides abundant adsorption sites and promotes phase separation that orients conductive 
polymer domains in ways conducive to electron transport across the interface [204]. 

Beyond surface charge, covalent functionalization or grafting strategies can further 
improve electrical performance by creating strong chemical bridges between fillers and 
the cellulose matrix [227,228]. For example, covalent grafting of polymer chains or 
functional groups onto graphene or carbon nanomaterials enhances their compatibility 
with nanocellulose, reduces interfacial resistance, and facilitates better load transfer and 
electron mobility across interfaces. Mechanistic modeling and experimental studies 
demonstrate that interfacial conduction and tunneling effects are highly sensitive to 
interface quality, filler aspect ratio, and interfacial conduction pathway parameters that 
are strongly influenced by surface chemistry. Effective functionalization reduces 
interfacial gaps and promotes electron tunneling between neighboring conductive 
domains, lowering the percolation threshold and enabling robust electrical networks at 
lower filler loadings [229–231]. 

Driven by these advances in interfacial engineering, extensive research efforts have 
focused on the development of NC-based conductive materials for electrical and electronic 
applications that demand both sustainability and enhanced functional performance. This 
growing interest arises from the outstanding physical, mechanical, and chemical properties of 
nanocellulose, along with the increasing demand for biomaterial-based and flexible electronic 
devices [113]. Paper-based flexible conductive devices, for example, have been utilized in 
photovoltaics, antennas, solar cells, substrates for OLED displays, transparent conductive 
electrodes, and electronic circuits such as field-effect transistors. A few of the applications of 
nanocellulose composites in electronics include batteries, capacitors, flexible electronics, 
conductive paths, sensors, actuators, etc., as depicted in Figure 5. These applications include 
increased or unique features, as well as applications in electrical and electronic sustainability, 
such as organic photovoltaic devices, printed foldable antennae, thin film transistors (TFTs), 
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organic-light-emitting diodes (OLEDs), electrodes for LEDs, organic solar cells, and resistive 
touch screens [232–234]. 

 

Figure 5. Schematic diagram of nanocellulose-based conductive composite applications in electronics. 

In recent years, studies have been intensively interested in the manufacturing of 
electronics from conductive nanocellulose-based substrates with organic semiconductors 
deposited on them. Research conducted by Jesper Edberg et al. [235] developed flexible 
electrochemical circuits from a poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) nanocellulose composite. The findings demonstrate that when 
nanocellulose is immersed in a PEDOT:PSS solution, it develops semiconductive 
materials. Using “cut and stick” PEDOT:PSS nanocellulose composites, this 
semiconductive material was used to produce electrical circuits such as organic 
electrochemical transistors (OECT), supercapacitors, and diodes. These devices were 
employed to construct digital circuits such as NOT, NAND, and NOR logic. Moreover, 
Yuen et al. [236] developed a thin-film organic electrochemical transistor and an ultrathin 
microbial nanocellulose wicking membrane combined in a biocompatible decal that 
gathers, transmits, and integrates biofluid. 

An OECT decal was fabricated on a 10–15 µm thick nanocellulose substrate, 
incorporating an inkjet-printed SU-8 isolation layer, and exhibits a symmetric negative–
positive drain–source I–V sweep, as shown in Figure 6A. A simulated sweat solution was 
applied to the nanocellulose surface surrounding the decal and allowed to infiltrate for 15 
min. Before sweat exposure, the device displayed a high source–drain current of 
approximately 10 mA that was independent of gate voltage, indicating the absence of 
transistor behavior (Figure 6B). The OECT decal operates within the physiological NaCl 
concentration range of human sweat. As shown in Figure 6C, vertical wicking 
significantly enhances response time, with the current reaching its minimum in less than 
30 s on a cotton pad, compared to approximately 40 min on a glass slide, demonstrating 
more efficient fluid delivery. After sweat application, the device exhibits typical normally 
ON OECT characteristics, where increasing the gate voltage effectively modulates the 



Sustainability 2026, 18, 1511 20 of 65 
 

https://doi.org/10.3390/su18031511 

current, reducing the source–drain current to below 1 mA and down to 14 µA. This 
corresponds to an ON/OFF ratio of 428 while maintaining low gate leakage current, as 
illustrated in Figure 6D. 

 

Figure 6. Schematic pictures of an OECT device (A), drain voltage (B), gate transfer curves of an 
absorbent cotton pad that contained a biofluid (C), and the transfer curve�s dependence on different 
NaCl concentrations in the simulated sweat (D) [236]. 

Similarly, nanocellulose-based organic photodiodes, which are made by coating 
cellulose with silver nanowires (AgNWs), are advancing the next generation of imaging 
technologies by facilitating integration into smartphones, automotive systems, and a 
variety of other sectors, such as biomedicine, education, environmental monitoring, 
optical communications, pharmaceuticals, and machine vision [237,238]. Furthermore, 
Grishkewich [195] found that organic light-emitting diodes on cellulose nanocrystal 
substrates have higher analogue current efficiency (42.7 ± 9.8 cd/A at 100 cd/m2) compared 
to glass substrates (45.5 ± 10.0). In addition to giving an extra benefit from this substrate, 
the fact that it is dispersible in water allows the device to be recycled. 

Additionally, in a study by Wan et al. [239], the authors investigated polyaniline 
simultaneously deposited on the surface of graphene nanosheets and bacterial cellulose 
nanofibers, resulting in a ternary composite with enhanced electrical conductivity on the 
bacterial cellulose/graphene nanosheet nanocomposite. The study examined the impact 
of processing parameters on the physical, mechanical, electrical conductivity, and 
morphological properties of polyaniline, graphene nanosheets, and bacterial cellulose 
composites. The results indicated that integrating polyaniline enhances the composite�s 
electrical conductivity, making it suitable for electromagnetic shielding and flexible 
electrode materials. Another study by Xie et al. [240] produced an interesting 
biocompatible composite of bacterial cellulose and flexible, conductive polydopamine 
that provides dual electron and ion conductivity. Under neutral pH circumstances, 
dopamine was autopolymerized in situ within bacterial cellulose to produce this 
substance. The resulting bio-conductive electrodes performed superbly, making them 
ideal for flexible biosensors and biological electrodes in wearable medical devices. 
Likewise, nanocellulose-based, recyclable, and biodegradable ultrasonography and 
electromyography signal-detection wearable electrodes were developed by Lengwan Li 
[241]. Based on the findings, an ultrasonic (US) transparent electrode, made of a cellulose 
substrate and PEDOT:PSS, was developed for simultaneous detection of surface 
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electromyography (sEMG) and ultrasonic (US) signals. The cellulose substrate�s 
transparency was not significantly affected by pretreatment techniques, while CaCl2 
treatment reduced US transparency. The holo-CNF-based electrode was the most flexible, 
showing potential for clinical use in the future, as depicted in Figure 7. Figure 7A shows 
the development of 3D-printed cellulose-based electrodes incorporating PEDOT:PSS/EG 
ink. Among the tested mesh designs, the three-layer 9 × 9 squares exhibited the highest 
conductivity and adequate ultrasound transparency for sEMG signal recording. Figure 7B 
depicts the electrode setup for simultaneous ultrasound (US) and sEMG measurements. 
Prior to testing, the electrode surface was wetted to ensure proper skin–transducer 
contact, and force data were collected simultaneously during the MVC test. Finally, Figure 
7C presents the sEMG signals (blue) and isometric force data (red) recorded using TOCN, 
TOCN(Ca2+), holo-CNF, TEMPO pulp, and commercial electrodes during maximum 
voluntary contraction. 

 

Figure 7. Printed PEDOT: PSS lines on TOCN substrates (A), electrode placed on the biceps brachii 
(B), and EMG signals (blue line) and isometric forces (red line) (C) [241]. 

Beyond this, numerous studies emphasize how important nanocellulose is for use in 
electronics. For instance, bacterial cellulose�s promise in next-generation electrochemical 
devices was demonstrated recently when a unique gel electrolyte was created by covering 
it with layers of alginate and chitosan. A lot of research has also been done to develop new 
nanocellulose-conductive composites for cutting-edge applications that have improved 
intrinsic properties, such as optical, mechanical, thermal, barrier, and insulating qualities, 
as well as/or multiple functions (e.g., fire-retardant, magnetic, and electrical properties) 
[79]. As a result, its use is expanded beyond traditional domains to burgeoning high-tech 
fields in the electronics industry, including electrical and photonic devices, clean energy, 
biomedicine, sensing, and the environment. For example, conformal electronic decals 
were developed based on a polysaccharide circuit board (PCB) consisting of a thin 
nanocellulose film and a thick water-soluble pullulan layer (Figure 8A,B). The findings 
indicate that nanocellulose-based films, owing to their excellent in vivo and in vitro 
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biocompatibility, favorable wettability, and nanoscale surface roughness, hold significant 
potential for clinical applications, including cortical neural electrode arrays for 
neurological disorder diagnosis. The developed flexible cortical neural electrode (Figure 
8C), using a pure nanocellulose substrate, demonstrated a 13% increase in human 
neurotypic cell viability and more stable multisite recordings of epileptiform activity in 
rat brains compared to electrodes made from PET. Additionally, Park et al. developed 
high-performance, transparent, biodegradable, and non-toxic photodetectors on 
nanocellulose substrates, showing excellent electrical performance and mechanical 
stability, paving the way for eco-friendly, disposable sensing devices, as shown in Figure 
8D. These devices show excellent electrical properties, including a saturation mobility of 
1.4 cm2 V−1 s−1, and maintain stable performance under mechanical bending. This study 
highlights the potential of nanocellulose films as low-cost, eco-friendly substrates for 
disposable photodetectors [242]. 

 

Figure 8. Cross-sectional electronic device circuit boards (A), film decal transfer with conductive 
traces conforming to an epidermal surface (B), a neural electrode array on flexible pure 
nanocellulose film (C), schematic diagram of a bottom-gate/top-contact organic phototransistor (D), 
structure of an IGZO transistor on pure nanocellulose film with a bilayer channel (E), and 
transparent organic field-effect transistors (OFETs) circuit diagram (F) [79], with the permission of 
Elsevier under license no. 6145741311659. 

Ning et al. [243] achieved high-performance oxide TFTs on nanocellulose films using 
a bi-layer IGZO channel and room-temperature fabrication, avoiding thermal damage. 
The devices showed excellent electrical characteristics, including high mobility, a large 
I_on/I_off ratio, and low subthreshold swing. The resulting devices exhibited a saturation 
mobility of 15.8 cm2/(V·s), an I_on/I_off ratio of 4.4 × 105, a threshold voltage of −0.42 V, 
and a subthreshold swing of 0.66 V/dec. (Figure 8E). Furthermore, Huang et al. [244] 
developed FETs on TEMPO-oxidized CNF films, using the material�s ionic conductivity 
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to form an electric double layer, enabling low-voltage operation (<2 V) while the film acted 
as both substrate and dielectric, as presented in Figure 8F. 

Additionally, the design, fabrication, performance regulation, characterization, and 
application of pure nanocellulose film with a typical thickness of less than 100 µm have 
resulted in a novel class of disposable optoelectronic products [245]. These nanocellulose-
based optoelectronic materials have been employed by various commercial products such 
as photovoltaic solar cells, transistors, circuit boards, LEDs, sensors, actuators, batteries, 
supercapacitors, energy harvesters, breathalyzers, and diagnostic devices. Moreover, 
current research highlights the challenges and future directions for paper-based 
substrates, emphasizing their role in advancing sustainable, green optoelectronics. 
Researchers have been investigating sustainable substitutes for magnetic and magneto-
electronic components in the field of magnetic nanocellulose materials, taking advantage 
of the material�s excellent mechanical characteristics and nanoscale surface roughness 
[79]. There are numerous methods for making nanocellulose sheets magnetic. To create 
functional magnetic membranes, appropriate for cutting-edge applications, these 
methods include sputtering magnetic materials directly onto nanocellulose films, the in 
situ synthesis of magnetic NPs on the nanocellulose surface, or mechanically blending 
FeO4 nanoparticles (NPs) within the nanocellulose network. For instance, sputtering 
magnetic material onto the nanocellulose film or mechanically combining in situ-
synthesized magnetic nanoparticles on the nanocellulose surface to immobilize FeO4NPs 
in a nanocellulose network [246]. By keeping conductive AgNWs inert in a nanocellulose 
structure, a miniaturized printed flexible antenna was manufactured, which naturally 
features a dielectric constant (k) value up to 5.3 [247]. This antenna can be used as a 
wearable device in soft armor and body gear. In addition, technological advancements 
have made it possible to create proximity sensors with great resolution and sensitivity 
that can detect small objects. A transparent, stretchy, and stretch-unresponsive capacitive 
touch sensor panel was developed, with precisely designed proximity sensors that use 
reduced graphene oxide electrodes and nanowires of silver to sense the presence of 
adjacent objects without making physical contact. Wearable and skin-mounted medical 
devices, biomedicine, nanorobotics, security and defense systems, and robotics are just a 
few of the many fields in which these sensors find use [248]. 

6.2. Nanocellulose in Flexible Electronics 

Flexible electronics, which are significantly slimmer, more structurally flexible, and 
more durable than standard electronics, are progressively replacing rigid electronics in 
modern electronic gadgets due to their multiple benefits [249,250]. Much proof of concept 
has been demonstrated on flexible electronics, demonstrating comparable device 
efficiency compared to conventional stiff electronics [118]. One of the most important 
applications for these materials is for the manufacturing of flexible substrates, which 
ultimately dictate the manufacturing method, production cost, mechanical flexibility, and 
device performance [251,252]. For instance, solar cells [253], touchscreens [254], transistors 
[255], OLEDs [256–259], and self-powered human-interactive transparent flexible systems 
are just a few of the electronics that have recently been built using nanocellulose-based 
substrates [260]. 

From Figure 9A, it can be seen that Electroluminescence occurs through four key 
steps: (1) charge injection, (2) charge transport, (3) charge recombination, and (4) light 
emission. When an external voltage is applied, electrons and holes are injected from the 
cathode and anode, respectively, and move through the organic layers. Electrons travel 
via the lowest unoccupied molecular orbital (LUMO) and holes travel via the highest 
occupied molecular orbital (HOMO) toward the recombination zone, or emissive layer, 
where electron–hole pairs (excitons) form. The recombination of these excitons produces 



Sustainability 2026, 18, 1511 24 of 65 
 

https://doi.org/10.3390/su18031511 

visible light through radiative decay, alongside some non-radiative decay. Carrier 
transport occurs mainly through a hopping mechanism, requiring sufficient energy to 
overcome interfacial barriers between materials. Further, Pinto et al. [261] developed 
transparent composites prepared by bacterial cellulose and castor oil-based polyurethane 
as a substrate for flexible OLEDs. The authors observed that the composites exhibited 
significantly higher transmittance than pristine BNC, with an increase of over 62% at 350 
nm. Specifically, the BNC-PU72 and BNC-PU120 substrates achieved high transmittance 
of approximately 82% and 90% at 700 nm, respectively (Figure 9B). The BNC-PU 
composites also displayed extremely low surface roughness (<1 nm) compared to 32 nm 
for pristine BNC. Additionally, they demonstrated good thermal stability (above 250 °C) 
and excellent mechanical performance, with tensile strength reaching 69 MPa and 
Young�s modulus up to 6 GPa and a maximum luminance of 231 ± 18 cd/m2 versus the 
485 ± 8 cd/m2 exhibited by the reference OLED, as shown in Figure 9C. Furthermore, both 
p-type and n-type devices were developed by Sharova [255], enabling complementary 
logic circuits gated by chitosan. An inverter was fabricated using chitosan-gated 
transistors on an ethyl cellulose substrate, as shown in Figure 9D. The resulting logic gate 
exhibited a voltage transfer characteristic (VTC) with an inversion threshold (V_inv) of 
approximately 0.45 V at V_DD = 1 V, close to the ideal V_DD/2, which could be further 
optimized by adjusting transistor geometry. The inverter also demonstrated a high gain 
of about −19 at the logic transition, as shown in Figure 9E. It is very appealing to produce 
flexible materials for a variety of applications because of their high mechanical strength, 
structural flexibility, reinforcing capabilities, and customizable self-assembly behavior, as 
well as their ease of processing [262]. Skin electronics that are stretchy, elastic, and even 
self-healing blend in perfectly with human skin and have been suggested for a number of 
exciting uses in biomimetic prostheses, autonomous artificial intelligence (such as robots), 
and medical diagnostics [263]. Recent advancements have focused on hybrid conductive 
systems that synergistically enhance electrical performance. For instance, cellulose 
nanofiber (CNF)/PEDOT:PSS/MXene ternary composites demonstrate exceptional 
electrical conductivity (>1900 S cm−1) and robust mechanical properties, positioning them 
as promising candidates for high-performance flexible electronics and electromagnetic 
interference (EMI) shielding materials. These heterostructure films also exhibit 
substantially improved tensile strength and fracture strain compared to single-component 
counterparts [264]. Likewise, cellulose nanofibers functionalized with reduced graphene 
oxide (rGO) and metal oxides have been used to fabricate conductive films (~23.2 S/m), 
exploring sustainable feedstocks and structural control to influence charge transport, 
which is an important consideration in eco-friendly device design [265]. 

Conductive polymer–nanocellulose composites have also advanced flexible 
electronic component development. Porous PEDOT:PSS/CNF composite papers 
produced via vacuum filtration and post-treatment exhibit significantly enhanced 
electrical conductivity (>100 S/cm) and excellent bending stability, indicating their 
suitability for flexible energy storage devices, wearable sensors, and portable electronics 
[266]. Hybridization of nanocellulose with conductive polymers and carbon fillers such as 
graphene provides a route to tailor both mechanical flexibility and charge transport 
pathways, further enabling integration into diverse electronic architectures. In addition to 
conductive polymer and carbon-based systems, novel composite designs combining 
nanocellulose with MXene and elastomeric matrices like polydimethylsiloxane (PDMS) 
have been developed for strain-sensing applications. Such composites leverage the high 
conductivity of MXene lamellae and the flexibility of nanocellulose/PDM networks to 
achieve enhanced strain sensitivity, critical for wearable electronics and soft robotics [267]. 

Furthermore, nanocellulose-driven film has been incorporated into thin-film 
electronic devices such as thin-film transistors [268]. The study explores the use of 
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nanocellulose-driven films in thin-film electronic devices like thin-film transistors. While 
organic TFTs hold promise for next-generation display technologies, their practical 
implementation is constrained by poor mobility and material drawbacks, such as fibril 
aggregation, high hygroscopicity, reduced thermal stability, and increased costs arising 
from limited production efficiency, when compared with plastic films or glass. 

Despite promising applications, nanocellulose-based conductive composites face 
several critical limitations. Material intrinsic limits arise from nanocellulose�s insulating 
nature, requiring high filler loadings that can compromise mechanical flexibility and 
biodegradability [65]. Interface and dispersion challenges persist due to poor 
compatibility between hydrophilic nanocellulose and many conductive fillers, leading to 
aggregation and inconsistent electrical networks. Environmental stability is limited by 
sensitivity to humidity, temperature, and oxidative conditions, affecting long-term device 
reliability. Standardization and scalability issues hinder reproducibility and industrial 
translation, as lab-scale methods often fail to maintain performance at larger scales. 
Additionally, multifunctional integration remains underexplored, with few studies 
addressing simultaneous electrical, mechanical, and environmental performance within 
complete flexible electronic systems. Addressing these gaps is essential to advance 
nanocellulose composites toward reliable, scalable, and multifunctional flexible 
electronics. 

 

Figure 9. Structure of an OLED (A), optical transmittance spectra comparing the transparency of 
BNC-PU composites with the pristine BNC (B), current density curves for an OLED manufactured 
on BNC-PU72 and on ITO-coated glass substrates (C) [257], schematic representation of an inverting 
logic gate device realized with chitosan-gated transistors based on P3HT and P (NDI-C4- TEGMe-
T2) (D), and complementary inverter voltage transfer curve (VTC) and the corresponding derivative 
curve to extract gain as a function of input voltages (E) [255]. 

6.3. Nanocellulose in Wearable Electronics and Sensors 

Today, smart and intelligent fabrics are predicted to witness incredible growth in the 
future. The result of this renewed attention has been the expansion of industrial goods 
and the improvement of innovative technologies for incorporating electrical elements into 
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textile materials [269]. Here, we explore present perspectives on the development of 
electrically conductive textile substrates containing nanocellulose-based conductive 
substances and intrinsically conductive polymers. The use of flexible wearable electronics 
has been expanding in our everyday lives as a result of the Internet of Things (IoT) and 
the miniaturization of electronic devices [270]. Because of their superior deformability, 
soft feel, strength, light weight, good absorption, and moisture qualities, textile materials 
have drawn a lot of interest for the successful development of flexible electronics. 
Nowadays, fibrous textiles are recognized as the perfect material for the engineering and 
production of electronic devices [271]. 

Moreover, cellulose-based nanocomposite electronics have been used in the 
application of sensors in wearable E-textiles [272,273]. For instance, PDMS was used to 
combine crushed graphene and nanosized cellulose, which then created 3D macroporous 
nano-papers with excellent stretchability (up to 100%). Because of their strong mechanical 
resistance, deformability, and printability, tensile graphene nano-papers have been 
employed as strain sensors in wearable technology to track human activity [274]. By 
combining single-walled carbon nanotubes (CNTs) with 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO)-oxidized cellulose nanofibrils (TOCNs) with many sodium carboxyl 
groups on the crystalline nanocellulose surfaces, ultrastrong, transparent, conductive, and 
printable nanocomposites were effectively created. Both in dried composite film and in 
the water employed as the dispersion medium, surface anionic cellulose nanofibrils had 
nano-dispersing and reinforcing effects on CNTs, resulting in highly conductive and 
printable nanocomposites with a small number of CNTs. As a result, TOCNs are 
anticipated to be a flexible and efficient matrix that may be utilized as a substitute for 
traditional polymers in a variety of electrical materials when combined with graphene 
and carbon nanotubes [275]. Kim Taeil et al. produced disposable wireless ion-selective 
3D-printed biocompatible sensor devices with flexible, high-sensitivity, and distinctive 
features using a conductive ink that can be printed three times and optimized them using 
cellulose nanofibers and silver nanowires [276]. The utilization of nanocellulose-based 
composites in wearable E-textile sensors is presented in Table 6. 

Table 6. Application of conductive nanocellulose composites in wearable E-textile sensors. 

Types of Sensors Nanocellulose Composite Type Application Ref. 

Strain sensor 

CNF/CNT 
CNTs/AgNWs 

CNTs/graphene 

To demonstrate full-range body motion monitoring, 
resistive strain sensors were placed on human skin. 

Once movement was recognized, the resistance 
variation was recorded. 

[277] 

CNTs LiCl/N, N-dimethyl-acetamide 
Employed in soft robotics, artificial skins, capacitive 

strain sensors, and health monitoring equipment. 
[278] 

Temperature sensor 
Hybrids of CNF templated and 

carbon nanotube (CNT) with 
glycerol–water binary solvent. 

Wearable devices, electronic skins, and intelligent 
robots. 

[279] 

Proximity sensor 
Nanocrystal/reduced graphene oxide 

(CNC/GO) 
Electronics, optoelectronics, smartphones, punching 

machines, robotics. 
[280] 

Pressure sensor 
CNTs/AgNWs, PAM/DCNF 

(polyacrylamide/dicarboxylic 
cellulose nanofiber) 

Biocompatible substances, drug delivery, energy 
devices, wound dressings, and tissue engineering; 

human physiological signals as a flexible and 
wearable device. 

[281] 

Flexible tactile sensor 
AgNWs/NFC-HS TCEs 

nanocellulose/sulfonated carbon 
nanotube hydrogel, AgNW/NCF 

Flexible touch screen panels (f-tsps). [282,283] 

Humidity 
TiNP/CNC (titanium 

dioxide/cellulose nanocrystal 
composite) (CNC/CNT) 

Humidity sensors, wearable devices, non-toxic, 
industrial use. 

[284,285] 
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Chemical sensor AgNPs/SiO2/CNC 
Organic dyes and ionic sensors. 

Ratiometric fluorescent sensor array 
[286–288] 

Enzyme sensor 

Gold nanoparticle nanocellulose 
composite (AuNPs)/NCC 

glucose oxidase 
(GOx)/nanocomposite 

nanocrystalline cellulose (NCC) 

applications in medicine, biosensing, tissue 
engineering, pharmaceuticals, drug delivery, 

bioimaging, enzyme immobilization, and functional 
material reinforcement. Gas, chemicals, and protein 

sensing. 

[289,290] 

Ion sensor 

Composite of spherical nanocellulose 
(SNC) and diethylenetriamine 
(DETA), hybrid of microbial 

nanocellulose (MNC) and screen-
printed carbon electrodes (SPCEs) 

Ion sensors for applications, monitoring of body 
fluids in sweat, and healthcare. 

[291,292] 

Glucose sensor Glu 
Nanocellulose/polyvinyl 

alcohol/carbon dot hydrogels 
Blood glucose measurement. [293,294] 

pH sensors 
Silica nanoparticles (MSNs)/BC, 

black carrot anthocyanins/BC 
Food industry, environment, marine food. [295–297] 

Optical sensors Black carrot anthocyanins/BC 
Optical sensing applications, biochip for molecular 

recognition. 
[298] 

Fluorescent sensors 
Phen-MDI-CA/CNC encapsulates an 
ionic fluorescent dendrimer (AFD) in 

cellulose acetate nanofibers 
Nanoscale photosensor applications. [299–301] 

The use of nanocellulose as an electrical material in wearable sensors and actuators 
is one of the scientific advancements in wearable technology [294] applied in healthcare, 
sports, communication, entertainment, surveillance, and human–robot interfacing for 
industrial or entertainment purposes due to its properties, as shown in Figure 10. The 
recent literature on nanocellulose-based wearable sensors reports that they are widely 
used for strain, temperature, humidity, chemical, enzyme, glucose, flexible tactile, and 
pressure sensors, as well as body-motion tracking [302]. For example, Zaihua Duan [303] 
recently published a flexible sensor that measured humidity for multipurpose 
applications, based on a CNFeCNT paper-based humidity sensor proposed for low-cost, 
environmentally friendly construction. The sensor is constructed of ordinary printing 
paper and flexible conductive adhesive tape, with the paper acting as both a humidity 
sensing medium and a substrate. The sensor has an excellent humidity sensing response 
of over 103 and good linearity (R2 = 0.9549) across the 41.1% to 91.5% relative humidity 
range. Its versatility and compatibility make it appropriate for a wide range of 
applications, including breath rate, infant diaper wetness, noncontact switches, skin 
humidity, and spatial localization monitoring. The high resistance of the paper-based 
sensor enables easy signal processing. 



Sustainability 2026, 18, 1511 28 of 65 
 

https://doi.org/10.3390/su18031511 

 

Figure 10. Unique properties allow the use of nanocellulose in many biomedical applications. 

Similarly, wearable strain sensors developed using conductive nanocellulose 
hydrogel composites [304–306] are also used as sensing elements. These include graphene, 
PEDOT:PSS complex with equivalent mass or a smaller amount, or silver nanoparticles 
(AGNP). PEDOT:PSS/CNF is created by protonating CNF surface carboxylates and 
hydrogen bonding CNF surface carboxyls with PSS. These processes all contribute to a 
specific level of conductivity, which gives the hydrogel a detectable piezoresistive effect. 
It should be mentioned that this kind of sensor only uses CNCs and CNF [307]. Jian Zhou 
[308] related a nanocellulose aerogel based on conductive polymers for use in linearly 
responsive strain sensors that may be adjusted. Cellulose nanofibrils (CNFs) protonated 
with conductive PEDOT:PSS and encapsulated using a PDMS precursor have been 
formed into strong and highly conductive nanocellulose aerogels. As seen in Figure 11A, 
the outcome demonstrates that the produced strain sensors possessed high linearity and 
high sensitivity with regard to the applied strain. In addition, Chunxiao Zheng et al. 
created strain sensors that are extremely stretchy and self-healing by employing graphene 
supported by nanocellulose in electro-conductive hydrogels. Great stretchability, superior 
viscoelasticity, quick self-healing, and great healing efficiency are all features of the 
composite gels. With a gauge factor of roughly 3.8, as seen in Figure 11B, the strain sensors 
combined with GN-CNF@PVA hydrogel exhibit excellent responsiveness, stability, and 
repeatability, suggesting potential for wearable sensing devices. 
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Figure 11. Highly stretchable CNC-PANI strain sensors (A) and effects of strains of cyclic loading 
on ΔR/R0 CNC-PANI strain sensor (B) [308], adapted from American Chemical Society under 
licence no. 6145750088278. Stretchable GN-CNF@PVA hydrogel (C) and strain of the GN-CNF@PVA 
gels with corresponding resistance variations due to the strain (D) [309]. Nanocellulose-based 
highly sensitive self-healable strain biosensors (E) [310], adapted from Elsevier under permission 
number 6145750401100. In situ polymerization of PANI on CNCs and preparation of PVA 
composite film (F). Ag NW/FNC aerogel for multifunctional strain sensor and its gauge factors (G), 
[311] adapted from Elsevier under licence no. 6145750788947. NC and PDMs composite relative 
resistance change and gauge factors versus strain (H), [312] adapted from Elsevier under licence no. 
6145750788947. NC and PDMs composite relative resistance change and gauge factors versus strain 
(I), and their strain sensors for finger movement detections (J) [312]. 

In particular, the process consumes a large amount of alcohol, mainly ethanol, during 
the often-carried-out solvent exchange procedure [313]. Furthermore, various researchers 
have studied nanocellulose-based multifunctional sensors, which have properties of anti-
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freezing, anti-dehydration, and high flexibility [314,315] for operation in extremely cold 
environments. Likewise, Rahul Mangayil [316] investigated the potential application of 
BC films as a piezoelectric material. The experimental results showed that the physical, 
mechanical, and electrical properties of the produced BC film were promising as sensor 
materials. In addition, Lian Han et al. [310] used the percolated conductive network of 
cellulose nanocrystal–polyaniline (CNC-PANI) composites in a polyvinyl alcohol (PVA) 
matrix to design and build a composite film as a flexible strain biosensor. According to 
the analytical results, strain biosensors� strain-sensing behavior was defined by CNC 
alignment and percolated network-based conductivity optimization. The optimal sensing 
qualities were achieved by using the optimized 5% CNC, as shown in Figure 11C, and 
their percolation threshold was set at 4.278%. A multifunctional strain sensor has been 
developed by Rui Cheng [311] by utilizing a conductive silver nanowire (AGNWS)/nano 
fibrillated (NFC) composite. According to the analytical results, the resulting sensor has 
exceptional stability and durability (more than 10,000 cycles), a detection limit of 0.5% 
strain, a fast response time (180 ms), ultralow density (less than 13.58 mg/cm3), and 
suitable sensitivity (3.86 kPa−1). Importantly, as shown in Figure 11D,E, the integrated 
conductive network in aerogel simultaneously enables real-time monitoring of 
electrophysiological impulses and minor deformations, enabling the implementation of 
wearable technology, noise sensors, and automatic speed and loading detectors. The 
ΔR/R0 -strain curves for CNC 2.5%, 5%, and 7.5% are shown in Figure 11F. ΔR/R0 
increased monotonically with respect to strain and increased at an accelerated rate at 
larger strains. Furthermore, Figure 11G displays ΔR/R0 of SNA0.42–200 with increasing 
compression strain up to 80%, in which ΔR/R0 decreases steeply at a strain of less than 
10% and flattens at a strain of more than 10%. 

Another outstanding research project by Yin Zuozhu et al. [317] investigated a 
superhydrophobic photocatalytic self-cleaning nanocellulose-based strain sensor for full-
range human motion tracking, specifically finger twists, wrist movements, elbow bends, 
and knee movements. The conductive nanocomposite was synthesized from graphene 
slurry and lignocellulosic nanocellulose, utilizing scraping and dip-coating processes. 
Furthermore, Chaoyi Yan et al. [312] developed stretchable piezoresistive graphene–
nanocellulose nano-paper for strain sensors, incorporating them into an elastomer matrix. 
The study developed two types: flexible and stretchable nano-papers, with flexible nano-
papers able to withstand 6% strain and stretchy nano-papers up to 100%. Flexible and eco-
friendly TEMPO-oxidized cellulose paper was also produced [318]. The results show that 
the pressure sensor has a high durability of 104 loading/unloading cycles and a high 
sensitivity over a broad range (500 Pa-3 kPa). For a temperature differential of 125 K, the 
thermoelectric generator produces 1.7 mV of thermoelectric voltage. Additionally, the 
tactile sensor arrays exhibit long-lasting sensing performance, minimal interference, and 
a fast response. Another study by Huayu Liu [319] produced a multifunctional, 
superelastic, super-hydrophilic carbon aerogel with intriguing mechanical properties in 
order to produce encouraging outcomes in strain sensors and highly compressive 
supercapacitors. Regarding wearable temperature sensors, PAAm-CNF/CNT-Gly 
(PCCG) conductive organo-hydrogels were created by a straightforward one-step 
polymerization process and used in wearable electronic skins, intelligent robots with 
dependable response capabilities, and human–machine interaction platforms. 
Additionally, researcher Sheng Chen used carbonized bacterial nanocellulose and wood-
derived cellulose nanofibril composite aerogels to build a flexible, sensitivity-adjustable 
pressure sensor that operates in a wide pressure range (0–100 kPa) [320]. The sensors were 
produced from wood-derived dissolving pulp and carbonized bacterial nanocellulose 
(CBNC), and they act as piezoresistive material sensors that exhibit remarkable flexibility, 
a fast response, reliability, and especially adjustable sensitivity. Additionally, as 
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illustrated in Figure 12A, Cheng et al. [321] produced a self-powered flexible cellulose-
based thermoelectric sponge for wearable pressure sensors and energy harvesting 
electrodes. Its relative resistance varies with the pressure applied for pressure sensors 
with various active materials, as shown in Figure 12B. From the figure, three distinct 
regions can be identified: (i) an elastic region at strains (ε) below 20%, (ii) a plateau region 
between 20% < ε < 60%, and (iii) a densification region for ε above 60%. In the densification 
region, the sharp rise in stress with increasing strain is attributed to the collapse of pores. 

Figure 12. Structure illustration of the PEDOT:PSS covered by CP:PP sponge pressure sensor (A), 
and resistance–pressure curves obtained for one cycle (B). Resistance–pressure curves obtained for 
one cycle (C), and the change in resistance with cyclic pressure and release (D) [321], with 
permission from Chemical Engineering Journal under license No. 6145751493232. Self-healing, 
rheological, and tensile properties of CPPH (E). Cellulose-based single-electrode sweat sensor with 
different concentrations of Na+, K+, and Ca+ (F) [322]. Schematic illustration of assembled 
compressible pressure sensors (G). Relationship between the change in the relative current and the 
linear sensitivity of the pressure sensor (H). Pressure sensor on elbow swing and its relative current 
(I). Current signals from elbow swing (J) and wrist bending (J). Schematic illustration of the 
assembled compressible supercapacitor (K). CV curves of compressible supercapacitor at scan rates 
of 2–50 mV s−1 (L), and GCD curves at different areal current densities (M,N) [323]. 

Likewise, a conductive hydrogel based on bleached bagasse pulp cellulose was used 
to create a multipurpose, completely flexible self-powered sweat sensor [322]. PVA/borax 
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(PVAB) and 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-oxidized CNFs 
(TOCNF) were dynamically cross-linked with polyaniline (PANI) in situ to form the 
electrode. Based on the findings, the sweat sensor showed 0.6 S m−1 of conductivity, 1530 
percent stretchability, and 95% electrical and tensile self-healing efficiency in 10 s. The 
sweat sensor quantitatively measures the levels of Na+, K+, and Ca2+ in perspiration in real 
time using the triboelectric effect, as shown in Figure 12C [323], for the application of 
smart and wearable electronics in healthcare [324]. Compressible electrodes for 
supercapacitors are an additional use for this hybrid conductive aerogel. The results 
demonstrated that the generated material monitors both the pressure at 0.1–6.4 kPa and 
the current stability at 20% strain for 2000 cycles, as shown in Figure 12D. The link 
between the change in the relative current and the linear sensitivity of the pressure sensor 
is shown in Figure 12E, where I0 is the current without external pressure, ΔI is the relative 
change in the current, and ΔP is the change in external pressure. 

Recently, some of the reports on NC toward the construction of a novel wearable, 
edible, implantable, and sensitive electrochemical biosensor showed that a nanocellulose-
based conductive composite was developed. These biosensors were integrated systems of 
transducer-receptors that had a physicochemical detector for sensing biological analytes 
[63] such as glucose, cholesterol, human neutrophil elastase, human serum albumin, 
purines, bacteria, organic dyes, gas, toxic compounds, heavy metals [325], and drug 
sensors. For example, Semantan bamboo (Gigantochloa scortechinii) was used to create 
screen-printed electronic components, specifically PANi/CNC/IL/SPE quaternary 
composite hydrogel conductive materials, for a cholesterol biosensor through acid 
hydrolysis. The studies demonstrate the electrocatalytic properties of nanocomposites in 
relation to the hydrogen peroxide electrochemical process. The DPV approach was used 
to describe the redesigned electrode, which ranged from −1 to +1 V at a scan rate of 10 
mVs−1. The results showed promise for developing a new enzymatic biosensor for use in 
applications in industry as well as medical textiles [326]. Another study found that 1D 
nanocellulose-derived sensors can be used to improve glucose sensing because of their 
active surface features [327,328]. Nanocellulose is an ideal organic support material for 
enzyme immobilization due to its large surface area, unique particle size, and pore 
structure. Edible electronics is another fascinating field that has emerged recently. Drug 
release systems, scaffolds for tissue engineering, skin replacements for burns and wounds, 
stent coverings and bone reconstruction nerves, gum and durometer reconstruction, 
blood vessel growth, medications, and biosensors have all been developed in biomedicine 
recently using edible electronics [329]. For example, Alina S. Sharova [255] created 
chitosan-based ethyl cellulose inkjet-printed gold electrodes and gated organic transistors 
as a versatile substrate for edible electronics and bioelectronics. Subsequently, electronics 
based on nanocellulose were utilized as future edible electronics components in the way 
that a “smart pill” can serve as a sensor for internal body operations and digital 
medication intake monitoring in the context of treating chronic illnesses. Subsequently, 
electronics based on nanocellulose were utilized, with the potential, which has only been 
partially explored, to revolutionize modern biomedical technologies and devices 
[330,331]. 

6.4. Nanocellulose in Energy Storage Devices 

In recent decades, there has been a sharp increase in demand for renewable energy 
technology, including solar cells, lithium-ion batteries, and supercapacitors. Because of its 
exceptional mechanical, optical, and physical qualities, all necessary for the creation of 
high-quality energy devices, nanocellulose (NCs) has shown great promise [332]. 
Appropriate energy storage technologies are in high demand due to the proliferation of 
wearable and portable devices. Novel strategies for lithium-ion batteries (LIBs) and fiber-
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shaped supercapacitors (SCs) have been put forth to address these demands. A new 
flexible one-dimensional design with remarkable wearability, elasticity, and 
miniaturization is demonstrated via a state-of-the-art fiber-shaped device [333]. Recent 
developments include wire-shaped, helical, and serpentine designs based on 
nanocellulose that enable electronics to endure repetitive twisting, bending, and 
stretching without losing functionality. These power sources can be combined with 
flexible electronics that are stress-resistant and preserve electrochemical stability for 
17,000 flexure cycles at a 0.5 cm radius [334]. Flexible nanogenerators that successfully 
convert mechanical energy into electrical energy are being extensively researched because 
of their high potential for powering low-power personal electronic gadgets and self-
powered sensors [335]. The advancement of nanogenerators for mechanical energy 
harvesting is reviewed, with an emphasis on two key technologies: flexible piezoelectric 
nanogenerators (PENGs) and flexible triboelectric nanogenerators (TENGs). Kim et al. 
[336] studied a bio-triboelectric nanogenerator based on an eco-friendly and naturally 
abundant biomaterial, bacterial nanocellulose, with different input circumstances and 
structural characteristics. The results demonstrate that the BNC Bio-TENG�s electrical 
output performance under various input situations was considered due to the real-world 
fluctuation of mechanical energy. A moderate touch (input force of 16.8 N) and a load 
resistance of 1 MΩ can result in a peak power density and accumulative charge of roughly 
4.8 mW/m2 and 8.1 µC/m2, respectively, for the BNC Bio-TENG, as shown in Figure 13. 
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Figure 13. Optical and SEM images of bacterial nanocellulose before and after solubilization (A); 
schematic of the triboelectric energy generation process (B); BNC Bio-TENG performance test: 
rectified current (C); and accumulative charge at a load resistance of 1 MΩ (D). Dependence of the 
peak output current and voltage (E) and the instantaneous power output on external load resistance 
(F), [336], with permission from Elsevier under license no 6145761223086. 

The results show that a full-wave diode bridge can rectify the alternating signal 
generated by the BNC Bio-TENG into a direct current, which may then be stored in energy 
storage devices for later use (Figure 13A). Measurements of accumulative charge and 
power under simple input conditions were used to assess the device�s practical 
performance. A single cycle produces an accumulative charge of 8.1 µC/m2, which can be 
stored, as seen in Figure 13B. The load resistance determines the electrical output, and 
external loads are simulated using varying resistances. The peak voltage increases with 
increasing resistance and approaches the open-circuit voltage, as seen in Figure 13C, 
whereas the peak current falls because of Ohmic losses. As a result, at a load of 1 MΩ, the 
instantaneous peak power reaches its maximum, resulting in a peak-power density of 
roughly 4.8 mW/m2 (Figure 13D). 

Additionally, a gel electrolyte for electric double-layer capacitors (EDLCs) was 
created by Kotatha [337] using bacterial cellulose coated with alternating layers of 
chitosan and alginate. In solid-state EDLCs, which can take the place of liquid-based 
electrolyte systems, this gel included 1-ethyl-3-methylimidazolium tetrafluoroborate and 
a composite separator. Flexible nanocellulose-based composites for flexible functional 
energy storage devices are manufactured using 1D (twisting, wet spinning, and 
microfluidic spinning), 2D (electrospinning, printing, and vacuum filtration), and 3D (3D 
printing, supercritical drying, and laser cutting) technologies, as illustrated in Figure 14 
[338,339]. 
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Figure 14. Illustration of fabricating nanocellulose-based flexible composites. Chemical reduction 
methods of (AgNPs–cellulose composites) (A) [340]. Scalable synthesis of TCNF/CNT fibers using 
wet spinning (B), [341] reproduced with permission under license no. 6145860394453. Preparation 
of nanocellulose composite by using microfluidics (C). Relative resistance changes of hollow fiber–
CNTs with varying degrees of swallowing (D). Hollow fiber–CNTs detection of electromyographic 
signals (E) [342]. Developments of nanocellulose by electrospinning (F) [343]. The deposition of 
PPY/CNCs on fiber substrate by inkjet printing (G), [344]. Development of nanocellulose-based 
membranes through vacuum filtration (H) [345]. Laser-cutting process for nanocellulose-paper-
based microfluidic microchannel fabrication (I) [346]. NC 3D printing by extrusion (J) [347], and 
adoption of 4D printing technology (K) [348]. 

Figure 14 summarizes various advanced cellulose-based fabrication techniques for 
functional materials and devices. The physical method involves separately preparing 
cellulose and silver nanoparticles and mixing them, with cellulose acting as a carrier; 
however, weak bonding leads to poor washing durability despite high silver loading. To 
overcome this, the in situ chemical reduction method allows the slow growth of small 
silver nanoparticles, with cellulose serving as both a reducing agent and a matrix, 
improving particle stability (Figure 14A) [340]. A hybrid liquid crystal (LC) phase of 
tunicate cellulose nanofibrils (TCNF) and CNTs achieves optimal packing as components 
align into domains, with TCNF effectively dispersing CNTs in water without additives. 
The concentrated TCNF/CNT LC dope maintains colloidal stability and birefringence, 
enabling continuous fabrication of meter-scale CNT/TCNF fibers via standard roll-to-roll 
wet spinning (Figure 14B) [341]. Hollow fibers fabricated via microfluidics exhibited a 
clear, stable interface between core and shell solutions, and replacing the inner phase with 
MC, HPMC, or PEG still produced well-formed structures. Low interfacial tension (<0.1 
mN m−1) minimized mass transfer, allowing the inner phase to be rinsed away after 
solidification to yield intact hollow fibers (Figure 14C). 

Hollow fiber–CNTs applied to the throat successfully detected subtle motions such 
as swallowing, with laryngeal movement inducing ∆R/R0 signals that scaled with 
swallowing intensity. They also functioned effectively as EMG electrodes, generating 
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distinct waveforms that reliably reflected muscle activity (Figure 14D,E) [342]. 
Electrospinning remains a widely used method for fabricating conductive nanofiber 
composites, producing high-surface-area fibers with tunable porosity and strong 
mechanical properties. These fibers can be functionalized for integration into sensors and 
biosensors, making them suitable for strain detection, wearable devices, and EMG or 
biochemical monitoring (Figure 14F) [343]. In addition, conductive nanocellulose 
composites can be deposited via dual-nozzle inkjet printing, where a Py/CNC solution 
and APS oxidant enable in situ polymerization that penetrates and adheres to the 
substrate. For PET substrates, PVA enhances bonding, resulting in robust, highly 
conductive layers (Figure 14G) [344]. 

Conductive nanocellulose-based membranes can also be produced via vacuum 
filtration, forming uniform, free-standing films with controlled thickness and high 
mechanical strength. Incorporating conductive materials such as CNTs, graphene, or 
metal nanoparticles enhances electrical conductivity for applications in flexible sensors, 
energy storage, and wearable electronics (Figure 14H) [345]. These membranes can further 
be patterned using a facile laser-cutting process, enabling rapid fabrication of paper-based 
microfluidic channels with integrated conductive pathways for flexible electronics and 
lab-on-paper devices (Figure 14I) [346]. 

Additive manufacturing techniques also play a key role: a 25.45 wt% nanocellulose 
paste was 3D-printed via a twin-screw extruder and 1.51 mm nozzle, with optimized feed 
rate, speed, and layer compression ensuring strong layer adhesion. The printability of 10–
20 wt% PVA-blended NC pastes was confirmed through continuous, layer-wise 
structures guided by CAD-generated G-code (Figure 14J) [347]. Finally, a sustainable 
cellulose-hydrogel composite ink combining carboxymethyl cellulose and cellulose fibers 
(~50% fiber volume) was developed for 4D printing. Enhanced with montmorillonite clay 
for improved storage and extrusion, the ink enabled smooth printing of complex 
structures capable of predictable morphing in response to hydration and dehydration 
(Figure 14K) [348]. Recently, 3D networks of nanocellulose-based energy storage devices 
have evolved for carbon-electrode applications, representing clear alternatives to the 
current carbon material monopoly (carbon nanotubes, reduced graphene oxide, and 
derivatives). Nanocellulose-based conductive nanomaterials for energy applications were 
significant, and there have been promising breakthroughs in this area, such as solar 
energy harvesting [349], solar cell electrodes [350], photoelectrochemical water splitting 
[351–353], converting solar energy into hydrogen fuels [354], energy storage applications 
[355,356], and nanogenerator developments [357–359]. 

6.5. Nanocellulose in Capacitors and Supercapacitors 

Rechargeable batteries, supercapacitors, and hybrid capacitors are examples of 
electrochemical energy storage (EES) technologies that have received a lot of attention 
over the last three decades as sources of electricity for electric vehicles and portable 
electronics due to their high capacity for energy, long service life, and security features 
[360–362]. The demand for better performance has driven an ongoing interest in materials 
and structural engineering. Aside from this, nanocellulose composites have emerged as 
appealing possibilities because of their unique mix of electrical conductivity, flexibility, 
and ease of fabrication [363]. By integrating battery electrode materials into cellulose 
paper, paper batteries with good performance, great flexibility, and low cost can be 
accomplished [14]. Research groups are working on producing nanocellulose-based 
supercapacitors due to their properties, such as high surface-area-to-volume ratio, 
Young�s modulus, tensile strength, thermal stability, hydrogen-bonding capacity, 
biocompatibility, environmental friendliness, and nontoxicity [364]. These properties 
make nanocellulose an attractive material for energy storage applications, potentially 
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leading to more efficient and sustainable electronics. As research progresses, advances in 
processing techniques and material integration may improve the performance and 
scalability of these supercapacitors. These inventions could transform energy storage, 
reducing reliance on fossil fuels and promoting greener technology. Interdisciplinary 
collaboration is crucial for overcoming current hurdles and realizing the full potential of 
these new materials, including electric vehicles and renewable energy systems [365]. The 
integration of many components with distinct properties into a single device appears to 
be a potential strategy for next-generation flexible electronics. Table 7 displays some study 
findings demonstrating various hybrid nanocomposites for flexible energy storage. 

Table 7. Nanocellulose conductive composite for supercapacitors. 

Electrode Active Materials Properties Features Ref. 

NC carbon, carbon black 
and CNTs composite 

CNT, +graphite, 
carbon, CB 

The CA-800 at 800 °C demonstrated the highest specific 
surface area of 658.53 m2/g and a specific capacitance of 

172.7 F/g. With an energy density of 4.5 Wh/kg, the 
specific capacitance retention rate after 5000 cyclic 

voltammetry tests is around 89.43%. 

[366–368] 

NC graphene composite Graphene,  
exfoliated graphite 

Possessed excellent cycling performance, good 
magnification, and a large capacitance (468 F/g at a scan 

rate of 2 mV/s) (capacity retention after 10,000 
charge/discharge cycles at 1 A/g is more than 81%). 

[369–371] 

NC metal particles 
composite AgNO3 

The Bio-AC/rGO/CNF negative electrode created has a 
significantly larger areal capacitance (1625 mF cm−2). 
The hybrid aerogel�s hierarchical structure allows for 
efficient electrochemical deposition of MnO2 (33.9 mg 

cm−2), resulting in a high-capacitance pseudocapacitive 
electrode (4.8 F cm−2). 

[372–374] 

NC conductive 
polymers composite 

PPY, PANY, PVA. 
The negative electrode is made of carbon nanofibers, 

whereas the positive electrode is made of polypyrrole-
covered Cladophora cellulose fibers. 

[375–377] 

A researcher, Helen H. Hsu [378], created a metal-free, nanocellulose conductive 
composite supercapacitor that is made by vacuum-driven filtration and put together in 
sandwich structures for a variety of uses, including industrial energy storage, wearable 
electronics, hybrid electric vehicles, and biomedical applications like e-skins. This study 
created and manufactured sandwich-like supercapacitors using a metal-free 
nanocellulose-based PANI/RGO electrode that has exceptional conductivity, mechanical 
strength, and flexibility. To reduce the macropore volume of the resulting PPy-NCF 
composites while maintaining the volume of the micro- and mesopores, quaternary amine 
groups are added to the surface of NCFs prior to polypyrrole (PPy) polymerization. 

As a result, the capacitance has increased and surface nanocellulose fibers have been 
changed [379]. The excellent conductivity of nanocellulose supercapacitors has been 
achieved by the composite electrode�s large active material mass loading ratio of 16.5 
mg/cm2 and the completed supercapacitor�s tiny impedance of 3.90 Ω. Another intriguing 
study focuses on a disposable and printable supercapacitor that Minjie Hou created using 
carbon nanotubes and nanocellulose [380]. The device was made from cellulose nanofibers 
(CNF), reduced graphene oxide (RGO), and polypyrrole (PPy). The specific density with 
different electrodes is displayed in Figure 15A. In addition, Jie Wang [381] created reduced 
graphene oxide (RGO) aerogels using a low-temperature (less than 500 °C) thermal 
treatment method enhanced by nanocelluloses. This approach promotes the gelation of a 
graphene oxide (GO) solution, resulting in GO aerogels from a low-concentration 
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dispersion (2.85 mg mL−1). The presence of amorphous carbon nanofibers in RGO sheets 
is attributed to the apparent total thermal breakdown of nanocellulose over 350 °C. Wide 
interlayer spacing, high CO-type functional group content, and high defect content are all 
well balanced in 350 °C RGO aerogels. Figure 15B–F show the gravimetric capacitance 
and cycling performance of rGO350, rGO400, and rGO450 electrodes at 1 A g−1 current 
rate. Compressed RGO aerogels with no binder or conductive additive have a high 
discharge capacitance of 270 F g−1 at this current rate. 

 

Figure 15. Schematic diagram of the assembled S-PRC-based SSC (A). Gravimetric capacitances and 
volumetric capacitances, respectively, of S-PRC-based SSC obtained from GCD curves (B,C) [380], 
with permission from Elsevier under license no. 6145770534614. Gravimetric capacitance of rGO350, 
rGO400, and rGO450 electrodes at the different current rates from 1 to 10 A g−1 (D). Cyclic 
voltammogram profiles of rGO300 (E), rGO350 (F), rGO400 (G), and rGO450 (H). Film electrodes at 
various scan rates from 1 to 20 mV s−1 (6 M KOH was used as electrolyte) [381], with permission 
from Elsevier under license no. 6145771341127. 

In addition to graphene, carbon aerogels, nanocellulose conductive composite 
supercapacitors, and multi-walled carbon nanotube (CNT) nanocellulosic film are also 
used for producing supercapacitor electrodes [382]. The sandwich design of this film is 
made up of a center NFC layer and two surface CNT/NFC layers. NFC improves the 
mechanical performance of the film in addition to helping the CNT disperse uniformly to 
create the conductive CNT/NFC layers. This sandwich-structured film has a Young�s 
modulus of 3.8 GPa and a high tensile strength of 60.8 MPa. Furthermore, with just 19.2 
weigh t percent CNT, the film shows excellent electrical conductivity of 90.8 S cm−1. An 
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integrated film supercapacitor (IFSC) was created using this sandwich-structured film. 
The middle NFC layer maintains the mechanical flexibility of the film supercapacitor 
while serving as the mesoporous electrolyte membrane. The IFSC reaches a volume 
energy of 1 mWh cm−3 at a power density of 0.08 W cm−3 and has a high volumetric 
capacitance of 11.25 F cm−3. Additionally, the capacitance values of this IFSC remain rather 
constant in various bending states, demonstrating its exceptional flexibility. This 
integrated supercapacitor�s all-in-one architecture offers a universal approach to the 
creation of future soft integrated electronics and is scalable for various active materials 
like metal oxides and nanostructured carbon [194]. However, based on the state of study, 
this subject still faces some obstacles, such as poor energy density. Realizing the uniform 
dispersion of metallic particles and nanocarbons in the polymeric matrix is the primary 
issue in the case of the blending strategy [383]. To improve dispersion and compatibility 
amongst nanocomposite components, surface modifications such as covalent binding, 
surfactants, ionic interactions, physical adsorption, and molecule/polymer grafting are 
therefore necessary. It is crucial yet difficult to enhance the 2D film electrodes� 
electrochemical performance and fast-charging capabilities while preserving their 
mechanical integration. 

A new, fully conductive nanocellulose nanocomposite coated with polypyrrole that 
is completely self-healing was created for biocompatible electronic skin sensor systems. 
With the help of iron (III) ion chelation, weak H-bond interactions, and the combined 
effects of PVA, CNC/CNF, and PPy, this robust PVA nanocomposite film can be used as 
an artificial skin electronic sensor. The nanocomposite films demonstrated great strength, 
self-healing capability, high sensitivity, self-adhesiveness, and biocompatibility, 
indicating their possible use in wearable sensing devices, human–machine interaction, 
and artificially flexible skin electronics [384]. A novel ingestible supercapacitor (FISCs) 
based on Sargassum nanocellulose has been created for use in biomedical applications. 
These supercapacitors are perfect in situations where traditional batteries are not 
appropriate because of their high areal capacitance and exceptional cycling stability, as 
shown in Figure 16 [385]. From the results, it can be seen that FISCs achieved a high energy 
density of 307 µWh cm−2 and an electrode areal capacitance of 2.29 F cm−2. During self-
discharge, they also exhibited more than 90% antibacterial activity. Even with these 
developments, controlled degradation and long-term compatibility with biological tissues 
continue to present difficulties. 
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Figure 16. Ingestible symmetric supercapacitor with SCNF-based electrodes, separator, and Au foil. 
Electrochemical characterizations of edible supercapacitors and demonstration of edible 
supercapacitors powering an LED in simulated gastric fluid. (A) Cyclic voltammetry (CV) curves at 
the scanning rates from 5 to 100 mV s −1 (B). Energy and power densities calculated from the constant 
current (C) [386]. Schematic illustration of a planar-type supercapacitor consisting of biodegradable 
metal thin-film (W, Fe, or Mo) electrodes and an NaCl/Agarose gel electrolyte on a glass substrate 
(D). CV curves obtained at a scan rate of 300 mV s−1 (E). Dependence of areal capacitance on current 
density from 0.05 to 0.20 mA cm−2 (F) [387]. Optical image of interdigital electrodes on a gelatin 
substrate with e-ZMSC in the folded state by tweezers (G). Electrochemical performance of e-ZMS 
(H). Power and energy densities of e-ZMSC (I) [388], adapted from ACS Nano under permission 
no. 6145780471198. 

Recent studies have explored the development of biodegradable micro 
supercapacitors (MSCs) as transient energy storage devices. Wang et al. [386] developed 
edible supercapacitors by preparing an electrode slurry from activated charcoal and egg 
white (1:2 mass ratio) with deionized water added (1:3 charcoal to water), followed by 
magnetic stirring and ultrasonication. Current collectors were made by coating chlorine-
free wood fiber paper with egg white, attaching a ≈3 µm gold leaf, and drying before 
patterning. The slurry was doctor-bladed onto the collectors, dried overnight at ambient 
conditions, and further dried under low pressure to remove water, resulting in electrodes 
~120 µm thick. Roasted seaweed, with its multilayer hydrophilic structure, served as a 
separator, and the supercapacitor was assembled by laminating the seaweed between two 
electrodes and sealing it with gelatin sheets, with cheese slices added to prevent 
electrolyte absorption by the gelatin, as shown in Figure 16A–C. The results show that the 
cyclic voltammetry (CV) curves of the edible supercapacitor were recorded at scan rates 
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ranging from 5 to 100 mV s−1. At lower scan rates, the CV curves exhibit a clearly 
rectangular shape, while at higher scan rates, they remain approximately rectangular, 
indicating ideal capacitive behavior and good reversibility of the supercapacitor (Figure 
16B). In addition, the energy and power density curves were derived from constant-
current charge–discharge measurements conducted at current densities of 250 mA g−1, 500 
mA g−1, 1 A g−1, 2 A g−1, and 4 A g−1. The device exhibited a leakage current of 0.08 mA, 
comparable to that of typical supercapacitors (Figure 16C). 

Le et al. [387] reported MSCs constructed from water-soluble metals (W, Fe, and Mo) 
as electrodes, biopolymer-based agarose gel electrolytes, and poly(lactic-co-glycolic acid) 
substrates encapsulated with polyanhydride. These devices exhibit enhanced 
electrochemical performance during repeated charge–discharge cycles, attributed to 
pseudo-capacitance generated by metal-oxide layers formed through electrochemical 
corrosion at the electrode–electrolyte interface. Investigations into the dissolution 
behavior of individual components and the assembled MSCs highlighted the potential for 
precise control over device lifetime via encapsulation strategies that adjust thickness, 
chemistry, and molecular weight. Demonstration experiments have illustrated their 
practical applications, including transient power sources for light-emitting diodes and 
capacitors for wireless power harvesting in integrated circuits, highlighting their promise 
in environmentally sustainable electronics, as shown in Figure 16D. These metals exhibit 
CV curves that are more rectangular and cover larger areas compared to those of the Au 
electrode. Additionally, the nearly symmetric triangular shape of the charge–discharge 
curve at a current density of 0.05 mA cm−2 (Figure 16E) indicates ideal capacitive behavior 
of the fabricated MSCs. The current density was calculated by dividing the charge–
discharge current (~50 µA) by the total electrode area (~1 cm2), including both the 
electrodes and the inter-electrode gaps. At 0.05 mA cm−2, the areal capacitances (C_cell, A) 
of Au, W, Fe, and Mo supercapacitors were 0.01, 0.02, 0.18, and 0.61 mF cm−2, respectively, 
and these values decreased as current density increased, as illustrated in Figure 16F. 

Furthermore, ingestible energy storage devices have highlighted the potential of 
combining high energy output with biocompatibility for in vivo applications. Chain et al. 
developed zinc-ion-based hybrid micro-supercapacitors (ZMSCs) composed of an edible 
activated carbon micro cathode and zinc micro anode, capable of fitting into standard-
sized capsules for ingestion in the gastrointestinal tract. These devices exhibit flexibility, 
lightweight construction, and shape adaptability, achieving an aerial energy density of 
215.1 µWh cm−2, areal capacitance of 605 mF cm−2, and a high working voltage of 1.8 V, 
surpassing both state-of-the-art biocompatible supercapacitors/micro supercapacitors 
and conventional miniaturized button batteries. In vitro and in vivo studies demonstrated 
that ZMSCs not only power electronics in the porcine stomach without a voltage booster 
but also provide a nutritional dose of zinc and display antibacterial activity against 
Escherichia coli during discharge. This work exemplifies the design of high-performance 
edible energy storage devices for safe, practical biomedical applications, as shown in 
Figure 16G–I [388]. 

6.6. Nanocellulose for Thermal Management 

The issue of frequency reduction or overheating damage brought on by substrates� 
insufficient thermal conductivity has been the subject of numerous research attempts. One 
of the most promising approaches to date is the development of sophisticated, eco-
friendly, environmentally sustainable, and useful thermal interface materials (TIMs) [389]. 
By increasing the thermal conductivity of a polymeric matrix, remarkable advancements 
have been made in thermally conductive composites based on nanocellulose. Adding 
thermally conductive fillers, including graphene, carbon nanotubes, boron nitride 
nanosheets, and nanodiamonds, to the nanocellulose composite proved a practical and 
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efficient way to increase its thermal conductivity. A new and practical method for creating 
highly thermally conductive composites is provided by the successful construction of a 
number of innovative thermally conductive hybrid nanofillers [390]. These techniques are 
steadily advancing their wide applications in next-generation green electronics (e.g., 
transistors, organic light-emitting diodes (OLEDs), antennas, loudspeakers, actuators, and 
touchscreens), as well as energy storage devices (e.g., lithium-ion batteries and 
supercapacitors). For example, a researcher [391] has proposed improving the thermal 
conductivity of TIMs by constructing two-dimensional reduced graphene oxide (rGO) 
coated with silver nanoparticles in a hybrid nanofibrillated cellulose (NFC) film. The 
study found that adding a small amount of Ag-rGO nanosheets significantly changes the 
surface shape and chemistry of Ag-rGO-functionalized NFC, leading to a significant 
improvement in thermal conductivity. In-plane thermal conductivity increased by nearly 
1095% compared to pure NFC, while through-plane conductivity increased by 573%. Ag-
rGO/NFC also achieves fast heat transmission, with values as high as 0.18 °C/s. 
Furthermore, cellulose nanofibril/reduced graphene oxide (CNF/rGO) nanocomposites 
were made by Shuangxi Nie [251], and their thermal characteristics were examined. The 
results show that when only 1 weight percent rGO is present, the CNF/rGO porous paper 
has an ultrahigh in-plane thermal conductivity of up to 16.30 W/m K [392]. Additionally, 
vacuum-assisted self-assembly of cellulose nanofibers (CNFs) and hydroxylated boron 
nitride nanosheets (OH-BNNS) followed by hydrophobic modification by Dechao Hu 
[393] resulted in the production of extremely thermally conductive and superhydrophobic 
nanocellulose-based composite films. When compared to pure CNF films, the laminated 
CNF-based composite films containing 50 weight percent OH-BNNS exhibit a high in-
plane thermal conductivity (15.13 W/mK), leading to a 505% enhancement. The CNF/OH-
BNNS composite films, on the other hand, exhibit a special superhydrophilicity (contact 
angle more than 155°) and a self-cleaning capability. 

7. Challenges, Degradation Mechanisms, and Performance  
Optimization of Conductive Cellulose Composites for Advanced  
Electronics and Thermal Applications 

Conductive cellulose composites have attracted considerable attention for 
applications in electronics, flexible and wearable devices, energy storage, and thermal 
management owing to their renewable origin, low density, and inherent mechanical 
flexibility. Despite these advantages, their practical performance is constrained by 
intrinsic failure mechanisms associated with integrating hydrophilic cellulose matrices 
with conductive fillers such as metal nanoparticles, carbon nanotubes, or graphene. 
Effective electrical and thermal transport depends on continuous percolation networks; 
however, inadequate filler dispersion, agglomeration, and weak interfacial bonding 
frequently disrupt these pathways, leading to localized heating, stress concentration, and 
premature mechanical failure effects that are particularly detrimental under cyclic 
deformation in flexible and wearable electronics [394,395] Fabrication processes further 
challenge the mechanical robustness of these composites. Methods such as electroless 
metal plating can introduce surface defects in cellulose fibers, reducing tensile strength 
and compromising durability in flexible systems [396]. In parallel, scalability remains a 
significant barrier to commercialization. The production of high-quality nanocellulose is 
energy-intensive, and achieving homogeneous filler dispersion at an industrial scale is 
technically demanding. Moreover, increasing filler content to enhance conductivity often 
degrades processability by increasing viscosity or inducing phase separation, limiting 
scalable techniques such as melt or wet spinning [397,398]. 
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Moisture absorption is another critical limitation arising from cellulose�s hydrophilic 
nature. Under ambient conditions, water uptake of up to 4–5 wt% can plasticize the 
matrix, cause swelling, weaken filler–matrix adhesion, and disrupt conductive networks. 
Anisotropic swelling induces internal stresses and interfacial microcracks that propagate 
rapidly under mechanical deformation, reducing the lifetime of wearable and flexible 
devices [399]. In energy storage systems, absorbed moisture can interact with electrodes 
or electrolytes, accelerating degradation, shortening cycle life, and potentially causing 
safety concerns [400]. Thermal degradation critically limits the operational stability of 
conductive nanocellulose composites. At elevated temperatures, cellulose undergoes 
glycosidic bond cleavage and dehydration, causing matrix embrittlement and loss of 
mechanical integrity, while thermal expansion mismatch between cellulose and 
conductive fillers induces interfacial stresses and microcracking that degrade electrical 
and thermal conductivity effects, particularly detrimental in high-power electronics and 
thermal management systems [401]. In addition, although highly conductive fillers 
enhance network formation, they can also be susceptible to oxidation in humid or oxygen-
rich environments, which disrupts percolation pathways and increases interfacial 
resistance; such environmental effects on composite performance are well-documented in 
polymer composite thermal analyses and require careful engineering of interfaces and 
filler chemistry for long-term stability [402]. Table 8 shows the summary of the different 
failure mechanisms, strategies and specific challenges based on its application in the 
conductive cellulose composites. 

Table 8. Failure mechanisms, mitigation strategies, and application-specific challenges in 
conductive cellulose composites. 

Failure Mechanism Impact on Composite Mitigation Strategies 
Application-Specific 

Challenges 
Ref. 

Thermal Expansion 
Mismatch 

Microcracks at filler–matrix 
interface. 

Achieving uniform nanoscale 
dispersion of metal oxide 

nanoparticles in nanocellulose 
remains challenging—

especially at high loadings 

Flexible interlayers, graded 
architectures 

Thermal management 
composites under 

cycling 
[218] 

Electrical/Conductivit
y Limitations 

Poor percolation networks, 
inconsistent performance 

Optimal filler loading, 
alignment, hybrid 

conductive pathways 

Printed electronics, 
strain sensors, 

multifunctional 
composites 

[267] 

Moisture Absorption 
Swelling, plasticization, 

weakened mechanical and 
electrical performance 

Hydrophobic coatings, 
chemical modification, 

encapsulation 

Wearable devices and 
sensors in humid 

environments 
[395] 

Thermal Degradation 
Glycosidic bond cleavage, 

early decomposition, 
embrittlement 

Hybrid filler systems 
(ceramics, carbon 

nanotubes), thermal 
stabilization 

High-power 
electronics, thermal 

management materials 
[400] 

Matrix 
Compatibility/Interfac

e Weakness 

Poor adhesion to hydrophobic 
polymers, leading to 

delamination. 
The presence of metals at its 
surface notably altered the 

thermal degradation kinetics, 

Surface chemical 
modification and 
compatibilizers 

Composite integration 
with advanced 

polymers for energy & 
electronics 

[403] 
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as observed for mercury and 
magnesium in TCNF 

Interfacial & 
Mechanical Failure 

Its high hydrophilicity remains 
a key challenge for industrial 
applications. Poor adhesion, 

weak stress transfer, 
interrupted conductive paths 

Surface functionalization 
(e.g., coupling agents), 
improved dispersion, 

supramolecular engineering 

Flexible/wearable 
electronics: mechanical 

fatigue under 
bending/cycling 

[404] 

Scalability & Process 
Bottlenecks 

Non-uniform fillers, high 
viscosity, production 

variability 

Advanced mixing, acoustic 
alignment, in situ 

polymerization, scalable gel 
processing 

Large-scale flexible 
circuits and energy 
device fabrication 

[405] 

Oxidation of Metallic 
Fillers 

Oxide layer formation, 
increased resistance, reduced 

conductivity 

Protective coatings (silane, 
polymers), inert 

atmospheres, robust surface 
functionalization, and 
encapsulation to slow 

oxidation 

Used in flexible 
electronics, wearable 

sensors, and high-
performance thermal 
management systems 

where long-term 
stability is crucial 

[406] 

Environmental Aging 
(Moisture + Temp) 

Combined humidity and heat 
accelerate degradation 

Surface functionalization, 
hydrophobic coatings, cross-
linking, and encapsulation 

have been shown to improve 
resistance against 

environmental aging.  

Supporting all real-
world, future 

applications in 
durable, 

environmentally 
stable, bio-based 

electronic and thermal 
management material, 

especially outdoors 

[407] 

8. Future Perspectives and Outlook 
Nanocellulose has emerged as a leading candidate for sustainable materials due to 

its natural origin and biodegradability, positioning it as one of the most promising eco-
friendly options of the twenty-first century [408]. Beyond structural reinforcement, it 
holds growing potential in biomedical and electronic applications; however, its 
interactions with living tissues remain poorly understood, requiring further in vivo 
studies [60]. While functionalization and chemical modifications can enhance its 
properties, these approaches often increase costs, reduce sustainability, and raise toxicity 
concerns, posing challenges for regulatory acceptance [409]. Despite its promise, 
nanocellulose still faces major production challenges that hinder large-scale adoption. The 
extraction and synthesis of bacterial cellulose remain both time-intensive and costly, 
demanding significant investment in advanced manufacturing technologies to achieve 
high yields [410]. Similarly, developing functional nanocellulose-based composites is 
constrained by technical bottlenecks, particularly the complex and lengthy preparation of 
electrically conductive precursors, which limits commercial scalability [411]. Addressing 
these inefficiencies through streamlined and optimized processes will be critical for future 
progress. 

In addition, previous studies have highlighted several challenges in the 
functionalization of nanocellulose aerogels, including uneven filler dispersion, limitations 
in structural design, the modification of functional groups, and difficulties in scaling from 
laboratory to industrial production [313]. In parallel, computer simulations have become 
increasingly valuable in guiding the design of nanocellulose-based electronic materials, 
often complementing or even replacing experimental trial-and-error approaches [412]. 
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Current models focus on electrical percolation and tunneling mechanisms, describing 
electron transport through interconnected networks of conductive fillers within insulating 
matrices. Theoretical approaches, such as current simulation systems for conductive 
nanocellulose composites, encounter significant limitations that impede rapid 
development and scalable manufacturing. These systems struggle to integrate nanoscale 
interactions with macroscopic behavior, as multiscale models often fail to accurately 
capture bidirectional coupling across different scales and necessitate inaccurate 
simplifying assumptions about filler morphology and interfaces. Common percolation 
and tunneling models rely on idealized filler distributions, neglecting the real-world 
heterogeneity and processing effects, which results in discrepancies between simulations 
and experimental findings [413]. The high computational costs of detailed stochastic and 
multiscale simulations further prolong iterative design processes. Moreover, many 
models do not connect with manufacturing parameters such as shear during extrusion or 
3D printing, which constrains their predictive capabilities for production [414]. The 
integration of machine learning is also limited by a lack of high-quality experimental data 
and challenges related to interpretability and feature selection, thereby diminishing the 
efficiency of rapid in silico optimization for advanced composite design. Advanced 
simulations that incorporate interphase thickness and tunneling distance can accurately 
predict conductivity and percolation thresholds, demonstrating how filler geometry and 
interfacial interactions govern charge transport. By integrating these computational 
insights with experimental strategies, researchers can optimize the development of high-
performance conductive nanocellulose composites, enabling more predictive and efficient 
material design [415–417]. 

Although these composites are prized for their lightweight characteristics, their 
relatively low compressive strength restricts broader practical applications. Designing 
nanocellulose-based composites with enhanced density, strength, and toughness 
therefore represents a critical avenue for future work. Addressing these challenges, 
alongside articulating clear objectives that leverage the intrinsic properties of cellulose, 
will be essential for advancing functional composite electronic materials based on 
nanocellulose [418]. Despite these barriers, the promise of nanocellulose remains 
undeniable. Addressing these technical, economic, and regulatory challenges through 
innovative processing, sustainable modification strategies, and rigorous safety 
evaluations will be key to unlocking its full potential in next-generation sustainable 
electronics, biomedicine, and beyond [419]. 

Despite notable progress in conductive nanocellulose composites, several practical 
limitations impede their translation into commercial devices. A fundamental challenge 
lies in the inherent insulating nature of pristine nanocellulose, which requires the 
incorporation of conductive fillers (e.g., graphene, CNTs, MXenes, conductive polymers) 
to achieve sufficient electrical performance; however, homogeneous dispersion and stable 
integration of these fillers throughout the nanocellulose matrix remain difficult, often 
leading to agglomeration, non-uniform conductive networks, and inconsistent electrical 
behavior across devices [420]. Poor interfacial adhesion between nanocellulose and 
conductive components also limits efficient charge transport due to electron scattering at 
boundaries, necessitating sophisticated surface chemistry control to balance conductivity 
with mechanical integrity. In addition, many conductive nanocellulose composites 
demonstrate environmental instability with performance degradation under humidity, 
temperature fluctuations, and oxidative conditions, raising questions about their long-
term durability in practical applications such as flexible sensors and wearable electronics. 

In energy storage systems such as nanocellulose-based supercapacitors, additional 
challenges emerge from the interplay between mechanical and electrochemical 
performance. For example, while high porosity and lightweight structures enable 
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excellent ion transport and flexibility, they often result in low volumetric capacitance due 
to insufficient active material loading and poor mechanical consolidation, limiting overall 
energy density and device robustness. Electrode thickness and active material distribution 
critically influence both transport efficiency and mechanical strength; yet, optimizing 
these factors without sacrificing electrical performance remains an unresolved issue. 
Moreover, although blending active materials into the nanocellulose matrix can improve 
capacitance, excessive filler content often compromises mechanical durability and 
flexibility, reducing the reliability of flexible energy devices over repeated deformation 
cycles [421]. 

To address these limitations and accelerate the commercial integration of 
nanocellulose composite technologies, focused future research should target several key 
areas. First, advanced interface engineering strategies—such as novel covalent coupling 
agents, designed block copolymers, and tailored functional groups—are needed to 
enhance filler dispersion and interfacial charge transport without sacrificing mechanical 
properties. Second, the development of scalable, industrially compatible processing 
techniques (e.g., extrusion, roll-to-roll printing, and 3D additive manufacturing) could 
bridge the gap between laboratory demonstrations and high-volume production, 
ensuring consistent quality and batch-to-batch reproducibility. Third, improved 
environmental stabilization methods (such as encapsulation layers or moisture-resistant 
coatings) are essential to maintain performance under real-world operating conditions. 
Additionally, integrating multifunctional capabilities (e.g., combining energy storage 
with sensing or self-healing features) could enhance device value and commercial 
attractiveness, while standardized testing protocols and durability benchmarks would 
facilitate performance comparisons and accelerate technology adoption across sectors 
[422]. 

9. Conclusions 
Nanocellulose has emerged as a highly promising material for flexible and 

sustainable electronics, both as substrates and printable inks. Its high-value applications 
can help to balance production costs and make large-scale implementation increasingly 
feasible. Although their long-term resistance to humidity and aging still requires 
thorough evaluation, nanocellulose films possess high transparency, surface smoothness, 
and thermal stability, making them promising materials for future electronic 
developments. As a renewable and biodegradable material, nanocellulose also brings a 
sustainable alternative to nonrenewable plastics, paving the way for the development of 
eco-friendly electronic devices. Nowadays, advances in molecular-level design and 
hierarchical construction at the nano-, micro-, and macro-scales enable precise tailoring of 
nanocellulose composites, enhancing mechanical, electrical, and functional performance. 
Achieving this requires careful control over fabrication processes and a deep 
understanding of the material�s intrinsic properties. Techniques like roll-to-roll coating 
and casting are positioned to allow the commercial production of transparent, flexible 
electronic and analytical devices, and ongoing laboratory research and pilot-scale 
demonstrations are laying the groundwork for industrial-scale manufacturing. 
Additionally, the pharmaceutical and medical industries stand to benefit greatly from 
nanocellulose-based 3D printing since it enables the production of high-performance, 
customized goods. In conclusion, nanocellulose-based composites are a revolutionary 
class of materials that combine high performance, sustainability, and flexibility. For 
applications like wearable electronics, sensors, and energy devices, their abundance, 
adjustable qualities, and environmentally friendly nature make them a strong substitute 
for traditional synthetic substrates. Future research combining computational design, 
advanced fabrication, and lifecycle-focused strategies promises to unlock their full 
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potential, even though there are still issues with scaling production, optimizing strength, 
and guaranteeing durability. A new era of high-performance, ecologically conscious 
electronics that strike a balance between sustainability, resilience, and functionality is 
about to dawn, thanks to persistent interdisciplinary innovation in nanocellulose 
composites. 
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