l(o%)| Computers, Materials & & Tech Science Press
, Continua ,

Do0i:10.32604/cmc.2025.065836

REVIEW Check for

updates

3D Printing of Plant Fiber-Based Materials and Quality Evaluation of Their
Products: A Review

Weili Liu', Fayi Hao' and Jiangping Yuan'-"

'Department of Printing & Packaging, University of Shanghai for Science and Technology, Shanghai, 200093, China
?School of Intelligent Emergency Management, University of Shanghai for Science and Technology, Shanghai, 200093, China

*Corresponding Author: Jiangping Yuan. Email: yuanjp@usst.edu.cn
Received: 22 March 2025; Accepted: 15 May 2025; Published: 03 July 2025

ABSTRACT: Additive manufacturing (AM) and Three-dimensional (3D) printing build complex structures layer
by layer, greatly expanding design possibilities. Traditional thermoplastics like Polylactic Acid (PLA), Acrylonitrile
Butadiene Styrene (ABS), and Polyethylene Terephthalate Glycol (PETG) are widely used in 3D printing, but their non-
renewable nature and limited biodegradability have driven research into plant fiber-based materials. These materials,
mainly cellulose and lignin, come from sources like wood and agricultural waste, offering renewability, biodegradability,
and biocompatibility. This paper reviews recent advances in plant fiber-based materials for 3D printing, covering their
development from raw materials to applications. It highlights the sources, modification methods, and unique properties
of cellulose and lignin in 3D printing, and examines processes like fused deposition modeling (FDM), direct ink
writing (DIW), stereolithography (SLA), and digital light processing (DLP). The paper discusses key evaluation metrics,
including mechanical properties, thermal stability, interlayer bonding strength, and biodegradability, and explores
innovative applications in biomedicine (tissue engineering, wound healing), food (personalized nutrition), packaging
(smart monitoring), and electronics and energy (flexible devices). Finally, it addresses challenges and future directions
in material innovation, process optimization, and large-scale production, emphasizing the potential of interdisciplinary
approaches and technology integration for sustainable manufacturing.
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1 Introduction

Additive manufacturing (AM) and Three-dimensional (3D) printing refer to various processes that
build 3D structures and prototypes layer by layer based on digital models. Solid modeling in computer-
aided design (CAD) provides the foundational data for AM. These models are sliced into thin cross-sectional
layers, which are stacked to form the final shape. This method can create complex structures and fine surfaces
that traditional manufacturing struggles to achieve, greatly expanding design freedom and possibilities [1].
Materials used in 3D printing are critical. They affect the performance of printed objects, as well as the
efficiency, cost, and scalability of the printing process [2]. Common 3D printing thermoplastics include
Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS), and Polyethylene Terephthalate Glycol
(PETG). PLA is easy to use, biodegradable, and prints at low temperatures. ABS offers durability, impact
resistance, and heat resistance for functional parts [3-5]. PETG combines ABS’s strength with PLA’ ease of
printing, providing good adhesion and chemical resistance. Other materials like PC, nylon, and TPU offer
flexibility, strength, or wear resistance, serving industries such as automotive and medical manufacturing
[6-9]. However, thermoplastics have drawbacks, including non-renewability, environmental pollution, and
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limited biodegradability. This has led to a shift toward renewable, biodegradable plant fiber-based materials
to meet green manufacturing needs.

Plant fibers for 3D printing come from various sources, such as wood, bamboo, flax, ramie, hemp,
cotton, and coconut shells. Agricultural waste, like rice husks, wheat straw, and sugarcane bagasse, can also
be used to extract fibers. Plant fiber-based materials mainly consist of natural polymers like cellulose and
lignin. Cellulose, the primary load-bearing polymer in plants, is widely studied for its excellent mechanical
properties and biocompatibility [10]. Lignin, with its unique aromatic structure and amphiphilic nature,
offers new possibilities for material functionalization [11]. Combining plant fiber-based materials with
3D printing not only utilizes abundant biomass resources to reduce costs but also leverages the unique
properties of cellulose and lignin for efficient manufacturing of complex structures. This provides innovative
solutions for fields like biomedicine, food, packaging, electronics, and energy. However, using plant fiber-
based materials in 3D printing faces challenges, including optimizing material properties, adapting printing
processes, and evaluating product quality systematically.

This paper reviews the latest research progress on plant fiber-based materials in 3D printing, covering
the entire process from raw materials to applications. It first describes the characteristics of plant fiber-
based materials, focusing on the sources, properties, and advantages of cellulose and lignin in 3D printing.
It then explains the use of extrusion-based 3D printing (e.g., fused deposition modeling (FDM) and direct
ink writing (DIW)) and vat photopolymerization 3D printing (e.g., stereolithography (SLA) and digital light
processing (DLP)) for plant fiber-based materials, analyzing the features and suitability of each process. For
product performance evaluation, it highlights testing methods and application value for key metrics like
mechanical properties, thermal stability, interlayer bonding strength, and biodegradability. It also discusses
specific application cases of plant fiber-based materials in biomedicine (e.g., tissue engineering and wound
repair), food (e.g., personalized nutrition), packaging (e.g., smart monitoring), and electronics and energy
(e.g., flexible devices). Finally, it addresses the challenges and future directions for material innovation and
process optimization in this field. The overall pathway of 3D printing with plant fiber-based materials, from
raw material sources and printing processes to application scenarios, is shown in Fig. 1.
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Figure 1: 3D printing of plant fiber-based materials from raw materials to applications. (A) Sources of cellulose and
lignin [12]; (B) 3D printing technologies for plant fiber-based materials [13]; (C) Applications of 3D-printed plant fiber-
based material products [14-18]. Reprinted with permission from reference [14]. Copyright 2021, copyright Elsevier.
Reprinted with permission from reference [16]. Copyright 2024, copyright Elsevier

2 Characteristics of Plant Fiber-Based Materials
2.1 Cellulose

Cellulose is a polysaccharide composed of 3-1,4-linked glucose units [19], which can be obtained from
various biomass sources, such as hardwood (e.g., poplar, acacia, or eucalyptus), softwood (e.g., pine or
spruce), forestry residues, agricultural waste, or grass [20]. Cellulose-based materials have key features like
biocompatibility, renewability, and sustainability. However, they also have drawbacks, such as poor solubility
in common solvents, lack of thermoplasticity, and limited antibacterial properties. To address cellulose’s lim-
itations, chemical modification can produce cellulose derivatives, divided into macromolecular derivatives
and nanoscale particles [21]. Etherification is the main modification method. Organic groups like methyl or
ethyl react with cellulose hydroxyl groups to form water-soluble derivatives, such as carboxymethyl cellulose
(CMC, Width:10-15 nm, Aspect ratio < 2), hydroxypropyl methyl cellulose (HPMC), methyl cellulose (MC),
hydroxyethyl cellulose (HEC), ethyl cellulose (EC), and cellulose acetate (CA). Nanoscale cellulose particles
include cellulose nanofibrils (CNE Width: 5-30 nm, Aspect ratio > 50), cellulose nanocrystals (CNC, Width:
3-10 nm, Aspect ratio > 5) [22], and bacterial cellulose (BC). Bacterial cellulose nanocrystals (BCNC) can
be prepared by acid hydrolysis of BC [21,23].

The performance of cellulose-based materials depends heavily on fiber source, processing method,
and fiber morphology. Variations in fiber properties can lead to inconsistent performance in 3D-printed
products. To ensure quality and performance stability of 3D-printed cellulose-based products, standardized
processes for fiber treatment and cellulose-based filament production are needed. These include uniform
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protocols for cellulose extraction, modification, and filament preparation. Standardization ensures con-
sistency across different batches and applications, improving the reliability and market competitiveness
of 3D-printed products. This expands their use in biomedicine (e.g., drug carriers, wound dressings),
environmental engineering (e.g., oil-water separation membranes), and electronic devices (e.g., flexible
thermal conductive materials) [24].

Cellulose is widely used to reinforce polymer materials due to its excellent mechanical properties,
good shape and size, and ease of surface functionalization [25]. Spray-dried cellulose nanofibrils (SDCNF)
have small particle sizes and excellent dispersion and distribution in polymer matrices. As a reinforcing
filler in thermoplastics, SDCNF significantly improves the mechanical properties, thermal stability, and 3D
printing suitability of polypropylene [26]. Detailed studies of cellulose’s physical, chemical, and mechanical
properties and its crystalline structure enable its broad use in new bio-derived composite materials. These
include inorganic composites [27,28], polymer composites [29,30], nanocomposites [31], hydrogels [32], and
electronic products [33].

2.2 Lignin

Lignin is the second most abundant renewable biomass resource in plants and a key component in
sustainable alternatives to traditional materials [34]. It can be used to synthesize chemicals, fuels, and low-
molecular-weight compounds, aligning with sustainability goals and helping reduce carbon footprints [35].
Lignin can be extracted using methods like organic solvent extraction, alkaline treatment, acid treatment,
sulfate processing, and ionic liquid methods [36]. Different extraction methods produce lignin with varying
structures, molecular weights, chemical reactivities, and compositions. Common lignin types include kraft
lignin, sodium lignin, lignosulfonates, and organosolv lignin [37]. To ensure consistent performance of
lignin-based 3D printing materials, lignin extraction and modification processes need standardization to
control molecular weight distribution and functional group uniformity.

Lignin decomposes into rigid carbon at high temperatures, but its use is limited by high thermal
transition temperatures and flow resistance during processing [38]. To improve its melt and flow properties,
lignin must be blended with other polymers. Lignin contains active functional groups like phenolic hydroxyl,
carboxyl, carbonyl, and methyl groups. Its aromatic ring structure provides antioxidant properties and ther-
moplasticity, making it suitable for developing 3D lignin-based bio-inks with high strength, low shrinkage,
and functional properties [39]. Additionally, the numerous aromatic rings and conjugated functional groups
in lignin’s molecular structure give it unique optical properties, such as aggregation-induced emission,
UV absorption, and sustainable photothermal conversion [40]. The combination of hydrophilic functional
groups (e.g., carboxyl and hydroxyl) with the hydrophobic aromatic backbone and carbon chains gives lignin
unique amphiphilic properties [41]. This allows lignin to blend or crosslink with various materials, especially
3D printing materials like PLA and polyvinyl alcohol (PVA), improving material performance, reducing
production costs, and decreasing plastic use.

Adding too much lignin can cause lignin particle aggregation and reduce mechanical properties [42].
Modifying lignin by introducing more active sites (e.g., phenolic hydroxyl or ester groups) and adding
plasticizers can improve its compatibility and dispersion in polymer matrices. This enables high-lignin-
content composites, enhancing 3D printing material performance. Zhang et al. [43,44] increased phenolic
hydroxyl content in lignin to promote hydrogen bonding with polyamide 12, improving dispersion. Mohan
etal. [45] esterified lignin and used it as a filler in PLA, acting as a plasticizer to enhance PLA’s performance,
reduce costs, and improve biodegradability, making it more environmentally friendly. Ren [46] used
citrate ester plasticizers to toughen PLA, improving lignin dispersion and PLA chain mobility, achieving a
PLA/lignin 3D printing biocomposite with 50 wt% lignin content [46].
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3 3D Printing Techniques of Plant Fiber-Based Materials

As 3D printing technology advances, plant fiber-based materials are increasingly used in various
printing methods, creating sustainable and functional manufacturing pathways. Table 1 compares the basic
features of two common 3D printing technologies. Table 2 summarizes the roles of plant fiber materials in
these technologies, key technical parameters, and typical application examples.

Table 1: Comparison of two representative 3D printing technologies

3D printing Material status  Printing accuracy Shape Typical products
techniques complexity
Extrusion-Based 3D Solid filament or Low, depending on Moderate, Structural
Printing high-viscosity =~ nozzle diameter structural components,
(FDM/DIW) slurry and material support typically biological scaffolds,
rheology required biodegradable
materials
Vat photopolymer- Liquid High, resolution =~ High, capable of = Microstructures,
ization additive photosensitive  can reach micron  printing intricate biochips,
manufacturing resin scale complex high-precision
(SLA/DLP) structures models

3.1 Extrusion-Based 3D Printing

Extrusion-based 3D printing works by extruding material from a nozzle under constant pressure and
depositing it along a digital path for shaping. It is widely used due to its simplicity and low cost [47]. Processes
such as FDM, DIW, and micro-extrusion 3D bioprinting all fall under the material extrusion category.

3.1.1 Fused Deposition Modeling (FDM)

FDM is the most widely used 3D printing technology. The ink used in FDM-based extrusion processes
is typically made from thermoplastic materials, which offer good flowability and processability. PLA is
a commonly used polymer material in 3D printing due to its environmental friendliness, renewability,
biocompatibility, and biodegradability [48]. Compositing cellulose with PLA can improve the brittleness
and poor thermal stability of PLA [49]. Zhang et al. [50] developed a green and efficient dispersion process
based on the mixing of CNF aqueous suspension and PLA micropowder followed by air-drying. This
process, combined with silane coupling agents and surface modification using polyethylene glycol (PEG),
was used to prepare 3D printing filaments through twin-screw extrusion, as shown in Fig. 2. The experiments
demonstrated that the modified CNF significantly improved the melt flowability and mechanical properties
of PLA (attributed to the uniform dispersion of CNE, increased PLA crystallinity, and reduced defects).
Touchard et al. [51] increased the tensile strength of polyether block amide (Pebax ) by four times and the
elastic modulus by 20 times by continuous regenerated cellulose fibres (RCF), and processed this composite
material into 3D printing filaments.
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Figure 2: Manufacturing of CNF/PLA filaments and 3D printing [50]. Reprinted with permission from reference [50].
Copyright 2023, copyright Elsevier

3.1.2 Direct Ink Writing (DIW)

DIW uses viscoelastic ink or slurry to deposit materials layer by layer through a nozzle or fine orifice
to build 3D objects. Compared to traditional manufacturing, DIW allows precise deposition of viscoelastic
ink to create custom geometries layer by layer, improving the efficiency of prototyping and manufacturing
functional parts [52]. DIW inks are typically hydrogels, pastes, dispersions, or solutions made from synthetic
polymers, natural polymers, and additives [53,54].

Increasing the ink viscosity or using crosslinkable inks, such as those induced to undergo sol-gel tran-
sitions by light crosslinking, temperature changes, pH variations, or ion crosslinking, can improve the shape
fidelity of DIW-printed products. However, increasing the ink viscosity often reduces the printability [55].
CNE due to their shear-thinning and thixotropic properties, biocompatibility, and renewability, have been
widely explored as components in DIW inks [56]. Yu et al. [57] synthesized an aqueous polyurethane ink
for DIW 3D printing by incorporating CNE, which enabled the direct printing of complex, monolithic
elastomeric structures at room temperature, while maintaining the designed shape.

3.2 Vat Photopolymerization Additive Manufacturing (VPAM)

VPAM 3D printing has the advantages of high resolution and fast manufacturing [58]. It uses photosen-
sitive resins as printing materials, which are cured by UV or visible light exposure to build precise products
layer by layer [59], as shown in Fig. 3A.

3.2.1 Stereolithography (SLA)

SLA uses a photopolymerization process, selectively curing liquid photopolymer resin with UV lasers
or other light sources [60]. SLA is favored for its ability to create smooth, detailed, and complex geometric
shapes, making it particularly suitable for product development, rapid prototyping, and the creation of fine
models in various industries [61]. Fig. 3B shows a lignin-based sample printed using SLA 3D printing.

3.2.2 Digital Light Processing (DLP)

DLP technology is widely used for creating high-precision, small-sized objects, with accuracy reaching
even the micron level. Compared to other 3D printing methods, the advantages of DLP printing lie in its
high precision and relatively short printing time. The resin used for DLP printing is a liquid resin that
forms a crosslinked polymer material when triggered by UV light. However, most commercially available
UV-curable resins are petroleum-based materials, and the products printed with these resins cannot be
reprocessed or degraded, posing environmental pollution at the end of their lifecycle. Silva et al. [62]
developed a fully cellulose resin modified through alkali/urea dissolution and photopolymerization, using
Avicel  and industrial cellulose pulp. This innovation overcomes the limitations of fossil-based materials in
sustainable DLP 3D printing. The resulting low-concentration (2.5-5 wt%) single-component resin produces
dimensionally stable hydrogels with rapid curing kinetics (compressive stress < 135 kPa), excellent water
retention (427%), pH stability, hydrolytic stability (>4 weeks), and fibroblast cell compatibility, as shown
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in Fig. 3C. Wan et al. [63] used lignin-derived vanillin and guaiacol to prepare pure bio-based resins for DLP
printing. Johnson et al. [64] combined lignin methacrylate (LMA), vanillin, and soybean oil to prepare a

DLP resin with dynamic functionality, enabling a self-healing process.
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Figure 3: (A) Schematic of VPAM 3D printing technology [65]; (B) SLA 3D printed lignin-based samples [66]; (C)
DLP 3D printed photopolymerizable allyl cellulose (AC) derivative hydrogels [62]. Reprinted with permission from
reference [65]. Copyright 2024, copyright Elsevier

Table 2: Roles, technical parameters, and typical applications of plant fiber-based materials in 3D printing

Materials Role 3D printing Printing parameters Application  Ref.
technology
PLA/CNC Improved PLA mechanical FDM Prusa MK2S Research model (FDM); Bone tissue [67]
properties (Young’s modulus Nozzle Diameter: 0.4 mm; Extrusion engineering and
increased by ~30%) and Temperature: 200°C; regenerative
wettability (water contact Layer Thickness: 0.15 mm; medicine
angle decreased by ~17%) Filling Architecture: Straight filling in precise
0° and 90° directions for each layer.
Kenaf cellulose fibers Enhance the mechanical FDM Commercial 3D printer (Wanhao, Duplicator6); Sustainable textiles [68]

(KF)/PLA Print nozzle diameter: 0.4 mm;
Nozzle temperature: 190°C;
Building plate temperature: 60°C;
Layer height: 0.2 mm;

Infill density: 30%;

Printing speed: 20 mm/s.

properties, provide good
formability, network structure
and entities

and apparel,
personalized
prostheses and
some medical
devices that
require high
strength and
elongation

(Continued)
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Table 2 (continued)

Materials Role 3D printing Printing parameters Application  Ref.
technology
Microcrystalline Decreased the electrical FFF 3DEVO filament maker (3DEVO, Utrecht, Electrical [69]
(MCQ), insulation capacity NLD); insulation
nanocrystalline (NCC) Nozzle Temperature: 200°C; applications
cellulose/PLA Nozzle Diameter: 0.8 mm;

Nozzle Speed: 40 mm/s;
Bed Temperature: 60°C;
Layer Thickness: 0.4 mm.

CNC/N- Provide mechanical DIW EnvisionTEC (Bioplotter Manufacturing Series) Thermal [70]
Isopropylacrylamide  enhancement and structural Nozzle diameter: 0.41 mm; management
support Printing temperature: 10°C; applications
Printing time: 24 h
Phase Change Stabilizer and viscosity DIW Ultimaker 2+ 3D Printer Thermal [71]
Materials (PCM)/CNF modifier, improved printability Nozzle diameter: 0.41 mm; management
Printing speed: 0.6 mm/s; applications
CMC-Na/Bentonite  Binder and thickening agent, DIwW Hyrel 3D Hydra 16 A Extrusion Printer Biomedical and  [72]
(Montmoril- providing good rheological Nozzle diameter: 0.26 mm; energy
lonite)/Copper (Cu) properties, enhancing ink applications
and 316L Stainless Steel  stability and printability
(316LSS)
Papaya Seed Mucilage Imparts shape stability after DIW CELLINK Bioprinter Soft tissue [73]
(QSM)/TEMPO freeze-drying, as well as Nozzle: 20 gauge, 840 pm; engineering
Oxidized CNF appropriate porosity, water Printing pressure: 14-18 kPa
absorption, and mechanical
strength
CNCs/methacrylate Enhanced dielectric properties SLA SLA photocurable 3D printer (UNIZ SLASH Energy storage [74]
malate photocurable of polymer matrix; C IBEE); Exposure time: 25 s per layer;
resins (MMPR) Layer thickness: 0.05 mm.
Poly(Ethylene Glycol) Increased the tensile strength SLA Peopoly Moai 130 SLA 3D printer; Precise [75]
Diacrylate and Young’s modulus of the Laser Type: Solid-state laser with frequency applications
(Pegda)/Acrylated cured network conversion;
Epoxidized Soybean Laser Wavelength: 405 nm;
Qil (Aeso)/micro- or Laser Power: 150 mW, with power level set to 58;
nanocellulose crystals Initial Exposure Time: Ranges between
(MCC and CNC) 40 and 60 s;
Printing Temperature: Maintained constant
at 25°C.
Methacrylated The addition of cellulose DLP ASIGA MAX™ 3D Printer Sensors, [76]
CMC/Benzoin Acetone  improves the mechanical Light source: 385 nm; biomedical and
Photoinitiator properties of high-moisture XY resolution: 27 um; soft robotics
hydrogels while ensuring the Light intensity: 30 mW/cm®;
material’s photopolymerization Layer thickness: 50 um
performance

4 Quality Evaluation of 3D Printed Products

Quality evaluation of 3D printing is a multidimensional process that involves performance assessment
across various aspects. Accurate quality evaluation not only helps optimize the printing process but also
ensures the reliability and durability of 3D printed parts in real-world applications.

4.1 Mechanical Properties

Mechanical properties are key factors that determine the practical value of 3D printed products, directly
affecting core metrics such as strength, toughness, fatigue resistance, and environmental adaptability. They
directly affect strength, toughness, fatigue resistance, and environmental adaptability. In complex conditions,
such as aerospace [77], biomedical [78], or industrial manufacturing [79], poor mechanical properties
can lead to structural failure or loss of function. For example, aerospace requires a high strength-to-
weight ratio [80] and fatigue resistance, while biomedical applications need suitable elastic modulus and
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biocompatibility [81]. Evaluating the mechanical properties of 3D-printed products is necessary to optimize
printing parameters (e.g., layer thickness, temperature, infill rate) [82,83] and to verify the compatibility of
materials and processes. Common evaluation methods include standardized mechanical tests such as ASTM
D638 tensile tests [84,85], ASTM D790 bending tests [86], and Dynamic Mechanical Analysis (DMA) [87].

In recent years, plant fiber-based composites have become a research focus for enhancing the mechan-
ical properties of 3D printed products due to their sustainability and lightweight characteristics [88].
The mechanical properties of 3D-printed plant fiber-based products are influenced by multiple factors,
including process parameters [89] (e.g., layer thickness, printing speed [90], build orientation [91]), material
properties, and post-processing techniques [92,93]. Plant fiber-based composites are a research focus for
enhancing 3D-printed product performance due to their sustainable and lightweight characteristics [88].
Trivedi [94] found that varying cellulose nanocrystal (CNC) content (0-5 wt%) affects the crystallization
and mechanical properties of PLA. Adding 1 wt% CNC increased tensile strength by 22.3% and modulus by
64.17%, while 5 wt% CNC improved impact strength by 53.95% and dynamic storage modulus by 34.50%,
with a significant increase in dynamic mechanical properties (loss modulus increased by 53.95%) without
affecting the glass transition temperature. Ambone [95] added 1 wt% CNF to PLA, increasing the tensile
strength of 3D-printed PLA by 84% and elastic modulus by 63%. Vidakis [96] used SLA 3D printing to
create CNF-reinforced nanocomposites, studying the effects of CNF content (0-1.0 wt%) on mechanical,
thermal, and microstructural properties. Results showed that 1.0 wt% CNF increased tensile strength by over
100%, as shown in Fig. 4B, with significant improvements in impact toughness and Vickers hardness (though
brittleness and rigidity also increased). Qiao et al. [97] developed continuous bamboo fiber-reinforced
polyethylene (T-CBF/PE) composites using alkali treatment (to improve bamboo fiber surface wettability)
combined with 3D printing and localized hot-press impregnation. Alkali treatment enhanced fiber-matrix
interface bonding, increasing composite fiber tensile strength to 15.6 MPa (102.6% higher than pure PE).
The 3D-printed bulk tensile strength and elastic modulus reached 1.77 and 2.76 times that of pure PE,
respectively, as shown in Fig. 4A. These studies show that adjusting fiber type, content, or fiber-matrix
interface compatibility can significantly improve the mechanical properties and thermal stability of plant
fiber-reinforced materials, enhancing the overall performance of 3D-printed products.
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Figure 4: (A) Tensile stress-strain curve, tensile strength, and toughness of bamboo fiber [97]; (B) Relationship between
Average Tensile Strength (MPa) and Average Tensile Elastic Modulus (MPa) with CNF Concentration for Biomed Clear
and its CNF nanocomposites [96]

4.2 Thermal Properties

The thermal properties of 3D printing materials are critical for their performance, especially in appli-
cations requiring durability under high temperatures or significant thermal stress [98]. Common evaluation
methods include thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) [99].
Thermal analysis (TA) is a key method for assessing the thermal properties of polymer materials. Important
parameters include the initial decomposition temperature (Ti) and the temperature at 5% mass loss (T5%).
In multi-stage thermal degradation systems, Ti is heavily influenced by the slope of the thermogravimetric
curve, so T5% is considered more stable and reliable. The glass transition temperature (Tg), measured by
DSC, indicates the point where a material shifts from a rigid state to a rubbery, more flexible state. It reflects
the material’s ability to maintain structural integrity and dimensional stability [100].

In recent years, researchers have improved the thermal stability of 3D printing materials by blending
modified lignin or its derivatives with various polymer matrices. TGA has shown good results in evaluating
the thermal properties of these composites. For example, Kassaun et al. [101] found that using lignin-
caprolactone composites in FDM 3D printing improves printing performance. TGA results showed that
lignin-caprolactone grafting copolymerization increased the thermal decomposition temperature (To), 50%
mass loss temperature (T50%), and maximum weight loss rate temperature (DTGmax), indicating improved
thermal stability. Wan et al. [102] prepared lignin nanoparticles (LNPs) using ultrasonic treatment and
added them to an acrylate matrix to create LNPs/acrylate UV-curable resin. After curing, the mechanical,
thermal, and morphological properties were studied. TGA curves showed that increasing LNP content
improved the heat resistance of LNPs/acrylate composites, with residual content rising from 6.9 to 8.4 wt%.
This suggests that LNPs can form an effective carbonized layer at high temperatures to protect the
LNPs/acrylate composite.
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4.3 Inter Layer Bonding Strength

Interlayer bonding strength is a key parameter that determines the structural integrity and mechanical
properties of 3D printed products. It directly affects delamination resistance, load-bearing efficiency, and
anisotropic behavior. Conventional evaluation methods include peel tests, interlayer shear strength tests
(three-point bending tests), and microscopic morphology analysis (e.g., scanning electron microscopy to
observe interlayer voids, fiber distribution, and interface bonding conditions) [103,104]. For most composite
materials, the interface region is one of the most significant challenges. Weak interfaces cause stress
concentration, leading to defects and damage in the material. Internal defects caused by weak bonding
between fibers and the polymer matrix or voids created by gas diffusion are the primary reasons for weak
interfaces [105].

Surface modification is one of the most common methods to improve interface bonding performance.
Choosing appropriate polymer matrices and controlling the appropriate fiber addition ratio can help improve
interface performance and mechanical strength [106]. Material modifications that enhance interfacial
flexural strength, appropriate compatibilizers, and natural fibers can also improve interface compatibility,
thereby influencing the mechanical performance of printed parts [107]. Ye et al. [108] designed a lignin-
g-maleic anhydride-g-PLA (LMP) using a two-step method to act as a bridge, improving intermolecular
interactions in P/L composites. Fig. 5A shows the reinforcement mechanism of LMP in P/L composites,
enhancing compatibility. For a composite with 20% lignin, adding 5 wt% LMP increased tensile strength
by 22%, elongation at break by 68%, and toughness by 114%. Microscopic morphology analysis confirmed
the interface strengthening mechanism. As shown in Fig. 5B, as LMP content increased from 3% to 5%,
the fracture interface of P/LMP/L became smoother. Demir et al. [109] used alkali treatment, hydrogen
peroxide, stearic acid, and ionic liquids to modify the surface of cotton, flax, and jute fabrics. Combined
with FDM printing and mechanical testing of interfacial adhesion (DIN 53530 standard), the effects of fiber
type and treatment on PLA-fabric interfacial bonding strength were studied. Alkali treatment significantly
improved the bonding strength of jute and cotton fabrics (plain weave structures showed the best adhesion),
while hydrogen peroxide reduced flax adhesion. Stearic acid and ionic liquid treatments generally weakened
interfacial bonding. Battisto et al. [110] treated TEMPO-oxidized CNFs (TOCNFs) with the hydrochloride
salt of lauroyl arginate ethyl ester (LAE-HCI), to improve compatibility with the resin interface. By comparing
the rheological curves of resin with 1% (w/w) coated and uncoated TOCNFs, as shown in Fig. 5C, the coated
resin exhibited more uniform dispersion. Even with 8% (w/w) coated TOCNFs, the resin viscosity (at 30 Hz
shear rate) remained lower than that with 1% (w/w) uncoated TOCNFs. This indicates that the LAE coating
effectively reduced CNF aggregation, improving TOCNF dispersion in the composite resin and preventing
sharp viscosity increases at high concentrations.
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4.4 Biodegradability and Sustainability

Biodegradability is a core indicator for evaluating the environmental friendliness and sustainability of
3D printed products. It directly affects their ability to be converted into harmless products through microbial
action at the end of their lifecycle. Conventional evaluation methods include standard composting tests
(ASTM D5338 [111]), enzymatic degradation experiments (lipase, protease catalyzed degradation) [112], and
soil burial weight loss analysis [113], among others.

Plant fiber-based composites, due to their natural degradable properties, have become a research focus
for improving the biodegradability of 3D printed products. Murillo-Morales et al. [114] used Enzymatically
modified lignin (EL) as a nucleating agent to prepare PLA/TPU blends. The experiments showed that
the addition of EL increased the elastic modulus by up to 2.5 times compared to the control group. The
biodegradation rate after 6 months of soil burial reached 15%, as shown in Fig. 6A. The printed part
also exhibited a smooth surface, high geometric accuracy, and an adjustable wood-like color tone. Zhang
etal. [115] found that adding 0.5 wt% CNF could accelerate the degradation of PLA (with the number-average
and weight-average molecular weight reductions being 7.96% and 4.91% higher than pure PLA, respectively).
This addition increased the tensile modulus by 18.4%, but decreased the strength by 7.4% (attributed to weak
interfacial bonding). An equivalent degradation mapping relationship was established between 60 days at
37°C and 14 days at 50°C. Fig. 65 shows the macroscopic and microscopic morphology of printed products
before and after degradation at 50°C.

Life cycle assessment (LCA) is an effective tool for evaluating environmental impacts related to raw
material extraction, manufacturing, use, and disposal of final products. LCA of 3D printing materials PLA,
ABS, and PETG shows different environmental impacts. PETG has the least impact on global warming,
water use, and ecotoxicity. PLA is biodegradable but harms water resources and freshwater ecosystems.
ABS has the greatest environmental impact, especially in fossil fuel use and human health risks [116].
According to Foroughi et al. [23], plant fiber-based composites, such as nanocellulose and cellulose fibers,
are more sustainable. LCA shows that enzymatic and TEMPO oxidation processes use less energy and
produce fewer emissions than methods relying heavily on chemicals, though water use remains a concern.
Full LCA of cellulose composites (e.g., epoxy/BC and CNF) indicates lower environmental impact than
PLA and glass fiber-reinforced polypropylene, especially with recycling and reduced material demand. Plant
fiber composites are better suited for 3D printing than PLA, ABS, and PETG because they are renewable,
biodegradable, and cause less environmental harm during production, making them an ideal choice for
sustainable manufacturing.
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Figure 6: (A) Representative samples and weight loss percentage of 3D-printed dog-bone specimens degraded in
soil [114]. (B) Macroscopic and microscopic morphology of printed products before and after degradation at 50°C. (a,c)
Macroscopic and microscopic morphology of pure PLA and (b,d) CNF/PLA composites before and after degradation
at 50°C [115]. Reprinted with permission from reference [114]. Copyright 2023, copyright Elsevier
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5 Plant Fiber-Based Materials in 3D Printing Applications

3D printing technology is increasingly being applied across various industries, especially in sectors such
as biomedicine, food, packaging, and electronics [117].

5.1 Biomedicine: Tissue Engineering and Wound Repair

3D bioprinting is a product of the fusion of bio-manufacturing, additive manufacturing, tissue engineer-
ing, and regenerative medicine [118]. 3D bioprinting methods use computer-aided programming technology
to create precise biological structures, which can accurately simulate the natural anatomical structure of
organs/tissues [119].

5.1.1 Tissue Engineering

Tissue engineering is a branch of biomedical engineering focused on the development of tissue regener-
ation scaffolds, organoid culture, and both in vitro and in vivo therapies [120]. Compared to traditional tissue
engineering techniques, 3D printing technology offers more precise control. Traditional methods struggle to
accurately control pore size, anatomical design, and the distribution of cells and growth factors, all of which
are crucial for the formation of new tissue. Through 3D printing, the structure and function of hydrogel
inks can be precisely controlled to create scaffolds with specific pore sizes and anatomical designs, providing
strong support for new tissue formation, as shown in Fig. 7.

Hydrogel

3D bioprinting

Better
proliferation
expression

Alg/Gel/CNCs /
bioink

@ -

Bioactive & biodegradable
3D scaffold

hBMSCs seeding & culture

CaCl: crosslinking

Figure 7: 3D bioprinted scaffold used for bone tissue engineering [14]. Reprinted with permission from reference [14].
Copyright 2021, copyright Elsevier

The application of 3D printing in tissue engineering must not only meet printability requirements to
ensure shape fidelity and resolution of printed structures but also possess biological activity to support
cell adhesion, proliferation, differentiation, and other functions [81]. CNCs can effectively balance the
mechanical and biological properties of the scaffold [121]. Goyal et al. [122] constructed a polyacry-
lamide/alginate/cellulose nanofiber (PAM/ALG/CNF) double-network (UV/Fe** crosslinked) composite
hydrogel. By combining extrusion printing with finite element simulation, the study systematically explored
the regulatory mechanism of CNF content (optimal 3 wt%) and fiber orientation on anisotropic mechanical
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properties. The results showed that the Fe’* crosslinked PAM/ALGL.5/3CNF composite material exhibited
significantly enhanced tensile strength (~285 kPa) and toughness (~200 kJ/m?), along with excellent swelling,
thermal stability, and cell compatibility. Monfared et al. [123] improved the mechanical properties of CNF
hydrogels by controlling printing viscosity (increased by more than 1.5 times) and using a visible light-
triggered PEG photopolymerization dual strategy. This created 3D printed scaffolds with an adjustable
Young’s modulus of 10-30 kPa. Kumar et al. [124] regulated the shear-thinning behavior of alginate (SA)
hydrogel ink by the carboxyl interaction between CNCs and xanthan gum (XG), enhancing the rheolog-
ical performance and printing accuracy, and the resulting ink exhibited both mechanical properties and
cell activity.

The structural differences in cellulose may affect the printability, cartilage formation ability, or bio-
compatibility of bioinks. Therefore, Jovic et al. [125] selected three types of nanocellulose (fibrous NFC,
crystalline NCC, and mixed NCB) derived from pulp with varying pore geometry and mechanical properties
to prepare bioinks (75:25 v/v) with alginate. The study systematically evaluated the printing resolution,
shape fidelity, cartilage generation ability, and biocompatibility of the inks. The results showed that NFC
exhibited the best printing resolution, while NCB had the best shape fidelity after printing. NCC significantly
upregulated the expression of cartilage-related genes and promoted extracellular matrix synthesis. Both
NCC and NCB showed enhanced cell proliferation and metabolic activity within 21 days, indicating their
functional adaptability and biological activity advantages in cartilage bioprinting.

5.1.2 Wound Dressings

Wound healing is a complex physiological process that occurs after trauma or injury, which involves
the removal of damaged tissue and the regeneration of healthy tissue to restore the skin’s integrity [126].
Wound dressings form a protective barrier to prevent contamination of the wound, maintain appropriate
humidity, regulate the release of exudates, and promote wound healing. Fig. 8A shows the process of printing
wound dressings using 3D printing technology. Wound dressings embedded with bioactive molecules or
nanoparticles can possess antibacterial effects and accelerate wound repair. Fig. 85 shows the preparation
of PCL/lignin-based wound dressings containing curcumin and D-panthenol using 3D printing technol-
ogy. These dressings exhibit excellent antioxidant and antibacterial properties, promoting wound healing.
However, when multiple bioactive components are embedded, it becomes difficult to independently control
their release. Alizadehgiashi et al. [127] designed hydrogel dressings with different structures using 3D
printing technology, and by regulating drug concentration, adjusting regional distribution, and controlling
the swelling and degradation of the hydrogel matrix, the independent and controlled release of multiple
active ingredients was achieved.

5.2 Food: Personalized Nutrition and Rheological Control

3D printing technology has gradually become a hotspot in food research due to its advantages, such
as the ability to achieve diverse colors, innovative shape designs, and comprehensive customization of
nutritional components [128]. DIW technology, when printing food pastes, has the drawback of insufficient
structural self-supporting ability due to the low viscosity of the raw materials. Armstrong et al. [129]
used CNCs as rheological modifiers for food-based inks such as spinach puree, tomato puree, and apple-
sauce, successfully achieving the manufacture of high-precision self-supporting edible structures, as shown
in Fig. 9. Zhang et al. [16], addressing the dietary needs of patients with swallowing disorders, developed a
protein/polysaccharide aqueous food ink based on CNC. The addition of 1.5 wt% CNC significantly increased
the ink’s viscosity, yield stress, and self-supporting capability, which not only improved the shape fidelity of
the printed structures but also ensured good shape stability even after 96 h of storage at 4°C.
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5.3 Packaging: Smart Monitoring and High Barrier Properties

Packaging films, as physical barriers, create a microenvironment for food, helping to slow down
biological and chemical reactions [130]. Dermol et al. [131] developed a 3D printable hydrogel system by
optimizing the ratio of bacterial nanocellulose (BNC) to cationic starch, creating a film that meets packaging
requirements with high strength, low density, and excellent barrier properties.

With the rise of healthy diet management, smart packaging systems have attracted wide attention due
to their ability to enable rapid and intuitive quality detection during food storage and transportation [132].
The customization capability of coaxial 3D printing technology allows for precise design and regulation of
the material’s microstructure according to different application scenarios, thus obtaining the customized
structures and properties required for packaging materials. Zhou et al. [133] was the first to apply coaxial
3D printing in smart food packaging, developing fruit preservation and visual monitoring labels based
on nanocellulose. Through coaxial 3D printing, controlled release of 1-methylcyclopropene was achieved,
extending the shelf life of lychees by 6 days, as shown in Fig. 10A. Later, Zhou et al. [134] used coaxial 3D
printing to create food packaging aerogels with dual functions of antimicrobial and buftering properties, as
shown in Fig. 10B, for buffering packaging used in the storage and transportation of fruits and vegetables.
Popoola et al. [17] used 3D printing to produce food freshness indicator labels (Fig. 10C) made from a
composite of 8% sodium alginate, 10% gelatin, and CNC. The addition of CNC enhanced the material’s
mechanical properties and stabilized pH-responsive dyes. The film sensitively indicated the freshness of
meat and fish through color changes within 3 days at room temperature, while also exhibiting flexibility,
shape-memory, and biodegradability.

5.4 Electronics and Energy: Flexible Devices

With the development of flexible electronics and energy storage devices, the sustainability, customizabil-
ity, and environmental friendliness of materials have become key issues. CNF, due to its excellent mechanical
strength, flexibility, and renewability, has been widely applied in 3D printing flexible devices. Flexible sensors
play an important role in wearable health monitoring and smart medical devices. However, traditional
hydrogels, due to their high viscosity, pose challenges in printing and are prone to water loss and structural
instability after molding [135]. To address this issue, Guo et al. [136] proposed a hybrid printing process
combining DIW and Vat Photopolymerization (VPP). By introducing cellulose to regulate the mechanical
and rheological properties of hydrogels and combining dual-core coaxial printing technology, hydrogel-
elastomer composite packaging was achieved. This breakthrough overcame the printing limitations of
low-viscosity hydrogels, expanding the adjustable viscosity range of the system while extending the lifespan
of hydrogel sensors. The 3D printed hydrogel can be applied to flexible sensing in parts such as fingers and
wrists, showing excellent mechanical adaptability and environmental stability, as shown in Fig. 11A.

Additionally, Zhan et al. [137] and others developed a hydrogel sensor based on a
PVA/polyvinylpyrrolidone (PVP) composite wood pulp nanocellulose (CNF-P-Na*) using printing
technology. By integrating stress-sensitive nanostructured silica, the sensor achieved high sensitivity (able
to respond to micro-movement signals), high stretchability (>100% strain), and long-term stability (>1000
cycles). This sensor shows great potential for monitoring the rehabilitation of patients with nerve damage,
capable of real-time detection of electromyography (EMG) signals, providing a new material option for
portable, low-cost EMG-BF (electromyography biofeedback) therapeutic devices.
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Figure 11: (A) Sensor applications based on different printing structures [136]; (B) Application of LCNT/CNF-15
composite aerogel as a piezoresistive pressure sensor [138]. Reprinted with permission from reference [136]. Copyright
2025, copyright Elsevier

Although nanocellulose has good biocompatibility and flexibility, its low electrical conductivity limits its
application in flexible electronics. To improve its conductivity, Amini et al. [138] used lignin-derived carbon
nanotubes (LCNT) as conductive components and combined them with CNE, using 3D printing technology
to create flexible aerogel sensors. The resulting LCNT/CNF composite aerogel (mass ratio 85:15) exhibited
a uniform porous structure and stable conductive network, providing stable signal output within a pressure
range of 0.2-9.8 kPa, maintaining 92.5% stress stability after 1000 cycles of compression. This sensor can be
used for monitoring biological signals, such as finger and wrist bending detection and gait analysis, as shown
in Fig. 11B.
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Soft robotics, known for their high flexibility and excellent biocompatibility, have been widely used in
medical and environmental monitoring applications. However, traditional silicone-based soft actuators are
non-degradable and can cause environmental pollution. Therefore, Miiller et al. [18] developed a 3D printable
biodegradable composite material based on CNF reinforced with gelatin. By incorporating CNF to regulate
the material’s rheological properties and mechanical performance (with tensile modulus improved to the
level of silicone), a pneumatic actuator was successfully constructed, achieving an 80° bending angle and
0.1 N blocking force under 15 kPa pressure. Compared to traditional silicone soft actuators, this biodegrad-
able actuator not only has self-healing capabilities but also degrades naturally in soil, demonstrating excellent
environmental adaptability.

6 Future Challenges and Prospects

Plant-fiber-based 3D printing technology shows great potential in sustainable manufacturing and
versatile applications. However, its future development faces challenges in material performance, process
accuracy, and large-scale production. To address these issues and advance the technology, clear research
priorities and interdisciplinary strategies are needed. The following sections outline a structured roadmap
and interdisciplinary approaches to highlight key development directions and breakthroughs for achieving
high-performance, sustainable 3D printing applications.

6.1 Structured Roadmap for Research Priorities

(1) Development of Hybrid Composite Materials: Future material innovation should focus on cre-
ating complex and responsive hybrid composites by combining plant fibers (e.g., cellulose, lignin) with
synthetic polymers or inorganic nanoparticles to balance sustainability and performance. For example,
integrating cellulose nanofibers (CNF) and lignin with conductive nanoparticles can improve mechanical
strength, thermal stability, and conductivity, enabling applications in flexible sensors, tissue engineering, and
high-performance biocomposites. Efforts should prioritize improving compatibility and synergy between
components to ensure consistent performance across applications like wearable devices and biomedical
scaffolds. Additionally, using 4D printing technology [139] to develop plant-fiber-based materials that
respond to external stimuli (e.g., temperature, light, humidity) will create new opportunities for wearable
devices, soft robotics, and smart packaging. These responsive materials will enhance the adaptability of 3D-
printed products to dynamic environments and expand the potential of high-performance biocomposites in
diverse applications.

(2) Optimization of Printing Parameters: Improving the accuracy and efficiency of 3D printing processes
requires systematic optimization of printing parameters. For extrusion-based technologies like FDM, future
research should focus on adjusting nozzle diameter, layer thickness, printing speed, and temperature
to enhance printing precision, interlayer adhesion, and material compatibility. For photopolymerization
technologies (SLA/DLP), the focus should be on increasing printing speed, expanding material compatibility
(e.g., incorporating plant-fiber-based resins), and achieving higher resolution for complex structures. These
improvements will support applications in industrial manufacturing and biomedical fields where precision
and functionality are critical.

(3) Exploration of New Fiber Processing Methods: Developing innovative fiber processing methods
can enhance the functionality and printability of plant-fiber-based materials. Techniques such as plasma
treatment, enzymatic modification, or advanced chemical grafting (e.g., silanization or acetylation) should
be explored to improve fiber-matrix adhesion, thermal stability, and hydrophobicity. For instance, enzy-
matic treatment can reduce energy-intensive processing steps while improving fiber compatibility with
polymer matrices, leading to better dispersion and mechanical performance in 3D-printed products. These
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new processing methods will broaden the use of plant fibers in smart packaging, soft robotics, and
environmental engineering.

6.2 Interdisciplinary Approaches and Technological Integration

Combining computational materials science, machine learning, and synthetic biology will accelerate
progress in plant-fiber-based 3D printing technology. Machine learning can predict material behavior under
different printing conditions, enabling precise parameter adjustments to improve printing accuracy and
material efficiency. Synthetic biology can engineer microbial strains to produce high-quality cellulose and
lignin, reducing reliance on traditional plant resources and improving material consistency. Multi-scale
simulations can optimize printing processes by modeling fiber-matrix interactions at various scales. These
interdisciplinary approaches will drive intelligent design and process optimization, promoting the use of
plant-fiber-based 3D printing technology in sustainable manufacturing and other fields.

7 Conclusion

Plant fiber-based materials in 3D printing show great potential for sustainable manufacturing, offering
new solutions for biomedicine, food, packaging, and electronics and energy fields. Cellulose and lignin,
as renewable and biodegradable natural polymers, improve mechanical properties, thermal stability, and
printability through chemical modification and composite material design. 3D printing processes like FDM,
DIW, SLA, and DLP enable efficient production of complex structures with plant fiber-based materials.
Optimizing process parameters and fiber treatment methods enhances product performance and precision.
These 3D-printed products exhibit excellent mechanical properties, thermal stability, interlayer bonding
strength, and biodegradability, with notable advantages in tissue engineering, wound healing, personalized
food, smart packaging, and flexible electronic devices. However, challenges remain in material consistency,
process compatibility, and large-scale production.

In the future, plant fiber-based 3D printing should focus on developing hybrid composites, optimizing
printing parameters, and exploring new fiber treatment methods. Combining plant fibers with synthetic
polymers or inorganic nanoparticles can balance sustainability and high performance. Introducing 4D
printing will advance responsive material applications. Interdisciplinary approaches, such as computational
materials science, machine learning, and synthetic biology, will speed up material design and process
optimization. Multi-scale simulations will support fiber-matrix interaction improvements. These advances
will promote the widespread use of plant fiber-based 3D printing in sustainable manufacturing, laying the
foundation for high-performance, eco-friendly additive manufacturing. Despite challenges, this technology’s
environmental friendliness and versatility make it a key driver of green manufacturing and innovative
applications, with a promising future.
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