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Abstract: Lignin is the second most abundant renewable and sustainable biomass resource. Developing 

advanced manufacturing to process lignin/lignocellulose into functional materials could reduce the 

consumption of petroleum-based materials. 3D printing provides a promising strategy to realize 

complex and customized geometries of lignin materials. The heterogeneity and complexity of lignin 

hinder its process via additive manufacturing, but the recent advancement in lignin modification and 

polymerization provides new opportunities. Here, we summarize the recent state-of-the-art 3D printing 

of lignin materials, including the selection and formulation of lignin materials based on different 

printing techniques, the chemical modification of lignin for enhanced printability, and the following 

application fields. Additionally, we highlight the significant role of the 3D printing of lignocellulose 

biomass, such as wood powder and agricultural wastes. It was concluded that the most challenging part 

is to enhance the printability of lignin materials through modification and pretreatment of lignin while 

keeping the whole process green and sustainable. Beyond 3D printing, we further discuss the 

development of smart lignin materials and their potential for 4D printing. Ultimately, we discuss the 

current challenges and potential opportunities of the additive manufacturing of lignin materials. We 

believe this review can raise awareness among researchers of the potential of lignin materials as whole 

material constructing blocks and promote the development of 3D/4D printing of lignin towards 

sustainability. 
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1. Introduction 

The durability of petroleum-based polymer materials, attributed to their intrinsic chemical and 

physical stability, has enabled their wide applications in daily life. However, they also cause serious 

end-of-life environmental concerns. Therefore, numerous efforts have been made to search for bio-

based, renewable, and compostable replacements to mitigate environmental problems.1-3 Among them, 

lignocellulosic biomass is the promising candidate due to its abundance, renewability, and 

biodegradability.4-7 

There are three major components in lignocellulosic biomass: cellulose, hemicellulose, and lignin. 

Among them, cellulose is the most widely investigated. Lignin is the second most abundant renewable 

and sustainable biomass resource after cellulose (around 15-30% of all lignocellulosic biomass 

materials) and is the principal biological source of aromatic polymers.8-10 Around 50 million tons of 

lignin are produced annually globally, and its complex structures strongly depend on the origin of plant 

species and the isolation process. Because of its unique chemical structures and properties, lignin has 

attracted significant attention from researchers. However, lignin is still mostly regarded as the by-

product or industrial waste of the cellulose extraction process, such as the pulp industry. Currently, that 

by-product, lignin, remains underutilized and is mainly used for incineration and biofuel to produce 

energy.7 Therefore, lignin valorization for high-value end applications is urgent and meaningful.    

In recent years, widespread attention has been put to upgrading the value of lignin towards advanced 

materials, such as films/membranes,11 electrospun nanofibers,12 and composites.7 3D printing, or 

additive manufacturing, is an efficient way to achieve customized and complex geometries for diverse 

application scenarios. Therefore, 3D printing is a promising technique that adds value to lignin in 

valorization. 

There have been numerous attempts at lignin valorization via additive manufacturing to obtain 

lignin composites.13, 14 Lignin is adopted in variable polymer matrices for fused deposition modeling 

(FDM), such as poly(lactic acid) (PLA),15, 16 and polyhydroxybutyrate (PHB),17 where lignin utilization 

aims to replace these petroleum-based polymers. Various properties of lignin, such as antioxidation and 

ultraviolet (UV)-blocking, have been explored to improve the functionality of 3D-printed lignin 

materials.18 For example, the antioxidant capabilities of 3D-printed lignin/PLA composites were 

improved by adopting lignin.15, 19 Stereolithography (SLA) is another well-established technique for 3D 

printing lignin materials, based on the photopolymerization of light-sensitive resins.20 The majority of 

these resins used are petroleum-derived. Thus, partial replacement of them with bio-sourced lignin is 

desirable. Direct ink writing (DIW) of lignin-based bio-inks is another technique often used to produce 

customized biomaterials. In those works, lignin is used as pure isolated, chemically modified, or whole 

lignocellulose biomass. Among them, chemically modified lignin is the most efficient source for 

utilization in 3D printing, especially in FDM and SLA, as the chemical modification and 

copolymerization could improve the interfacial interaction between lignin and polymers and the 

dispersion of lignin, resulting in higher adoption volumes and more homogeneous dispersion. 

Therefore, the chemical modification and copolymerization of lignin will be reviewed in this review. 

3D printing or additive manufacturing of biomass and lignin has been increasingly studied in the 

last decade, and the publication numbers are shown in Figure 1A. Figure 1B demonstrates that most 

work on 3D-printed lignin materials involves the FDM technique, followed by the SLA technique. In 

the recently published reviews on 3D-printed lignocellulose biomass, the primary focus is on the general 

printing techniques and properties summary, and the biomass materials adopted are mainly cellulose or 

lignin in isolated and purified forms and their corresponding composites.6, 21-23 Here, this review 

summarized the work on lignin/lignocellulose biomass materials for various 3D printing techniques, 

including fused deposition modeling (FDM), stereolithography (SLA), direct ink writing (DIW), 

selective laser sintering (SLS), and their related applications, where lignin is used as it is in an isolated 
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state, a part of lignocellulose biomass, or chemically modified to better compound with the matrix. For 

the FDM and SLA techniques, pristine lignin and chemically modified lignin or lignocellulose powders 

work as fillers in thermal plastic polymers and UV-curable resins, respectively, for the corresponding 

3D printing. In the case of the DIW technique, lignin or lignocellulose biomass was mixed with other 

gel systems or additives to obtain mainly water-based paste-like inks for 3D printing. Additionally, 4D 

printing extends conventional 3D printing by introducing the dimension of time, enabling dynamic 

functionality in 3D-printed lignin-derived smart materials. These 4D-printed lignin materials can adapt 

their shape, properties, or behavior over time in response to external stimuli such as heat, light, humidity, 

or magnetic fields. By summarizing the relationships between lignin materials and printing techniques, 

their pros and cons, and the final application fields, we highlight the potential and underlying challenges 

of 3D/4D printing of lignin materials. Additionally, we evaluate the sustainability of lignin materials 

for 3D printing and potential considerations for future related research. 

 

Figure 1. (A) Number of publications for lignin additive manufacturing between 2014 and 2024. The 

data is obtained from the Web of Science on 20th November 2024. (B) Ratios of summarized 

publications in this review for lignin materials manufactured via different 3D printing techniques.  

2. The modification and polymerization of lignin 

Most lignin-based materials for 3D printing today rely on blending or composite approaches, which 

often result in heterogeneous structures and deteriorated properties. Due to the complexity and 

variability of structure in lignin, its high variation in sizes, and poor compatibility with polymer 

matrices, it advocates the need for chemical modification.24 Developing lignin-based copolymers 

through targeted modifications, including creating new chemically active sites, functionalizing 

hydroxyl groups, and copolymerizing lignin, can potentially create greater material homogeneity, 

enhancing compatibility and performance in advanced 3D printing applications. These alterations can 

be achieved through thermochemical, biochemical, or a combination of these approaches. This section 

will delve into these current chemical modification methods, their impact on lignin properties, and their 

potential to generate sustainable materials suitable for 3D/4D printing. 

2.1. Creating chemically active sites 

To obtain more value-added products, lignin can undergo further chemical modification to 

introduce additional chemically active sites, as shown in Figure 2A. Vaz Jr et al. used 

hydroxymethylation to increase the surface area, adsorption, and availability of chemical groups for the 

interaction of the depolymerized kraft lignin components.25 Amination adds amine functional groups to 

the lignin derivatives.26 The Mannich reaction is one method to facilitate the amination of lignin. Jiao 

et al. investigated this approach by incorporating a phenolation pretreatment, producing aminated lignin 

with elevated nitrogen content and a low C/N ratio under ideal conditions.27 Eraghi et al. have conducted 

amination of lignin in an alkaline environment using NaOH to synthesize cationic lignin.28 
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Sulfomethylation of lignin adds methylene sulfonate groups to lignin with sodium sulfite and 

formaldehyde, producing a sulfonated polyphenol, like sulfomethylated tannic acids.29 Sulfonating 

lignin alters its charge density, solubility, and molecular weight, enhancing its potential for applications 

in surface modification, adsorption onto surfaces like kaolinite, and environmental remediation as a 

coagulant for dye removal. For example, Gao et al. conducted hydroxymethylation of kraft lignin by 

subjecting it to a formaldehyde solution, yielding H-lignin. Subsequently, sulfonation was performed 

using sulfuric acid, resulting in a product with a charge density of 0.46 meq/g and 9% solubility. In 

contrast, employing Na2SO3 led to sulfonated lignin with a charge density of 1.2 meq/g and a complete 

solubility of 100%.30 Using nitrating agents, such as nitric acid with acetic anhydride, acetic acid or 

sulfuric acid, nitration of lignin can be carried out.26 Adding this modified lignin (1.4-6.0%) increases 

cross-linking density and, consequently, improves the mechanical properties of the final composites.31  

 

 

Figure 2. (A) Schematic overview of chemical modifications generating new active sites in lignin; (B) 

Schematic overview illustrating the functionalization of lignin's hydroxyl groups.32 Copyright 2019, 

Elsevier. 

Introducing new chemically active sites, such as amine, sulfonate, or hydroxyl groups, into lignin 

allows for better control of its properties, which enhances its suitability for the development of 3D 

printing materials. These modifications enable better control over lignin's reactivity, mechanical 

strength, and cross-linking density, making it adaptable in advanced additive manufacturing 

applications. 

2.2. Functionalizing hydroxyl groups 

As previously mentioned, lignin possesses numerous phenolic and aliphatic hydroxyl groups, 

offering opportunities for functionalization to create highly reactive polyol derivatives useful across 

diverse applications. As shown in Figure 2B, hydroxyl group modification can be achieved through 

alkylation, esterification, etherification, and phenolation. Jiang et al. explored alkylation with 1,6-
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dibromohexane, increasing lignin's molecular weight by 1643% and lightening its color significantly.26  

Zhang et al. showed the potential of lignin in 3D printing by synthesizing alkylated derivatives of 

dealkaline lignin (DAL) through a streamlined one-step esterification with undecanoyl and dodecanoyl 

chlorides, creating the modified forms DAL-11ene and DAL-12ane. These derivatives demonstrated 

significantly enhanced photoinitiation efficiency compared to unmodified DAL, with DAL-11ene’s 

polymerizable group enabling direct integration into the polymer network. This modification promotes 

safe and effective use in 3D printing, as shown in successful digital light processing (DLP) under 405 

nm exposure, marking a promising development for lignin-based photoinitiators in 3D printing.33 

Esterification processes include ring-opening with cyclic esters, polymerization with carboxylic 

acid chloride, and dicarboxylic acids, as seen in butyl ester synthesis.34 Dai et al. enhanced carbon 

nanofibers from organosolv lignin via esterification, improving the material’s capacitance and 

stability.35 Liu et al. developed a greener esterification method without catalysts or acyl chloride. In this 

method, kraft lignin was functionalized with organic acids, resulting in a polymer blend with a lower 

glass transition temperature suitable for 3D printing inks.36 Deance et al. performed esterification of 

kraft lignin with methacrylic anhydride to incorporate into poly(ethylene glycol) diacrylate (PEGDA) 

matrices. The study demonstrates that methacrylated lignin can integrate smoothly within PEGDA, 

allowing properties like light shielding, mechanical strength, and antioxidant activity to be tailored in 

3D-printed structures.37  

Etherification methods such as polymerization with alkylene oxides or epichlorohydrin and 

solvolysis with ethylene glycol are effective in modifying lignin for increased monomer yield.32 Dong 

et al. employed a diol pretreatment that enhanced α-etherification, minimizing ether bond cleavage and 

improving lignin isolation.38 Cheng et al. confirmed similar improvements with a diol-based deep 

eutectic solvent.39 Liu et al. developed a lignin-based macromolecular photoinitiator for 3D printing 

applications, introducing photoinitiating and water-soluble PEG groups into lignin. This lignin 

modification enables strong light absorption (200-400 nm), water solubility, and effective cross-linking 

when combined with glycidyl methacrylate-modified gelatin (Gel-GMA). The synthesized lignin-based 

photoinitiator improves biosafety, mechanical strength, and swelling control in hydrogels, showing 

lignin’s promise as a biocompatible backbone for durable, ductile 3D-printed structures.40 

Phenolation, involving lignin’s reaction with phenol under acidic conditions, raises its phenolic 

hydroxyl content. Zhang et al. achieved high phenolic content through phenolation with pyrogallol in 

acetone and sulfuric acid.41 Urethanization of lignin involves the formation of a urethane link between 

lignin hydroxyl groups and isocyanate groups.42 This can be done by reacting lignin with diisocyanate 

and/or diol or by reacting isocyanate and polyol, then polymerizing with lignin.43 Urethanization, 

linking hydroxyl and isocyanate groups, can be achieved with diisocyanates and polyols, as 

demonstrated by Lerma et al. with 4,4-methylene bis (phenyl isocyanate).44 Advancing lignin-based 3D 

printing materials will require more targeted research on modification of hydroxyl group modifications 

on lignin, such as alkylation, esterification, and urethanization, to enhance its reactivity and adaptability. 

2.3. Lignin copolymers 

Due to its abundance, cost-effectiveness, and minimal interference with food supplies, lignin is a 

pivotal resource for sustainable synthetic polymers. Yet, its complex structure and natural chemical 

inertness require specific modifications to realize its potential fully. Graft copolymerization, an effective 

method for lignin polymerization, introduces new functionalities that enhance its adaptability. This 

process not only expands lignin's utility across various applications, but it is potentially also valuable 

for the development of novel 3D printing materials, as it improves material homogeneity, printability, 

sustainability, and mechanical properties. Phenolic and aliphatic hydroxyl groups are ubiquitous in 

various types of lignin, offering reactive sites for incorporating diverse chemical groups into the 

molecular chains. These functional hydroxyl groups, as highlighted earlier, facilitate diverse reactions 
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like alkylation, esterification, and amination.45 Moreover, lignin is a potential macromonomer capable 

of hosting heterogeneous molecular chains. Notably, living polymerization techniques such as atom 

transfer radical polymerization (ATRP),45-47 reversible addition-fragmentation chain transfer 

polymerization (RAFT),48-50 ring-opening polymerization (ROP),2, 51 and formation of lignin 

polyurethanes52-55 have been effectively utilized to synthesize lignin graft copolymers, offering a 

pathway to engineering lignin's chemical structure for enhanced functionalities. Deeper research on 

lignin-based copolymers opens new possibilities for developing 3D printing lignin materials. By 

leveraging the reactive sites on lignin's phenolic and aliphatic hydroxyl groups and employing advanced 

polymerization techniques, it is possible to tailor lignin's structure through copolymerization, which can 

form new materials with tunable properties, enhanced mechanical performance, and smart materials 

that are compatible with 3D printing processes, providing sustainable alternatives to petroleum-derived 

polymers. 

3. 3D printing techniques used for lignin materials 

From previous work on 3D-printed lignin materials, fused deposition modeling (FDM), 

stereolithography (SLA), and direct ink writing (DIW) are commonly adopted. A few works are on 

selective laser sintering (SLS) of lignin materials. FDM and DIW are extrusion-based printing 

techniques. The former involves the thermal extrusion of lignin and thermal plastic composite filaments, 

and the latter involves the extrusion of water-based paste-like inks of lignin/lignocellulose and other 

fillers. SLA involves light-curable materials, such as chemically modified lignin for UV curing 

properties and commercially available resins, where lignin is mainly used as an additive, and the matrix 

is UV-curable resins. The primary benefit of adding lignin to the UV-curable resin system is partially 

replacing the fossil-derived resin with renewable bio-sourced lignin. As for the SLS, the lignocellulose 

biomass (wood powders et al.) was mixed with fusible plastic powders for 3D processing. The majority 

of research has focused on the FDM of lignin-based materials, with significantly fewer studies reported 

on SLS. SLS appears to be less suitable for 3D printing lignin materials, as it primarily depends on the 

functionality of auxiliary polymers. Consequently, this section places greater emphasis on FDM, SLA, 

and DIW, while SLA is discussed in less detail. The scheme of these four different 3D printing 

techniques used for lignin materials and derived 4D printing of lignin materials is shown in Figure 3. 

For FDM, the chemical modification of lignin significantly enhanced the overall properties, 

particularly the mechanical performance, of 3D-printed lignin-based composites. In the case of SLA, 

the chemical modification of lignin notably increased its incorporation into resin composites, likely due 

to the enhanced interfacial interaction between the modified lignin and the resins. For DIW, higher 

lignin content is incorporated into the inks than other 3D printing techniques, and chemical modification 

is not deemed necessary. As for SLS, only wood flour is used in combination with other polymers, and 

lignin does not play a major role in the 3D printing process. The representative works discussed in this 

review are summarized in Table 1. 
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Figure 3. Scheme of different 3D printing techniques used for lignin-based materials and derived 4D 

printing of lignin materials. Materials extrusion: FDM and DIW; Laser-based: SLA and SLS.
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Table 1. Summary table for representative 3D/4D printing of lignin and lignocellulose materials. 

Source of 

lignin 

Modification 

of lignin 

3D printing 

technique 

Polymer and 

additive 

Lignin 

content 
Application/Results Ref 

Kraft lignin Unmodified FDM PLA and castor oil 0-3 wt% 
Showing antioxidant capabilities; 3D-printed meshes show 

advantages in wound healing applications. 
15 

Organosolv 

lignin 
Unmodified FDM 

PLA, polyethylene 

glycol (PEG) 

2000 and struktol 

TR451 

Up to 20 

wt% 

The composite filaments show degraded tensile properties; 

when lignin content is above 25 wt%, filaments are brittle and 

do not have enough flexibility to be rolled in a filament spool.  

16 

Enzymatic 

lignin 
Unmodified FDM 

Polyhydroxybutyrat

e (PHB) 

Up to 20 

wt% 

Lignin acting as a non-reactive filler; lignin affects the shear 

thinning profile, which helps in the layer adhesion in 3D 

printing and reduces the warpage of 3D printed samples 

compared to neat PHB. 

17 

Organosolv 

lignin 
Demethylation FDM 

Polyamide 12 

(PA12) 
10 wt%  

Enhanced mechanical properties; tensile strength of 46.1 MPa 

(40.2 MPa of PA12); improved anti-aging performance. 
56 

Alkali 

lignin 

Acetylated 

and 

hexanoated 

lignin 

FDM PLA Up to 50% 

Enhanced thermal stability and compatibility with PLA; 

mechanical properties are in the same range as pure PLA. 

acetylated lignin introduced UV-shielding and antioxidant 

properties to the 3D-printed composites. 

57 

Alkali 

lignin 

Enzymatically 

modified 

lignin 

FDM 

PLA and 

thermoplastic 

polyurethane (PU) 

Up to 5 wt% 

Partially degraded lignin used as a nucleating agent for PLA/PU 

blends; the matrix is PLA: PU (90:10); increased the elasticity 

modulus to a maximum of 2.5-fold; a maximum 

biodegradability rate of 15 % after 6 months under the soil 

burial. 

58 
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Industrial 

lignin 

Lignin 

nanospheres 
FDM PLA 0.5 wt%  

Lignin nanospheres were prepared without changing the 

chemical structure of lignin; flexural, tensile, and impact 

strength increased by 130.8%, 56.1% and 14.2%; hydrogen 

bond action between lignin nanosphere and PLA. 

59 

Wood flour Unmodified FDM PLA 20 wt% 

Ball-milled wood flour as reinforcement in PLA; 210 °C 

filament extrusion temperature and 230 °C printing 

temperature; Particle size of wood flour negatively correlates 

with tensile strength. 

60 

Kraft lignin Unmodified SLA 
Photoreactive 

methacrylate resins 
1 wt%  

Lignin-based composite shows increased tensile strength by 46-

64% and Young’s modulus by 13-37%. 
61 

Lignin-

coated 

cellulose 

nanocrystal 

(L-CNC) 

Unmodified SLA 
Methacrylate 

resin 

Up to 1 wt% 

L-CNC 

Post-curing induced interactions between the L-CNC and resin 

through the esterification reactions between methacrylate resin 

and -OH groups of L-CNC; enhanced tensile strength and 

thermal stability; reduced glass transition temperature. 

62 

Organosolv 

lignin 
Acylation SLA 

Urethane acrylate 

(Genomer 1122), 

tetraacrylate 

oligomer (SR494), 

and aliphatic 

urethane acrylate 

(Ebecryl 8210) 

Up to 15 

wt% 

Photoactive acrylate resins for SLA by mixing commercial 

resin components with acylated organosolv lignin; a 4-fold 

increase in ductility with higher lignin concentration but 

decreased thermal stability. 

20 

Organosolv 

lignin 

Acylation and 

decolorization 
SLA 

Tetrahydrofurfuryl 

acrylate (THFA), 

pentaerythritol 

tetraacrylate 

40 wt% 

Lignin is decolorized by acetylation and subsequent UV 

irradiation, reducing the UV absorbance by 71%; a 3D printing 

resolution of 250 μm; the stiffness and strength of 3D-printed 

composites increased by factors of 15 and 2.3. 

63 
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(PETA), and 

diphenyl(2,4,6- 

trimethylbenzoyl) 

phosphine oxide 

(TPO) 

Kraft lignin 
Lignin 

nanoparticle 
DLP 

Methacrylated 

eugenol (ME), 

methacrylated 

vanillin (MV) and 

methacrylated 

vanillyl alcohol 

(MVA) 

Up to 2 wt% 

lignin 

nanoparticle 

Lignin-derivable resin formulations; lignin acting ad UV 

absorber for better control of the photopolymerization process; 

improved the ductility of the 3D printed nanocomposites 

through toughening mechanisms enabled by the rigid lignin 

nanoparticles. 

64 

Cork 

powder 
Unmodified SLA 

Commercial 

photocurable resin: 

Form Clear v2 

5 wt% 
Cork in commercial resin; as the particle size of cork decreases, 

both the mechanical and thermal resistance increase. 
65 

Alkali 

lignin 
Unmodified DIW Pluronic F127 ~60 wt% 

Lignin and polymers in aqueous ink; lignin ratio of 18-32 wt%; 

triblock copolymer Pluronic F127 as the crosslinking agent to 

improve the rheological and viscoelastic properties of the inks; 

improved stability in water and under heat than cellulose, and 

UV-blocking performance; activated carbon from 3D-printed 

lignin scaffold for water treatment. 

66 

Organosolv 

lignin 
Unmodified DIW 

Tempo-oxidized 

CNF (TOCN), and 

cellulose nanocrystal 

(CNC) 

~25 wt% 

The ink components can all be extracted from waste wood; 

freeze-drying and hot-press to densify the 3D-printed materials; 

mechanical properties are close to those of natural wood. 

67 

Unbleache

d pulp 

TEMPO-

mediated 

oxidation and 

ultrasonication 

treatment 

DIW No 

26.7 % lignin 

in the 

unbleached 

pulp 

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated 

oxidation and ultrasonication approach to process the pulp into 

lignocellulose nanofibrils; LCNF as viscoelastic gelatinous inks 

for DIW; 3D-printed aerogels for customizable thermal 

insulation. 

68 
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Wood flour Unmodified DIW 

Xyloglucan and 

cellulose nanocrystal 

(CNC) 

~97 wt% 

Directly mixing in various ratios; 100% wood-based materials; 

predesigned and programmed warped geometry by adjusting 

3D printing pathways and printing flow rate. 

69 

Alkali 

lignin 
Unmodified SLS Polyamide (PA12) 

Up to 60 vol 

%  

30% less degradation at elevated temperatures than pure PA12; 

a higher porosity (∼10%), increased Young’s modulus by 

∼16%, and reduced tensile strength by ∼7%; reduced cost. 

70 

Enzymatic 

lignin 
Unmodified 

4D printing 

(FDM) 

PLA, Polyamide 

elastomer (PAE, 

PEBAX 2533) 

Up to 3 wt%  

Lignin acting as the photothermal conversion module; initiating 

and controlling the shape memory under near-infrared (808 nm) 

laser irradiation; enhanced toughness by lignin addition. 

71 

Kraft lignin 
Complexation 

with protein 

4D printing 

(FDM and 

DIW) 

Keratin, PEG-400, 

guar gum 

Up to 19 

wt% 

Keratin-lignin (ratio 4:1) for compounding and filament 

extrusion; two biopolymer systems; complexation of keratin 

and lignin through keratin amido and lignin aryl hydroxyl 

interactions; mechanical response to moisture stimuli.  

72 
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3.1. Fused deposition modeling (FDM) 

Fused deposition modeling (FDM), also known as Fused Filament Fabrication (FFF), is a 

commonly used 3D printing method, where 3D objects are built by depositing melted materials 

according to sectional geometry layer-by-layer. Specifically, the thermoplastic filament is loaded into 

the printer and extruded through a heated nozzle. The extrusion head can move along the X and Y axes 

to deposit the material in a predetermined pattern. The deposited material will then cool and solidify. 

Once the layer is printed, the platform lowers itself, or the nozzle head moves upwards to allow the 

deposition of the next layer until the object is finished.73, 74 

3.1.1. Direct blending/compounding of raw lignin for FDM 

An ideal material candidate for FDM should fulfill specific rheology and thermal criteria. The 

material needs to have a low enough melt viscosity to facilitate extrusion. Yet, the zero-shear viscosity 

should be high enough so that the printed objects can stand freely without any dimensional changes. In 

addition, the material needs to have high mechanical properties to avoid buckling the filaments during 

printing and high thermal stability as heating is applied during extrusion in FDM.75  

As the incorporation of lignin can alter the rheology and thermal properties of the polymer matrix, 

which can affect the processibility and printability of such filament, it is essential to define “printing 

zones”, where key parameters such as viscosity and extrusion rate that can give proper printing 

conditions for FDM are identified.76 Ideally, lignin-containing composites should form a rigid system 

with stable melt to meet the criteria for smooth 3D printing via FDM. The situation is complicated by 

the variability in lignin structure depending on the sources and extraction methods. For example, 

Nguyen et al. studied the rheology properties of two types of lignin: kraft softwood (SF) lignin and 

organosolv hardwood (HW) lignin. HW lignin was sinapyl alcohol-rich and printable with low melt 

viscosity and high stiffness at room temperature. In contrast, SW lignin was coniferyl alcohol-rich and 

unsuitable for melt processing due to its high melt viscosity and high resistance to flow unless a low 

lignin fraction was used.17, 76 Obielodan et al. reported that the mechanical and thermal properties of 

3D-printed objects from PLA/lignin composites varied significantly depending on the source of lignin 

used.77  

Moreover, increasing lignin in the composites is often accompanied by deterioration of their 

mechanical performance. Various studies have reported a reduction in the mechanical properties of the 

composites when lignin is added to polymers.78-82 This was explained by a decrease in the effective 

load-bearing area of the polymer in the presence of lignin.83 Due to poor compatibility and interfacial 

interaction between lignin and polymer, aggregation of lignin particles occurs at high content, leading 

to a smaller interfacial area, resulting in poor stress transfer between polymer and lignin. The poor 

mechanical properties of lignin-containing composites affect the overall mechanical performance of 

final 3D-printed objects. 

The choice of polymer in lignin-containing composites is another critical consideration, where PLA 

and ABS are the most commonly used polymers. Many studies have reported decent printability of 

lignin-containing composites based on PLA. However, mechanical properties are often compromised 

with lignin addition compared to those with neat polymers. Tanase-Opedal et al. reported that adding 

soda pulping lignin to PLA reduced tensile strength, elastic modulus, and strain at break of FDM 3D-

printed objects at 20 and 40 wt% lignin addition. However, adjusting printing temperatures could 

alleviate this reduction in tensile strength.19 Weakening of 3D-printed objects with lignin composites 

was also observed by Mimini et al., where both impact and flexural strength of lignin/PLA composites 

decreased with increasing lignin content up to 15 wt% for three types of lignin (Kraft lignin, organosolv 

lignin, and lignosulfonate).84 The reduction in flexural strength was attributed to the disruption of 

interactions between PLA chains, while the decrease in impact strength was explained by the high 
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rigidity of lignin and the presence of voids in the composites, potentially introducing flaws to the 

structure. Gkartzou et al. reported that tensile strength and elongation at break were lower for 3D-printed 

objects using lignin/PLA composites at 5% loading than pure PLA objects.85 This was explained by the 

better interlayer fusion in pure PLA objects. The interlayer fusion was improved every two layers due 

to toolpath variation in pure PLA objects, which was not evident in lignin/PLA objects.  

To mitigate the issue of poor mechanical performance, researchers have tried to add other 

components to improve compatibility between lignin and polymers. Ren et al. were able to achieve high 

lignin loading of 50% in lignin/PLA composites with good printability by adding plasticizers (acetyl 

tributyl citrate and tributyl citrate), which enhanced lignin dispersion and polymer chain mobility. The 

integration between printed layers was also increased because of higher local chain relaxation.86 Wasti 

et al. tried using PEG and struktol TR451 as plasticizers in lignin/PLA composites. Although 

mechanical strength was improved with plasticizer addition, the tensile strength of 3D-printed objects 

with 20% lignin content was still lower than that of pure PLA.82 The addition of epoxidized palm oil 

(EPO) was shown to be less effective in enhancing the mechanical properties of lignin/PLA. Even with 

EPO addition, the mechanical properties of lignin-containing composites started to decrease and were 

lower than those of neat PLA once the lignin content exceeded 3%.87 

For lignin/acrylonitrile-butadiene-styrene (ABS) composites, the addition of lignin often resulted 

in more brittle materials, where the tensile strength and strain at break were significantly reduced from 

pristine ABS when organosolv HW lignin was added at 40 wt%.88 The same group then incorporated 

acrylonitrile butadiene rubber (NBR41, 41 mol% nitrile content) to improve the plasticity of the 

lignin/ABS composite. Adding 10 wt% rubber to lignin/ABS composites remarkably increased the 

tensile strength and strain at break, making the materials much more printable.89 The mechanical 

properties and printability were further enhanced by adding 10 wt% carbon fiber (CF). The percolation 

of CF reinforced the polymer matrix and contributed to the increased mechanical properties of the 

composites. The welding between layers was significantly stronger when CF was added, as seen in 

Figure 4A. The SEM images indicated unfused regions between two layers for neat ABS and ABS 

composites containing lignin and rubber, as highlighted with yellow arrows (Figure 4B). This issue was 

not observed when CF was added to the composites. The enhanced fusion between layers was due to 

higher local chain mobility, thus lower local melt viscosity as CF disrupted crosslinking between lignin 

and rubber.89 Additionally, imperfect alignment of CF orientated towards the weld interface formed CF 

bridges, reinforcing the interlayer welding. The 3D-printed objects are demonstrated in Figure 4C. 

Moreover, Adding polyethylene oxide (PEO) to lignin/ABS served similar purposes as nitrile rubber 

since PEO acted as an adhesion promoter and helped the dispersion of lignin in the ABS matrix (Figure 

4D).90 The addition of graphene to ABS/lignin composites could also enhance their mechanical 

properties, which allowed successful 3D printing of complex shapes (Figure 4E). However, the surface 

finish was affected, and the added lignin content was only 5% before tensile strength started to fall.91  
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Figure 4. (A) Scheme to highlight the alignment of CF along the printing flow and CF bridging the 

weld zone.89 Copyright 2018, Elsevier. (B) The cross-section optical images (left) and corresponding 

cross-section SEM images (right) of the 3D-printed samples: (top) ABS; (middle) ABS-NBR41-Lignin-

514; and (bottom) ABS-NBR41-Lignin-CF-4141. The yellow arrows in the optical images (left) and in 

the SEM images (right), top and middle, indicate individual 3D-printed layers and un-fused areas, 

respectively. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.).89 Copyright 2018, Elsevier. (C) Examples of 3D-printed objects made 

from ABS (“O” and “R”), ABS-NBR41-Lignin-514 (“N”), and ABS-NBR41-Lignin-CF-4141 (“L” and 

the oak leaf).89 Copyright 2018, Elsevier. (D) The hydrogen-bonded network of lignin with PEO in the 

ABS matrix.90 Copyright 2015, American Chemical Society. (E) The filament rolls at different 

composition ratios of ABS, lignin (L), and graphene (G); the quality of 3D printed objects.91 Copyright 

2021, Wiley-VCH. 

Other polymers have been studied for their utilization in FDM of lignin-based composites. Nguyen 

et al. attempted to develop printable nylon/lignin composites. They found that adding HW lignin 

increased the stiffness of the composite at room temperature and reduced its melt viscosity, leading to 

excellent 3D printability. These were explained by the phase-separated discrete lignin domains forming 

thermos-reversible hydrogen bonding with the nylon matrix.76 In this case, the addition of CF also 

further increased the material tensile strength and reduced the melting temperature of the polymer 

matrix, allowing printing with a higher rate and lower temperature. Zhou et al. fabricated 

polyurethane/lignin composites with good rheology behavior suitable for printing up to 50 wt% of 
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lignin. However, tensile strength and elongation at break were not ideal with lignin addition. This issue 

was alleviated by adding 0.5 wt% carbon fibers, which reinforced the mechanical properties and 

increased interlayer bonding during 3D printing.92 Vaidya et al. reported that although the surface part 

quality and warpage were improved for a lignin/polyhydroxy butyrate (PHB) composite at 20 wt% 

lignin (biorefinery lignin), increasing the lignin content to 50% renders the composite unsuitable for 

FDM, due to increase in required pressure to print.17 The decrease in warpage was explained by the 

interfacial voids in the composites, as the voids modified the volume shrinkage behavior. The interfacial 

voids in lignin/PHB composites resulted from incompatible interfaces between lignin and PHB. Yu et 

al. fabricated lignin/PEO composite filaments for 3D printing and found that filaments containing HW 

lignin with 15 wt% of PEO showed thermal and mechanical properties suitable for FDM.93 

Attempts have been made to form composites with other polymers, but with less promising results. 

For example, combining lignin and nitrile rubber resulted in composites with excellent mechanical 

properties but were very difficult to print due to the high viscosity. This may be mitigated by blending 

further with rigid plastics.14 Extrudable FDM filament could be made by mixing keratin and lignin at a 

temperature higher than 130 °C. However, degradation of composites was observed at such high 

temperatures.72  

3.1.2. Modified lignin and lignin copolymers for FDM 

Chemically modified lignin and lignin-based copolymers have been developed to overcome the 

poor mechanical properties of lignin/polymer composites. It is now recognized that poor dispersion and 

interfacial interaction between lignin and the polymer matrix cause the suboptimal mechanical 

performance of lignin-containing composites. Therefore, efforts have been made to improve the 

compatibility and dispersion of lignin in the polymer matrix, either by changing lignin chemistry or 

morphology.  

Yao et al. reported that by using acetylated lignin and hexanoated lignin, good mechanical 

properties and printability could be achieved for lignin/PLA composites up to 50% lignin content, with 

mechanical properties in the same range as pure PLA.57 Gordobil et al. also reported that when 

acetylated lignin was used to form composites with PLA, elongation at break was increased even at 

high acetylated lignin content.79 Hong et al. modified the lignin surface by adding hydroxyl groups. The 

tensile strength of composites consisting of PLA and modified lignin was increased from that of 

PLA/non-modified lignin composites. Successful 3D printing of PLA composites with modified lignin 

was demonstrated up to a lignin content of 15%, above which the binding between printed layers 

became difficult.94 Zhang et al. used a demethylation method to enrich the phenolic hydroxyl groups on 

organosolv HW lignin. By adding modified lignin at 10 wt%, tensile strength, Young’s modulus, and 

anti-aging performance of 3D-printed objects were improved compared to objects printed from nylon 

12 alone. The improved mechanical properties were attributed to better interfacial interaction between 

lignin and the nylon matrix, as the added hydroxy groups provided potential hydrogen bonding sites.95 

Liu et al. added lignin treated with a silane agent (KH550) to PLA, which improved the mechanical 

properties of composite filaments compared to neat PLA. Tensile strength remained higher than neat 

PLA, up to a lignin content of 20%. When lignin content exceeded 20%, poor dispersion of lignin in 

the PLA matrix was observed, which resulted in reduced tensile strength.96 Ye et al. developed a 

customized compatibilizer containing lignin and PLA moieties, lignin-g-maleic anhydride-g-PLA 

(LMP), for a 3D printable lignin/PLA composite. By adding this compatibilizer to lignin/PLA 

composites, molecular interaction, and mechanical properties were significantly improved.97 

Biological treatment can be applied to modify lignin chemistry as well. Murillo-Morales et al. used 

an enzyme, bacterial laccase, to partially degrade alkali lignin before adding it to a polymer blend of 

PLA and thermoplastic polyurethane. During degradation, various chemical reactions occurred, and the 

surface area of lignin increased significantly. These changes allowed better compatibility between lignin 
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and polymer matrix. The resultant composites had improved tensile strength, Young’s modulus at low 

lignin content (up to 5%), and good printability. The printed parts containing enzyme-degraded lignin 

at 5% lignin content had superior biodegradability (15 wt% weight loss after six months) compared to 

the polymer blend alone.98  

Sun et al. synthesized lignin-poly(d-lactide) (PDLA) copolymers and lignin-rubber-PDLA 

copolymers, which were then added to poly(l-lactide) (PLLA) to form composites.99 It was found that 

composites with both copolymers showed higher tensile strength, Young’s modulus, elongation at 

break, and toughness compared to pure PLLA polymers due to stereo-complexation between PDLA and 

PLLA which promoted load transfer from the matrix to lignin copolymer filler. The addition of rubber 

further enhanced toughness and elongation at break, as rubber could initiate crazing under stress. Ding 

et al. copolymerized 2-ethylhexyl acrylate with lignin (e-lignin) and reported that adding 10 wt% of e-

lignin to PLA significantly toughened the composites. The toughening effect was explained by 

plasticization and good interfacial compatibility between e-lignin and PLA. The composites showed 

good printability, and the interlayer adhesion for 3D-printed objects was improved due to the higher 

local relaxation of polymer chains.100 

Other than chemical modification, physically modified lignin has also been studied. Long et al. 

prepared lignin nanospheres without changing the chemical structure of lignin. The lignin nanospheres 

were then compounded with PLA at 0.5 wt% to form composites with enhanced mechanical properties 

and good printability for FDM.59 Similar results were obtained for lignin microspheres. The addition of 

0.375 wt% of lignin microspheres to PLA produced composites with enhanced tensile, bending, and 

impact strength. The composites were then successfully printed via FDM.101 

3.1.3. Lignocellulose biomass for FDM 

Various studies have explored using lignocellulose biomass to form composites for FDM instead of 

lignin extracted from biomass. Many different types of biomasses have been used for FDM, such as 

wood, bamboo, sugarcane, and hemp, to name a few. The composition of biomasses can vary 

remarkably between species and sources, implying different amounts of lignin. Therefore, different 

mechanical and thermal behaviors have been observed for 3D-printed objects containing different 

biomasses.60  

Wood is one of the most used biomasses as a natural filler due to its low cost and wide availability. 

A considerable number of studies on this topic are available in the literature. Like lignin, the 

incorporation of wood often leads to decreased mechanical performance of 3D-printed objects, mainly 

due to the intrinsic poor tensile strength and brittleness of wood-containing composites and the high 

porosity induced during printing.102-106 For example, Kariz et al. reported that the tensile strength of 

wood/PLA composites decreased after the wood particle content reached 10%. In addition, with 

increasing wood content, the printability became poorer, and 3D-printed objects became rougher and 

more porous.102 The high porosity of 3D-printed objects using wood/PLA composites was also observed 

by Le Guigou et al., which could be an advantage when the printed samples are developed into 

hygromorph materials.103 Li et al. developed a bio-hygromorph with fish swim bladder hydrogel and a 

3D-printed scaffold from wood/PLA composites. The morphing abilities could be triggered by changes 

in moisture contents.107 Various printing parameters were found to affect the mechanical strength, 

porosity, and wettability of the printed samples, including printing width,103 printing temperature,104 

printing layer thickness,108-110 printing pattern,110 and the number of shells.105 Other factors included the 

addition of plasticizers,[63] incorporation of compatibilizer and toughening agent,[64] chemical 

treatment of biomasses,[65] wood particle size reduction[53] can potentially improve the mechanical 

performance and affect the wetting behavior.  

Bamboo is another biomass that has been used extensively in FDM. The mechanical performance 

and microstructure of 3D-printed objects using bamboo-containing composites have been investigated, 
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and factors affecting their mechanical performance include infill density and deposition geometry.111-113 

Chemical treatment has also been applied to bamboo, which improved the mechanical performance of 

3D-printed objects.114 Other types of biomasses have also been utilized in 3D printing, and some 

examples are provided here. Song et al. looked at composites containing PLA and walnut shells, 

containing around 30% lignin, and pre-treated with NaOH and silane coupling agent (KH550). The 

composites were successfully 3D-printed into porous scaffolds with controllable porosity and pore size 

using FDM.115 Liu et al. reported an increase in flexural modulus when sugarcane bagasse was used in 

PLA, and the printing orientation affected the tensile strength of 3D-printed objects due to the 

orientation of sugarcane fiber and polymer chains under different printing modes.116 Yu et al. achieved 

the 3D printing of PLA and rice straw powder composites and found that particle size, alkali, and 

ultrasonic treatments on rice straw powder could improve mechanical strength.117 Ni et al. developed 

bio-composites of PLA, thermoplastic starch, and Astragalus residue powder for FDM. The inclusion 

of both biomasses decreased the mechanical properties of the composites.118 

To summarize lignin materials for FDM, the mechanical strength of composites and 3D-printed 

objects tends to decrease when lignin or lignocellulose biomass is added, and these natural materials 

are directly blended with a polymer matrix. Since the main reason for poor mechanical performance is 

low compatibility between fillers and matrix, different strategies have been developed to overcome this 

issue. Chemical modification and copolymerization have been demonstrated to effectively increase the 

interaction between the filler and matrix, thus improving mechanical performance. Additives that serve 

different purposes have been incorporated as well. For example, compatibilizers that can form hydrogen 

bonding with either or both components could effectively enhance filler-matrix interaction, which in 

turn enhances mechanical performance. Toughening agents achieved the same purpose by reinforcing 

the composite structure. In addition, defects introduced during printing, such as poor interlayer adhesion 

and high porosity, also contributed to inferior mechanical performance. Additives that can improve 

interlayer welding by plasticization of polymer chains or bridging effects have also been proven to be 

effective in enhancing the mechanical properties of 3D-printed objects.  

Given these limitations, the use of lignin to replace petroleum-based polymers in FDM by direct 

blending is restricted by poor printability and mechanical performance at high lignin content. Currently, 

FDM has only been successful at relatively low lignin content. Proposed strategies to rectify these issues 

can cause further problems. For example, chemical modification can increase the process's carbon 

footprint, and the additives used are not necessarily natural material-based, therefore forgoing the 

purpose of lignin application in favor of greener and more sustainable materials.  

3.2. Stereolithography (SLA) 

Stereolithography (SLA) and digital light processing (DLP) are similar methods that use a power 

source such as UV or a laser beam at a specific wavelength to control the in-situ polymerization of 

desired parts in a polymer matrix. Lower viscosities of the printing matrices in a resin bath are desirable 

for this purpose, specifically with Newtonian flow behavior.20, 119 The primary distinction between SLA 

and DLP relies on the polymerization steps, where SLA utilizes point-by-point curing by scanning 

across the resin surface, whereas in DLP, curing of a layer in an X-Y plane at once.120 The structure 

fidelity of the final product depends on various factors such as penetration depth, critical energy 

requirement to induce polymerization, dosage per layer, exposure time, and filler size/loading.64, 119, 121, 

122 The formulation of a printing bath typically contains photosensitive monomers, photoinitiators, UV-

blockers (to prevent over-curing), and a viscosity modifier. The higher reliance on non-renewable 

feedstock has led to seeking the possible pathways of using bio-derivable natural sources. Given the 

attractive properties and complex chemistry in lignin structure, scientists have paved the way for 

utilizing this as a functional material in vat polymerization. Initially, lignin was primarily investigated 

for its potential as a filler material. However, over time, researchers have explored its versatility in 
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various roles beyond filling. These include functioning as monomeric materials, UV blockers, and 

photoinitiators, with particular emphasis on their reinforcement effects. These aspects will be further 

examined in the following two subsections. 

3.2.1. Direct blending/compounding of lignin for SLA 

Zhang et al. utilized softwood kraft lignin in loadings below 1 wt% to probe the ability of lignin as 

a reinforcing filler in a methacrylate resin.61 Here, an optimum loading of 0.4 wt% generated a tensile 

strength of 49.0 MPa with a 60% increase than the control sample without lignin. However, a higher 

lignin loading (1 wt%) led to a lower stiffness in the structure, mainly due to the high amount of 

unreacted resin in the structure. Additionally, the authors documented a clear improvement of the 

mechanical properties after the post-curing for 4 h of the final structure. In another study, Ibrahim et al. 

studied the reinforcing effect of organosolv lignin from oil palm empty fruit bunch fibers with graphene 

nanoplatelets.123 Lignin loadings from 0.2-3.0 wt% were incorporated in a polyurethane-based resin in 

a DLP system, which enhanced the strength profile of the composite by 27%, while loading of 0.6 wt% 

lignin and 10 wt% graphene nanoplatelets indicated a significant improvement by 238% compared to 

the unmodified polyurethane resin.  

Another attempt was made to generate conductive composite materials (conductivity of 1.6×10-7 

S/cm at 1 wt% lignin) with acrylic resins and para-toluene sulfonic acid doped polyaniline-organosolv 

lignin (PTSA/PANI/Lignin) combined filler materials.121 This work revealed that lignin below 3 wt% 

could be successfully 3D-printed by vat polymerization, where lignin content of 1 wt% indicated 

minimal surface roughness, resulting in an improved visual appearance. The limitation of the low 

loading has been attributed to the UV absorption by lignin, which hinders the curing process by 

obstructing the photo-initiators. Yao et al. turned this inherent limitation into an advantage by employing 

lignin nanoparticles to act as UV absorbers. This strategy aimed to improve 3D printing resolution by 

hindering light penetration into unintended layers.64 Here, lignin nanoparticles have been considered as 

functional fillers, which indicated better dispersion stability and improved the ductility of the cured 

nanocomposites (Figure 5B(ii)). Additionally, the team utilized a bio-based resin for the printing, which 

consisted of methacrylated derivatives of vanillin, vanillin alcohol, and eugenol to feature soft and rigid 

domains in the printing materials. However, in all these cases, the lignin content incorporated into the 

final product was limited (less than 3 wt%). Further enhancements towards this have been attempted 

mainly by using chemical modifications on the lignin structure to improve the adhesion of lignin with 

the polymer matrix. 

The primary focus of lignin chemical modification has been on functionalizing lignin using 

methacrylate derivatives, with the goal of improving curing properties with reduced UV energy dosage 

while simultaneously enhancing mechanical properties with higher lignin loadings. Sutton et al. 

reported that lignin acylation using methacrylic anhydride enabled the loading of 15 wt% in the printing 

resin.20 Further, this system indicated a four-fold increase in ductility with better layer fusion and high 

visual clarity than the commercially available resin without modified lignin (Figure 5B(iii)). In this 

context, the increased incorporation of altered lignin suggests its potential application as a UV blocker, 

albeit with reduced effectiveness than the commercially available one (PR 48). Another study by the 

same team reported the improvement of UV curing properties of organosolv lignin-containing resins by 

adding a reduction step before the acylation to address this.119 Here, the authors utilized NaBH4 

chemical reduction to decrease photoactive sites further for more controlled curing by increasing UV 

transparency. Moreover, a comparison between acylation performed through two methods, namely 

methacrylic anhydride and acrylic anhydride, was undertaken. The acrylic anhydride-treated lignin 

samples exhibited shear-thinning characteristics, which proved unsuitable for SLA printing, where 

Newtonian behavior was desired. An optimum loading of 5 wt% for reduced and methacrylated lignin 

was suggested. In both the stated studies, increased strength and lower thermal stability compared to 
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the base resin have been reported.20, 119 Deance et al. carried out a copolymerization reaction on 

methacrylated kraft lignin with poly(ethylene glycol) diacrylate (PEGDA) to study the effect of loading 

up to 10 w/v%.37 An optimum loading of 5 w/v% of methacrylated lignin has led to 15-20% higher 

stiffness, with improved resistance and fracture toughness (Figure 5B(i)). Additionally, when 

considering the antioxidant activity of the cured samples, the authors reported that adding 0.5 w/v% 

lignin resulted in a 40% increase, reaching a maximum of 50% for subsequent loadings. Another study 

by Johnson et al. utilized methacrylated dealkaline lignin (2.5 wt%) in a bio-based resin containing 

soybean oil and vanillin.124 The self-healing capabilities of the composites at 140 °C (24 h) have been 

reported owing to the transesterification process of methacrylated lignin due to the abundant hydroxyl 

and ester groups within the structure in the presence of a 2 wt% Zinc catalyst.  

Recently, Keck et al. explored a different avenue in an attempt to conversion of wheat straw lignin 

to a photopolymerizable macromonomer rather than utilizing lignin as a filler.125 The team introduced 

a UV-curable lignin derivative with over 30% lignin content by an oxyalkylation reaction followed by 

a modification with methacryloyl chloride (Figure 5A). Here, hot lithography was used to enable the 

processing of resins with high viscosity (up to 20 Pa·s) at elevated temperatures. The as-printed 

structures exhibited a tensile strength of 13.5 MPa and Young’s modulus of 220 MPa. Further, the 

authors emphasized the significance of appropriately choosing the photoinitiator and its quantity, as this 

decision can impact the rheological properties of the resin system prior to crosslinking. The grafting of 

90% hydroxyl groups in the lignin structure has enabled this macromonomer to be used as the resin 

without diluents (Figure 5A(ii)). In another study, Zhang et al. probed the ability of lignin to act as a 

macro photoinitiator using dealkaline lignin.126 The resin solubility was enhanced by introducing long 

alkane (DAL-12ane) or alkene (DAL-11ene) groups to the backbone, and the combination of an amine 

co-initiator [ethyl 4-(dimethylamino) benzoate] improved the photoinitiation efficiencies in DLP-based 

printing at 405 nm (Figure 5C). The authors highlighted that even though dealkaline lignin has a certain 

level of photoinitiation ability, this modification enhanced the efficiency of acrylate monomers. Further, 

the lower migration levels of these macro initiators have confirmed the cytocompatibility of the polymer 

products. 

Besides chemically modifying lignin to facilitate its incorporation, decolorizing lignin is another 

approach to avoiding its light absorption. In recent work, dark brown lignin was decolorized by UV 

irradiation to eliminate its UV absorption, resulting in a much higher lignin content of up to 40 wt% in 

the composites for DLP 3D printing.63 Lignin was decolorized by acetylation and UV irradiation, 

reducing the UV absorbance by 71% after decolorization. The high integration of decolorized lignin 

into bio-based tetrahydrofurfuryl acrylate could work as a reinforcing agent for the 3D-printed objects, 

leading to increased stiffness and strength by factors of 15 and 2.3, respectively.  
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Figure 5. Utilization of lignin for SLA and DLP 3D printing categorized by the function of lignin. 

(A) Lignin as macromonomer: (i) Modification pathway of wheat straw lignin to generate 

photopolymerizable macromonomer (ii) 31P-NMR spectra of Wheat straw soda lignin (PB1000), 

propoxylated lignin (L-PO), and methacrylated propoxylated lignin (L-PO-MAC) (iii) CAD render, 

printed maple leaf and SEM images of the show parts.125 Copyright 2023, American Chemical Society. 

(B) Lignin as fillers: (i) Photos of 3D printed composites with kraft lignin copolymerized with PEGDA 

at 0-5 w/v% (Top left: Optical microscope image of sample 5 w/v%,37 Copyright 2023, American 

Chemical Society. (ii) Photos of lignin nanoparticle (LNP) incorporated specimens and stress-strain 

curves indicating tunable strength and ductility profiles at different LNP loadings (0.5-2.0 wt%), 

polymer matrix (MV: Methacrylated vanillin, MVA: Methacrylated vanillyl alcohol, ME: 

Methacrylated eugenol),64 Copyright 2023, Elsevier. (iii) Synthesis of methacrylated lignin and effect 

of methacrylated lignin addition in the layer thickness and print quality; scale bar is 1 cm.20 Copyright 

2018, American Chemical Society. (C) Lignin as photoinitiators: (i) grafting long alkane (DAL-12ane) 

and alkene (DAL-11ene) chains (ii) generation of free radicals in dealkaline lignin under light.126 

Copyright 2020, American Chemical Society. (D) Lignin for encapsulation: silver-lignin nanosphere 
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generation for encapsulation in hydrogel for DLP printing.127 Copyright 2022, The Royal Society of 

Chemistry. 

The generation of lignin nanoparticles, which are embedded with silver nanoparticles on the surface 

as antimicrobial agents, has been studied by Wang et al.127 A DLP printing at 405 nm has been utilized 

to print methacrylated O-acetyl-galactoglucomannan (GGMMA) hydrogels containing these lignin 

nanoparticles. Nanoparticle preparation with birch alkaline lignin was initially conducted by treating 

with three alcohols (isopropyl alcohol, ethanol, and methanol, respectively) to obtain well-defined 

lignin fractures, followed by a laccase-catalyzed polymerization step. The laccase-based polymerization 

has led to the generation of alkali-resistant lignin nanoparticles, which has enabled the in-situ reduction 

of Ag+ with the possibility of loading 30.6-47.2 wt% of silver nanoparticles. 3D-printed structures with 

1 mm pore size and 35 µm layer thickness could be achieved in the printing process (Figure 5D).  

The incorporation of lignin with other biomasses is encouraged to improve overall properties such 

as reinforcement, hydrophobicity, and thermal stability of the final composites. Feng et al. studied the 

effects of reinforcement and thermal stabilization attained by incorporating 0.1, 0.5, and 1 wt% lignin-

coated cellulose nanocrystals (L-CNC) in methacrylate composites.128 The L-CNC utilized in this study 

contained 3-6 wt% lignin. The effect of post-curing (40 min at 120 °C) indicated enhancement of the 

properties of the composites owing to the esterification reactions, which have undergone between 

methacrylate resin and the free -OH groups of the L-CNC. Compared to the neat resin, an improvement 

in tensile strength (~36.6 MPa at 0.5 wt% loading) and reduction of glass transition temperature with 

the increase in L-CNC loadings indicated the restriction of the chain mobility of the polymer matrix 

leading to better reinforcement and less energy consumption during the SLA 3D printing process. Later, 

the same team suggested the advantages of incorporating lignin-coated cellulose nanofibers (L-CNF) 

for energy saving with respect to post-curing.129 Here, without performing any post-curing step, the 

team compared the mechanical properties of 3D-printed composites with L-CNF. The mechanical 

interlocking network with the matrix generated by the L-CNF resulted in the reinforcement of 

approximately 36.5 MPa at a much lower loading level (0.1 wt%). However, in both these studies, 

loading at 1 wt% indicated agglomeration of the particles. 

3.2.2. Lignocellulose biomass for SLA 

The effect of the particle sizes of lignocellulose biomass has also been studied.65, 122 The biomasses 

(wheat straw, rice straw, cork powder) with sizes ranging from 45-250 µm have been incorporated into 

commercially available resins at 5 wt%.  The thermal analysis of wheat straw and rice straw 

incorporated composites indicated better thermal stability owing to the high amounts of lignin present 

in larger particles.122 Zhang et al. reported the enhancement of the strength profile of wood flour-

reinforced (1-2 wt%) methacrylate composites.130 At 1 wt% loading, the tensile strength increased to 

24.7 MPa with respect to the neat polymer (21.1 MPa). A reduction in the glass transition temperature 

has been observed with higher wood powder loadings, attributed to increased free space occupied by 

polymer chains. Additionally, the team reported on a stress whitening behavior (an energy-absorbing 

mechanism of plastic-type materials) of the composite materials owing to the formation of micro-craze 

and micro-voids, indicating the ability of wood flour to create localized stress points. A similar 

observation of stress whitening was evidenced by Yao and Hakkarainen.131 Here, the authors were able 

to generate stable composites (617% increase in tensile strength compared to neat polymer) with higher 

wood fiber loadings at 10 wt% in methacrylated eugenol and vanillin-based resin. A rapid 

functionalization of the wood fiber with microwave treatment has been reported here with enhanced 

interfacial adhesion. The authors attributed this to the generation of crosslinks between methacrylated 

wood fiber and resin. Additionally, an improved print fidelity has been observed in the wood powder 
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incorporated composites as opposed to the control polymer without. The authors also reported a 

sedimentation of the filler at loadings above 10 wt%.  

Overall, all these directives suggest the possibility and a greater potential of lignin acting in various 

roles in vat polymerization-based 3D printing. However, the careful selection and balancing of lignin 

chemistry is required to harness the fullest potential of this renewable source. Especially, the availability 

of convertible moieties enables researchers to delve more into the possible functionalization and 

modifications of lignin structure. Most of the current studies have been focused on the methacrylation 

of lignin. The addition of epoxy functional groups for lignin macromolecules is an emerging study area 

in the coating industry, and the extension of this for SLA and DLP printing techniques can be 

insightful.132 Additionally, further studies on fine-tuning lignin’s UV absorption and radical scavenging 

properties will be beneficial for adding lignin at higher loadings in SLA and DLP techniques.  

3.3. Direct ink writing (DIW) 

Direct ink writing (DIW) is an extrusion-based 3D printing technique in an ambient environment. 

The essential part is developing printable paste-like inks or slurries with shear-thinning behaviors, 

allowing for smooth flow upon certain pressure. DIW is relatively simple and suitable for variable 

materials, enabling the fabrication of macroscopic 3D complex materials.133 Regarding the lignin inks 

for DIW, there are two main groups based on lignin sources: commercially separated technical lignin 

(alkali lignin, kraft lignin et al.) and lignocellulose biomass, where the biomass is not 

bleached/delignified and used as a whole source. The molecular structure and physicochemical 

properties of these lignins vary with the selected isolation technologies, leading to different printability 

(printing resolution, shape fidelity, and geometry complexity) and performance of final 3D-printed 

materials.134   

3.3.1. Isolated technical lignin used for DIW 

Isolated lignin extracted from lignocellulose biomass is adopted as a component of the inks for 

DIW, as it is commercially available and accessible. Water is the most common media for lignin inks 

or slurry in DIW. The isolated lignin shows poor dispersibility in water media, resulting in 

inhomogeneous and unstable slurries. Therefore, various rheological modifiers were selected to 

improve its stability in water and corresponding printability. For example, water-soluble alkali lignin 

(Kraft lignin) and graphene oxide were mixed to get a homogeneous aqueous solution, 3D-printed by 

DIW, and subsequently pyrolyzed into graphitic materials.135 In this work, lignin was used as the carbon 

precursor, and graphene oxide worked as the viscosity modifier, resulting in homogeneous and printable 

inks. In another work, a water-based colloidal bio-ink comprising cellulose nanofibers and submicron 

black carbon derived from spherical lignin particles was developed as a sustainable alternative to 

traditional black fossil-based pigments.136 Here, cellulose nanofiber was used as a binder and rheology 

modifier, where the particle-nanofiber network and particulate nature contributed to the multiple 

internal reflections and light-trapping, resulting in its super blackness. A soft triblock copolymer 

(Pluronic F127) was adopted into the water dispersion of lignin, acting as the crosslinking agent to 

improve the rheological properties and water retention of the lignin-based ink, as shown in Figure 6A-

D.66 The obtained lignin ink showed stiff and self-supporting features, preventing structural collapse 

during the DIW (Figure 6 E-G).66 Compared to 3D-printed cellulose, the printed lignin-based objects 

showed superior water stability because of their intrinsic hydrophobicity, whereas the 3D-printed 

objects can maintain their integrity in water even under stirring. Gleuwitz et al. showed a flow-induced 

supramolecular arrangement created by DIW or shear casting the blend solutions of hydroxypropyl 

cellulose and organosolv lignin, then locked via esterification with bio-based polycarboxylic acids.137 

The flow-oriented microstructure in shear cast films led to optical and mechanical anisotropy. This work 
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highlighted the utilization of lignin as an essential additive for forming highly anisotropic cellulose-

based materials. 

Lignin is a binding agent in natural wood, providing wood strength, water stability, and cell wall 

rigidity. This enhances the mechanical properties and stability of various materials. The utilization of 

DIW stands out as a favorable method for configuring 2D planar nanomaterials like g-C3N4 

semiconductors and Mxenes, leading to a significant enhancement in their performance. However, the 

practical use of these 3D-printed materials in liquid reactions is restricted due to the weak interaction 

among the 2D planar structures. Inspired by wood structures, Jiang et al. used lignin as a binder and a 

vertical DIW strategy to build vertically aligned and hierarchically porous g-C3N4/CNT arrays.138 The 

vertically aligned and hierarchically porous structure enhanced light harvesting capability and abundant 

surface active sites, resulting in outstanding photoelectrochemical hydrogen evolution performance. 

Thakur et al. replicated the natural wood compositions by creating water-based viscoelastic 3D printable 

inks with lignin, cellulose nanofibers (CNF), and cellulose nanocrystals (CNC).67 By carefully tuning 

the ratios of each component and investigating their corresponding rheological behaviors, high-

resolution printability was achieved, and the optimal formulation of components was very similar to 

that of natural wood. The 3D-printed objects via DIW were freeze-dried and then densified and 

consolidated by hot pressing. 

Except for the use of technical lignin powder, lignin can be engineered into 

nanobeads/nanoparticles prior to the adoption of DIW inks. Spherical colloidal lignin nanoparticles 

were used to tune the properties of cellulose nanofibrils and alginate composite hydrogel for DIW, 

where adding 25% lignin nanoparticles improved printing resolution.139 Moreover, lignin nanoparticles 

brought beneficial antioxidant properties to the final composite hydrogels and showed no negative effect 

on cell proliferation in the final printed scaffolds. Notably, lignin nanoparticles provide additional cross-

linking sites for metal ions, leading to a high swelling ratio.  

 

Figure 6. Direct ink writing (DIW) of lignin materials. A digital image of (A) the lignin/water ink 

and (B) the lignin/F127/water ink (with 50 wt% of lignin) stored in an inverted vial to demonstrate its 

high viscosity. (C) Schematic of the interaction of lignin with F127. (D) Digital image of a 

lignin/F127/water filament extruded from a syringe with improved lignin printability. (E, F) Images of 

the vertical printing of lignin and (G) cellulose (cellulose cannot form a free-standing structure via 

vertical printing).66 Copyright 2020, Wiley-VCH. (H) Schematic illustration of the manufacturing 



                                                                             
 

26 
 

strategy for 3D printing of customized LCNF aerogel for thermal insulation of electronics and a radar 

chart comparing the various physicochemical properties of 3D-printed CNF and LCNF aerogels.68 

Copyright 2023, Elsevier. (I) 3D model, wet 3D-printed snowflake before crosslinking (wet condition) 

and after crosslinking (freeze-dried).140 Copyright 2021, Elsevier. (J) IR images of the printed battery 

insulated cap with different specifications on a hot stage.68 Copyright 2023, Elsevier. 

3.3.2. Lignocellulose biomass used for DIW 

In general, lignocellulose biomass needs to be mechanically and/or physically pre-treated before 

being incorporated into the inks for DIW. Starting from unbleached poplar pulp, two different kinds of 

inks (with or without bleaching) were developed for DIW and subsequently lyophilized by freeze-

drying, resulting in 3D-printed lignocellulose aerogels.68 In this work, compared to pure cellulose 

nanofibril aerogels, the existence of lignin endows in the final 3D-printed lignocellulose nanofibril 

aerogels with good UV and moisture resistance, as well as enhanced mechanical properties (Figure 

6H). The obtained 3D-printed porous biomass aerogels possess low density and low thermal 

conductivity, implying significant potential as customized thermal insulation materials (Figure 6J).  

Baniasadi et al. presented the direct-ink writing of bio-hydrogels, consisting of aloe vera and cellulose 

nanofibrils (Figure 6I).140 The cellulose nanofibrils reinforced aloe vera bio-hydrogels displayed 

excellent rheological properties, allowing for smooth extrusion of thin filaments through a nozzle with 

a diameter of 630 μm.  The wet stability and mechanical properties of 3D-printed composite hydrogels 

and subsequently freeze-dried aerogels improved with the enhancement of cellulose nanofibrils, 

attributed to the high aspect ratio of the nano- and microfibrils and their uniform dispersion in the aloe 

vera.  

Lignocellulose biomass sourced from sugarcane bagasse was pulverized, sieved, and then dispersed 

in water in a high concentration of roughly 50 wt%, forming a smooth paste for DIW without additional 

additives.141 This work used a relatively large nozzle size of 1.28 mm diameter, reflecting its 

unsatisfying 3D printing resolution. Customized food package casings were 3D-printed, presenting 

good biodegradability and potential as an alternative to petroleum-based plastic in the food packaging 

field. Gokce Bahcegul et al. demonstrated the 3D printability of alkaline extract corn cobs containing 

hemicellulose and lignin, where lignocellulosic biomass was adopted in its crude forms, and no 

additives were involved.142 Corn cobs were subjected to alkaline extraction by a 5 % KOH solution and 

filtered to remove the insoluble part. The remaining solution was concentrated and became a gel at room 

temperature. It was printed by DIW and post-immersed in ethanol to fix the printed geometries. 

Inspired by the natural wood warping phenomenon caused by an uneven volumetric change due to 

fiber orientation, Kam et al. presented that by predesigning the 3D printing pattern and flow rate, they 

could dictate the alignment and intensity of the 3D-printed objects, resulting in programmed warped 

geometry after drying.69 The ink developed in this work consists of industrial polydisperse wood powder 

and plant-extracted natural binders: CNC and xyloglucan. The shape-programming capability was 

demonstrated by printing elongated ribbons composed of two perpendicular layers of cylinders, in 

which the printing direction matched the axes of the ribbon, and helices, in which the printing direction 

was rotated by ±45◦ with respect to these axes. 

In summary, additives are indispensable for 3D-printed lignin materials via DIW, whether for 

isolated lignin or lignocellulose biomass, because of the poor interaction between lignin or whole 

lignocellulose biomass and water. The primary function of these additives is to optimize the stability 

and homogeneity of the inks. To keep sustainability in mind during the material selection, bio-source 

additives are prioritized, and the amounts of additives adopted should be limited or eliminated.  

Deep eutectic solvent (DES) is a green solvent system with a higher evaporation pressure than water 

or other organic solvents used for DIW, which endows DES-based slurries with enhanced stability and 

a broader process window during DIW. DES pretreatment combined with mechanical processes could 
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break down the recalcitrant lignocellulose structure, resulting in finer lignocellulose slurries, preventing 

clogging during printing, and allowing for smooth and high-resolution DIW. There are some reports on 

using cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) in DES for DIW, from which 

conductive and flexible eutectogels were obtained for sensors.143, 144 So far, there is no related work for 

lignocellulose biomass in DES for DIW. 

3.4. Selective Laser Sintering (SLS) 

Selective laser sintering (SLS) is a 3D printing process based on a layer-by-layer fusion of powders 

using a CO2 laser source, where the heated powders sinter to form a solid layer. Thus, powders such as 

metals, ceramics, and some polymers, which could be fused under a laser beam and solidified when the 

temperature decreases, are ideal for SLS.70 The raw powders for SLS are generally composed of a high-

melting-point powder and a low-melting-point powder. Regarding the adoption of lignin in SLS, there 

are two forms: commercial lignin powder and wood flour containing lignin. For example, Alkali lignin 

was compounded with polyamide at a concentration of up to 60 vol% for SLS to realize complex 

structures. Adding lignin improves the stability of the raw materials during sintering, with 30% less 

degradation compared to the neat polyamide.70 In 2004, wood powder-plastic composites were proposed 

for the first time as sustainable and low-price feedstock of SLS.145 Wood flour and a hot-melt adhesive 

powder (polyester) were mixed for SLS. The polyester melts and binds the wood powder under the laser 

radiation, then solidifies to form a consolidated complex object.146 In summary, SLS is not as popular 

as the other three techniques for 3D printing of lignin materials, and only a few works have been 

reported.  

4. Lignin-based smart materials and 4D printing of lignin materials 

4.1. Lignin-based smart materials 

In recent years, there has been a significant focus on enhancing lignin for developing new 

sustainable materials, leveraging its attractive properties such as thermal stability, high carbon content, 

biodegradability, antioxidant, UV absorbance, and antimicrobial activity.147 Thus, the emergence of 

lignin-based smart materials capable of responding to external stimuli like pH, temperature, light, or 

electricity represents a new frontier in value-added applications. The smartness of lignin materials is 

mainly realized through the chemical modification of lignin for conjugated lignin-polymer systems and 

the copolymerization of lignin with other polymers, using the chemical modification and 

polymerization methods summarized in Chapter 2. Integrated with 3D printing, lignin-based smart 

materials demonstrated their potential for 4D printing scenarios. 

4.1.1. Lignin-based shape memory polymers 

Shape memory polymers (SMP), a type of stimuli-responsive materials, possess the ability to revert 

to their original state after adopting a temporary shape induced by exposure to light, heat, or 

magnetic/electrical stimulation.148 Jin et al. utilized lignin's rigid benzene ring structure and outstanding 

photothermal properties due to lignin's conjugated system to create light-driven lignin-based shape 

memory polymers (ELEP).149 This work uses enzymatically hydrolyzed lignin (EL), epoxy soybean oil 

(ESO), and polyethylene glycol (PEG 400) to form robust 3D networks. Increasing the EL proportion 

from 40 to 60 wt% significantly improved mechanical properties, including increased tensile strength 

and Tg. Under simulated solar irradiation, ELEP50 (50 wt% lignin) exhibited rapid shape memory 

behavior across multiple cycles. The same group also worked on developing recyclable lignin-based 

light-driven shape memory polymers by combining lignin's rigid structure with dynamic ester bonds.150 

Enzymatic lignin epoxy resin with dithiodibutyric acid exhibited excellent mechanical properties, high 

shape fixation and recovery rates, and notable photothermal effects. These works showcase the potential 

applications for lignin-based light-driven shape memory polymers with recyclability. In addition, Liu 
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et al. investigated the incorporation of four types of lignin into polyester polyols to synthesize lignin-

based polyurethane foams (PUFs).151 The lignin's functional groups, notably -COOH and aliphatic -OH, 

positively correlated with polyol miscibility, influencing the resulting cellular structures, density, and 

compressive modulus of PUFs. The thermo-responsive shape-memory properties of these PUFs 

demonstrated increased Tg and promising stretch fixity and recovery ratios. In summary, the light 

absorption of lignin in SMP is influenced by its concentration, which could enhance the photothermal 

efficiency and other properties of SMP. Identifying optimal concentrations and effective UV-visible 

wavelengths of lignin can facilitate the performance optimization of SMP. 

4.1.2. Lignin-based self-healing polymers 

Self-healing polymers can recover from physical damage through various approaches, including 

diffusion, flow, shape-memory effects, and covalent-bond reformation,152 transforming a polymer into 

a “smart material”. Sun et al. explored a novel approach to creating lignin-containing PU elastomers 

from corn stover inspired by biological self-healing mechanisms.153 They employed a strategy involving 

hydrogen and disulfide bonds, achieving elastomers with tensile strength (10.77 MPa) and self-healing 

properties (>93%), where the aromatic ring structure of lignin contributes to enhanced tensile strength, 

while the synergy of dynamic hydrogen and disulfide bonds improves self-healing capabilities (Figure 

7A). This work introduces a high-value application of lignin in developing sustainable smart materials. 

On the biomedical front, a novel polymer system was developed by Han et al., their work incorporated 

sulfonated lignin, creating a supramolecular hydrogel dressing with enhanced mechanical strength, self-

healing, antioxidant activity, and biological performance.154 Their study showed that sulfonated lignin 

boosts stress values by over tenfold and achieves a respectable 95.53% self-healing efficiency. In vitro 

tests confirm nontoxicity and good biocompatibility using a rat wound healing model. The hydrogel 

dressing shows potential for wound management by maintaining a moist environment, promoting 

healing, and reducing inflammation. This lignin-based hydrogel presents a promising solution for 

effective wound treatment. 
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Figure 7. (A) Schematic overview of lignin-based PU with self-healing properties.153 Copyright 2021, 

Elsevier. (B) Schematic overview of the development of lignin-based vitrimer as a sustainable 

alternative to bisphenol A epoxy resin. 155 Copyright 2021, Elsevier. 

On a related note, vitrimers are a relatively new class of materials marked by dynamic covalent 

bonds in crosslinked networks. These networks undergo thermally stimulated exchange reactions, 

enabling them to be processed like vitreous glass without losing integrity.156 Lignin-based vitrimers, 

derived from lignin's abundant hydroxyl groups, have been explored in various studies.155 A study done 

by Xue et al. focuses on developing lignin-based epoxy vitrimers with high mechanical strength and 

lignin replacement rates by gradually substituting diglycidyl ether bisphenol A with glycidyl ether of 

lignin (Figure 7B).155 Remarkably, at a 100% lignin replacement rate, the vitrimers demonstrated a 

tensile strength of 39.5 MPa and an elongation at a break of 5.81%. Notably, these lignin-based epoxy 

vitrimers exhibited outstanding self-healing, reprocessing, and shape memory properties, with crack 

widths repaired over 80% in just 5 min at 160 ℃ and a 97% healing efficiency for tensile strength after 

hot reprocessing. 

4.2. 4D printing of lignin materials 

4D printing is a new generation of 3D printing techniques, endowing the transformation capacities 

of 3D-printed objects upon exposure to external stimuli, leading to changes in their shapes, properties, 

and functions.157, 158 Smart lignin materials show potential for 4D printing. The specific chemical 

modification of lignin materials enables 3D-printed objects to be responsive to external stimuli, such as 

heat, light, and humidity. Through 4D printing, a predictable and predefined time-dependent change in 

the functionality of 3D printable products could be achieved.159 Therefore, integrating additive 

manufacturing and stimuli-responsive materials facilitates the flexible and precise construction of smart 

products.160  

Lignin with conjugated structures was directly added into PLA via a melt blending process, where 

the modified lignin acted as the photothermal conversion module. The obtained lignin-containing 
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filaments showed good 3D printing performance (FDM technique) and near-infrared light 

responsiveness (Figure 8A).71 Figure 8C demonstrated that different 3D-printed structures showed 

excellent shape recovery behaviors. In another similar work, FDM was used to 3D print light-responsive 

shape memory composites made from PCL/TPU/lignin, in which lignin was used as a functional 

nanofiller due to its excellent photothermal conversion efficiency.161 Moreover, lignin was proven to 

improve the rheological properties of the PCL/TPU composite and make it more suitable for FDM. A 

bioconjugation from keratin and lignin was developed in both water and solid state. The water-sate 

conjugates were processed as paste forms for DIW, and the solid-state ones were extruded into FDM 

filaments at temperatures >130 °C but accompanied by degradation.72 These 3D-printed water-state bio-

composites show mechanical responses to moisture stimuli upon water soaking. Wang et al. first used 

a controllable molecular assembling method via dialysis to make lignin nanotubes. Then, they 

incorporated them into polyurethane matrices for DIW, realizing ultraviolet light-responsive shape 

memory polyurethane composites, where lignin nanotubes acted as UV absorbents (Figure 8B).162 With 

the increased UV irradiation time, the shape of 3D-printed petals changed from a closed to an open 

state, miming the process of actual flowers from bud to bloom. Ren et al. developed a composite 

filament for FDM, where lignin-coated Fe3O4 magnetic nanoparticles were prepared by combining co-

precipitation and chelation methods and then incorporated into the poly(propylene carbonate) 

polyurethane/PLA composites.160 Magnetic nanoparticles endowed the composites with shape memory 

behavior triggered by thermal and alternating magnetic fields and near-infrared radiation. In this work, 

adding lignin promotes the uniform dispersion of coated nanoparticles in the polymer matrix.  

In previous reports on the 4D printing of lignin materials, lignin was adopted into the shape memory 

or stimuli-responsive matrix to realize the smart materials or chemical modification was applied to 

endow lignin with stimuli responsiveness. Apparently, in the second case, the full use of lignin was 

made, and lignin is indispensable for the engineering of the final 4D-printed smart materials. In contrast, 

in the first case, lignin is just used as a filler for the smart matrix and could be easily replaced by other 

fillers. Also, lignin is not the main contribution component to the smartness. 

 

Figure 8. 4D printing of lignin materials. (A) Lignin as a photothermal module for shape memory 

composites.71 Copyright 2023, Elsevier. (B) The shape recovery process of 3D-printed petals under 

different UV irradiation times (0-10 min). Under UV light, the petals change from buds to flowers.162 

Copyright 2023, Elsevier. (C) Shape memory for 3D printing different structures in a water bath at 70 

°C.71 Copyright 2023, Elsevier. 

5. Applications of 3D/4D-printed lignin materials 

5.1. Biomedical applications 
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Bioactive materials are crucial in healthcare applications, including wound dressing and tissue 

engineering. Lignin exhibits more excellent thermal stability than cellulose and hemicellulose and 

possesses hydrophobic properties (excluding lignosulfonates). Due to its antioxidant, antibacterial, anti-

UV, antitumor, and antivirus properties, lignin stands out as a promising bioactive material.32, 163 Thus, 

incorporating lignin into printing inks can enhance their overall performance.164 However, compared to 

other biopolymers, limited research has been conducted on 3D printing with lignin as the primary ink 

component. A recent review by Graichen et al. highlights the potential promise of scalable lignin-based 

products achieved through 3D printing.165 Lignin materials are particularly promising for 3D printing, 

as some possess qualities that align with 3D printing and medical requirements. These include suitable 

printability, mechanical properties, biodegradability, biocompatibility, tissue biomimicry, and non-

cytotoxicity.166, 167 Recently, there has been a significant focus on exploring various forms of lignin for 

biomedical applications, specifically as a carrier for drug delivery, attributed to its notable antioxidant 

properties.  

In an investigation of lignin/PLA nanofibers, there was a progressive increase in antioxidant activity 

with higher lignin content. However, higher concentrations of lignin were observed to hinder cell 

proliferation.168 Therefore, maintaining a balanced lignin concentration is crucial for achieving good 

biocompatibility. For FDM printing, filament formulations containing blends with thermoplastics are 

deemed suitable. In the case of DIW, ink formulations have advanced to incorporate water-based 

hydrogels, including hyaluronan, alginate, gelatin, and, more recently, cellulose nanomaterials.169, 170 

Maintaining an equilibrium between the hydrophilicity and hydrophobicity of the matrix surface is 

essential for facilitating cell adhesion.171 Consequently, including lignin, known for its hydrophobic 

nature, in hydrogels can be a strategy to adjust the hydrophilicity of the resulting matrix.172, 173 

Dominguez-Robles et al. successfully extruded pellets consisting of PLA blended with castor oil, Kraft 

lignin, and an antibiotic (tetracycline) using fused filament fabrication (FFF). This formulation enables 

the production of composites suitable for FDM technology, specifically designed for 3D printing 

applications in wound dressing.174 It was found that minimal amounts of lignin in the composites lacked 

antimicrobial efficacy against S. aureus. Notably, the antimicrobial properties of the composites were 

primarily attributed to tetracycline. In this study, curcumin, used as a representative drug, was applied 

to the meshes to examine diffusion characteristics. The drug was observed to permeate through the mesh 

pores, reaching the wound easily. Interestingly, the introduction of lignin led to a slower release of 

curcumin compared to the control, and when combined with PVA, it further extended the release of 

curcumin. Possessing antioxidant properties, lignin plays a role in diminishing the concentration of 

reactive oxygen species closely associated with the pathogenesis of chronic wounds. This renders 

lignin/PLA a sustainable and cost-effective 3D printable biomaterial with an effective impact on wound 

treatment. 

Another evolving application area involves the production of lignin-based nanoparticles as carriers 

for drug delivery.175 The stability of such lignin-based nano-systems holds the potential for providing 

effective nano-delivery solutions in medical applications, particularly as hydrogel inks progress in the 

field of printing. With the progress in 3D printing technologies, the DIW 3D printing technique allows 

the printing of soft materials, including hydrogels. Oveissi et al. incorporated a physical crosslinker, 

lignin, into hydrophilic polyether-based polyurethane (HPU). The resulting hydrogel was fabricated 

through 3D printing using DIW and demonstrated biocompatibility with human dermal fibroblasts.176 

Their study revealed that adding 2.5 wt% lignin increased fracture energy, Young’s modulus, and lap 

shear adhesiveness in the hydrogels. These improvements were attributed to enhanced hydrogen 

bonding within the hydrogel network. To assess biocompatibility, human dermal fibroblasts were 

cultured on the lignin-HPU film for up to 72 h. The outcomes indicated no significant changes in cell 

viability, indicating its ability to support cell growth and showing great potential in the biomedicine 

field.  
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Zhang et al. developed a bioink using a hydrogel DIW approach consisting of cellulose nanofibrils 

(CNF), alginate, and colloidal lignin particles (CLP).177 Incorporating CLP into the CNF-alginate-CLP 

nanocomposite scaffolds introduced antioxidant properties, with the antioxidant behavior being 

dependent on CLP concentration added. Moreover, increasing CLP concentration increased hydrogel 

viscosity, enhancing the shape and 3D printing resolution. The scaffold maintained its structural 

integrity and viability when stored in Dulbecco's phosphate buffer for a period of 7 days. The scaffold 

also demonstrated a high water-retention capability, with the rehydration ratio exceeding 80%. Notably, 

no adverse effects on the HepG2 hepatocellular carcinoma cell line were observed when CLPs were 

added. The HepG2 cells exhibited proliferation both internally and externally on the porous scaffolds, 

suggesting excellent biocompatibility.  

The controlled-release property of lignin composites can be tailored using SLA or DLP techniques. 

The DLP 3D printing method depends on the photopolymerization of a photopolymer matrix with the 

inclusion of photoinitiators. To address this, a one-step esterification reaction was conducted to 

synthesize two alkylated derivatives of dealkaline lignin, namely DAL-11ene and DAL-12ane. This 

reaction involved the interaction of dealkaline lignin (DAL) with undecanoyl chloride and dodecanoyl 

chloride.33 DAL-11ene and DAL-12ane displayed superior photo-initiating capabilities in comparison 

to DAL. As an additional photoinitiator for DLP 3D printing, ethyl 4-(dimethylamino)benzoate (EDAB) 

was incorporated as a co-initiator. The release of the two polymeric tablets initiated by DAL-

11ene/EDAB and DAL-12ane/EDAB in methanol decreased compared to that of Irgacure2959. The 

biosafety of these produced polymeric tablets was further assessed through live/dead staining. The 

results showed strong proliferation and growth of L929 cells on the tablet surface, with cell density 

significantly surpassing that of the control group. Increasing the concentration of either DAL-11ene or 

DAL-12ane showed no apparent difference, highlighting the polymeric tablets' exceptional biosafety 

and cytocompatibility. Therefore, the effectiveness of DLP 3D printing was effectively demonstrated 

by integrating a photoinitiator into the 1,6-hexanediol diacrylate (HDDA) monomer, indicating the 

potential of the printed composites for applications in packaging and environmentally friendly 

photopolymerization materials. 

A research team explored the synergistic combination of curcumin, lignin, and poly(caprolactone) 

(PCL) to develop wound dressings with antioxidant and antimicrobial properties.178 D-panthenol was 

also included for its skin regenerative abilities by improving epidermal differentiation. Using semi-solid 

extrusion (SSE) 3D printing without solvents (Figure 9A), the dressings provide sustained release of 

D-panthenol and curcumin for up to 4 and 35 days, respectively. They exhibit higher resistance to 

Staphylococcus aureus adherence, with reductions of up to 98.9% compared to PCL control 3D printing 

samples. In-vivo studies on Wistar rats demonstrate marked improvement at all stages of treatment, and 

histological examination reveals superior outcomes in terms of epithelization, inflammatory reaction, 

fibroblast proliferation rate, and neoangiogenesis for wound dressings. Cytocompatibility and the 

structures printed in 3D are illustrated in Figure 9B. Figure 9C showed that the epidermis regeneration 

was complete in all samples after 13 days of treatment. 
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Figure 9. 3D-printed lignin materials for biomedical applications. (A) Microscopic images captured 

under a light microscope showcase 3D-printed wound dressings comprising varying weight proportions 

of PCL, lignin, curcumin, and DPA. The scale bar represents 2 mm. (B) Evaluation of wound healing 

in Wistar rats involved a macroscopic assessment of progression days 0, 7, and 13. The analysis 

encompassed untreated (CTRL) and treated rats with 3D-printed dressings sutured over the wound, both 

before and after applying the examined dressings (scale bar: 5 mm). (C) Wound healing microscopic 

analysis with semi-quantitative assessment on day 13 after surgery for each condition and CTRL. 

Representative histological Haematoxylin & Eosin (H&E)-stained images of the wound sites.178 

Copyright 2023, Elsevier. 

5.2. Environmental and energy applications 

Recently, there has been a growing interest in exploring lignin for its potential use in manufacturing 

electronics and environmental remediation, such as batteries, supercapacitors, catalysis, pollutant 

adsorbers, and serving as precursors. A key benefit lies in its eco-friendly nature, and the growing 

production of lignin in the past decade has made it more accessible at a lower cost. Due to its redox 

functionalities, lignin plays a crucial role in diverse energy conservation processes involving reversible 

oxidation/reduction reactions like those found in respiration and photosynthesis. The significant carbon 

content exceeding 60 wt% makes lignin highly valued for producing energy materials. The presence of 

benzyl and phenolic groups in lignin serves as active reaction sites for the storage of ions in applications 
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like supercapacitors. Additionally, the high number of oxygen atoms present in lignin also aids in 

facilitating electrolyte ion adsorption and redox reactions. The favorable crosslinked structure of lignin 

makes it a suitable choice for developing porous carbon structures in supercapacitors.179  

Lignosulfonates, preferred for their ability to function as sulfur-doped agents in batteries or 

supercapacitors, are favored for such applications. Meanwhile, alkali lignin has demonstrated suitability 

for electrospinning to produce nanomaterials.180 In energy material applications, carbon can typically 

be obtained from lignin through two commonly used processes. One method involves precursor 

carbonization followed by carbon activation, whereas the other method employs chemical activators 

concurrently with carbonization and activation.179 Graphene, a promising carbon material for 

electrochemical energy applications, can be synthesized from lignin through processes such as catalytic 

graphitization, carbonization, or oxidative cleavage coupled with aromatic refusion.181, 182 

Graphitic structures with adjustable density were showcased, achieved through DIW of lignin/GO 

inks, followed by subsequent carbonization (Figure 10A, B).183 By altering the lignin proportion, it is 

feasible to customize the density and graphitic order to meet specific requirements, resulting in distinct 

electrical and mechanical properties. Adjusting the ratio of lignin allows the possibility of customizing 

the density and graphitic order to fulfill specific requirements, resulting in distinct electrical and 

mechanical properties. It was found that the conductivity of graphene oxide was initially low at 14 

S/cm, but a significant increase was observed in lignin/GO with a 70/30 composition, reaching 560.5 

S/cm (Figure 10C). The overall density and pore volume of the produced structure can be precisely 

adjusted over a wide range, spanning from 0.2 to 1.8 g/cm and 0.024 to 0.12 cm3/g, respectively (Figure 

10D). The adjustable electrical and mechanical characteristics of carbon materials derived from lignin 

render them highly promising for various applications, including supercapacitors and batteries. 

A research group has also demonstrated a simple method, employing femtosecond laser direct 

writing, to convert lignin into porous conductive carbon structures and interdigitated circuits to advance 

supercapacitor devices.184 It was found that the supercapacitor utilizing lignin/PAN demonstrates high 

elevated areal specific capacitance, reaching 6.7 mF/cm2 (0.9 F/cm3) at a scan rate of 10 mV/s. However, 

adding mixing functional materials (MoS2) to the materials demonstrated higher areal capacitances, 

reaching up to 16 mF/cm2 (2.2 F/cm3) at 10 mV/s. This shows that the suggested method could produce 

energy storage devices using natural lignin. Shao et al. conducted a study employing blends of 

microfibrillated cellulose (MFC), lignosulfonate (LS), and cellulose powder (CP) to produce conductive 

and durable carbon structures through 3D printing followed by pyrolysis.185 The 3D-printed 

MFC/LS/CP material demonstrated high printing precision, self-standing capability, and stability after 

air drying and pyrolysis (Figure 10E-G). It was found that at a temperature of 900 ℃, MFC/LS/CP 

carbons not only exhibit a notable electrical conductivity of 47.8 S/cm (Figure 10G) along with a low 

bulk density of 0.74 g/cm3 (Figure 10F) but also attain an elastic modulus of 6.6 GPa. The adjustable 

electrical and mechanical characteristics of carbon materials derived from lignin render them highly 

promising for various applications, including supercapacitors and batteries. 
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Figure 10. 3D-printed lignin-based carbon composites for electronic applications. (A) Illustration 

of the fabrication process for DIW-printed lignin/GO-based carbon materials, (B) photos of 3D-printed 

objects in different processes (freeze-dried, thermally dried, and carbonized), scale-bar is 5 mm, (C) 

changes in electrical conductivity, and (D) variations in density and porosity of lignin/GO-based carbon 

materials over time.183 Copyright 2020, Elsevier. Photos of 3D-printed objects from MFC/LC/CP 

hydrogels after (E) air-drying and pyrolysis at 1000 ℃, (F) changes in density and porosity of 

MFC/LS/CP carbons as a function of heat-treated temperature, (G) elastic modulus of MFC/LS/CP 

monolines pyrolyzed at different HTTs from 3-point bending tests.185 Copyright 2018, Elsevier. 

Lignin, characterized by its aromatic nature and carbon content, possesses the potential to create 

graphene-like structures applicable in energy-related contexts. Faisal et al. illustrated the production of 

porous graphene through direct laser writing, utilizing photothermal induction from Kraft lignin.186 This 

resulting laser-induced graphene (LIG) exhibited a hierarchical structure featuring a 3D interconnected 

network that facilitated its transfer from the kraft lignin/poly(ethylene oxide) (KL/PEO) film onto 

polydimethylsiloxane (PDMS). The supercapacitors constructed with LIG/PDMS composites showed 

promising electrochemical performance and exceptional cyclic stability, retaining over 90% capacitance 

after 10,000 cycles, which could have significant potential for developing portable and wearable 

electronics. In a study by Ye et al., a straightforward method was introduced to employ CO2 laser 

scribing to transform wood surfaces into hierarchically porous graphene.187 The patterns observed on 

wood surfaces predominantly originate from lignin, enabling the material to function as electrodes for 

energy generation or supercapacitors for energy storage. Zhang et al. have provided additional evidence 

that lignin films can undergo a direct conversion into graphene electrodes through CO2 laser exposure, 

showcasing commendable electrochemical capabilities.188 Studies have also shown that lignin is a 

valuable component in nanofluidic composite membranes, enhancing both efficient ion transport and 

the harvesting of osmotic energy.189 Specifically, it was discovered that lignin not only aids in the 

effective dispersion within the sulfonated PEEK matrix but also greatly enhances the proton 

conductivity and ion selectivity. This improvement positions the membrane as a promising device for 

advancing larger-scale vanadium redox flow batteries in the next generation.190 In essence, the 

advancement of lignin 3D printing and functional materials represents a pivotal step towards advancing 

advanced materials.  

By integrating the adhesive properties of lignin with 2D planar nanomaterials, the 3D-printed 

structural composites can significantly broaden lignin potential applications, particularly in stable 

structures. Jiang et al. have exhibited enhanced photoelectrochemical hydrogen evolution performance 
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by vertically 3D printing arrays resembling a forest comprising lignin/g-C3N4/carbon nanotubes (CNT)  

(Figure 11A-B).191 The incident light path is extended by the multiple scattering occurring within the 

arrays. Simultaneously, the CNT plays a role in further enhancing the effective separation of 

photoelectron-hole pairs, thereby improving light utilization and photoelectron transfer efficiency 

(Figure 11C). The 3D-printed arrays exhibit high durability due to the inherent hydrophobicity and 

strong adhesivity of lignin, allowing for continuous hydrogen production. Additionally, the aromatic 

nature of lignin, coupled with intermolecular π-π interaction between lignin and g-C3N4, is believed to 

create a donor-acceptor conjugated structure. This intermolecular π-π interaction results in an improved 

photoelectrochemical hydrogen evolution performance. It was also illustrated that lignin, serving as a 

natural binder, surpasses other binders like PVA and PEG in terms of adhesivity. This superiority may 

arise from the non-conductive and long-chain molecular structures of PVA and PEG, which hinder the 

generation and separation of photoelectrons. Given the global overconsumption of fossil fuels, materials 

incorporating green and renewable biomass as components present a new opportunity for the 

sustainable production of clean energy. 

Through the integration of 3D printing, the active carbon materials produced from printed lignin 

have shown significantly enhanced adsorption efficiency compared to commercial carbon materials.192 

Initially, as part of the carbonization and activation process, the compact structure of the printed lignin 

filaments undergoes a conversion into a porous state, where the micro-level pores within these filaments 

play a vital role in enhancing the efficiency of mass transfer (Figure 11D-F). Moreover, the spacing 

between neighboring filaments is modifiable, contributing to forming a hierarchical porous structure in 

the resulting product. The UV-vis spectra (Figure 11G) indicate that the methylene blue (MB) 

adsorption peak nearly vanished in the activated carbon derived from the printed lignin scaffold. In 

contrast, MB persists in the solution for commercial activated carbon. It was also found that the 

activated carbon from printed lignin has a removal efficiency of 94.5%, significantly surpassing the 

lower efficiency observed for the commercial activated carbon (Figure 11H). Furthermore, the 

adsorption capacity of the activated carbon derived from the lignin scaffold reaches 124.6 mg/g, 

marking a 2.48-fold increase compared to the commercial activated carbon (Figure 11I). Additionally, 

the active carbon with 3D scaffolds facilitates multiple recycling, offering a practical and sought-after 

method for treating industrial pollutants. 



                                                                             
 

37 
 

 

Figure 11. Structural composites designed for photoelectrochemical hydrogen evolution. (A) 

Vertical 3D printing of g-C3N4/CNT/lignin on a conductive substrate and its microstructure, (B) 

schematic representation of the photoelectrochemical water splitting process using the printed arrays as 

the photocathode, and (C) photoelectrochemical mechanism for the printed arrays.191 Copyright 2019, 

Wiley-VCH. Activated carbon derived from 3D-printed lignin-based scaffolds for water 

treatment. (D) Photo of activated carbon obtained from the 3D-printed lignin scaffold, (E, F) surface 

morphology of activated carbon originating from the 3D-printed lignin scaffolds, (G) UV-vis spectra of 

methylene blue (MB) solutions after 20 min of adsorption by the activated carbon from printed lignin 

and commercial activated carbon (the characteristic adsorption peak of MB is situated at 665 nm), and 

the comparison of (H) removal efficiency during static adsorption after 20 min for the active materials 

and (I) adsorption capacity between commercial activated carbon and activated carbon derived from 

printed lignin.192 Copyright 2020, Wiley-VCH. 

5.3. Other applications 



                                                                             
 

38 
 

Moreover, 3D/4D printing has enabled other applications for lignin materials. Goretti et al. 

developed a flexible and portable pressure sensor using DLP, consisting of polyaniline, lignin, and 

acrylate.193 Adding lignin into the filler polyaniline improved its dispersion and integration within the 

acrylic matrix, facilitating 3D printing and improving the performance of the printed objects. A 

piezocapacitive prototype transducer was built from the printed composites, which show a response to 

a human footfall and transmit its corresponding electrical signal. Yu et al. reported the fabrication of a 

triboelectric nanogenerator (TENG), in which the insoluble and infusible biomass (lignin and chitosan) 

was employed in a polyamide matrix by FDM.194 It is notable that the microstructure formed inside the 

friction layer, due to the extrusion of the printing and the different degrees of thermal expansion and 

contraction of biomass and matrix, increases the surface roughness and the actual contact area, thereby 

effectively improving the triboelectric properties of the lignin-based TENG. Shao et al. elaborated that 

lignin-based biocarbon with good electrical conductivity was prepared by 3D printing and subsequent 

pyrolysis.185 The 3D-printed lignin-based biocarbon precursor showed excellent morphological 

stability, although a significant shrinkage occurred during the pyrolysis. 

Besides the abovementioned applications, lignin could be used as a structuring material, providing 

mechanical reinforcement to the 3D-printed matrix, considering that naturally, lignin is the 

strengthening part of plant cell walls.61, 66 For example, adding softwood kraft lignin to methacrylate 

resin can enhance the mechanical properties of 3D-printed composites via SLA.61  

6. Sustainability consideration and management 

Advancements in technology and the growing emphasis on sustainability have inevitably led to the 

exploration of merging two popular fields: 3D printing and lignin-related research. Lignin holds 

significant potential for advancing sustainable manufacturing, particularly in reducing carbon 

emissions, conserving energy, and minimizing waste. Comprising approximately 60-65% carbon, lignin 

effectively sequesters carbon when integrated into materials, preventing its release into the atmosphere. 

Replacing fossil-based products with lignin-based alternatives can reduce emissions. For example, 

lignin-derived polyurethane foams can lower emissions by 30-50% compared to traditional petroleum-

based foams. In terms of energy efficiency, incorporating lignin as a filler in epoxy resins shows a 40% 

energy reduction compared to conventional epoxy resins, attributed to the low energy consumption 

during raw material production.195 Despite the global production of over 50 million tons of lignin 

annually as a byproduct of the paper and pulp industry, only about 2% is currently valorized.196 

Increasing lignin utilization presents a significant opportunity to reduce landfill waste and enhance 

resource sustainability. 

It is frequently taken at face value that using green materials implies that the work is sustainable. 

Yet, such recognition is too simplistic, and it is often not the case. Therefore, this section will delve into 

the green approaches taken for the 3D printing of lignin materials. Specifically, the advances are 

examined in three different parts: (i) lignin extraction/modification, (ii) biodegradation/recyclability of 

3D-printed lignin materials, and (iii) the efficient use of biomass via additive manufacturing.  

6.1. Green chemistry and green solvents for lignin extraction/modification 

As mentioned in the earlier section, lignin holds the potential to replace petroleum resources. It is, 

therefore, of great interest to investigate the different means to extract it. Given the heterogenous and 

intractable structure, it is necessary to modify lignin, especially to improve its solubility, before it can 

be used in applications. The challenge lies in making the extraction and modification processes green 

and sustainable. Much research effort has surrounded these goals. This is crucial as using green 

materials alone is insufficient to be considered sustainable unless the methods employed are also 

sustainable. At present, as shown in Figure 12, multiple approaches have been taken from using green 

reagents such as alternative green solvents (i.e., ionic liquids,197-199 deep eutectic solvents,200-202) and 
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green catalysts (i.e. enzymes203, 204), using a solventless reaction,205, 206 streamlining to one-pot 

synthesis,206-209, having milder conditions,198, 210, 211 and reducing energy inputs required. Other possible 

methods are to perform stoichiometric calculations of the required reagents instead of adding excessive 

reagents and to improve the yield per synthesis given the same inputs. Simulations could potentially be 

the way to achieve high yield with minimal reagent wastage. Mohan et al. have used molecular 

dynamics simulations to estimate the solubility parameters of lignin, ionic liquids, and deep eutectic 

solvents.212 The best solvent to use for biomass delignification was identified. The technique was 

validated by the results obtained from both experiment and simulation. 

 

Figure 12. Green strategies for lignin extraction/modification. 

6.2. Biodegradation/recyclability of 3D-printed lignin materials 

Another important factor to consider for sustainability management is the biodegradability and 

recyclability of the 3D-printed lignin materials, as the materials should not accumulate in the waste pile, 

which can affect the ecology in the long run. Using renewable and biodegradable resources, such as 

lignin, to replace non-renewable materials is aligned with the sustainable aim. While lignin does not 

surpass cellulose and hemicellulose in terms of biodegradation within biomass, it remains 

biodegradable compared to petroleum-based materials.213 The biodegradation behavior of lignin varies 

depending on its state. In its native form within lignocellulosic biomass, lignin is highly cross-linked 

and associated with cellulose and hemicellulose, retaining intact β-O-4 ether bonds. By contrast, 

isolated or extracted lignin is more readily degraded due to partial depolymerization, the cleavage of β-

O-4 ether bonds, and increased surface exposure during the extraction process.214 Consequently, native 

lignin within whole lignocellulose biomass degrades more slowly than extracted lignin. However, the 

presence of cellulose and hemicellulose in the lignocellulose biomass facilitates a higher overall 

biodegradation rate in 3D-printed biomass materials, which also depends on the biomass sources and 

the relative ratios of each component. Additionally, it is important to highlight that the biodegradability 

of lignin-based materials remains insufficiently understood, with only a few studies addressing this 

topic. This presents a promising avenue for further investigation in future research. 

However, it is inadvisable to categorize lignin-based materials as sustainable just because lignin is 

present. Lignin has been extensively explored with various materials for 3D printing, ranging from 

thermoplastic PU215 and PLA97 to vanillin and soybean oil.216 Two strategies to achieve sustainability 

can be identified from the existing literature. The first type is illustrated by Ye et al., where 

biodegradable PLA was used with lignin and a lignin-based compatibilizer to achieve improved 

mechanical properties of the 3D-printed lignin materials.97 In another work, a fully plant-based 3D-

printed structure comprised of lignin and zein degraded readily in the presence of common bacteria 
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found in the soil.217 The degradation of the lignin-zein composite was faster than that of the 

biodegradable plastic (i.e. PLA).  Another strategy is to establish the recyclability of the materials. For 

instance, lignin was developed into thermosets along with vanillin and soybean oil.216 The 3D-printed 

lignin materials could self-heal, which extended the lifespan of the materials, thereby contributing to 

sustainability management. Indeed, this lifespan extension only delays the duration before the materials 

go into the waste pile, but at least the amount of waste generated is expected to be reduced. This is 

undoubtedly a feat to be acknowledged as it highlights a possible direction to work towards in the future 

(i.e. improve recyclability perhaps indefinitely). 

6.3. Efficient use of lignin materials via additive manufacturing and its life-cycle assessment 

After examining the different approaches that were undertaken to comply with the sustainability 

aim in lignin extraction/modification and biodegradability/recyclability of the 3D-printed lignin 

materials, it would be interesting to scrutinize the efficient use of lignin materials in additive 

manufacturing as compared to conventional subtractive manufacturing. Additive manufacturing 

involves layer-by-layer printing using 3D models,89, 218 whereas subtractive manufacturing relies on 

machining to remove materials to achieve the desired geometry.218, 219 The efficiency comparison can 

be achieved using the life cycle assessment (LCA). LCA is a comprehensive environmental tool that 

evaluates the impacts of a technology or a product from cradle to grave without having the adverse 

impacts shifted from one sector to another.220 There are four segments in the LCA, which are (i) goal 

setting and scope definition, (ii) inventory analysis, (iii) impact assessment, and (iv) interpretation.  

In this context, the goal is to evaluate the efficiency of using lignin materials via additive 

manufacturing compared to subtractive manufacturing by assessing its environmental burden, and the 

scope is from raw materials to the final product. The next step is to identify the inputs and outputs. 

Inputs required include but are not limited to lignin, chemicals, machines, energy, and resources. 

Outputs would be the emissions produced to the ecosystem. The inputs for additive/subtractive 

manufacturing may appear straightforward, but its representation in the LCA is much more complex. 

For instance, electricity is required for powering equipment such as a 3D printer or machinery, the 3D 

printer/machinery must be fabricated before additive/subtractive manufacturing, and the essential 

chemicals for the manufacturing will need to be extracted or synthesized before their use. LCA utilizes 

ReCiPe Endpoint and Midpoint methods to assess the impacts. The end-point indicators are damage-

oriented, targeting three main areas, which are ecosystems, human health, and resources.221 In contrast, 

mid-point indicators are more specific in the damage, such as climate change, marine ecotoxicity, 

freshwater ecotoxicity, agricultural land occupation, urban land occupation, and water depletion. An 

unavoidable impact is the release of CO2 from the burning of fossil fuels to power equipment, as fossil 

fuels are still the main energy source. At present, the most common way to obtain lignin is through 

tapping into the pulp and paper industry, where lignin is generated as a by-product. Billions of cubic 

meters of water are estimated to have been consumed annually,222 which fall under the water depletion 

indicator. Additionally, the polluted wastewater could cause marine ecotoxicity and freshwater 

ecotoxicity. While these are some common impacts shared by additive and subtracting manufacturing, 

there are still different impacts experienced by each type. For instance, the waste generated by additive 

manufacturing is highly likely to be much less than that generated by subtractive manufacturing, where 

the 3D structure is subjected to machining to remove unwanted parts. These wastes will likely compete 

for space, which falls under the agricultural and urban land occupation indicators. In contrast to 

subtractive manufacturing, layer-by-layer printing suggests that fewer reagent inputs are required, 

which could translate to less chemical synthesis/extraction and pollution. With the identification of the 

impacts, the last step is to interpret the information. Unfortunately, this LCA segment is not as 

comprehensive as it should be. There is no quantitative data, and there is no discussion on the region or 

the distance between the resources and the factory. These details, though important, are region-specific, 
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and the impacts would differ accordingly. Instead, we would like to focus on the efficiency of using 

lignin materials for manufacturing.  

The manufacturing process with more efficient use of lignin materials would be the one with fewer 

inputs required yet produced the same if not more outputs or the one with less waste generated.  It is 

difficult to assess the former scenario as there are many ways and formulations to synthesize lignin-

based materials. The only way to evaluate it is to specify the process as well as the inputs required and 

the outputs produced.  As for the latter, the description of the manufacturing process suggests that 

additive manufacturing would produce less waste. On the contrary, subtractive manufacturing removes 

materials to attain the desired geometry, which produces more material waste, even after considering 

the potential recycling of the subtracted materials in some cases. Hence, it is safe to assume that less 

waste would be generated in additive manufacturing, where lignin materials are used more efficiently. 

7. Outlook and challenges 

Although there have been many studies on lignin-related 3D printing, lignin is only adopted in 

limited volumes due to the deteriorated printability or mechanical properties with the addition of lignin. 

Enhanced printability and mechanical performance of lignin materials could be realized through the 

modification and pretreatment of lignin, improving the interfacial interaction between lignin and other 

polymers and leading to high adoption ratios of lignin in the 3D printing matrix. Meanwhile, from the 

sustainability point of view, waste minimization and avoiding toxic chemicals and complex processes 

should be prioritized when selecting and designing lignins for 3D printing. Here are a few points that 

need to be kept in mind for future work:  

(1) Most existing work focuses on the use and modification of technical lignins; lignocellulose 

biomass containing 15-35 % lignin for 3D printing is underutilized. The most challenging part 

of 3D/4D printing of lignin materials is to bring pure lignin or lignocellulose biomass to the 

dominant position regarding material ratios and their influence on the printing process and final 

properties. Meanwhile, considering the full utilization and valorization of lignocellulose 

biomass, 3D/4D printing of crude biomass should be prioritized in future work. 

(2) Some lignocellulose biomass feedstock is not a long-term sustainable candidate if we consider 

the raised potential competition to the food supply or deforestation. The lignocellulose biomass 

sourced from agricultural waste and food waste, like coconut husk, coir fiber, sugarcane 

bagasse, pineapple leaf fibers, and durian peels, is the optimal feedstock of the material 

selection for 3D/4D printing. In the meantime, the upcycling and value-adding of these waste 

lignocellulose biomass could be achieved.  

(3) The variation in the properties of lignin/lignocellulose biomass from different sources or 

extraction methods further complicates 3D printing with lignin materials. The printing 

parameters should be carefully adjusted to achieve the optimal performance of 3D-printed 

lignin materials. For example, Sharma et al. proposed a novel nozzle design for FDM that can 

choose different extrusion points and dies of variable shapes, sizes, and cross-sections,223 which 

can potentially accommodate different bio-composites with variable flow properties.  

(4) Regarding the DIW, water remains the dominant medium for lignocellulose biomass treatment 

and preparation, in which harsh chemicals are often involved for optimal pretreatment. Water 

is the main medium for paste-like printable ink from lignin/lignocellulose. However, alternative 

green and sustainable solvents, like deep eutectic solvents (DES), should be explored for the 

pretreatment of lignin/lignocellulose biomass to make it into suitable feedstocks and as a media 

for paste-like inks for DIW 3D printing. Additionally, DES, particularly acrylic acid-based DES 

systems, facilitate the incorporation of lignin components into photopolymer systems, making 

them suitable for both SLA and DIW, and enabling the formation of eutectogels. 
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(5) Lignin’s intrinsic UV, visible, and near-infrared light absorption properties make it a promising 

candidate for sustainable photothermal conversion and enhanced control over SLA printing 

resolution. Additionally, the development of sustainable additives, such as modified lignin with 

intrinsic shape-memory or self-healing properties, presents significant potential for advancing 

4D printing technologies in future research. 

(6) More effort should be made to explore more application scenarios for 3D-printed lignin 

materials. So far, significant work has only focused on optimizing printability and 

demonstrating 3D-printed objects. Some application demonstrations in previous work are not 

convincing, as 3D printing is unnecessary, and the demonstration could be realized with regular 

material preparation techniques, like mold-casting.  
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