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ABSTRACT 

Background: The urgent global imperative to transition away from fossil-derived polymers has intensified research 

into renewable, sustainable polymer systems. Lignin, as an abundant aromatic biopolymer, offers a unique 

combination of structural complexity, chemical functionality, and renewable availability that make it a promising 

feedstock for sustainable polymers and polymer composites (Zhu et al., 2016; Duval & Lawoko, 2014). Objectives: 

This study synthesizes and critically analyses advances in lignin-based polymer design, controlled polymerization 

strategies, and the integration of lignin derivatives into thermoplastic matrices, with a special focus on tribological 

performance in additively manufactured parts (Ganewatta et al., 2019; Tran et al., 2016). Methods: We conducted 

a detailed, theory-driven synthesis of the literature provided, integrating mechanistic perspectives on lignin 

chemistry, polymer architecture design, nanostructuring techniques, and processing–structure–property 

relationships relevant to tribology in fused deposition modeling (FDM) and related additive manufacturing methods 

(Funaoka et al., 2015; Grossman & Vermerris, 2018). Results: The analysis reveals that lignin can be employed both 

as a macromolecular chain component via covalent incorporation and as a functional filler or compatibilizer to alter 

matrix crystallinity, glass transition, and interfacial adhesion—all of which modulate friction, wear, and load-bearing 

capacity in printed components (Glasser, 2001; Shlykov et al., 2022). Case studies in renewable thermoplastics 

demonstrate that nanostructured lignin-elastomer systems achieve unexpectedly high mechanical resilience and 

favorable energy dissipation while maintaining improved biodegradability profiles (Tran et al., 2016). In terms of 

tribology, the interplay between print layer geometry, applied normal load, and surface modification (including in-

process addition of solid lubricants) critically determines sliding friction and wear rates (Shaharuddin et al., 2023; 

Sukri et al., 2023). Conclusions: Lignin-based polymers present a viable route toward sustainable, high-performance 

polymer composites with tunable tribological properties suitable for additive manufacturing. However, the field 

faces structural challenges—chemical heterogeneity of technical lignins, scale-up of controlled polymerization 

routes, and the need for standardized tribological testing protocols tailored to 3D-printed geometries—that must 

be resolved for industrial adoption (Ganewatta et al., 2019; Wang et al., 2024). Implications: Strategic research 

combining lignin chemistry, advanced polymerization, nanoscale morphology control, and additive manufacturing 

process engineering can deliver bio-based materials that satisfy both environmental and functional performance 

requirements. This article offers a detailed conceptual roadmap and theoretical foundations for future empirical 

work in this multidisciplinary area. 
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Introduction 

The twenty-first century’s materials agenda is 

increasingly defined by sustainability, circular economy 

principles, and the decoupling of polymer production 

from fossil feedstocks (Zhu et al., 2016). Among 

renewable resources, lignocellulosic biomass stands out 

for scale and diversity, and within its components lignin 

occupies a central role as an underutilized aromatic 

polymeric fraction with vast potential (Duval & Lawoko, 

2014). Historically relegated to low-value streams, lignin 

has been transformed conceptually into a value-bearing 

feedstock capable of contributing to high-performance 

polymers and composites (Glasser, 2001). This 

reconceptualization rests on three pillars: (1) the 

intrinsic structural richness of lignin—comprising 

phenylpropanoid units linked by diverse interunit 

bonds—which confers functional group multiplicity 

amenable to chemical modification; (2) emergent 

polymer chemistry approaches enabling controlled 

polymerization connected to lignin-derived monomers 

or lignin macromolecules; and (3) advances in materials 

processing, notably additive manufacturing, that permit 

architectural control over parts and thus new ways to 

regulate tribological behavior through structure and 

surface engineering (Ganewatta et al., 2019; Tran et al., 

2016). 

A central motivation for pursuing lignin-based materials 

is environmental: replacing petrochemical polymers 

reduces greenhouse gas emissions, fosters renewable-

material circularity, and creates new value chains for 

forestry and agricultural residues (Zhu et al., 2016). 

However, beyond sustainability, the unique chemical 

motifs of lignin allow for the design of polymers with 

properties that can rival or outperform conventional 

materials when properly harnessed (Funaoka et al., 

2015). The key is integrating lignin’s molecular 

architecture into polymer systems in a way that controls 

morphology, interphase behavior, and mechanical 

energy dissipation—parameters that are directly 

relevant to tribology, where friction and wear emerge 

from interacting molecular, microstructural, and 

macroscopic mechanisms (Grossman & Vermerris, 

2018). 

Additive manufacturing, especially fused deposition 

modeling (FDM), offers a compelling platform for rapid 

deployment of lignin-containing thermoplastics because 

of its layer-by-layer control, ability to print complex 

geometries, and compatibility with pellet-fed or 

filament-fed polymer systems (Hanon et al., 2020). Yet, 

FDM parts present unique tribological challenges: 

anisotropy from layered deposition, interlayer adhesion 

variability, and surface topography arising from process 

parameters create complex friction and wear behaviors 

that cannot be predicted solely from bulk properties 

(Wang et al., 2024; Shaharuddin et al., 2023). Thus, 

marrying lignin chemistry with additive manufacturing 

demands a cross-disciplinary approach that 

simultaneously addresses molecular modification, 

polymerization control, melt processability, filament 

formation, printing parameters, and tribological testing 

protocols tailored to printed architectures (Sukri et al., 

2023). 

This article assembles a cohesive theoretical framework 

and comprehensive synthesis from the provided 

literature to evaluate how lignin-based polymers can be 

rationally designed and processed for optimal 

tribological performance in additively manufactured 

components. The literature gap lies in the systematic 

integration of lignin molecular modification strategies 

with processing-driven tribology outcomes—most 

studies treat the chemistry or the tribology separately, 

while a full materials-by-design approach requires 

linking controlled polymerization, nanostructure, 

processing conditions, and tribological function in 

predictive terms (Ganewatta et al., 2019; Tran et al., 

2016). The present work addresses this gap by 

elaborating mechanisms, potential molecular design 

strategies, processing considerations, and a research 

roadmap for closing the loop from lignin feedstock to 

tribologically improved printed parts. 

Methodology 

 This work adopts a theory-driven, integrative literature 

synthesis methodology aimed at constructing a 

mechanistic, multidisciplinary narrative that connects 

lignin chemistry, controlled polymerization, composite 

microstructure, and tribological performance in additive 

manufacturing. The methodology proceeds in three 

interlinked stages. 

First, a molecular-level analysis of lignin structure and 

reactivity was performed to identify functional handles 

and modification strategies that enable covalent 

incorporation into polymer backbones or grafting onto 

synthetic polymers (Duval & Lawoko, 2014; Funaoka et 

al., 2015). This stage synthesizes known interunit bonds, 

available functional groups (e.g., phenolic hydroxyl, 
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aliphatic hydroxyl, methoxyl), and reactive 

transformations (e.g., esterification, etherification, 

depolymerization) that convert heterogeneous 

technical lignins into more uniform, polymerization-

compatible monomers or macromonomers (Zhu et al., 

2016; Ganewatta et al., 2019). 

Second, polymer design and controlled polymerization 

principles were integrated to outline practical synthetic 

pathways for lignin-derived thermoplastics and 

elastomers. This includes graft polymerization, ring-

opening polymerization (when appropriate monomers 

are derived), step-growth strategies (for polyesters and 

polyurethanes), and controlled radical polymerizations 

for creating block structures or graft copolymers with 

tailored molecular weight distributions and 

architecture. Emphasis was placed on processing-

relevant properties: melt flow index, glass transition 

temperature, crystallinity, and compatibilization 

potential when blending with common thermoplastics 

such as PLA, polyamide, or polycarbonate (Tran et al., 

2016; Ganewatta et al., 2019). 

Third, tribological and processing considerations were 

synthesized from studies focused on additive 

manufacturing and polymer tribology to connect 

microstructure and surface conditions to friction and 

wear outcomes. This involved mapping how printing 

parameters (layer thickness, nozzle temperature, print 

speed), part architecture (infill pattern, raster 

orientation), and post-processing (annealing, surface 

treatments) affect contact mechanics, real area of 

contact, and third-body formation during sliding 

(Shaharuddin et al., 2023; Wang et al., 2024). Special 

attention was given to studies that explored in-process 

additions of solid lubricants and fillers (Sukri et al., 2023) 

and those that analyzed the tribological consequences 

of the anisotropic mechanical performance of printed 

layers (Hanon et al., 2020). 

Throughout the synthesis, each theoretical link or claim 

is grounded in the cited literature. Where empirical data 

are discussed, we interpret trends qualitatively and 

mechanistically rather than provide quantitative meta-

analytic pooling, in accordance with the constraint to 

avoid tables or formulas. The final stage presents an 

integrated roadmap for experimental validation, 

identifies methodological gaps, and proposes 

standardized approaches for linking lignin polymer 

chemistry to tribological outcomes in FDM and related 

additive manufacturing processes. 

Results 

 The synthesis of molecular, polymerization, and 

processing knowledge yields several interdependent 

results that collectively outline how lignin-based 

polymers can be created and optimized for tribological 

performance in additive manufacturing. 

Molecular handles for polymer integration and 

their tribological implications 

 Lignin’s multiplicity of functional groups—

phenolic hydroxyls, aliphatic hydroxyls, 

methoxyl groups and a variety of ether and 

carbon–carbon linkages—offer distinct 

pathways to convert technical lignins into 

polymerizable species (Duval & Lawoko, 2014; 

Funaoka et al., 2015). Phenolic hydroxyls are 

particularly valuable because they can be 

converted into reactive derivatives (such as 

phenolic esters or allyl ethers) that participate 

in step-growth or free-radical polymerizations 

(Zhu et al., 2016). When lignin is grafted onto 

flexible polymer chains or used as a 

macromonomer, the inherent stiffness and 

aromatic content of lignin can increase 

modulus and heat resistance while phenolic 

moieties can interact with counterfaces or third 

bodies under sliding, modifying frictional 

responses (Grossman & Vermerris, 2018). The 

key result is that chemical modification routes 

that preserve or strategically alter phenolic 

functionality allow tailoring of surface energy 

and adhesion characteristics, thereby affecting 

initial adhesion, formation of transfer films, and 

steady-state friction regimes in sliding contacts 

(Glasser, 2001). 

 

Controlled polymerization strategies produce 

tunable architectures for energy dissipation 

 Controlled polymerization techniques—such as 

atom transfer radical polymerization (ATRP), 

reversible addition-fragmentation chain 

transfer (RAFT), and ring-opening 

polymerization adapted to lignin-derived 

monomers—enable the formation of block and 

graft copolymers where lignin segments act as 

hard domains while synthetic segments supply 
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elasticity and processability (Ganewatta et al., 

2019). The result is a family of nanostructured 

lignin-elastomer systems where phase-

separated morphologies yield mechanical 

behaviors favorable for tribological applications: 

high abrasion resistance from lignin-rich 

domains, coupled with energy-dissipating soft 

domains that reduce crack propagation and 

delamination under cyclic contact loads (Tran et 

al., 2016). Such architectures predictably lower 

steady-state wear rates because they combine 

hardness with toughness, creating a contact 

surface that resists abrasive removal while 

dissipating impact energy that would otherwise 

increase fatigue-driven material loss (Tran et al., 

2016; Grossman & Vermerris, 2018). 

 

Nanostructuring and interfacial engineering 

enhance load transfer and reduce wear 

 When lignin is processed into nanoparticles, 

nanofibrils, or grafted to polymer chains 

forming core–shell morphologies, the resultant 

composites demonstrate improved dispersion 

and interfacial bonding with polymer matrices 

(Duval & Lawoko, 2014; Ganewatta et al., 2019). 

In printed parts, where interlayer adhesion and 

local stiffness gradients are critical, such 

nanostructuring helps homogenize stress 

distribution across filaments and layers, 

reducing stress concentrations that exacerbate 

abrasive wear and delamination under sliding 

loads (Shlykov et al., 2022). The key outcome is 

that nanostructured lignin phases, when well-

dispersed and compatibilized, inhibit crack 

initiation and growth at layer boundaries and 

thus extend service life under tribological 

loading. 

 

Processing–structure relationships in additively 

manufactured lignin composites 

 Additive manufacturing introduces unique 

microstructural anisotropies through layered 

deposition. Studies on tribology of printed 

polymers show that print parameters such as 

layer thickness and applied normal load have a 

nontrivial relationship with friction and wear: 

thicker layers can produce rougher surfaces and 

weaker interlayer bonding, increasing friction 

and wear under sliding; conversely, optimized 

thin layers improve surface smoothness and 

interlayer consolidation (Shaharuddin et al., 

2023; Hanon et al., 2020). When lignin-based 

fillers or lignin-derived polymeric matrices are 

used, their melt rheology and thermal stability 

become decisive for print quality. The result is 

that lignin derivatives must be tailored to 

maintain adequate melt flow and thermal 

resilience to avoid nozzle clogging, poor 

interlayer fusion, and porosity—all factors that 

degrade tribological behavior (Tran et al., 2016; 

Wang et al., 2024). 

 

Functional additives and in-process modifications 

modulate tribological surfaces 

 In-process addition of solid lubricants (e.g., 

graphite) into the top printed layers has been 

shown to significantly reduce friction and wear, 

particularly when the additive is localized to the 

surface layers where contact occurs (Sukri et al., 

2023). Similarly, graphite and other lamellar 

fillers can promote formation of transfer films 

that protect the polymer surface from direct 

abrasive contact. When combined with lignin-

based matrices, such additives may interact 

synergistically: lignin’s aromatic surface 

chemistry can enhance the adhesion and 

stability of transfer films, while graphite reduces 

shear stresses at the interface, lowering both 

static and dynamic friction coefficients (Sukri et 

al., 2023). The emergent result is a processing 

strategy where functional fillers are strategically 

allocated within the printed architecture to 

optimize surface behavior without 

compromising bulk mechanical performance. 

 

Comparative tribological performance suggests 

competitive viability 

 Comparisons between traditional fossil-derived 

polymers and lignin-containing composites 

indicate that, with appropriate chemical 

modification and processing, lignin-based 

materials can reach tribological performance 

levels comparable to or surpassing certain 

conventional polymers, especially where 

energy dissipation and thermal stability are 
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critical (Tran et al., 2016; Grossman & 

Vermerris, 2018). The evidence assembled 

suggests that lignin-derived thermoplastics, 

particularly those designed as nanostructured 

block copolymers, achieve a balance of 

hardness and toughness favorable for low-wear 

sliding contacts. This result positions lignin-

based materials as not merely sustainable 

alternatives but as performance-competitive 

candidates in tribologically demanding 

applications. 

 

Standardization and testing protocols remain a 

bottleneck 

 The literature reveals a lack of standardized 

tribological testing regimes that account for the 

anisotropic nature of printed parts, the scale of 

contact, and the role of third-body debris typical 

of polymer sliding (Wang et al., 2024; Hanon et 

al., 2020). Without standardized methods that 

reflect the geometric and interfacial realities of 

FDM parts, cross-study comparisons remain 

difficult and industry adoption of lignin-based 

printed parts for tribological applications will be 

hindered. The clear result is the need for 

harmonized test protocols and reporting 

standards that specify printing parameters, 

environmental conditions, counterface 

materials, and wear measurement 

methodologies tailored to additively 

manufactured polymer parts. 

 

Discussion 

 The synthesized results illuminate multiple conceptual 

and practical pathways for rationally designing lignin-

based polymers tailored to tribological performance in 

additive manufacturing. Below we expand on theoretical 

implications, practical challenges, counter-arguments, 

and prioritized research directions. 

Theoretical implications: leveraging aromaticity 

and heterogeneity 

 Lignin’s aromatic backbone confers stiffness, 

thermal resistance, and potential for π–π 

interactions that can strengthen interfacial adhesion 

and support load transfer under sliding contact 

(Duval & Lawoko, 2014; Glasser, 2001). The 

theoretical implication is that lignin can act as a 

macromolecular “reinforcing aromatic phase” 

within polymer matrices. However, lignin’s natural 

heterogeneity—arising from biomass source, 

pulping method, and degree of depolymerization—

presents both opportunity and challenge. 

Heterogeneity can be harnessed to create graded 

mechanical properties within a single feedstock, but 

it complicates reproducible polymer synthesis and 

property control. Therefore, a theoretical 

framework that treats lignin as a tunable, 

multifunctional building block rather than a single 

monolithic ingredient is essential. This perspective 

underscores the need for fractionation and 

controlled chemical modification to reduce 

dispersity where required while preserving 

beneficial chemical motifs (Zhu et al., 2016; 

Ganewatta et al., 2019). 

Controlled polymer architectures as a design 

principle 

 The marriage of controlled polymerization 

techniques with lignin chemistry represents a 

means to decouple processability from intrinsic 

lignin stiffness. By creating block or graft 

copolymers, design space opens to engineer 

phase behavior and interfaces at the nanoscale. 

Theoretical models of block copolymer 

microphase separation apply directly: 

microdomains of lignin-enriched phases can 

serve as hard reinforcement dispersed within a 

soft, printable matrix. For tribology, this 

translates into surfaces that resist abrasive 

removal yet dissipate kinetic energy, reducing 

crack propagation under repeated contact. The 

necessary counterargument is that controlled 

polymerization routes often rely on complex 

catalysts, solvents, or multi-step chemistries 

that challenge scalability and sustainability. 

Therefore, research must prioritize green 

chemistries—solvent-free or aqueous-phase 

polymerizations, benign catalysts—and process 

intensification strategies to achieve industrially 

viable pathways (Ganewatta et al., 2019; Tran et 

al., 2016). 

 

Processing-constrained morphology control 

 Additive manufacturing imposes constraints on 

melt rheology and thermal history that directly 

influence final morphology. For instance, rapid 
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cooling following filament deposition can freeze 

non-equilibrium microstructures, affecting 

crystallinity and interfacial adhesion—

parameters intimately related to wear (Hanon 

et al., 2020). A pragmatic implication is that 

designers must co-optimize polymer chemistry 

and printing parameters: lignin-based polymers 

with tailored melt viscosity that allow sufficient 

interdiffusion at the layer interface (promoting 

strong interlayer bonding) while maintaining 

dimensional stability are desirable. This suggests 

process-aware polymer design where melt 

relaxation times, entanglement density, and 

crystallization kinetics are engineered to align 

with the thermal profiles of FDM printing (Wang 

et al., 2024). 

Surface engineering and additive placement as 

tribological levers 

 Localized addition of solid lubricants (e.g., 

graphite) or surface-active lignin derivatives can 

dramatically lower friction and wear. From a 

theoretical perspective, the creation of a stable, 

adherent transfer film is among the most 

effective strategies for reducing polymer wear. 

Lignin chemistry may assist this by promoting 

adhesion between the transfer film and the 

underlying polymer, increasing film persistence 

under sliding and thus lowering steady-state 

wear rates. An important counterpoint is that 

fillers may compromise mechanical integrity if 

not optimally dispersed or if present in excessive 

concentrations; thus, targeted use—confined to 

surface layers or as thin coatings—is a promising 

compromise that preserves bulk properties 

while improving tribology (Sukri et al., 2023). 

 

Compatibility with existing industrial materials and 

processes 

 For rapid industry uptake, lignin-based systems 

must integrate with existing polymer processing 

infrastructure—including extrusion for filament 

production and FDM printers. This practical 

constraint favors thermoplastic formulations 

that require minimal adaptation to processing 

temperatures and shear conditions typical of 

FDM (Tran et al., 2016). However, many lignin 

derivatives display high thermal sensitivity or 

tendency to crosslink, which can clog nozzles or 

produce brittle parts. Addressing this requires 

either molecular stabilization strategies 

(antioxidants, controlled depolymerization to 

reduce reactive phenolic content) or hybrid 

processing approaches (co-extrusion, pellet-fed 

printers) that tolerate broader material 

behavior ranges (Tecnaro, 2020; iBIB, 2020). 

 

Environmental and life-cycle considerations 

 While lignin-based polymers offer clear 

renewable feedstock advantages, 

environmental performance must be 

demonstrated through life-cycle assessment 

(LCA) that accounts for energy inputs, chemical 

usage in modification steps, and end-of-life 

scenarios (Zhu et al., 2016). The key is to ensure 

that chemical modifications used to enhance 

processability or performance do not negate the 

environmental benefits of replacing 

petrochemical feedstocks. Thus, green 

modification chemistries and routes that 

facilitate recycling or biodegradability should be 

prioritized. The potential for lignin-based 

polymers to be designed for depolymerization 

and chemical recycling represents an attractive 

circular-economy pathway, but one that 

requires carefully designed chemistries and 

compatible industrial infrastructure (Ganewatta 

et al., 2019). 

Standardization and reproducibility: 

methodological imperatives 

 The absence of harmonized tribological testing 

protocols for printed parts is a significant 

barrier to comparing studies and establishing 

performance baselines. The field needs 

standardized descriptions of printing 

parameters, specimen geometry, counterface 

materials, sliding conditions (speed, load, 

environment), and wear quantification 

methods that capture both volumetric loss and 

performance-relevant metrics like coefficient 

of friction under application-relevant states 

(Wang et al., 2024; Hanon et al., 2020). The 

recommendation is the development of a 

community standard—perhaps via relevant 

professional societies—to ensure 
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reproducibility and accelerate translation. 

 

Limitations and uncertainties 

 A primary limitation in the current literature is 

the scarcity of long-duration, application-scale 

tribological studies for lignin-based printed 

parts. Most work is proof-of-concept or short-

term lab-scale testing that may not reflect real-

world cyclic loading and environmental 

exposure. Additionally, variability in technical 

lignin sources complicates reproducibility 

across studies. The uncertainty about scale-up 

costs, process emissions from lignin 

modification, and regulatory acceptability in 

certain sectors (e.g., medical devices) further 

constrains near-term commercialization 

pathways (Zhu et al., 2016; Ganewatta et al., 

2019). 

 

Future directions and prioritized research agenda 

 Based on the synthesis, the following research priorities 

emerge: 

Standardize tribological testing for printed 

polymers: Develop community-accepted test 

protocols that specify printing parameters, 

specimen geometries, and environmental 

conditions to enable meaningful comparisons. 

 

Green, scalable modification chemistries: Innovate 

solvent-free, catalyst-efficient methods to 

functionalize or fractionate lignin for direct 

polymerization, prioritizing chemistries 

amenable to industrial continuous processing. 

 

Design of block/graft copolymers with phase 

control: Employ controlled polymerizations to 

create lignin-based block copolymers with 

predictable phase behavior tailored for targeted 

mechanical and tribological properties. 

 

Surface-focused composite architectures: Explore 

strategies for localized placement of lubricating 

fillers or lignin-derived coatings to achieve 

surface-specific tribological benefits without 

compromising bulk properties. 

 

Life-cycle and economic analyses: Conduct LCAs 

that account for full process chains from 

biomass to printed part, and techno-economic 

analyses to identify viable value propositions for 

lignin-based printed materials. 

Scale-up demonstrations and industrial trials: 

Partner with filament producers, pellet 

extruders, and end-use companies to trial lignin-

based materials in realistic manufacturing and 

application contexts to gather long-term 

performance data. 

Conclusion 

 Lignin-based polymers represent a scientifically rich and 

industrially promising path toward sustainable, high-

performance polymeric materials compatible with 

additive manufacturing. The aromatic architecture and 

functional group diversity of lignin offer unique levers 

for designing materials that combine thermal resistance, 

mechanical reinforcement, and favorable tribological 

behavior when properly integrated through controlled 

polymerization and nanostructuring strategies (Zhu et 

al., 2016; Ganewatta et al., 2019). Additive 

manufacturing elevates the importance of process-

aware polymer design: melt rheology, thermal history, 

and layer-by-layer architecture are central determinants 

of tribological outcomes in printed parts (Hanon et al., 

2020; Wang et al., 2024). In-process additive 

strategies—such as surface-localized fillers—combined 

with lignin’s chemical tunability provide a practical 

pathway to low-wear printed surfaces (Sukri et al., 

2023). 

The dominant challenges are largely translational: 

heterogeneity of lignin feedstocks, the sustainability of 

chemical modification routes, the need for standardized 

tribological testing tailored to printed architectures, and 

the scalability of controlled polymerization routes 

remain obstacles to industrial-scale deployment 

(Ganewatta et al., 2019). Addressing these challenges 

requires integrated research that spans lignin chemistry, 

polymer physics, rheology, processing engineering, and 

tribology. If these interdisciplinary efforts are realized, 

lignin-derived polymers could deliver materials that 

satisfy both environmental imperatives and high-

performance requirements for diverse applications 

where friction, wear, and thermal resilience are critical. 
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