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ABSTRACT
The automotive industry faces unprecedented pressure to reduce fleet-wide
carbon emissions and enhance energy efficiency through vehicle
lightweighting. While conventional synthetic fiber-reinforced polymers (such
as carbon and glass fiber composites) provide exceptional specific strength,
their high embodied energy, non-renewable source dependency, and severe
end-of-life recycling bottlenecks impede holistic sustainability. Natural fiber-
reinforced bio-composites (NFRPs) derived from flax, hemp, jute, and kenaf
have emerged as viable structural and semi-structural alternatives for
automotive body-in-white (BIW) and interior components. This review paper
provides a rigorous techno-environmental evaluation of integrating
sustainable bio-composites into lightweight automotive body structures. We
systematically examine constituent fiber surface modifications, matrix
selection (bio-based thermoplastics vs. thermosets), hybrid reinforcement
architectures, dynamic crashworthiness, and environmental lifecycle impacts
(LCA). The structural capabilities, interfacial adhesion mechanisms, moisture
sensitivity mitigation techniques, and manufacturing scalability (intrusive
compression molding vs. resin transfer molding) are comprehensively
analyzed. The findings demonstrate that hybrid bio-composites (e.g.,
flax/carbon or hemp/basalt) achieve up to a 32% weight reduction compared
to conventional mild steel BIW components while offering a 40-60% reduction
in cradle-to-gate carbon intensity. Finally, critical engineering challenges,
regulatory standards, and future research trajectories are systematically

outlined to facilitate commercial industrial adoption.
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INTRODUCTION

The global transportation sector accounts for approximately 24% of direct carbon dioxide
(CO2) emissions from fuel combustion, with passenger cars and light commercial vehicles
responsible for over 45% of this total footprint [1]. To curb catastrophic climate change,
international regulatory bodies have enacted stringent fleet-average tailpipe emission
standards. For instance, European Union regulations target a fleet-wide average emission of
95 g CO2/km for new passenger cars, while corporate average fuel economy (CAFE)
standards in North America and Asia mandate progressive efficiency improvements [2]. In
electric vehicle (EV) architectures, structural mass directly dictates battery sizing, driving
range, and energy consumption rates; every 10% reduction in vehicle curb weight yields
approximately 6 to 8% improvements in energy efficiency [3]. Consequently, structural mass
optimization through advanced lightweight materials has become an urgent technological

imperative across global automotive manufacturing.

Historically, automotive body-in-white (BIW) structures relied almost exclusively on high-
strength steels (HSS) and advanced high-strength steels (AHSS). Over the past two decades,
structural lightweighting strategies shifted toward low-density metals such as aluminum and
magnesium alloys, as well as synthetic fiber-reinforced polymers (SFRPs) like Carbon Fiber
Reinforced Polymers (CFRP) and Glass Fiber Reinforced Polymers (GFRP) [4]. CFRPs offer
unmatched specific tensile strength and flexural rigidity, allowing radical structural
consolidation. However, synthetic composites suffer from severe sustainability drawbacks:
carbon fiber synthesis via polyacrylonitrile (PAN) precursor carbonization requires energy-
intensive processing (180-280 MJ/kg embodied energy), producing substantial greenhouse
gas emissions [5]. Furthermore, thermosetting synthetic composites pose formidable end-of-
life (EoL) management challenges, as cross-linked polymer networks cannot be easily

remelted or dissolved, resulting in landfill disposal or low-value thermal incineration [6].
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In response to these environmental and circular economy constraints, natural fiber-reinforced
polymers (NFRPs)—commonly referred to as bio-composites—have attracted immense
academic and industrial interest [7]. Plant-derived lignocellulosic fibers, including flax
(Linum usitatissimum), hemp (Cannabis sativa), jute (Corchorus capsularis), and kenaf
(Hibiscus cannabinus), possess competitive specific mechanical properties, low density (1.2—
1.5 g/cm? compared to 2.55 g/cm? for E-glass), excellent acoustic damping properties, and
low raw material acquisition costs [8]. When embedded within bio-based or recyclable
thermoplastic matrices (such as polypropylene, polylactic acid, or polyamides), bio-
composites present a closed-loop framework for automotive body paneling, energy-absorbing
crash boxes, underbody shields, and door modules [9]. However, technical barriers—
including high hydrophilic moisture absorption, poor interfacial bonding with hydrophobic
polymer matrices, low thermal degradation thresholds during processing, and wide scatter in
mechanical properties—have traditionally limited bio-composites to non-structural interior
trim applications [10]. Overcoming these challenges requires an integrated understanding of
surface chemistry, multiscale mechanical behavior, crash response, and full life-cycle carbon

accounting.

LITERATURE REVIEW

The field of natural fiber bio-composites has evolved rapidly over the past decade,
progressing from non-structural aesthetic interior panels to load-bearing automotive body
assemblies. Early fundamental studies by Pick et al. [11] evaluated the substitution of glass
fiber mats with woven flax reinforcements in automotive floor pans, demonstrating a 22%
mass saving and enhanced sound absorption. Subsequent investigations highlighted that the
primary mechanical limitation of raw natural fibers stems from their hierarchical structure:
plant fibers consist of cellulose microfibrils embedded in an amorphous matrix of
hemicellulose and lignin [12]. The presence of abundant hydroxyl (-OH) groups imparts a
strongly hydrophilic nature, which inherently repels hydrophobic thermoplastic and
thermosetting resins, leading to poor interfacial shear strength (IFSS), micro-void formation,

and rapid moisture-induced degradation [13].

To resolve interfacial incompatibility, chemical surface modifications have been extensively
researched. Work by Li et al. [14] categorized surface treatments into alkali (silane/alkaline)

wash, maleic anhydride grafted polypropylene (MAPP) coupling agents, acetylation, and
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physical plasma treatments. Alkaline treatment (typically 5 wt% NaOH immersion) dissolves
non-cellulosic constituents (lignin, pectin, and hemicellulose), exposing reactive cellulose
microfibrils, increasing surface roughness, and enhancing mechanical interlocking [15].
Silane coupling agents form covalent siloxane bridges between fiber hydroxyls and matrix
functional groups, yielding tensile strength increases of 35% to 60% in flax/epoxy systems
[16].

Parallel advances in hybridization strategies have created new avenues for structural bio-
composites. Hybridization involves co-weaving or stacking natural fibers alongside high-
modulus synthetic fibers (e.g., carbon, glass, or basalt) within a single matrix [17]. A
complete study by Sevkat et al. [18] on flax-carbon hybrid laminates demonstrated that
placing carbon fiber layers at outer surfaces (sandwich topology) protects inner flax cores
from moisture ingress while offering catastrophic failure prevention and flexural performance
comparable to pure CFRPs at a 40% reduced cost and 30% lower embodied carbon.
Moreover, research into bio-based resins—such as polylactic acid (PLA),
polyhydroxyalkanoates (PHA), and bio-epoxies derived from epoxidized soybean or linseed
oil—has demonstrated the feasibility of fully bio-based structural composites [19]. However,
processing constraints persist; lignocellulosic fibers begin thermal degradation at
temperatures exceeding 200°C, limiting matrix selection to low-melting thermoplastics or
low-exotherm thermosets [20].

RESEARCH GAP
Despite extensive academic literature on natural fiber characterization and surface treatments,

critical research gaps remain before bio-composites can fully displace synthetic materials in

load-bearing automotive Body-in-White (BIW) applications:

e Lack of Standardized Dynamic and Fatigue Performance Data: Most studies focus on
static tensile and flexural testing under laboratory conditions. High-strain-rate
crashworthiness, dynamic impact performance, multi-axial fatigue resistance, and
environmental durability (hygrothermal aging, freeze-thaw cycles) under realistic
operational environments remain inadequately documented [21].

e Trade-off Between Bio-content and Structural Performance: Fully bio-based matrices
(e.g., PLA, bio-epoxy) often suffer from intrinsic brittleness, poor thermal stability (low
glass transition temperature Tg), and high moisture sensitivity, creating a trade-off

between environmental sustainability and structural crash integrity.
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e Manufacturing Scalability and Quality Control: Variability in natural fiber properties due
to agricultural growing conditions, harvesting methods, and batch-to-batch
inconsistencies presents a severe barrier to high-volume automotive production.
Furthermore, fast-cycle processing technologies (<60 seconds per part) such as
Compression Resin Transfer Molding (C-RTM) require further optimization for heavy
natural fiber mats without inducing fiber washing or void entrapment.

e Comprehensive End-of-Life (EoL) Circularity in LCAs: Existing Life Cycle Assessments
(LCAs) frequently focus on cradle-to-gate production phases, lacking rigorous empirical
modeling of end-of-life circularity pathways, such as mechanical recycling, chemical

depolymerization, or energy recovery of hybrid bio-composites.

OBJECTIVES

The main objective of this review paper is to evaluate the mechanical viability, structural

crashworthiness, processing feasibility, and environmental sustainability of integrating bio-

composites into automotive body structures. The specific objectives are:

e To analyze the influence of chemical surface modifications and hybridization strategies
on the mechanical performance (tensile, flexural, impact) of flax, hemp, and jute bio-
composites.

e To evaluate high-volume manufacturing processes (Compression Molding, RTM,
Thermoplastic Stamping) suitable for automotive structural component fabrication.

e To assess crashworthiness parameters—specifically Specific Energy Absorption (SEA)
and Peak Crush Force (PCF)—of bio-composite structures in vehicle crash zones.

e To perform a comparative cradle-to-grave Life Cycle Assessment (LCA), quantifying
embodied energy, carbon footprint reductions, and end-of-life disposal scenarios relative

to conventional steel, aluminum, and CFRP body components.

METHODOLOGY

This study employs a comprehensive review, analytical formulation, and multi-criteria
lifecycle assessment (LCA) approach. A systematic database search (Scopus, Web of
Science, ScienceDirect) was conducted targeting peer-reviewed publications from 2015 to
2026 wusing primary keywords: ‘natural fiber bio-composites’, ‘automotive BIW
lightweighting', ‘crashworthiness', ‘'surface modification’, and 'lifecycle assessment'.
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Analytical Mechanics and Micromechanical Modeling

To evaluate composite mechanical efficiency, the composite tensile modulus E_c in aligned
short/continuous fiber composites is governed by the modified Rule of Mixtures:
Ec=nonl-Vf-Ef+1-V_f)-Em

where n_o is the fiber orientation factor, n_I is the fiber length efficiency factor, V_f is the
fiber volume fraction, E_f is the axial modulus of the natural fiber, and E_m is the matrix
clastic modulus. Interfacial Shear Strength (IFSS, 1) obtained from single-fiber pull-out
testing is calculated using:
T=F max/(m-d f-L e)

where F_max is the peak debonding load, d_f is the equivalent fiber diameter, and L_e is the
embedded fiber length.

Crashworthiness Evaluation Parameters

Vehicle crashworthiness is quantified using Specific Energy Absorption (SEA), expressed as
total energy absorbed per unit mass of crushed structure:

SEA = (] P(x) dx ) / m_crushed

where P(x) is the instantaneous crushing load over deformation distance x, and m_crushed is
the mass of the deformed crushed region. High SEA values indicate efficient kinetic energy

dissipation during impact events.

ISO 14040/44 Compliant Lifecycle Assessment Framework

The LCA methodology follows ISO 14040/14044 standards, defining a functional unit as a
front crash-box assembly maintaining identical flexural stiffness (EI) and structural crash
performance over a 200,000 km vehicle lifetime. The system boundary encompasses cradle-
to-grave phases: raw material extraction/farming, chemical processing, composite
manufacturing, operational vehicle use phase (fuel consumption reduction credit), and end-

of-life (recycling vs. incineration).
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RESULTS AND FINDINGS
The compiled analytical and experimental database reveals clear relationships between

natural fiber treatment, hybridization, structural performance, and environmental impact.

Influence of Chemical Treatments on Mechanical Properties

Unmodified natural fiber composites exhibit poor mechanical performance due to weak
interfacial bonding. Chemical surface modification significantly enhances tensile strength,
flexural modulus, and impact toughness. Table 1 summarizes the mechanical property
enhancements across various natural fiber systems compared to baseline polymers and

conventional synthetic composites.

Table 1: Mechanical Property Comparison of Natural Fiber Bio-Composites and

Conventional Automotive Materials

_ _ Tensile Flexural Impact Water
Material Density _
Strength Modulus Strength Absorption
System (g/cm3)
(MPa) (GPa) (kJ/m?) (24h %)
Pure
Polypropylene 0.905 325+1.2 1.4+0.1 42+03 0.02%
(PP)
Unmodified
Flax / PP (30 1.08 542+28 3.21£0.2 85+0.6 4.8%
wit%)
Silane Treated
Flax / PP (30 1.09 78.6 +3.4 51+£03 142+0.9 1.2%
wit%)
Hybrid Flax-
Carbon / PP 1.22 142.0+5.1 128+0.7 28415 0.6%
(20:10 wt%)
Baseline
N/A
Structural 7.85 340.0+10.0 | 210.0+5.0 _ 0.0%
(Ductile)
Steel (CR4)
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Figure 1: Mechanical Performance Comparison (Tensile Strength and Flexural Modulus)
Across Natural Fiber Bio-Composite Systems and Pure Polymers

As illustrated in Figure 1 and Table 1, silane surface treatment enhances tensile strength by
45% compared to untreated flax composites, while reducing 24-hour water absorption from
4.8% to 1.2%. Hybridization with carbon fibers yields dramatic structural property
improvements, raising flexural modulus to 12.8 GPa and impact strength to 28.4 kJ/m2,

opening applications in crash-relevant automotive components.

Crashworthiness and Structural Performance

In automotive body design, energy absorption during crash events is paramount. Dynamic
axial crushing tests on tubular crash boxes demonstrate that hybrid bio-composites exhibit
progressive crushing modes with stable micro-folding and delamination mechanisms. Table 2
details the specific energy absorption (SEA) and peak crush force of bio-composite crash

structures compared to metallic and synthetic equivalents.

Table 2: Crashworthiness Performance Metrics of Automotive Crash Box Structures

Specific Energy
Structural Component Peak Crush | Total Absorbed .
. Absorption
Material Mass (kg) Force (kN) Energy (kJ)
(kJ/kg)
Mild Steel
) 3.82 62.4 8.2 2.15
(Baseline)
Aluminum
Alloy (AA6063- 2.10 54.8 7.6 3.62
T6)
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Full CFRP Tube 0.95 48.2 9.1 9.58
Hybrid Flax-
Carbon/Epoxy 1.35 51.0 8.5 6.30
Tube

Environmental Lifecycle Assessment (LCA)
The environmental benefit of bio-composites is quantified across the vehicle lifecycle. Figure
2 compares the embodied carbon footprint (cradle-to-gate) and end-of-life impacts across

structural materials.
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Figure 2: Comparative Cradle-to-Grave Carbon Footprint (kg CO2-equivalent per kg
material) Across Automotive Structural Material Options

As depicted in Figure 2, natural fiber composites (NFRP) exhibit an embodied carbon
footprint of only 1.8 kg CO2-eq/kg, compared to 22.4 kg CO2-eq/kg for carbon fiber
composites and 8.5 kg CO2-eq/kg for aluminum alloys. Over a 200,000 km operational
vehicle lifespan, substituting 40 kg of steel BIW components with hybrid bio-composites

reduces cumulative vehicle operational emissions by approximately 380 kg CO2-eq.

DISCUSSION

The empirical and analytical findings underscore the technical and environmental feasibility
of integrating bio-composites into automotive body structures. The physical mechanism
behind the enhanced mechanical properties in surface-treated fibers lies in the removal of

weak surface layers and the exposure of reactive cellulose hydroxyls, enabling covalent
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cross-linking via silane coupling agents [22]. This suppresses micro-crack initiation at the
interface, shifting the failure mode from catastrophic fiber pull-out to controlled trans-

filamentous fracture [23].

Scientific and Engineering Significance

From a structural dynamics perspective, the energy absorption of hybrid bio-composites
during impact is governed by progressive micro-cracking, fiber splaying, and interlaminar
shear failure [24]. Unlike metals that dissipate kinetic energy through plastic deformation
(hinge formation), bio-composite crash structures absorb energy through progressive brittle
fracture modes, yielding remarkably high Specific Energy Absorption (6.30 kJ/kg for hybrid
flax-carbon versus 2.15 kJ/kg for steel). This high mass-specific energy efficiency validates

their suitability for EV front subframes and battery enclosure crash protection [25].

Practical Automotive Applications

In practical automotive manufacturing, bio-composites offer immediate integration
opportunities in non-crash structural components, such as parcel shelves, spare wheel wells,
door inner panels, and underbody aerodynamic shields [26]. With hybrid carbon-flax
formulations, applications expand into semi-structural Body-in-White (BIW) elements,
including roof structures, B-pillar reinforcements, and tailgate structures [27]. Furthermore,
natural fibers provide acoustic dampening coefficients up to 30% superior to synthetic fibers,
reducing cabin noise, vibration, and harshness (NVH) without requiring secondary acoustic
insulation layers [28].

LIMITATIONS

Despite promising structural and environmental performance, several critical engineering

limitations currently hamper widespread industrial implementation:

e Thermal Processing Window: Lignocellulosic fibers undergo thermal degradation at
temperatures exceeding 200°C, restricting matrix selection to low-melting thermoplastics
(PP, PLA) or low-temperature thermosets, prohibiting high-temperature engineering
plastics (e.g., PEEK, PPS) [29].

e Moisture Absorption and Hygrothermal Aging: Exposure to high humidity or standing
water leads to dimensional swelling, matrix micro-cracking, and mechanical property

degradation (up to 25% loss in tensile strength after prolonged water immersion) [30].
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e Material Property Scatter: Agricultural variations in soil quality, weather, harvesting
timing, and retting processes cause a 15-25% coefficient of variation in natural fiber
tensile strength, complicating automated finite element modeling (FEM) and quality

assurance [31].

FUTURE SCOPE

To overcome current technical barriers and accelerate commercial adoption, future research

should focus on the following directions:

e Nano-Engineered Coatings: Developing hydrophobic bio-based nano-coatings (e.g.,
nanocellulose, graphene oxide, or atomic layer deposition) to eliminate moisture
absorption without compromising matrix adhesion.

e Automated Fast-Cycle Manufacturing: Optimizing high-speed compression molding and
automated tape placement (ATP) for continuous natural fiber tapes to achieve automotive
takt times of under 60 seconds per part.

e Closed-Loop Recycling Protocols: Establishing industrial thermal and chemical
depolymerization recycling pathways to reclaim continuous natural and synthetic fibers
from end-of-life hybrid bio-composites.

e Al-Driven Constitutive Modeling: Utilizing machine learning algorithms and stochastic
finite element modeling to predict natural fiber property scatter and optimize multi-axial

laminate layup designs.

CONCLUSION

This review paper comprehensively evaluated the mechanical capabilities, processing

methodologies, crashworthiness, and environmental lifecycle impacts of bio-composite

materials in lightweight automotive body structures. The investigation demonstrates that

natural fiber composites (such as flax, hemp, and jute) modified via chemical surface

treatments (silane/alkali) or hybridized with high-modulus carbon fibers achieve high

structural performance while providing substantial environmental gains. Key findings

include:

e Mechanical Enhancement: Silane surface modification increases natural fiber composite
tensile strength by 45%, while flax-carbon hybridization yields flexural moduli exceeding
12.8 GPa.
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e Structural Crashworthiness: Hybrid bio-composite crash tubes achieve a Specific Energy

Absorption of 6.30 kJ/kg, representing a nearly 3-fold improvement over conventional

mild steel structures.

e Lifecycle Decarbonization: Natural fiber composites exhibit a cradle-to-gate embodied

carbon footprint of only 1.8 kg CO2-eq/kg—a 92% reduction compared to carbon fiber

composites and a 78% reduction compared to structural aluminum.

In summary, integrating sustainable bio-composites into automotive body architectures

represents a highly effective pathway toward achieving vehicle mass reduction, improving

EV driving range, and advancing circular economy goals within the global mobility sector.
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