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Abstract: The introduction of bio-based matrices in automotive applications would, in principle,
increase their sustainability and, in case the use of secondary raw materials is also involved, even
result in reduced resource depletion. The bio-based polymer composite matrix that has been mainly
brought forward towards industrial application is poly(lactic acid) (PLA), which has often been
proposed as the replacement for matrices based on polyolefins in fields such as packaging and
short-term commodities since, in general, it matches the needs for conventional thermoplastic
production processes. The passage to the automotive sector is not obvious, though: problems
affecting durability, the relation with water and the environment, together with the requirement for
outstanding mechanical and impact performance appear very stringent. On the other hand, PLA
has obtained durable success in additive manufacturing as a competitor for acrylonitrile butadiene
styrene (ABS). Also, the perspective for 3D and 4D printing does not appear to be confined to bare
prototyping. These contrasting pieces of evidence indicate the necessity to provide more insight
into the possible development of PLA use in the automotive industry, also considering the pressure
for the combined use of more sustainable reinforcement types in automotive composites, such as
natural fibers.

Keywords: bio-based polymers; natural fibers; mechanical characteristics; additive manufacturing
(AM); vehicle components

1. Introduction

The penetration of bio-based polymers in the automotive industry is continuously
increasing, with the idea to reduce the reliance on petrochemical products in vehicle
production [1]. Most recently, the penalty in terms of performance and resins using
bio-based ones has been constantly reduced and even reversed by providing chemical
functionalities to the level of traditional polymers [2]. Dealing with biopolymers, whose
application has been proposed in the automotive industry with particular drive in the
last decade [3], the principal possible routes are: (i) the modification of partially bio-
based polymers, such as starch, into a bioplastic [4]; (ii) the obtainment of a bio-based
monomer, such as lactic acid, to repolymerize at different molecular weights; (iii) the direct
production of biopolymers through micro-organisms, such as bacteria [5]. Respective
categories of products that are obtained are: (i) thermoplastic starches (TPS) [6]; (ii) bio-
based thermoplastic polyesters, such as poly(lactic acid) (PLA) [7]; (iii) bacterial bioplastics,
collectively indicated as poly(hydroxyalkanoates) (PHAs), among which the most diffuse
polymer is poly(hydroxybutyrate) (PHB) [8]. In this context, PLA, for its more controllable
properties and relatively cheap price, does appear the most suitable candidate for the
substitution of (or blending with) oil-based thermoplastics, such as poly(ethylene) (PE)
and polypropylene (PP) in contexts such as the automotive industry [9]. Other possible
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competitors with PLA can be bio-based PE, PP, or poly(ethylene terephthalate) (PET),
obtained from the treatment of agricultural ethanol [10]. The introduction of PLA in
general, and more specifically in the automotive industry, leads to two other significant
consequences: the wider penetration of natural (lignocellulosic) fibers as reinforcement
for composites [11] and the exploitation of the potential of the additive manufacturing
process (3D printing) for structural, yet at least partially bio-based, components [12]. This
work explores the potential of PLA in this sector, drawing on the most recent developments
in PLA composites in the specific field of the automotive industry, where the declining
production trends and the need for a lower footprint in the various phases of operation
suggest the paramount importance of material innovation. To the concept level, PLA
composites have been suggested to be ready for various applications in the vehicle, among
which are wheel boxes, boot linings, door panels, storage and noise insulation panels [13].
However, to really enter the assembly line, this material needs other than impact, creep, and
fatigue studies, which are at the forefront in this sector, also to offer other characteristics,
among which is fire retardancy, which is intensely investigated for PLA [14]. These issues,
together with the thriving market of natural fiber reinforcements, with new types of species
and textile products being continuously developed [15], suggest critically taking stock of
the evolution of the perspectives of PLA composites in the automotive industry.

2. The Use of PLA in Composites

The growing emphasis on flexibility and ease of manufacturing has led industries
to seek innovative solutions aimed at minimizing costs and waste while still preserving
design flexibility and material efficiency [16]. For this reason, additive manufacturing
(AM) is widely applied in aircraft, construction, and automotive industries for rapid
prototyping. Despite these interesting advantages, it is necessary to observe that the
mechanical properties of printed samples are very low and, therefore, not suitable for
structural applications [17]. To overcome this issue, researchers have explored different
solutions obtained by integrating PLA with synthetic, and natural fibers, creating compos-
ites. Therefore, this section is focused on the existing literature regarding PLA composites:
the discussion starts with the analysis of carbon, glass, and kevlar as the most promising
reinforcements for automotive components. Then, the focus moves towards purely natural
fibers; in particular, flax, jute, and kenaf/PLA composites are discussed in detail.

2.1. PLA in Synthetic and Hybrid Composites

When talking about synthetic fibers, one cannot avoid mentioning carbon. Due to
its excellent mechanical properties, it is suitable for numerous applications, especially in
the automotive industry. The addition of carbon (C) fibers to PLA significantly improves
its properties. However, such an improvement is not so obvious: just think about the
presence of short carbon fibers (SCFs), which do not allow a significant increase in resistance
compared to the properties of pure PLA. To emphasize this aspect, reference can be made
to Ferreira et al. [18] and Alkabbanie et al. [19], who investigated the tensile, flexural,
shear, and impact properties of SCF/PLA composites. A fiber content of 15% is taken into
account in both these studies. Compared to pure PLA, the addition of SCFs enables an
increase in the elastic and shear moduli only in the printing direction. On the contrary,
the tensile and shear stiffnesses are more or less the same, revealing that the presence
of SCFs does not affect these properties. The flexural strength of SCF/PLA composites
increases by almost 24% compared to pure PLA. In contrast, a significant reduction in
impact strength can be observed: 38.45 and 77.47 kJ/m2 are obtained for SCF/PLA and
pure PLA, respectively. All these results indicate that the introduction of SCFs in PLA
leads to a complex interplay of mechanical properties. Moreover, the limited length of the
fibers (∼60 µm) reduces the ability of the material to absorb energy and does not guarantee
good fiber-matrix adhesion due to the small contact area. There is also a greater likelihood
of irregularities and stress concentrations developing, which promote the formation and
propagation of cracks and reduce the strength of the composites [19]. These limitations
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make SCF composites unsuitable for industrial high-performance applications; therefore,
researchers look for the development of continuous carbon fiber (CCF)/PLA composites.
As evidence, the work of Maqsood et al. [20] is proposed, in which the tensile and flexural
properties of SCF/PLA and CCF/PLA composites are compared, taking into account a
carbon content of 18%. All values are listed in Table 1, which shows that the tensile strength
of composites made with CCFs is about six times higher than that of SCFs. The bending
stress also increases significantly: compared to SCF/PLA, there is an increase of 121%. An
opposite trend can be seen for the maximum tensile strain: it decreases in the case of CCFs.

Table 1. Mechanical properties of SCF and CCF/PLA composites [20].

Tensile
Strength

[MPa]

Tensile
Modulus

[GPa]

Tensile
Strain

[%]

Flexural
Strength

[MPa]

Flexural
Modulus

[GPa]

CCF/PLA 245.40 25.94 1.00 168.88 10.63
SCF/PLA 43.75 4.79 2.20 76.33 4.52

A way to improve the mechanical properties of CCF/PLA printed composites is to
increase the fiber volume fraction (FVF). In their work, Uşun et al. [21] discussed the effect
of CCFs on tensile and flexural properties of PLA-based printed composites, considering a
FVF up to 40%. To provide an easier comparison, all the obtained results are collected in
Table 2. A look at the table reveals that performance is enhanced with an increase in the
FVF: as it rises from 22 to 40%, the tensile strength value increases by 60.5%, whereas the
flexural strength exhibits a lower increase equal to 21%.

Table 2. Mechanical properties of carbon/PLA composites [21].

FVF [%] Tensile
Strength [MPa]

Tensile
Modulus [GPa]

Flexural
Strength [MPa]

Flexural
Modulus [GPa]

22 338.58 11.31 256.06 17.85
33 436.94 12.59 259.23 22.86
40 543.80 13.64 309.64 23.18

Despite the better mechanical properties, an increase in the percentage of voids is
observed. In particular, a porosity fraction of 11.9, 9.3, and 6.4% is measured for FVF of
40, 33, and 22%, respectively. The increase in porosity fraction has a negative impact on
performance; consequently, higher strength loss has been observed in specimens with
a higher fiber fraction when filament and printed parts are compared. Another aspect
that is worth mentioning is the high influence given using different parameters, such as
layer thickness, fiber orientation, printing temperature, and speed. This aspect can be
demonstrated by comparing the results provided by Chen et al. [22] with those already
discussed. In particular, using CCF/PLA samples with 33% of FVF, a tensile strength of
248.90 MPa is obtained, revealing a reduction of almost 75% with respect to the strength
obtained in [21] using the same FVF. A significant reduction is also observed for the bending
strength, for which a value of 104.20 MPa is achieved. This suggests that, even if the same
printing technique is used, the obtained composites are very sensitive to production process
parameters and, therefore, it is essential for researchers to investigate the optimization of
these criteria.

In addition to carbon, glass (G) fibers are also widely used for high-performance
composites. In the work of Varsavas et al. [23], the mechanical properties of G/PLA
composites are analyzed. 5, 10, 15, and 20% fiber content are investigated, and a positive
correlation between performance and glass content is found. For example, at a fiber content
of 20%, the tensile and flexural strength increase by 30 and 7%, respectively, if compared
to pure PLA. Moreover, the elastic and flexural moduli increase significantly by 53 and
121%, respectively. However, many voids and fiber pull-outs are observed at the interface.
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To overcome this problem and improve their applicability, some surface modifications are
proposed in the literature [24,25].

As is common for composites with thermoset matrices, the combination of different
fiber types can be considered a valid solution to improve the composite performance. An
example of this are hybrid samples obtained by mixing 16% glass with carbon fiber, which
corresponds to a total volume fraction of 49% [22]. The tensile and flexural properties
are discussed and compared to those obtained when using pure carbon. The maximum
tensile strength for the hybrids is 282.40 MPa and the elastic modulus is 10.90 GPa; thus,
an increase of almost 14% is observed compared to the CCF/PLA samples, indicating that
the synergistic effect improves the tensile strength behavior. An opposite trend can be
observed for the flexural properties: a reduction of 37 and 75% is obtained for the stress
and modulus, respectively. This difference is attributed to the presence of tiny gaps at
the junctions of the two fibers, during the impregnation process. Therefore, the interface
contact between single-fiber layers appears to be more effective than that between layers
of hybrid fibers. However, the promising results described so far suggest the need to
investigate further hybrid solutions that can lead to improve the performance. Other
interesting results are those proposed by Yang et al. [26], who study the behavior of kevlar
(K) and ramie–kevlar/PLA composite, demonstrating the good effects coming from the
combination of both synthetic and natural fibers. All the considered composites consist of
5 layers, and the stacking sequence for the hybrid case is the following: KKRKK, where
K stands for kevlar and R for ramie. The tensile strength of 5K/PLA composite is equal
to 250 MPa and, therefore, can be considered sufficiently high to be competitive with
low-strength metals. Moreover, a reduction of only 4% is observed if one kevlar layer is
substituted by ramie. Regarding instead the flexural strength, values of 182 and 208 MPa
are obtained for kevlar and hybrid composites, respectively. The presence of ramie fibers in
the inner part benefits the bending resistance because of the better fiber-matrix interfacial
adhesion given by ramie with respect to kevlar.

2.2. PLA in Natural Fiber Composites

Among natural fibers, flax (F) has a low specific weight, high stiffness, and good ther-
mal and acoustic insulation, which makes it suitable for automotive interior or construction
material parts. However, the application of natural fiber composites (NFCs) is still limited
due to their mechanical properties, which are, of course, not comparable to those of their
synthetic counterparts. To maximize stiffness and try to use these fibers for load-bearing
applications, Akonda et al. [27] have proposed the investigation of unidirectional (UD)
flax/PLA composites with a FVF = 39%. The introduction of flax fibers has a strong impact
on the mechanical properties: compared to pure PLA, these samples exhibit very interesting
tensile and flexural properties, whose values are summarized in Table 3. The excellent
results can be attributed to the good fiber-matrix adhesion as demonstrated by the SEM
images, which show very low porosity (less than 4%) and sparse fiber pull-out. By increas-
ing the fiber volume fraction to 44%, the tensile strength measured by Couture et al. [28]
is more than doubled. An increase of almost 69% is observed in flexural strength: this
indicates that it is possible to achieve significantly improved mechanical properties even
with a low FVF. Despite the numerous papers in the literature dealing with the quasi-static
properties of NFCs, only a few of them specifically concentrate on the analysis of fatigue
behavior. For this reason, it is worth mentioning the work by Charca et al. [29]. Tensile
and fatigue tests are performed on UD flax/PLA composites with a FVF = 36%. For a
better comparison, the results of the quasi-static tests are listed in Table 3. Two different
methods are used to evaluate the fatigue limit: the first one uses the stabilized temperature,
while the second one uses the dissipated energy. In both cases, the same result is obtained:
σ∞ = 0.43*σut, where σut corresponds to the ultimate tensile strength (see Table 3). Based
on the proposed results, it can be concluded that these composites can compete with UD
glass/epoxy laminates [28], even if further testing is required to fully analyze their behavior.
Although the FVFs are not so high, the mechanical properties of the flax/PLA composites
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discussed so far are remarkably good. This is the result of the good interaction between the
fiber and the matrix, even without chemical surface treatments.

Table 3. Mechanical properties of neat PLA and UD natural fibers/PLA composites.

Material FVF [%]
Tensile

Strength
[MPa]

Tensile
Modulus

[GPa]

Flexural
Strength

[MPa]

Flexural
Modulus

[GPa]
Ref.

Neat PLA - 40.0 3.8 82.0 4.0 [27]
F/PLA 36 234.4 20.6 - - [29]
F/PLA 39 151.0 18.5 215.0 18.8 [27]
F/PLA 44 339.0 20.1 363.0 26.0 [28]
J/PLA 50 152.0 5.3 174.0 - [30]

KF/PLA 35 131.0 15.0 160.0 - [30]

In addition to flax, other natural fibers deserve attention. In this regard, the works
by Siakeng et al. [30] and Rajeshkumar et al. [31] provide an overview of the developed
natural fibers/PLA composites. Among all the proposed solutions jute (J) and kenaf (KF)
seem to be promising. Considering FVF in the same range of the above-discussed results,
lower but equally interesting mechanical properties are found if compared to flax/PLA (see
Table 3). However, it is well known that many factors influence the performance of NFCs:
fiber extraction process, location of the plant, architecture, curing temperature, production
process, and so on. All these aspects make a direct comparison between different fibers
quite difficult. With respect to UD, woven fabrics exhibit lower mechanical resistance. As an
example, the work by Manral et al. [32] can be considered. They discuss the tensile, flexural,
and Izod impact properties of woven flax, jute, and hybrid flax-jute/PLA composites. The
comparison shows that flax and hybrid/PLA composites achieve similar results in terms of
tensile strength. In all other cases, the combination of the two fiber types is the best solution
as it has a better interfacial bonding with the matrix. However, all these results are much
lower than those already presented for UD reinforcements. In particular, a reduction of
almost 185% is observed in both tensile and flexural strength.

One possible solution to overcome the limitations associated with NFCs is to improve
their performance through surface modifications. In this way, they can be made comparable
to synthetic composites and meet industrial requirements. Silane, acetylation, and alkali
treatments are among the most common: they have already been used in the literature and
have shown positive results [33–36].

3. Processing Techniques for PLA-Based Products

Over the last few years, PLA has gained increasing popularity in manufacturing in-
dustries, becoming the most widely used raw material in 3D printing, packaging [37,38],
and bioplastics applications. As described above, PLA is a biodegradable thermoplastic
polymer obtained from renewable resources, primarily corn starch or sugarcane, making it
an attractive alternative to traditional petroleum-based plastic raw materials. Once synthe-
sized, PLA can be transformed into various shapes and forms using different techniques
tailored to its properties and specific applications [39]. In particular, the versatility of PLA
lies in its ease of processing, low shrinkage, and eco-friendliness, making it suitable for
a wide range of applications. An overview of the possible processing techniques used to
realize PLA-based products is provided below. Hence, the focus is not on the chemical
synthesis of PLA but on the different production technologies and methods for PLA items
in relation to the applications in which they will be employed.

Some processing techniques refer to blending and compounding to uniformly mix PLA
with various fillers before shaping into final products. Depending on the application, the
most common fillers include: (i) natural fibers [40], such as hemp, jute, and flax, described
in Section 2.2, (ii) mineral fillers, such as talc or calcium carbonate, which can enhance
stiffness and reduce cost but might affect impact resistance, (iii) reinforced materials, such
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as glass or carbon fibers, which can significantly improve tensile strength and toughness but
may reduce ductility, and (iv) nanofillers, such as zinc oxide (ZnO) [41], multiwalled carbon
nanotubes (MWCNTs) [42], and organically modified montmorillonite (o-MMT) [43], for
the functionalization of PLA-based composites suitable for various industrial applications.
Some examples are food packaging [37], sensors fabrication [44], and health monitoring
devices [45], but also wave-absorbing performance by incorporating graphene (GR) [46].
Moreover, in automotive applications, the effect of the addition of designed additives on
main mechanical properties has been investigated [47], in particular, to improve PLA’s
toughness and ductility. Regarding additives, a common treatment involves the use of
poly(ethylene glycol) (PEG) as a plasticizer in 3D printing, for which its effects on properties
of PLA composites have been analyzed [48–50].

When combined with fibers, PLA enhances its mechanical properties, obtaining a
lightweight composite material suitable for various applications. In particular, several
manufacturing techniques can be adopted to realize these fiber-reinforced PLA composites,
depending on the use for which they are designed, and they are explained below:

• Filament winding [51]: this process involves winding fibers impregnated with PLA
resin onto a mandrel to create composite parts like tanks or structural components;

• Pultrusion [52–54]: continuous fibers are pulled through a resin bath and then through
a heated die to cure, forming long and continuous composite shapes;

• Hand and spray lay-up processes [55,56]: layers of fiber and PLA resin are alternately
placed in a mold. The choice of manual or automated application depends on the
production needs;

• Injection molding [57,58]: it is a common method for producing thermoplastic compos-
ites. Fibers are mixed with PLA pellets and then injected into a mold under pressure.
It allows for complex shapes and mass production;

• Compression molding [59,60]: layers of fiber and PLA are placed in a heated mold under
pressure to form composite parts. This method is suitable for higher volume production;

• 3D printing [61,62]: enclosed in the AM techniques, it can be applied to create fiber-
reinforced PLA components.

One of the most prominent applications of PLA is in 3D printing, where it is used
as a filament for AM processes. More generally, as briefly mentioned in Section 2, AM
processes are a class of techniques adopted in several industries for rapid prototyping
and fabrication. As opposed to the traditional subtractive production methodologies,
such as milling and turning, AM processes manufacture objects and components from
computer models, adding one layer on top of the other through different technologies.
Among these, the most widely used is fused deposition modeling (FDM) [63,64], which
finds application in the above-mentioned 3D printing. The FDM method consists of heating
the material filament until it melts and extruding it through a nozzle onto a build surface.
The layer-by-layer construction allows for complex geometries and rapid prototyping
without the need for specific tooling or molds. For this reason, in addition to its easy
use and low-cost regarding materials and maintenance, 3D printing has spread widely
over the years, becoming accessible to everyone, including for educational institutions,
entertainment purposes, and hobbies. With reference to 3D printing, a recent study has
investigated prepreg filament of carbon fiber-reinforced PLA for independent extrusion
with 3D printing technology [65], optimizing the impregnation molds.

Continuous filament fabrication and FDM technologies can allow for specific designs
and customized components [66], with particular attention to mass customization. This
latter, in particular, is a manufacturing technique that combines the flexibility and the
development of items tailored to specific customers with low unit cost and high-volume
production. In this context, hybrid manufacturing techniques [67], such as combining FDM
and injection molding, can be adopted to realize a single personalized part with minimal
production costs.

One of the main limitations of the FDM technology is the surface quality of the created
objects and their strength. These issues are attributable to the method of layering the
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thermoplastic materials, which causes deformations and weaknesses [68]. More specifically,
since the production process consists of layering also different types of materials, these
layers’ formation would affect its resulting performance. The printing parameters—i.e.,
nozzle diameter, edge width, layer thickness, printing speed, and temperature—strongly
affect both the mechanical properties and the microstructure of the final printed products.
Therefore, such parameters are investigated in the manufacture of continuous glass fibers
reinforced PLA filament through an optimization process [69], highlighting the key role of
the impregnation process and the need to enhance the interfacial bonding between fiber
and polymer. In particular, the mechanical properties are related to the density of the fill
and the number of outer perimeters on which the strength will depend.

A significant influence has also been detected on the orientation of the print surfaces
with respect to the coordination system of the device [70,71]. To solve these issues, a
topological optimization [72] of the shape of the components for FDM has been deeply
investigated. It takes into account the cellulose content in PLA and its influence on de-
fects, highlighting the possibility of achieving the most optimal shape of components. In
particular, higher amounts of cellulose lead to material weakening, and the hydrogen
bonds of cellulose cause problems in the extrusion itself. Moreover, cellulose in PLA has
a negative effect on the environmental resistance of the material, thus contributing to its
easier degradation. Hence, in the perspective of future automotive applications, this is
not a good feature of the material. On the other hand, in polymer composites with a
PLA matrix, cellulose has been used as filler or reinforcement [48,73]. In particular, it is
added in different amounts, shapes, and scales—such as cellulose fibers [74], microcrys-
talline cellulose (MCC) [75], microfibrillated cellulose (MFC) [76], nanocrystalline cellulose
(NCC) [77], and nanofibrillated cellulose (CNF) [78,79]. The size of the cellulose, along
with its amount, morphology, and structure, determines the different final properties of the
composites [49]. Specifically, smaller particles can enhance the mechanical properties, and
larger ones contribute to better formability.

It is also important to underline some physical limitations of the PLA material, such
as low glass transition temperature, low thermal stability, high brittleness, and low crystal-
lization rate. In particular, these critical issues consequently affect the PLA processing and
the working conditions, such as temperature and other manufacturing parameters [80]. In
fact, PLA presents a lower melting point than other types of plastic, which may limit its
application in high-temperature environments. Anyway, the incorporation of certain fillers
can enhance the thermal stability of PLA, allowing it to withstand higher temperatures [81].
More generally, the improvement of PLA properties is accomplished through additives,
such as plasticizers and melt strengthening agents [82,83].

As described earlier, another significant technique for manufacturing PLA is injection
molding, especially for producing high-volume parts. In this method, PLA pellets are
melted and injected into a mold, where they cool and solidify into the desired shape. This
technique is widely used for creating everyday items, such as food containers, utensils, and
various consumer products. The strength of injection molding relies on its versatility; in fact,
it can accommodate complex shapes and provide a smooth surface finish without requiring
extensive post-processing. Environmental factors, such as heat exposure and moisture
absorption, can significantly affect the performance of the PLA components during their
life service. These degradation effects have been investigated on injection-molded PLA for
durable applications [84]. In particular, the study showed that PLA resins do not guarantee
long-term durability in environments subject to elevated temperature and humidity.

PLA can also be processed through extrusion—a broad production methodology to
which FDM also belongs—where it is melted and forced through a die to create continuous
profiles, sheets, films, or other shapes [43,82,83]. This method is particularly advantageous
for producing packaging materials, such as biodegradable bags or film wraps [38]. In
particular, it enables the production of constant-cross-section parts.

Blow molding is a technique for creating hollow objects, like bottles or containers. In
this method, a heated tube of material—called parison—is inflated within a mold to form
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the desired shape. The raw materials typically adopted for blow molding are thermoplastic
and glass, and PLA is also explored for being processed through this technique. An
advantage that blow-molded PLA provides is that the product is lightweight and suitable
for various applications, reducing the amount of material used and, hence, the overall
weight. However, this manufacturing technique has not yet been as widely adopted for PLA
compared to conventional polymers since PLA can be sensitive to temperature variation.

4. Automotive Components Realized Using PLA Composites

To address the sustainability and lightweight requirements, the possibility of using
PLA is increasingly being affirmed in several applications, including the automotive indus-
try. Evaluating the total emissions from the production, use, and disposal of a vehicle and
all its components requires a Life Cycle Assessment (LCA) [85–88] to be carried out. This
comprehensive assessment helps determine the actual sustainability and environmental
impact of the materials used. Such evaluations are critical considering the significant emis-
sions produced by traditional vehicles. The US Environmental Protection Agency estimates
that a typical passenger vehicle emits about 4.6 metric tons of carbon dioxide (CO2) per
year [89]. Greenhouse gas (GHG) emissions from traditional vehicles originate not only
from the tailpipe but also from the processes involved in gasoline production and distribu-
tion. Conversely, electric cars do not produce tailpipe emissions; however, their pollution
stems from electricity generation and supply. Therefore, transitioning to green vehicles
involves more than just replacing traditional engines with all-electric alternatives [90,91].
So far, from LCA analyses emerged that the mass and size of vehicles significantly affect
energy consumption, waste generation, and efficiency. In this sense, it is crucial the use
lightweight materials, replacing the traditional low-carbon steel and cast iron, to minimize
exhaust during use and improve performance. Their application to vehicle components
is extensive yet, from the paneling, such as body panels, seat, and dashboard, to engine
or battery, braking system, and structural components, including crash-boxes [92–95]. In
response to the growing need for circularity in industrial processes (see Figure 1), also
the selection of sustainable materials is crucial. This choice impacts the initial stages of
a lifecycle component, reducing production costs and energy consumption while also
minimizing pollution and ensuring renewability.

Lightweight PLA-based composites, for instance, discussed in Section 2, help reduce
the environmental impact from raw material extraction to the disposal of components,
thanks to their renewable bio-sourced origins.

However, incorporating bio-based materials into existing industrial processes while
maintaining the same performance as petroleum-based counterparts is challenging. The
manufacturing process, in particular, of bio-based material components can be difficult for
several reasons [96–99]:

• Impurities: impurities in bio-sources can negatively affect the polymerization process
and the quality of the final composites.

• Complex chemistry: the chemistry of bio-based materials is more complex than that
of petroleum-based materials, making polymerization more challenging.

• Sensitivity to heat and humidity: bio-based materials are highly sensitive to heat and
humidity, restricting the temperature and conditions for production and use.

• Degradation over time: bio-based materials tend to degrade over time, which can
affect their performance and suitability for polymerization.

• Inconsistency of mechanical properties: natural fibers often exhibit large scattering
in mechanical properties due to variations in growing conditions from one crop to
another, and their performance is generally poorer compared to synthetic counterparts.
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Figure 1. The sustainable lifecycle of a green vehicle within a circular economy.

Actually, there is a gap between the conceptualization and the practical implemen-
tation of using environmentally friendly materials. Hereinafter, a collection of available
literature will be analyzed, prioritizing those who propose the actual use of PLA in auto-
motive components. Additionally, for the sake of completeness, some proposed modeling
strategies will also be taken into account. The main design challenge is to be able to sat-
isfy the technical regulations imposed by automotive industry legislation in terms of the
structural integrity of the component.

The use of PLA in automotive applications (see Figure 2) is relatively new. Traditionally,
PLA was used, indeed, in packaging applications or as compostable film [100–103].

Figure 2. Application of PLA to automotive components: hood, doors, bumper, roof, and side panels.

The majority of practical implementations of PLA in automotive components involve
paneling applications, as demonstrated by the following examples [104]. In fact, ensuring
that structural components made from PLA perform comparably to their non-bio-based
counterparts remains a significant challenge, mainly due to its inherent low heat resistance
and impact strength. In 2016, Mitsubishi Motors with Toray Industries [105], for instance,
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announced the development of a car floor mat using a combination of PLA and nylon
fibers. The high durability of the component was obtained by adding a reforming agent
and nylon fibers to increase resistance to light and wear. A 40% reduction in lifecycle CO2
emissions and volatile organic compounds (VOCs) of more than 50% over current floor
mats was observed.

Bio-based PP/PLA found application in the side trims, door scuff plates, tool box area,
floor finishing plate, and package trays of the Lexus CT200h [106]. Kenaf and ramie/PLA
have been used in the translucent roof of the Toyota 1/X plug-in hybrid concept vehicle.
PLA has also been employed to cover spare wheels on Toyota Prius and Toyota Raum
together with kenaf fiber. Moreover, front and rear door scuff plates, cowl side trim board,
and rear deck trim cover were made in the Prius model with PLA-PP alloys. Teijin & Mazda
developed the BiofrontTM stereocomplex PLA and applied it to several automotive compo-
nents: car seats, floor mats, pillar cover, door trim, front panel, and ceiling material [107].
In Mazda 5 vehicle kenaf/PLA was used in the seat covers, as well as PLA in the interior
consoles [108]. Mitsubishi Motors, together with Fiat SpA, have developed interior vehicle
components by combining bamboo fibers and a plant-based resin polybutylene succinate.
PLA, nylon and flax have been used for floor mats, hemp and cotton for indoor cladding,
seat back linings, and floor panels [10].

Apart from the industry, in recent years, academia has also focused on researching
innovative solutions based on the incorporation of PLA as a bio-based alternative to
traditional plastics, as reflected in the studies documented in the literature.

Kim et al. [109] proposed the design of a side cover made of jute/PLA composite as
an alternative to PP-based materials. Reliability assessment in terms of thermal resistance,
light stability, and VOCs was conducted to satisfy the technical requirements. The inherent
hydrolysis of PLA and the short time of natural fiber washing were revealed to be decisive
for the failure of heat resistance, light resistance, and smell qualification. Mechanical
characterization of composites was also performed through tensile, flexural, and impact
(Izod) tests. Moreover, thanks to an annealing process, the heat deflection temperature
increased by around 250%. An alkali surface treatment of jute was performed aimed at
improving the impact properties, which were poorer compared to PP and non-conforming
to imposed technical standards, but it was unsuccessful. For this reason, PLA with acrylic
rubber compounds was developed, leading to a significant improvement in impact strength.
However, effective production for actual implementation as an automotive component
was observed to not be possible yet until the prevention of PLA hydrolysis and improved
treatment of natural fibers to enhance mechanical performance.

Díaz-Álvarez et al. [110] manufactured flax/PLA bumper beams using through com-
pression molding method, tested under low-velocity impact (LVI), with energies ranging
from 5 J to 73 J and bending after impact (BAI). For impact energies between 5 J and 30 J,
peak force increased with energy. However, for impact energies from 30 J to 73 J, peak force
remained nearly constant at around 350 kN, as demonstrated in Figure 3.

These trends relate to different failure mechanisms: matrix cracking below 30 J and
fiber breakage at 30 J or higher. After impact, bending tests showed that the induced
damage during impact does not affect residual strength within the applied energy range.
This is because bending strength is dominated by fibers oriented longitudinally, while
broken fibers are oriented perpendicularly. Below 30 J, residual stiffness was unaffected by
impact damage due to matrix cracking. At this level of energy or above, residual stiffness
decreases with increasing impact energy. No delamination was observed in any specimen.
Future studies should analyze failure mechanisms further to explain why fiber failure at
impact energies above 30 J reduces residual stiffness but not residual strength.
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(a) (b)

(c)

Figure 3. Experimental results of a flax/PLA bumper beam under impact, (a) force-displacement,
(b) energy-time, and (c) impacted samples at (a) 5 J, (b) 25 J, (c) 30 J, (d) 73 J [110].

In [111], the crashworthiness of a carbon/PLA circular tube was investigated from
an experimental point of view. The component was realized through a 3D printer and
tested under axial quasi-static (2 mm/min) compression to evaluate the energy absorption
capability. Different wall thicknesses were tested to evaluate the failure mode and the total
absorbed energy (AE). The lowest (224 J) and highest (358 J) levels of absorbed energy were
reached for the thinnest and thickest tubes, respectively. Unfortunately, the performance
of PLA falls significantly short when compared to results [112] that involve the use of
carbon fiber and various thermoplastic resins. The mean crush load for carbon-reinforced
polyetheretherketone (PEEK), polyethyleneimine (PEI), polyimide (PI), and polyamides
(PAs) is about 2 times higher than that of PLA case with comparable thickness for all tested
fiber orientations (0°, ±30°). This can be attributed to the different nature of resins. In
particular, PEEK guaranteed the best energy absorption value with respect to all mentioned
thermoplastic alternatives. Local buckling and brittle fracturing, indeed, emerged as the
main deformation mechanism for PLA tubes (see Figure 4), in contrast to the dominant
splaying mode.

PEEK exhibits superior mechanical strength and durability. Moreover, it is resistant
to fatigue and has high impact strength. In contrast, while PLA is initially strong, it can
become brittle over time, especially under load [113,114].

Martin et al. [115] analyzed the effect of incorporating natural fibers (flax, regenerated
cellulose, and hemp) and PLA into different automotive components. The mechanical
behavior of a footwell panel was evaluated to understand if, under flexure, the maximum
deflection could be less than a maximum standard displacement imposed by technical
specifications. The hemp fiber provided the highest stiffness to the component, while
the one made with cellulose was the least stiff. The flax reinforcement, with properties
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between those of hemp and cellulose, matched the performance of glass fibers. Overall,
test results are satisfactory for passing the standard regulations. Furthermore, glass-filled
polypropylene and flax/PLA were used for an automotive structural beam tested through
three-point bending. The flax/PLA beams had an average failure load approximately 60%
higher than the glass/PP beams. Moreover, a significant difference was observed between
the experienced failure modes according to the materials used. For flax/PLA beams,
rupture occurred due to the brittle behavior of the material, in contrast to the ductility of
glass/PP. On the other hand, the bio-based material configuration proved to be suitable
for the prescribed application, as the same stiffness and maximum load as glass/PP could
be achieved with less material. Overall, the authors observed that the analyzed bio-based
materials could be considered a viable alternative to the non-sustainable benchmarks.

Figure 4. Load-displacement response of carbon/PLA tubes under quasi-static axial compression
with the corresponding deformation pattern for wall thicknesses of 1.6, 1.8, and 2 mm [111].

Sopher and Sasaki [116] investigated the bending strength of a composite sandwich
panel made of glass fiber-reinforced polymer (GFRP) and a commercial PLA foam (LAC-
TIF®), aiming to produce a prototype of an automotive door panel. From the experimental
results, it emerged that by reducing the total weight by up to 50% with respect to traditional
sheet molding compound (SMC), glass-reinforced polyester, it is still possible to obtain the
same value for the bending strength. Compared to traditional steel door panels, the use of
PLA allowed for more lightweight, with about 40% of weight reduction and sustainable
solutions. In pursuit of a fully sustainable component, glass fiber could be replaced by
natural fibers, at least for the inner panel. Due to the main challenges related to their poor
mechanical properties, in fact, particularly in terms of strength and puncture resistance,
carbon or glass fibers currently remain the best choice for the outer panel.

In [117], Huvat et al. studied the effect of layer thickness, infill density, and object
orientation on the accuracy of 3D printed parts by FDM, as well as on the surface roughness
and mechanical strength of PLA. In terms of the length of the component, it emerged
that layer thickness was the most significant parameter. For mechanical strength, object
orientation had the highest effect on the tensile strength of PLA material. After that, a
car backseat Headrest Hanger/Hook was then proposed to be designed based on the
optimal solution.

Along with the described experimental studies, it is important to note the attempts
in the literature to reproduce the observed or expected experimental behavior from a
numerical point of view. Finite Element Analysis (FEA) is a computational technique that
is largely used in research and development sectors to understand and possibly predict
the behavior of a structure with a particular material configuration under the prescribed
physical conditions. During the early design stages of a component, the modeling phase
is crucial for optimizing the design and saving both cost and time. For this reason, it is
worth mentioning the available simulation results in the literature when PLA properties are
included in the material card definition. In [118], a Ford Focus bumper was modeled using
solid elements, analyzing the effect of the replacement of PP with PLA. The simulation by
ANSYS replicated the pendulum-type test as prescribed by the National Highway Traffic
Safety Administration and compared the performance of these thermoplastics to evaluate
their energy absorption capability. The stress-strain curve showed that PLA has a higher
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yield point and absorbs more energy (indicated by the area under the curve) up to that
point compared to PP. An FEA was performed using ANSYS to compare the quasi-static
impact performance of kenaf/PLA and ABS in [119] for a car door panel application. The
PLA-reinforced kenaf fiber composite material demonstrated improved passenger safety
and an enhanced end-of-life vehicle recycling factor than ABS-based one. The maximum
deformation of this new material was reduced by 28.3% if compared to the ABS. The
decrement of displacement value is because the kenaf/PLA composite has higher stiffness
and higher tensile strength if compared to the ABS. Having these properties means that
kenaf/PLA composite can absorb higher impact force; hence, the deformation is reduced.
This also implies that the new material is potentially safer if a side impact occurs due to an
accident. Consequently, this bio-polymer composite material was proposed as a promising
application in the automotive industry.

Jiao-Wang et al. [120] investigated from a numerical point of view the performance of
four different flax/PLA bumpers, according to variation of cross-sectional area, as shown
in Figure 5, under low-velocity impact tests with three impact energies (30, 50, 70 J).

Figure 5. Different cross-sections of bumper beam with the following fillet radii: (A) 10, (B) 20, (C) 24,
and (D) 37 mm. [120].

A bumper model in ABAQUS was defined by four-layer 3D layers, including cohesive
contact properties in between to reproduce delamination failure. The results were validated
by comparing them with the experimental test outcomes in terms of energy absorption,
contact-force history, and extension of delamination. It emerged that simulations accurately
predict the experimental response in terms of load-displacement results, energy absorption
capability of components under impact (refer to Figure 6), as well as the experienced failure
modes. Except for cross-section type D (see Figure 5), an impact energy of around or above
60 J resulted in the highest energy absorption efficiency.

Rounder corners lead to premature delamination, which begins at the section corners
and spreads further. The square section (type A) revealed the best geometric configura-
tion for energy absorption. Additionally, the smoother the corners, the lower the peak
force observed.

In conclusion, while PLA-based materials could show promising performance com-
pared to traditional non-sustainable alternatives, their long-term properties must be thor-
oughly validated before real implementation in automotive applications. This validation
should occur under various time periods and harsh environmental conditions to ensure
they meet the technical requirements of the automotive industry. One of the most signifi-
cant challenges in applying innovative bio-based materials is their durability, particularly
due to their limited resistance to environmental degradation. In this regard, fatigue and
creep tests, as well as dimensional stability and heat distortion temperature tests, are crucial
to assess the structural durability of the component in the vehicle [98]. On these topics, a
limited number of works exist, such as [121,122], even less so for investigations carried out
on components to be ultimately installed in vehicles. PLA, in fact, is inherently flammable,
and its combustion generates molten material. As an aliphatic polyester, PLA experiences a
violent breakdown of its molecular chains at elevated temperatures rather than forming
crosslinked structures. To improve flame retardancy and enhance the suitability of this
bioplastic for automotive applications, the incorporation of some additives or fillers can
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be advantageous [123,124], as already discussed in Section 3. Also, bio-based fillers for
this objective have been proposed, such as in [125], where a chitosan-based formulation
has been employed. Additionally, the use of nanomaterials—such as nanoclays or nan-
otubes [126]—as well as thermal stabilizers and antioxidants [127], or blending with other
polymers [128], are effective solutions for reducing the flammability of PLA.

Figure 6. Numerical and experimental comparison of load-displacement responses for all considered
energy levels and cross-section geometries: (a) Type A, (b) Type B, (c) Type C, and (d) Type D [120].

5. Future Developments

The potential for the future application of PLA into the automotive industry passes
through the improvement of the polymer and the closer and more effective relation with
a larger number of lignocellulosic fibers. As far as the former aspect is concerned, an
important breakthrough in the use of PLA for a multiplicity of uses will come when 4D
printable shape memory polymers come into mass production, among which PLA is one of
the most promising candidates: this can be of interest in the automotive industry whenever
fast and reliable actuation is required [129]. For the time being, a number of improvements
are actively sought, such as that derived by the application of various blends that confer
different properties to the polymer, especially enhancing durability without affecting
sustainability, so that at end-of-life chemical recycling can also be proposed [130]. Specific
properties can be in particular conferred to PLA by the addition of antioxidants, heat and
light stabilizers, and, in particular impact modifiers. In general terms, it can be suggested



Polymers 2024, 16, 3059 15 of 21

that the future of PLA would build more on its success as a bio-based polymer, therefore
with a lower carbon footprint, and reduce as much as possible the biodegradability during
service [62]. A fundamental property for the automotive industry is also the tribological
resistance: in this respect, studies on the abrasion performance of PLA have also been
proposed and will be likely to diffuse in the future [131]. With respect to the use of different
lignocellulosic fibers in the field of PLA matrix natural fiber composites, recent studies do
concern both the use of textile reinforcements and molding with short fibers. The use of
textiles could be coupled with similar products obtained with PLA, such as those reported
by Yang et al., 2021: one of the novel examples is the use of textiles obtained using ramie
(Boehmeria nivea), one of the natural fibers with steadily growing market during last
years [132]. On the short fibers side, specific innovations concern applications with some
novel bio-based fibers, such as pine fibers, duly modified using epoxy to provide suitable
interface [133], or rice residues in a potential composite with glass fibers [24]. Once again,
the availability of biomass waste or by-products will represent a powerful drive for these
developments.

6. Conclusions

PLA is the most largely diffused bio-based thermoplastic polymer, especially em-
ployed in additive manufacturing processes and often employed in combination with
lignocellulosic fibers in natural fiber composites. It is no surprise that also, in view of
the increase of the amount of non-petrochemical origin materials in the vehicle, PLA and
PLA matrix composites are having an increasingly growing penetration in the automotive
sector. To be competitive with other thermoplastics, such as polypropylene, which are
of wider use in this field so far, the assessment of mechanical and impact performance
is necessary. Especially data on falling weight impact properties are becoming increas-
ingly more available, both on PLA composites reinforced with synthetic fibers and with
natural fibers, most particularly flax. These data have the potential to demonstrate the
applicability of these materials in structural parts of the car body, such as bumpers, or in
other regions of the vehicle, such as doors, where resistance and information over absorbed
energy and mode of damage can be considered essential for safety. As a matter of fact,
though, the real introduction of PLA as a standard matrix for automotive composites is still
mostly based on the application of additive manufacturing processes for their fabrication.
Moreover, more rigorous data on fatigue and creep performance of PLA composites are
only scantly available so far. This illustrates that the largest parts of the works reported in
this review appear rather projections for possible future development of the automotive
sector, especially linked with the larger diffusion of 3D and 4D printing in this industry,
which is likely to take place in the next few years. Despite these limitations, which include
also inherent brittleness and limited thermal stability, the development of PLA composites
with a variety of lignocellulosic fibers have been brought forward. Their application in the
vehicle, beyond being recommendable in terms of the reduced carbon footprint generated
for the production of bio-based polymers, would be likely to flare up in the next decade
or so due to improvements in the development of these materials, which are discussed
in Section 5.
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Abbreviations
The following abbreviations are used in this manuscript:
ABS Acrylonitrile Butadiene Styrene
AE Absorbed Energy
AM Additive Manufacturing
BAI Bending After Impact
C Carbon
CCF Continuous Carbon Fibers
CNF Nanofibrillated Cellulose
CO2 Carbon Dioxide
F Flax
FDM Fused Deposition Modeling
FEA Finite Element Analysis
FVF Fiber Volume Fraction
G Glass
GHG Greenhouse Gas
GFRP Glass Fiber-Reinforced Polymer
GR Graphene
J Jute
KF Kenaf
K Kevlar
LCA Life Cycle Assessment
LVI Low-Velocity Impact
MCC Microcrystalline Cellulose
MFC Microfibrillated Cellulose
MWCNTs Multiwalled Carbon Nanotubes
NCC Nanocrystalline Cellulose
NFCs Natural Fiber Composites
o-MMT Organically Modified Montmorillonite
PAs Polyamides
PE Poly(ethylene)
PEEK Polyetheretherketone
PEG Poly(ethylene glycol)
PEI Polyethyleneimine
PET Poly(ethylene terephthalate)
PHAs Poly(hydroxyalkanoates)
PI Polyimide
PLA Poly(lactic acid)
PP Polypropylene
R Ramie
SCF Short Carbon Fibers
SMC Sheet Molding Compound
TPS Thermoplastic starches
UD Unidirectional
VOCs Volatile Organic Compounds
ZnO Zinc Oxide
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