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a Rudolfovo—Science and Technology Centre, Podbreznik 15, Novo Mesto 8000, Slovenia
b Faculty of Industrial Engineering Novo mesto, Šegova ulica 112, Novo Mesto 8000, Slovenia
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A B S T R A C T

Additive manufacturing (AM) enables the fabrication of complex and customised, on-demand products from 
various materials across multiple industries in aerospace, automotive, Industry 4.0, and biomedical domains. 
Advancing material development, improving process efficiency, and ensuring sustainable waste management are 
crucial for AM to achieve its full capability as a sustainable technology. This review focuses on the recent 
progress in AM of polymer composites by 3D and 4D printing techniques. Their sustainability, environmental, 
recycling, lifecycle assessments (LCA), safety, and economic impacts have been systematically reviewed. The 
effect of incorporating eco-friendly materials in the manufacturing of polymer composites to enable a sustainable 
future has also been evaluated. The sustainability of additively manufactured polymer composites is evaluated 
from a social, environmental, and economic perspective. By using recycled materials in the AM processes, the 
environmental impact can be reduced, circularity promoted, and resources conserved. The challenges of AM 
techniques regarding scalability, including slow printing speeds, cost limitations, and health and environmental 
concerns due to the emission of toxic matter and compounds, have been addressed. It also provides a perspective 
on the potential role of AM in promoting sustainability and circular economic practices for a greener future.

1. Introduction

Additive manufacturing (AM), frequently called 3D printing or rapid 
prototyping (RP), can be described as a method that constructs layer by 
layer to produce highly complex structures based on the 3D model data 
[1]. This technology was introduced in the 1980s by Charles Hull as 
stereolithography using a computer-aided-design (CAD) tool [2]. Such a 
layer-by-layer deposition method permits precise control over geometry 
and material composition at a localised level [3]. While AM has been 
initially used primarily for prototyping, the technique has evolved into a 
viable solution for small-scale manufacturing, offering lightweight yet 
durable parts at a reduced cost. When the CAD tool is combined with 
computer-aided manufacturing (CAM), AM technologies can shape 
materials such as polymers, ceramics, metals, and composites into 
physical objects that closely match their digital designs. The 3D models 
can be developed using CAD software and mathematical modelling 
tools, or extracted from medical imaging data, such as magnetic reso
nance imaging (MRI) or computed tomography (CT). These models are 
converted into STL files containing information about the object's 

surface geometry [4].
AM is widely used for rapid prototyping, where small quantities of a 

specific part are produced to evaluate design integrity and identify de
fects, which offers the on-demand production of components at strate
gically selected locations, which can also reduce shipping costs [5]. AM 
offers distinct benefits, such as minimised material usage, the capacity to 
produce intricate and customised geometries, shorter production times, 
reduced need for centralised inventory, and the capability to repair 
existing parts. Whereas conventional techniques also have drawbacks, 
including limited automation, residual stress formation, expensive 
equipment, complex supply chains, significant inventory needs, limited 
design flexibility, and increased carbon emissions [6,7]. The ISO/ASTM 
52900 standard recognises seven distinct categories of AM technologies: 
material extrusion, binder jetting, material jetting, directed energy 
deposition, powder bed fusion, VAT photopolymerization and sheet 
lamination [8]. The advantages of the AM process make it applicable 
across a wide range of industries, including aerospace [9–12], auto
motive [13–15], defense [16–19], biomedical [20–22], orthopaedics 
[23–26], dental [27–30], fashion [31,32], and the food sector [33–35].
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Global environmental issues, particularly in terms of degradability 
and recycling, can be addressed by AM techniques, which offer a more 
sustainable prospect by utilising eco-friendly materials, and natural 
fibre-reinforced materials, resulting in both economic and environ
mental benefits [36]. The utilisation of such materials slows down 
climate change and offers sustainable alternatives by reducing waste, 
improving production conditions and air quality, increasing degrad
ability, and enhancing the possibility of recycling, which leads to a 
greener modernisation.[37]. This review discusses the incorporation of 
various polymer composites for AM techniques in terms of their sus
tainability, recycling, life cycle assessments, safety and environmental 
effects, commercialization, and economic aspects. We focus on the po
tential of 3D and 4D printing of polymer composites to enable sustain
able solutions across various industries. This review also highlights 
multiple additive manufacturing processes and their compliance with 
sustainable conditions. Furthermore, recent advancements in polymer 
composites for diverse applications will be reviewed. This review also 
identifies existing challenges in integrating eco-friendly materials and 
outlines future perspectives for responsible, sustainable innovation and 
circular economic solutions through additive manufacturing techniques.

1.1. Review methodology

This review deals with the additive manufacturing of polymer 
composites focusing on the 3D and 4D printing protocols for each AM 
class. The timespan used for this review is for last five years (from 2020 
to 2025) as shown in the flow diagram (Fig. 1). Polymer composites with 
an emphasis on biodegradable and ecofriendly nature are the focus of 
this review. Additionally, recycling, life cycle analysis, safety and sus
tainability, and end-of-life phases of the AM product life cycle are 
detailed to gain a comprehensive view of the environmental, economic, 
and social impacts of AM products.

2. Additive manufacturing of polymer composites by 3D 
printing

Polymers have garnered significant attention in research and appli
cations due to their synthetic versatility, a broad range of processable 
variants, and the potential to deliver diverse material properties [38]. 

Despite these benefits, components fabricated solely from pure polymers 
often lack the mechanical strength and functionality required for 
structural or load-bearing applications. Composite materials have 
become a key focus area in recent years in addressing the limitations of 
pure polymers. Polymer composites are created by combining a polymer 
matrix with reinforcements to produce properties unattainable by in
dividual constituents alone. These reinforcements can be metallic, 
ceramic, or polymer-based fibres, whiskers, platelets, or particles, 
enabling the formation of polymer matrix composites with enhanced 
structural or functional characteristics. According to ASTM Interna
tional, AM by 3D (three-dimensional) methods have been categorised 
into seven: material extrusion, powder bed and ink-jet 3D printing, 
stereolithography (SLA), direct ink writing or 3D plotting, and direct 
energy deposition[39]. Each technique has its benefits and drawbacks, 
and the selection depends on the materials used, processing parameters, 
cost-effectiveness, and the application of the final product. Fig. 2 illus
trates experimental setups for different AM technologies and Table 1
details the recent progress of eco-friendly materials-based polymer 
composites by 3D printing.

2.1. Material extrusion

Material extrusion is a cost-effective and straightforward processing 
technique that utilises materials with stable environmental and me
chanical properties. The most popular AM techniques in the material 
extrusion category are fused deposition modelling (FDM) and fused 
filament fabrication (FFF). In FDM, filaments of thermoplastic polymers 
are selectively dispensed onto the printing platform through a nozzle, as 
shown in Fig. 1(a), according to the CAD file, and no chemical reactions 
occur during the process. The filaments melt into a semi-liquid state at 
the nozzle. They are extruded layer by layer onto the printing platform, 
where layers are fused and then solidify into final parts. The final print 
can be manipulated by extrusion speed and orientation, layer thickness, 
and the width and angle of raster [40].

Recently, extrusion-based AM technology has been widely used to 
fabricate eco-friendly composites for various applications. Eco-friendly 
composites from Polylactic acid (PLA) and ferronickel slag have been 
fabricated by the material extrusion [41]. Different concentrations from 
2 to14 wt% of ferronickel slag were added to the PLA matrix to produce 

Fig. 1. Flow-diagram of the methodology used in this work.
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composite filaments and 5 wt% composites show optimum improve
ment in mechanical performance with an 18.1% and 16.8% increase in 
tensile strength and tensile modulus respectively compared to the neat 
PLA matrix. Similarly, an increase of 18.8% and 16.3% has been 
observed in the flexural strength and flexural modulus of elasticity 
respectively. Similarly, chitin and chitosan incorporated PLA composites 
prepared by FDM technique offer enhanced tensile strength, flexural 
strength and ductility over pristine PLA [42]. Composite added with 
0.5 wt% chitin offers an increased density of 1.285 g/cm3 and yields a 
tensile and flexural strength of 6.9 MPa and 10.4 MPa respectively. 
Elessawy et.al developed eco-friendly filaments from recycled PET by 
incorporating date palm fibre nanopowder as a reinforcement agent by 
extrusion printing at 270 ◦C with screw speed 70 rpm and heating power 
of 2 KW and the resultant composite, as shown in Fig. 3(a and b), is 
utilised for sustainable interior designs for furniture and fixtures [43]. 
The composite with a nanopowder content of 10% shows excellent 
values of tensile modulus of 846.7 ± 20.8 MPa and tensile strength of 
49.4 ± 3.6 MPa respectively. The increased stiffness and good interfa
cial distribution between the matrix and filler exhibits the capacity to 
tolerate increased stress at the same strain area and increased Young's 
modulus. A porous lattice was reported from Tungston (W) alloy of 
W93Ni4.9Fe2.1 mixed with PVA and glycerol by a material extrusion 
technique at a temperature from 150 ◦C to 170 ◦C, offering improved 
compressive resistance, ultimate compressive strength of 1442 MPa and 

plastic strain of 19.8% for an extrusion temperature of 170 ◦C, and 
exceptional formability with environmental [44]. The viscous flow 
activation energy of 1.64 kJ⋅mol− 1 shows the smooth extrusion of slurry 
for the extrusion printing which also confirms the effectiveness of me
chanical alloying.

2.2. Powder bed and ink-jet 3D printing

Powder bed fusion and ink-jet printing techniques utilise a laser 
beam to selectively fuse the layers of powder in a powder bed one by 
one. As shown in Fig. 2(b), this technology is based on powder pro
cessing, in which the spread powders on the build platform are selec
tively combined into a patterned layer by depositing a liquid binder 
through an inkjet printhead that can move in the X-Y direction. After the 
formation of the first layer, the platform will be lowered, and the next 
layer of powder will be spread. This process repeats, and final products 
will be formed. The final product from this AM technique is influenced 
by factors such as powder size, the viscosity of the binder, the interac
tion between the binder and powder, and the deposition speed. This AM 
technique has the advantage of room temperature processing and does 
not require any support structures.

Recently, 3D printed composites from microporous Silicon nitride 
(Si₃N₄) incorporated with polyamide (PA12), as shown in Figs. 3(c), 3
(D) printed (layer thickness 100 µm, powder surface temperature 166◦C, 

Fig. 2. Schematic illustration of a typical setup for material extrusion through FDM (a), powder bed and inkjet 3D printing (3DP) (b), SLA (c), SLS (d), and Direct ink 
writing or 3D plotting (e).
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and laser speed 350–850 mms− 1) by the powder bed fusion technique 
[45]. They demonstrated a hybrid manufacturing of powder bed fusion 
with polymer infiltration and pyrolysis to enhance the microstructure 
and mechanical performance, such as compressive strength. The com
posites with amorphous SiCN(O) suffered degradation, whereas com
posites containing crystalline silicon nitride of about 20–40 vol% show 
the best oxidation resistance properties. Powder bed fusion of carbon 
fibre-reinforced polyetherether ketone composites has been reported by 

Tian et al., and they obtained optimal mechanical strength and proposed 
post-processing of the composites [46]. After post processing such as 
annealing and solvent induced crystallization, the Z-axis tensile strength 
reached 50 MPa, (62% higher than neat samples). Enhanced mechanical 
and flame-retardant properties were reported by incorporating layered 
double hydroxide (LDH) surface-modified glass fibres in polyamide 12 
matrix by powder bed fusion technique (powder surface temperature 
160◦C, spreading velocity of 200 mms− 1 print speed180 mms− 1) [47]. 

Table 1 
Recent progress of eco-friendly materials-based polymer composites by 3D printing.

Composite Materials AM 
Technique

Synthesis parameters Recyclability Application Advantages Ref

PLA/ ferronickel slag 
(FNS)

Material 
Extrusion

FNS (2.0, 4.0, 5.0, 6.0, 10.0, and 
14.0 wt%) incorporated in PLA

​ Composite 
development

18.6%, 16.8%, 18.8% and 16.3% 
increments in the tensile strength, 
tensile modulus, flexural strength and 
flexural modulus

[41]

PLA/Chitin & chitosan FDM ​ ​ Food packaging Improved density (1.285 g/cm3) 
tensile (6.9 MPa), flexural strength 
(10.4 MPa) and ductility

[42]

Reinforced PET/ date 
palm frond 
nanoparticles

Material 
Extrusion

Extruded at 270 ◦C with screw 
speed 70 rpm and heating power 
of 2 KW

Recycled PET 
from drinking 
water bottle

Design and 
construction 
industries

Improved mechanical properties 
(tensile modulus of 846.7 ± 20.8 MPa 
and tensile strength of 49.4 ± 3.6 MPa)

[43]

PVA/glycerol/ 
W93Ni4.9Fe2.1

Material 
Extrusion

Extruded at a temperature of 
150 − 170 ◦C

​ Environmental 
applications

Improved mechanical properties 
(ultimate compressive strength of 
1442 MPa and plastic strain of 19.8%)

[44]

PA12/Si₃N₄ Powder bed 
fusion

Layer thickness 100 µm, powder 
surface temperature 166◦C, and 
laser speed 350− 850 mms− 1

​ High temperature 
applications

Improved mechanical and 
microstructure

[45]

Polyetheretherketone/ 
carbon fibre

Powder bed 
fusion

Post processing such as annealing 
and solvent induced 
crystallization

​ Industrial 
applications

Improved mechanical strength of 
50 MPa

[46]

Polyamide 12/glass fibres Powder bed 
fusion

Powder surface temperature 
160◦C, spreading velocity of 200 
mms− 1 print speed180 mms− 1

​ Boosting the 
performance

Enhancement in Young's modulus and 
flexural modulus of 54.3% and 36.7% 
and flame-retardant properties.

[47]

Polyurea/graphene DLP Layer thickness 0.05 mm. Post 
curing under UV (wavelength 
390–410 nm, light intensity 
40 cm− 2)

Recycling 
compatible

Nominal 
environmental 
impacts

superior mechanical properties 
(Young’s modulus 39.9 MPa, impact 
strength of 64.6 KJ/m2 and an 
elongation at a break of 190.3%) and 
recyclability

[49]

ABS/Carbon black DLP Layer thickness 50 µm, UV light 
source (405 nm, intensity of 
5 mW/cm2)

Recycled carbon 
black

Solve the shrinkage 
issue

Improved hardness of 848 ± 0.6 and 
impact strength of 0.0790 ± 0.0143 
mJm− 2

[48]

AESO-IBOMA/biochar LCD Layer thickness between 0.01 and 
0.30 mm and a printing volume of 
16.5 (l) × 7.2 (w) × 18 (h) cm3

​ Biomedical sector Improved storage modulus of 
1315 MPa and Young’s modulus of 
679 MPa with cost-effective and 
ecofriendly products.

[50]

Polyamide 12/biochar SLS Layer thickness 0.175 mm, laser 
power multiplier to 1.0, and print 
surface temperature offset to − 2.0 
◦C

Recycling 
compatible

Advanced 
sustainable 3D 
printing

Improved mechanical performance 
(tensile modulus, tensile strength, 
impact strength, flexural modulus and 
flexural strength are 3.2 GPa, 
64.7 MPa, 3.0 kJ⋅m− 2, 1.5 GPa, and 
100.9 MPa)

[51]

peanut husk powder/ 
polyether sulfone

SLS Preheating temperature 82 ◦C, 
laser power 14 W, layer thickness 
0.15 mm, 75 ◦C processing 
temperature, 2 m/s scan speed, 
and 0.2 mm scan spacing

​ Wooden flooring 
industry

Improved mechanical performance 
(tensile strength, impact strength, and 
bending strength as 1.1825 g/cm3, 
6.076 MPa, 2.12 kJ/cm2, 14.1 MPa 
respectively)

[52]

Polyamide 12/Lignin SLS ​ ​ Cost-effectiveness 
and improved 
processability

Improved stiffness (about 16%) and 
porosity (about 10%)

[53]

Poly (butylene adipate-co- 
terephthalate)/biofillers

SLS Preheating temperature 63 ◦C, 
laser scan speed of 2400 mm/s for 
the infill region and 3840 mm/s 
for the border

Biofillers from 
agrowastes

Biomedical sector Improved porosity about 63% and 
storage modulus of 224 MPa

[54]

Rosin/graphite/carbon 
black

DIW ​ ​ Sustainable and 
green electronics

Excellent conductivity of 1500 S/m, 
and a sheet resistance of 7.82 Ω/sq

[57]

TEMPO Cellulose/ 
graphene oxide

DIW ​ ​ Biobased green 
conductive inks

Excellent shielding effectiveness of 
55.6 dB and compression modulus of 
250–1096 kPa

[58]

Conductive ink on the 
dielectric High-Tg 
substrate

Non-contact 
digital DIW

​ ​ Eco-friendly PCB 
manufacturing

Reduced production cost [59]

Cellulose nanocrystals/ 
gelatine

DIW Printing speed of 15 mms− 1, infill 
density 30%. diameter and height 
of the print 30 mm and 5 mm

​ Biomedical 
applications

High porosity and swelling ratio [20]
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They achieved enhancements in Young's modulus and flexural modulus 
of the printed composites by 54.3% and 36.7% respectively and proved 
the suitability of the powder bed fusion technique for manufacturing 
flame-retardant and high-performing composites. Compared with the 
peak heat release rate and total heat release of the composites, those of 
LDH modified glass fibers filled with polyamide composites were 
reduced by 17.7% and 12.7%, respectively. This work paves the way for 
PBF to prepare flame-retardant high-strength PA12 composites and 
provides a new solution to boost the performance of additively manu
factured products.

2.3. Vat polymerisation

In the Vat polymerisation technique, a photosensitive liquid ther
moset polymer experiences photolithographic cross-linking in a layer- 
by-layer manner to form a free-standing solid product. Stereo
lithography (SLA) is the primary technique in the vat polymerisation 
category, which utilises photopolymers that can be cured by a laser 
emitting in the UV range as the light source to induce layer-by-layer 
polymerisation and cross-linking of the liquid resin point by point. As 
shown in Fig. 2(c), a UV laser is directed along a desired path to irradiate 
the resin reservoir, and the photocurable resin polymerises into a 2D 
patterned layer. After each layer is cured, the platform lowers, and 
another layer of uncured resin is prepared for patterning. Typically, 
acrylic and epoxy resins are mainly used in SLA techniques. The primary 
advantage of SLA printing technology is its high-resolution printing, 
which prevents nozzle clogging due to its nozzle-free method. Digital 
light processing (DLP) is another technique in this category where each 
layer is being exposed at once, instead of point by point, to a selectively 
masked light source. Other techniques belonging to this category 
include continuous liquid interface production (CLIP), liquid crystal 
display (LCD), 3D printing, two-photon polymerisation (2PP), and 
multiphoton polymerisation (MPP).

Vat polymerisation-based AM technology has been widely employed 
to fabricate eco-friendly composites. Among these techniques, digital 
light processing (DLP) presents several major challenges, including 

dimensional shrinkage defects and a lack of mechanical performance. 
Lin et al. recently developed a low-shrinkage composite using eco- 
friendly carbon black via the DLP technique (layer thickness 50 µm, 
UV light source (405 nm, intensity of 5 mW/cm2) [48]. Out of the 
developed composites termed as sulfurized, de sulfurized and 
polyurethane-encapsulated carbon black, the latter one achieved a stress 
strain, impact strength, and hardness of 401.5/9.35%, 0.0790 ± 0.0143 
mJm− 2, 848 ± 0.6 respectively for 1 h of UV curing. In another report, 
an eco-friendly, rapidly cured polyurea elastomer was 3D printed using 
the digital light processing (DLP) technique (layer thickness 0.05 mm 
and post curing under UV light of intensity 40 cm− 2 at a wavelength 
390–410 nm), achieving a tensile strength of 11.1 MPa, Young’s 
modulus 39.9 MPa, change of impact strength of 64.6 KJ/m2 and an 
elongation at a break of 190.3% [49]. They also investigated the 
incorporation of graphene nanoplatelets (GNPs) into the polyurea ma
trix through hydrogen bonding and lone pair-π stacking interactions 
between graphene and polyurea chains. The 3D-printed nanocomposites 
of polyurea/graphene, as shown in Fig. 3(d), exhibited a tensile strength 
of 7.3 MPa and an elongation at a break of 239.4%. The highest tensile 
strength of 12.9 MPa and elongation at a break of 399.2% has been 
achieved with 0.10 w.% graphene addition displays an increment of 
76.7% and 66.8%, respectively, compared to neat DLP polyurea elas
tomer. The DLP polyurea elastomer exhibits recovered tensile strength 
and elongation at break of 2.7 MPa, 4.1 MPa, 5.2 MPa and 5.7 MPa, and 
18.8%, 26.1%, 84.4% and 166.0%, respectively after healing of 5, 10, 15 
and 20 h. Moreover, the elastomer achieves an excellent tensile strength 
healing efficiency (76.1%), elongation at break efficiency (166.0%) after 
curing at 120 ℃ for 20 h, tensile strength recovery (~ 87.6%), and 
elongation at break recovery (203.3%) after dissolved in dimethyl 
formamide. The recycling and reprocessing of composite resins support 
a sustainable 3D printing approach, having excellent mechanical per
formance with minimal wastage. Colucci et al. recently reported a bio
based composite by adding biochar to the matrix of acrylate epoxidised 
soybean oil (AESO) and isobornyl methacrylate (IBOMA), as helical 
complex geometry which ensures the structural integrity as shown in 
Fig. 3(e), using a liquid crystal display (LCD) 3D printing technique 

Fig. 3. Fabrication of 3D object design by various AM techniques; (a and b) PET/date palm fibre nanopowder composite by material extrusion.
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(layer thickness between 0.01 and 0.30 mm and a printing volume of 
16.5 (l) × 7.2 (w) × 18 (h) cm3) [50]. The storage modules value of 
composite with 1 wt% of biochar increases to 1315 MPa from 1140 MPa 
for the neat sample whereas the loss modulus increases with 0.5 wt% of 
biochar as 133 MPa from 117 MPa and decreases for 2 wt% biochar 
addition as 104 MPa. The Young’s modulus also shows increased values 
from 634 MPa to 679 MPa for 1 wt% biochar added composites. This 
approach exhibits greater cost-effectiveness than other VAT polymeri
sation technologies and offers eco-friendly products with excellent res
olution, printing speed, and enhanced mechanical properties.

2.4. Selective laser sintering (SLS)

The selective laser sintering (SLS) technique is based on powder 
processing, whereas inkjet 3D printing uses a laser beam instead of a 
liquid binder. In a typical SLS process, as shown in Fig. 2(d), a laser 
beam with a controlled path scans the powders, sinters them, and the 
powders fuse together through molecular diffusion. After sintering the 
first layer, processing of the next layer begins. The size of the powder 
particle, laser power, scan spacing, and speed are the main factors 
affecting the feature resolution of the final product. Among other AM 
techniques, SLS has the capability to create complex and high-resolution 
3D-printed parts without the need for supportive materials.

A recent investigation employed biochar as a renewable filler in 
polyamide 12 (PA12) to fabricate composites, as shown in Fig. 3(f), by 
SLS printing (layer thickness 0.175 mm, laser power multiplier to 1.0, 
and print surface temperature offset to − 2.0 ◦C) and exhibited an 
increment of tensile modulus and tensile strength from 1.4 ± 0.1 GPa to 
3.2 ± 0.3 GPa and 43.1 ± 1.2 MPa to 64.7 ± 2.0 MPa, respectively, for a 
10 wt% of biochar [51]. Similarly, the impact strength, flexural modulus 
and flexural strength of 10 wt% of biochar incorporated PA12 composite 
shows an increment from 3.6 ± 0.2–3.0 ± 0.1 kJ⋅m− 2, 1.0 ± 0.0–1.5 ±
0.1 GPa, and 65.2 ± 3.1–100.9 ± 4.3 MPa respectively. The elongation 
at break of composite is reduced from 12.1 ± 0.5–4.1 ± 0.3% with the 
biochar content due to the inherent brittleness of biochar. Moreover, 
biochar significantly lowers the carbon footprint by a 66% decrement in 
climate change potential from 11.53 kg CO2-equiv⋅kg− 1 for neat poly
amide to 9.33 kg CO2-equiv⋅kg− 1for 20 wt% biochar incorporated 
composites over 20 printing cycles. A sustainable composite of peanut 
husk powder/polyether sulfone has fabricated using the SLS technique 
(Preheating temperature 82 ◦C, laser power 14 W, layer thickness 
0.15 mm, 75 ◦C processing temperature, 2 m/s scan speed, and 0.2 mm 
scan spacing) [52]. Here, the SLS specimens had inner hole sizes of 
≤ 0.125 mm with peanut husk particles, which offer highest values of 
density, tensile strength, impact strength, and bending strength as 
1.1825 g/cm3, 6.076 MPa, 2.12 kJ/cm2, 14.1 MPa respectively. Post 
processing with wax infiltration enhances density, tensile strength, 
impact strength, and bending strength to 2.0625 g/cm3, 7.476 MPa, 
2.96 kJ/cm2, and 15.7 MPa respectively. Lignin has reported as a sus
tainable material for the SLS technique of producing composites with 
polyamide (PA12), which exhibits higher porosity of about 10% and 
increased stiffness in terms of by about 16% increment in Youngs 
modulus and about 7% decrement in tensile strength [53]. Sustainable 
composites by incorporating agrowaste-derived biofillers into the poly 
(butylene adipate-co-terephthalate) matrix have developed by SLS 
printing (preheating temperature 63 ◦C, laser scan speed of 2400 mm/s 
for the infill region and 3840 mm/s for the border) [54]. The printed 
composites with various agrowastes shows improved porosity from 52% 
(for neat matrix) to 56% and 58% by incorporating 5 and 10 wt% of 
maize-wastes filler, respectively and to 61% and 63% by incorporating 
wine production waste-based fillers. The storage modulus also enhanced 
from 153 MPa to 224 MPa for 5 wt% wine production waste-based 
fillers incorporated composites. This work proves poly (butylene 
adipate-co-terephthalate) as a matrix and composite can be an effective 
alternative to conventional polymers, in terms of sustainable and eco
nomic aspects.

2.5. Direct ink writing (DIW) or 3D plotting

Direct ink writing, also known as 3D plotting, is a layer-by-layer 
deposition of viscous material, often referred to as ink, from a syringe 
onto a stationary printing platform. Here, the syringe head moves in 
three dimensions during the extrusion process, as shown in Fig. 2(g). 
The quality of the final print depends on the viscosity of the ink and the 
printing speed. Hydrogels and viscous materials are primarily printed 
using this technique, and the temperature of the printing platform has 
controlled to maintain shape fidelity [55]. The physical stabilisation of 
each hydrogel-based deposited layer to withstand its own weight, and to 
improve its resolution from a more precise and controlled structure to 
the final structure [24]. This technique is primarily used to produce 
biobased scaffolds and objects for biomedical applications [56]. Printed 
scaffolds from cellulose nanocrystals (CNC) and gelatin, featuring a high 
porosity of approximately 65%, degradability, and a swelling ratio of 
approximately 390–590, by DIW technique (printing speed of 15 
mms− 1, infill density 30%. diameter and height of the print 30 mm and 
5 mm) and post processing by freezing at - 25 ◦C [20]. Recently, Das 
et al. prepared a sustainable composite ink based on natural Rosin with 
graphite and carbon black using direct ink writing as an alternative to 
conventional conductive inks [57]. The resultant ink exhibits excellent 
conductivity, with a range of 500–1500 S/m, and a sheet resistance of 
14–7.82 Ω/sq. towards sustainable and green printing as an environ
mentally benign alternative to traditional conductive inks in electronic 
applications. Biobased and electrically conductive hydrogel inks from 
TEMPO-oxidised cellulose nanofibrils and graphene oxide were syn
thesised, and 3D objects have made, as shown in Fig. 3(g), by the DIW 
technique, for electromagnetic interference shielding applications [58]. 
The printing fidelity, structural stability, and shape retention of the 3D 
objects depend on the cellulose-to-graphene loading ratio, which offers a 
high shielding effectiveness of 55.6 dB and compression modulus in the 
range of 250–1096 kPa. The fabrication of an eco-friendly printed circuit 
board (PCB) has been achieved by a non-contact digital DIW technique 
to accomplish the substantial reduction in the production costs [59].

3. Additive manufacturing of polymer composites by 4D 
printing

4D (four-dimensional) printing is an AM technique that combines 3D 
printing with smart materials, which can alter their shape and thereby 
their properties over time while exposed to diverse types of stimuli, 
including light [60–62], temperature [63–66], body temperature [65, 
67], enzyme[68], pH [69], electricity [70], and magnetic fields [71,72]. 
Such alterations can be controlled and predesigned by exploring the 
properties of polymers and their molecular structure to design smart 
materials. While 3D printing is employed to manufacture complex 
structures, 4D printing further simplifies the design and manufacturing 
process, offering improved quality and reliability with reduced material 
wastage, as the structures self-improve their characteristics over time. 
The development of 4D printing promises to address critical issues 
related to production costs and complexity, while also enabling the 
creation of new, tunable, and adaptive materials for various industrial 
and biological applications. Commonly used polymers for 4D printing 
include shape-memory polymers, self-healing polymers, hydrogels, and 
liquid crystal elastomers, and typical 4D-based AM techniques are fused 
deposition modelling (FDM), direct ink writing (DIW), stereo
lithography (SLA), and selective laser sintering (SLS). Out of these 
techniques, FDM (which uses thermoplastic-based polymers) and DIW 
(which uses hydrogels) are extrusion-based, whereas SLA (which uses 
light-curable materials) and SLS (which uses thermoplastic polymers) 
are laser-based. Table 2 details the recent progress of eco-friendly 
materials-based polymer composites by 4D printing.
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Table 2 
Recent progress of eco-friendly materials-based polymer composites by 4D printing.

Composite 
Materials

AM 
Technique

Synthesis parameters Stimuli Mechanical properties Shape memory properties Application Ref

PLA-PBAT/Fe3O4 FDM Nozzle temperature 200 
◦C ± 10, Printing speed 
300 mms− 1, Layer 
thickness 0.4 mm

Magnetic field 16% increase in UTS 
(35.89 MPa) and a 15% 
increase in toughness 
(1691.10 mJ)

Nearly 100% shape 
recovery

Sustainable 
material for 
contactless 
actuation.

[71]

PETG/Carbon 
black

FDM Nozzle temperature 200 
◦C, Printing speed 300 
mms− 1, Layer thickness 
0.4 mm

Temperature Improved strength of 
42.69 MPa, toughness of 
7499 J

Recovery rate of over 97% Advanced 
applications

[74]

PBSe-co-PBIs FDM Extrusion speed 30 rpm, 
nozzle diameter 0.4 mm

UV irradiation Tensile strength and fracture 
strain of 29.3±2.3 MPa, 2079 
±345% and 19.5±2.6 MPa, 
622±77% respectively for 
longitudinal and transverse to 
the printing directions

Excellent shape memory 
performance

High-temperature 
protection devices

[67]

TPU/multiwall 
CNTs

FDM Nozzle temperature 260 
◦C, nozzle diameter 
0.4 mm, print speed 30 
mms− 1 layer height 
0.2 mm

Body 
temperature

Tensile strength of 26.5 
±0.4 MPa, elongation of 209.9 
±7, and hardness of 94

Shape-memory properties 
at body temperature of 
37◦C

Body sensing 
applications

[68]

PLA/APHA/TPU FDM Nozzle temperature 
200 − 220 ◦C, Printing 
speed 300 mms− 1, Layer 
thickness 0.3− 0.5 mm

Thermal & 
mechanical

Improved tensile strength 
(28.79 ± 0.16 MPa), 
elongation at break (521.26%), 
modulus (840.17 MPa), 
flexural strength (30.95 MPa), 
flexural modulus 
(1088.93 MPa)

Shape recovery at 
~39.5◦C, with near- 
complete shape fixity 
(~100%) and high 
recovery ratios (>92%)

Next-generation 
biomedical

[75]

NW-MO-TTMP/ 
ethyl cellulose

DIW Printing speed 7 mms− 1, 
print height 0.48 mm

UV light Tensile strength of 20.6 MPa Shape fixity ratio of 99.7% 
and shape recovery ratio of 
98.6%

High-performance [60]

PU/lignin 
nanotubes

DIW Printing speed 150 mm/ 
min, syringe pump 
injection rate 40 μL/min

UV light Tensile strength of 16.4 MPa, 
fracture energy of 36.52 J/ 
mm2

Shape recovery rate of 99% Smart biomaterials [61]

AESO/ 
polydopamine 
modified HAP

DIW UV-DIW technology at 
0 ◦C.

UV light ​ Shape memory 
performance of 97% in 16 s

Bone scaffold [62]

poly (d,L-lactide- 
co-trimethylene 
carbonate) 
(PLMC)

DIW ​ Body 
temperature

​ Shape changing small 
structures with fast 
response

Biomedical 
devices

[69]

Methacrylated 
bovine serum 
albumin 
(MA–BSA)

DIW ​ Temperature/ 
pH/enzyme

Compressive strength and 
compressive modulus of 2 MPa 
and 1.82 MPa (Temp-ink), 
4.71 MPa and 2.16 MPa (pH- 
ink), and 0.11 MPa and 
0.09 MPa (Enz-ink) 
respectively

​ Autonomous shape 
transformations

[76]

IBOMA-reinforced 
micro cellulose

SLA Layer height 25 µm, lift 
speed 40 mm/min, 
retract speed 60 mm/min

Temperature Young's modulus of 1.01 GPa, 
hardness of 72.3, ultimate 
tensile strength of 21 MPa, and 
strain at break of 8%

Shape fixity of > 99.5% 
and a shape recovery of 
> 95%

Mechanically 
competitive 
applications

[64]

PCL-Itaconic acid DLP Layer thickness 50 µm, 
light intensity 22 cm–2 

with 22 s irradiation time

pH Young’s modulus of 33 MPa 
and an elongation at break of 
52%

​ Biomedical 
devices

[77]

Acylated 
epoxidized 
soybean oil 
(AESO)

SLA Printing speed of 60, 80, 
and100 mms− 1, laser 
power 15 mW with 
frequencies of 140, 160, 
and 180 pulses/s. UV 
laser wavelength 405 nm

Temperature ​ Shape fixity of about 85% 
with a recovery time 1.6 s

Biomedical 
Engineering

[65]

RO-IBOA-IBOMA/ 
carbon 
nanotubes

SLA Layer height 50 µm and a 
layer time of 20 s, 60 s 
and 90 s for neat PCL and 
composites respectively

Light and 
temperature

Mechanical performance from 
2.3 to 12.5 MPa

Shape fixity and shape 
recovery ratios up to 99%

Sustainable 
applications

[78]

TPAE SLS Sintering temperature 
156 ◦C, laser power 21 W, 
layer thickness 0.10 mm 
and scan spacing 
0.10 mm

Temperature Tensile strength of 13.7 MPa, 
elastic modulus of 124 MPa 
and elongation at break of 
200%)

Shape fixity of 76% and 
shape-recovery ratio of 
89%

Soft robotics [79]

TPAE SLS ​ Temperature ​ Two-way shape memory 
effect

Temperature 
sensors

[66]

PUDA/carbon 
nanotube

SLS Layer thickness 0.15 mm, 
laser power 60 W, and 
laser scan speed 7.6 ms− 1

NIR ​ NIR-triggered self-healing 
and shape memory 
functions

Smart materials [80]

(continued on next page)
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3.1. Fused deposition modelling (FDM)

FDM is the most used 4D printing technique, offering high-speed 
printing; however, the processing time is prolonged due to the use of 
polymer filaments. Additionally, preheating the polymer filament ma
terials may limit temperature sensitivity and generate toxic vapours 
[73]. To improve the lower thermal stability and low melt flow index, 
Baghani et al. have blended PLA with poly (butylene 
adipate-co-terephthalate) (PBAT) and magnetic Fe3O4 nanoparticles 
using FDM 3D printing (nozzle temperature 200 ◦C, printing speed 300 
mms− 1, and layer thickness of 0.4 mm) [71]. The resultant composite 
exhibits improved thermal stability and toughness, along with an 
excellent shape memory response, as shown in Fig. 4(a). With 10 wt% 
Fe3O4 incorporated composite achieved an ultimate tensile strength of 
35.89 MPa, elongation of 7.55% and toughness of 1691.10 mJ to the 
UTS point and 6281.70 mJ to 30% elongation, showing an increment of 
16% and 1.1%, 15% and 13%, respectively, with respect to neat polymer 
blend. All samples reveal nearly 100% shape recovery effect by using a 
high-frequency induction with a magnetic induction coil, but the re
covery time varies depending on the amount of Fe3O4 nanoparticles in 
the composites. 10 wt% Fe3O4 incorporated composite starts to recover 
in 44 s and takes 64 s to fully recover. Similarly, composites with 15 wt 
% and 20 wt% Fe3O4 start to recover in 40 s and takes 54, and 56 s to 
fully recover. Poly(ethylene terephthalate) glycol (PETG) composites 
incorporating carbon black have been printed in 4D using the FDM 
process (nozzle temperature 200 ◦C, printing speed 300 mms− 1, and 
layer thickness 0.4 mm), exhibiting improved strength of 42.69 MPa 
(which has an increment of 14.8% compared to neat matrix), toughness 
of 7499 J to its stress level, and shape memory properties with an 
excellent recovery rate of over 97% [74]. The improvement in shape 
recovery, as shown in Fig. 4(b), is attributed to the formation of a 
physical network in the composite through the introduction of carbon 
black, which provides additional entropic elasticity that facilitates 
specimen restoration during the shape memory test, resulting in more 
effective shape recovery. Wu et al. developed biobased shape memory 
copolyesters (PBSe-co-PBIs) by polycondensation of dimethyl itaconate, 
dimethyl sebacate, and 1,4-butanediol using FDM-based UV assisted 4D 
printing (extrusion speed 30 rpm and nozzle diameter 0.4 mm) for 
high-temperature protection devices [67]. The resultant UV printed 
PBSe-co-PBIs exhibits tensile strength and fracture strain of 29.3 
±2.3 MPa, 2079±345% and 19.5±2.6 MPa, 622±77% respectively for 
longitudinal and transverse to the printing directions. Biobased and 
environmentally friendly conductive filaments have developed using the 
FDM technique (nozzle temperature 260 ◦C, nozzle diameter 0.4 mm, 
print speed 30 mms− 1and layer height 0.2 mm) with thermoplastic 
polyurethane (TPU) and multiwall carbon nanotubes. The resultant 
composite of TPU-MWCNT− 3.25 exhibits excellent mechanical prop
erties (tensile strength of 26.5±0.4 MPa, elongation of 209.9±7, and 
hardness of 94) and a shape-memory property at body temperature 
(37◦C), primarily for body sensing applications [68]. A polymer blend 
filament composed of polylactic acid (PLA), amorphous 

polyhydroxyalkanoates (APHA), and thermoplastic polyurethane (TPU) 
(PLA-APHA-TPU) has been 4D printed (nozzle temperature between 
200 − 220 ◦C, printing speed 300 mms− 1, and layer thickness 
0.3–0.5 mm) which enables a rapid shape recovery at ~39.5◦C, with 
near-complete shape fixity (~100%) and high recovery ratios (>92%) 
for a PLA-APHA-TPU: 60–20− 20 wt% composite, as shown in Fig. 4(c), 
under both thermal and mechanical stimuli [75]. Such dual stimulus 
responses have attributed to the synergy between ductile behaviour 
(arising from TPU) and flexibility and thermal sensitivity (arising from 
APHA). The printed composite of PLA-APHA-TPU: 60–20− 20 wt% ex
hibits superior mechanical performance in terms of tensile strength 
(28.79 ± 0.16 MPa), elongation at break (521.26%), modulus 
(840.17 MPa), flexural strength (30.95 MPa), flexural modulus 
(1088.93 MPa).

3.2. Direct ink writing (DIW)

DIW is another extrusion-type AM technique which employs the 
extrusion of hydrogel or ink through a syringe. Here, the viscoelastic 
properties of the ink determine the printability and quality of the final 
structure, and thermal or photopolymerization-based post-processing 
steps have been used to solidify the inks, which play a key role in the 4D 
printing process. To improve the viscosity and printability of a shape 
memory polymer hydrogel derived from magnolol and trimethylolpro
pane tris(3-mercaptopropionate) (NW-MO-TTMP), biomass-derived 
ethyl cellulose has incorporated, and the material was 4D printed 
using the DIW technique [60]. Here, the printhead with a UV lamp 
(intensity ranging between 6–24 mW/cm2) offers a print height of 
0.48 mm by using 0.6 mm of nozzle diameter for a printing speed of 7 
mms− 1. The resulting composite exhibits a tensile strength of 20.6 MPa 
compared to 2.7 MPa for neat NW-MO-TTMP, an excellent shape fixity 
ratio of 99.7%, and shape recovery ratio of 98.6%. Wang et al. devel
oped shape memory polyurethane (PU) composites filled with lignin 
nanotubes by molecular assembly via DIW printing as UV-responsive 
shape recovery effect for smart biomaterials applications [61]. The 
DIW printing has performed at a printing speed of 150 mm/min with 
syringe pump injection rate of 40 μL/min. As shown in Fig. 5(a), the 
composites exhibit a shape recovery rate of 99% under UV radiation at 
370 nm for 15 min, along with an excellent tensile strength of approx
imately 16.4 MPa (131% higher value compared to neat PU which is 
7.11 MPa) and maximum fracture energy of 36.52 J/mm2. The specific 
mechanism and schematic illustration of dipole-dipole interactions 
hydrogen bonding) between polyurethane and lignin nanotubes are 
shown in Fig. 5(d and e) respectively. Plant-based bone scaffolds have 
been developed by incorporating polydopamine-modified hydroxyapa
tite particles into acrylated epoxidised soybean oil (AESO) resin using 
UV-assisted DIW technology at 0 ◦C [62]. The resultant bone scaffolds 
displayed an optimum shape memory (97% in 16 s) and achieved 40 C 
within 4 min under 1 W/cm2 NIR irradiation with outstanding osteo
genic activity and met the mechanical requirements for a bone scaffold. 
A biocompatible poly (d,L-lactide-co-trimethylene carbonate) (PLMC) is 

Table 2 (continued )

Composite 
Materials 

AM 
Technique 

Synthesis parameters Stimuli Mechanical properties Shape memory properties Application Ref

TPU/carbon 
nanotube

SLS Laser scan speed 2000 
mms− 1, hatching distance 
0.1 mm and a layer 
thickness 0.12 mm

Heat and 
electric current

Elastic modulus of 43.30 GPa, 
ultimate tensile strength of 
3.94 MPa, and eleongation at 
break of 46.79%

Fast shape recovery of 25 s High-tech 
applications

[70]

TPU-PLLA/Fe3O4 SLS Nozzle temperature 200 
◦C, Printing speed 300 
mms− 1, Layer thickness 
0.4 mm

Water and 
Magnetic field

Tensile strength of 9.24 MPa 
and hardness of 5.75 Hv

Shape recovery ratio of 
95.92% and shape fixity 
ratio of 98.33% in 50 ◦C 
water, and a shape 
recovery of 73.14%under 
the alternating magnetic 
field

Bone tissue 
engineering

[72]
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employed to develop shape-changing small structures with fast response 
around body temperatures as a potential candidate in the field of 
biomedical applications such as nonwoven fabric (3 s), surgical suture 
(4 s), and self-expandable stent (35 s) [69]. Protein-derived (meth
acrylated bovine serum albumin (MA–BSA)) hydrogels were developed 
as a multi-stimuli (temperature, pH, and enzyme) responsive material 
for DIW printing of multi-layered stimuli-responsive hydrogels [76]. The 
hydrogels based on temperature-ink, pH-ink, and enzyme-ink exhibit a 
compressive strength and compressive modulus of 2 MPa and 1.82 MPa, 
4.71 MPa and 2.16 MPa, and 0.11 MPa and 0.09 MPa respectively. This 
approach offers shape transformations in response to changes in 

atmospheric temperature, enzymatic degradation, and pH, demon
strating the capabilities of 4D printed methods.

3.3. Stereolithography (SLA)

Stereolithography (SLA) is a laser-based AM technique, which uses a 
laser light beam to photo-polymerise and cross-link photo-curable 
monomers for 4D printing. Digital light processing (DLP) also belongs to 
this category of printing, where it can solidify an entire layer of mono
mer at a time. DLP offers faster printing and production speed, but a 
lower resolution compared to SLA. Dicks et al. employed 4D printing via 

Fig. 4. (a) Shape recovery analysis of PLA-PBAT composite in a magnetic field for Fe3O4− 20% (left) and the temporal evolution of shape recovery (%) in a magnetic 
field with respect to time (right)[71]. (b) Shape recovery process for PETG-Carbon black composites at different time intervals (left) and their shape recovery ratio 
over time (right) [74]. (c) Shape memory behaviour of PLA/APHA/TPU blend generated by force and heat (top) and their shape recovery time under various stimuli 
(bottom)[75].
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stereolithography (layer height 25 µm, lift speed 40 mm/min, and 
retract speed 60 mm/min) of itaconated castor oil monomer and iso
bornyl (meth)acrylate (IBOMA) reinforced with microcrystalline cellu
lose composites without compromising their mechanical performance 
and shape memory properties, as displayed in Fig. 6(A), with shape 
memory actuation at around 100◦C [64]. IBOA-cellulose and 
IBOMA-cellulose composites show a Young's modulus of 0.86 GPa and 
1.01 GPa, hardness of 64.8 and 72.3, ultimate tensile strength of 
14.8 MPa and 21 MPa, and strain at break of 8%, respectively. The 
resultant composites achieved a shape fixity of > 99.5% and a shape 
recovery of > 95%. Heise et al. recently introduced a solvent-free 
approach by using polycaprolactone (PCL) and itaconic acid (IA) 
derived from biomass by pH-triggered 4D printing (layer thickness 
50 µm, light intensity 22 mWcm–2 with 22 s irradiation time) shape 
transformations [77]. As shown in Fig. 6(B), the hydrogel exhibited a 
maximum degree of swelling at a pH of 10 due to the presence of IA 
units, which introduce cross-link points through their double bonds. The 
mechanical properties of PCL-IA networks show a Young’s modulus of 
33 MPa and an elongation at break of 52% with respect to cross-link 
density decreases. A plant-based shape-memory polymer derived from 
acrylated epoxidised soybean oil (AESO) has been 4D printed by SLA 
(printing speed 60, 80, and 100 mms− 1, laser power 15 mW with fre
quencies of 140, 160, and 180 pulses/s) to develop biomedical engi
neering devices [65]. They achieved a maximum fixity of approximately 
85% with a lower recovery time of 1.6 s with a UV laser wavelength of 
405 nm. Recently, a fully biodegradable shape memory polymer matrix 
from rapeseed oil (RO), isobornyl acrylate (IBOA), and isobornyl 
methacrylate (IBOMA) has developed by incorporating carbon nano
tubes via 4D printing with a layer height 50 µm and a layer time of 20 s, 
60 s and 90 s for neat PCL and composites respectively [78]. The 
resultant composites exhibited excellent shape fixity and shape recovery 
ratios up to 99%, as shown in Fig. 6(C), with an outstanding mechanical 
performance ranging from 2.3 to 12.5 MPa.

3.4. Selective laser sintering (SLS)

SLS is a powder-based AM technique which uses a laser beam to heat 

powders and converts them to a semi-liquid state in a pre-designed 
layered structure. The processing speed of SLS is usually faster than 
FDM and SLA because it does not require scaffold structural support. 
Polymers such as thermoplastic polyurethane (TPU), polyamide (PA), 
and PDMS are employed for 4D printing by the SLS technique. Recently, 
thermoplastic polyamide elastomer (TPAE) has 4D printed by the SLS 
technique (sintering temperature 156 ◦C, laser power 21 W, layer 
thickness 0.10 mm and scan spacing 0.10 mm) with excellent mechan
ical properties (tensile strength of 13.7 MPa, elastic modulus of 
124 MPa, and elongation at break of 200%) [79]. As shown in Fig. 7, the 
composites exhibit average shape-fixing ratios and shape-recovery ratios 
of 76% and 89%, respectively, for a strain programming of 10% and 
15%, demonstrating excellent and stable shape memory behaviour. In 
another report, a series of TPAEs have printed by SLS through the 
polycondensation reaction of PA1212 prepolymer and polyetheramine, 
which exhibits a reversible two-way shape memory effect [66]. Xia et al. 
developed composites based on polyurethane with a reversible Diel
s–Alder bond (PUDA) incorporated with carbon nanotubes by SLS 4D 
printing (layer thickness 0.15 mm, laser power 60 W, and laser scan 
speed 7.6 ms− 1) [80]. The composites stimulated by NIR exhibit 
self-healing and shape-memory properties. Recently, thermoplastic 
polyurethane (TPU) filled with carbonaceous particles, such as carbon 
fibres and carbon nanotubes, have fabricated by SLS technique (laser 
scan speed 2000 mms− 1, hatching distance 0.1 mm and a layer thickness 
0.12 mm) [70]. The SLS printed TPU composite with 20 wt% of hybrid 
filler exhibits an elastic modulus of 43.30 ± 3.14 GPa, ultimate tensile 
strength of 3.94 ± 0.01 MPa, and eleongation at break of 46.79 
± 3.29% and the composite has a fast shape recovery of 25 s. The 
resultant nanocomposites have triggered by heat and electricity, in 
which the shape recovery process has shown to be almost four times 
faster when triggered by electric currents than when triggered by direct 
heating, with a higher shape recovery ratio. TPU, which combines poly 
(L-lactic acid) (PLLA), reports excellent biocompatibility and shape 
memory abilities by incorporating Fe3O4 nanoparticles through SLS 4D 
printing (nozzle temperature 200 ◦C, printing speed 300 mms− 1, and 
layer thickness 0.4 mm) [72]. The resultant 10 wt% Fe3O4 composite 
exhibits an increment in tensile strength and hardness from 8.43 to 

Fig. 5. (a) Schematic of the shape memory test, (b) digital photo of the shape memory recovery test, and (c) shape recovery process under different UV irradiation 
times, (d) mechanism diagram and (e) schematic diagram of the interaction between PU-lignin nanotube composites by DIW technique.
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9.24 MPa and 4.41–5.75 Hv compared with the neat polymer blend. The 
10 wt% Fe3O4 composite exhibit excellent shape recovery ratios in 50 ◦C 
water, increasing from 66.67% to 95.92%, and shape fixity ratio of 
98.33% while under the alternating magnetic field, it has a shape re
covery of 73.14% demonstrating outstanding biocompatibility.

4. Sustainability and environmental aspects of additively 
manufactured polymer composites

Sustainability awareness in product design and manufacturing has 
grown significantly, focusing on factors such as resource efficiency, 
pollution, safety risks to humans and ecosystems, product durability and 
performance, and overall life cycle costs. Within this broader context, 
AM is often promoted as a tool to support more sustainable and circular 
production, but the extent to which AM of polymer composites delivers 
net benefits is strongly context dependent [81]. The key idea of sus
tainability in the AM of polymer composites includes the use of eco
friendly reagents and feedstocks from renewable and biodegradable 
resources, the possibility to design lightweight and highly optimised 
structures, and in some cases the capability to reprocess materials to 

support circular economy strategies. To evaluate these claims, it is 
essential to assess actual net waste reduction, energy demand and 
associated costs in comparison with traditional manufacturing methods. 
Generally, AM is considered environmentally promising where it can 
enable localised or on demand production, reduce overproduction and 
tooling needs, and thus reduce geometric material waste and 
transportation-related emissions by eliminating the need to ship finished 
products from centralised factories. Additionally, AM enables material 
savings through lightweight design of components, achieved via topol
ogy optimisation and lattice structures. However, these potential ad
vantages only translate into lower life cycle impacts when the additional 
energy use, process complexity and end of life implications of AM and its 
feedstocks are properly accounted for [82].

Compared to conventional methods, AM can offer environmental 
advantages such as reduced geometry related material waste, better buy- 
to -fly ratios, and the possibility of localised production that may 
decrease transportation related emissions. In the biomedical field, the 
use of biocompatible materials and patient specific designs offers po
tential sustainability benefits through reduced excess material usage 
while maintaining high accuracy and producing customised products 

Fig. 6. (a) 3D scanned sleeping cat, (b) organoid structure, (c) robotic gripper of SLA printed objects of IBOA-reinforced micro cellulose particles, (d) shape recovery 
using hot air for actuation, and (e) shape recovery using near-boiling water (A)[64]. Schematic illustration of the network swelling as a function of pH and digital 
images of the DLP printed structure of PCL-IA swelled in different buffer solutions for two cycles (swelling time 24 h) (B) [77]. (a) Shape memory cycles indicating 
shape recovery and fixation, (b) maximum temperature variations during Joule heating at increasing applied voltages. (c) maximum temperature variations during 
light irradiation under increasing laser power (808 nm), (d) experimental setup for thermal imaging, e) thermal images of heating by electricity (left, 60 V) and light 
(right, 110 mW) (C) [78].
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that closely match human anatomy. Choudhary et al. developed a sus
tainability assessment framework for a biomedical scaffold from a life 
cycle perspective, evaluating economic, environmental, and social as
pects by comparing fabrication via additive (AM) and traditional (TM) 
manufacturing routes. In their specific case study on a PLA/alumina 
scaffold produced by FDM and freeze drying, the AM route showed 
approximately 20% lower cost and a much higher composite sustain
ability index (0.9271 for AM vs 0.0136 for TM), mainly due to envi
ronmental and social indicators as shown in Fig. 8 [83].

Despite the growing use of AM, there is a significant lack of focus on 
its sustainability and broader environmental implications, highlighting 
the need for a more comprehensive evaluation of its overall impact. 
Soares et al. applied the S-LCA framework to compare medical devices 
fabricated using ABS by fused filament deposition with a conventional 
method and proved that AM supports social sustainability by contrib
uting positively to the creation of specialised local employment and 
promoting broader technological and economic advancement [84]. 
However, AM is not without its environmental costs, as it still relies on 
energy and material consumption and can emit pollutants. Assessing the 

environmental implications of AM is challenging and complex, due to 
the broad and growing array of variables influencing AM, including 
material types, feedstock forms, manufacturing processes, geographic 
factors, and post-processing methods [85]. Energy use remains a major 
concern, with process efficiency varying based on feedstock, technology, 
usage patterns, and location. Health risks have also been identified, 
particularly in relation to machine operation and the release of airborne 
particles and volatile organic compounds. Waste generation during AM 
remains another concern [85]. Increasing attention is being directed 
toward developing polymer composites reinforced with bio-based ma
terials, as these are recognised as environmentally friendly and sourced 
from naturally occurring resources. Such bio-reinforcements are incor
porated into polymer matrices to enhance the performance of compos
ites. In this context, utilising bio-based and fibre‑reinforced materials is 
gaining traction as a potentially more sustainable alternative, although 
their actual life‑cycle performance remains dependent on cultivation, 
processing, durability in use and end‑of‑life options.

AM could potentially perform better in terms of environmental 
impact when one or more of the following conditions are met: (i) parts 
are highly complex or strongly customised, (ii) topology optimisation 
and part consolidation significantly reduce mass and number of com
ponents, (iii) utilisation rates of AM equipment are high, (iv) low carbon 
electricity is available, and (v) effective closed loop or high value 
recycling of polymer/fibre feedstocks is implemented. When AM is used 
to reproduce simple parts without design changes, with low machine 
utilisation, in carbon intensive grids, and without robust recycling, it can 
result in high energy use and climate impacts.

5. Recycling aspects of additively manufactured polymer 
composites

As plastic waste pollution remains a pressing global issue, research 
efforts have intensified in creating bio-based substitutes for conven
tional petroleum-based plastics and improving biodegradation and 
recycling strategies. One promising strategy involves utilising recovered 
and repurposed materials as feedstock in AM processes. Transforming 
plastic waste into filaments suitable for 3D printing provides access to a 
diverse range of materials [86]. However, recycling of polymer com
posites remains particularly challenging in such a way that such 

Fig. 7. DMA characterisation for (a) 10% strain, (b) 15% strain, and shape memory behaviours of SLS printed thermoplastic polyamide elastomer (TPAE) parts (c) (I: 
Deforming at 60 ◦C with external force for 0.5 h; II: Cooling down to − 20 ◦C and removing the external force; III: Heating to 60 ◦C).

Fig. 8. Sustainability index for additive manufacturing (AM) and traditional 
manufacturing (TM) network routes.
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composites often include fibres or fillers, which complicate conventional 
recycling processes and result in low recycling rates, typically around 
5% [87]. Furthermore, the quality of recycled polymers tends to dete
riorate with each reuse cycle, making them less suitable for demanding 
applications [88].

The recycling of polymeric material for AM typically involves several 
stages, such as sorting, cleaning, decontamination, grinding, remelting, 
and extrusion [86]. During the collection, plastic waste is collected 
directly at the source and handling recycling locally has proven to be 
more efficient and easier to manage than centralised methods. During 
sorting, accounting for approximately a quarter of the recycling process, 
the collected plastics are classified into distinct categories based on their 
properties. The approach to recycling varies depending on the specific 
polymer type, and the separation of mixed polymers presents a sub
stantial challenge due to the difficulty of distinguishing them [89]. 
During cleaning, impurities such as labels and adhesives attached to the 
waste are eliminated. Following this, the shredding process breaks down 
defective prints and other plastic residues into smaller fragments, 
resulting in easier handling and processing due to increased surface 
area. The shredded plastics are then converted into a usable form, such 
as pellets. Plastic recycling methods are generally grouped into three 
main types: (i) mechanical, (ii) chemical, and (iii) thermal recycling. 

Mechanical recycling involves recovering and transforming polymer 
materials into new products using methods that reshape plastic waste 
without changing its chemical composition. This approach uses size 
reduction, sorting, cleaning, remelting, and product manufacturing 
techniques. The process of mechanical recycling is associated with en
ergy use and environmental benefits, particularly for waste streams from 
plastic or bioplastics [86,90]. Chemical recycling is more complex and 
expensive, requiring greater labour and energy inputs and potentially 
generating additional pollutants. Nonetheless, it can substantially 
reduce overall energy use.

To establish the circular economic potential through AM processes, 
Peeters et al. employ an interpretive structural modelling (ISM) method 
to refine the structural relationships among the barriers to distributed 
recycling of 3D printing waste to promote sustainability [91]. A recent 
study examined the utilisation of PET waste derived from plastic bottles 
in a custom-made filament extrusion setup for 3D printing applications. 
Waste PET bottles were cut into strips and then processed into filaments 
using a modified volcano nozzle. The method successfully produced 
recycled polyethene terephthalate (rPET) and rPET/PA6-CF composite 
filaments, confirming their compatibility with the fused filament fabri
cation (FFF) process. Mechanical testing revealed that rPET/PA6-CF 
composites demonstrated enhanced tensile strength compared to pure 

Fig. 9. (a)Schematic of the recycling process of PLA-ABS-PETG and formation of filaments from recycled plastic waste for 3D printing [88]. (b) Distributed recycling 
3D printed samples from recycled polycarbonate (PC) (top) and recycled PC/ABS (bottom).

Y.B. Pottathara et al.                                                                                                                                                                                                                          Applied Materials Today 51 (2026) 103309 

13 



rPET, highlighting the strengthening effect provided by carbon fibres. 
Nevertheless, the composites showed a slight decrease in failure strain 
and Young's modulus, indicating a compromise between mechanical 
strength and flexibility [[89]. Better printability and the fabrication of 

complex patterns, as shown in Fig. 9, were achieved with the distributed 
3D printing technique using recycled polycarbonate and ABS feedstock 
[92]. Olawumi et al. reported that the efficiency of various recycling 
approaches in recycling polymers preserves up to 90% of their tensile 

Fig. 10. (a) Impact of recycling cycles on tensile strength, (b) degradation of mechanical properties over recycling cycles, (c) efficiency of additives in tensile 
strength over recycling cycles and (d) temperature variations in the FDM process and material quality (e) recycling efficiency across over PLA, ABS, and PETG 
polymer types [88].
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strength after the first cycle, deteriorating to 80% after three cycles 
[[88]. As shown in Fig. 10, each polymer (PLA, ABS, and PETG) exhibits 
a downward trend in tensile strength. In contrast, PLA and ABS follow 
nearly parallel degradation paths, while PETG displays a lower tensile 
strength with a steeper decline. This features the effect of repetitive 
recycling on the mechanical integrity of generally used polymers in AM 
processes. This demonstrates how various polymers withstand the 
recycling process, which is essential for developing sustainable practices 
and lowering environmental impact and carbon footprint. The 
closed-loop mechanical recycling of PLA for FDM printing has been 
investigated, and its environmental performance has been assessed 
using life cycle assessment (LCA)[93]. The PLA was only able to undergo 
two cycles of the AM process due to the observed deterioration in the 
viscosity values. Besides the recycling of plastics, alternative sources of 
materials, such as natural wastes, marine industry wastes, agricultural 
by-products, and construction debris, can be utilised in the AM process 
[94,95].

The main reasons for polymer degradation and subsequent changes 
in melt flow rate (MFR) and tensile impact strength during the recycling 
are the high temperatures and shear forces used during the recycling 
process. Since 80–90% of recycling costs can be determined during the 
design stage, circular product design and design for recycling (DfR) al
lows the circularity to easily generate products and their recycling by 
maintaining the end-of-life protocols. The DfR makes the design to be 

more recyclable in terms of sustainability and environmental concerns. 
Kalinke et al. developed bespoke AM filaments from recycled PLA (65 wt 
%), 10 wt% polyethylene succinate (PES), 15 wt% carbon black (CB), 
and 10 wt% of carboxylated multi-walled carbon nanotubes and ex
hibits enhanced electrochemical performance with an electrochemically 
active area of (2.11 ± 0.03) cm2 compared to (1.19 ± 0.19) × 10− 3 

cm s− 1, and (1.35 ± 0.02) cm2 for an identical commercial filament[96]. 
This work highlights the utilization of recycled feedstock in AM to 
enhance healthcare sector by improving end-product sustainability. 
Romani et al. reported the mechanical behavior of recycled PLA feed
stock which shows that elastic modulus remains constant, with a mini
mal decrease of − 1.0% whereas the ultimate tensile strength further 
decreased by − 16.4% after six extrusion cycles respectively [97]. Korey 
et al. recycled carbon fiber (CF) filles ABS based molds and uses the 
granulates used as feedstocks for AM processes [98]. The resultant 
elastic modulus after mechanical recycling exhibits a decrement of 25% 
in the printing direction and of 10% transverse to printing direction 
which could be attributed to the reduced fiber content and molecular 
weight of polymer. As shown on Fig. 11 a, 39% reduction in fiber length 
was observed between the virgin pellets (249.1 µm) and printed virgin 
sample (147.2 µm) and the distribution of fiber lengths specifies an 
increased occurrence of longer fibers (150–200 µm) in the granulate 
sample as compared to the print from virgin material (100–150 µm). 
Since there is a potential loss of small fibers during granulation, thermal 

Fig. 11. a) fiber length analysis of pellets, pellet print, granulate, and granulate print. b) thermal degradation of CF content in CF-ABS samples by TGA. c) gel 
permeation chromatography showing the significant reduction in Mw in virgin print compared to virgin CF-ABS pellets and a significant reduction in Mw in recycled 
print sample as compared to recycled CF-ABS granulate. Reprinted with permission from Elsevier [99].
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degradation analysis (Fig. 11 b) shows no significant changes in thermal 
stability associated with granulation and indicates a 13.5% reduction in 
the CF content in the granulate compared to the virgin pellets. More
over, gel permeation chromatography reports a significant reduction 
(7.0%, p < 0.05) and (3.6%, p < 0.05) in molecular weight (Mw) of ABS 
matrix after the first and second print respectively as shown in Fig. 11c.

A major challenge with the consumption of recycled materials in the 
AM is the inconsistency in their properties, which can considerably 
impact the print quality and mechanical integrity of the final products. 
Establishing standardised procedures for recycling and material prepa
ration will avoid such inconsistencies. The use of natural fibres in
troduces additional challenges, including impurities, variable particle 
sizes, and moisture absorption, which can lead to nozzle blockages, 
weak interlayer bonding, and surface flaws in printed components. The 
inferior mechanical performance of the composites made from recycled 
or natural waste materials compared to conventional alternatives is 
another challenge. This highlights the need for continued research to 
optimise formulations and refine processing parameters to improve 
critical properties, such as thermal resistance, tensile strength, and 
interfacial bonding [95]. Incorporating 3D printing and recycling is a 
crucial approach to implementing sustainable industrial processes and 
promoting the recirculation of materials. By using recycled materials, 
environmental impact can be reduced, circularity promoted, and re
sources conserved. Nevertheless, the materials should be rigorously 
assessed to ensure they will yield safe and high-quality products.

6. Life cycle assessment of additively manufactured polymer 
composites

Life cycle assessment (LCA) is an internationally standardised 
method based on ISO 14040 and 14044 standards used to calculate the 
environmental impact of a product or a process across its different life 
cycle stages. The four main steps of LCA are (i) goal and scope definition, 
(ii) inventory analysis, (iii) impact assessment, and (iv) interpretation. 
[89,99–101]. In additive manufacturing, such assessments aid 
decision-making for cost-effective and scalable production by identi
fying environmental hotspots such as energy use, emissions and waste 
generation [102]. Kokar et al. recently reviewed the existing LCA studies 
related to AM and highlighted some of the limitations, such as pre
dominant emphasis on environmental sustainability without sufficient 
attention to economic and social aspects; lack of integration of part 
quality and mechanical performance into sustainability evaluations; 
minimal coverage of post-manufacturing life cycle stages; and inade
quate exploration of how different product-related variables influence 
the overall sustainability [6]. Existing studies of polymer and polymer 
composite AM materials differ substantially in their goals and scopes, 
including functional unit (e.g., per part, per kg of material), system 
boundaries (e.g., cradle-to-gate, cradle-to-grave), background electricity 
mixes, and chosen impact assessment methods. As a result, absolute 
impact values are not directly comparable across studies, and normal
izing results is challenging due to different system boundaries and 
functional units. Several studies have analyzed the environmental 
impact of AM technologies, with LCA being the methodology of choice. 
However, the available data on the application of LCA in medical 
application of polymer and polymer composites, is still scarce.

Recently, several studies [92,101,103–106] have explored the 
ecological footprint of AM technologies, with LCA being the main 
analytical approach. However, the available data on the application of 
LCA in medical AM is still relatively scarce. Armstrong et al. performed a 
bottom-up LCA to evaluate the environmental impact of precast con
crete molds made from conventional wood, and AM molds from wood 
floor–PLA (WF/PLA), and recycled carbon fiber–ABS (CF/ABS) [103]. 
The LCA encompassed all life cycle stages from raw material sources to 
the on-site use of molds for a comparative evaluation of AM and tradi
tional life cycle energy and carbon emissions. The results showed that 
traditional wood molds had the lowest environmental impact, which is 

attributed to the limited processing required after wood is harvested, 
unlike composite materials that undergo more intensive processing. As 
shown in Fig. 12 (a), the cost of each AM mold of CF/ABS and WF/PLA 
decreases with increased use of recycled material and the number of 
times the material is recycled. Wood-based alternatives offer a signifi
cantly lower environmental impact if the AM molds are not recycled. 
Nonetheless, the sustainability of wood depends on several external 
factors not addressed in the study, such as land-use change, geographic 
origin, and transportation logistics to the construction site. The cost 
reduction for the WF/PLA mold is less significant than that of CF/ABS. 
The material costs and life cycle energy and life cycle carbon emission 
for both AM molds are substantially reduced, as shown in Fig. 12 (b-d), 
with recycled CF/ABS approaching the impact of primary WF/PLA. 
However, the available data on the application of LCA in the medical 
application of AM is still relatively scarce [107]. In a recent report [6] a 
total of 59 studies were analysed exclusively using LCA, focusing on the 
environmental aspects of AM processes. Additionally, 12 reports 
examined environmental and economic dimensions by integrating LCA 
with life cycle costing (LCC). In contrast, only five studies addressed the 
social sustainability of AM through the social life cycle assessment 
(S-LCA) approach to assess the social dimension of AM adoption from a 
life cycle perspective. The S-LCA methodology measures and compares 
the products manufactured by a conventional technique with an AM 
technique in terms of their performance and the impact of production 
and development [84].  Table 3 synthesizes LCA, LCC, S-LCA, and LCSA 
studies on polymer-composite AM by aligning the material system, AM 
technology, goal and scope, functional unit, and system boundaries, and 
impact assessment method. It identifies the hotspots in the study and 
synthesizes main findings which allow for in-depth comparison of the 
studies.

The findings in Table 3 show major methodological challenges when 
considering comparison of the studies. The studies differ significantly in 
system boundaries (cradle-to-gate vs. cradle-to-grave, inclusion or 
exclusion of the use phase), functional units (per specimen, per device, 
per kg, per treatment), geographical location and electricity mix, and the 
LCIA methods and indicators applied. End-of-life is treated very un
evenly, as several studies are cradle-to-grave only, others assume simple 
landfill or incineration, and only a few explicitly model polymer or fibre 
recycling. These choices can shift contributions between production and 
end-of-life stages and strongly influence whether AM or conventional 
manufacturing appears favourable, complicating any direct cross-study 
comparison and making it risky to generalise from isolated case studies 
[6,83–85,103,105,106,108].

Addressing these challenges will require more harmonised and AM 
specific LCA practice. At minimum, future studies should: (i) clearly 
define and justify functional units that reflect the service provided, (ii) 
adopt transparent and comparable system boundaries that consistently 
include or justify exclusion of use and end of life stages, (iii) report 
electricity mixes and key inventory assumptions explicitly, and (iv) 
adopt a limited set of recommended impact methods and indicators for 
AM to facilitate comparison. Modular or parametric LCA frameworks 
tailored to AM could further improve comparability by enabling sce
nario analyses across design variants, build strategies, and energy mixes 
within a single, consistent model, rather than across unrelated case 
studies.

The limited number of studies that have integrated all three sus
tainability pillars by jointly applying LCA, LCC, and S LCA to AM, 
especially in the context of AM and polymer composites, underlines how 
rare holistic assessments still are. There is a clear need to systematically 
extend the analysis of AM beyond isolated environmental or techno 
economic metrics and towards life cycle sustainability assessment 
(LCSA). LCSA is particularly important as AM technologies mature and 
diversify in terms of feedstock, process routes, and application domains, 
because it provides a structured way to track how innovations in ma
terials (e.g., biobased polymers, recycled composites), processes (e.g., 
higher energy efficiency, reduced support, hybrid manufacturing), and 
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product designs (e.g., lightweighting, functional integration) simulta
neously influence climate and resource use, total cost of ownership, and 
social aspects such as worker safety, job quality, and user benefits. Many 
AM processes have higher specific energy use than conventional routes, 
especially when designs are not optimised or loads are low. Although 
AM routes can have higher upfront energy and sometimes higher ma
terial impacts, they can compensate through longer service life, reduced 
scrap, and improved functionality, particularly for geometrically com
plex or customised parts [6].

7. Safety aspects of additively manufactured polymer 
composites

The safety concerns in the AM of polymer composites regarding 
emissions and exposure during printing and post‑processing which arise 
primarily from ultrafine particles (UFPs) and material‑specific volatile 
organic compounds (VOCs), with process route, material choice, and 
ventilation strongly influencing risks [109–111]. To evaluate UFP 
emissions during 3D printing, which can contribute to inflammatory and 
cardiovascular effects, Zontek et al. monitored working environments in 
a poorly ventilated and a well-ventilated laboratory [112]. They 
demonstrated substantially lower concentrations of chemical gases and 
metallic elements in the well-ventilated laboratory and found that in 
printer aerosol mass concentrations ranged from 0.1 to 83.3 µg/m³ 
depending on the phase (heating, printing, cooling, opening doors), with 
the heating phase emitting the highest values. Keeping the printer door 
closed in an enclosed setup reduced particle number and mass concen
trations, and thus operator exposure, by about 95%[112].

A modelling analysis for a 45 m³ furnished office with a typical 
ventilation rate of 1 h⁻¹ showed that a single desktop printer operating 
continuously with high emitting filament combinations could elevate 
indoor concentrations to approximately 58 000 particles/cm³ , 244 µg/ 
m³ caprolactam, 150 µg/m³ styrene and 6 µg/m³ lactide. Although these 
concentrations remain below 8 h occupational limits for styrene and 

caprolactam, they significantly increase indoor pollutant loads and 
justify caution when operating multiple printers or using styrene and 
nylon-based filaments in enclosed or poorly ventilated spaces[113]. The 
primary chemical safety concern is the emission of toxic VOCs such as 
toluene, ethylbenzene, aldehydes and styrene, which are particularly 
relevant for ABS based composites and methacrylate rich resins. Baguley 
et al. systematically compiled VOC measurements from both filament 
and resin bed desktop printers and compared them with health-based 
guidance values and workplace exposure limits. For resin bed systems, 
VOCs most frequently associated with adverse health effects included 2 
butanone, 2 hydroxyethyl methacrylate, 2 hydroxypropyl methacrylate, 
acetone, 2 methyl 2,4 pentanediol, and styrene, typically reported at 
time weighted average concentrations from a few µg/m³ up to the low 
mg/m³ range depending on printer type, resin formulation, and venti
lation. Although most reported concentrations were below British 
Workplace Exposure Limits and other occupational guideline values, 
repeated exposure to complex VOC mixtures, particularly in small, 
poorly ventilated rooms or for vulnerable groups, may still pose irrita
tion, neurotoxic or sensitisation risks. For example, 2 hydroxypropyl 
methacrylate, a known skin and respiratory irritant, has been reported 
in the range of 2–31.2 µg/m³ or 40–2800 µg/h, depending on the unit 
used [110,112,114].

Emissions and associated risks are highest for unenclosed printers 
using ABS, nylon or composite filaments, or methacrylate rich resins, 
particularly in home, office or small lab environments with limited 
ventilation; they are substantially reduced when low emission materials 
(e.g. PLA or other low odor formulations) are combined with enclosures, 
filtration and adequate room ventilation. Conservative risk management 
for AM polymer composites should therefore prioritise low emission 
materials when performance permits or low odor, reduced emission 
formulations, as well as enclosed printers with effective filtration and 
local exhaust, and process optimisation to minimise temperatures and 
print times without compromising part quality. These measures com
plement material specific toxicological and biocompatibility evaluation 

Fig. 12. Impact of the materials recycled, and the number of times recycled on lifecycle cost (a), life cycle cost comparison (b), energy (c), and carbon emissions (d) 
for conventional wood, CF/ABS, and WF/PLA to the recycled AM feedstock (R indicates mold materials are 90% material recycled 5 times).
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Table 3 
Recent LCA, LCC and SLCA, and LCSA studies polymer composites in AM. The table highlights the diversity of functional units, system boundaries, and impact 
assessment methods.

Type 
of 
study

Material (s)AM technology Goal, scope, FU Study details Hotspots in 
the system

Main findings Reference

LCA MaterialsPA6, PA6-CF, 
ABSAM TechnologyFFF

Goal and Scope:Environmental 
impacts of numerical modelling 
vs. 3D-printingFU:One standard 
tensile testing specimen

System Boundary: 
Cradle-to-gateStages: 
filament production, 
3D printing, and 
mechanical testing. 
LCIA:TRACI 2.1 
midpointimpact 
categories studied 
global warming 
potential (GWP), 
acidification potential 
(AP), eutrophication 
potential (EP), ozone 
depletion potential 
(ODP), and fossil fuel 
depletion (FFD) 
Databases and 
datasets:GaBi with 
proprietary and 
regional datasets. 
Attributional 
approachElectricity 
mix: Qatar grid 
mixEoLNot included/ 
specified

Electrical energy 
used during the 
FFF process. 
Mechanical testing 
stage for categories 
of GWP, AP, and 
EP.Experimental 
design materials 
consumed 
contributed 
considerably to 
ODP.

The environmental impact of 
numerical modeling was 
significantly lower than that of 
the experimental approach for all 
impact categories considered.

[89]

LCA MaterialsPLA, ABS, PETG 
filamentsAM TechnologyFDM 
/ material extrusion

Goal: Environmental impacts of 
3D-printed soap holder using 
PLA, ABS, and PETGScope: 
environmental impacts due to 
material and electricity useFU: 
one soap holder (51 cm³)

System boundary: 
Cradle-to-cradleStages: 
raw material 
extraction, filament 
production, printing, 
passive use, recycling 
via re-extrusion.LCIA: 
ReCiPe 2016 midpoint 
(8 categories) climate 
change, fossil 
depletion, freshwater 
ecotoxicity, human 
toxicity, ozone 
depletion, particulate 
matter formation, 
terrestrial acidification, 
and water depletio and 
endpoint (human 
health, ecosystem, 
resources)Databases 
and datasets:Umberto 
NXT software with 
Ecoinvent database 
attribution. 
Attributional 
approachElectricity 
mix: Indian grid 
mixEoL:Recycling

Recycling phase 
has been found to 
have the highest 
environmental 
impact.The raw- 
material phase is 
associated with 
high water 
depletion and 
ecotoxicity for 
PLA.

PETG had the lowest 
environmental impact in all mid- 
point and end-point categories. 
ABS material is the least 
environmentally friendly.PLA 
material has the highest negative 
impacts on water depletion and 
freshwater ecotoxicity.

[104]

LCA MaterialsPA6 and PVA AM 
TechnologyArburg Plastic 
Freeforming (APF) and FFF

Goal and Scope:Assessment of 
environmental effects of 
lightweight design methods on a 
finger splint.FU:one Patient- 
SpecificFinger Splint

System boundary: 
Cradle-to-gateStages: 
including material 
production, printing 
(machine LC and 
energy), plates/ 
consumables.LCIA: 
ReCiPe 2016 endpoint 
categoriesDatabases 
and datasets: 
Parametric LCA models 
based on prior APF and 
FFF frameworks; 
SimaPro/ecoinvent and 
PEF datasets for PA6 
and PVA; 
attributionalElectricity 
mix: not directly 

Machine life 
cycleEnergy 
useBuild time

The marginal contribution of 
material is used to environmental 
impacts.The impacts 
increasewith the building time 
per part.The findings are 
connected to the geometry of the 
investigated case studies.

[107]

(continued on next page)
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Table 3 (continued )

Type 
of 
study 

Material (s)AM technology Goal, scope, FU Study details Hotspots in 
the system 

Main findings Reference

specified although the 
location is specified as 
Bologna (Italy)EoL:Not 
included/specified

LCA, 
LCC

Materials:rCFPA12 and 
vCFPA12AM Technology: 
FDM

Goal and Scope:The comparison 
of virgin and recycled PA12 
polymer carbonfiber's life cycle 
FU:The production of the 
specimen that exhibits a 
maximum strain equal to 2.5% 
when subjected to a tensile load 
of 1.1 kNusing the vCF and rCF 
composite materials

System boundary: 
Cradle-to-gate.Stages: 
manufacturing of 
specimens including 
processes dispersion, 
filaments fabrication, 
drying, 
andPrintingLCIA: 
Impact 2002 + method 
focusing on six critical 
mid-points such as 
Aquatic acidification 
(A.A.),carcinogens (C), 
ionizing radiation (I. 
R.), non-renewable 
energy(NREC), ozone 
layer depletion (O.D.), 
and global warming 
potential(GWP) 
Databases and 
datasets:The European 
Life Cycle Database 
(ELCD) data for 
productionof 
polyacrylonitrile (PAN) 
Literature data on the 
environmental impact 
of the recycling process 
andrecycled carbon 
fiber composites 
Literature data of the 
polyamide− 6 (PA6) 
was adopted to model 
the raw material in 
terms of the PA12The 
Ecoinvent 
transportation datasets 
Electricity mix: not 
specifiedEoL:Not 
included/specified

Manufacturing the 
specimensusing 
both composites 
has the most 
significant 
influence on 
humanshealth 
compared to the 
other categories 
for both 
composites.rCF has 
a lower impact 
onthe 
environmental 
damage category 
than vCF due to the 
lowermass 
required for the 
rCF-PA12 sample 
to achieve the 
desired stiffness. 
Human health is 
the primary 
environmental 
damage endpoint 
resulting from the 
manufacturing of 
the specimens 
using rCF and vCF- 
reinforced 
polyamide. The 
printing process of 
vCF required 
approximately4.6 
MJ of power, 
which is about 
61.5% of the 
overall energy 
needed.In contrast, 
the energy 
required to 
produce the raw 
materials ofvCF is 
about 0.2 MJ, 
which is about 
only 2.6% of the 
overallenergy 
needed to 
manufacture the 
vCF-PA12 
specimen.

The rCF has less impact on all 
environmental categories 
ofNREC, OLD, I.R., GWP, A.A., 
and C comapred to vCF. When 
rCF was used in polymer 
composites, it reduced energy 
usage, greenhouse gas emissions, 
and waste production.The non- 
renewable energyrequired for 
manufacturing rCF-PA12 is 
approximately 12% lessthan the 
energy needed for manufacturing 
the sample using vCF-PA12. To 
achieve equivalent stiffness, the 
GWP due to the manufacturing 
ofspecimens using rCF are 
approximately 8.8% lower than 
vCF (0.52 and 0.57 kg CO2 eq). 
Cost-wise rCF has a 50% lower 
cost than vCF.

[106]

LCA, 
LCC

Materials:woodflour (WF)– 
PLArecycled carbon 
fiber–ABSAM Technology:not 
specified

Goal and Scope:The comparison 
of cycle cost, energy, and carbon 
emissions of molds for precast 
concrete made from WF/PLA, 
wood, and CF/ABS molds.FU:per 
project basisThe production of the 
required quantity of a specific 
style of window frame (75 pours 
as baseline case).

System boundary: 
Craddle to gate with 
use phase also 
includedStages: the 
initial mold 
construction and 
subsequent repairs or 
additional molds 
required are 
includedLCIA: 
Cumulative Energy 
Demand (CED)TRACI 
2.1 methodFocus was 
on life cycle energy and 
carbon 
emissionsDatabases 
and datasets:Data 
taken from 
literatureEcoinvent 3.5 

Direct labor costs 
account for 68% 
ofthe out-of-the- 
gate cost.The LCC 
of wood mold is 
heavily dominated 
by labor costs. 
Capital expenses 
represent 38% of 
the total life cycle 
costs for CF/ 
ABSand 55% for 
WF/PLA.Materials 
costs represent 
50% ($2740) of 
CF/ABS costs and 
17% for WF/PLA. 
The hostpost for 
CED is material in 

wood molds aresubstantially less 
impactful if AM molds are not 
recycledAM composites hold 
several advantages when time is a 
key factor.Conventional wood 
molds have the lowest life cycle 
energy and carbon emissions of 
the three types of molds, as 
shown.The life cycle energy is 
2100 MJ/mold for materials 
andmanufacturing phases, 
compared to 15,400 MJ/mold fot 
WF/PLA and78,800 MJ/mold for 
CF/ABS composite.

[103]
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Table 3 (continued )

Type 
of 
study 

Material (s)AM technology Goal, scope, FU Study details Hotspots in 
the system 

Main findings Reference

databaseInformation 
obtained from 
industrial 
expertsManufacturing 
data from the 
factoryElectricity mix: 
US averageEoL:Not 
specified/included

the case of CF/ABS 
and WF/PLA 
composite.The 
hotspots for carbon 
emissions are 
materials for CF/ 
ABS and printing 
for WF/PLA 
composite.

LCA MaterialsPLAAM 
Technology:FDM

Goal and Scope:The comparison 
of the end-of-lifealternatives of a 
3D printed productFU:1 kg of 3D 
printable PLA

System boundary: 
End-of-life stageLCIA: 
ReCiPe 
methodDatabases and 
datasets:GaBi 
softwarePrimary data, 
including 
energyuseand mass 
losses, that related to 
3D printing processing 
and reprocessing were 
determined 
experimentally. 
Secondary data LCI 
datasets taken from 
GaBi 
softwareElectricity 
mix: CN Electricity grid 
mixEoL modeling  

• Close-looped 
(mechanical) 
recycling

• landfill
• incineration

Landfilling is 
associated with 
negative 
environmental 
impacts. 
Environmental 
savings are 
associated with 
closed-loop 
recycling and 
incineration.

The most significant 
environmental benefits can be 
achieved in closed-loop 
recycling.Landfilling is the end- 
of-life option with the highest 
environmental burdens.Closed- 
loop recycling achieves the most 
significant environmental savings 
in the category of freshwater 
eutrophication potential, because 
a huge amount of water use in 
PLA polymerisation isavoided. 
Comparatively speaking, 
combustion of PLA is more 
environmentally friendly, yet 
economically unvia

[93]

LCA Materials:polyamide (PA) 
matrix reinforced with carbon 
fibers (CFs) or glass fibersAM 
Technology:FFF

Goal and Scope:The evaluation 
and comparison of the 
environmental behavior of 
CarbonPA and GlassPA 
composite materialsFU:The 
production of a tensile specimen 
that exhibits a maximum strain 
equal to 2.55% when subjected to 
a tensile load of 3.1 kN with 
length of 170 mm

System boundary: 
Cradle-to-graveLCIA: 
CED and 
GWPDatabases and 
datasets:Ecoinvent 
database considering 
European glass 
manufacturing industry 
dataElectricity mix: not 
specifiedEoLLandfill 
disposal

Polyamide 
production 
represents the 
main contribution 
to the total impacts 
of the filaments, 
accounting for 
more than 50–80% 
of the final 
material CED 
values, depending 
on the scenarios.

The raw material production 
phases have shown similar 
environmental impacts for both 
scenarios, with variations of less 
than 10%. The electric energy use 
during the 3D printing process 
decreases with an increase in 
thickness.CarbonPA is more eco- 
friendly when subjected to tensile 
loads on 3D printed components. 
GlassPA has a lower 
environmental impact when 3D 
printed components must 
withstand flexural stress.22% 
higher total life cycle energy use 
is associated with the GlassPA 
composite (6.19 MJ) compared to 
CarbonPA.

[108]

LCA Materials:PETG copolymerAM 
Technology:Digital Light 
Processing (DLP)

Goal and Scope:The 
quantification of the 
environmental 
burdensassociated with DLP and 
thermoformingfor producing 
dental alignersFU:40 dental 
aligners with packaging (an 
average complete set needed for 
the treatment)

System boundary: 
Cradle-to-gateStages: 
the production 
ofprecursors from raw 
materials, logistics, and 
the production of 
aligners.LCIA:EF 3.1 
methodwith impact 
categories 
Acidification, Climate 
change, Energy 
resources, Ozone 
depletion, and 
Eutrophication, 
freshwater, marine and 
terrestrialDatabases 
and datasets:OpenLCA 
v1.11.0 
softwareEcoinvent v3.9 
databaseLiterature data 
for processes not 
available in the 

For 
thermoforming, 
the primary impact 
in most categories 
is a result of the 
raw materials 
used, followed by 
the energy 
required.For DLP, 
the hotspots in 
categories of CC 
and Energy 
resources are 
materials needed 
and energy. In the 
category of 
acidification, the 
hostpots are raw 
material and 
packaging.

Thermoforming process was 
associated with a higher 
environmental impact in all 
categories considered. In the 
category of Ozone depletion, DLP 
had a 98% lower impact 
compared to the thermoforming 
process. DLP is associated with a 
lower impact on water use as only 
a small amount of water is 
required for removing residuals 
of resin.

[105]
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Table 3 (continued )

Type 
of 
study 

Material (s)AM technology Goal, scope, FU Study details Hotspots in 
the system 

Main findings Reference

Ecoinvent 
databaseAttributional 
Allocation cut- 
offElectricity mix: 
electricity, low voltage, 
residual mix| 
electricity, low voltage| 
Cutoff, U (IT)EoL:Not 
specified/included

SLCA Materials:ABS (orthrosis)PLA 
for the prototypes 
andFilaflex™ for the final 
product (prosthesis)AM 
Technology:Fused Filament 
Deposition (FFD)

Goal and Scope:To assess the 
social impact of AM in 
healthcareSector by studying two 
cases, related to the 
development,production and use 
of a medical product producedby 
AM (orthrosis and prosthesis). 
FU:Not specified

System boundary: 
Each case is evaluated 
throughthe 
performance 
comparison of AM 
production with the 
conventional 
production contextCase 
study methodology 
considering end-users, 
users' needs, 
production processes 
and proffesionals 
involved.LCIA:Adapted 
method developed by 
Franze and Ciroth 
(2011). The study 
evaluates each case 
through comaprison of 
AM with conventional 
technology and not the 
country/region 
contextThe impact 
categories anaysed are 
Working Conditions 
(WC), Health and 
Safety (HS), Human 
Rights (HR), Socio- 
Economic 
Repercussions (SER), 
and Governance (G). 
Databases and 
datasets:Primary data 
(focus groups, 
unstructured 
interviews, 
ethnographic 
observations) 
Secondary data 
(clinical patient 
information, literature 
data, product 
specifications) 
Electricity mix: /EoL: /

Negative effects 
are associated with 
'Respect for 
intellectual 
property rights' in 
the case of AM 
prothesis and 
orthrosis 
manufacturing.

The main positive impacts are 
associated with the creation of 
locally specialized jobs, as well as 
general technological and 
economic development.The 
results indicate an increase in the 
adoption and continued use of 
medical devices by patients, 
resulting in faster reintegration 
into society.

[84]

LCSA Materials:PLA pallets and 
aluminaAM Technology:FDM

Goal and Scope:The 
identification of the 
environmental impact and 
hotspots of scaffold supply chain 
where FDM is compared with 
traditional manufacturing (TM) 
process (freeze drying).FU:A 
product life cycle supply chain. 
Unit product cost for LCC.

System boundary: 
Gate-to-graveStages: 
material processing, 
manufacturing, 
sterilization, 
packaging, storage, 
transportation, and 
disposalLCIA:LCA: 
ReCiPe 2016 Midpoint 
(H)Social analysis:   

• Worker heatlh and 
safety

• Job satisfaction in 
workers

• Customer 
satisfaction

Life cycle unit 
costEntropy weight 
method (EWM) for 
measuring the 

The material 
processing stage 
consumes the 
highest percentage 
of total cost 
(40.37% and 
31.29% for AM and 
TM networks, 
respectively). The 
major cause of the 
environmental 
effect is related to 
the electricity 
input, i.e. primary 
energy required. 
The fabrication 
step has a higher 
impact on GWP 
ecotoxicity, human 
toxicity, and 

The primary energy demand for 
fabrication is ~11 times higher 
for the traditional manufacturing 
process. TM compared to AM. 
IEnergy usecost for material 
processing and fabrication are 
higher for traditional 
manufacturing processes. Labour 
cost is higher for AM due to 
design process and material 
processing.AM has less labour 
dependency, which may create a 
psychosocial risk in the 
workplace. EWM was used to 
assess sustainability indexes. AM 
has higher environmental 
sustainability index, TM has The 
overall composite sustainability 
index for AM is 0.9271 and 
0.0136 for TM route, indicating 
AM is a more sutainable method.

[83]

(continued on next page)

Y.B. Pottathara et al.                                                                                                                                                                                                                          Applied Materials Today 51 (2026) 103309 

21 



as in biomedical applications, safety and efficacy are evaluated through 
biocompatibility analyses, which assess interactions of materials with 
biological systems, and toxicological assessment provides detailed in
formation on cell viability, proliferation and functional activity in con
tact with additively manufactured scaffolds [115,116].

In line with these findings, Romanowski et al. reviewed 50 studies 
covering the topic of emissions of 3D printing, focusing on FFF and re
ported released amounts of particles ranged from 107 to 1012 particles/ 
min. The measured particle number concentrations ranged from 103 to 
105 particles/cm³ during printing with PLA filament and from 104 to 
106 particles/cm³ during ABS printing [117]. Azimi et al. analysed 
different printers and filament materials from several manufacturers and 
classified filaments into low and high VOC emitters, showing that the 
same nominal filament type from different manufacturers can differ 
substantially in both the amount and composition of VOC emissions 
[113]. Their results confirmed that lactide dominates VOC emissions 
from PLA filaments, styrene from ABS, and caprolactam from nylon and 
certain wood/brick composite filaments [ref]. These findings suggest 
that filament material and manufacturer strongly influence both UFP 
and VOC emission rates and that low‑emission PLA‑type filaments 
should be preferred over ABS, nylon and certain composites in poorly 
ventilated or non‑industrial settings whenever mechanical performance 
allows.

Further research is needed to elucidate the mechanisms of toxic 
matter formation across various AM techniques, but existing evidence 
already supports basic exposure-reduction strategies. Comprehensive 
management of printing protocols (using the lowest effective print 
temperatures, minimising print times and support structures), combined 
with enclosed printers, effective filtration, and good room ventilation, 
can reduce exposures. Consumers and users should be made aware of 
emissions and mitigation options, such as operating printers in a sepa
rate, well-ventilated room and avoiding prolonged operation in small, 
enclosed spaces. The use of standardised testing methods is crucial for 
comparing printers and materials; in this context, ANSI/CAN/UL 2904 
(“Standard Method for Testing and Assessing Particle and Chemical 
Emissions from 3D Printers”) provides harmonised measurement and 
assessment protocols for particle and VOC emissions and is a useful 
reference when selecting testing procedures and benchmarking emission 
performance [117].

8. Summary and perspectives

This work systematically reviews the additive manufacturing (3D 
and 4D printing) of polymer composites, focusing on fabrication tech
niques, composite types, and their advantages and applications from a 
sustainable perspective. The AM processes of polymer composites by 3D 
and 4D printing techniques have been clearly described with recent 
progress in studies. Various fabrication methods, along with their cor
responding advantages and limitations, are reviewed. The sustainability, 
recyclability, life cycle analyses, safety and environmental aspects of 
polymer composites manufactured by AM techniques have been sys
tematically reviewed.

The key conclusions and perspectives from this review are outlined 
below. 

1. The sustainability of additively manufactured polymer composites is 
evaluated from a social, environmental, and economic perspective. 
The polymers and fillers used in the composites should also be eco- 
friendly and sustainable, with minimal environmental impact dur
ing their processing. However, AM still relies on energy, material 
consumption, waste generation, and health risks due to the emission 
of pollutants. This challenge can be addressed by utilising eco- 
friendly reagents and feedstocks derived from renewable and 
biodegradable resources, as well as by incorporating the intended 
design structures and the capability to reprocess materials, thereby 
supporting the green revolution and a circular economy. To achieve 
this, it is essential to assess net waste reduction and associated costs 
compared to traditional manufacturing methods. In this way, AM 
technology offers sustainable manufacturing in terms of resource 
efficiency and an extended product life, with a reconfigured value 
chain. AM offers notable environmental advantages, including 
reduced material waste, better energy utilisation, and the possibility 
of localised production, which can decrease transportation-related 
emissions.

2. By using recycled materials in the AM processes, the environmental 
impact can be reduced, circularity promoted, and resources 
conserved. However, recyclability should be meaningful as the final 
products ensure the desired yield and quality. The consumption of 
recycled materials in the AM processes is limited mainly due to the 

Table 3 (continued )

Type 
of 
study 

Material (s)AM technology Goal, scope, FU Study details Hotspots in 
the system 

Main findings Reference

sustainability index. 
Databases and 
datasets:Simapro 
softwareEcoinvent 
databasePrimary 
inventory data was 
collected 
experimentally during 
production 
stageQuestionarries for 
the industry and 
academia experts for 
SLCAElectricity mix: 
Indian with dataset 
Electricity, medium 
voltage {IN-Northern 
grid} market for 
electricity, medium 
voltage | APOS, 
UDisposal of plastic, 
polyethylene and waste 
paperboardEoL: 
DisposalDisposal cost 
of scaffold packaging 
only.

resource use 
categories.
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inconsistencies in their properties, which affect the print quality and 
mechanical integrity of the final products. The inferior mechanical 
performance of products from recycled or natural waste feedstocks 
primarily arises from the presence of impurities, particle size varia
tions, and moisture absorption. The speed limitations of AM tech
niques and the higher costs associated with AM machinery pose 
another challenge in recycling. To overcome this, an established 
standardisation procedure for recycling should be implemented. 
Future research on AM should be focused on optimising formulations 
and refining processing parameters to achieve recyclability.

3. To promote sustainable development and gain a holistic under
standing of AM's sustainability potential, it is essential to evaluate 
technological advancements in materials, processes, and applica
tions through a complete life cycle assessment using LCA, LCC, and 
SLCA. Future research should focus on conducting a comprehensive 
life cycle assessment of AM processes, encompassing economic, 
environmental, and social sustainability dimensions. The post- 
production phases and end-of-life modeling should also be 
included in the assessments. Furthermore, machine-learning pre
dictive models should be implemented to estimate the quality and 
sustainability of AM-based polymer composites, thereby eliminating 
the need for time-consuming conventional processes. In this way, 
post-production, utilisation, and end-of-life phases of the AM prod
uct life cycle are used to gain a comprehensive view of the envi
ronmental, economic, and social impacts of AM products.

4. Mechanical performance of polymer composites fabricated by AM 
techniques is an important parameter to evaluate their sustainability 
assessments by checking their dimensional accuracy compared with 
conventional products. The quality and mechanical performance of 
AM parts can be adversely affected by the presence of defects or poor 
mechanical properties, which can negatively impact the product's 
service life and performance, ultimately increasing the life cycle cost. 
Future research on AM will be focused on developing more envi
ronmentally friendly materials with cleaner manufacturing tech
niques to reduce the harmful effects of synthetic and petroleum- 
based polymers. Biodegradable polymers and eco-friendly natural 
fibres reinforced composites should reduce the environmental 
impact and promote sustainability. Such composites still require 
more advancement in terms of feedstock filament, agglomeration 
and orientation of fillers, and matrix-filler adhesion.

5. Further research is needed to elucidate the safety and health risks 
due to the emission of toxic substances across various AM tech
niques. To overcome this, a comprehensive management of printing 
protocols should be implemented in conjunction with the use of 
biodegradable materials in manufacturing processes. Environmen
tally friendly machinery and safety equipment to ensure personal 
protection should also be implemented. Future research of AM-based 
polymer composites should focus on safety, sustainability, degrada
tion behaviour, long-term performance, and the lifecycle of materials 
used. New eco-friendly materials and corresponding technologies 
should be introduced.
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