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Introduction
The interest in and use of additive manufacturing tools to manufacture a wide range of 

products has increased globally. This technology enables the production of goods that can 
be individually customized because it uses Computer Aided Design (CAD) to replicate the 
design into a 3D object [1]. 3D printing and AM are interchangeable terms, which denote 
the deposition of material in consequent layers to each other, producing a three-dimensional 
product even with complex shapes [1]. In AM, several materials can be used, such as metals, 
ceramics, resins, rubbers, glass, concrete, and plastics, to name a few [2]. AM technologies 
provide technical, economic, environmental, and social benefits [1-6]. From a technical side, 
these technologies are flexible and adjustable, which allows for the adjustment and reduction 
of steps and time inside the production process. Economically, AM helps reduce investment 
costs and material spending because it simultaneously uses what is required, reducing waste 
management costs [7]. From an environmental point of view, this technology lessens the 
intensive use of material, chemicals, and energy in conventional manufacturing processes, 
as well as decreases the disposition of waste in landfills [8]. Additionally, AM technologies 
transform employees’ working environments and reduce their exposure to hazardous 
components during manufacturing because they are faster and more energy and material-
effective technologies [9]. In general, this technology is expected to grow even more in the 
following years due to the benefit of supply chain capabilities, which have been critically 
affected nowadays [1]. There are multiple efforts around AM, which are well documented in the 
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literature and by the formation of new companies and sales of AM 
systems [7,10,11]. One important AM technique that uses plastics 
as raw materials is Fused Deposition Modeling (FDM). This AM 
technique makes 3D objects by extruding filament (raw materials), 
principally polymers [12]. FDM is considered one of the most cost-
effective AM technology and uses various thermoplastic materials 
[13]. Although petroleum-based plastics have been the most used 
polymers, bioplastics have gained importance in FDM from an 
economical and sustainable standpoint [9,14,15]. Fortunately, there 
is a series of promising reports on the manufacturing of end-goods 
through AM technologies, like FDM, using emerging bio-based 
and biodegradable plastics principally produced by renewable 
resources, such as PLA, PHA, nylon 11 among others [5,12,16]. 

PLA is a bioplastic produced from maize, tapioca, and sugar 
cane through a bacterial fermentation process. PLA is widely used 
in packaging applications and can be recyclable and biodegradable 
under specified conditions [8,17,18]. On the contrary, PHA is a 
bioplastic fully biodegradable even in unfavorable conditions, such 
as plastics released on the soil or in the aquatic environment. PHAs 
are made from bacteria by a fermentation process [7]. In addition, 
another emerging and alternative bio-based plastic is nylon 11, a 
biopolymer produced from castor beans, a natural and renewable 
resource. Nylon 11 is a commercial product manufactured in the US, 
Europe, and Asia [19,20]. The review presented below explains the 
commercial potential of AM or 3D printing to produce end-goods 
products. In addition, it highlights the opportunities and challenges 
of AM and the use of more environmentally-friendly plastics that 
allow the production of goods with similar performance to those 
made from conventional hazardous plastics.

Additive Manufacturing
AM or 3D printing is a new manufacturing process where 

components are fabricated directly from computer models by 
selectively depositing successive layers of raw materials (0.001-0.1 
inches in thickness) and then consolidating, curing, or fusing (Figure 
1), [21]. This technology emerged in the late 1980s to accelerate 
the time-consuming and costly process of iterative product design, 
thereby reducing time to market, improving product quality, and 
ultimately reducing the costs for low-volume or specialty items 
[22]. Recently there has been a growing interest in utilizing these 
technologies for the manufacturing and production of consumer 
goods [4,5]. We are now beginning to see AM used for fabricating 
a range of materials, including plastics, metals, and ceramics. From 
the standpoint of sustainability, AM has the potential to reduce the 
consumption of raw materials and energy profoundly and to mitigate 
our impact on the environment directly [23]. The worldwide 
market opportunity for AM has been estimated to be more than $21 
billion by 2020 [24]. This technology also has the potential to create 
new opportunities for entrepreneurs and small businesses [25]. 
Most plastic products we consume are manufactured using mass 
production processes like injection molding, casting, extrusion, 
thermal forming, stamping, and machining [26]. Each of these 
processes requires some form of tooling (mold, die, flask, stamp, 

fixture, etc.) and extensive, energy-intensive support infrastructure 
(i.e., supply chains, transportation and distribution networks, etc.) 
[27]. While the actual cost of producing a single ‘part’ is usually 
modest, the high set-up costs require large production runs 
or very high prices for a commercially viable business [11]. By 
manufacturing parts directly from a 3D image using a layer-by-layer 
deposition process, AM processes eliminate the requirement for 
extensive toolings, such as the molds required for injection molding 
[27]. This fact facilitates the economical production of small lot 
sizes of parts (as low as one), reduces the lead time (because the 
tools do not need to be produced), allows individual customization, 
and ultimately increases flexibility in the supply chain and product 
diversity [11]. Production is no longer dependent on traditional 
factory infrastructures; parts can be made where and when 
needed, resulting in reduced fuel and transportation costs [1]. AM 
has promise to move the manufacturing frontier. This approach 
also allows entrepreneurs to make small investments and lower 
the financial barriers to creating jobs and economic opportunities 
in rural and historically underserved areas [25]. The complete 
environmental impact of these new opportunities has yet to be fully 
quantified. However, it is predicted that the ability to manufacture 
goods on demand will dramatically improve efficiency, reduce 
materials use, energy consumption, and process waste while 
creating new business opportunities for small manufacturers who 
cannot afford expensive molds [12,15,16]. The efficient use of the 
material is often a vital concern for many applications and is of 
growing interest to many consumers [28]. Traditional or subtractive 
manufacturing often involves machining parts from large billets 
of material, resulting in significant waste associated with raw 
materials and the energy associated with machining processes [6]. 

Figure 1: 3D printer using computer models [66].

AM only uses material where needed and dramatically reduces 
the so-called “buy to fly” ratio. This term refers to the mass of 
material required to build a component divided by the mass of the 
final of this component [9]. For near-net shape parts fabricated 
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with toolless AM (such as high-performance turbine blades), the 
buy-to-fly ratio approaches one [21]. The design of structural 
components often involves making tradeoffs between conflicting 
objectives. With AM, complexity in design is essentially free, which 
means that components can be optimized for reduced weight while 
maintaining key performance objectives [4]. 

Additive Manufacturing Challenges and Opportu-
nities

Additive manufacturing presents many challenges related to 
the materials used, the design and manufacturing process, skilled 
personnel, and the post-processing required based on the final 
shape and quality of the parts needed [17,29]. Moreover, printing 
for three-dimensional fabrication is a highly complex process with 
challenging technical issues throughout [30]. Fiber reinforcement is 
another challenge for AM; it is complicated with traditional layered 

manufacturing because the size of the fibers cannot be larger 
than the layers themselves, or it could affect resolution [31]. The 
alignment of these fibers also affects how they add to the strength 
of the part. The alignment of these fibers also affects how they add 
to the strength of the part. Orienting fibers and mixing them into 
the materials are challenging based on the fiber size [32]. On the 
other hand, when using 3D printing to produce finished goods, 
using a thermoplastic is more critical, and it may be the only choice 
for many applications, which represents an excellent opportunity 
for nylon 11 that is not only a thermoplastic but also a natural and 
renewable source [21,22]. Consequently, a significant challenge and 
enormous opportunity is the utilization of bioplastics that might be 
more sustainable for additive manufacturing, yet more research 
needs to be conducted to move from petroleum-based plastics to 
bioplastics in large-scale production.

Sustainability Perspective of Bio-based vs. Petroleum-Based Plastics Used in Additive Manufacturing

Figure 2: Categories of plastics based on raw material origin and biodegradability. Source: Redrawn from [42,47].

For generations, plastics have been used across almost all 
industry sectors. It is thanks to their strength, corrosion resistance, 
flexibility, plasticity, durability, lightness, and inexpensiveness 
[33]. However, its excessive use and improper waste management 
have resulted in alarming pollution and greenhouse gas emissions 
worldwide, affecting society and the environment [22,23]. In 
2021, the U.S. reported around 40 million tons of plastic waste. On 
average, an American produces 231 pounds of plastic waste yearly, 
of which only 9% is successfully recycled [34]. It means that 91% 
of plastic waste is disposed of in a landfill, incinerated to produce 
energy, or leaked into the environment [35]. Petroleum-based 
plastics, the first plastic generation, are associated with several 
environmental issues. When they are incinerated, a vast amount 
of CO2, greenhouse gas emissions [36], and hazardous synthetic 
substances are released, contributing to global warming and the 
deterioration of living beings’ health [18]. Moreover, due to their no 

biodegradability, they cause air, land, and water pollution, resulting 
in the death of wildlife, marine life, and avifauna [22,26,27]. In 
response to this environmental concern, bioplastics (made from 
biological entities) have emerged as a promising alternative to 
alleviate the petroleum-based plastic environmental impact 
[37,38]. It is essential to clarify that not all bio-based plastics are 
biodegradable (Figure 2). Global bioplastic production is about 
2.4 million tonnes (Figure 3), but 64% is biodegradable and 
truly compostable [28,39]. Commercially, there are specifications 
that they should contain 50% organic molecules, not exceed the 
limits for heavy metals, and degrade (>90%) within six months 
under controlled environmental conditions [33]. Biodegradable 
bioplastics can quickly break down through microbial mechanisms 
(year or less) and come back to nature, blending harmlessly 
into the soil [15]. Biodegradable plastics are considered savior 
products because they decrease the accumulating solid waste, 
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greenhouse gas emission levels, CO2 emissions, and energy used 
in manufacturing [40]. Even though they have also been related to 
some environmental issues, the harm produced is less severe than 
petroleum-based plastic [36]. 3D printing or AM technologies like 
Fused Deposition Modeling (FDM) use plastics to build objects from 
3D model data [8,41,42]. It joins thermoplastic filament layer upon 
layer until it forms the final object [37]. The most common plastic 

filaments used for FDM are petroleum-based plastics and bio-based 
plastics. Petroleum-based such as Acrylonitrile Butadiene Styrene 
(ABS), Poly Vinyl Alcohol (PVA), Poly Ethylene Terephthalate (PET), 
High Impact polystyrene (HIPS), and Nylon Plastic (PA). And bio-
based plastics such as Poly Lactic Acid (PLA) and Poly Hydroxy 
Alkanoates (PHAs) [33].

Figure 3: Global production capacities and forecast of bioplastics redrawn from [48].

PLA and PHAs are the two most important thermoplastic 
aliphatic polyesters used in AM. They are bio-based, biocompatible, 
no toxic, and biodegradable polymers produced principally from 
starches and sugars by biosynthesis [30,31]. Both have similar 
performance attributes to polystyrene (PS), polyethylene (PE), and 
polypropylene (PP) and are sustainable alternatives to substitute 
petroleum-based plastics in 3D printing for several reasons [37]. 
PLA is a natural, biodegradable, and recyclable polymer obtained 
by converting starch extracted from corn and potatoes into 
glucose, which ferments into lactic acid and polymerizes [42]. 
The degradation of PLA is complex in a typical environment, for 
instance, in-home compost, where the temperature does not 
exceed 40 °C. However, it may biodegrade within two weeks at 
a temperature of 60 °C under certain conditions [15]. It has an 
anticipated market of $5.2 billion by 2020, and some characteristics 
that make it an excellent polymer source for AM such as glossiness, 
melt flow index, low printing temperature (180 °C) and energy 
consumption, inexpensive, easy printing, good quality, multicolor 
look and comparative fewer CO2 emissions [28,43]. Regarding 
sustainability, PLA is made from cornstarch, sugar cane, potato 
starch, wheat, beet, or tapioca roots, renewable resources that can 
sequester a massive amount of CO2 during its cultivation, emitting 
less GHG emissions than traditional plastics [26,33,37]. The 
production of PLA can save two-thirds of the energy required to 
produce petroleum-based plastics [26,33], and they can be easily 

produced in existing production plants, making them cost-effective 
[43]. Lower printer energy consumption has been reported when 
PLA is used as a thermoplastic filament in 3D printing [44]. 

Moreover, using PLA and thermoplastic from starch in 3D 
printing can reduce CO2 by 50-70% compared to petroleum-based 
plastics [45]. The waste management of PLA can be addressed by 
two paths, recycling and degradation [8]. PLA degradation can 
emit 70% less GHG emissions when the degradation is carried 
out in a landfill [23,33]. PLA can be recyclable several times, 
releasing no toxic fumes when it oxygenates and providing a sweet 
aroma at printing [37,38]. During the 3D printing process, most 
petroleum-based plastics release toxic substances and evaporated 
particles [46]. On the other hand, PLA is not related to any toxic 
or carcinogenic effect, which positively influences human health 
and the environment [27,37,47]. A drawback of PLA is that 
they are made from nutritious food for human beings. Thus, the 
uncontrolled use of these food crops might aggravate anger issues 
worldwide [47]. PHA is another exciting biopolymer developed and 
used in 3D printing [37,48]. Bacterial fermentation is the process 
of obtaining PHA, where several bacteria in the soil can produce it 
[7]. PHAs are 100% bio-based, biodegradable, and compostable as 
PLA is [49,50]. However, PHA can be composted under industrial 
conditions and in other environments like marine waters and 
is fully biodegradable compared to PLA [49,50]. Also, regarding 
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biodegradability, PHA has a brief period to degrade, around 85% 
in 7 weeks [51]. It considerably reduces the space required to bury 
their waste, helping to reduce the environmental impact compared 
with other plastics, such as petroleum-based ones that take several 
years [27,47]. A drawback is the cost of PHA, which is 3-4 times 
higher than petroleum-based plastics. It is due to the food required 
for bacteria and the complexity of the production, separation, 
extraction, and treatment of waste fluid [47]. PHA’s melting point 
and thermal decomposition are close, making the printing process 
more challenging than PLA; however, thanks to research advances, 
its handleability has improved [39,52]. Due to the significant 
environmental benefit of using bioplastics and their performance 
in 3D printing, bioplastics can be a potential alternative to replace 
conventional petroleum-based plastics in additive manufacturing 
applications. 

Market Growth of Biodegradable Plastics Used in 
Additive Manufacturing

Bio-based plastics (PLA, PHA, starch blends, etc.) and 
petroleum-based plastics (PCL, PVA, PBS, PBAT, etc.) are found 
inside the biodegradable plastics category. These plastics are used 
in different sectors, such as packaging, consumer goods, textile, 
agriculture, and horticulture [33]. Due to the global problem of 
single-use plastic pollution, there is a claim coming from producers 
to consumers for biodegradable materials that meet environmental 
and government regulations. By 2021, the market size value was $7.7 
billion; however, the increasing demand for biodegradable plastics 
will drive an increase in the market, projected to reach $23.3 billion 
by 2026 at a CAGR of 24.9% [53]. In terms of shares, the consumer 
goods sector constituted 14.2% of the biodegradable plastic market 
share by 2020 and is expected to grow more in the forecast period 
[53]. As there is a growing interest in using AM technologies for 
manufacturing and producing consumer goods, this fact constitutes 
an attractive opportunity for AM market players in the next five 
years [4,5]. Today, the leading countries in the biodegradable 
plastics market are Germany, United States, Japan, Netherlands, Italy, 
United Kingdom, and Australia. However, some emerging countries 
of Asia-Pacific have developed strategies. For example, in 2019, the 
Thailand company Total Corbion established a plant to produce 
75,000 tons of PLA annually [53]. Even though biodegradable 
plastic has a premium price that is higher than conventional 
petroleum-based (no degradable) ones, the fluctuation in oil 
prices and sustainability-oriented advantages make biodegradable 
plastics a potential alternative to conventional plastics, even more 
in countries like the US where political and economic conditions 
allow the market penetration of these plastics [54]. At the same 
time, there is a rapidly increasing interest in biobased polymers 
and composites. Traditional biobased thermoplastic polymers 
include cellulose esters such as Cellulose Acetate Butyrate (CAB), 
Polylactic Acid (PLA), and Polyhydroxyalkanoates (PHA) [17]. They 
have all attracted commercial interest. Biobased ethylene glycol has 
been incorporated into Polyethylene Terephthalate (PET), and even 
more recently, a 100% ‘biobased’ PET competitor, polyethylene 
furandicarboxylate, has been introduced into the market [55]. All 

these thermoplastics are attractive due to their ease of processing. 
However, these polymers all contain hydrolytically unstable ester 
linkages. PLA and PHA are also relatively brittle materials with 
poor elongation properties and some processing challenges related 
to their processing temperature being close to their decomposition 
temperature [47]. 

For many applications, nylons are an attractive alternative to 
polyesters. While they are also semicrystalline thermoplastics, they 
tend to be stronger, tougher, and more thermally and hydrolytically 
stable than polyesters. By controlling the number of methylene 
groups between the amide linkages, nylons can be ‘designed’ to 
have a wide range of processing temperatures. Biobased nylons 
can be made from bioderived diacids or modification of fatty acids 
[39,56]. Nylon 11 is of particular interest to researchers. Initially 
developed in 1938 [57], nylon 11 is a relatively new commercial 
material made from aminoundecanoic acid and produced in the 
US, France, and China. Castor oil is a common starting material for 
producing the base aminoundecanoic acid monomer, although other 
C-10 unsaturated fatty acids can also be used. Fermentation routes 
for the production of intermediate starting materials have also 
been reported [39,56]. Even though it is derived from a biobased 
starting material, nylon 11 is not easily biodegraded, although 
nylon 11 blends and composites can be biodegraded [46,58]. 
Previous work by Saloni et al. [29] has shown the importance and 
relevance of additive manufacturing and the sustainable relevance 
of using bioplastics [10]. Some of the published work by Saloni 
and the team demonstrate the significance of using bioplastics 
in additive manufacturing. A summary of some of the work is 
presented next: Mervine et al. [10] showed that there had been an 
emergent interest in AM technologies in the last decades because of 
its non-traditional way of manufacturing products. A critical area 
in the body of knowledge of AM is focused on using polymers for 
manufacturing unique and competitive components compared to 
traditional manufacturing. Recently more sustainable bioplastics 
like PLA, nylon 11, Cellulose Acetate Propionate (CAP), Cellulose 
Acetate Butyrate (CAB), and Polycaprolactone (PCL) have surged 
as a competitor to conventional petroleum-based plastics. Thus, 
many relevant publications merge material development and 
characterization components suitable for AM. Additionally, this 
paper comprehensively reviews the most relevant publications that 
integrate past and current biopolymers developments applicable 
to AM technologies, advantages and challenges using developed 
biopolymers in 3D printed components, and product testing [10].

Further work by Saloni et al. [29] demonstrates the feasibility of 
using bioplastics in additive manufacturing. Typical thermoplastics 
common to the injection molding industry are made from 
petroleum, a nonrenewable resource, and have been widely used 
in AM. For this study, Cellulose Acetate Butyrate (CAB), Cellulose 
Acetate Propionate (CAP), Hydroxypropyl Cellulose (HPC), nylon 
11, and Polycaprolactone (PCL) were formulated and tested for 
AM. In addition, ABS and PLA were tested as control materials. 
Results showed the technical feasibility of some bioplastics for 
AM [29]. Additionally, McLaughlin et al. [20] showed the potential 
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of utilizing plant-based additives to modify the properties of the 
materials for additive manufacturing. PLA was mixed with wood 
flour in different ratios to evaluate the particle size effect, wood 
species, and concentration of wood flour in the performance 
of the biopolymer and 3D printed parts. Thermal, mechanical, 
and structural properties were studied. The results showed the 
potential of using wood flour as an additive to enhance bioplastics 
and changing the biopolymer to be suitable and eco-friendly for AM 
[20].

Conclusion
This review shows the opportunity of using bioplastics in 

additive manufacturing to respond to many sustainability challenges 
such as renewable materials, biodegradable, economically feasible, 
etc. Many challenges are ahead of us to respond to the three pillars 
of sustainability, environment, social, and economics; however, this 
paper shows how research and businesses are moving in the right 
direction. As seen in this review, composites and additives will 
play an important role by making materials more sustainable and 
competitive when compared to petroleum-based plastics [59-66]. 
Finally, additive manufacturing can play a relevant role by taking 
advantage of bioplastics’ sustainability and the meager “buy-to-
fly” ratio to reduce the environmental impact of “plastic” products 
considerably.

Acknowledgment
Thanks to the authors for their contributions to the writing of 

this manuscript.

References
1.	 M. Attaran (2017) Additive manufacturing: The most promising 

technology to alter the supply chain and logistics. J Serv Sci Manag 
10(3): 189-205.

2.	 Kishore K, Varshney R, Singh P, Sinha MK (2022) Materials for 3D 
printing in medicine: Metals, polymers, ceramics, hydrogels. Addit 
Manuf with Med Appl pp. 73-95. 

3.	 Wang P, Nakano T, Bai J, Wang P, Nakano T, et al. (2022) Additive 
manufacturing: Materials, processing, characterization and applications. 
Cryst 12(5): 747.

4.	 Doubrovski Z, Verlinden JC, Geraedts JMP (2012) Optimal design for 
additive manufacturing: Opportunities and challenges. Proc ASME Des 
Eng Tech Conf 9: 635-646. 

5.	 Pal AK, Mohanty AK, Misra M (2021) Additive manufacturing technology 
of polymeric materials for customized products: Recent developments 
and future prospective. RSC Advances 11(58): 36398-36438.

6.	 Ponis S, Aretoulaki E, Maroutas N, Plakas G, Dimogiorgi K (2021) A 
systematic literature review on additive manufacturing in the context of 
circular economy. Sustainability 13(11): 6007.

7.	 Mehrpouya M, Vahabi H, Barletta M, Laheurte P, Langlois V (2021) 
Additive manufacturing of Polyhydroxyalkanoates (PHAs) biopolymers: 
Materials, printing techniques, and applications. Mater Sci Eng C 127.

8.	 Sombatsompop N, Srimalanon P, Markpin T, Prapagdee B (2021) 
Polylactic acid (PLA): Improve it, use it, and dump it faster. Bio Resources 
16(2): 2196-2199.

9.	 Rasiya G, Shukla A, Saran K (2021) Additive manufacturing-a review. 
Mater Today Proc 47(19): 6896-6901.

10.	Mervine N, Brӓtt K, Saloni D (2020) A review of sustainable materials 
used in thermoplastic extrusion and powder bed melting additive 
manufacturing. Adv Intell Syst Comput 1216: 95-102.

11.	Franchetti M, Kress C (2017) An economic analysis comparing the 
cost feasibility of replacing injection molding processes with emerging 
additive manufacturing techniques. The International Journal of 
Advanced Manufacturing Technology 88: 2573-2579.

12.	Melocchi A, Parietti F, Loreti G, Maroni A, Gazzaniga A, et al. (2015) 3D 
printing by Fused Deposition Modeling (FDM) of a swellable/erodible 
capsular device for oral pulsatile release of drugs. Journal of Drug 
Delivery Science and Technology 30: 360-367.

13.	Malik A, Raina A, Gupta K (2022) 3D printing towards implementing 
industry 4.0: Sustainability aspects, barriers and challenges. Industrial 
Robot 49(3): 491-511.

14.	Velázquez DRT, Simon AT, Helleno AL, Mastrapa LH (2020) Implications 
of additive manufacturing on supply chain and logistics. Indep J Manag 
& Amp Prod 11(4): 1279-1302. 

15.	Joseph TM, Kallingal A, Suresh AM, Mahapatra DK, Hasanin MS, et al. 
(2023) 3D printing of polylactic acid: Recent advances and opportunities. 
Int J Adv Manuf Technol pp. 1-21.

16.	Ford S, Despeisse M (2016) Additive manufacturing and sustainability: 
An exploratory study of the advantages and challenges. J Clean Prod 137: 
1573-1587.

17.	Lee CH, Sapuan SM, Ilyas RA, Lee SH, Khalina A (2020) Development and 
processing of PLA, PHA, and other biopolymers, in advanced processing, 
properties, and applications of starch and other bio-based polymers. 
Elsevier pp. 47-63. 

18.	Ilyas RA, Sapuan SA, Kadier A, Kalil MS, Ibrahim R, et al. (2020) Properties 
and characterization of PLA, PHA, and other types of biopolymer 
composites. Advanced Processing, Properties, and Applications of Starch 
and Other Bio-Based Polymers, Elsevier pp. 111-138.

19.	Bhagwat G, Gray K, Wilson SP, Muniyasamy S, Vincent SGT, et al. (2020) 
Benchmarking bioplastics: A natural step towards a sustainable future. J 
Polym Environ 28(12): 3055-3075.

20.	Laughlin KM, Webb A, Brӓtt K, Saloni D (2020) Bioplastic modified with 
woodflour for additive manufacturing. Adv Intell Syst Comput 1216: 86-
94.

21.	Saloni D, Mervine N, Verdi C (2018) Design and development of 
biopolymers for additive manufacturing. IISE Annual Conference and 
Expo pp. 330-335.

22.	Thompson M, Moroni G, Vaneker T, Fadel G, Campbell RI, et al. 
(2016) Design for additive manufacturing: Trends, opportunities, 
considerations, and constraints. CIRP Annals 65(2): 737-760.

23.	Javaid M, Haleem A, Singh R, Suman R, Shanay R (2021) Role of additive 
manufacturing applications towards environmental sustainability. 
Advanced Industrial and Engineering Polymer Research 4(4): 312-322. 

24.	Wohlers report 2014: 3D printing and additive manufacturing state of 
the industry annual worldwide progress report.

25.	Beyer C (2014) Expert view strategic implications of current trends in 
additive manufacturing. J Manuf Sci Eng 136(6): p. 8. 

26.	Alting L, Boothroyd G (2020) Plastics and plastic processing. Manuf Eng 
Process pp. 343-362. 

27.	Faludi J (2023) 3D printing and its environmental implications. 

28.	(2023) Buying Green for Consumers. US.

29.	Saloni D, Mervine N (2020) Investigation of bioplastics for additive 
manufacturing. Adv Intell Syst Comput 975: 365-376.

https://pdfs.semanticscholar.org/4fa6/32e1908e3819677c2826d11038bbf3e20204.pdf
https://pdfs.semanticscholar.org/4fa6/32e1908e3819677c2826d11038bbf3e20204.pdf
https://pdfs.semanticscholar.org/4fa6/32e1908e3819677c2826d11038bbf3e20204.pdf
https://pubs.rsc.org/en/content/articlelanding/2021/ra/d1ra04060j
https://pubs.rsc.org/en/content/articlelanding/2021/ra/d1ra04060j
https://pubs.rsc.org/en/content/articlelanding/2021/ra/d1ra04060j
https://www.sciencedirect.com/science/article/pii/S0928493121003568
https://www.sciencedirect.com/science/article/pii/S0928493121003568
https://www.sciencedirect.com/science/article/pii/S0928493121003568
https://bioresources.cnr.ncsu.edu/resources/polylactic-acid-pla-improve-it-use-it-and-dump-it-faster/
https://bioresources.cnr.ncsu.edu/resources/polylactic-acid-pla-improve-it-use-it-and-dump-it-faster/
https://bioresources.cnr.ncsu.edu/resources/polylactic-acid-pla-improve-it-use-it-and-dump-it-faster/
https://www.sciencedirect.com/science/article/pii/S2214785321037573
https://www.sciencedirect.com/science/article/pii/S2214785321037573
https://link.springer.com/article/10.1007/s00170-016-8968-7
https://link.springer.com/article/10.1007/s00170-016-8968-7
https://link.springer.com/article/10.1007/s00170-016-8968-7
https://link.springer.com/article/10.1007/s00170-016-8968-7
https://www.sciencedirect.com/science/article/abs/pii/S177322471500132X
https://www.sciencedirect.com/science/article/abs/pii/S177322471500132X
https://www.sciencedirect.com/science/article/abs/pii/S177322471500132X
https://www.sciencedirect.com/science/article/abs/pii/S177322471500132X
https://www.emerald.com/insight/content/doi/10.1108/IR-10-2021-0247/full/html?skipTracking=true
https://www.emerald.com/insight/content/doi/10.1108/IR-10-2021-0247/full/html?skipTracking=true
https://www.emerald.com/insight/content/doi/10.1108/IR-10-2021-0247/full/html?skipTracking=true
https://pdfs.semanticscholar.org/80ee/8c9f6f8415fd658ffea1f49fbd2c03ac1ae3.pdf
https://pdfs.semanticscholar.org/80ee/8c9f6f8415fd658ffea1f49fbd2c03ac1ae3.pdf
https://pdfs.semanticscholar.org/80ee/8c9f6f8415fd658ffea1f49fbd2c03ac1ae3.pdf
https://pubmed.ncbi.nlm.nih.gov/36644783/
https://pubmed.ncbi.nlm.nih.gov/36644783/
https://pubmed.ncbi.nlm.nih.gov/36644783/
https://www.sciencedirect.com/science/article/pii/S0959652616304395
https://www.sciencedirect.com/science/article/pii/S0959652616304395
https://www.sciencedirect.com/science/article/pii/S0959652616304395
https://www.sciencedirect.com/science/article/pii/B9780128196618000081
https://www.sciencedirect.com/science/article/pii/B9780128196618000081
https://www.sciencedirect.com/science/article/pii/B9780128196618000081
https://www.sciencedirect.com/science/article/pii/B9780128196618000081
https://link.springer.com/article/10.1007/s10924-020-01830-8
https://link.springer.com/article/10.1007/s10924-020-01830-8
https://link.springer.com/article/10.1007/s10924-020-01830-8
https://www.sciencedirect.com/science/article/abs/pii/S0007850616301913
https://www.sciencedirect.com/science/article/abs/pii/S0007850616301913
https://www.sciencedirect.com/science/article/abs/pii/S0007850616301913
https://www.sciencedirect.com/science/article/pii/S254250482100049X
https://www.sciencedirect.com/science/article/pii/S254250482100049X
https://www.sciencedirect.com/science/article/pii/S254250482100049X
https://drive.google.com/file/d/1H--DA7R97HWhmeXeGXEZyvfWQFLOLLuh/view
https://www.epa.gov/greenerproducts/buying-green-consumers


7

Polymer Sci Peer Rev J       Copyright © Daniel Saloni

PSPRJ.000594. 4(4).2023

30.	Bhuvanesh Kumar M, Sathiya P (2021) Methods and materials for 
additive manufacturing: A critical review on advancements and 
challenges. Thin-Walled Struct 159: 107228.

31.	Christ S, Schnabel M, Vorndran E, Groll J, Gbureck U (2015) Fiber 
reinforcement during 3D printing. Mater Lett 139: 165-168. 

32.	Armstrong CD, Todd N, Alsharhan AT, Bigio DI, Sochol RD (2021) A 3D 
printed morphing nozzle to control fiber orientation during composite 
additive manufacturing. Adv Mater Technol 6(1): 2000829.

33.	Murthy K, Ghorpade CV, Charitha Shetty S (2022) Bioplastics production 
and applications: A mini review.

34.	Vetter D (2020) Guess which two countries produce the most plastic 
trash per person? 

35.	OECD (2022) Plastic pollution is growing relentlessly as waste 
management and recycling fall short, says OECD.

36.	Atiwesh G, Mikhael A, Parrish CC, Banoub J, Tuyet ATL (2021) 
Environmental impact of bioplastic use: A review. Heliyon 7(9): e07918.

37.	Wasti S, Triggs E, Farag R, Auad M, Adhikari S, et al. (2021) Influence 
of plasticizers on thermal and mechanical properties of biocomposite 
filaments made from lignin and polylactic acid for 3D printing. Compos 
Part B Eng 205: 108483.

38.	Bentzen N, Laussen E (2018) Using recycled and bio-based plastics for 
additive manufacturing A Case Study on a Low Volume Car Component.

39.	Paris H, Mokhtarian H, Coatanéa E, Museau M, Ituarte IF (2016) 
Comparative environmental impacts of additive and subtractive 
manufacturing technologies. CIRP Ann 65(1): 29-32.

40.	Abdulhameed O, Al-Ahmari A, Ameen W, Mian SH (2019) Additive 
manufacturing: Challenges, trends, and applications. Advances in 
Mechanical Engineering 11(2): 1-27. 

41.	Velu R, Tulasi R, Ramachandran MK (2023) Environmental impact, 
challenges for industrial applications and future perspectives of additive 
manufacturing. Nanotechnology‐Based Addit Manuf 2: 691-709.

42.	Mangla SK, Kazancoglu Y, Sezer MD, Top N, Sahin I (2023) Optimizing 
fused deposition modelling parameters based on the design for additive 
manufacturing to enhance product sustainability. Comput Ind 145: 
103833.

43.	Amrita AM, Panda RC (2022) Biodegradable filament for three-
dimensional printing process: A review. Eng Sci 18: 11-19.

44.	Faludi J, Van Sice C, Van C (2023) The additive manufacturer green 
trade association in collaboration with Delft University of technology 
presents: State of knowledge on the environmental.

45.	Tajeddin B, Arabkhedri M (2020) Polymers and food packaging. Polymer 
Science and Innovative Applications pp. 525-543.

46.	Chang SP (2014) Sustainable design-centered integration for polylactic 
acid in the bioprinting process.

47.	Ryohei M (2023) Replacing all petroleum-based chemical products 
with natural biomass-based chemical products: A tutorial review. RSC 
Sustain. 

48.	E Bioplastics (2021) Global bioplastics production will more than triple 
within the next five years.

49.	Faludi J, Hu Z, Alrashed S, Braunholz C, Kaul S, et al. (2015) Does material 
choice drive sustainability of 3D printing? 

50.	Chiulan I, Frone AN, Brandabur C, Panaitescu DM (2018) Recent 
advances in 3D printing of aliphatic polyesters. Bioengineering 5(1): 2. 

51.	Filiciotto L, Rothenberg G (2021) Biodegradable plastics: Standards, 
policies, and impacts. Chem Sus Chem 14(1): 56-72.

52.	Rudnik E (2013) Biodegradability testing of compostable polymer 
materials.

53.	Plantamura OI. Is 3D Printed House Sustainable?

54.	Markets and Markets (2023) Biodegradable plastics market size & share.

55.	Filiciotto L, Rothenberg G (2021) Biodegradable plastics: Standards, 
policies, and impacts. Chem Sus Chem 14(1): 56-72.

56.	Andreeßen C, Steinbüchel A (2019) Recent developments in non-
biodegradable biopolymers: Precursors, production processes, and 
future perspectives. Appl Microbiol Biotechnol 103(1): 143-157.

57.	Clèries L. Boosting talent towards circular economies. 

58.	Devaux E, Aubry C, Campagne C, Rochery M (2011) PLA/carbon 
nanotubes multifilament yarns for relative humidity textile sensor. J Eng 
Fiber Fabr 6(3): 13-24.

59.	DiGregorio BE (2009) Biobased performance bioplastic: Mirel. 
Chemistry and Biology 16(1): 1-2.

60.	(2023) Polyamide 11 & 12 Market-Global Industry Analysis 2014-2018 
and Forecast 2019-2029.

61.	Khalid M, Peng Q (2021) Sustainability and environmental impact of 
additive manufacturing: A literature review. Sustainability of Additive 
Manufacturing Methods.

62.	Navanietha Krishnaraj R, Sani RK (2021) Biomolecular engineering 
solutions for renewable specialty chemicals: microorganisms, products, 
and processes. Online Wiley.

63.	Kind S, Neubauer S, Becker J, Yamamoto M, Volkert M, et al. (2014) From 
zero to hero–production of bio-based nylon from renewable resources 
using engineered Corynebacterium glutamicum. Metab Eng 25: 113-123.

64.	Kuo PC, Sahu D, Yu HH (2006) Properties and biodegradability of 
chitosan/nylon 11 blending films. Polym Degrad Stab 91(12): 3097-
3102.

65.	Kinstlinger IS, Bastian A, Paulsen SJ, Hwang DH, Ta AH, et al. (2016) Open-
source selective laser sintering (OpenSLS) of nylon and biocompatible 
polycaprolactone. PLoS One 11(2): e0147399.

66.	Marc H (2013) The 3D printer in the James B. Hunt Library. North 
Carolina state University, Raleigh, NC, USA.

https://www.sciencedirect.com/science/article/abs/pii/S0263823120311009
https://www.sciencedirect.com/science/article/abs/pii/S0263823120311009
https://www.sciencedirect.com/science/article/abs/pii/S0263823120311009
https://www.sciencedirect.com/science/article/abs/pii/S0167577X14018539
https://www.sciencedirect.com/science/article/abs/pii/S0167577X14018539
https://onlinelibrary.wiley.com/doi/abs/10.1002/admt.202000829
https://onlinelibrary.wiley.com/doi/abs/10.1002/admt.202000829
https://onlinelibrary.wiley.com/doi/abs/10.1002/admt.202000829
https://www.forbes.com/sites/davidrvetter/2020/11/11/which-two-countries-produce-the-most-plastic-trash-per-person/?sh=3a577e647187
https://www.forbes.com/sites/davidrvetter/2020/11/11/which-two-countries-produce-the-most-plastic-trash-per-person/?sh=3a577e647187
https://www.oecd.org/environment/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.htm
https://www.oecd.org/environment/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.htm
https://www.sciencedirect.com/science/article/pii/S2405844021020211
https://www.sciencedirect.com/science/article/pii/S2405844021020211
https://www.sciencedirect.com/science/article/abs/pii/S1359836820335319
https://www.sciencedirect.com/science/article/abs/pii/S1359836820335319
https://www.sciencedirect.com/science/article/abs/pii/S1359836820335319
https://www.sciencedirect.com/science/article/abs/pii/S1359836820335319
https://www.sciencedirect.com/science/article/abs/pii/S0007850616300361
https://www.sciencedirect.com/science/article/abs/pii/S0007850616300361
https://www.sciencedirect.com/science/article/abs/pii/S0007850616300361
https://journals.sagepub.com/doi/full/10.1177/1687814018822880
https://journals.sagepub.com/doi/full/10.1177/1687814018822880
https://journals.sagepub.com/doi/full/10.1177/1687814018822880
https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527835478.ch24
https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527835478.ch24
https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527835478.ch24
https://www.sciencedirect.com/science/article/abs/pii/S0166361522002299
https://www.sciencedirect.com/science/article/abs/pii/S0166361522002299
https://www.sciencedirect.com/science/article/abs/pii/S0166361522002299
https://www.sciencedirect.com/science/article/abs/pii/S0166361522002299
https://www.espublisher.com/journals/articledetails/616
https://www.espublisher.com/journals/articledetails/616
https://amgta.org/wp-content/uploads/2021/01/State-of-Knowledge-on-the-Environmental-Impacts-of-Metal-Additive-Manufacturing.pdf
https://amgta.org/wp-content/uploads/2021/01/State-of-Knowledge-on-the-Environmental-Impacts-of-Metal-Additive-Manufacturing.pdf
https://amgta.org/wp-content/uploads/2021/01/State-of-Knowledge-on-the-Environmental-Impacts-of-Metal-Additive-Manufacturing.pdf
https://www.sciencedirect.com/science/article/pii/B9780128168080000160
https://www.sciencedirect.com/science/article/pii/B9780128168080000160
https://pubs.rsc.org/en/content/articlelanding/2023/su/d2su00014h
https://pubs.rsc.org/en/content/articlelanding/2023/su/d2su00014h
https://pubs.rsc.org/en/content/articlelanding/2023/su/d2su00014h
https://www.european-bioplastics.org/global-bioplastics-production-will-more-than-triple-within-the-next-five-years/
https://www.european-bioplastics.org/global-bioplastics-production-will-more-than-triple-within-the-next-five-years/
https://digitalcommons.dartmouth.edu/facoa/2111/
https://digitalcommons.dartmouth.edu/facoa/2111/
https://pubmed.ncbi.nlm.nih.gov/29295559/
https://pubmed.ncbi.nlm.nih.gov/29295559/
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cssc.202002044
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cssc.202002044
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cssc.202002044
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cssc.202002044
https://link.springer.com/article/10.1007/s00253-018-9483-6
https://link.springer.com/article/10.1007/s00253-018-9483-6
https://link.springer.com/article/10.1007/s00253-018-9483-6
https://journals.sagepub.com/doi/10.1177/155892501100600302
https://journals.sagepub.com/doi/10.1177/155892501100600302
https://journals.sagepub.com/doi/10.1177/155892501100600302
https://pubmed.ncbi.nlm.nih.gov/19171300/
https://pubmed.ncbi.nlm.nih.gov/19171300/
https://www.factmr.com/report/4216/polyamide-11-12-market
https://www.factmr.com/report/4216/polyamide-11-12-market
https://pubmed.ncbi.nlm.nih.gov/24831706/
https://pubmed.ncbi.nlm.nih.gov/24831706/
https://pubmed.ncbi.nlm.nih.gov/24831706/
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=18336239
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=18336239
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=18336239
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0147399
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0147399
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0147399
https://ncstatephotos.photoshelter.com/search/result/I0000tv3cAZjxEIs?terms=3D%20printer&
https://ncstatephotos.photoshelter.com/search/result/I0000tv3cAZjxEIs?terms=3D%20printer&

	A Case Study of Recycled Tire Fabric and Ground Tire Rubber in Asphalt Pavement in Pavement Construc
	References
	_Hlk126146244

