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Abstract: Additive manufacturing (AM), also known as 3D-printing, encompasses a wide range of
techniques for applications ranging from on-demand production to functional prototypes. 3D-print-
ing is mainly used in industrial sectors such as aerospace, automotive, medical, dental, construction,
art and fashion. Fossil fuel-based materials such as plastics as well metals, and concrete, etc. are
widely used to produce 3D-printed products. More recently, innovative 3D-technologies using new
bio-based renewable materials have shown promising results for everyday applications, opening
up new opportunities for sustainable 3D-printing in the future. This review reports on develop-
ments in 3D printing of bio-based materials, direct or partial printing on textiles, etc., providing
considerations, challenges and future outlooks.

Keywords: Sustainability; 3D-printing on Textiles; Fused Filament Fabrication (FFF); Recycling;
Textile Manufacturing; Bio-Based Filaments; Biodegradability; Additive Manufacturing; Biomateri-
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1. Introduction

Additive manufacturing (AM), or 3D-printing is used in various industries, includ-
ing health, transportation, food, and fashion [1-3]. One of biggest application fields is its
ability to produce prototypes quickly and cheaply traditional injection-molded prototype,
which is particularly important for industries such as automotive and aerospace [4]. In
fashion, 3D-printing has been used to create unique and sustainable pieces that offer a
high degree of design freedom in shapes and structures. With 3D-printing it is possible to
reduce waste generation in traditional garment production during the cutting and the
sewing process. Until now, this type of fashion has been developed for catwalks in the
haute couture section. However, there are also challenges associated with 3D-printing in
fashion, particularly in terms of comfort and flexibility so that the manufacturers have to
choose between material and structure-based flexibility [3]. Many 3D-printed objects are
relatively stiff when printed as whole piece, which can be uncomfortable to wear. To ad-
dress this issue, designers and manufacturers have developed a few techniques, like di-
rect-to-garment printing, partial garment printing, and fabric-like printing [4].

Direct-to-garment printing involves printing designs directly onto existing garments,
which allows for greater flexibility and comfort. Partial garment printing involves print-
ing individual segments that are then assembled into a larger garment, while fabric-like
printing, one of the most versatile techniques, involves trying to imitate textile-like struc-
tures like a knitting, mesh or a net structure with geometrical forms, to achieve a higher
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flexibility, by using multiple assemblies. But CAD-systems have limitations in adjusting,
creating, saving large amounts of data when wrapping linkages over complicated struc-
tures [5]. Material-based flexibility is still a small market segment due to the weakness
and low tear-resistance of current rubber-like materials. The easiest way to create every-
day fashion using 3D-printing is through the use of 3D-printed flexible, textile-like struc-
tures, which are currently the largest part of the 3D-printing market [6-7].

1. Biomaterials in 3D-printing

Various resources found on earth, including non-renewable fossil fuels and renewa-
ble organic biomass. Manufacturing 3D-products from biomaterials contributes to sus-
tainability and resource savings by using natural polymers that have similar material
properties to their fossil counterparts, while offering better sustainability and biocompat-
ibility. In general, the most used thermoplastics is polylactide acid (PLA), a biobased plas-
tic. The second dominant is acrylonitrile butadiene styrene (ABS), a fossil-based plastic
[8]. To meet the needs of future generations, a fundamental transition to a bio-based econ-
omy is required as the demand for and availability of 3D printing continues to grow. This
can lead to a rise in waste that is not correctly disposed or recycled at the end of its lifetime
[9]. Therefore, material sustainability is investigated in the following, especially with re-
gard to the use of biopolymers instead of non-biodegradable, fossil-based polymers.

1.1. Bioplastics

To produce biomaterials, in particular bioplastics, various crops are utilized to with-
draw starch, sugar, oil or cellulose, from soybeans, wood, wheat, perennial grass, maize
to potatoes. Then the crops are transformed into intermediate products of bio based bulk
chemicals via conversion techniques, which are then transformed into various bio-based
plastics e. g. through gasification, leads to methanol, pyrolysis, results in bio-oil etc. [11].

Figure 1 gives a visualization of this production.
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Figure 1. The cycle of 3D-printing using natural fibers. Reprinted from reference [11],
originally published under a CC-BY 4.0 license.

3.1.1. Commercially available bioplastics

The bioplastic PLA has made its stance to become the most common material used
for 3D-printing. Further advances were achieved with bio-based fibrous materials like
wood and hemp etc. and towards a biodegradable economy [12].
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3.1.2. Lignin filament

TwoBEars, a German start up, launched BioFila®, a biodegradable filament for 3D-
printing in April 2014 with the promise to not use polymer outside of the food chain, ra-
ther manufacturing biopolymers on the basis of thermoplastic lignin. By changing the
temperature of printing, the texture of surfaces can be varied [12]. In general, lignocellu-
losic materials are considered for the degradation of carbon emissions Lignin, an amor-
phous and aromatic polymer, can originate from lignocellulosic biomass [13].

3.1.3. Wood filament

The inventor from Cologne, Kai Parthy, has developed a new natural fiber filament,
a more precise wood filament under the name “LayWood” that permits objects to be
printed in a wood design depicting annual rings and which is compatible with the FFF
process. The filament contains 40 percent wood fibers and a thermoplastic binder which
has similar thermal properties to PLA. By changing the temperature, it is possible to create
these wood-looking annual rings. Various color shades can be achieved; light colors at 180
°C and darker shades at 250 °C. Further, Parthy created another innovative 3D-printing
material in 2018 “GrowLay”, a bio-based biodegradable filament that was created to grow
biological cultures such as grasses and mosses, fungi [12].

1.3. D-printing sustainability

The 3D-printing technology has been lauded as a key technology to reduce the envi-
ronmental impact of production and improve sustainability-namely reduce, reuse, and
recycle. However, there are also challenges to overcome.

4.1. Factors to overcome

Additive manufacturing has significantly changed parts of manufacturing, especially
prototyping. It is often referred as to a more sustainable way of manufacturing, but there
are still major factors to overcome, as procedures of production for various finished goods
differ so extensively [13-15].

Recycling additional and undesirable material into feedstock, creating new proce-
dures for material degradation or composting into nontoxic natural biomass is essential.
Transforming material waste into novel filaments is an important recycling procedure, in
particular for thermoplastics with close resin properties. However, transforming material
waste can lead to degradation, which is an irreversible procedure that can lead to a signif-
icant change in filament structure and damage to properties [9,16-18].

Most 3D-printers’ environmental impacts are based on electricity use, and not about
material choice, and depend on changing power consumption by various plastics did not
have a substantial effect in comparison to variation in utilization between devices. The
machine idle time has a rather large impact on variation. Hence, the printer’s energy usage
holds the uppermost influence in the determination of total sustainability performance of
a polymer. For clarification, “energy usage” incorporates electricity required for printing
parts, also idle time, starting and halt [14].

Secondly, recent 3D-printers use energy mainly generated by power stations from
fossil fuel [19]. As a consequence, the advantage of 3D-printing can only be fulfilled if
machine utilization is adjusted in terms of evading wasted energy through idle time be-
tween prints, and unproductive print systems. PLA requires less energy consumption for
3D printers because of its lower melting point than ABS and is therefore less harmful to
the environment overall than ABS. So, ecological influence can be optimized by selecting
biobased, biodegradable plastics, but the right utilization has an even more critical part
[20].

4.2. Positive effects
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Of course, when claimed the new sustainable future, 3D-printing has several sustain-
ability advantages. First, looking at the materials and the fact that PLA is nowadays the
most used filament for additive manufacturing with a tendency to increase even more,
one can say that a first step of being more sustainable within 3D-manufacturing is already
done, but a deeper look into this is still necessary [16]. Unfortunately, the characteristics
of biodegradable materials are often misleading, if not further defined. A biodegradable
plastic such as PLA cannot truly degrade in natural environments, specific conditions of
industrial composting i.e. higher temperatures, humidity levels and the presence of micro-
organisms, are needed. It needs to be acknowledged that, bio plastics besides fossil-based
plastics are still plastics which can generate environmental pollution and first and fore-
most microplastics that need proper recycling [10].

It is already known that 3D printing produces less waste and has lower energy con-
sumption than CM [21]. This is due to several reasons. Firstly, there is less waste because,
unlike conventional processes, the parts are not cut out but produced directly in the re-
quired size and shape, the consolidation process. Additionally, the design is more effi-
cient, which means that products that are usually made from several pieces can be done
in one piece, which reduces the overall material used and leads to less waste also due to
precisely calculated material demand. Hence, less joining is necessary, which leads to
fewer seams and therefore better durability. Since printers are small and not stationary, it
is possible to position them nearly anywhere and print the pieces locally with practically
no emissions. [22-23]. So that there is no need for big factories which would be provided
with a lot of electricity. The most sustainable way would be a print on demand system
which would eliminate inventory and avoid unnecessary produced pieces of garment. An
additional advantage in manufacturing is that the water consumption is insignificantly
small in comparison to conventional methods using natural products for textiles, e.g., cot-
ton or flax [21-22].

In general, 3D-printing enables a longer life cycle for the products in use due to the
possibility of fixing broken parts easily by simply printing them out and joining them
together or directly printing them onto the garments. The biggest point regarding a longer
life cycle is probably the individualization of products. Individuals can have their clothing
adjusted or designed to their preferences, and in some cases, such as in the shoe industry,
customized to meet medical needs, particularly in the midsoles of sports shoes. The finan-
cial factor of such personalized items has a longer life cycle due to their perfect fit and
aesthetic appeal resulting in people purchasing fewer items, leading to a lighter environ-
mental impact [24].

Recycling is a crucial and complex topic in sustainable fashion as composting of plas-
tics is impossible and even the PLA process requires a lot of know-how and technology
[25]. However, additive manufacturing has the advantage of easily recycling polymers by
remelting and printing new pieces, which hinders a time and cost intensive composting,
and which enables a cradle-to-cradle principle. In addition, waste materials can be recy-
cled and used as filaments, reducing the need for virgin materials and minimizing existing
waste. This is already implemented in some bigger companies, e.g., Adidas uses waste
out from ocean for the manufacturing of their shoe soles [23,26-27].

1. Conclusion and future outlook

To say whether 3D-garment printing is sustainable or not is difficult to answer be-
cause many aspects must be considered on the material side as well as in the whole life
cycle of the product. The use of biomaterials, particularly PLA, is a step forward in the
industry, but the misunderstandings surrounding its biodegradability highlight the need
for clear communication of required composting methods and a national recycling plan
to reduce the harm of plastics. Further research on possible other biodegradable bio-
materials which do not depend on industrial recycling but are currently only used as ad-
ditives in PLA filaments. A cradle-to-cradle system would be the most sustainable ap-
proach, but a comprehensive analysis of energy consumption and waste management
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must be conducted to evaluate the sustainability throughout the whole life cycle of 3D-
printing compared to conventional manufacturing methods. For instance, 3D-printing can
only be completely sustainable when all the energy used comes from renewable sources
[14,28]. The approach of individualization and its contribution to sustainability needs
more consideration. While individual products have the perfect fit and longer life cycle,
the future possibility of mass individualization through accessible 3D-printers raises con-
cerns about sustainability [29-30]. Overall, 3D-printing in the garment industry opens
many doors towards a more sustainable production in the future by addressing customers
and their consumption behavior and additionally focusing on more sustainable materials
and production.

Author Contributions: Manuela Polewka, conceptualization, methodology, writing —original draft
preparation, Franca Enz, conceptualization, methodology, writing —original draft preparation; Ma-
rie Jennifien, conceptualization, methodology, writing—original draft preparation; Emilia Wirth,
writing —original draft preparation; Lilia Sabantina, conceptualization, methodology, visualization,
writing —original draft preparation, supervision; writing —review and editing, all authors.

All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ozev, M.-S., Ehrmann, A. 2023. Sandwiching textiles with FDM Printing. Communications in Development and Assembling of Textile
Products, 4(1), 88-94. https://doi.org/10.25367/cdatp.2023.4.p88-94.

2. Chen, Y, Zhang, M., Sun, Y., Phuhongsung, P. 2022. Improving 3D/4D printing characteristics of natural food gels by novel
additives: A review, Food Hydrocolloids, 123, 107160, https://doi.org/10.1016/j.foodhyd.2021.107160.

3. Spahiu T, Canaj E, Shehi E. 2020. 3D printing for clothing production. Journal of Engineered Fibers and Fabrics, 15.
doi:10.1177/1558925020948216.

4. Melnikova, R., Ehrmann, A., Finsterbusch, K. 2014. 3D printing of textile-based structures by Fused Deposition Modelling
(FDM) with different polymer materials, IOP Conference: Series Material Science Engineering, 62, 012018.
http://dx.doi.org/10.1088/1757-899X/62/1/012018.

5. Blachowicz, T., Ehrmann, G., Ehrmann, A. 2023. Recent developments in additive manufacturing of conductive polymer com-
posites, Macromolecular Materials and Engineering, online first, 2200692. https://doi.org/10.1002/mame.202200692.

6. Kim, S, Seong, H., Her, Y., Chun, J. 2019. A study of the development and improvement of fashion products using a FDM type
3D printer, Fashion and Textiles, 6, 9. https://doi.org/10.1186/540691-018-0162-0.

7.  Sabantina, L., Kinzel, F., Ehrmann, A., Finsterbusch, K. 2015. Combining 3D printed forms with textile structures - mechanical
and geometrical properties of multi-material systems, IOP Conf. Ser.: Mater. Sci. Eng. 87, 012005. DOI 10.1088/1757-
899X/87/1/012005

8. Mazzanti, V., Malagutti, L., Mollica, F. 2019. FDM 3D Printing of Polymers Containing Natural Fillers: A Review of their Me-
chanical Properties. Polymers.; 11(7), 1094. https://doi.org/10.3390/polym11071094.

9. Pakkanen, J., Manfredi, D., Minetola, P., Iuliano, L. 2017. About the Use of Recycled or Biodegradable Filaments for Sustaina-
bility of 3D Printing, Sustainable Design and Manufacturing, 68, 776-785. https://doi.org/10.1007/978-3-319-57078-5_73.

10. Moshood, T. D., Nawanir, G., Mahmud, F., Mohamad, F., Ahmad, M. H., & AbdulGhani, A. 2022. Biodegradable plastic appli-
cations towards sustainability: A recent innovations in the green product, Cleaner Engineering and Technology, 6,
https://doi.org/10.1016/j.clet.2022.100404.

11. Ahmed, W., Alnajjar, F., Zaneldin, E., Al-Marzougqi, A. H., Gochoo, M., Khalid, S. 2020. Implementing FDM 3D Printing Strate-
gies Using Natural Fibers to Produce Biomass Composite, Materials, 13(18), 4065, https://doi.org/10.3390/ma13184065.

12. Peters, S. 2019. Materials in Progress: Innovationen fiir Designer und Architekten. Basel: Birkhdiuser,
https://doi.org/10.1515/9783035613681.

13. Sharma, V., Roozbahani, H., Alizadeh, M., Handroos, H. 2021. 3D Printing of Plant-Derived Compounds and a Proposed Nozzle
Design for the More Effective 3D FDM Printing, IEEE Access, 9, 2169-3536, https://doi.org/10.1109/ACCESS.2021.3071459.

14. Faludji, J., Hu, Z., Alrashed, S., Braunholz, C., Kaul, S., & Kassaye, L. 2015. Does Material Choice Drive Sustainability of 3D
Printing? Dartmouth Scholarship, 2111, 9(2), https://digitalcommons.dartmouth.edu/facoa/2111.

15. Whitmore, S. A. 2015. Additive manufacturing as an enabling technology for "green" hybrid spacecraft propulsion, 7th Interna-
tional Conference on Recent Advances in Space Technologies (RAST), 1-6, https://doi.org/10.1109/RAST.2015.7208305.

16. Narancic, T., Cerrone, F., Beagan, N., O’Connor, K.E. 2020. Recent Advances in Bioplastics: Application and Biodegradation.

Polymers, 12(4), 920, https://doi.org/10.3390/polym12040920.

O 0 N O U o W N

_
o

12
13
14
15

16

17

18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53



Eng. Proc. 2023, 5, x FOR PEER REVIEW 6of 4

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chalgham, A., Ehrmann, A., Wickenkamp, I. 2021. Mechanical Properties of FDM Printed PLA Parts before and after Thermal
Treatment. Polymers. 13(8), 1239. https://doi.org/10.3390/polym13081239.

Mercado Rivera, F. J., Rojas Arciniegas, A. J. 2020. Additive manufacturing methods: techniques, materials, and closed-loop
control applications, The International Journal of Advanced Manufacturing Technology, 109, 17-31. https://doi.org/10.1007/s00170-
020-05663-6.

Li, A,, Challapalli, A., Feng, X., Li G. 2021. Recyclable Thermoset Polymers for 4D Printing, Reference Module in Materials Science
and Materials Engineering, Elsevier, 381-394, https://doi.org/10.1016/B978-0-12-820352-1.00177-2.

Kim, H., Lin, Y., Tseng, T.-L.B. 2018. A review on quality control in additive manufacturing, Rapid Prototyping Journal, 24. 3, 645-
669. https://doi.org/10.1108/RP]J-03-2017-0048.

Saade, M. R. M., Yahia, A., Amor, B. 2020. How has LCA been applied to 3D printing? A systematic literature review and
recommendations for future studies, Journal of Cleaner Production, 244, 118803, https://doi.org/10.1016/j.jclepro.2019.118803.
Vanderploeg, A., Lee, S. E.,, Mamp, M. 2017. The application of 3D printing technology in the fashion industry, International
Journal of Fashion Design, Technology and Education, 10(2), 170-179, https://doi.org/10.1080/17543266.2016.1223355.

Howarth D. 2015. Adidas combines ocean plastic and 3D printing for eco-friendly trainers. Available on:
https://www.dezeen.com/2015/12/12/adidas-ocean-plastic-3d-printing-eco-friendly-trainers/ (accessed on 25.07.2021).

Perry, A. 2018. 3D-printed apparel and 3D-printer: exploring advantages, concerns, and purchases, International Journal of Fash-
ion Design, Technology and Education, 11(1), 95-103, https://doi.org/10.1080/17543266.2017.1306118.

Ehrmann, G., Brockhagen, B., Ehrmann, A. 2021. Shape-Memory Properties of 3D Printed Cubes from Diverse PLA Materials
with Different Post-Treatments. Technologies. 9(4), 71. https://doi.org/10.3390/technologies9040071.

Vidakis, N., Petousis, M., Tzounis, L.., Maniadi, A., Velidakis, E., Mountakis, N., Papageorgiou, D., Liebscher, M., Mechtcherine,
V. 2021. Sustainable Additive Manufacturing: Mechanical Response of Polypropylene over Multiple Recycling Processes. Sus-
tainability, 13, 159. https://doi.org/10.3390/su13010159.

Shuaib, M., Haleem, A., Kumar, S., Javaid, M. 2021. Impact of 3D Printing on the environment: A literature-based study, Sus-
tainable Operations and Computers, 2, 57-63, https://doi.org/10.1016/j.susoc.2021.04.001.

Liu, Z, Jiang, Q., Zhang, Y., Li, T. & Zhang, H. 2016. Sustainability of 3D Printing: A Critical Review and Recommendations,
Manufacturing science and engineering (International conference), 2, VO02T05A004, https://doi.org/10.1115/MSEC2016-8618.

Valtas, A., Sun, D. 2016. 3D Printing for Garments Production: An Exploratory Study. Journal of Fashion Technology & Textile
Engineering, 4(3), https://doi.org/10.4172/2329-9568.1000139.

Guo, S., Choi, T. M., Chung, S. H. 2022. Self-design fun: Should 3D printing be employed in mass customization operations?
European Journal of Operational Research, 299(3), 883-897, https://doi.org/10.1016/j.ejor.2021.07.009.

Disclaimer/

O 0 NI O Ul i W N =

W N NN DD DNDDNDNDNDDN R 2 R R R e )
SO O XN O U kW NRRE O OO0 NN U R WN = O

w
—



