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Abstract 

Optical frames are used worldwide to correct visual impairments, protect from UV damage, or 

simply for fashion purposes. Optical frames are often made of poorly biodegradable and fossil-based 

materials, with designs not targeted to everyone´s tastes and requirements. Additive manufacturing 

processes allow personalisation of optical frames and the use of new sustainable biomaterials to 

replace fossil-based ones. This comprehensive review combines an extensive survey of the scientific 

literature, market trends, and information from other relevant sources, analysing the biomaterials 

currently used in additive manufacturing and identifying biomaterials (biopolymers, natural fibres 

and natural additives) with the potential to be developed into biocomposites for printing optical 

frames. Requirements for optical devices were carefully considered, such as standards, regulations 

and demands for manufacturing materials. By comparing with fossil-based analogues, and by 

discussing the chemical, physical and mechanical properties of each biomaterial, it was found that 

combining various materials in biocomposites is promising for achieving the desirable properties for 

printing optical frames. Advantages of the various techniques of this cutting-edge technology were 

also analysed and discussed for optical industry applications. This study aims to answer the central 

research question of which biopolymers and biocomposite constituents (natural fibres, plasticisers, 

and additives) have the ideal mechanical, thermal, physical and chemical properties for combining 

into a biomaterial suitable for producing sustainable, customisable and inclusive optical frames on 

demand, using additive manufacturing techniques. 

Keywords: biomaterials; biopolymers; natural fibres; biocomposites; additive manufacturing; 3D 

printing; biodegradability; optic industry; optical frames; circular economy 

 

1. Introduction 

Globally, 2.2 billion people have a near or distance vision impairment, and at least 1 billion of 

these cases could have been prevented or addressed [1]. It is predicted that population growth and 

ageing, along with changes in lifestyle and habits, could lead to an increase in cases of visual 

impairment globally. Two examples of visual impairments are presbyopia and myopia that are major 

public health concerns, associated with these same demographic and behavioural shifts [2–4]. Both 

conditions are estimated to increase in prevalence. By 2050, it is estimated that 4.758 billion 

individuals worldwide will experience myopia [5], and 1.9 billion will experience presbyopia [6].  

Visual impairments have implications in many aspects of life, including health, social 

engagement, productivity, and inequalities. This imposes a substantial social and economic burden 

on societies and is recognised as a global health priority [7]. 

Eye health and vision contribute to achieving many Sustainable Development Goals (SDGs) 

from United Nations (UN). From the 17 SDGs, 10 are directly or indirectly affected by eye health and 

vision. These are SDG 1 (No poverty),  SDG 2 (No hunger), SDG 3 (Good health and wellbeing), SDG 
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4 (Quality education), SDG 5 (Gender equality), SDG 8 (Decent work and economic growth), SDG 10 

(Reduced inequalities), SDG 11  (Sustainable cities and communities), SDG 13 (Climate action), SDG 

17 (Partnership for the goals) [8]. 

Visual impairments are caused by refractive errors or diseases involving the optic pathways [9]. 

Visual impairments due to refractive errors can be corrected with refractive surgery, contact lenses 

and eyeglasses prescriptions. This is a significant global market, with  market reports indicating that 

the global market for spectacles, sunglasses, and contact lenses combined reached 2.5 billion units in 

2021 [10]. The eyewear industry has a significant impact on the environmental footprint. From 

ophthalmic lenses to optical frames, this industrial sector contributes to high energy and water 

consumption, carbon emissions, and chemical pollution [11].  Spectacles are optical devices, 

consisting of ophthalmic lenses, and optical frames usually made from metal or plastic with poor 

biodegradability [12]. Each year, 10,800 tonnes of ophthalmic lenses are produced worldwide, with 

an estimated 5,770 tonnes of ophthalmic plastic lens waste directly discharged into wastewater, 

discarding nano and microplastics, heavy metals, and organic pollutants into the environment [11]. 

Similarly, the plastic materials used for optical frames, which are typically made from poorly 

biodegradable cellulose acetate and fossil-based materials, end up in landfills instead of being 

recycled, [12,13]. Besides the need to increase and improve the recycling of the existing optical frame 

materials, there is also the need to explore more sustainable alternatives in materials and 

manufacturing processes. 

As in other industry sectors, biomaterials are considered promising alternatives to the 

conventional materials used in the eyewear industry. Biomaterials include biopolymers, natural 

fibres, biocomposites, and natural additives. Blending different biopolymers, fibres or additives is a 

common strategy to achieve tailor-made properties and to enhance a material's thermal, 

degradability, mechanical, and aesthetic properties.  

The processing technologies used to produce plastic optical frames include subtractive 

manufacturing, such as laser cutting or CNC milling, injection moulding, and, more recently, additive 

manufacturing (AM). Biomaterials and biocomposites can be processed using these processing 

technologies. AM offers several advantages for the eyewear industry. It contributes to a personalised 

user experience and reduces stock accumulation caused by fashion trends - often resulting in 20 to 

30% products remaining unsold - and contributes to a reduction in the extraction of raw materials 

[14]. In addition, because all parameters can be personalised and optimised for the user, these 

technologies lead to an improvement in prescription adaptation rates. Also, in the event of damaged 

parts, AM can print a new component, avoiding the need to acquire an entirely new pair of spectacles 

and lenses. These reduce costs and minimise environmental footprint [15]. 

Given the advancements in AM and the need for new biomaterials, this review aims to provide 

an overview of the current state of technology and materials used in the production of optical frames, 

as well as the natural and bio-based materials available, with relevant characteristics for developing 

cutting-edge biocomposites. This will provide the knowledge necessary to achieve our goal of 

exploring new formulations and techniques, considering sustainability and the potential for a circular 

economy in the eyewear industry. This review is structured in three main sections. Initially, 

standardisation aspects are explored. The second section provides a detailed description of the 

materials most used in the eyeglasses industry that are suitable for AM. This includes an overview 

of their properties, and companies that use them. It also discusses the potential of new biomaterials 

for AM, focusing on their chemical and physical properties. The third section is focused on the 

different techniques of AM used for the production of custom optical frames. 

2. Method 

This comprehensive review paper was conducted partially following the Preferred Reporting 

Items for Systematic reviews and Meta-Analyses (PRISMA 2020) guidelines [16]. Bibliographical research 

was performed with the data extraction of selected articles variables from reliable databases to 

minimise possible bias. These databases were Google Scholar and Web of Science. The bibliographic 
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search was performed using relevant keywords strongly linked to the subject under review, 

including [biopolymers,additive manufacturing,3D 

printing,spectacles,eyeglasses,colourants,pigments,dyes,phycocyanin,astaxanthin,iron oxides,AI] 

[natural fibres], etc.. The exclusion criteria were [ophthalmic lenses,contact lenses,conventional 

fabrication techniques,biomedical implants]; [polysaccharides]; [hydrogels]. 

The flow diagram, Figure 1, illustrates the review process, starting with 16347 initial records 

identified from the databases. After removing duplicates, 16312 records were screened. The research 

papers analysed were selected by excluding those in languages other than English or other than 

between 1970 and 2025, and by screening for relevant titles and abstracts. Titles and abstracts were 

screened before full-text-screening. The selected articles were read in full and carefully analysed as 

they were found the most pertinent for the different topics under discussion. The extracted 

information included data on chemical and physical properties, and commercial applications. 

Additionally, relevant websites, reports and documents from governmental, international 

organisations, and companies were included to provide a more comprehensive overview of the 

current state of research in this field and to guide new potential research. A total of 245 articles were 

selected and critically reviewed for this study. 

 

Figure 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers 

and other sources [14]. 

3. Requirements in the Development of New Materials for Optical Frames 

Optical frames are considered a medical device and, as such, are required to comply with current 

standards, regulations, and certain requirements. Combining these with engineering specifications 

and aesthetic aspects dictated by rapidly changing fashion trends can be challenging. Added to all 

this are the ergonomic data of each eyeglass wearer, and their clinical data, which directly influence 

the curvature and thickness of the lenses to be mounted in the optical frames. 

Optical frames may be of various materials, the most common ones being acetate, metal and 

injected plastic; however, composites and natural organic materials can also be found in the overall 

constitution of optical frames. According to international norms, new materials for optical frames 

need to allow for biological compatibility, discarding any materials that exceed regulatory limits 

regarding their allergenic, carcinogenic, mutagenic, or toxic characteristics. In annex B of ISO 

12870:2024 [17], a list of potentially harmful chemicals is provided to guide manufacturers. When 
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introducing new materials (chemicals or other types) to be used in the manufacturing of optical 

frames, biological testing is required. Similar to other medical devices, optical frame materials are 

required to be tested for skin sensitisation according to international standards specified in ISO 10993-

10:2021 [18], where testing can be performed in vitro or/and in vivo. A variety of methods for in vitro 

testing are presented, with their advantages and disadvantages, in annex C of ISO 10993-10:2021 [18]. 

For in vivo testing, the ISO 10993-2 [19] provides the guidelines and requirements for animal welfare. 

In case of metal optical frames, the metal parts of the optical frame that are in direct and prolonged 

contact with the skin require extra testing regarding nickel release, following the European normative 

ISO 16128-2:2017 [20].  

Along with the requirement to pass biocompatibility testing, optical frames manufactured with 

new materials are required to meet international standards for dimensional stability at elevated 

temperature, resistance to perspiration, mechanical stability, resistance to ignition and, optionally, 

resistance to optical radiation, as specified in ISO 12870:2024 [17]. For dimensional stability at 

elevated temperature, the dimensions of optical frames are tested before and after the optical frame 

is subjected to temperatures of around 55 ºC, throughout a period of around 2 hours. The resulting 

changes to the optical frame dimension, in this case, the distance between the tips of the sides, should 

not be increased by more than 6 mm or decreased by less than 12 mm, such tolerance differs for small 

optical frames (see section 4.10 of ISO 12870:2024 [17]). 

When testing resistance to perspiration, the optical frame is intended to maintain colour and 

surface integrity without showing signs of corrosion anywhere on the optical frame surface, except 

for the joints and screws, after testing for 8 hours. For the optical frame parts expected to be in contact 

with the skin during wear, surface integrity needs to be maintained after 24 hours of testing, where 

roughness, peeling, or coating layer separation should be non-existent. If the optical frame is made 

of natural organic materials and the use of moisturising agents is recommended by the manufacturer, 

the optical frame may change colour or present surface degradation during testing; however, changes 

must be reverted 24 hours after testing for the optical frame to pass the test. 

Regarding mechanical stability, the optical frames of new materials are required to be tested for 

bridge deformation, lens retention characteristics and endurance. During and after testing, optical 

frames are expected to be free of fractures or cracks in any part of their structure; and permanent 

deformation should be less than 2% of the distance between the boxed centres of the optical frame 

when assessing bridge deformation. Throughout and after testing, the test lenses should remain 

wholly lodged in their original location in the groove of the optical frame. Optical frame handling is 

tested by simulating the putting and taking off of the optical frames, analysing possible strains on the 

frame and verifying the presence of any fractures and temporary or permanent deformations. 

To test the optical frame of new materials against ignition, a heated steel rod at high 

temperatures contacts the external surface of the optical frame at various points and it is visually 

assessed by a trained individual to establish if the material ignites during testing or keeps glowing 

after testing. All the referred tests are further described in section 8 of ISO 12870:2024 [17].  

Apart from meeting the standards, certifications and requirements mentioned above, the new 

materials used to manufacture optical frames should provide resistance to degradation over a 

reasonable period of time, where the optical frame maintains its characteristics, along with the ability 

to adjust its shape and fit the wearer's anatomical features. 

4. Biomaterials for Optical Frames 

A wide range of materials can be combined in new formulations for optical frames. These 

materials include recycled polymers, biopolymers, natural fibres and natural additives that enhance 

desired properties. While a review for all polymers is outside the scope of this study, the already 

commercialised biopolymers and the most promising materials will be the focus. This selection will 

be guided by considering previous studies and according to the chemical and physical properties of 

the materials. 
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4.1. Biopolymers 

Biopolymers are polymers derived from natural sources and can be classified as either non-

biodegradable or biodegradable. Can also be categorised as synthetic biopolymers and natural 

biopolymers (Figure 2) [21,22]. The terms 'biopolymer' and 'bioplastic' may be used interchangeably. 

However, this is not an accurate use of the terminology, since a bioplastic is a plastic derived from a 

biopolymer. The field of biomaterials is constantly evolving, with a wide variety of these materials 

already being marketed. Examples of these include polylactic acid (PLA) and polyhydroxybutyrate 

(PHB) [22].  

The global bioplastic production has been increasing exponentially. According to European 

Bioplastics, it is expected to increase from 2.18 million tonnes in 2023 to approximately 7.43 million 

tonnes in 2028, which reinforces the principles of the circular economy and promotes sustainability 

[23]. 
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Figure 2. Examples of biopolymers and their classification according to biodegradability. 

4.1.1. Polyamides (PAs) 

Polyamides (PAs), also known as nylons, are composed of extended linear chains of molecules, 

in which monomers are connected through amide (-CO-NH-) bonds (Table 1).  The classification of 

these materials as thermoplastics is attributed to their ability to be shaped through the application of 

heat and subsequently to retain their new form following cooling. In contrast to thermosets, such as 

polyurethane and epoxy, which are susceptible to structural degradation when subjected to repeated 

heating, this material demonstrates a notable resilience, maintaining its integrity under such 

conditions.  

These materials represent the most widely utilised plastics in the domain of AM and in various 

fields, such as biomedical, textile industry, and automotive manufacturing. The family of PAs 

includes various types, such as PA6, PA6-6, PA 4-6, PA6-12, PA11, and PA12. However, only certain 

types of these plastics are non-toxic and thus suitable for medical applications, namely PA6, PA6-6, 

PA11, and PA12. The numerical value indicates the number of carbon atoms, and the properties of 

each type of PA are influenced by the number of monomers (see Table 1) [24,25]. 
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Table 1. Types of PAs and their chemical structures and properties [24,25]. 

Polyamide Structure (Repeating 

Unit) 

Melting 

point (ºC) 

Density 

(g/cm3) 

Young’s 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Glass 

transition 

(ºC) 

PA 6 

 

215-220 1.14 700-5000 30-66 40-50 

PA 6-6 

 

261-263.5 1.06-1.08 939-1170 36.1-45.1 55 

PA 11 

 

185 1.05 350-1330 25-41 45 

PA 12 

 

178-180 1.01 350-1350 30-70 40-50 

The polymer known as PA6-6 was first developed in 1935 by Wallace Carothers, a chemist 

specialising in organic chemistry at DuPont, and patented in 1937. It was subsequently 

commercialized as toothbrush bristles in 1938 [26]. This polymer, synthesised through the 

polycondensation of hexamethylenediamine and adipic acid, exhibits a higher modulus of elasticity 

and crystallinity. The resulting products are characterised by their toughness, strength, and thermal 

stability [27]. 

On the other hand, PA 6 was developed by IG Farben to replicate PA 6-6 without infringing the 

patent. The production of PA 6 is initiated through the process of ring-opening polymerisation, which 

involves the transformation of ɛ-caprolactam into the desired polymer. The material has 

demonstrated considerable resistance, characterised by a high tensile strength and elasticity, and is 

resistant to both abrasion and chemicals. 

PA 11, a biopolymer of the monomer 11-aminoundecanoic acid, obtained from castor oil, is a 

partially crystalline plastic and reveals strong resistance to several chemicals, fuels, and salt solutions, 

as well as to abrasion, and has longer longevity [28,29]. However, techniques such as Digital Light 

Processing (DLP) and Selective Laser Sintering (SLA) AM technique can reduce its resistance due to 

its exposure to changing UV energy sources. Post-processing is an essential step in the procedure, 

and it is frequently conducted using alcohols [30,31]. 

Finally, PA 12, which is based on laurolactam monomers, is recognised as the lightest 

polyamide. It exhibits a partially crystalline, linear structure and a density exceeding 1 g/cm3. The 

material is considered to be suitable for use in prosthetics, and it has been demonstrated to exhibit 

resistance to pressure and impact, which is well-suited for biomedical applications, including optical 

frames [32]. Several studies have been conducted that have used fillers to enhance the properties of 

polyamides. For instance, in 3D-printed PA12 samples, the incorporation of bioceramic fillers 

resulted in a reduction of melting temperature, toughness, and flexibility. The investigation revealed 

that thermal stability was enhanced without any significant impact on tensile strength, which 

suggests that the material may be suitable for use in medical devices [33]. An additional example was 

reported previously where researchers used AM, more specifically, Fused Filament Fabrication (FFF) 

to fill PA 12 with zirconia and β-tricalcium phosphate for craniofacial bone reconstruction. The 

composite material thus obtained exhibits better values of strength and tensile modulus, with values 

from 98-181 % and 8-31 %, respectively, compared to unfilled PA12 [34]. 
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A comparison of the physical properties of PAs reveals that PA6 is stronger and more durable, 

as evidenced by its higher tensile and flexural strength, more favourable thermal properties, and 

higher chemical resistance when compared to PA12 [26,35,36].  

Although non-biodegradable, all forms of PA can be recycled, with mechanical recycling being 

the most effective method [37]. These polyamides are utilised in powder and filament forms for AM, 

including FFF, Selective Laser Sintering (SLS), and Multi Jet Fusion (MJF) [38–42]. Each AM process 

shows advantages and disadvantages concerning cost, speed, and print quality. PAs are a more 

suitable and popular method for use in SLS than FFF, due to their hygroscopic nature, although they 

still result in strong and durable items [43–45]. MJF is the only powder-based AM technique that is 

similar to SLS and has similarities with binder jetting [46,47]. 

The utilisation of PA in the fabrication of 3D-printed optical frames is a prevalent practice among 

commercial companies. The utilisation of PA powders in SLS 3D printers has been demonstrated to 

yield several notable advantages for optical frames, including enhanced resistance, durability, 

comfort, and versatility. Furthermore, the pieces created from PA are lightweight, biocompatible, 

capable of new designs, and have moderate mechanical and thermal resistance. Consequently, they 

are attractive to commercial and academic research [48]. Post-processing techniques to mitigate the 

occurrence of grainy textures in the PA printed components are required [49]. 

Previous studies reported an illustrative example in the form of a smart frame, in which PA12 

was used, and SLS was employed to obtain strong and accurate complex geometries [50]. The 

incorporation of physiological sensors within the smart frame facilitated the measurement of various 

parameters, including nose temperature, blink detection, 3D location, physical activity, and head 

pose estimations [50].   

The utilisation of PAs in the field of optical frame fabrication has already been documented in 

the literature. The manufacturing of 3D printed optical frames was employed in the optical 

rehabilitation of a patient diagnosed with primary autosomal recessive microcephaly and Seckel 

syndrome (MCPH/SCKS). The commercially traditional available paediatric frames were found to be 

inadequate for the patient. The fabrication of the custom-made optical frames using AM techniques 

ensured a better fit for the patient and was well tolerated [51].  

A further application of the PA, specifically PA 12, in 3D-printed optical frames was reported 

earlier, with the development of eyeglasses for the early diagnosis and monitoring of 

neurodegenerative diseases, with the incorporation of sensors to collect information from head and 

eye movements. The selection of this material for the prototype was made on the basis of the 

properties that PA 12 offers, including its low weight, high mechanical characteristics, stability, 

transparency, and hypoallergenicity [52]. 

Some improvements have been made to PA 12 to facilitate a smoother utilisation process at the 

end of the manufacturing and to reduce the porosity. This ensures that the resulting optical frame 

will exhibit high performance and durability. Nevertheless, nylon possesses certain disadvantages, 

including its inability to biodegrade and its environmental impact in terms of water and energy 

consumption during its production. The issue was addressed by a known brand through the 

development of its reusable PA12, to reduce waste and reuse of powder from one build in subsequent 

printings [53]. HP has developed a printing technology known as HP’s MJF for the optical industry, 

to enable the personalisation and design freedom of printed frames, as well as the production of high-

quality parts on a large scale [54]. Nowadays, companies such as Anne et Valentin (with their Helium 

brand) and Safilo (in collaboration with Materialise) have products available to consumers based on 

Nylon 12 in optical frames [55,56]. 

4.1.2. Polybutylene Succinate (PBS) 

Synthesised via co-polymerization of 1.4 butanediol and succinic acid, polybutylene succinate 

(PBS) (Figures 3 and 4) is a biodegradable polymer. Both monomers can derive from fossil or biobased 

sources [57]. PBS can be decomposed by microorganisms in the environment, eventually into 

harmless by-products [58]. In addition to presenting compatibility with other biopolymers, the 
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biodegradability and biocompatibility of PBS make it a promising material for biomedical 

applications. As it can be degraded within the body, it can be naturally eliminated, facilitating drug 

release and promoting tissue regeneration. These properties make PBS a sustainable option for 

various applications requiring biodegradability. 

PBS has been shown favourable mechanical and thermal properties (Table 2). Its mechanical 

strength and flexibility (E = 326.3–387 MPa; 𝜎 = 34–55 MPa) make it valuable for utilisation in products 

for which durability and stability are important characteristics. The mechanical performance of PBS 

is comparable to that of polyethylene and polypropylene, and superior that of low-density 

polyethylene. Research findings have demonstrated that certain parameters, including Tg, 

crystallinity and melt viscosity are influenced by an increase in the degree of chain branching, 

resulting in a decrease of these parameters. Otherwise, when branching increased, the mechanical 

aspects, including tear strength and elongation at break were improved. It was established that this 

occurred without any alteration in tensile and modulus strength [57].  

Furthermore, its relatively low melting point (Tg = −40 to −10 °C; Tm = 90 – 120 °C; Tc = 60 – 82 

°C), facilitates its processing through methodologies such as injection moulding and extrusion. The 

behaviour depends on molecular weight, crystallisation temperature and crystallisation rate [59]. 

Although PBS is not commonly commercialised or used for AM, it presents good characteristics 

and properties such as biodegradability, toughness and good processability. In addition, when 

blended with biopolymers or combined with natural additives, it is possible to achieve a combination 

of the required properties, features and appearance appropriate for eyewear.  

4.1.3. Polylactic Acid (PLA) 

Polylactic acid (PLA) is a hard thermoplastic polymer belonging to the aliphatic polyester 

family, as is its monomer, lactic acid. PLA is produced from natural resources, such as sugar and 

starch (Figures 3 and 4) [60]. The synthesis of PLA predominantly occurs through two distinct 

mechanisms: condensation polymerisation of lactic acid and ring-opening polymerisation of lactide. 

The PLA family comprises poly(l-lactide) (PLLA), poly(d-lactide) (PDLA), poly(dl-lactide) (PDLLA), 

and poly(meso-lactide), in addition to copolymers derived from these monomers. PLLA and PDLA 

are semi-crystalline, whereas PDLLA and poly(meso-lactide) are amorphous.[61] The material 

exhibits favourable mechanical properties and is compatible with conventional plastics 

manufacturing processes and with various AM techniques, including SLA, Fused Deposition 

Modeling (FDM) and SLS. The material displays a moderate tensile strength (40-60 MPa), and an 

average Young’s modulus of approximately 3 GPa, indicative of rigidity and resistance to 

deformation. Moreover, this polymer possesses exceptional characteristics, including mechanical 

resistance, the capacity to retain twists and folds, low temperature sealing capacity and resistance to 

aromas and flavours. These characteristics make PLA versatile polymer used in 3D printers. PLA has 

been demonstrated to exhibit adequate thermal stability, with a glass transition temperature of 

approximately 50-65 °C and a melting temperature ranging from 170 to 180 °C (Table 2) [62]. These 

properties render PLA suitable for applications that require dimensional stability and moderate 

mechanical strength, such as the manufacture of medical devices. In addition, both the United States 

Food and Drug Administration (FDA) and European regulatory authorities have approved the use 

of PLA in food and drug delivery systems. The material known as PLA has been reported to be 

biocompatible and biodegradable, characteristics that make it particularly well-suited for the 

utilisation in biomedical applications. The non-toxic lactic acid, a by-product of hydrolysis in the 

body, is also compatible with human tissue, reducing the risk of adverse reactions [63,64]. PLA is 

subject to biodegradation, resulting in the production of CO2, water and degraded organic matter. 

These by-products can then be reintroduced into ecosystems. Furthermore, when oxygenated, PLA 

does not produce any dangerous intermediates or metabolites. In comparison with alternative 

synthetic polymers, PLA emits fewer greenhouse gases, thereby representing a favourable option 

from environment standpoint.  
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Reports have demonstrated the use of PLA to print prototypes of customizable optical frame 

designs, to meet the requirements of people with facial asymmetries, deformities or malformations 

[65,66]. However, other studies report the unsuitability of this pure polymer to produce structures 

able to support load, resistant to summer high temperatures and degradation under long exposure 

to sunlight and moisture [67]. In this context, there is an opportunity to combine the favourable 

properties of PLA with other materials to improve the pointed vulnerabilities and produce durable 

and resistant optical frames.  

4.1.4. Cellulose Acetate (CA) 

Natural polymers, generally produced by living organisms, can be obtained from several 

sources, such as plants, animals, fungi, and bacteria [68]. These materials are widely used in 

biomedical applications due to their biocompatibility, biodegradability, high porosity and ability to 

undergo various chemical and physical modifications for tissue regeneration [69]. Examples of 

natural biopolymers include, for example, cellulose, polyhydroxyalkanoates, thermoplastic starch, 

and more [69,70]. 

Cellulose acetate (CA) (Figures 3 and 4) is a polymer derived from the acetylation of cellulose. 

This material is one of the preferred biopolymers for producing optical frames due to its hardness, 

impact resistance, transparency and pleasant texture when in direct and prolonged contact with the 

skin. It also does not generate static electricity, is not a good electrical conductor, and is chemically 

resistant to hydrocarbons. Regarding biodegradability, studies have shown that the rate is influenced 

by the degree of sub-substitution of the acceptor group: as this decreases, the rate increases [62]. In 

terms of its thermal properties, CA has a strong dipolar molecular interaction network, giving it a 

high glass transition temperature, Tg, and a short interval between the melting temperature Tm, and 

the degradation temperature, Td. These properties make it challenging to process using conventional 

thermal techniques such as extrusion, and particularly AM, where the fluidity of the molten polymer 

is crucial before thermal degradation begins. Consequently, studies reveal the necessity of adding 

low-molecular-weight organic compounds that act as plasticisers to extend the processing range of 

CA. This method is generally referred to as external plasticization [71]. Manufacturing of CA 

thermoplastics typically involves the use of 15–35% by weight of plasticisers [71]. Other cellulose 

esters with longer chains, such as cellulose propionate and cellulose butyrate, or those with longer 

substituents, are more flexible and require smaller amounts of plasticiser to achieve the same fluidity 

at a given temperature. This is due to an internal plasticisation effect, i.e. copolymerisation with a 

small amount of a second monomer or the insertion of highly flexible side-chain substituents [71].  

Recent research has successfully demonstrated the development of cellulose acetate filaments 

with properties suitable for AM using FDM. By modifying the structure of CA and creating controlled 

nanoporous networks, were able to significantly improve printing accuracy and simulate functional 

properties inspired by nature, such as the ability of plant roots to absorb water [72]. The obtained 

filaments had a Young's modulus of around 1.4 GPa and a tensile strength of over 23 MPa — 

characteristics that are compatible with printing technical components. Additionally, the material 

exhibited excellent biodegradability and emitted few volatile compounds during extrusion, while 

maintaining an aesthetically pleasing appearance, which reinforces its potential for sustainable 

applications in design, materials engineering, and consumer products. CA has several applications, 

including tool handles, protective films for Liquid Crystal Display (LCD) polarising panels, and 

optical frames. 

4.1.5. Polyhydroxyalkanoates (PHAs)  

Polyhydroxyalkanoates (PHAs) (Figures 3 and 4) are thermoplastic polymers whose (R)-3-

hydroxyalkanoic acid monomers are naturally synthesised by Gram-positive and Gram-negative 

bacteria for intracellular energy and carbon storage. The 'R' group can vary from a methyl group to 

a tridecyl group. The polymer's classification is a subject of much debate. Some researchers consider 

PHAs to be a synthetic biodegradable polymers due to its relatively simple aliphatic polyester 
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molecular structure [73]. However, others consider them to be a natural biodegradable polymers 

because it is produced by blue-green algae and soil bacteria [73]. The microbial strain and 

fermentation conditions can be used to vary the length, degree of crystallinity and mechanical 

properties of these polymers [73]. One of the great advantages of PHAs is that their mechanical 

properties can be comparable to those of fossil-based plastics, with tensile strength, modulus and 

elongation at break varying according to the specific type of PHAs [73].  

PHAs exhibit good thermal stability, with melting temperatures typically ranging between 40 

and 180 °C (Tg = ~ 23.39 °C; Tm = 173.8 °C), making it suitable for use in various AM techniques, such 

as FDM, SLS or SLA [62,73]. The thermoplastic behaviour of PHAs is essential for their compatibility 

with AM processes. In FDM, the relatively low melting temperature enables PHAs filaments to be 

melted and extruded layer by layer without significant thermal degradation, ensuring the mechanical 

integrity of the parts. PHAs are also suitable for SLA due to their thermal stability and ability to 

polymerise under UV radiation. In SLS, PHAs can be selectively sintered in powder form, enabling 

the manufacture of complex components with good density and good mechanical properties [74]. In 

this way, PHAs guarantee the structural quality of objects produced by AM and offer versatility in 

the choice of printing method, adapting to the specific needs of each application [60]. PHAs are 

recognised as being both biocompatible and biodegradable, which makes them ideal for use in 

medical and biomedical applications. They degrade naturally in various environments, including 

soil, water and biological systems, through enzymatic and hydrolytic processes without leaving 

harmful residues behind [60,73,75].  

Although there is a wide variety of PHAs, only a limited amount is produced commercially. This 

includes poly(3-hydroxybutyrate) (P3HB), also known as polyhydroxybutyrate (PHB) (most 

commonly found PHA on the market )[76]. To improve PHB's properties, the copolymer poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is often synthesised on a large scale, extending its 

applications to packaging and orthopaedic devices, among others [73]. With a Tm between 160 and 

180 °C (typically 170 °C) and Tg between 3 and 15 °C, PHB is compatible with AM techniques. Other 

available PHB copolymers include poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV or 

P3HB3HV), poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx), (Poly(hydroxybutyrate-

co-hydroxyhexanoate)), and Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) 

(mechanical properties of PHAs family are described in Table 2). 

PHAs are produced by several companies around the world, including BioMatera (Canada), 

Biome Bioplastics (UK), Biomer (Germany), Cardia Bioplastics (Australia), Danimer Scientific (USA) 

and Kaneka (Japan). Other companies where it is produced are Full Cycle Bioplastics and Mango 

Materials (USA), Nafigate (Czech Republic), NaturePlast (France), Newlight Technologies (USA), 

Tianjin GreenBio Materials (China), Yield10 Bioscience (USA and Canada) and Tianan Biologic 

Material (China) [76]. 

At an industrial level, PHAs production is limited by factors such as the availability of raw 

materials, low productivity and yield, and the complexity of genetic engineering and biosynthesis 

culture [32]. These factors all contribute to the high cost of commercially available products [76]. 

The rubbery characteristics of some of the PHAs provide an extra flexibility to its biocomposites 

[77]. It acts as a plasticiser, reducing the viscosity during AM and improving the processability of the 

material [77]. In the optical industry, the use of PHA blends to AM can improve printability, and 

produce malleable optical frames, which is particularly relevant for children, preventing undesirable 

breakages.  
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Figure 3. Biopolymers suitable for AM. PHBV (A), PHA (B), PLA (C), PBS (D), and CA (E). 

 

Figure 4. Chemical structures of common biopolymers used in the AM of optical frames. The figure includes 

PA, PLA) CA, as well as potential alternatives for new formulations such as PBS, PHAs, PHBV, and PHB. 

Table 2. List of fossil-based polymers, biobased polymers and biocomposites and respective physical and 

mechanical properties. 

Source Material 
Tg 

(°C) 

Tm 

(°C) 

MFR 

(g/10 

min) 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Elongation 

Break 

(%) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Izod 

Impact 

Strength 

(J/cm) 

Ref. 

F
o

ss
il

 

ABS 
100-

110 

221 

to 

240 

20 43.8 
847.55 to 

991.61 
7.2 70.608 2.354 2.648 [78–80] 

PEI 215 

217 

to 

225 

11 115 90 to 130 60-80 22 3.5 25 to 60 [81–84]  

PA 11 

40 

to 

45 

185 

to 

193 

- 25 to 41 
350 to 

1330 
4 

0.074 ± 

0.012 
0.9 ± 0.1 - [25,85–88]  

PA 12 

40 

to 

55 

178 

to 

180 

- 30 to 70 
350 to 

1350 
200 47 to 49 

1.146 to 

1.687 
- [25,85,86,89] 

B
io

-

B
as

ed
 

M
a

tr
ic es
 

PLA 
50-

65 

153-

180 

42.7 ± 

2.9 

51.9 ± 

0.69 

804.9 ± 

3.33 
30 to 240 

0.170 to 

159 

0.167 to 

13.8 

0.105 to 

8.54 
[62,90] 
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PBS 

-40 

to 

1-10 

90-

120 
 326.3-387      [91,92]  

PHB - 

140 

to 

180 

17 to 

20 
25 to 40 3500 5 to 8 18 16 23 ± 1.53 [22,87] 

PHA 

-30 

to 

10 

70 to 

170 
- 18 to 24 

700 to 

1800 
3 to 25 40 2 0.260 [22] 

PHBV 60 173.9 
17.4 ± 

1.4 

30.58 ± 

0.92 

823.22 ± 

5.79 
4.53 ± 0.02 - - - [93] 

CA - 115 - 10 460 13 to 15 27 to 72 
0.08 to 

2.62 

0.480 to 

4.50 
[22] 

C
o

m
p

o
si

te
/ 

B
le

n
d

s 

PHBV/Wood - 173.5 
42.0 ± 

2.1 

27.31 ± 

0.67 

179.13 ± 

16.74 
3.59 ± 0.10 - - - [93] 

PHBV/Wood/CaCO3 - 173.8 
51.0 ± 

2.8 

17.21 ± 

2.29 

928.5 ± 

30.86 
1.75 ± 0.21 - - - [93] 

PHBV/Wood/CaCO3/Ad1 - 173.4 
55.6 ± 

2.7 

23.53 ± 

1.35 

707.50 ± 

55.9 
2.32 ± 0.06 - - - [93] 

PHBV/Wood/CaCO3/Ad2 - 175.1 
44.1 ± 

1.4 

26.62 ± 

2.05 

132.4 ± 

14.88 
3.69 ± 0.27 - - - [93] 

PHBV/Wood/Ta.Fe/CaCO3 - 174.4 
44.6 ± 

0.9 

29.28 ± 

1.12 

173.48 ± 

9.54 
3.78 ± 0.14 - - - [93] 

PHBV/PLA 59 174 
30.0 ± 

1.7 

32.17 ± 

0.86 

804.23 ± 

10.90 
- - - - [90] 

PHBV/PLA/CS 58 173 -  
25.40 ± 

0.91 

871.23 ± 

3.60 
- - - - [90] 

PHBV/PLA/CS/OE/Pgm/ATBC 54 172 -  
19.03 ± 

0.92 

713.96 ± 

30.20 
- - - - [90] 

4.2. Natural Fibres for Enhanced Biopolymeric Composites 

The use of natural fibres to reinforce composites has aroused interest and recognition in recent 

years as they contribute to a sustainable and circular economy, in contrast to synthetic fibres [94]. 

Natural fibres typically originate from mineral, agricultural or animal byproducts, typically 

produced locally (Figure 5) [95,96]. Wood, cork, cotton, luffa cylindrica, kenaf, hemp and chitosan 

are some examples. They are therefore inexpensive, widely available, renewable and highly 

biodegradable materials [94]. The incorporation of natural fibres as fillers or reinforcements in 

biopolymers matrices has multiple advantages that depend on the fiber's structure and chemical 

composition. Their low-density results in lightweight materials and reduces the biopolymer usage 

and associated costs. Some natural fibres have already shown to improve mechanical properties by 

increasing rigidity, strength, and impact resistance (such as flax or hemp), and offer favourable 

thermal properties. They can additionally confer a captivating visual aspect and marketing appeal to 

the intendent application. 

The development of natural fibre-reinforced biocomposites for AM has recently become a key 

area of study, primarily due to their increased sustainability and the limited range of filament 

materials available for FDM printing. There is still a limited understanded of their behaviour and 

there are some challenges in developing materials with good performance [97]. For instance, the 

structural components of natural fibres tend to absorb moisture from the environment, resulting in 

irregular dispersion among the polymer and bad interfacial adhesion. Chemical treatments or the use 

of coupling agents are typically applied to improve the fibre-matrix interactions. Moreover, the 

thermal instability of some of the fibres may be incompatible with the high temperatures required to 

melt polymers during extrusion [97]. Fibre size is another crucial characteristic to prevent 

irregularities during material deposition and nozzle clogging. Smaller particles are ideal for FDM 

processes [98]. Additionally, precisely assessing the printing conditions for fibre-reinforced 

biocomposites is critical for ensuring good material fluidity, adhesion between layers, and extrusion 

uniformity [99].  
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The utilisation of filament biocomposites derived from natural fibres has demonstrated 

applicability in domains such as packaging, consumer products and medical devices, thereby 

contributing to reducing the environmental impact of synthetic and non-renewable materials [99–

101]. This section summarises a selection of natural fibres and their unique advantages, highlighting 

their potential to be incorporated into biocomposites for AM of optical frames, thus filling a gap in 

the literature.  

 

Figure 5. Examples of natural fibres and classification according to their source. 

4.2.1. Wood 

As is well documented, wood is the result of secondary tree growth [102]. From a chemical 

perspective, wood is defined as a three-dimensional compound that is primarily composed of 

cellulose, hemicellulose and lignin [103,104]. Its structure provides unique mechanical characteristics 

with a significant strength-to-weight ratio and modulus-to elasticity [102]. Wood particles, originated 

from wood processing waste (Figure 6), can be used to reinforce composites, providing a sustainable 

and circular practice. While petroleum-based matrices are more common, bio-based thermoplastics 

are becoming popular, with emphasis on PLA/wood filaments for AM techniques, which can already 

be found in the market [105]. For instance, a previous report [106] found that the addition of wood 

flour to a PLA/PBAT matrix improved the mechanical properties, reduced composite's cost, and 

achieved good printability and shaping quality. Consequently, wood enables the construction of 

mechanically robust structures that are lightweight at the same time [102,107]. Another advantage is 

the aesthetic properties that provide a natural appearance to printed objects [108].  

Currently, wood-based materials are mainly used in FDM for furniture production, however, 

their characteristics make them potentially suitable for wider application prospects [109,110]. For this 

reason, there is interest in exploring the potential of wood biocomposites for the AM of optical frames 

for the optical industry.  

4.2.2. Cork 

Cork (Figure 6) is a type of bark produced by the Quercus suber L. tree. It is mostly constituted 

by suberin, lignin, polysaccharides and extractives, and can be sustainably extracted [111,112]. The 

countries located in the southern Mediterranean region are the largest producers of cork, with 

Portugal accounting for 80 % of the world's production of this material [113]. Cork exhibits a 

honeycomb structure, which gives a number of interesting properties, including low-weight, 

elasticity, flexibility, resilience and acoustic and thermal insulation [111]. In addition, it is 
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impermeable to gases and liquids [114]. These unique characteristics make cork an interesting natural 

filler to produce biocomposites [112]. Some examples of studied composites found in the literature 

include polyurethane/cork, ABS/cork and PLA/cork, which have applications in packaging and 

construction, typically via injection moulding or extrusion [112,115].  

Cork powder originating from the polishing of wine stopper, are undervalued residue. Their 

low granulometry (<500 m) is a relevant characteristic to produce reliable filament for FDM 

applications in order to avoid nozzle clogging [116]. A recent study reported the production of a 

composite filament made from PA 12/cork, for FFF AM, with outstanding processability, quality and 

for lightweight components [117]. With a more sustainable outlook, it was demonstrated the 

successful production and printability of MAgPLA/cork fully bio-based and biodegradable filament 

to print furniture parts. In addition, characteristics such as the natural colour and non-plastic touch 

of cork-based biocomposites are beneficial to foster further exploitation in this area [116]. In this 

context, their investigation into AM of optical frames is noteworthy, as it has not been researched to 

the best of the authors' knowledge. 

4.2.3. Luffa Cylindrica 

Originating from Africa and Asia, Luffa cylindrica (Luffa cylindrica) (Figure 6) is a natural fibre 

that is categorised as a 'vegetable sponge' [118]. Structurally, it is constituted by multidirectional 

honeycomb fibres, with of diameters between 0.2-1.0 mm and different orientations. Luffa fibres are 

mainly composed of cellulose, hemicellulose and lignin. Waste from Luffa farms is available and 

suitable for valorisation as a natural filler [119]. As biodegradable and renewable fibres, they have 

potential to be explored as a sustainable reinforcement material in composites [120,121]. Luffa fibres 

have exceptional properties, including bioactive properties, specific strength (ratio of tensile strength 

to density), Young’s modules, high stiffness and the ability to absorb energy [122]. The use of luffa 

fibres as a filler is not common, and only a reduced number of existing scientific literature contains 

reports on their potential. In particular, studies focused on developing PLA/luffa composites for 

biodegradable packaging applications [122–124]. It was reported that using luffa fibres in the ideal 

proportion as a PLA reinforcement improves the mechanical properties of the resulting biocomposite. 

To the best of the author’s knowledge, no literature has explored the use of this natural fibre in 

biocomposites for FDM applications. This suggests an opportunity to investigate their potential for 

improving the properties of 3D-printed optical frames.  

4.2.4. Kenaf 

Hibiscus cannabinus L., is commonly known as Kenaf [125]. It is abundantly available, 

biodegradable and recyclable natural fibre, which has been extensively utilised as a filler and/or 

reinforcement for biocomposite materials for its excellent performance [126]. Its exceptional 

properties such as tensile and flexural strength, are comparable with those of synthetic fibres, making 

it a viable substitute with the additional advantages of low weight and low cost [127–129]. It is 

noteworthy that this fibre exhibits capacity for oil and liquid absorption [130]. 

Kenaf fibres are considered to be one of the best-known natural fibres to reinforce polymers, 

however, their potential to produce biocomposite filaments for FDM AM was only more recently a 

focus of study [115]. It was reported that PLA/kenaf biocomposite filament mechanical performance 

was improved and could facilitate the printing of fully biodegradable prototypes for personalized 

orthoses, textiles and medical devices, which can include optical frames [131,132].  

4.2.5. Hemp  

Hemp (Cannabis sativa L.) (Figure 6) is among the most ancient plant species cultivated by 

humankind originating from Asia [127,130,133]. Hemp is a fast-growing crop with strong fibres, 

biodegradable, non-toxic and recyclable [126]. It is a lignocellulosic by-product derived from the 

cannabis sativa plant, extensively used for textile applications [126,134].  
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The hemp plant has an innate capacity to resist fungal and bacterial infections, a natural attribute 

that fosters its robust and sustainable growth. Its production costs are lower in comparison to other 

fibres, such as flax, and it has the capacity to yield up to 25 tonnes of fibre per hectare. Various reports 

explore the blend of this fibre with a biopolymer matrix (mainly PLA) to produce biocomposite 

filament, with potential application in the automotive industry [135,136]. Similar to kenaf fibres, the 

primary function of hemp fibres is to enhance the composite structure, thereby acting as a reinforcing 

material [137]. In terms of mechanical properties, hemp fibres have a low density (1.48 g/cm3), high 

rigidity and resistance, which reduces the material abrasion during processing and gives increased 

thermal properties. In addition to the enhanced sustainability of this fibre, it is associated with 

reduced health risks and costs when compared with synthetic fibres [126,138–140]. 

Thus, as reported in the literature, there is potential to produce eco-friendly biocomposite 

filament for AM using hemp fibres. The improved properties could also be beneficial for obtaining 

high-quality 3D-printed optical frames.  

4.2.6. Chitosan  

After cellulose, chitosan (Figure 6) is the most abundant polysaccharide found on Earth [141]. It 

is derived from chitin, a naturally occurring polysaccharide that is commonly found in fungi, yeasts, 

and in the exoskeletons of insects and crustaceans, via deacetylation [69,142]. Chitosan is non-toxic, 

biocompatible, can be broken down naturally by the action of enzymes, possesses antimicrobial 

properties and acts as a bioactive agent [69]. In a circular economy context, waste (that can be 

considered as a recalcitrant waste) from seafood processing in the food industry can be used to 

produce environmentally benign chitosan products [143]. 

The properties of chitosan are different based on its source, molecular weight and degree of 

acetylation. These factors significantly affect its applications [69]. As a biomaterial for AM, chitosan 

has been extensively studied as bioink to biomedical and water treatment applications, and less 

attention has been giving to its potential use as a natural filler [143,144]. Due to its poor mechanical 

behaviour in FDM printing, pure chitosan can be processed in its powdered form to blend with other 

polymers, forming chitosan-based composites [145]. For instance, a PLA/chitosan filament was 

developed to print eco-friendly packaging with good thermal stability, and enhanced ductility [146]. 

Due to chitosan’s hydrophilicity, the major challenge is to improve the interfacial bonding between 

the chitosan filler and the matrix [146].  

Chitosan has a variety of interesting applications in many fields. In the domain of AM for the 

optical industry, its antimicrobial properties, thermal stability and sustainability make it a promising 

as natural bioactive filler for producing biocomposites suitable for printing optical frames.  

 

Figure 6. Examples of natural fibres. Luffa Cylindrica (A), Chitosan (B), Wood (C), Cork (D), and Hemp (E). 
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4.3. Additives 

4.3.1. Colourants: Pigments and Dyes for Incorporation in Biocomposites 

The term 'colourant' refers to any compound that imparts colour, regardless of its source or use. 

The most important colourants are pigments and dyes, which are used to change or add colour 

[147,148]. However, there is some confusion about these terms and how to use them correctly. 

Colourants are largely used in different industries and have been used by humans since the beginning 

of our history [147,148]. Pigments present distinctive characteristics from dyes: pigments are particles 

that can have any structure and are not soluble in the medium where they are applied [147,148], 

whereas dyes are colourants soluble in the application medium (usually water) [147,148]. Pigments 

do not need to have an affinity for the substrates where they are fixed, but they require binders when 

the particles are incorporated (coatings, paints, inks, among others), or when they are applied to 

plastics, in which case the entire polymer material is usually pigmented [147]. Dyes must present 

affinity for the substrate where they are applied and need to be soluble at some points of the 

colouration process, where they disperse at the molecular level, while pigments are dispersed as 

particles (insoluble) [147,148].  

Classification of pigments can be based on their chemical composition, as well as their optical or 

technical properties, which may also include corrosion inhibition and magnetic properties [147,149]. 

For instance, an effect pigment can confer colour but also other added properties, such as texture or 

iridescence [149]. Pigments are fluorescent, colourless or coloured organic or inorganic particles 

where their appearance is altered either by scattering of the light and/or selective absorption [148]. 

Dyes are substances with colour that impart colour (via solution) by the selective absorption of colour, 

and they can be either natural (derived from animals, plants, and mineral materials) or synthetic 

(based on petroleum compounds) [148]. Figure 7 illustrates the classification of colourants (pigments 

and dyes) and presents some examples of each class.  

 

Figure 7. Classification of colourants (pigments and dyes). Some examples of each class are given for both 

inorganic and organic pigments, as well as for (organic) natural and synthetic dyes. Adapted from [146]. 

The colouristic properties, for dyes, are mainly defined by the chemical structure and for 

pigments by their chemical composition, but also by the physical characteristics of the particles 

[148,150].  

Mainly associated with pigments are oxides and inorganic salts, such as chromium (Cr) and iron 

(Fe), that are dispersed (as crystal or powder form) in the application medium [148]. Factors related 

to the particles (such as particle size, particle size distribution, particle shape, pigment concentration, 

refractive index, absorption coefficient, scattering coefficient) and with the application medium 
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(absorption, refractive index) will affect the final colour properties [147,148]. For dyes, which are 

usually associated with dissolved organic molecules (chromophores) in the medium, the colour 

imparted depends on the chromophore molecule's electronic properties [148,150]. Pigments used as 

colourants are heat stable, highly durable, solvent resistant, with fast migration, but are usually 

difficult to process and present poor colour strength and brilliance [148]. Dyes, on the other hand, 

present a good colour strength and brilliance, being easy to process, but the colour presents poor 

durability, high migration and sensitivity to heat and solvents [148,151]. Normally, inorganic 

pigments present a lower cost of production than organic pigments, but organic ones present a more 

attractive and interesting colour for different applications, and as with dyes, organic pigments are 

less stable, being more prone to degradation after UV radiation or atmospheric exposure [147,151]. 

In a previous work [152], it was reported colour change/loss of a fully biobased material composite 

where phycocyanin, a natural coloured organic pigment, was used. The authors relate the colour 

change to the degradation of the bioactive component (phycocyanin) during the injection process. 

The differences observed were likely related to the degradation of the constituents, namely, the 

natural pigments used. A similar colour change was observed for the test specimens obtained during 

the injection process. Table 3 presents a summary of the previously described differences between 

pigments and dyes.   

Table 1. Main characteristics of pigments and dyes in terms of classification, solubility, affinity, processability, 

colour change and stability, as well as colouristic properties. Some examples of pigments and dyes are also 

present in the table. * Phycocyanin is a naturally water-soluble protein-pigment complex, while astaxanthin is a 

lipid-soluble carotenoid pigment. 
 

Pigments  Dyes  

Classification  Inorganic; Organic  (Organic) Natural; Synthetic 

Solubility in the medium  No*  Yes  

Affinity to the substrate  Not needed- crystal or powder 

particles dispersed on the 

medium; Unaffected chemically 

or physically by the vehicle or 

substrate where they are 

incorporated.  

Yes – Organic molecules 

dissolved in a medium. During 

the application process, the 

crystal structure is (temporarily) 

destroyed by absorption, 

solution, and mechanical 

retention or by ionic or covalent 

bonds. 

Processability  Difficult  Easy  

Stability of colour  Inorganic pigments: Highly 

durable,  

Poor colour strength; Poor 

brilliance; Heat stable; Solvent 

resistant.  

Organic pigments: Less Stable; 

Prone to degradation (after UV 

and atmospheric exposure).  

Brighter colour; Good colour 

strength;  

Less light stable (UV radiation); 

Less permanent/ Poor durability; 

Sensitivity to heat; Sensitivity to 

solvents  
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Change in colour  By scattering of the light and/or 

selective absorption. 

Impart colour by selective 

absorption of light. 

Coloristic properties Defined by their chemical 

structure, by the physical 

characteristics of their particles 

(shape, size, distribution, 

concentration, etc.) and by the 

medium (absorption, refractive 

index). 

Defined by their chemical 

structure (electronic properties of 

the chromophore molecule).  

Examples  Inorganic pigments: salt and 

oxides (Cr and Fe oxides); 

Organic pigments:  

Phycocyanin*, Astaxanthin* 

Synthetic dyes: Azo, Coumarin 

and Perylene dyes.  

Natural dyes: Indigo, Turmeric, 

beetroot  

Colouring agents have been used since ancient times, in a close relationship with mankind, to 

give colour to textiles, skins or even utensils and nowadays they are an essential part of humans' day-

to-day life being used in industries such as textile, food, cosmetics, pharmaceutical, plastics, inks and 

paints, paper and photography among many other industries [147,148]. Both organic and inorganic 

pigments have been used for a long time from a diversity of sources, such as plants, animals and salts 

and oxides produced from mineralisation [147]. Black tones were obtained from natural manganese 

oxides and charcoal, orange, red and yellow tones from naturally occurring iron oxides, and calcium 

carbonate (CaCO3) was used as the basis of light and white shades [147].    

From 1850 onwards, synthetic colouring agents have been largely used, being the most used 

pigments nowadays, because they are easy to produce, present a lower cost (than naturally occurring 

pigments), and less quantity of pigment is needed for colouring, while they also present superior 

colouring properties [147]. Despite many inorganic compounds being well-suited to be used as 

colouring agents, they are not considered due to their toxic and carcinogenic properties [148,153]. 

Efforts have been made to replace elements such as lead, cadmium, and chromate from inorganic 

pigments, but the progress made in this area in recent decades has been insufficient [147], because 

most effort has been directed to the optimisation of existing pigments (size, purity, crystal structure, 

UV stabilization, and compatibility with the medium to be incorporated) [147].  

Because of the problems, such as the negative health impacts of synthetic colourant agents, 

natural pigments are becoming more and more sought after and popular due to awareness, 

environmental safety and conservation [153,154]. They present properties as being biodegradable, in 

general non-toxic and non-carcinogenic, which makes them very interesting for human use and 

industrial applications [153]. Natural colourants are mainly obtained from plants (fruits, leaves, 

vegetables, flowers, etc.), animals (insects, molluscs, etc.) and microorganisms (fungi and bacteria) 

[153–156]. In previous reports [154], several pigments that can be obtained from plant sources, and 

pigments from microbial origin can also present beneficial properties such as anti-carcinogenic, anti-

inflammatory, antioxidant, among others [154].   

In the context of producing optical frames using AM technologies, it is possible to create 

differentiated and exotic frames through environmentally friendly technologies (that are on 

demand), and a wider choice of materials and complexity of designs is possible [157]. Significant 

effects on the industrial production processes, economy and society arise from AM technologies, 

which are considered to be a key technology for the industrial sector [158]. There is also a growing 

market demand for sustainably manufactured frames that are also durable [157]. Through different 

AM technologies is possible to prepare polymers from different forms (powder, filament, etc.) [157] 

into different biocomposite materials for their application in optical frames – this field has gained 

attention in the AM sector over the last years [157,159].  
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Colourants such as pigments and dyes can be used to give colour to various materials, including 

optical frames, where both single and mixtures of two or more elements (pigments or dyes) can be 

used to reach a specific colour or shade [147] and create innovative, stylish designs that are appealing 

to customers. Normally, colourants are used mainly for aesthetic reasons, but, more recently, it is 

possible to confer on colourants specific capabilities such as functional properties, making this an 

emerging research area [158]. Using colourant agents in polymeric materials is advantageous, since 

even a small amount can significantly change some properties of the material and a the same time 

the mechanical features of the matrix are retained [158]. It is possible, for instance, to use pigments 

that are constituted of both organic and inorganic constituents - hybrid pigments – where the 

development of novel, distinctive colours is achieved and an enhanced performance of developed 

biocomposites is possible [155]. The combination of organic and inorganic pigments in hybrid 

pigments or even the use of a mixture of pigments broadens the palette of colours (creative 

expression) and can also enhance the versatility and performance of pigments (effect pigments, 

anticorrosive or magnetic pigments) [147,155].  

With AM techniques is possible to apply an on-demand approach where optical frames are made 

on the spot, considering the consumer choices and preferences (customised product) and eliminating 

waiting times. At the same time, optical frames are considered fashion items, where the availability 

of a variety of colours and shades is necessary to meet market demands and differentiate brands 

[160]. Next, a description of some examples of colourants that can be used in the development of 

biocomposites for the AM of optical frames is presented.  

• Phycocyanin (PC) 

Phycocyanin (PC) is a pigment found in eukaryotic algae and cyanobacteria (Cryptomonads, 

Rhodophyta), being classified in three types: the R-PC (from red algae), the C-PC (from cyanobacteria) 

and the R-PCII (from Synechococcus species) [161,162]. Phycocyanin (C-PC) is a light-harvesting 

protein from the phycobiliprotein family with commercial value and good properties (antioxidant, 

anti-inflammatory, anticancer) with various industrial applications (food, pharmaceutical, cosmetics, 

among many others) [161–164]. The chemical structure of phycocyanin is represented in Figure 8.  

In a previous work [161], various algae sources from which phycocyanin has been purified are 

reported. Of the different species from which phycocyanin can be extracted, the photosynthetic 

cyanobacteria Arthrospira sp., known as spirulina, has been extensively studied and commercialised 

not only due to its commercial value (up to 70% of the cell mass can be from protein synthesis) but 

also because of its ability to synthetise C-PC, an intense blue water - soluble pigment (Figure 10) 

[161,163,164].   

Depending on the extraction and purification steps, the final properties of PC can be changed, 

being these procedures associated with its low stability and the purity of the extracts [163,164]. In 

addition to extraction processes, PC presents low stability, being very sensitive to environmental 

stress (particularly temperature, light (UV) and pH), which is a limitation for industrial applications 

[163,164]. It is reported in the literature that above 50 ◦C, the denaturation of PC occurs, the 

chromophore suffers changes in its structure (stability) which promotes colour fading and 

antioxidant activity losses and that under light exposure and high temperatures, the colour changes 

happen faster [163,164]. The optimal temperature for PC preservation is 45 ºC or less [163]. The 

instability of the molecule limits its uses and applications even though a continuous effort has been 

made to improve its stability (through the use of preservative or particulate forms, for instance), 

because it is one of the limited choices for natural blue coloured colourants [163,164]. The use of such 

a blue colourant in material composites/biocomposites can add value, also because this is a natural 

pigment, and the demand for sustainable, natural products is on the rise. It was recently reported the 

development of a novel fully bio-based material composite containing PLA, PHBV and PC (among 

other constituents) [152]. The authors successfully developed a biocomposite for cosmetic 

applications, but reported colour change of the material and related it to the degradation of 

constituents, namely the PC. Even though the results are promising, the authors recognise that more 

investigation needs to be done to make the molecules more stable.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202509.0570.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.0570.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 44 

 

 

Figure 8. Chemical structure of PC. 

• Astaxanthin (ASX) 

Astaxanthin (ASX) is a xanthophyll carotenoid with the chemical formula (3,3-dihydroxy-β-

carotene-4,4-dione), which exists in three stereoisomeric forms (a meso isomer and two enantiomers) 

and is a metabolic product of canthaxanthin and zeaxanthin and belongs to the terpene family 

[165,166]. In Figure 9 is possible to observe the chemical structure of ASX. ASX is a lipid-soluble 

pigment with a vivid red-orange colour extensively used in several industries to enhance 

pigmentation and colour intensity (for instance, the pigmentation of salmon, shrimp, and other 

applications) [165,167]. ASX can be of either natural origin, found in yeasts, algae, plants, fungi, 

lichens, plankton, crustaceans, and other marine organisms (such as crustacean byproducts), or of 

synthetic origin (from petroleum-based chemicals) [154,165–167]. Among the many species from 

which natural ASX can be extracted, yeast and microalgae are the most important sources of natural 

ASX, commercially, with Haematococcus pluvialis and Chlorella zofingiensis being considered the most 

promising due to their exceptionally high ASX content [165]. Natural ASX growing interest is related 

not only to its natural vibrant colours, but also to its antioxidant properties and health-promoting 

effects (antimicrobial, anticancer, anti-inflammatory, ocular neuroprotective, etc.) that are of much 

interest and present applications in several industries [165].  

ASX is one of the most expensive and important industrial pigments, extensively used in 

aquaculture for salmon pigmentation (and other colouring applications), but the use of natural ASX 

presents some drawbacks, such as the high cost to obtain it (few sources of natural ASX) due to 

limited bioavailability and the poor stability when exposed to environmental factors (light, extreme 

pH values, oxygen or even high temperatures) [165,167].  

For the previous reasons, synthetic ASX represents more than 95% of the feed market, being also 

the most cost-effective to produce, even though an increase in natural sources for this pigment has 

been showing a notable increase [167]. Natural ASX, with its bright, vibrant colours, presents 

advantages for its incorporation as a pigment in biomaterial composites for the development of 

optical frames, not only because it reduces the reliance on chemical alternatives and so reduces the 

environmental impact associated with their production and disposal, but also can be a good source 

of a variety of colours that differentiate brands.  

 

Figure 9. Chemical structure of ASX. 
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• Iron Oxides 

Pigments, including iron oxide, are widely sought after due to their colours, and their global 

demand was about 12 million tons in 2020 [150]. A great variety of materials is used as pigments in 

several fields, such as titanium dioxide, a white pigment, and chromium oxide, a green pigment, 

where they are very important due to their good colour intensity, hiding power, and good 

dispersibility [150]. A great variety of pigments exists and is reported in the literature; The next 

section will address iron oxide pigments that have already been studied and could be the most 

interesting ones for the incorporation into material composites for the development of optical frames.  

The Earth's crust is constituted by around 4% of Iron (by mass), and when considering the Earth's 

total mass, iron constitutes between 28 to 35 %, being a significant portion of the planet's minerals 

[168]. Iron oxides are present ubiquitously in our globe, including the lithosphere, hydrosphere, 

biosphere, pedosphere, and atmosphere, and their production depends primarily on the raw 

materials, where usually deposits with high iron oxide content are used to obtain natural iron oxide 

pigments [168,169]. To obtain the natural pigments, the raw materials are first ground, then washed 

and transformed into a slurry, after which they are allowed to dry, and finally, they are ground in 

ball mills (other options are impact mills and disintegrators for the grinding task) [169]. The most 

prevalent minerals in Earth's crust are iron oxides and iron silicates [168]. The use of iron oxides and 

iron oxide hydroxides, as pigments to impart colour, has been used through the ages, since 

prehistoric times, with evidence of their use in cave paintings, ancient cultures of Egypt, Greece and 

in the Roman Empire [169].  

Iron oxides present unique mineral characteristics, being physicochemical environmental 

indicators that confer excellent pigmentation, even when present at very low concentrations [168]. 

Iron oxides present small grain sizes (between 5-100 nm) and large surface areas (where a variety of 

molecules can be adsorbed to functionalized surfaces) [168]. Iron oxides can be divided into natural 

and synthetic iron oxides, being that all iron oxides used as pigments have a known crystal structure 

with well-defined compounds, being that both synthetic and natural iron oxide pigments have 

corresponding compositions [168,169]. Among the most important iron oxides used for 

pigmentation, we found hematite, goethite, lepidocrocite, magnetite, and maghemite, where the 

synthetic iron oxides typically present higher and more constant iron oxides than iron oxide ores 

(natural iron oxides) [169]. Figure 10 shows different iron oxide pigments, and Table 4 presents the 

most important iron oxides, their chemical structure and some of their characteristics. 
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Table 4. The most important iron oxide pigment used for pigmentation, its chemical structure and some characteristics. The 3D chemical structures were reproduced with permission from [167], 

except for Goethite and Lepidocrocite, which were obtained from [168] and adapted; Colours were adapted from [169]. 

Iron Oxide pigment  Chemical structure – 2D Chemical structure- 3D Colours  Characteristics  

Goethite 

α-FeOOH  

   Particles show an acicular shape; Colour changes with increasing particle size; 

Colour from green-yellow to brown- yellow  

Lepidocrocite 

γ-FeOOH  

   Particles have a boehmite structure; Magnetic pigment  

Colour changes with increased particle size; Colour from yellow to orange  

Hematite 

α-Fe2O3  

   Corundum structure; Shape can be spherical, acicular, or cubical; Colour changes 

with increasing particle size  

Colour from light red to dark violet  

Maghemite 

γ-Fe2O3  

  

 Spinel superlattice structure; Ferromagnetic  

Colour brown  

Magnetite 

Fe3O4  

  

 Inverse spinel structure; Ferromagnetic  

Colour Black  
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Iron oxide pigments (both natural and synthetic) are undoubtedly the most important pigments 

that confer colour, not only because of their availability  (widespread distribution on Earth's crust), 

but also due to their variety and (chemical) stability of colours (yellow, orange, red, brown, and black) 

and because they are nontoxic and have a good price to performance ratio [169]. Because they present 

low costs to produce and consequently low selling prices, it helps to justify their global market 

presence, being iron oxide red (α-Fe2O3), iron oxide black (Fe3O4), and iron oxide yellow (α-FeOOH), 

the most important representatives of iron oxide pigments [168,169]. Iron oxides are used in many 

fields such as construction, paints, plastics, coatings and many other industries [169]. Synthetic iron 

oxide pigments present some advantages when compared with natural ones, as they strive to 

synthesise almost pure iron oxides with different colours, and they offer pigments with a better 

tinting strength, which are consistent and reproducible [169]. The pigment quality is dependent on 

their particle size, as well as their concentration and the nature of adhesion [169].  

In terms of additive manufacturing techniques, iron oxides are already widely used and 

incorporated into biocomposites. They can be used to impart colour, and because iron pigments are 

processed at high temperatures [169,170], they are thermoresistant to the temperatures at which 

polymers and natural fibres are processed in AM technologies for the development of material 

composites.  

 

Figure 10. Examples of natural pigments. Phycocyanin (A). Blue iron oxide (B). Green iron oxide (C). Yellow 

iron oxide (D). Red iron oxide (E). 

4.3.2. Plasticisers   

Plasticisers are vital in reducing processing difficulties and enhancing plastic properties, 

representing the most prevalent type of plastic additive [171].   

Conventionally, phthalates represent the most prevalent category of plasticisers. However, in 

recent years, a growing body of concern has emerged regarding the implications of environmental 

protection and the potential risks to public health, primarily due to the detection of phthalate 

plasticisers in various environmental matrices, including soils, seawater, sediments, and even in 

endangered organisms and human breast milk. This is attributable to heightened environmental 

awareness and social pressure, which has resulted in the implementation of legal restrictions on 

phthalate plasticisers in numerous countries [172]. Two examples of traditional petroleum-based 

phthalate plasticisers include bis(2-ethylhexyl) phthalate (DEHP) and benzyl butyl phthalate (BBP), 

which are carcinogenic, mutagenic, toxic and thus dangerous to the environment and human health 

[173,174].  

A plasticiser is generally a liquid with a high boiling point, an average molecular weight between 

300 and 600 g/mol, and linear or cyclic carbon chains (14-40 carbon atoms). The low molecular size of 

A B C D E 
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a plasticiser allows it to occupy intermolecular spaces between polymer chains, thereby reducing the 

secondary forces between them [175]. For most plastics, a plasticiser is a substance that provides a 

good level of flexibility over a wide range of service temperatures and reduces the material's 

brittleness point [176]. In this manner, these molecules modify the 3D arrangement of polymers, 

thereby decreasing the energy necessary for molecular movement and the formation of hydrogen 

bonds between the chains. Consequently, an increase in free volume is observed, which in turn leads 

to an enhancement in molecular mobility. A modification in the type and level of plasticiser will affect 

the properties of the final flexible product [177,178]. 

The compatibility between the plasticiser and the polymer can be determined through various 

parameters, namely polarity, hydrogen bonding, dielectric constant and solubility [179,180]. Another 

important factor is solvation, since plasticisers with solubility parameters like those of the polymer 

require less energy to melt or solvate the polymer. The melting or gelling temperature is related to 

the plasticiser's solvation force and the size of its molecule [178]. The plasticiser must have a low 

vapour pressure and a low diffusion rate in the polymer [175].  

In summary, an ideal new-generation plasticiser should be biosafe and environmentally friendly 

and should also exhibit high plasticising efficiency and long-term stability. However, most existing 

environmentally friendly plasticisers (e.g. terephthalate, cyclohexanes, biobased plant oils, and 

citrate) are only biosafe and environmentally friendly, whilst lacking high plasticising performance 

and stability [171]. Isosorbide, citrate and glycerol esters and essential oils are some of the plasticisers 

used as additives to enhance the properties of the polymers. 

• Isosorbide-based plasticisers 

Isosorbide (1,4;3,6-dianhydro-d-glucitiol) is constituted by a fused bicyclic ring with a chiral diol. 

This plasticiser is commercially synthesised following different processes, including enzymatic 

hydrolysis of starch and the catalytic dehydration of sorbitol [181]. It is a potential additive due to its 

biological origin (Tm approximately 65 C) and water solubility. Isosorbide and derivatives can be 

integrated into the polymer's structure to modify the glass transition temperature and transparency 

due to their rigidity and chirality. Isosorbide diesters, which are esterified by the reaction between 

isosorbides and fatty acids, are biodegradable, sustainable, and thermally stable heterocyclic diols 

[182]. Moreover, isosorbide diesters also exhibit good compatibility with polymers, for example with 

polyvinyl chloride (PVC), due to their structure being similar to that of phthalates [183]. For instance, 

a report investigated the effects of oligo(isosorbide adipate) (OSA), oligo(isosorbide suberate) (OSS), 

and isosorbide dihexanoate (SDH) as plasticisers on PVC. SDH had a similar performance to the 

commercial dioctyl terephthalate (DOP). However, OSA and OSS/PLA blends showed higher Tg than 

DOP, resulting in excellent alternatives [184]. 

Some studies have reported the application of isosorbide as a plasticiser for starch, where 

hydrogen bonds are formed between the starch chains and isosorbide, indicating a successful 

plasticisation and a reduction of the retrogradation of the polymer material [185]. Isosorbide has also 

been used in the development of other polymers, such as thermoplastics, polyurethane resins and 

epoxy thermosetting resins [186–189].  

A previous report described the isosorbide diesters as a plasticiser for PLA, due to their polarity 

and short alkyl groups. This plasticiser decreases the glass transition of PLA, and thus, the ductility 

of PLA. The resulting mixture showed a higher tensile strain (approximately 500%). The researchers 

suggested that the behaviour of the plasticiser can be predicted through the solubility [190]. Another 

report also compared isosorbide dioctate (SDO) with the DOP as plasticisers for PLA. The results 

revealed a better miscibility for SDO in PLA compared to DOP. The decrease in Tg of PLA and 

ductility showed better results for samples containing SDO than those filled with DPO. The higher 

transparency was observed for PLA/SDO blends, suggesting that this plasticiser is promising to 

substitute the traditional phthalates [191].  

• Citric acid ester plasticisers 
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Citric acid ester plasticisers are considered eco-friendly additives due to their safety, non-toxicity 

and precipitation resistance. These characteristics make them a first choice for the plastic industry, 

namely as plasticisers for PLA, PVC and other materials. Acetyl tributyl citrate (ATBC) and tributyl 

citrate (TBC) have been investigated due to their promising performances. ATBC is a widely 

employed plasticiser that improves the flexibility and durability of plastics, and it is considered a 

good alternative to the phthalates. ATBC has wide applications in various products, including food 

packaging, children's toys, medical devices, laboratory tubes and cosmetics [192]. This plasticiser is 

resistant to water and light, stable to temperature without colour and maintains flexibility at low 

temperatures [193]. Regarding tributyl citrate, it is compatible and effective with cellulose resin, PP, 

and PVC. Furthermore, the plasticiser has antibacterial and flame-retardant characteristics. 

Unfortunately, the high price is a disadvantage and limits their application to some areas, including 

food packaging, toys, medical equipment and packaging [193]. 

The citrate esters are soluble in PLA due to polar bonds linked between the polymer and the 

additives. The long-term stability of the plasticiser is another important requirement. The low 

molecular citrate esters, which include ATBC and TBC, increase the enzymatic degradation of PLA, 

while those of high molecular weight decrease the degradation rate compared to isolated PLA [194]. 

Furthermore, they interact with PLA and enhance its crystallinity and mechanical properties. The 

decrease in the glass transition temperature caused by citrate esters improved the elongation and 

ductility of polymer films [195]. Studies have reported that PLA can interact with citrate esters 

through intermolecular bonds in the plasticised mixtures. Moreover, the opacity of plasticised 

materials was not significantly influenced by the additive proportion [196].  

• Glycerol-based plasticisers 

Glycerol, also known as glycerine and propane-1,2,3-triol, represents a significant bio-renewable 

component that has been identified in several industrial sectors, including pharmaceuticals, 

cosmetics, cleaning products and foodstuffs [197]. It can be obtained as a by-product of 

transesterification processes to produce biodiesel and from the processing of vegetable oils [197].  

The melting point of glycerol is 20 °C, a consequence of the presence of hydrogen bonds [198]. 

The intramolecular hydrogen bond between the hydroxyl group and the oxygen atom of water has 

been shown to reduce the melting enthalpy of water and prevent nucleation [198]. For glycerol to 

transition into its glassy state, the temperature must be reduced to an even lower level, ranging from 

-70 ℃ to -110 ℃ [198].  In contrast to the conventional process of crystallisation, which occurs at a 

temperature that exceeds the freezing point of the substance, glycerol undergoes a phenomenon 

known as supercooling [198]. 

The low toxicity and high-water solubility of glycerol render it a suitable candidate for use in 

the processing, formulation and synthesis of biodegradable films. Furthermore, its potential in the 

production of plasticisers for starch-based materials is significant, as it has been observed to reduce 

brittleness, thereby enhancing flexibility and increasing the gelatinisation temperature [199,200]. 

As a plasticiser, it is frequently employed in hydrophilic polymers, including polysaccharides 

[89]. The substance has been employed to confer thermoplasticity and to enable extrusion moulding, 

injection moulding and film moulding [201].  

It was previously reported a glycerol monostearate (GMS)/PLA blend, using different 

proportions (5-30%) to enhance the flexibility of PLA. The glycerol derivative decreased the glass 

transition, melting and crystallisation temperatures of the polymer. The strain at break and the impact 

strength increase from 5.7% and 4.7 kJ/m2 for pure PLA to 45% and 48.2 kJ/m2 for GMS (30 wt%)/PLA, 

respectively [202]. Another study demonstrated the use of glycerol tributyrate (GT) as a plasticiser 

(30 wt%) for PLA and compared it with triacetin (TA) and tributyl citrate (TC). The results showed 

that the GT ester had a similar influence on the PLA properties as that observed in TA and TC. 

Moreover, GT decreased the glass, melting, and crystallisation temperatures of PLA. At 20 wt% 

plasticiser, GT/PLA exhibited significantly higher tensile ductility, whereas at 30 wt% plasticiser, the 
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TA/PLA and TC/PLA showed larger elongation measures. The faster and better degradation was 

observed for GT/PLA compared to the other two plasticisers [203]. 

• Essential oils 

Secondary plant metabolites are constituents of essential oils and are defined as aromatic and 

volatile oily liquids, which are almost insoluble in water. The chemical composition of essential oils 

is determined by a variety of factors, including the variety of plant material, its geographical origin, 

the specific part of the plant that is used, the age of the plant material, the season of harvest, the 

harvesting conditions, the extraction method, and the solvent used [204]. 

Most essential oils exhibit a broad spectrum of antimicrobial activity against bacteria and fungi, 

attributable to their hydrophobicity and the hydrophilic functional groups (hydroxyl groups of 

phenolic compounds) present within their chemical structure. These groups can disrupt the 

metabolic processes of microorganisms [205,206]. Essential oils also have antioxidant properties [207]. 

Rosemary, oregano, cloves, thyme, cinnamon, ginger, garlic and citrus fruits are some of the most 

common sources of essential oils [208]. 

These plasticisers are incorporated into biopolymers and other films by emulsification or 

homogenisation, in a manner analogous to the introduction of any lipophilic substance. The efficacy 

of the oil is contingent upon its type and concentration, hydrophobicity, particle size, and emulsion 

stability [204]. The disadvantages of essential oils relate to the susceptibility of the active components 

to polymerisation and oxidation during shelf life. This is due to external factors, including light, 

temperature, humidity, and microbial contamination, among others [209,210]. 

5. Additive Manufacturing and the Optics Industry 

Additive Manufacturing (AM), also known as 3D printing, is an innovative technology based on 

the principle of producing an object by depositing material layer by layer [211]. This technique allows 

for the customisation and adaptation of the object to be created, considering its final application. This 

feature is an advantage over subtractive manufacturing. In the field of optics, AM makes it possible 

to produce customised optical frames designed to meet the needs of the end consumer [31]. AM can 

be subdivided into several techniques, such as FDM, SLA, SLS/Selective Laser Melting (SLM), among 

others. Although each technique has its distinct processing method, AM always involves three stages: 

pre-processing, processing, and post-processing. 

The pre-processing phase consists of the design of the CAD model and the definition of the 

processing material conditions. For this purpose, software such as CATIA, AutoCAD, SolidWorks, 

Rhinos is used for 3D design, and software of slicing is used to create a code (‘GCODE’ file) that will 

be read and interpreted by the printer. The material to be used in printing must always be considered 

throughout this process, since it will influence various printing parameters, such as printing speed, 

printer nozzle diameter, temperature, and more. Also, factors such as structural rigidity, flexibility, 

and biocompatibility are taken into consideration when choosing the material. The materials most 

used in AM of optical frames are generally of fossil origin, such as PE, PA11, PA12, polyetherimide 

(PEI)(also known as ULTEM), and more. Biomaterials often have advantages for use in AM 

techniques, from high biocompatibility to adjustable flexibility and mechanical stability. However, 

most of them are still in the development phase, which hinders their prompt application. 

Once the processing phase is completed, which consists of printing the part, the post-processing 

phase follows (Figure 11). In this phase, the finish of the printed part is improved, if necessary, by 

removing supports or using finishing techniques such as polishing 
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Figure 11. First printed prototype of optical frames for the OnDemand project. (A) Printing process using FDM 

technique. (B) Final printing stage. (C) Detailed view of the support structures. (D) Final printed optical frame 

after post-processing stage (require additional post-processing techniques to remove irregular textures and lens 

grooves). 

5.1. Fused Deposition Modelling (FDM) 

Fused Deposition Modelling (FDM) or Fused Filament Fabrication (FFF) is a technique of AM 

which based on the principle of layer-by-layer material deposition. In this case, there is the extrusion 

of a thermoplastic material through a heated nozzle, which then solidifies after cooling, forming layer 

after layer until a complete object is constructed. In this technique, factors such as layer height, nozzle 

temperature, printing speed, fill density, and materials must be considered, since all these will 

influence the quality of the final product. The layer height affects the thickness of each printed layer, 

affecting the surface finish of the object. The nozzle temperature influences the flow of the material 

and the adhesion between layers. The printing speed directly affects the printing time, which affects 

accuracy. The infill determines the internal structure of the printed object, affecting its strength-to-

weight ratio. Deficiencies in the parameters listed above may lead to a lack of adhesion between 

layers, warping and a lack of precision. Poor adhesion between layers affects the structural integrity 

of the object, and uneven cooling leads to deformation of the part. On the other hand, low cost, high 

speed, and simplicity of the process are the main advantages of FDM [212]. In a recent report using 

the FDM technique, it was noted that the use of PLA would not be suitable for load-bearing 

structures, such as optical frames, due to its insufficient durability and tendency to become brittle 

and break over time when exposed to sunlight and moisture. Therefore, fossil-based thermoplastics 

such as polyethylene terephthalate glycol (PETG) and acrylonitrile butadiene styrene (ABS) were 

A 

B C 

D 
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tested [211]. These conclusions highlight the importance of research in the field of biopolymers and 

the need to formulate a biomaterial suitable for this AM technique to produce optical frames. 

5.2. Stereolithography 

Stereolithography (SLA) is a AM technique that creates objects using a photochemical process 

[213].  In this process, UV light is used to crosslink the chemical monomers and polymerise the 

photocurable resin. This leads to the growth of a two-dimensional layer. The printing platform then 

moves to create an overlapping layer, manufacturing an entire product through a layer-by-layer 

process [214]. After printing is complete, the unreacted resin is removed. As a post-processing step, 

techniques such as heating or photopolymerisation can be employed to achieve the desired 

mechanical performance. The advantage of this technique is that it can print with an accuracy of up 

to 10 μm. However, it is relatively slow and expensive, and the range of printing materials is limited. 

Additionally, the reaction kinetics and curing process are complex. The thickness of each layer is 

mainly controlled by the energy of the light source and exposure time. In a previous report, optical 

frames were made using the SLA technique, using graphene/resin polymer nanocomposites studied 

by the authors. This made it possible to manufacture customised frames that were both lightweight 

and highly resistant [215]. 

5.3. Digital Light Processing (DLP) 

Digital light processing (DLP) is an AM technique related to stereolithography, but it should not 

be considered the same as SLA [216]. In DLP, photopolymerization occurs using a digital mirror 

device (DMD) or a LCD projection system. Thus, the biggest difference between DLP and SLA lies in 

the light pattern system. SLA uses raster laser scanning, whereas DLP uses two-dimensional (2D) 

photopolymerisation. As such, DLP generally offers faster build times compared to the SLA approach 

[217]. DLP also has disadvantages, in that it is limited in terms of size. It is difficult to obtain a uniform 

projection on large surfaces, which is why the technology is mainly used for processing 

microstructures. Despite being considered one of the most powerful and versatile processes, it is 

more suitable for the preparation of micro-optical devices [218]. 

5.4. Selective Laser Sintering (SLS) 

Selective laser sintering (SLS), also known as Selective Laser Melting (SLM), is an AM technology 

in which a laser selectively fuses powder particles layer by layer, creating a desired 3D model. During 

printing, the 3D model is permanently embedded in powder, which allows for the printing of 

extremely complex shapes. In this technique, the powder remaining in the construction tank is reused 

and can be reused in subsequent prints. In SLS, the precision and finish of the part are good, and it is 

possible to achieve relatively high printing speeds. The parts obtained can undergo a multi-step post-

production treatment to achieve different colours and finishes. This AM technique allows for working 

with a wide variety of materials and composites. Finally, SLS also has disadvantages, the main one 

being that the model obtained is porous and requires additional finishing to make it more rigid. 

Examples of the production of optical frames were made using SLS and PLA as the material, resulting 

in frames that are lightweight, flexible, and durable [219]. 

5.5. Multi Jet Fusion (MJF) 

The Multi Jet Fusion (MJF) technique is a AM technique based on the spatially oriented fusion 

of a polymer powder through the application of a fusion agent, followed by the application of thermal 

energy [220,221]. By changing the fusion agent, it is possible to change the properties of the part to 

be printed, such as colour, conductivity, translucency, physical, optical or electromagnetic properties 

[220,222]. Compared to other AM techniques, MJF has an advantage over other techniques as it is 

versatile and about 10 times faster than FDM, for example [220].  
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HP is the main company in the market for producing 3D optical frames using MJF, HP Multi Jet 

FusionTM [223]. This was introduced by HP in 2016, with over 100 million parts already produced, 

proving itself suitable for mass production [224,225]. 

6. Artificial Intelligence (AI) 

With the improvement of artificial intelligence (AI), traditional techniques have been optimised, 

making it possible to explore various areas. Problems that would previously have delayed research 

for a long time can now be predicted using this tool. Examples of the application of this tool in the 

field of materials include the assistance provided by AI in the design of new polymers, improving 

the accuracy and efficiency of predicting their properties [73].   

In AM, AI can facilitate the process from the pre-processing phase (computer-aided design, 

material selection, printing parameters), moving on to printing (selection of printing method, control 

of printing defects, identification of printing failures) and post-printing (quality inspection and real-

time monitoring) [70,73]. In this way, it is also possible to create eco-friendly products, optimising 

biodegradable materials and promoting innovation in sustainable materials science and green 

technology [73].   

One example of the benefits of AI in optical frame production is Luxottica Group PIVA, one of 

the world's largest eyeglass manufacturers. This company has reduced its use of materials by 

optimising the topography of frame morphology using AI and machine learning algorithms [31]. 

Therefore, AI may be revolutionising the optical industry, as it is changing the way many popular 

optical frames are designed and processed. Several CAD software programs available on the market 

already include AI tools, such as PTC Creo, Siemens NX, and Fusion 360 Autodesk [31]. 

Table 2. Examples of companies that use handcraft, injection, and AM techniques to produce optical frames. 

Company Handcraft Injection 3D Printing Polymer References 

Neostyle x  x 
PE – for 3D printing 

CA – for handcraft 
[226] 

Formlabs   x 
PA 11 powder 

PA 12 powder 
[227] 

Monoqool   x 
PA  

 
[228] 

Mykita x  x 
PA - for 3D Printing 

CA – for handcraft 
[229] 

Materialise   x 
PA 12 

PA 11 
[230] 

Viu x  x 

PA - for 3D Printing 

CA – for handcraft 

CA – for handcraft 

[231] 

Favr   x CA  [232] 

Yoface   x 
PP  

PA12  
[233] 

Silhouette  x x 
Natural3D® - for 3D Printing 

NaturalPX® - for 3D Printing 
[234] 

Igreen  x x 

CA - for 3D Printing 

ECO PLASTICA – for injection 

PEI – for injection 

[235] 

Stratasys   x ABS [236] 

Götti x  x 
PA 12 - for 3D Printing 

PA - for 3D Printing 
[237] 
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CA – for handcraft 

Buffalo horn – for handcraft 

Klenze & Baum   x 

SLEEK ECOLUCENT®  

SLEEK ACELIKE®  

PA 11 powder  

PA 12 powder  

[238] 

Neubau x x x 

CA – for handcraft 

NATURAL 3D® - for 3D Printing 

NATURAL PXevo® - for Injection 

[239] 

Rolf.   x Castor Bean [240] 

Manti Mant   x PA  [241] 

Adidas   x PA [242] 

Hala Optical  x  
CA 

G850, EMS, TR90 
[243] 

La Giardinier  x  

CA 

Grilamid® TR90 

Propionate of Cellulose (CP) Tenite® 

PP 

Megol® (SEBS: a thermoplastic rubber) 

ACETATE M49 

[244] 

7. Conclusions 

This comprehensive review explored the various dimensions of producing optical frames using 

biomaterials and additive manufacturing. By accessing scientific literature, analysing market trends, 

and reviewing standards, the potential for using these biomaterials and techniques was thoroughly 

investigated.  

Our analysis revealed that, by combining the advantages of the biopolymers with the unique 

properties of the natural fibres and natural additives, it is possible to obtain new formulations that 

exhibit optimum mechanical properties, bioactivity, enhanced flexibility, and aesthetics. Biopolymers 

such as PBS, PLA, CA, and PHAs stand out due to their promising properties, despite their poor 

processability when used alone. Thus, combining these polymers could improve their processability 

and the final mechanical, thermal, physical and chemical properties of the blend. Additionally, using 

environmentally friendly plasticisers such as ATBC, TBC, and glycerol can also improve 

processability by making brittle and stiff biopolymers (such as PLA or CA) more flexible. It was also 

found that blending natural fibres, such as wood, cork and luffa, with biopolymers can not only 

provide mechanical improvements but also a pleasant natural appearance. Using chitosan as a filler 

can additionally give biocomposites bioactive properties such as antimicrobial activity. Finally, 

additives such as natural pigments and dyes can be used to sustainably colour biocomposites, which 

is relevant for brand differentiation and providing a wide variety of options in the optical frames 

sector. 

While challenges remain in achieving the optimum formulation with the required properties 

and in optimising additive manufacturing techniques, it is anticipated that these will be overcome 

with further research. This review provides a comprehensive framework for obtaining potential new 

materials for the eyewear industry for producing sustainable and customisable optical frames.  
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Abbreviations 

The following abbreviations are used in this manuscript: 

2D  Two-Dimensional  

ABS Acrylonitrile Butadiene Styrene 

AI  Artificial Intelligence  

AM Additive Manufacturing 

ASX Astaxanthin  

ATBC Acetyl-Tributyl Citrate  

BBP Benzyl Butyl Phthalate  

BioPE Biopolyethylene 

BioPET Bio Polyethylene Terephthalate 

BioPTT Bio Polytrimethylene Terephthalate 

CA Cellulose Acetate 

CP Propionate of Cellulose 

Cr Chromium 

DEHP Bis(2-ethylhexyl) phthalate 

DLP Digital Light Processing 

DMD Digital Mirror Device  

DOP Dioctyl Terephthalate 

FDA Food and Drug Administration 

FDM Fused Deposition Modelling 

Fe Iron 

FFF Fused Filament Fabrication  

GMS Glycerol Monostearate 

GT  Glycerol Tributyrate  

LCD Liquid Crystal Display 

MCPH/SCKS Autosomal Recessive Microcephaly and Seckel Syndrome 

MJF Multi Jet Fusion 

OSA Oligo(isosorbide adipate) 

OSS Oligo(isosorbide suberate) 

P3HB  Poly(3-hydroxybutyrate) 

PA 11  Polyamide 11 

PA 12 Polyamide 12  

PAs Polyamides 

PBAT Polybutylene Adipate Terephthalate 

PBS  Polybutylene Succinate  

PC Phycocyanin 

PDLA Poly(d-lactide) 

PDLLA Poly(dl-lactide) 

PE Polyethylene 

PEI  Polyetherimide 

PETG Polyethylene Terephthalate Glycol 

PHAs Polyhydroxyalkanoates 

PHB Polyhydroxybutyrate 

PHBHHx Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 

PHBV or 

P3HB3HV 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)  

PLA Polylactic Acid 

PLLA Poly(l-lactide) 

PP Polypropylene 

PVC Polyvinyl Chloride 

SDGs Sustainable Development Goals 

SDH Isosorbide Dihexanoate  
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SDO Isosorbide Dioctate  

SLA Stereolithography 

SLM Selective Laser Melting  

SLS Selective Laser Sintering  

TA Triacetin  

TBC Tributyl citrate  

TC Tributyl citrate  

Tc Crystallization Temperature  

Td Degradation Temperature  

Tg Glass Transition Temperature 

Tm Melting Temperature 

UN  United Nations  
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