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Abstract  7 

Eyeglasses are typical correctors for refractive error eye disorders. They are commonly 8 

placed on frames that are expected to be both stylish and durable. However, current consumer 9 

demand for sustainable and eco-friendly frames is gaining interest, especially since conventional 10 

frame manufacturing methods follow a subtraction of large blocks of wasted scrap material. 11 

Alternatively, additive manufacturing (AM) promises better economic feasibility due to reduced 12 

tooling, storage and material costs, as well as enhanced mechanical properties by inducing 13 

nanomaterials and composites. Moreover, this synergism between AM and digital design has led 14 

to a rising interest in smart or electronic eye glass frames. Consequently, this systematic review 15 

assesses commercial eyeglass frames that use standard materials with long-lasting resistance, 16 

durability, comfort, and versatility with various materials from metals and polymers. Design 17 

aspects and their correlation with Artificial Intelligence (AI) with the use of machine learning 18 

Computer Aided Design (CAD) software are also reviewed. Beyond the appealing eyeglass frames 19 

technology, there is a subtle frame design in which electronic sensors and chips are embedded. 20 

The review also comprises various applications for 3D printing of frames including commercial 21 

and biomedical applications. Further topics that are reviewed include the side effects, health risks, 22 

shortcomings of AM techniques and materials such as aggregation effect of nanomaterials, void 23 

formation inside the matrix that propagate fatigue and shrinkage or density change during the 24 

solidification. 25 

Keywords: Smart eyeglass frame; 3D printing; Generative design; Contact lens. 26 

 27 

1. Introduction  28 

Eye related diseases are on the rise globally and according to the U.S. Department of Health 29 

& Human Services report, more than 4.2 million Americans aged 40 years and older are registered 30 
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as legally blind (having best-corrected visual acuity, which means the best possible vision an eye 31 

can see with corrective lenses is 6 out of 60) [1]. The main causes behind all these eye disorders 32 

could be attributed to gadget use habits, diet and natural occurrence. Table 1. summarizes the 33 

characteristics of common eye disorders and their treatments. 34 

 Table 1: Common eye disorder characteristics 35 

Common eye 

disorder 

Characteristics Number of 

affected 

people  

Recommended treatment  Ref 

Macular 

degeneration 

Loss of the central vision you 

need to see details straight 

ahead, blurry or wavy areas in 

your central vision. 

 

 

2.95 million  Dietary supplements 

(vitamins and minerals), 

injections, photodynamic 

therapy (injections and 

laser treatment). 

Prescribed eyeglass frame. 

 

[1] [2][3] 

[4][5][6][7]  

Cataract Blurry vision, colors that seem 

faded, sensitivity to light, 

trouble seeing at night, double 

vision. 

 

30.1 million  Surgery, prescribed 

eyeglass  

[8][9][10] 

[11][12][13] 

Diabetic 

retinopathy 

Impairment of the blood 

vessels of the retina, 

Blurry vision, floating spots in 

your vision, blindness. 

 

4.1 million  laser treatment, surgery [14][15][16] 

[17][18]  

Glaucoma Damage to the eye’s optic 

nerve could cause loss of side 

(peripheral) vision, blind spots, 

blindness. 

 

3 million Medicine (usually eye 

drops), laser treatment, 

surgery 

[15][19] 

[20][21]  

amblyopia/lazy 

eye 

When the eye and the brain are 

not working together correctly 

2%–3% of 

world’s 

population  

 

Eye drops or wearing an 

eye patch 

[22][23] 

[24][25]  

strabismus Lack of coordination between 

eyes due to failure of eye 

muscles working together. 

 

 Eyeglasses, medications, 

and surgery 

[22][23] 

[26][27]  

Refractive 

errors 

Blurred vision 150 million eyeglasses, contact lenses 

and surgery 

[28][29] 

[30][31]  

 36 

 From the above listed eyeglass problems, refractive errors are the most common type of 37 

eye disorder, which affects approximately one sixth of Americans [31][32]. Refractive error 38 

disorders in school children include myopia (near sightedness), hyperopia(farsightedness), 39 

astigmatism (distorted vision at all distances) and presbyopia (losing the ability to focus up close 40 

and inability of reading letter) [28][29][30][33].The recommended solutions to tackle vision loss 41 
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due to refractive errors include wearing eyeglasses and contact lenses as well as surgery 42 

[32][34][35]. Currently, there is a growing market demand for sustainably manufactured firm 43 

frames that are durable. 44 

Research on eyeglass frame production has a long history. Several production approaches 45 

have been influential in the field because of the dependency of different industries on optimized 46 

fabrication methodology. Conventional eyeglass frames were fabricated using traditional die-47 

cutting plastic sheet frames. The process proceeded with the automated machine lifting the die and 48 

moving it to successive plastic sheets. The blanks were produced quickly while the plastic was soft 49 

[36]. The blanks were removed from the sheet, and the lens portions were extracted from the 50 

frames for the separate lens fitting. The process was then followed by a smoothing procedure to 51 

remove rough edges by abrasive apparatuses, shaped to smooth the edges of the frame that rests 52 

on the cheek and area around the nose.  53 

Another primary theoretical and conceptual framework for the eminent production of 54 

eyeglass frames is the patented fabrication process of injection molding, which uses 55 

polyetherimide resins. The injection mould process starts with molten plastic, which is fed into a 56 

mould that has the shape of a sheet clamped on both sides. Cooling the mould filled with molten 57 

plastic is necessary to solidify the sheet structure, which is finally ejected from the machine and is 58 

ready for performed sheet process. Next, machining operations are applied to metal sheets and the 59 

preformed sheet is trimmed into the glasses frame structure according to the intake design using 60 

laser cutting or CNC cutting. Moreover, lens grooves and hinge grooves are introduced in the cut 61 

glasses frame. Subsequently, the rough surface of the glass frame is subjected to surface treatment 62 

through tumbling or polishing. Traditional eyeglass frame fabrication is often subjected to offsets 63 

in accuracy and standard of the eyeglass frames [37]. For instance, the common inaccuracy range 64 

of injection molding is typically 0.005, however in 3D printing techniques commonly less than 65 

±0.0035 or ±0.0015 [38][39]. The main reason behind the inaccuracy of the conventional 66 

manufacturing process could be an attributed to a significant difference between the size of the 67 

mold and the molding materials. Conventional manufacturing methods were limited to a restricted 68 

choice of materials (such as metals) and were incapable of producing complex designs until 69 

alternative manufacturing techniques emerged.  70 
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In fact, traditional and conventional manufacturing involves a subtractive technique that 71 

begins with a block of material, which is continuously subtracted or removed until the final desired 72 

product is obtained. Tools used for traditional manufacturing often include CNC machining, 73 

casting, injection molding, plastic forming, and plastic joining. These processes leave much of the 74 

initial material as a waste scrap.  75 

One of the manufacturing standard procedures, called additive manufacturing (AM) 76 

technology [40][41], has been popularized over the years to replace conventional fabrication 77 

techniques [42][43]. Additive manufacturing (AM) or 3D printing overcomes the various 78 

limitations of conventional eye-frame fabrication techniques.  Frames can now be fabricated from 79 

a wider choice of materials and complex design patterns [44]. In fact, interest in 3D printing 80 

technology has been growing  since the  1960s when the rapid prototyping were invented 81 

[45][46][47][48][49]. Therefore, the purpose of this manuscript is to review the literature on 3D-82 

printed eyeglass frames.  83 

AM has played a substantial role in eyeglasses frame production for various fields such as 84 

medical prescription eyeglasses frames, sports, film industries, augmented reality in engineering 85 

and medical school, video games, and fashion industries. The frames are produced using different 86 

AM methodologies that made a significant impact in tolerance and accuracy of the  miniature 87 

eyeglass frames that can fit perfectly into the lenses [50]. Moreover, 3D printing technology can 88 

be considered environmentally friendly.  89 

The advent of 3D printing in the manufacturing of stiff and flexible eyeglass frames has 90 

presented a lot of potential for mass customization of eyeglass frames on a large scale [51]. 3D 91 

printing enables the fabrication of unconventional multicoloured intricate eyeglass frames 92 

consisting of a variety of shapes, angles, curves and intricate details in layered structures [51].  93 

Thanks to the flexibility of AM, smart eyeglass frames, which are equipped with sensing 94 

functions that enhance the daily lives of users, can now be fabricated. These sensors monitor user 95 

behavior and can track the user’s vital signs, such as their body temperature, pulse rate, respiration 96 

rate, and blood pressure [52]. The advantage of AM is not limited to the production of exotic 97 

designs of eyeglasses frames, but it also enhances the frame’s mechanical properties by including 98 

nanomaterials and composites. Nanomaterials, including carbon nanotubes (CNTs) and graphene 99 



5 
 

oxide (GO) with  high aspect ratio, optimize the mechanical strength and endurance of the frames 100 

[53][54]. 101 

Fabrication of 3D printed eyeglass frames is a mature field and requires well-defined CAD 102 

designs that can be optimized using AI-trained software. One of the world’s largest eyewear 103 

manufacturing company, Luxottica Group PIVA, has reportedly reduced the material usage by 104 

optimizing the topography of the frame morphology using AI and machine learning algorithms. 105 

The optimization tools were installed in CAD software platforms as generative design and 106 

topography optimization. This field is growing, with a wealth of well-understood methods and 107 

design algorithms. AI and machine learning are reshaping how many popular eyeglass frames are 108 

designed and processed by providing optimization tools in the software platform. Several 109 

commercial companies use machine learning optimized tools in CAD software, such as PTC creo®, 110 

Siemens NX®, and Fusion 360 Autodesk®  [55]. The main reason behind the utilization of the AI-111 

implemented CAD software is the hand-in-hand relationship between collecting user data and 112 

designing it using AM production techniques.  113 

2. Research Methodology  114 

We have searched recent data on 3D-printed fabricated eyeglass frames in scientific 115 

journals in Design journals, Manufacturing, science direct, google scholar, and Web of Science. 116 

The typical inclusion criteria we have included in this paper are smart eyeglass frames, 3D printing 117 

techniques, AI-bucked Generative design, Artificial Intelligence for Engineering Design, Analysis 118 

and Manufacturing (AI EDAM) of eyeglass frames application, type of material commonly used, 119 

mechanical properties, medically prescribed 3D-printed eyeglass frames, sensor integrated frames, 120 

generative design, nanocomposite, cost performance and allergic contact dermatitis (CD) due to 121 

the eyeglass frames. The exclusion criteria are characteristics of the eyeglass lens, contact lens, 122 

conventional fabrication techniques, and commercial cost analysis. The analysis methods were 123 

only concentrated on the additive manufacturing of the eyeglass frames. The most frequent 124 

keywords we have used on the search engine to collect data are summarized in table 2.  We 125 

specifically used the ophthalmology journal to analyze refractive errors and their leading causes 126 

since it details some sources for different eyeglass frame designs, particularly for the prescribed 127 

lenses. It should be noted that some of the keywords listed in table 2 generated many related peer-128 

review topics; nonetheless, the authors were very selective in filtering the highest outcomes. 129 
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Table 2: Key words used in searching data 130 

Most keywords used in search engines Number of papers highly matched to the criteria  

Smart additive manufacturing fabricated eye glass 

frames 

91 

Additive manufacturing fabricated eye glass 

frames 

290 

3D printing smart eye glass frames  135 

Generative design toward 3D printed eyeglass 

frame 

14 

Material for 3D printed eye glass frames 37 

Dermatological aspects of contact dermatitis from 

3D printed eyeglass frames. 

7 

 131 

The graph below in figure1 shows the number of papers published on smart AM fabricated 132 

eyeglass frames each year since 1999. The graph is generated in reference to Science Direct with 133 

the trends depicting the search results corresponding to the indicated keywords. 134 

 135 

Figure 1: Number of publications in the previous years  136 
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3. Additive Manufacturing Techniques 137 

 Additive manufacturing (AM) is a process whereby 3D objects are fabricated via layer-138 

by-layer deposition of material. AM substantially balanced the production of prototyping   in many 139 

industries through quick customization,  fabrication of complex geometries,  and redistribution of 140 

supply chains [44][56]. Also, the AM process is more economically viable than traditional 141 

fabrication methods due to the reduced tooling and storage costs.  142 

3D printing can now be used with a wider variety of materials, including biocompatible 143 

polymers. It is also being used in healthcare applications for the customized printing of medical 144 

apparatuses [57].  AM technologies include fused deposition modeling (FDM), stereolithography 145 

(SLA), polyjet process, selective laser sintering (SLS), 3D inkjet printing, and digital light 146 

processing (DLP). Each of them has different features (as shown in Figure 2) [56]. The features 147 

are based on the type of prototypes, time taken to print, the ability to utilize various raw materials, 148 

repeatability, prototype resolution, and surface accuracy (shown in Table 4) [58][59].  149 

Moreover, there are tradeoffs between the 3D printing features regarding feed stock 150 

materials, resolution, repeatability, accuracy, and applications. If one technology excelled in one 151 

of the features, the accuracy can be top notch, but it might limit the material usage. Therefore, 152 

whenever the application is chosen, there should be a way to select the candidate 3D printer 153 

accordingly. Specific 3D printing manufacturing strategies, including the powder bed fusion 154 

process, photo-polymerization, lamination, binder jetting, and material extrusion, shorten the time 155 

taken to print a sample due to the easy operating principle and quick fabrication of complex 3D 156 

models [60][61]. On the other hand, DLP and SLA 3D printers meet the high resolution and 157 

accuracy requirement.  158 

Some of the paramount benefits of 3D printing techniques lie in their uncomplicated 159 

fabrication process, quick production of prototypes, less manual work, less waste generation, and 160 

risk mitigation of releasing particulates and other poisonous chemicals into the air [61]. Table 3 161 

compares the features of the conventional and AM processes from manufacturing chain of 162 

economic aspect of the fabrication. As a result, the benefits of 3D printing are only applicable to a 163 

specific desired result, which is based on printer technology. For instance, inkjet printing and DLP 164 

are capable of providing prototypes with higher repeatability than the previously mentioned 165 

traditional fabrication process [59]. Besides, the DLP and SLA have many benefits such as high 166 
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accuracy, repeatability, resolution, good surface finish and is suitable for complex built, and 167 

uncured leftover materials [48] [59]. However, DLP and SLA suffer from challenges such as being 168 

unable to print large structures, boxy surface finishes due to rectangular voxels created during the 169 

layer depositions, less mechanical properties due to unreacted photopolymers, moisture heat, and 170 

chemicals that can reduce their durability [59]. These approaches have been influential in the 171 

production of eyeglass frames due to the features that require repeatability, resolution, precision, 172 

printing time, processing of various raw metals, and incorporating nanomaterials [62]. Table 4 173 

summarizes different features of the 3D printing methodologies along with their operation 174 

principles, working techniques, types of material use, accuracy, and resolution. 175 

 Table 3: Comparison between the traditional fabrication techniques and additive manufacturing. 176 

Manufacturing 

process  

Advantage Disadvantage Ref 

AM ( 3D printing) A higher level of design freedom. 

 

Extensive range of technologies  

 

Low cost machines, increased material 

variability, and high complexity. 

 

Customization, complexity advantage. 

 

High economic viable and low societal 

impact. 

Low Production Volume 

manufacturing. 

 

The size, orientation, 

sharpness and location 

(within joints, exterior 

surfaces or critical sections of 

the structure) of defects 

within an AM part can 

impact the mechanical 

properties negatively. 

 

 

[38][39][45] 

[63][64][65] 

[43][66][67] 

[68][69][70] 

[71][72] 

[73][74] 

Traditional 

Manufacturing  

Produces machined components with 

high precision. 

 

Less geometric complexity for poor 

tolerance and relative quality. 

 

High Production Volume Based 

Manufacturing. 

 

Traditional manufacturing system has 

less dependent variables than AM. 

 

Repeatability or reliability required for 

precision manufacturing. 

Mass Complexity and Mass 

Customization. 

 

High cost machines. 

Less material variability. 

 

[45][63] 

[65][44] 

[65][75] 

[76][74] 

 177 
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 178 

Figure 2: Overview of Additive Manufacturing (AM) [77]. Reproduced with permission, Copyright @2021 Google. 179 

 Table 4: AM features and fabrications techniques 180 

3D  Printing 

Methods 

Type of 

process 

Operation 

principle 

Materials Accuracy 

(µm) 

Resolution 

(µm) 

Ref 

Digital  light 

processing 

(DLP) 

Polymerization( 

liquid based) 

Photo-curing 

by 

a digital 

projector 

 

 

Photopolymer 

and 

photo-resin 

10–25 x: 25 

y: 25 

z: 20 

[78][79][80] 

Fused 

deposition 

modelling 

(FDM) 

Melting 

(Liquid based)  

Extrusion of 

constant 

filament 

ABS, PLA, 

Wax 

blend, Nylon 

350 x: 100 

y: 100 

z: 250 

 

 

[81][82][83][84] 

Polyjet Binding 

(Powder based) 

Deposition of 

the 

droplets of the 

photo-curable 

liquid 

material and 

cured. 

Polymer 10–20 x: 30 

y: 30 

z: 20 

[58][59][43] 

Stereo 

lithography 

(SLA) 

Polymerization 

(Liquid based) 

UV initiated 

polymerization 

cross 

section by 

cross section 

 

 

Resin 

(Acrylate or 

Epoxy based 

with 

proprietary 

photoinitiator) 

 

25–150 x: 10 

y: 10 

z: 15 

[85][60][61] 

Selective 

laser 

sintering 

(SLS) 

Melting 

(Powder based) 

Laser-induced 

sintering of 

powder 

particles 

Metallic 

powder, 

polyamide, 

PVC 

300 x: 50 

y: 50 

z: 200 

[42] 

3D Inkjet 

printing 

 Extrusion of 

ink and 

powder liquid 

binding 

Photo-resin or 

hydrogel 

100 x: 10 

y: 10 

z: 50 

[40][41] 
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4. Common Materials for 3D Printed Eyeglasses Frames  181 

Most eyewear glasses are made of plastic, stainless steel, nylon, magnesium, and titanium. 182 

They are known for their top-notch quality in terms of mechanical strength and durability. While 183 

being used extensively by the optical industry, each of these materials, specifically metals, has a 184 

drawback in their physical properties in 3D manufacturing. For example, plastic-based eyeglass 185 

frames suffer from poor durability, while stainless steel frames are relatively heavy and stiff during 186 

3D printing. The most commonly used material for 3D printing of eyeglass frames is titanium. 187 

Commercial companies such as EyeBuyDirect® use titanium for 3D printing due to its toughness, 188 

durability, and strength. Moreover, due to its low density, eyeglass frames are surprisingly 189 

lightweight, making them suitable for all kinds of lenses. Besides, good corrosion resistance, and 190 

biocompatibility [86].  191 

Titanium eyeglass frames are commonly 3D printed using the DMLS (Direct Metal Laser 192 

Sintering) or SLM process [86]. The process uses a fine titanium metal powder that is melted with 193 

a laser to produce the design layer by layer using powder support. The powder support can be 194 

removed without leaving any scar on the sample. Further post-processing using the heat treatments 195 

improve the mechanical properties of the eyeglass frames. However, titanium and magnesium 196 

based eyeglass frames are very costly compared to steel or plastic-based frames (shown in Table 197 

4) [87].  198 

On the other hand, polymers have gained some attention in 3D printing of eyeglass frames 199 

[88][89][90]. The polymers can be prepared in different forms such as powder, cross-linked resins 200 

and filaments. They can be coloured or uncoloured for various types of 3D printing techniques. 201 

Polyamide, commonly so-called nylon polymer, is a typically used plastic in 3D printing. One of 202 

the polyamide family groups called polyamide 11 has strong resistance to different chemicals, 203 

fuels, and salt solutions [91]. It also offers excellent abrasion resistance and prevails superior 204 

longevity. However, DLP and SLA3D printing process lowered its resistance due to exposure 205 

changing UV energy source [91]. Plus, they have weaker resistance to acetic acid and phenols 206 

solutions, which hinders them from being employed in the photo-polymerization 3D printing 207 

techniques [91]. Since in DLP and SLA printing methods, the post-processing is often done using 208 

alcohols. On the other hand, F.Alam et al. used a DLP printed polymer resin consisting of 209 

methacrylate and diphenylphosphine oxide mixtures to produce smart thermochromatic eyeglass 210 
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frames for Color vision deficiency (CVD) people [92]. The findings show that change in 211 

crosslinking can alter the physical characteristics of the resin. The mechanical testing shows that 212 

the frame's tensile strength using the three bending tests 21.9 MPa at the finest ratio of the resin 213 

components (i.e. monomers, crosslinkers and photoinitiators). The frames of the lenses were 214 

printed in a Masked SLA 3D printer (As shown in Figure 3a). The Findings show that the smart 215 

thermochromics eyeglass frames can be used for continuous monitoring of the human body’s 216 

temperature and readout will be colorimetric signal that can be analyzed with smartphone. 217 

 The addition of the nanomaterial such as graphene oxide and carbon nanotube (CNT) into 218 

polymers enhance the mechanical strength of the polymer-based eyeglass frames. In this regard, 219 

graphene-based polymer eyeglasses or sunglasses can avoid the heavyweight, cost and durability 220 

issues occurred by conventional eyeglass frames and lens materials. It is well known that graphene 221 

oxide has inherently exceptional mechanical properties (Young’s Modulus 1 TPa, Tensile 222 

Strength: 125 GPa, and Breaking Strength: 42 N/m) which makes it the strongest and lightest 223 

material [93]. Luxottica and Ray-Ban commercial eyeglass frame producer companies developed 224 

the first graphene-based eyewear glasses in 2017 and have reported their outstanding ultra-225 

lightweight and wear-resistant properties [94]. Likewise, Rudy Project, a leading company in 226 

research and development of eyeglass frames launched graphene photochromic sunglasses, which 227 

were called “Defender Graphene” due to their ultra-resistant and anti-scratch properties [95]. 228 

Besides, the 3D printing process reduces the wasted by-products of graphene and polymer resins 229 

that can be produced via conventional manufacturing techniques [96][97]. 230 

In experimental studies, the incorporation of graphene oxide into multiple polymers has 231 

shown a considerable enhancement in the mechanical properties of nanocomposite. For instance, 232 

Yang et al. fabricated a strong polyurethane composite reinforced with polydopamine and coated  233 

with graphene oxide sheets using  solution blending [98]. They demonstrated an elastic modulus 234 

of the sample with the highest filler loading was about 6 times more than that of original matrix 235 

[98]. Zhang et al. also showed that by adding only 1.8 vol% of graphene to poly(vinyl alcohol) 236 

(PVA), Young’s modulus can be increased by almost 10 times while the tensile strength can be 237 

improved by 150% [99].  238 

Furthermore, since most eyeglass frames and lenses suffer from poor scratch-resistance 239 

properties, they can be coated with a graphene or graphene oxide layer to reduce any scratches on 240 
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the frame surface. In addition to the above, Sahoo et al. introduced a layer of graphene oxide 241 

tribofilm on silicone glasses and found that the resulting friction and wear on the glass substrate 242 

reduced by 80% [100]. Evidently, graphene in the eyewear industry is yet to be thoroughly 243 

explored as the only graphene based glasses, currently available in the market are Ray-ban and 244 

Defender Graphene [94][95]. Nonetheless, AM/3D printing can confer advantages to the created 245 

new material using the nanomaterials in which conventional manufacturing techniques are not yet 246 

to achieve.  247 

Most of the waste produced in manufacturing eyeglass frames is due to disposed surplus 248 

graphene materials left over after the frames are fabricated. This disposed graphene is a catalyst 249 

that can contribute to oxidizing the environment. EOS, a supplier company of 3D printers, 250 

estimated that a 58% of reduction in carbon footprint can be achieved by only switching the 251 

manufacturing technique of eyeglass frames to 3D printing instead of conventional techniques 252 

[101]. This shows that the AM helps intensively in reducing the global carbon footprint that can 253 

occur from eyeglass frame production. Furthermore, employing 3D printing to fabricate graphene 254 

glasses can not only enhance the waste management of the developed eyewear but also pave the 255 

way for the customization and functionalization of smart glasses, which will be a game-changer 256 

for the ophthalmic industry. Customization of the spectacles’ frames can yield aesthetically 257 

pleasing designs that are much lighter and durable than their predecessors owing to graphene’s 258 

addition (Figure 3b). Moreover, contemporary fabrication methods of frames inhibit the variation 259 

of lenses as they are fixed in their traditional slots within the frame. Very recently, few companies 260 

have rolled out clip-on lenses that can magnetically attach to original eyeglasses.  261 

Furthermore, nanofiller cross-linked polymers such as Cellulose Nanocrystal Composite 262 

(CNC) can improve the mechanical properties of eyeglass frames. For example, Palaganas et al.  263 

reported significant improvements in mechanical strength of 3D printed poly(ethylene glycol) 264 

diacrylate (PEGDA) brought by CNC [102]. Cellulose such as Methyl cellulose (MC), Ethyl 265 

cellulose (EC),Hydroxyethyl cellulose (HEC),Hydroxypropyl cellulose (HPC),Hydroxypropyl 266 

methyl cellulose (HPMC) and Carboxymethyl cellulose (CMC) are commonly used for eyeglass 267 

frames by adjusting the crosslinking [103]. The mentioned cross-linked resins can be printed in 268 

DLP and SLA printers. Coupled with the above researchers Wang et al. found that BAPOs 269 

(Bis(acyl)phosphane oxides)- attached CNC could convert a conventional mono-functional 270 
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monomer into a polymeric network without any additional cross-linkers. This was subsequently 271 

used in 3D printing to obtain free-standing 3D structured objects [104]. However, there is no 272 

explicit discussion about preparing of the nanocomposite materials and integrating them into 273 

polymers. Many studies show that the nanomaterial shields the UV light during printing for 274 

instance, Titanium dioxide (TiO2) nanoparticles have distinctive ultraviolet (UV) protection and 275 

are remarkably resilient to UV radiation [105]. As a result, in the case of DLP, the unreacted 276 

monomers will cause diminished mechanical properties. Moreover, agglomeration of 277 

nanoparticles can occur in FDM printers due to the adhesion of particles to each other by weak 278 

forces leading to (sub) micron-sized entities at the nozzle of FDM printer [106].  279 

 280 
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Figure 3:(a)Functionalization and customization ideas for the 3D printed glasses. (i) Our recent work on developing 281 

3D printed wavelength filtering glasses for colour blind patients [92]. (ii) Thermochromics frames for continuous 282 

monitoring of the human body’s temperature; readout will be colorimetric signal that can be analyzed with 283 

smartphone. (iii) Adaptive/photochromic lenses to absorb low and high energy UV light, thus reducing eye strain and 284 

eye damage. (b) Commercial Graphene glasses: (i) Ray-ban-Luxottica (Left). (ii) Rudy Project (Right). (c) Few of our 285 

potential customized designs for the 3D printed graphene.  Our current methodology for 3D printing frames (with 286 

graphene) and glass lenses. (i) Resin is initially mixed with graphene and (ii) sonicated to inhibit agglomerates 287 

formation, followed by (iii) SLA 3d printing of the frames. Similar procedure will be utilized for the lenses (without 288 

graphene) except we plan to use a two-photon 3D printer to obtain lenses with different dioptric powers and 289 

commercial grade optical properties. (iv) CAD model, (v) models on slicing software, and (vi) the 3D printed samples 290 

[92]. Reproduced with permission, Copyright @2021 Advanced Engineering Material. 291 

 Table 5: Common metals used in the 3D printing of eyeglass frames. 292 
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Types of 

material  

Characteristics  Types of 

3D printer  

Advantage  Disadvantage Ref 

Magnesium  

 

Lighter than titanium 

and aluminum. 

Magnesium is 

extracted from the 

ocean or recovered 

from minerals such as 

dolomite or 

magnetite. 

 

Powder 

Bed Fusion 

Super-lightweight 

material is strong, 

durable, and 

hypoallergenic. 

Expensive; costs 

almost 50 percent 

more than 

aluminum or steel. 

   

 

[107][108][109] 

Beryllium  

 

More robust than steel 

and more than 30 

percent lighter than 

aluminum. It resists 

corrosion and 

degrades, making it 

an excellent choice 

for wearers with high 

skin acidity or who 

spend time in or 

around salt water. 

 

 DMLS, 

SLM, 

SLS 

 

Lightweight, 

durable, flexible, 

and available in 

various colors. 

A minimal 

number of people 

are allergic to 

beryllium. 

[110][64][111] 

Pure 

Aluminum 

 

Acquired from 

bauxite is moderately 

costly to produce. It is 

also soft and weak to 

act as a structural 

material. Soft enough 

to carve 

SLM, 

DMLS 

Aesthetically 

pleasing, strong, 

lightweight, and 

recyclable. 

Aluminum can get 

rigid, especially in 

lower 

temperatures. 

Thus, integrating 

elements like flex 

hinges into an 

aluminum frame 

can be 

challenging. 

 

[112][113] 

[114] 

Titanium 

Glasses 

 

High-strength, 

lightweight material, 

and it is easily 

accessible. 

DMLS, 

SLM 

Strong as steel, 

lightweight, 

hypoallergenic, 

and corrosion-

resistant. 

 

This material is 

more expensive 

than other 

materials.  

[115][116][117] 

Ticral 

Eyeglass 

 

An alloy of titanium. 

It is nickel-free and 

thus hypoallergenic. 

DMLS, 

SLM 

Extremely 

lightweight, 

Strong, durable, 

and available in 

various colors. 

 

Thicker than 

titanium 

[87] 

Stainless 

Steel 

 

An alloy of iron and 

carbon steel with 

chromium and other 

elements. 

Metal Jet 

3D printer, 

Binder 

Jetting 3D 

printing 

(BJ3DP) 

Non-corrosive, 

durable, strong, 

lightweight, and 

hypoallergenic. 

Not as 

lightweight, heat-

resistant, or 

flexible compared 

to titanium. 

 

[118][119] 
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Nickel- 

Titanium 

 

The metal alloy of 

nickel and titanium. 
Laser 

powder 

deposition 

powder 

bed fusion 

(PBF) or 

directed 

energy 

deposition 

(DED) 

More elastic than 

steel and 25 

percent lighter 

than traditional 

metals. Also 

provides 

increased comfort 

and durability for 

patients who are 

hard on their 

eyewear. 

 

Ni-Ti is nickel-

based; allergies 

and pitting may be 

an issue. 

[120][121] 

Monel™ 

 

A nickel alloy 

containing 68 percent 

nickel, 30 percent 

copper, and two 

percent iron. 

 

Powder 

bed fusion 

Sturdiness and 

rigidity 

A surface 

discoloration can 

occur from 

exposure to 

atmospheric 

conditions. 

Further pitting can 

occur if exposed 

to salt water. 

 

[87] 

Polymers 

such as 

Cellulose 

 acetate & 

 zylonite 

Nylon 

A cost-effective and 

innovative 

opportunity for 

eyewear and is 

exceptionally 

lightweight; 

particularly popular 

laminating Zyl frames 

with layered colors. 

FDM, 

DLP, SLS 

Hypo-allergenic 

Light Weight 

Strong Flexible 

Corrosion- 

Resistant Variety 

of Colors, 

Patterns, 

Textures for 

aesthetic purpose 

Luck of 

mechanical 

properties  

 

[122][123] 

5. Commercial 3D Printed smart eyeglasses frame 293 

Augmented reality in the form of Google Glass, Sony's SmartEyeglass®, and  Microsoft 294 

HoloLens- has been used recently  [124].Behind the appealing eyeglass frames technology, there 295 

is a subtle frame design that is embedded with electronic sensors and chips.  296 

Commonly self-sense smart materials are used in smart eyeglass frames, since they respond 297 

to stimuli by shape-changing and self-actuating, automated actuation [125]. Furthermore, self-298 

sensing mechanisms allow the smart eyeglasses frames to perform automatic detection and 299 

sometimes quantification of external stimuli [125]. Commonly, the sensing mechanism can be 300 

achieved using Shape Memory Alloys (SMAs). They have  self-sensing approaches that are 301 

included in commercial frame brands such as Flexon and TITANflex, companies that include SMA 302 

in  titanium glasses [126]. SMAs have properties  that set transition temperature below the expected 303 

room temperature, which allows the frames to undergo considerable deformation when stress is 304 

applied  and regain their original shape once unloaded [127]. The main advantage of the SMAs is 305 
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that they can withstand to a significant stress without permanent damage. Some SMAs recuperate 306 

to a preset shape of the eyeglass frame on heating above the transformation temperatures and return 307 

to an alternative form on cooling, known as the two-way shape-memory effect [128]. With the 308 

substantial role of 3D printing process, the glass frames can be customized to fit each user’s face 309 

perfectly, allowing for a lighter, more comfortable fit [129].  310 

There are many commercial brands that use the AM to fabricate the eyeglass frames. Some 311 

of the commercial eyeglass brands include BRAGi®, Fritz Frames®, Hoet®, Klenze & Baum®, 312 

Materialise’s®, etc. listed in Table 6 along with their crossponding  3D printing technology  with 313 

a variety of materials for different applications from medical prescription to fashion industries.  314 
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 315 

Figure 4: (a) and (d): 3D Printed Smart Glasses to Help Dyslexic Children. (e): Sunglasses Developed by Adidas 316 

[55] (b): 3D printed eyeglass frame developed by BRAGi® [130](c) Fritz Frames® [131] (d): Hoet® [132](f): 317 

Klenze & Baum® [133] (g): Materialise’s® [134]. Reproduced with permission, Copyright @2021 Google.  318 

 Table 6: Commercial eyeglasses brands summary 319 
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Commercial eyeglass 

frame brands 

 

 

 

 

 

 

 

Characteristics  

 

 

 

 

 

 

 

Types of 3D printer 

 

 

 

 

 

 

 

Ref  

 Abeye® Relieve people suffering from dyslexia. 

Concretely, the wearer can activate a filter by a 

simple pressure, thus removing all the mirror 

images seen by the dyslexic person. A 

rechargeable battery embedded inside the strong 

frame. 

 

HP Multi Jet Fusion [135] 

Adidas® 

 

Light weight of merely 20 grams, features a 

special spiral structure Adidas enhanced the 

glasses with non-slip contact points on the nose 

pad to improve the stability and make them as 

comfortable as possible. 

 

Digital Light 

Synthesis (DLS) 

[55] 

BRAGi® 

 

72 key points on the face to serve as the basis 

for the glasses’ subsequent frame design. 

 

SLS 

 

[130] 

Fritz Frames®  prescription, blue light filtering and sunglasses 

for both adults and children. 

 

SLS  

 

[131] 

Hoet® 

 

The frames are Light weight and rust-free and 

anti-allergic, light, yet durable and well-fitting. 

They are available in various lens and bridge 

sizes. 

 

3D laser-printed  [132] 

Klenze & Baum® 

 

Unique function: if the temple is overloaded or 

overstretched, it can give way and even pop off. 

Lightweight.  To adjust its strength, metal 

inserts into the frame temple. 

  

DMLS, SLM [133] 

Luxexcel® 

 

They produce augmented reality & virtual 

reality with a distinctive frame structure. 

 

Inkjet [136] 

Materialise’s®  

 

Frames for the fashion industry exhibut different 

shapes, styles, functionality, and customization. 

 

SLA  [134] 

Monoqool®  

 

The frames consist of up to 600 super-fine layers 

and undergo more than 30 post-processing steps 

including glass blasting, coloring, coating and 

polishing, before reaching the final product. 

 

Industrial SLS printer [137] 

MYKITA’s Mylon®  

 

Lightweight frame that still has outstanding 

comfort. 

 

SLS  [138] 

NETLOOKS® 

 

It uses PA12 to create frames adjusted to the 

wearer’s morphology – length of the temples, 

face width, etc. – and the color of the glasses. 

The wearer can also choose the color of the 

Powder sintering [139] 
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6. Literature review on 3D printed smart eyeglass frames 320 

Smart eyeglass frames integrated with sensors and actuators could serve in many assistive 321 

applications, ranging from physiological monitoring to interactive daily lifestyle activities [144]. 322 

Smart eyeglass frames respond to external triggered stimuli. For an eyeglass frame to be smart, 323 

several sensors such as smart materials, fibers and electronic sensors must be added to the eyeglass 324 

frame or can be made using stimuli responsive polymers (i.e., as shown in Figure 5, the polymer 325 

responds to the change in temperature by changing colors). An essential wearer acceptance 326 

criterion for smart eyeglasses is that they are not stigmatizing, i.e., sensing, interaction, and 327 

processing functions must remain invisible to bystanders or users. For instance, earlier works have 328 

shown that personalized eyeglass frames fitting to match sensor positions with head landmarks is 329 

a prerequisite-site to retrieve accurate physiological measurements [144]. The smartness of the 330 

eyeglass frames is not restrained to regular eyeglasses but also applied in different commercial 331 

eyeglasses by intelligent mega-techs companies such as Google Glass, which substantially affect 332 

a person's physiology. Often Google glasses use silicon that can hardly be 3D printed using any 333 

3D printer due to thermal changes. As a result, they use casting silicone into a 3D printed eyeglass 334 

frame shape mould, a cost-effective and quick manufacturing method.  335 

A group of researchers managed to use the Google Glass for different physiological 336 

applications.  J.Hernandez et al. have studied the effect of the sensors embedded in Google Glass 337 

frames, a head-mounted wearable device, to measure the physiological signs of the wearer such as 338 

blood volume pulse (BVP), heart rate and respiration rate. These head-mounted wearable devices 339 

often include a gyroscope, accelerometer, camera and other daily life monitoring sensors 340 

[145][146]. In particular, they have designed new approaches to use Glass's accelerometer, 341 

frame and thus obtain a result totally adapted to 

his needs. 

 

Odette Lunettes ® 

 

Fashion style with high strength  

 

HP Multi Jet Fusion [140] 

Rolf Spectacles®  

 

Flexible, natural and skin-friendly. Lightweight, 

extremely high quality, and noble material and 

therefore ideal for the production of spectacles. 

  

SLS  [141] 

WiresGlasses®  

 

frames are printed from bio-plastic made from 

castor beans, a single stainless-steel wire 

 

DMLS [142] 

YOU MAWO® 

 

Scan via cell phone or tablet, YOU MAWO can 

then use this data to design, adapt and, of course, 

3D print the spectacle frames. 

Selective laser 

sintering 

[143] 
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gyroscope, and camera embedded in Glass to capture subtle head motions of the wearer that are 342 

associated with to extract the pulse and respiratory rates of 12 participants during a controlled 343 

experiment. The findings indicate that it is feasible to achieve a mean absolute error of 0.83 beats 344 

per minute (STD: 2.02) for a heart rate and 1.18 breaths per minute (STD: 2.04) for respiration 345 

rate when considering different combinations of sensors [145]. These results comprised testing 346 

across sitting, supine, and standing still postures before and after physical exercise. In the end, the 347 

researchers recommended that with the continuous technological improvements in AM, they 348 

expect their results to be enhanced with the location of the sensors to facilitate non-intrusive access 349 

to meaningful physiological information during daily activity. 350 

 Likewise,  F.Wahl et al. have also developed an eyeglass frame that is embedded with 351 

sensors and rechargeable batteries inside the eyeglass temple to study the influence of eyeglasses 352 

on developing and processing context information according to the wearer's needs [147]. The 353 

prototype's primary goal is to integrate a color light sensor that can detect screen use. The result 354 

infers the influence of the circadian phase on eye strain. The eyeglasses deliver inertial motion, 355 

environmental light, pulse sensors, data processing, and wireless functionality with sensors that 356 

are embedded into the bridge of smart eyeglasses frames [147]. To couple with the above, some 357 

of the smart eyeglass designs include Micro-electromechanical systems (MEMS), which are small 358 

integrated devices that incorporate mechanical and electrical components. The MEMS is intended 359 

for monitoring concentration and energy expenditure during physical activity [148]. 360 

The AM process plays a vital role in making smart eyeglass frames. For example, R. Zhang 361 

et al. produced an eyeglass frame that investigates 3D printing of conductive paste to create lines 362 

and electrodes on custom-shaped eyeglasses for feasible wearable chewing monitoring 363 

applications [144]. They have manufactured the eyeglasses temples that included printed 364 

conductive lines and electrodes using the FDM printer. The main reason for using for the FDM 365 

printer is they have used polymer filaments that could embed the electrodes and to make the 366 

topography of the frames appealing. In Figure 5a, the prototype has two electrodes of 20×3 mm, 367 

and below prototype has larger electrodes of 20×4.5 mm. Each electrode connects to a line of 368 

300μm width. They evaluated the resistivity of Electrodes 1, 2 as well as Lines 1, 2 for both 369 

prototypes and tested the EMG (monopolar Electromyography) as shown in the Figure 5a. In the 370 

findings, they have observed that the electrode placement and line routing applied on 3D-printed 371 
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temples with two different electrode dimensions can be used as a home for sensors that can  372 

measure Temporalis EMG signals [144].  373 

 374 

Figure 5: (a). (i) Eyeglasses temples with printed conductive lines and electrodes [102]. (ii): Encoding and decoding 375 

magnetic information on various objects. Evaluation setup to analyses EMG signals. (iii):  EMG recorder attachment 376 

[102]: Participant wearing the setup [102].  (b). (i) Eye glass frames [103] (ii) Eye glass signal [103]. (c). (i) 377 

Mechanical strength of CNF at different temperature (ii):  The response of the eyeglass at 20 and 40oC. Reproduced 378 

with permission, Copyright @2017 Advanced Material Technology. 379 

Besides, encoding information inside eyeglasses frames that can be fed to smartphones by 380 

scanning QR codes. V.Iyer et al. modeled and fabricated a pair of eyeglass frames with embedded 381 

magnetic fields that stored piles of data with a symbol length of 1 cm [149]. They have used 382 

desktop 3D printers and commercially available plastic filament materials to print the frames. 383 

Fundamentally, the application allows users to 3D print eyeglass frames, armbands, and artistic 384 

models with embedded magnetic data. The process was achieved by implanting the 3D printed 385 
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wireless sensors and input widgets into the 3D printed Maglink eyeglass frames that can store data 386 

within objects using magnetic fields and decode them using smartphone magnetometers. The 387 

primary function of the 3D printed eyeglasses frames was to ingrain wireless sensors, input 388 

widgets, and objects that can intercommunicate with smartphones and other Wi-Fi devices without 389 

requiring batteries or electronics. Figure 5(b) demonstrates the glasses with data inserted inside 390 

both arms of the frames, where the black region corresponds to the ferromagnetic material. The 391 

frame structure was 12 cm long, with an encode of 6 bits data along the length of each frame arm 392 

[149]. The encoded piles of data can be EMG, ECG and any essential data that can be stored inside 393 

frame to be read with smartphone by scanning the arm's exterior or internal face. The interpreted 394 

signal at the smartphone from the left arm is shown in Figure 5(b) ii. Scanning of the frame shows 395 

a significant transformation in the magnetic field and thriving bit decoding.  396 

On the other hand, researchers have also noted that the magnetic field information can be 397 

embedded discreetly into the frames structure by spray/painting it on the surface [149]. Another 398 

group of researchers (X. Sun et al.) fabricated a polymer eyeglass frame using a hybrid poly(N-399 

isopropyl acrylamide) (PNIPAm)/cellulose nanofibrils (CNFs) hydrogel composite [150]. It was 400 

fabricated by inverted stereolithography (SLA) 3D printing that aims to enhance the mechanical 401 

properties and temperature sensing to provide a new platform for regulating lower critical solution 402 

temperature (LCST) properties. The hybrid composite has a tune optical and bioadhesive 403 

properties. The findings reveaedl that after 2.0 wt% CNF was integrated into the poly (N-isopropyl 404 

acrylamide) (PNIPAm)a remarkable 8°C reduction of the LCST was achieved compared to 405 

PNIPAm hydrogel crosslinked by TEGDMA without CNF( Shown in Figure 5(c) i) [150]. The 406 

effect of nanocomposite on the mechanical properties has shown a distinctive improvement as the 407 

mechanical strength of PNIPAm hydrogels exhibit different behaviors above and below the LCST. 408 

The Young’s modulus (E) was calculated as the slope of the stress–strain curves, in the range of 409 

strain from 0 to 10 %. The result revealed that the endurance of the hydrogel properties at high 410 

temperature are enhanced when the CNF increases accordingly (As shown in the Figure 5(c). 411 

Besides the prepared PNIPAm/CNF hydrogels possessed highly reversible optical and thermal 412 

performance, making them qualified to be employed as durable temperature-sensitive sensors and 413 

functional biomedical apparatuses. Furthermore E.Smith et al. also have briefly discussed a 414 

research on the comfort of head-mounted displays such as smart glasses commonly used as small 415 

displays or projection technology integrated into eyeglasses or mounted on a helmet or hat to pick 416 
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objects [151].  The research aimed at how to increase their product lifecycle using the 417 

manufacturing techniques and users comfy by surveying the users   (shown in Figure 6a) [151]. 418 

The study highlights how weight modifications to smart glasses were investigated to determine 419 

the impact on the execution of picking/putting tasks. The study was done using augmented reality 420 

in warehouse operations by including the participants to respond various survey questions. Some 421 

of the top primary responses from the participants are hardware limitations and expensive eyeglass 422 

frame cost in case of fragility. According to their answer to the survey questionnaires, the front 423 

weighted, side weighted, and back weighted of the frame significantly affect the emotion, 424 

attachment, harm, perceived change, movement, and anxiety of the users while they are working 425 

[151]. Therefore, the results of the study urge an improvement of the eyeglass frame on the subject 426 

matter by inducing the AM techniques to imitate the users need specifically the cost matter.  427 

Biological pulse indicator oximetry is often used to estimate the oxygen saturation level in 428 

blood. Recently, they have been integrated with smart sensing that intelligent devices can detect.  429 

F. Braun et al. invented a novel ear pulse oximeter that automated oxygen titration in eyeglass 430 

frames [152]. The ear pulse oximeter works by attaching the sensor to eyeglass frames via a short 431 

cable or wireless data and power transmission via a second system connected to the eyeglass 432 

frames (shown in Figure 6(b), (d) and (e)). The main aim of the invention is to overcome the lack 433 

of oxygen delivery mode monitoring challenge, which can be cumbersome for patients with 434 

chronic respiratory diseases. Therefore, integrating a pulse oximeter and nasal oxygen cannulas 435 

into the eyeglasses frame would reduce the burden of current problem. However, the device was 436 

produced using the traditional fabrication methodology and the researchers suggested that the 437 

manufacturing can be improved using AM with enhanced topology. Also, they predicted that  AM 438 

can ease the fabrication techniques and make affordable cost.  439 

In addition to the above, J. Hoon Lee et al. produced a 3D printed electronic eyeglasses (E-440 

glasses) to monitor various biological phenomena such as heart rates, and to propose a strategy to 441 

coordinate the recorded data for active commands with game operations for human-machine 442 

interaction (HMI) applications [153]. In the experiment, they used a UV-responsive, color-tunable 443 

electrochromic ionic gel printed in SLA, and accelerometers deliver the capability of tracking 444 

precise human postures and behaviors. The sensors, including the soft, highly conductive 445 

composite electrodes inserted inside the E-glasses frames, enable them to achieve reliable, 446 
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continuous recordings of physiological activities [153]. The findings shade light in the usage of 447 

smart eyeglass for the psychological and physiological fields, for instance extracting helpful data 448 

from the human body specified as exercise-related parameters or simple heart rates (as shown in 449 

Figure 6c).  450 

 451 

Figure 6: (a): Head-mounted displays [151]. Reproduced with permission, Copyright @2021 Int.J.Ind.Ergon 452 

.Prototype oxygen titration eyeglasses with integrated nasal oxygen cannulas (only for illustration of the future 453 

application). (b): Attached at the cavum conchae of a volunteer’s ear holding together with static magnets embedded 454 

in the sensor [152]. Reproduced with permission, Copyright @2020 Sensors. (c): 3D Printed, customizable, and 455 

multifunctional smart electronic eyeglasses for wearable healthcare systems and Human–Machine Interfaces [153]. 456 

Reproduced with permission, Copyright @2020 ACS. (d): The magnets attached each other [152]. Reproduced with 457 

permission, Copyright @2020 Sensors. (e): Prototype oxygen titration eyeglasses with integrated nasal oxygen 458 

cannulas [152]. Reproduced with permission, Copyright @2020 Sensors. 459 

Anjali Das C G et al. produced antibacterial eyeglass frames with silver nanoparticles, an 460 

antibacterial material,  which were synthesized in green through a biological synthesis method 461 

[154]. The antibacterial properties were coated on the eyeglass frame materials. The findings 462 

demonstrate that the synthesized sample exhibited antibacterial activity against three types of 463 

bacteria and two types of fungi. They confirmed the possibility of  using an antibacterial material 464 
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in the process of frame fabrication [154]. However, a detailed manufacturing process and material 465 

preparation information was not given in the paper.  466 

Most of the commercial mega-tech companies use Nylon material for the production of 3D 467 

printed eyeglass frames. Nylon powders in SLS 3D printer bestow lightweight, durable properties 468 

due to their flexibility and  they can also collaborate with the new generative design features [51]. 469 

Furthermore, Nylon material provides resistance, durability, comfort, and versatility for eyeglass 470 

frames. As a result, it is more appealing to use in commercial and academic research.  471 

A team of researchers from the Responsive Environments MIT Media Lab developed a 472 

smart eyeglass platform for a cross-context physiological measurement. P.Chwalek et al. 473 

developed an eyeglass frame for long-term monitoring of the psychophysiological scales (shown 474 

in Figure 7) [155]. Many underutilized physiological sensors were integrated into a streamlined 475 

3D printed eyeglass frame, to measure nose temperature, blink detection, head motion tracking, 476 

activity classification, 3D localization, and head pose estimation [155]. The designed device has a 477 

vital role in the field of psychology for trait and anxiety measurement. They opted to manufacture 478 

plastics using Nylon PA12 through selective laser sintering (SLS) 3D printing. Since the 479 

researchers were using the Nylon PA12, a fine polyamide plastic powder, SLS can print strong 480 

and complicated geometries with better accuracy, though not as high as SLA. Also, SLS 481 

accomplishes the printing of the eyeglass frames without support. It also saves printing and post-482 

processing time. The psychophysiological monitoring eyeglass frames are equipped with several 483 

sensors embedded inside the structure that can be read and interpreted based on their location. The 484 

design mainly focused on an aesthetic of the prototype that would minimize social anxiety and 485 

stress. It also optimizes users’ comfort, weight, sensor selection, and long life battery to let the 486 

user put them on for long period [155]. Researchers at MIT concluded that it is meaningful 487 

progress in the psychophysiological modelling field, and they asserted that extra modification of 488 

the eyeglass frame could promise additional integrated sensors. 489 

 490 
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 491 

Figure 7:(a): Captivates System (b) One Sided Commercial Battery Design of Smart Eye-Wear (c):  Nose Thermopile 492 

and Temple Thermopile (d): LED Locations (e):  Battery Placement in Captivate’s Arm. (f): Graphical User Interface 493 

for our Open Thread Border Router. (g): Smart eyeglasses frames Compared in Survey [155]. Reproduced with 494 

permission, Copyright @2021 Google. 495 
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Furthermore , J.Gwamuri et al. developed, fabricated, and tested 3D printable designs to 496 

confound limitations identified with mass-manufactured self-correcting eyeglasses demand in  the 497 

3rd world developing countries [156]. The designed eyeglass frames aimed to make it affordable 498 

in areas with alleviated poverty in isolated areas, manufacturing sustainably with minimal waste. 499 

The produced 3D printable eyeglass frames have self-adjustable glasses that can profoundly 500 

benefit communities with far more diversity in product design since the glasses can be customized 501 

for the individual based on their preference. 3D printing can also offer the potential for significant 502 

cost reductions since it is open-source 3-D printing that can empower developing world 503 

communities via affordable cost and customized products. The fabricated innovation offers the 504 

potential to substitute both centrally conventional fabrication systems and self-adjusting glasses. 505 

It also minimizes the high cost of conventional optics correction experience, including those 506 

provided by the highly-trained optometrists and ophthalmologists and their associated equipment. 507 

The authors also asserted that varying the lens shape and size would make it less challenging to 508 

meet the temporary, geographical, and clique-shifting socially acceptable provisions specified by 509 

the world's teenagers [156]. 510 

7. The essence of AM fabricated eyeglass frames with the growing technology trends in 511 

the electronic industry 512 

Smart glasses being the future of wearable technology, it is inevitable that their utilization 513 

and makeup is required to encompass the latest technologies in its production components[153]. 514 

With that, interest in the production of AM fabricated eyeglass frames has also been growing with 515 

an expectation to match growing trends in the electronics industry. The technologies used in the 516 

development of smart eyeglasses to create the future platform for human-machine interaction 517 

(HMI) are some to mention. The personalization of 3D printed smart eyeglasses to overcome the 518 

limitations of smart eyeglasses that only monitor various biological phenomena and to enable them 519 

to coordinate the recorded data for active commands [153]. And game operations for HMI 520 

interaction applications have been one of the growing attentions in the field. Embedding soft, 521 

highly conductive composite electrodes in the smart eyeglasses enables us to achieve reliable, 522 

continuous recordings of physical activities which can further be custom developed to track precise 523 

human postures and behaviors.  524 
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Moreover, the semiconductor industry is not only observed to end the international roadmap 525 

of semiconductors (ITRS) and embark on quick advancements with the complementary metal 526 

oxide semiconductor (CMOS) but also stretch to the Beyond CMOS technology[157]. The 527 

production of the current nano-scale transistors with 3D structure and advanced strain engineering 528 

has very scaled down gate and source/drain regions according to Moore’s law[157]. However, the 529 

international roadmap for devices and systems (IRDS) recognizes that the traditional scaling limits 530 

are coming to an end although CMOS scaling and Moore’s Law are anticipated to continue in the 531 

coming years[157]. The extremely heightened prices and fundamental physical effects, such as 532 

critical dimensions and statistical distributions in reducing the size of traditional CMOS gate 533 

length, are expected to put a roadblock to scaling. Beyond CMOS is the future of digital logic 534 

technologies that expand beyond the present CMOS scaling limits. IRDS places a heavy focus on 535 

the research and advancement in this technology in producing high performance and low-power 536 

consumption semiconductors [157]. Companies such as Intel have also been key players in driving 537 

this Beyond CMOS technology forward. The future Beyond CMOS is expected to bring novel 538 

computing paradigms, functionalities, and applications at a nanoscale level. Given that, it is 539 

assured that its implementation into smart glasses would highly benefit and depend on 3D printed 540 

or AM fabricated smart glass frames. 541 

Display technology has been one of the most challenging parts of developing smart glasses. 542 

The two main types of displays in smart glasses are the curved mirror displays and wave guide 543 

displays [158]. Yet, since the device must be bulkier and the image is less sharp with the curved 544 

mirror approach, the waveguides is newer set of technologies which are still being developed for 545 

efficient use. It works bending projected light in from of your eyes to display a visual field that 546 

includes 3D augmented reality (AR) objects. The challenges with these technologies however are 547 

the limited field of view (FOV) and resolution that is lower than desired. Increasing FOV would 548 

mean increasing the size of the waveguides and the bulkiness of the glasses[158]. Whereas the 549 

complex optical system in smart glasses added with other complications such as colour accuracy 550 

and real-world distortions, degrade resolution and increase the challenge in creating a high-quality 551 

display. The Clear-vu reflective waveguide technology is one of the technologies designed to 552 

combat these challenges. It uses a surface structure made up of several reflecting structures which 553 

enables it to have a thinner light guide while maintaining a large eye motion box as well as large 554 

FOV[158]. This technology has lower cost, uses traditional coatings and moulded plastic substrate, 555 



30 
 

has better efficiency, large eye box and FOV, and has no colour issues. The main challenge of this 556 

technology is to precisely mould the light guide and its surface structure while keeping the right 557 

compromise for performance and cost[158]. Luckily, these challenges seem to be easily avoided 558 

if the eyeglass is AM fabricated. The precision in the design to encompass these features can be 559 

specified in the AM process as discusses in the rest of this paper. 560 

8.  Optimizing the Eyeglasses Frames Topography using Generative Design 561 

As previously mentioned, in 3D printing, eyeglass frames are fabricated in successive 562 

layers. Thus, in some complex frame manufacturing, such as intricate design for the fashion 563 

industry, the maximum slope of the overhanging geometry becomes a significant limitation in 3D 564 

printing [159]. The most common method to overcome this issue is using an additional support 565 

structure composed of the same or different material, then removed after the 3D printing 566 

completed. These support materials often result in undesired problems such as waste of material 567 

in case of DLP, SLA and FDM. Moreover, they leave scars on the frame structure, which limits 568 

the mechanical properties of the frames and initiates crack propagation. Besides, the tolerance of 569 

the frame design for the lenses can be diminished. Moreover, the post-processing is time-570 

consuming and frustrating, mainly when the support structures are printed in difficult-to-access 571 

regions, or extra surface treatment operations (such as sanding or acetone vapor smoothing) are 572 

needed [160].  Therefore, to solve the challenge of manufacturing in terms of support material 573 

waste and production time, engineers developed CAD software backed by Artificial Intelligence 574 

(AI) algorithms. The CAD software is being trained using piles of design data and can boost the 575 

possible future solution of the design based on the comparison of several design possibilities. Most 576 

importantly, the AI-supported software mitigates the risk of breaking delicate parts of the printed 577 

frames by optimizing the morphology of the eyeglass frame feature. One of the top software that 578 

has been commonly used in improving the topography of eyeglass frames is Topology 579 

optimization. However, topology optimization is subjected to manufacturability constraints [161].  580 

Due to the complexity of the organic-looking shapes of topology, the process mainly 581 

attracts academic researchers rather than commercial entities. However, most commercial eyeglass 582 

frame producing companies use generative design software, which is more viable in academic 583 

research and real-world production. The fundamental advantage of the generative design process 584 

in optimizing the 3D printed eyeglass frames begins by specifying the mechanical properties of 585 
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the eyeglass frames. This process is performed by providing the software the numerical values 586 

such as desired force the sample that can resist at most, and the applied  pressure and the type of 587 

material intended to use specific sections of the frame section [162]. Also, generative design is 588 

used to produce more efficient designs that are lighter, stronger, and in some cases, more artistic 589 

design. Nowadays, industrial manufacturing companies are embracing generative design to 590 

redesign old products or generate new ideas [163]. As a result, CAD entails designers and 591 

engineers exceeding the performance of conventional 3D printing of the eyeglass frames. 592 

Autodesk’s generative design software implement experiments in simulations for the investigation 593 

of fundamental mechanical properties analysis such as buckling, fatigue, and failure points before 594 

the sample is being printed [162]. Engineers further refine the design parameters, setting load 595 

prerequisites, deflection, rigidity, material selections, cost of production, weight conditions, and 596 

even manufacturing techniques without much effort and less time [162]. The fascinating outcome 597 

of the generative design accounts for the solution of wear and tear of distinctive manufacturing 598 

strategies, such as warpage and deformation occurring in 3D printed samples, saving 599 

manufacturers time and capital on dead-end plans ( shown in Figure 8a, b and c) [162]. 600 

R. Ashima et al. reported  the effect of developing eyeglass frames using the fast-601 

developing automation and manufacturing of smart materials in additive manufacturing 602 

technologies using the Internet of Things (IoT)  principles [164]. They exclusively discussed the 603 

frames that can be manufactured using 3D printing and the functions of embedding integrated 604 

electronics inside the frame to store information. Once the structure is equipped with lenses, the 605 

3D-printed smart eyeglasses are ready to track the user’s activity using data retrieved from the 606 

electronics inside the frame [52].  607 

A group of researchers from MIT’s Computer Science and Artificial Intelligence 608 

Laboratory (CSAIL) developed a novel 3D printed eyeglass frame, which shows a 3D design 609 

environment that allows users to digitally model an object’s physical form and electronic function 610 

simultaneously [165]. These researchers embedded the MorphSensor inside the eyeglass frame 611 

with an integrated blue light sensor and microcontroller. The frame structure was well developed 612 

to sustain the electronics sufficiently (shown in Figure 8f). Its application is aimed at correcting 613 

light intensity, where the glasses detect when the user is being exposed to too much blue light and 614 

sends alert signals via an LED or noise [165]. All these parameters use the AM generative design 615 
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to ease the manufacturing system of a lightweight mechanism. Since the generative design 616 

initiative optimizes the materials, agility, strength, and cost performance of the eyeglass 617 

frames. Besides, SmarTech analysis reported that AI and machine learning trained generative 618 

design provide greater design possibilities from multiple data stored in the system [166]. Designers 619 

have more freedom in creating new looks for future development (as shown in Figure 8c). 620 

Researchers can test new forms and textures that would be economically challenging and unviable 621 

with conventional manufacturing techniques [167]. Therefore, the single most significant segment 622 

in eyewear AM is final parts production, which is anticipated to expand to a $1.9 billion 623 

opportunity in a market worth $3.4 billion by 2028 [166]. This is why companies are embracing 624 

generative design and are using additive manufacturing in various business entities.  625 

Equally important in the design approach, Li et al. developed a machine learning-based 626 

affective design dynamic mapping approach (MLADM) to optimize the CAD design [168]. 627 

Fundamentally, the techniques enabled a faster turn-around time of products. Since the algorithm 628 

trains the CAD software with collected social face data that are changing unconsciously, it results 629 

in an alteration in consumers' affective reactions. Therefore, the approach to collecting consumers' 630 

affective responses extensively, dynamically, and automatically is necessary. In another similar 631 

fashion, researchers W. Lu et al. presented the methodological framework used  to develop the 632 

connections between users' emotional responses and the geometrical features of an eyeglass frame 633 

design [169]. In the process, they have used a computer interface that is trained to support data 634 

acquisition [169]. The approach enhanced the various shape characteristics in correlation to the 635 

impact users' emotional responses (as shown in Figure 8d). To prove the relationship between the 636 

type of users’ reaction and the preference of the eyeglass frame, some social experiment 637 

researchers’ claim that eyeglass frames are the target product, including the design features 638 

regarding personality traits that are indicated by facial outlines [170]. To shade light on the 639 

correlation of eyeglass frames and the behavior psychology, Chih-Hsing Chu et al. proposed a 640 

computational framework for personalized eyeglass frame design based on parametric face 641 

modeling data [171].  An enormous piece of 3D facial models is gathered by non-contact scanning 642 

trained data (as shown in Figure 8g) The data includes different dimensions of the face geometry 643 

and can be utilized by the design. The main ambition of the models is not only to adjust the frame 644 

design in real time but also to evaluate whether or how the design style fits individual facial 645 

characteristics based on their behavior traits [171]. The findings infer that how the algorithm 646 
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enhanced the design by utilizing big, collected data. The data collection for the eyeglasses frame 647 

shows there is a strong relationship between the optimum design and users’ facial features in terms 648 

of the cultural comfy as well [172] [173]. 649 

 650 
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Figure 8: (a). Lightweight eyeglass frame produced using generative design. Reproduced with permission, Copyright 653 

@2022 Google (b). Application Spotlight: 3D-Printed Eyewear. Reproduced with permission, Copyright @2022 654 

Google. (c): Lightweight generative designed eyeglass frames. Reproduced with permission, Copyright @2022 655 

Google. (d): computational framework for personalized eyeglass frame design based on parametric face 656 

modeling[171]. Reproduced with permission, Copyright @2017 Advanced engineering information. (d) Lightweight 657 

eyeglass frame. Reproduced with permission, Copyright @2022 Google. (f): MorphSensor embedded inside the 658 

eyeglass frame with an integrated blue light sensor and microcontroller. Reproduced with permission, Copyright 659 

@2022 Google. (g) The data acquired from user for the parametric CAD [171]. Reproduced with permission, 660 

Copyright @2017 Advanced engineering information.  661 

9. Fundamental Limitations  662 

3D printing of complex samples with intricate features is an intensive design process and 663 

involves expensive materials usage. Recently, the  eyeglass frame structure has shown a 664 

remarkable development of smart three-dimensional (3D) lightweight structures, which are 665 

expected to possess self-shaping, self-folding and self-unfolding performances [174]. However, 666 

AM technology is still suffering from a fundamental limitation that cannot be compromised with 667 

the prototype's functionality. 3D printing technology has an issue with the types of material usage. 668 

For instance, the use of stainless steel metal and blending of the nanomaterials into polymers to 669 

enhance the mechanical strength is still challenging [77][175]. Plus,  the incorporation of 670 

nanomaterial and nanocomposite into polymers can cause aggregation that may induce some 671 

cavities inside the 3D printed sample that can propagate fatigue that diminish the mechanical 672 

strength effectively [176][177][178]. Increasing the durability of eyeglass frames using 673 

nanomaterial composites requires in-depth research in AM.  674 

Moreover, during the printing process, a lack of discontinuities in DLP printers arises when 675 

a new layer of polymer materials is deposited. Similarly, shrinkage porosity occurs due to the 676 

discontinuities that appear when the liquid polymer changes into a solid. The main reason behind 677 

the shrinkage porosity is that the polymers cannot compensate for the shrinkage or density change 678 

during the solidification since the material undergoes a liquid-to-solid phase transformation. 679 

Another possible challenge with the technology is the void formation due to the entrapped 680 

spherical shape of air inside the resin that could not escape because of the high speed of the printing 681 

process [178][179]. In the FDM, DLP, and SLA printing techniques, part warpage often arises due 682 

to the buildup of residual stress and relaxes when the sample part is removed from the build plate.   683 
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From a chemical perspective, some materials used for frames manufacturing cause various 684 

health risks. For example, researchers from the University Of California School Of Medicine 685 

discussed the allergic contact dermatitis (CD), an itchy inflammation caused by direct contact with 686 

a material from eyeglasses frames [180]. According to reported myriad of  cases in the survey they 687 

conducted, the primary materials that can cause the CD allergies are nickel, phenol-formaldehyde, 688 

rubber, plastics, and ethylene glycol monomethyl ether acetate (EGMEA) [180]. These compounds 689 

are included inside the materials used for manufacturing of the eyeglass frames using AM. In the 690 

survey, they collected detailed data from across the world. According to the analysis, materials 691 

that cause the inflammation CD are part of the eyeglass frames that are widely used in the AM to 692 

enhance mechanical properties, aesthetic purposes, and research goals. Some of the materials are 693 

metals such as cobalt and nickel, plasticizersabietic [115][181][182][183][184]. Besides, solvents 694 

such as EGMEA and methylethylketoneare are some of the commonly used chemicals that cause 695 

CD. In addition to the above, UV stabilizers dyes such as anthraquinone brown-black dye 696 

paraphenylenediamine paraaminophenol solvent yellow 3, red 26, red 481 are among the top 697 

materials that cause the CD [182][180].  698 

Additional research from  dermatologists and skin specialists revealed that some materials 699 

used for eyeglasses frames can also cause inflammation behind the ear [185][186][187]. This is a 700 

case of erythematous or fissured plaques, an area of clearing in a flat confluent growth of bacteria 701 

or tissue cells in the retroauricular area that is an auricular region of the ears on the neck. Also, 702 

some materials can irritate the skin, such as granuloma fissuratum (i.e. thickening of the skin in 703 

response to low-grade, chronic pressure/rubbing caused by eyeglasses) on the nose near the inner 704 

ocular canthus(i.e. corner of the eye where the upper and lower eyelids assemble )[188]. So proper 705 

skin therapy should be involved before any eyeglasses are worn. Moreover, authors including 706 

M.Šitum et al. from the University Hospital Center, Department of Dermatology and Venereology, 707 

Zagreb, Croatia, contended the CD consequences of using titanium metal for eyeglass frames 708 

[115]. According to clinicians, CD allergy due to eyeglass frames is abnormal; sometimes, it could 709 

be experienced at any age [115]. The study addresses several further questions on CD from 710 

eyeglass frames that should be presumed in patients with retroauricular dermatitis on contact with 711 

the skin. M.Šitum et al. also discussed a myriad of materials that could cause CD, including metals, 712 

cosmetics, plastics, rubber, solvents, antioxidants, dyes, and waxes; in which some of them are 713 

included inside an eyeglass frame [115]. From the study perspective, 3D printing could also be the 714 
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source of the CD as well. Since it has been discovered that UV stabilizers and nickel from eyeglass 715 

frames are the most common allergens; thus, the 3D printed eyeglass frames using the UV source 716 

printers could be a source of CD. Besides, M.Šitum et al. also noted that palladium or titanium, a 717 

common eyeglass frames materials, were also reported they can cause an allergic CD [115]. The 718 

authors also remarked that most plastic glasses are fabricated either using traditional or 3D printing 719 

techniques from zyl or propionate that include other materials, such as nylon, carbon, 720 

polycarbonate, optyl, and polyamid sources of the CD [115]. Some of the common procedures to 721 

test the  allergic behavior of titanium eyeglass frames are using patch (epicutaneous) tests on 722 

contact allergens [115]. Although topical corticosteroid therapy can also be used to test the allergen 723 

behavior, the results are quick clinical resolution and do not prevent recurrences. Some researchers 724 

also suggested that modifying the frame material is the sole solution for these patients to avoid the 725 

eyeglass frames’ allergenic infection. However, the existing research has not discussed alleviating 726 

manufacturing techniques' challenges. Also, hypoallergenic eyeglasses (i.e. relatively unlikely to 727 

cause an allergic reaction) can be produced using 3D printing/AM. 728 

10. Conclusions and Recommendations 729 

In this article, we reviewed the literature on the fabrication of eyeglass frames, with a 730 

particular focus on AM fabrication methods. AM involves the fabrication and optimization of 731 

eyeglass frames using a 3D CAD model CAD. Unlike the subtractive or traditional manufacturing 732 

processes, AM is a layer-by-layer process. In comparison to the subtractive process, AM provides 733 

substantial advantages in terms of material waste, cost, and ability to produce complex morphology 734 

of a sample. The subtractive/traditional manufacturing technique begins with a big block of 735 

material and subtracts till the final desired outcome is obtained with more wasted scarps. On the 736 

other hand, with the AM process, materials are deposited layer by layer, with zero waste. Again, 737 

when it comes to the eyeglass frame, it offers freedom to design a frame structure and is more 738 

economically feasible than conventional manufacturing due to the reduced tools and storage costs. 739 

Therefore, AM has been employed in many eyeglass frame applications, including commercial 740 

products. It also works hand in hand with the generative design to optimize the final product. The 741 

AI-trained CAD software can optimize the morphological structure, mechanical properties, and 742 

amount of material used. It also provides a new opportunity for designers to develop a new 743 

appealing eyeglass frame brand in commercial entities. Adding nanomaterials can enhance the 744 
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mechanical properties of the eyeglass frame. However, blending nanomaterials with metals and 745 

polymers of the frame has some issues. As mentioned above, some materials are chemically 746 

cytostatic and can be allergenic to the eye and skin. Nevertheless, choosing the proper AM 747 

techniques can overcome cytotoxicity and blending nanomaterial options to make the eyeglass 748 

frame product viable mechanically and chemically. 749 

 Informed Consent Statement: Not applicable. 750 

Data Availability Statement: The data presented in this study are available on request from the 751 

corresponding authors. 752 

Conflicts of Interest: The authors declare no conflict of interest. 753 

Reference: 754 

[1] U.S. Department of Health & Human Services, “Common Eye Disorders and Diseases.” 755 
[2] S. Nashine, “Potential therapeutic candidates for age-related macular degeneration 756 

(Amd),” Cells, vol. 10, no. 9. 2021. doi: 10.3390/cells10092483. 757 
[3] W. M. Al-Zamil and S. A. Yassin, “Recent developments in age-related macular 758 

degeneration: A review,” Clinical Interventions in Aging, vol. 12. 2017. doi: 759 

10.2147/CIA.S143508. 760 
[4] A. Armento, M. Ueffing, and S. J. Clark, “The complement system in age-related macular 761 

degeneration,” Cellular and Molecular Life Sciences, vol. 78, no. 10. 2021. doi: 762 
10.1007/s00018-021-03796-9. 763 

[5] T. J. Heesterbeek, L. Lorés-Motta, C. B. Hoyng, Y. T. E. Lechanteur, and A. I. den 764 

Hollander, “Risk factors for progression of age-related macular degeneration,” 765 

Ophthalmic and Physiological Optics, vol. 40, no. 2. 2020. doi: 10.1111/opo.12675. 766 
[6] W. Tan, J. Zou, S. Yoshida, B. Jiang, and Y. Zhou, “The role of inflammation in age-767 

related macular degeneration,” International Journal of Biological Sciences, vol. 16, no. 768 

15. 2020. doi: 10.7150/ijbs.49890. 769 
[7] M. J. Ammar, J. Hsu, A. Chiang, A. C. Ho, and C. D. Regillo, “Age-related macular 770 

degeneration therapy: A review,” Current Opinion in Ophthalmology, vol. 31, no. 3. 2020. 771 
doi: 10.1097/ICU.0000000000000657. 772 

[8] M. J. Ang and N. A. Afshari, “Cataract and systemic disease: A review,” Clinical and 773 
Experimental Ophthalmology, vol. 49, no. 2. 2021. doi: 10.1111/ceo.13892. 774 

[9] L. Dandona et al., “Population-based assessment of the outcome of cataract surgery in an 775 
urban population in southern India,” Am. J. Ophthalmol., vol. 127, no. 6, 1999, doi: 776 
10.1016/S0002-9394(99)00044-6. 777 

[10] J. M. Dolezal, E. S. Perkins, and R. B. Wallace, “Sunlight, skin sensitivity, and senile 778 
cataract,” Am. J. Epidemiol., vol. 129, no. 3, 1989, doi: 779 
10.1093/oxfordjournals.aje.a115168. 780 

[11] M. C. Leske, L. T. Chylack, and S. Y. Wu, “The Lens Opacities Case-Control Study: Risk 781 

Factors for Cataract,” Arch. Ophthalmol., vol. 109, no. 2, 1991, doi: 782 
10.1001/archopht.1991.01080020090051. 783 

[12] Y. C. Liu, M. Wilkins, T. Kim, B. Malyugin, and J. S. Mehta, “Cataracts,” The Lancet, 784 

vol. 390, no. 10094. 2017. doi: 10.1016/S0140-6736(17)30544-5. 785 



39 
 

[13] S. H. Heruye et al., “Current trends in the pharmacotherapy of cataracts,” 786 

Pharmaceuticals, vol. 13, no. 1. 2020. doi: 10.3390/ph13010015. 787 

[14] J. Lechner, O. E. O’Leary, and A. W. Stitt, “The pathology associated with diabetic 788 
retinopathy,” Vision Res., vol. 139, 2017, doi: 10.1016/j.visres.2017.04.003. 789 

[15] S. Senthil et al., “Neovascular glaucoma-A review,” Indian Journal of Ophthalmology, 790 
vol. 69, no. 3. 2021. doi: 10.4103/ijo.IJO_1591_20. 791 

[16] K. S. Coyne et al., “The impact of diabetic retinopathy: Perspectives from patient focus 792 

groups,” Fam. Pract., vol. 21, no. 4, 2004, doi: 10.1093/fampra/cmh417. 793 
[17] S. J. Frohlich, “[Age-related macula degeneration and diabetic retinopathy -- differences 794 

in optic rehabilitation].,” Klin. Monbl. Augenheilkd., vol. 222, no. 4, 2005. 795 
[18] P. Namperumalsamy, P. K. Nirmalan, and K. Ramasamy, “Developing a screening 796 

program to detect sight-threatening diabetic retinopathy in South India,” Diabetes Care, 797 

vol. 26, no. 6, 2003, doi: 10.2337/diacare.26.6.1831. 798 

[19] D. A. Lee and E. J. Higginbotham, “Glaucoma and its treatment: A review,” American 799 
Journal of Health-System Pharmacy, vol. 62, no. 7. 2005. doi: 10.1093/ajhp/62.7.691. 800 

[20] H. A. Quigley, “Number of people with glaucoma worldwide,” Br. J. Ophthalmol., vol. 801 

80, no. 5, 1996, doi: 10.1136/bjo.80.5.389. 802 
[21] A. T. Gasch, P. Wang, and L. R. Pasquale, “Determinants of glaucoma awareness in a 803 

general eye clinic,” Ophthalmology, vol. 107, no. 2, 2000, doi: 10.1016/S0161-804 

6420(99)00076-7. 805 
[22] A. M. F. Wong, “Amblyopia (lazy eye) in children,” CMAJ. Canadian Medical 806 

Association Journal, vol. 186, no. 4. 2014. doi: 10.1503/cmaj.130666. 807 
[23] K. B. Gunton, B. N. Wasserman, and C. DeBenedictis, “Strabismus,” Primary Care - 808 

Clinics in Office Practice, vol. 42, no. 3. 2015. doi: 10.1016/j.pop.2015.05.006. 809 

[24] E. Niechwiej-Szwedo, H. C. Goltz, M. Chandrakumar, and A. M. F. Wong, “The effect of 810 
sensory uncertainty due to amblyopia (lazy eye) on the planning and execution of 811 

visually-guided 3D reaching movements,” PLoS One, vol. 7, no. 2, 2012, doi: 812 
10.1371/journal.pone.0031075. 813 

[25] T. L. Ooi, Y. R. Su, D. M. Natale, and Z. J. He, “A push-pull treatment for strengthening 814 
the ‘lazy eye’ in amblyopia,” Current Biology, vol. 23, no. 8. 2013. doi: 815 

10.1016/j.cub.2013.03.004. 816 
[26] G. F. Papalia et al., “Strabismus and postural control: a systematic review,” 817 

Musculoskeletal Surgery. 2022. doi: 10.1007/s12306-022-00737-y. 818 

[27] G. Heidary et al., “Adjustable Sutures in the Treatment of Strabismus: A Report by the 819 
American Academy of Ophthalmology,” Ophthalmology, vol. 129, no. 1, 2022, doi: 820 
10.1016/j.ophtha.2021.07.026. 821 

[28] K. L. Bhutia, S. C. Bhutia, N. Gupta, and D. O. Shenga, “Prevalence of refractive errors 822 
among the school-going children in East Sikkim,” Indian J. Ophthalmol., vol. 69, no. 8, 823 

2021, doi: 10.4103/ijo.IJO_112_21. 824 
[29] F. C. Maduka-Okafor et al., “Refractive error and visual impairment among school 825 

children: Result of a south-eastern nigerian regional survey,” Clin. Ophthalmol., vol. 15, 826 
2021, doi: 10.2147/OPTH.S298929. 827 

[30] S. Sheeladevi, B. Seelam, P. B. Nukella, A. Modi, R. Ali, and L. Keay, “Prevalence of 828 

refractive errors in children in India: a systematic review,” Clinical and Experimental 829 
Optometry, vol. 101, no. 4. 2018. doi: 10.1111/cxo.12689. 830 

[31] E. L. Irving, C. M. Machan, S. Lam, P. K. Hrynchak, and L. Lillakas, “Refractive error 831 



40 
 

magnitude and variability: Relation to age,” J. Optom., vol. 12, no. 1, 2019, doi: 832 

10.1016/j.optom.2018.02.002. 833 

[32] E. M. Harvey, V. Dobson, and J. M. Miller, “Prevalence of high astigmatism, eyeglass 834 
wear, and poor visual acuity among Native American grade school children,” Optom. Vis. 835 
Sci., vol. 83, no. 4, 2006, doi: 10.1097/01.opx.0000214333.84822.71. 836 

[33] H. Y. Rodge and S. Lokhande, “Refractive error in children,” Int. J. Curr. Res. Rev., vol. 837 
12, no. 23, 2020, doi: 10.31782/IJCRR.2020.122307. 838 

[34] O. J. Killeen and P. P. Lee, “Broadening Access to Eyeglasses in the US,” JAMA Heal. 839 
Forum, vol. 3, no. 3, 2022, doi: 10.1001/jamahealthforum.2021.5236. 840 

[35] T. M. McClure, D. Choi, K. Wooten, C. Nield, T. M. Becker, and S. L. Mansberger, “The 841 
impact of eyeglasses on vision-related quality of life in American Indian/Alaska natives,” 842 
Am. J. Ophthalmol., vol. 151, no. 1, 2011, doi: 10.1016/j.ajo.2010.06.043. 843 

[36] W. G. Cha, T. Hammer, F. Gutknecht, R. Golle, A. E. Tekkaya, and W. Volk, “Adaptive 844 

wear model for shear-cutting simulation with open cutting line,” Wear, vol. 386–387, 845 
2017, doi: 10.1016/j.wear.2017.05.019. 846 

[37] A. Singh and A. Agrawal, “Investigation of Parametric Effects on Geometrical 847 

Inaccuracies in Deformation Machining Process,” J. Manuf. Sci. Eng. Trans. ASME, vol. 848 
140, no. 7, 2018, doi: 10.1115/1.4039586. 849 

[38] E. Davoodi et al., “Additively manufactured metallic biomaterials,” Bioactive Materials, 850 

vol. 15. 2022. doi: 10.1016/j.bioactmat.2021.12.027. 851 
[39] M. Revilla-León, D. Mostafavi, M. M. Methani, and A. Zandinejad, “Manufacturing 852 

accuracy and volumetric changes of stereolithography additively manufactured zirconia 853 
with different porosities,” J. Prosthet. Dent., vol. 128, no. 2, 2022, doi: 854 
10.1016/j.prosdent.2020.06.021. 855 

[40] M. S. Mannoor et al., “3D printed bionic ears,” Nano Lett., vol. 13, no. 6, 2013, doi: 856 
10.1021/nl4007744. 857 

[41] Z. X. Low, Y. T. Chua, B. M. Ray, D. Mattia, I. S. Metcalfe, and D. A. Patterson, 858 
“Perspective on 3D printing of separation membranes and comparison to related 859 

unconventional fabrication techniques,” Journal of Membrane Science, vol. 523. 2017. 860 
doi: 10.1016/j.memsci.2016.10.006. 861 

[42] J. X. J. Zhang and K. Hoshino, Molecular Sensors and Nanodevices: Principles, Designs 862 
and Applications in Biomedical Engineering. 2013. doi: 10.1016/C2012-0-07668-5. 863 

[43] K. Wang, C. C. Ho, C. Zhang, and B. Wang, “A Review on the 3D Printing of Functional 864 

Structures for Medical Phantoms and Regenerated Tissue and Organ Applications,” 865 
Engineering, vol. 3, no. 5, 2017, doi: 10.1016/J.ENG.2017.05.013. 866 

[44] N. Shahrubudin, T. C. Lee, and R. Ramlan, “An Overview on 3D Printing Technology: 867 

Technological, Materials, and Applications,” Procedia Manuf., vol. 35, pp. 1286–1296, 868 
Jan. 2019, doi: 10.1016/J.PROMFG.2019.06.089. 869 

[45] T. Pereira, J. V. Kennedy, and J. Potgieter, “A comparison of traditional manufacturing vs 870 
additive manufacturing, the best method for the job,” in Procedia Manufacturing, 2019, 871 
vol. 30. doi: 10.1016/j.promfg.2019.02.003. 872 

[46] G. Zhu, Y. Hou, J. Xiang, J. Xu, and N. Zhao, “Digital Light Processing 3D Printing of 873 
Healable and Recyclable Polymers with Tailorable Mechanical Properties,” ACS Appl. 874 

Mater. Interfaces, vol. 13, no. 29, 2021, doi: 10.1021/acsami.1c08872. 875 
[47] Q. Li et al., “Balancing flexural strength and porosity in DLP-3D printing Al2O3 cores for 876 

hollow turbine blades,” J. Mater. Sci. Technol., vol. 104, pp. 19–32, Mar. 2022, doi: 877 



41 
 

10.1016/J.JMST.2021.05.077. 878 

[48] F. Tsegay, M. Elsherif, and H. Butt, “Smart 3D Printed Hydrogel Skin Wound Bandages: 879 

A Review,” Polymers, vol. 14, no. 5. 2022. doi: 10.3390/polym14051012. 880 
[49] H. Baniasadi, Z. Madani, R. Ajdary, O. J. Rojas, and J. Seppälä, “Ascorbic acid-loaded 881 

polyvinyl alcohol/cellulose nanofibril hydrogels as precursors for 3D printed materials,” 882 
Mater. Sci. Eng. C, vol. 130, p. 112424, Nov. 2021, doi: 10.1016/J.MSEC.2021.112424. 883 

[50] S. W. Pattinson and A. J. Hart, “Additive Manufacturing of Cellulosic Materials with 884 

Robust Mechanics and Antimicrobial Functionality,” Adv. Mater. Technol., vol. 2, no. 4, 885 
2017, doi: 10.1002/admt.201600084. 886 

[51] C. Schubert, M. C. Van Langeveld, and L. A. Donoso, “Innovations in 3D printing: A 3D 887 
overview from optics to organs,” Br. J. Ophthalmol., vol. 98, no. 2, pp. 159–161, Feb. 888 
2014, doi: 10.1136/BJOPHTHALMOL-2013-304446. 889 

[52] F. Wahl, R. Zhang, M. Freund, and O. Amft, “Personalizing 3D-Printed Smart Eyeglasses 890 

to Augment Daily Life,” Computer (Long. Beach. Calif)., vol. 50, no. 2, 2017, doi: 891 
10.1109/MC.2017.44. 892 

[53] R. Nadiv, M. Shtein, G. Shachar, M. Varenik, and O. Regev, “Optimal nanomaterial 893 

concentration: Harnessing percolation theory to enhance polymer nanocomposite 894 
performance,” Nanotechnology, vol. 28, no. 30, 2017, doi: 10.1088/1361-6528/aa793e. 895 

[54] A. Santra, P. J. Boul, and X. Pang, “Influence of nanomaterials in oilwell cernent 896 

hydration and mechanical properties,” in Society of Petroleum Engineers - SPE 897 
International Oilfield Nanotechnology Conference 2012, 2012. doi: 10.2118/156937-ms. 898 

[55] “https://www.adidas.com/us/eyewear.” 899 
[56] S. H. Huang, P. Liu, A. Mokasdar, and L. Hou, “Additive manufacturing and its societal 900 

impact: A literature review,” International Journal of Advanced Manufacturing 901 

Technology, vol. 67, no. 5–8. 2013. doi: 10.1007/s00170-012-4558-5. 902 
[57] S. J. Trenfield et al., “Shaping the future: recent advances of 3D printing in drug delivery 903 

and healthcare,” Expert Opinion on Drug Delivery, vol. 16, no. 10. 2019. doi: 904 
10.1080/17425247.2019.1660318. 905 

[58] K. Tappa and U. Jammalamadaka, “Novel biomaterials used in medical 3D printing 906 
techniques,” Journal of Functional Biomaterials, vol. 9, no. 1. 2018. doi: 907 

10.3390/jfb9010017. 908 
[59] J. F. Rusling, “Developing Microfluidic Sensing Devices Using 3D Printing,” ACS 909 

Sensors, vol. 3, no. 3, 2018, doi: 10.1021/acssensors.8b00079. 910 

[60] S. S. Hinman, K. S. McKeating, and Q. Cheng, “Plasmonic Sensing with 3D Printed 911 
Optics,” Anal. Chem., vol. 89, no. 23, 2017, doi: 10.1021/acs.analchem.7b03967. 912 

[61] Z. Wang et al., “Visible Light Photoinitiation of Cell-Adhesive Gelatin Methacryloyl 913 

Hydrogels for Stereolithography 3D Bioprinting,” ACS Appl. Mater. Interfaces, vol. 10, 914 
no. 32, 2018, doi: 10.1021/acsami.8b06607. 915 

[62] Q. Wu, W. S. Miao, Y. Du Zhang, H. J. Gao, and D. Hui, “Mechanical properties of 916 
nanomaterials: A review,” Nanotechnol. Rev., vol. 9, no. 1, 2020, doi: 10.1515/ntrev-917 
2020-0021. 918 

[63] X. P. Ren et al., “A comparative study on mechanical properties of Ti–6Al–4V alloy 919 
processed by additive manufacturing vs. traditional processing,” Mater. Sci. Eng. A, vol. 920 

817, 2021, doi: 10.1016/j.msea.2021.141384. 921 
[64] K. Zhang et al., “Design and fabrication technology of metal mirrors based on additive 922 

manufacturing: A review,” Applied Sciences (Switzerland), vol. 11, no. 22. 2021. doi: 923 



42 
 

10.3390/app112210630. 924 

[65] G. A. O. Adam and D. Zimmer, “Design for Additive Manufacturing-Element transitions 925 

and aggregated structures,” CIRP J. Manuf. Sci. Technol., vol. 7, no. 1, 2014, doi: 926 
10.1016/j.cirpj.2013.10.001. 927 

[66] M. Kumar and V. Sharma, “Additive manufacturing techniques for the fabrication of 928 
tissue engineering scaffolds: a review,” Rapid Prototyping Journal, vol. 27, no. 6. 2021. 929 
doi: 10.1108/RPJ-01-2021-0011. 930 

[67] E. Atzeni and A. Salmi, “Economics of additive manufacturing for end-usable metal 931 
parts,” Int. J. Adv. Manuf. Technol., vol. 62, no. 9–12, 2012, doi: 10.1007/s00170-011-932 
3878-1. 933 

[68] F. Piller and A. Kumar, “Mass Customization: Providing Custom Products and Services 934 
with Mass Production Efficiency,” J. Financ. Transform., no. 18, 2006. 935 

[69] I. J. Petrick and T. W. Simpson, “3D Printing Disrupts Manufacturing: How Economies of 936 

One Create New Rules of Competition,” Res. Manag., vol. 56, no. 6, 2013, doi: 937 
10.5437/08956308x5606193. 938 

[70] D. S. Thomas and S. W. Gilbert, “Costs and Cost Effectiveness of Additive 939 

Manufacturing,” 2014. 940 
[71] D. S. Thomas and S. W. Gilbert, “Costs and cost effectiveness of additive manufacturing: 941 

A literature review and discussion,” in Additive Manufacturing: Costs, Cost Effectiveness 942 

and Industry Economics, 2015. 943 
[72] O. Diegel, S. Singamneni, S. Reay, and A. Withell, “Tools for Sustainable Product 944 

Design: Additive Manufacturing,” J. Sustain. Dev., vol. 3, no. 3, 2010, doi: 945 
10.5539/jsd.v3n3p68. 946 

[73] F. H. Kim and S. P. Moylan, “Literature Review of Metal Additive Manufacturing 947 

Defects,” NIST Adv. Manuf. Ser., 2018. 948 
[74] ASTM F2792-12, “Standard Terminology for Additive Manufacturing Technologies,” 949 

ASTM International, vol. West Consh. 2012. 950 
[75] S. T. Newman, Z. Zhu, V. Dhokia, and A. Shokrani, “Process planning for additive and 951 

subtractive manufacturing technologies,” CIRP Ann. - Manuf. Technol., vol. 64, no. 1, 952 
2015, doi: 10.1016/j.cirp.2015.04.109. 953 

[76] M. Upadhyay, T. Sivarupan, and M. El Mansori, “3D printing for rapid sand casting—A 954 
review,” Journal of Manufacturing Processes, vol. 29. 2017. doi: 955 
10.1016/j.jmapro.2017.07.017. 956 

[77] Jill Ross, “Inspection of Additive Manufactured Parts Using Computed Tomography:,” 957 
Oct. 2020. 958 

[78] B. Tiller et al., “Piezoelectric microphone via a digital light processing 3D printing 959 

process,” Mater. Des., vol. 165, p. 107593, Mar. 2019, doi: 960 
10.1016/J.MATDES.2019.107593. 961 

[79] L. Ge, L. Dong, D. Wang, Q. Ge, and G. Gu, “A digital light processing 3D printer for fast 962 
and high-precision fabrication of soft pneumatic actuators,” Sensors Actuators, A Phys., 963 
vol. 273, 2018, doi: 10.1016/j.sna.2018.02.041. 964 

[80] M. Sharafeldin, A. Jones, and J. F. Rusling, “3D-printed biosensor arrays for medical 965 
diagnostics,” Micromachines, vol. 9, no. 8. 2018. doi: 10.3390/mi9080394. 966 

[81] B. J. Rumley-Ouellette, J. H. Wahry, A. M. Baker, J. D. Bernardin, A. N. Marchi, and M. 967 
D. Todd, “In situ printing of conductive poly lactic acid strain sensors embedded into 968 
additively manufactured parts,” in Structural Health Monitoring 2017: Real-Time 969 



43 
 

Material State Awareness and Data-Driven Safety Assurance - Proceedings of the 11th 970 

International Workshop on Structural Health Monitoring, IWSHM 2017, 2017, vol. 2. doi: 971 

10.12783/shm2017/14071. 972 
[82] L. Cevenini, M. M. Calabretta, G. Tarantino, E. Michelini, and A. Roda, “Smartphone-973 

interfaced 3D printed toxicity biosensor integrating bioluminescent ‘sentinel cells,’” 974 
Sensors Actuators, B Chem., vol. 225, 2016, doi: 10.1016/j.snb.2015.11.017. 975 

[83] D. Pranzo, P. Larizza, D. Filippini, and G. Percoco, “Extrusion-based 3D printing of 976 

microfluidic devices for chemical and biomedical applications: A topical review,” 977 
Micromachines, vol. 9, no. 8. 2018. doi: 10.3390/mi9080374. 978 

[84] A. H. Loo, C. K. Chua, and M. Pumera, “DNA biosensing with 3D printing technology,” 979 
Analyst, vol. 142, no. 2, 2017, doi: 10.1039/c6an02038k. 980 

[85] T. M. Valentin et al., “Stereolithographic printing of ionically-crosslinked alginate 981 

hydrogels for degradable biomaterials and microfluidics,” Lab Chip, vol. 17, no. 20, 2017, 982 

doi: 10.1039/c7lc00694b. 983 
[86] T. Kozior, J. Bochnia, P. Zmarzły, D. Gogolewski, and T. G. Mathia, “Waviness of 984 

freeform surface characterizations from austenitic stainless steel (316l) manufactured by 985 

3d printing-selective laser melting (slm) technology,” Materials (Basel)., vol. 13, no. 19, 986 
2020, doi: 10.3390/ma13194372. 987 

[87] B. V. Care, “boisevisioncare,” 2022. 988 

[88] S. Agarwal, “Biodegradable Polymers: Present Opportunities and Challenges in Providing 989 
a Microplastic-Free Environment,” Macromol. Chem. Phys., vol. 221, no. 6, 2020, doi: 990 

10.1002/macp.202000017. 991 
[89] P. L. Nayak, “Biodegradable polymers: Opportunities and challenges,” J. Macromol. Sci. - 992 

Rev. Macromol. Chem. Phys., vol. 39 C, no. 3, 1999, doi: 10.1081/mc-100101425. 993 

[90] M. Rosseto, C. V.T. Rigueto, D. D.C. Krein, N. P. Balbé, L. A. Massuda, and A. Dettmer, 994 
“Biodegradable Polymers: Opportunities and Challenges,” in Organic Polymers, 2020. 995 

doi: 10.5772/intechopen.88146. 996 
[91] S. Nanda, B. R. Patra, R. Patel, J. Bakos, and A. K. Dalai, “Innovations in applications 997 

and prospects of bioplastics and biopolymers: a review,” Environmental Chemistry 998 
Letters, vol. 20, no. 1. 2022. doi: 10.1007/s10311-021-01334-4. 999 

[92] F. Alam, A. E. Salih, M. Elsherif, and H. Butt, “Development of 3D-Printed Glasses for 1000 
Color Vision Deficiency,” 2022, doi: 10.1002/adem.202200211. 1001 

[93] J. Xu, G. Yuan, Q. Zhu, J. Wang, S. Tang, and L. Gao, “Enhancing the Strength of 1002 

Graphene by a Denser Grain Boundary,” ACS Nano, vol. 12, no. 5, 2018, doi: 1003 
10.1021/acsnano.8b00869. 1004 

[94] Luxottica, “The Graphene Eyewear Revolution,” Luxottica And Ray-Ban, 2017. 1005 

[95] RudyProject, “Defender Graphene,” 2022. 1006 
[96] P. Mentzelou, K. Athanasiadis, and N. Leopardi, “Eyewear waste management: Issues and 1007 

trends,” Fresenius Environ. Bull., vol. 28, no. 2, 2019. 1008 
[97] T. Aylett, “Making glasses is a wasteful process; we must be more sustainable. ,” 2019. 1009 
[98] L. Yang et al., “Polydopamine-coated graphene as multifunctional nanofillers in 1010 

polyurethane,” RSC Adv., vol. 3, no. 18, 2013, doi: 10.1039/c3ra23307c. 1011 
[99] X. Zhao, Q. Zhang, D. Chen, and P. Lu, “Enhanced Mechanical Properties of Graphene-1012 

Based Poly(vinyl alcohol) Composites,” Macromolecules, vol. 44, no. 7, 2011, doi: 1013 
10.1021/ma200335d. 1014 

[100] S. Sahoo, O. P. Khatri, N. M. A. Krishnan, and N. N. Gosvami, “Graphene Oxide 1015 



44 
 

Tribofilms Enhance the Scratch Resistance of Silica Glasses,” ACS Appl. Nano Mater., 1016 

vol. 5, no. 4, 2022, doi: 10.1021/acsanm.1c04364. 1017 

[101] C. Jordan, “Sustainable production of 3D-printed eyewear frames,” 2021. 1018 
[102] N. B. Palaganas et al., “3D printing of photocurable cellulose nanocrystal composite for 1019 

fabrication of complex architectures via stereolithography,” ACS Appl. Mater. Interfaces, 1020 
vol. 9, no. 39, 2017, doi: 10.1021/acsami.7b09223. 1021 

[103] L. Dai et al., “3D printing using plant-derived cellulose and its derivatives: A review,” 1022 

Carbohydrate Polymers, vol. 203. 2019. doi: 10.1016/j.carbpol.2018.09.027. 1023 
[104] W. Xu, X. Wang, N. Sandler, S. Willför, and C. Xu, “Three-Dimensional Printing of 1024 

Wood-Derived Biopolymers: A Review Focused on Biomedical Applications,” ACS 1025 
Sustainable Chemistry and Engineering, vol. 6, no. 5. 2018. doi: 1026 
10.1021/acssuschemeng.7b03924. 1027 

[105] Z. H. Li and Y. L. Bai, “Preparation of TiO2/ZnO composite nanoparticles and their UV-1028 

shielding properties,” J. Tianjin Polytech. Univ., vol. 36, no. 5, 2017, doi: 1029 
10.3969/j.issn.1671-024x.2017.05.010. 1030 

[106] I. Gosens et al., “Impact of agglomeration state of nano- and submicron sized gold 1031 

particles on pulmonary inflammation,” 2010. doi: 10.1186/1743-8977-7-37. 1032 
[107] R. Karunakaran, S. Ortgies, A. Tamayol, F. Bobaru, and M. P. Sealy, “Additive 1033 

manufacturing of magnesium alloys,” Bioactive Materials, vol. 5, no. 1. 2020. doi: 1034 

10.1016/j.bioactmat.2019.12.004. 1035 
[108] Y. Yang, X. Xiong, J. Chen, X. Peng, D. Chen, and F. Pan, “Research advances in 1036 

magnesium and magnesium alloys worldwide in 2020,” Journal of Magnesium and 1037 
Alloys, vol. 9, no. 3. 2021. doi: 10.1016/j.jma.2021.04.001. 1038 

[109] J. Song, J. She, D. Chen, and F. Pan, “Latest research advances on magnesium and 1039 

magnesium alloys worldwide,” Journal of Magnesium and Alloys, vol. 8, no. 1. 2020. doi: 1040 
10.1016/j.jma.2020.02.003. 1041 

[110] J. Zhang, Y. Wu, X. Zhang, L. Zhang, L. Wang, and H. Qu, “Efficient manufacturing 1042 
technology of metal optics,” in AOPC 2015: Optical Design and Manufacturing 1043 

Technologies, 2015, vol. 9676. doi: 10.1117/12.2202736. 1044 
[111] N. Pawlas and C. M. Pałczyński, “Beryllium,” in Handbook on the Toxicology of Metals: 1045 

Fifth Edition, vol. 2, 2021. doi: 10.1016/B978-0-12-822946-0.00004-0. 1046 
[112] “Pure Aluminum - an overview | ScienceDirect Topics.” 1047 

https://www.sciencedirect.com/topics/engineering/pure-aluminum (accessed Sep. 23, 1048 

2022). 1049 
[113] J. Hirsch, “Aluminium sheet fabrication and processing,” Fundam. Alum. Metall. Prod. 1050 

Process. Appl., pp. 719–746, 2010, doi: 10.1533/9780857090256.3.719. 1051 

[114] Z. Hu et al., “3D printing graphene-aluminum nanocomposites,” J. Alloys Compd., vol. 1052 
746, 2018, doi: 10.1016/j.jallcom.2018.02.272. 1053 

[115] M. Šitum et al., “Dermatological aspects of contact dermatitis from eyeglass frames and 1054 
optical materials,” Coll. Antropol., vol. 37, no. SUPPL.1, 2013. 1055 

[116] I. Katreva et al., “3D-printing in contemporary prosthodontic treatment,” Scr. Sci. Med. 1056 
Dent., vol. 2, no. 1, 2016, doi: 10.14748/ssmd.v1i1.1446. 1057 

[117] N. Mani, A. Sola, A. Trinchi, and K. Fox, “Is there a future for additive manufactured 1058 

titanium bioglass composites in biomedical application? A perspective,” Biointerphases, 1059 
vol. 15, no. 6, 2020, doi: 10.1116/6.0000557. 1060 

[118] N. Lecis, R. Beltrami, and M. Mariani, “Binder jetting 3D printing of 316 stainless steel: 1061 



45 
 

Influence of process parameters on microstructural and mechanical properties,” Metall. 1062 

Ital., vol. 113, no. 2, 2021. 1063 

[119] X. Jiang et al., “Preparation of 304 Stainless Steel Powder for 3D Printing by Vacuum-1064 
Induced Multistage Atomization,” Front. Mater., vol. 7, 2021, doi: 1065 
10.3389/fmats.2020.623864. 1066 

[120] K. Moeinfar, F. Khodabakhshi, S. F. Kashani-bozorg, M. Mohammadi, and A. P. Gerlich, 1067 
“A review on metallurgical aspects of laser additive manufacturing (LAM): Stainless 1068 

steels, nickel superalloys, and titanium alloys,” Journal of Materials Research and 1069 
Technology, vol. 16. 2022. doi: 10.1016/j.jmrt.2021.12.039. 1070 

[121] C. J. Todaro et al., “Grain structure control during metal 3D printing by high-intensity 1071 
ultrasound,” Nat. Commun., vol. 11, no. 1, 2020, doi: 10.1038/s41467-019-13874-z. 1072 

[122] V. Sharma, H. Roozbahani, M. Alizadeh, and H. Handroos, “3D Printing of Plant-Derived 1073 

Compounds and a Proposed Nozzle Design for the More Effective 3D FDM Printing,” 1074 

IEEE Access, vol. 9, 2021, doi: 10.1109/ACCESS.2021.3071459. 1075 
[123] T. Huber et al., “3d printing cellulose hydrogels using laser induced thermal gelation,” J. 1076 

Manuf. Mater. Process., vol. 2, no. 3, 2018, doi: 10.3390/jmmp2030042. 1077 

[124] “Extended Reality and the Future of Architecture,” 2015. doi: 10.17758/erpub.er815027. 1078 
[125] Y. S. Abdullah and H. A. S. Al-Alwan, “Smart material systems and adaptiveness in 1079 

architecture,” Ain Shams Eng. J., vol. 10, no. 3, 2019, doi: 10.1016/j.asej.2019.02.002. 1080 

[126] M. Athimoolam and T. V. Moorthy, “Polymer Nanocomposite Materials and Shape 1081 
Memory Applications-A Review,” Procedia Eng., vol. 38, pp. 3399–3408, Jan. 2012, doi: 1082 

10.1016/J.PROENG.2012.06.393. 1083 
[127] R. Bogue, “Smart materials: A review of capabilities and applications,” Assembly 1084 

Automation, vol. 34, no. 1. 2014. doi: 10.1108/AA-10-2013-094. 1085 

[128] P. Motzki and S. Seelecke, “Industrial Applications for Shape Memory Alloys,” in 1086 
Encyclopedia of Smart Materials, 2021. doi: 10.1016/B978-0-12-803581-8.11723-0. 1087 

[129] M. Walsh, “The future of e-commerce: bricks and mortar,” Guardian, 2016. 1088 
[130] “https://www.eos.info/en/all-3d-printing-applications/bragi-3d-printing-glasses.” 1089 

[131] “https://www.fritzframes.com.au/.” 1090 
[132] “https://hoet.be/en/couture-brillen.” 1091 

[133] “https://www.klenzebaum.com/en/technology-highlights/.” 1092 
[134] “https://www.materialise.com/en/industries/eyewear.” 1093 
[135] “https://abeye.tech/lexilens/.” 1094 

[136] “https://www.luxexcel.com/.” 1095 
[137] “https://monoqool.com/.” 1096 
[138] “https://mykita.com/en/mylon.” 1097 

[139] “https://www.netlooks.fr/.” 1098 
[140] “https://www.odettelunettes.com/EN/home.” 1099 

[141] “https://www.rolf-spectacles.com/en.” 1100 
[142] “https://www.wiresglasses.com/.” 1101 
[143] “https://www.youmawo.com/en/welcome-2/.” 1102 
[144] R. Zhang, V. Kolbin, M. Süttenbach, M. Hedges, and O. Amft, “Evaluation of 3D-Printed 1103 

Conductive Lines and EMG Electrodes on Smart Eyeglasses Frames,” 2018, doi: 1104 

10.1145/3267242.3267289. 1105 
[145] J. Hernandez, Y. Li, J. Rehg, and R. Picard, “BioGlass: Physiological Parameter 1106 

Estimation Using a Head-mounted Wearable Device,” 2014. doi: 1107 



46 
 

10.4108/icst.mobihealth.2014.257219. 1108 

[146] J. Hernandez, Y. Li, J. M. Rehg, and R. W. Picard, “BioGlass: Physiological parameter 1109 

estimation using a head-mounted wearable device,” in Proceedings of the 2014 4th 1110 
International Conference on Wireless Mobile Communication and Healthcare - 1111 
“Transforming Healthcare Through Innovations in Mobile and Wireless Technologies”, 1112 
MOBIHEALTH 2014, 2015. doi: 10.1109/MOBIHEALTH.2014.7015908. 1113 

[147] F. Wahl, M. Freund, and O. Amft, “Wiseglass: Multi-purpose context-aware smart 1114 

eyeglasses,” in ISWC 2015 - Proceedings of the 2015 ACM International Symposium on 1115 
Wearable Computers, 2015. doi: 10.1145/2802083.2808409. 1116 

[148] O. Amft, “Smart Eyeglasses, e-Textiles, and the Future of Wearable Computing,” in 7th 1117 
Forum on New Materials - Part D, 2016, vol. 100. doi: 1118 
10.4028/www.scientific.net/ast.100.141. 1119 

[149] V. Iyer, J. Chan, and S. Gollakota, “3D Printing Wireless Connected Objects,” ACM 1120 

Trans. Graph, vol. 36, p. 13, 2017, doi: 10.1145/3130800.3130822. 1121 
[150] X. Sun, P. Tyagi, S. Agate, M. G. McCord, L. A. Lucia, and L. Pal, “Highly tunable 1122 

bioadhesion and optics of 3D printable PNIPAm/cellulose nanofibrils hydrogels,” 1123 

Carbohydr. Polym., vol. 234, p. 115898, Apr. 2020, doi: 1124 
10.1016/J.CARBPOL.2020.115898. 1125 

[151] E. Smith, R. F. Burch V, L. Strawderman, H. Chander, and B. K. Smith, “A comfort 1126 

analysis of using smart glasses during ‘picking’ and ‘putting’ tasks,” Int. J. Ind. Ergon., 1127 
vol. 83, 2021, doi: 10.1016/j.ergon.2021.103133. 1128 

[152] F. Braun et al., “Evaluation of a novel ear pulse oximeter: Towards automated oxygen 1129 
titration in eyeglass frames,” Sensors (Switzerland), vol. 20, no. 11, 2020, doi: 1130 
10.3390/s20113301. 1131 

[153] J. H. Lee et al., “3D Printed, Customizable, and Multifunctional Smart Electronic 1132 
Eyeglasses for Wearable Healthcare Systems and Human-Machine Interfaces,” ACS Appl. 1133 

Mater. Interfaces, vol. 12, no. 19, 2020, doi: 10.1021/acsami.0c03110. 1134 
[154] C. G. A. Das et al., “Antibacterial activity of silver nanoparticles (biosynthesis): A short 1135 

review on recent advances,” Biocatal. Agric. Biotechnol., vol. 27, p. 101593, Aug. 2020, 1136 
doi: 10.1016/J.BCAB.2020.101593. 1137 

[155] P. Chwalek, D. Ramsay, and J. A. Paradiso, “Responsive Environments, MIT Media Lab 1138 
Fig. 1. Captivates System Authors’ addresses: Patrick Chwalek, chwalek@mit.edu, 1139 
Responsive Environments, MIT Media Lab; David Ramsay, Responsive Environments,” 1140 

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol, vol. 5, no. 3, 2021, doi: 1141 
10.1145/3478079. 1142 

[156] J. Gwamuri, B. T. Wittbrodt, N. C. Anzalone, and J. M. Pearce, “Reversing the Trend of 1143 

Large Scale and Centralization in Manufacturing: The Case of Distributed Manufacturing 1144 
of Customizable 3-D-Printable Self-Adjustable Glasses,” Challenges Sustain., vol. 2, no. 1145 

1, 2014, doi: 10.12924/cis2014.02010030. 1146 
[157] “Beyond CMOS: The future of semiconductors,” https://irds.ieee.org/home/what-is-1147 

beyond-cmos . 1148 
[158] K. Mirza and K. Sarayeddine, “Key challenges to affordable see through wearable 1149 

displays: The missing link for mobile AR mass deployment,” in Proceedings of the 1150 

International Display Workshops, 2012, vol. 3. doi: 10.1117/12.2018184. 1151 
[159] E. A. Yu, J. Yeom, C. C. Tutum, E. Vouga, and R. Miikkulainen, “Evolutionary 1152 

decomposition for 3D printing,” in GECCO 2017 - Proceedings of the 2017 Genetic and 1153 



47 
 

Evolutionary Computation Conference, 2017. doi: 10.1145/3071178.3071310. 1154 

[160] C. C. Tutum, E. Vouga, S. Chockchowwat, and R. Miikkulainen, “Functional generative 1155 

design: An evolutionary approach to 3D-printing,” in GECCO 2018 - Proceedings of the 1156 
2018 Genetic and Evolutionary Computation Conference, 2018. doi: 1157 
10.1145/3205455.3205635. 1158 

[161] T. Zegard and G. H. Paulino, “Bridging topology optimization and additive 1159 
manufacturing,” Struct. Multidiscip. Optim., vol. 53, no. 1, 2016, doi: 10.1007/s00158-1160 

015-1274-4. 1161 
[162] “https://www.autodesk.com/solutions/generative-design.”  1162 
[163] M. Mandolini, P. Cicconi, L. Barbieri, and M. Muzzupappa, “Performance-Driven 1163 

Engineering Design Approaches Based on Generative Design and Topology Optimization 1164 
Tools: A Comparative Study,” 2022, doi: 10.3390/app12042106. 1165 

[164] R. Ashima, A. Haleem, S. Bahl, M. Javaid, S. K. Mahla, and S. Singh, “Automation and 1166 

manufacturing of smart materials in additive manufacturing technologies using Internet of 1167 
Things towards the adoption of industry 4.0,” Mater. Today Proc., vol. 45, pp. 5081–1168 

5088, Jan. 2021, doi: 10.1016/J.MATPR.2021.01.583. 1169 

[165] KUBI SERTOGLU, “MIT RESEARCHERS DEVELOP NOVEL 3D DESIGN 1170 
SOFTWARE FOR EMBEDDED ELECTRONICS,” 3D Printing Industry, Oct. 20, 2020. 1171 

[166] “https://www.smartechanalysis.com/,” 2019. 1172 

[167] L. Gasman, “Additive aerospace considered as a business,” in Additive Manufacturing for 1173 
the Aerospace Industry, 2019. doi: 10.1016/B978-0-12-814062-8.00017-0. 1174 

[168] Z. Li, Z. G. Tian, J. W. Wang, W. M. Wang, and G. Q. Huang, “Dynamic mapping of 1175 
design elements and affective responses: a machine learning based method for affective 1176 
design,” J. Eng. Des., vol. 29, no. 7, 2018, doi: 10.1080/09544828.2018.1471671. 1177 

[169] W. Lu and J. F. Petiot, “Affective design of products using an audio-based protocol: 1178 
Application to eyeglass frame,” Int. J. Ind. Ergon., vol. 44, no. 3, pp. 383–394, May 2014, 1179 

doi: 10.1016/J.ERGON.2014.01.004. 1180 
[170] C. H. Lo and C. H. Chu, “An investigation of the social-affective effects resulting from 1181 

appearance-related product models,” Hum. Factors Ergon. Manuf., vol. 24, no. 1, 2014, 1182 
doi: 10.1002/hfm.20352. 1183 

[171] C. H. Chu, I. J. Wang, J. B. Wang, and Y. P. Luh, “3D parametric human face modeling 1184 
for personalized product design: Eyeglasses frame design case,” Adv. Eng. Informatics, 1185 
vol. 32, pp. 202–223, Apr. 2017, doi: 10.1016/J.AEI.2017.03.001. 1186 

[172] C. H. Lo, C. H. Chu, and S. H. Huang, “Evaluating the effect of interactions between 1187 
appearance-related product designs and facial characteristics on social affectivity,” Int. J. 1188 
Ind. Ergon., vol. 45, 2015, doi: 10.1016/j.ergon.2014.11.003. 1189 

[173] C. Y. Tseng, I. J. Wang, and C. H. Chu, “Product personalization using 3D parametric 1190 
face models: An example of the eyeglass frame design,” in Proceedings of the ASME 1191 

Design Engineering Technical Conference, 2015, vol. 1B-2015. doi: 10.1115/DETC2015-1192 
47065. 1193 

[174] Q. Zhang, K. Zhang, and G. Hu, “Smart three-dimensional lightweight structure triggered 1194 
from a thin composite sheet via 3D printing technique OPEN,” 2016, doi: 1195 
10.1038/srep22431. 1196 

[175] A. Velasco-Hogan, J. Xu, and M. A. Meyers, “Additive Manufacturing as a Method to 1197 
Design and Optimize Bioinspired Structures,” Advanced Materials, vol. 30, no. 52. 2018. 1198 
doi: 10.1002/adma.201800940. 1199 



48 
 

[176] L. N. Carter, C. Martin, P. J. Withers, and M. M. Attallah, “The influence of the laser scan 1200 

strategy on grain structure and cracking behaviour in SLM powder-bed fabricated nickel 1201 

superalloy,” J. Alloys Compd., vol. 615, 2014, doi: 10.1016/j.jallcom.2014.06.172. 1202 
[177] S. M. Gaytan, L. E. Murr, F. Medina, E. Martinez, M. I. Lopez, and R. B. Wicker, 1203 

“Advanced metal powder based manufacturing of complex components by electron beam 1204 
melting,” Mater. Technol., vol. 24, no. 3, 2009, doi: 1205 
10.1179/106678509X12475882446133. 1206 

[178] A. A. . and M. M. K. Hassen, “Additive Manufacturing: The Rise of a Technology and the 1207 
Need for Quality Control and Inspection Techniques,” Mater. Eval., vol. 76, no. 4, pp. 1208 
439–453, 2018. 1209 

[179] D. Behera et al., “Current challenges and potential directions towards precision microscale 1210 
additive manufacturing – Part IV: Future perspectives,” Precision Engineering, vol. 68. 1211 

2021. doi: 10.1016/j.precisioneng.2020.12.014. 1212 

[180] T. Nakada and H. I. Maibach, “Eyeglass allergic contact dermatitis,” Contact Dermatitis, 1213 
vol. 39, no. 1. 1998. doi: 10.1111/j.1600-0536.1998.tb05802.x. 1214 

[181] T. Nakada, M. Iijima, and H. I. Maibach, “Eyeglass frame allergic contact dermatitis: 1215 

Does tacrolimus prevent recurrences?,” Contact Dermatitis, vol. 53, no. 4, 2005, doi: 1216 
10.1111/j.0105-1873.2005.00664.x. 1217 

[182] K. Scott, M. M. Levender, and S. R. Feldman, “Eyeglass allergic contact dermatitis,” 1218 

Dermatol. Online J., vol. 16, no. 9, 2010, doi: 10.5070/d39cb9t128. 1219 
[183] S. Nishihara, T. Kozuka, and K. Sasaki, “Allergic contact dermatitis caused by Solvent 1220 

Orange 60 dye in the temple tips of eyeglasses and a review of cases of eyeglass allergic 1221 
contact dermatitis,” J. Cutan. Immunol. Allergy, vol. 1, no. 2, 2018, doi: 1222 
10.1002/cia2.12009. 1223 

[184] A. Ghilan, A. P. Chiriac, L. E. Nita, A. G. Rusu, I. Neamtu, and V. M. Chiriac, “Trends in 1224 
3D Printing Processes for Biomedical Field: Opportunities and Challenges,” Journal of 1225 

Polymers and the Environment, vol. 28, no. 5. 2020. doi: 10.1007/s10924-020-01722-x. 1226 
[185] J. Raffi and N. Botto, “Well-Circumscribed Erythematous Plaque behind the Ear,” J. 1227 

Dermatol. Nurses. Assoc., vol. 12, no. 1, 2020, doi: 10.1097/JDN.0000000000000509. 1228 
[186] L. CERRONI, H. P. SOYER, and S. CHIMENTI, “Acanthoma Fissuratum,” J. Dermatol. 1229 

Surg. Oncol., vol. 14, no. 9, 1988, doi: 10.1111/j.1524-4725.1988.tb03738.x. 1230 
[187] M. Sand, D. Sand, D. Brors, P. Altmeyer, B. Mann, and F. G. Bechara, “Cutaneous lesions 1231 

of the external ear,” Head Face Med., vol. 4, no. 1, 2008, doi: 10.1186/1746-160X-4-2. 1232 

[188] W. J. Farrell and J. W. Wilson, “Granuloma Fissuratum of the Nose,” Arch. Dermatol., 1233 
vol. 97, no. 1, 1968, doi: 10.1001/archderm.1968.01610070040006. 1234 

 1235 

 1236 

 1237 

 1238 

 1239 

 1240 

 1241 


	coversheet_article1
	This is the author version of the work. You are advised to consult the publisher version if you wish to cite from it:

	294227

