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ABSTRACT 

This review encompasses recent trends and progress in the field of 3D printing technology. 3D 

printing technology is one of the emerging and very much applicable field of research. In this 

review special literature survey is carried out for 3D printing of materials based on polymeric 

nanocomposites utilizing stereolithography due to very important and interesting applications 

of these new materials on industrial scale. 3D printing technology utilizing interesting, 

materials like polymer composites have revolutionized this field because of the production of 

scaffolds for biomedical applications. The review also extends its literature survey about 

progress in the field of bioprinting technologies utilizing biopolymer materials as inks. 

Keywords: Stereolithography, Polymeric Nanocomposites, 3D Printing, Bio Printing.  

1. INTRODUCTION 

The review presented here shall cover almost all the aspects related to technological 

advancements in 3D printing, various materials used for 3D printing with special emphasis on 

polymeric nanocomposite materials, applications so far and future potentials of 3D printed 

materials. 3D printing is associated with the fabrication of complex 3D solid objects utilizing 

a digital file and electronically handled printer. The technique is also referred as additive 

manufacturing because an object is fabricated and printed in form of successive layers which 

are added smoothly sharply unlike traditional fabrication techniques which involve cutting and 

drilling processes and are thus subtractive techniques. The ultimate quality of the 3D printed 
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object is dependent on many factors like the type of material, printer type, and its speed and 

specially the manufacturing process used [1]. These 3D printers can produce objects from 

simple to complex in a short span of time. For example, objects like gear usually take less than 

an hour to be fabricated [2].  

 

The major advantage of 3D printed materials over conventional subtractive technologies is that 

this technique is cost-effective and timesaving. 3D printing never uses expansive tools 

particularly for small scale production of objects. This provides the basis for profitable 

consumption of the technique for functional markets in the world. Another functional 

advantage of 3D printing material which further adds to its cost-effectivity is the 95 % - 98% 

recycling possibility of the waste materials produced [3]. In addition to cost effectivity, 3D 

printing technology has the tendency to produce products more quickly as compared to other 

cutting machinery techniques. Moreover, 3D printing technology is a quick source of sharing 

ideas and designs of objects using software programs all over the world. One can easily design 

a product in his home and office and can share it with the customers all around the world for 

3D printing. For instance, a mechanical engineer designed a device and posted its prototype on 

a social website as a design for 3D printing. It was not more than a few hours various customers 

interested in 3D printing all over the world downloaded that design for fabricating that tool [4].  

 

2. EVOLUTION OF 3D PRINTING 

The very first idea bout fabrication of 3D objects came into sight by a patent put by Chuck Hull 

in 1986 [5]. A similar patent was produced by Sachh et al [6] for the fabrication of a 3D 

component utilizing powdery porous material along with binder layer by layer. With the 

passage of time, this technology has gone through various stages of evolution. These phases 

can be summarized as a prototype designing phase, the creation of finished goods and the final 

consumer phase. 

Most of the 3D printing still keenly depends on its phase which involves the fabrication of a 

prototype of new designs by artists and architects. This is because the 3D printers have 

tremendous capability to duplicates them with the lowest cost and keeping in view privacy 

considerations [7].  Low cost for the fabrication of prototypes is attributed to the use of less 

expensive materials like plastics and various resins as test materials. These materials can then 



   
 

16 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

be replaced with metals for actual objects Figure 1. Moreover, the time for fabrication of 

prototypes is also reduced without need of any other tools and dyes which can save millions of 

dollars [8]. 

 

Fig. 1 3D Printing Technology Utilization 

 

In the second phase of evolution, direct digital manufacturing yields finished goods to be used 

in the market for a test. The test marketing utilizes prototypes of various sizes, colours, styles 

and shapes to be tested for their applications. The utilization of such firm specializations in 3D 

printing for the production of finished goods based on prototypes could exceed with the passage 

of time [9].  

The last phase of evolution involves especially the fabrication of arts, crafts and replacement 

parts to produce coloured figures, replacement of knobs in cooking ranges and fabrication of 

chess pieces. In short, the third phase comprises the future of 3D printing technology when it 

shall be possible for consumers to use 3D printers just like conventional desktop printers for 

fabricating objects themselves in homes and offices. According to a view in the near future 

people will go online and download what they need and print it out for them instead of going 

to market [10]. Similarly, according to an engineer by virtue of the 3D printers in our home in 

the near future we shall be able to fabricate parts of cars, other household machinery parts, 

knobs, etc. In simple one would have a small factory of his own at home [11]. 

3. DIVERSITY IN 3D PRINTING MATERIALS 

A variety of materials have been in practice for fabrications of the prototypes using 3D printers. 

The choice of the material depends upon the technique used to print out objects and the overall 
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chemistry of the finished object. Almost all the techniques used for 3D printing utilizes an 

external source of energy in form heat, light, laser, and other-directed energies. The selection 

of the materials used to print out objects by virtue of 3D printers is highly related to the form 

of energy used [12]. A diversity in 3D printing material does also exist with respect to their 

physical characteristics from powdery to filaments and granular to viscous resins. The choice 

of which depends on the final applications of the object. Moreover, from time to time many 

other materials are still under research to have properties which could be addressed in many 

active applications like bio-medics and energy.  

In this part of the review, we shall address the common materials in practice so far for the 

fabrication of objects using 3D printing techniques with special emphasis on polymeric 

nanocomposites as the 3D printing materials of the future. 

3.1.POLYMERS 

Thermoplastics polymers are the most common type of materials practiced and studied for 

additive manufacturing technique. The use of thermoplastics is frequent because of the ease of 

manipulation, low cost and little heat for moulding. Many prototypes have been reported by 

various researchers utilizing the most common thermoplastic materials like acrylonitrile-

butadiene-styrene copolymer (ABS) [13], polyesters [14], polyurethanes [15], 

polyformaldehydes [16], rubbers [17] and polyphenylenesulfide [18]. All of these and other 

such thermoplastic materials have certain promising properties for many applications of 3D 

printed objects. For instance, nylon or polyamides are flexible, strong and durable while ABS 

is strong and available in various colours. In contrast to them, polylactides are nor much strong 

but have very good transparency and can be used in a variety of colours. PLA finds its wide 

applications in the medical field because of its properties such as biocompatibility, 

biodegradability and non-toxic, non-immunogenic, and non-inflammatory 

nature [19]. 

3.2.METALS 

Different metals are used in 3D printing technology. Some of the metals used in pure form are 

gold, copper, niobium, tantalum, titanium, alloys in powdered form are aluminum-based, 

cobalt-based, copper-based, iron-based, nickel-based, and titanium-based [20]. Stainless steel 

in grinded form is one of the most preferred materials for the sintering/melting/electron beam 

melting processes of 3D printing. It is widely used in jewellery where its silver colour can be 

plated with other metals to give different colours such as gold, bronze, etc [21]. Alloys of cobalt 

can be used in the field of dentistry for the purpose of 3D printing because of their properties 
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such as heat-treated conditions, high specific strength, resilience, elongation and high ability 

to recover [22]. Nickel-based alloys are being used for the production of aerospace parts by 3D 

printing [23]. Nickel is highly resistant to heat (up to 1200°C) and corrosion [24]. Furthermore, 

Titanium alloys can also be used for printing of objects using 3D printing technology due to 

their outstanding resistance to corrosion and oxidation. They also have low density and good 

ductility and are useful in high operating temperatures and high-stress environments, for 

instance in the aerospace industry [25] and biomedical field [26]. Metals have excellent 

physical properties and they can be used from the biomedical field to the aerospace industry 

hence, they are widely used in every field. 

3.3.INORGANIC CERAMICS 

Ceramics have excellent properties due to which they are widely used in the industry. They 

have high-temperature resistance, mechanical strength and are light in weight. Ceramics were 

first introduced into 3D technology by Marcus et al [27] Marcus et al [28] in the 1990s. 

Plausibly, rigid and solid bulk ceramics with high densities, very homogeneous microstructure, 

high compression strength, and bending can be manufacture with the help of Stereolithographic 

Ceramic Manufacturing (SLCM). In a similar way, for the first time in the year 2012, the 

probability of bioactive glass powders to be operated by SLCM was substantiated. Some of the 

ceramic materials used are zirconia (ZrO2), alumina (Al2O3), tricalcium phosphate (TCP), 

bioactive glasses and silicate bioceramics (e.g. glass-ceramics) [29,30]. The ceramics should 

possess some properties so that they can be used in 3DP. They should have suitable 

rheological behavior, long-term stability, and suitable viscosity. Along with this ceramic 

suspension in the required medium must be homogenous, stable (long period of time) and 

should not segregate otherwise it would form inhomogeneity in the fabricated parts [31]. For 

example, Alumina powder has the ability of undergoing 3D technology. It finds its uses as 

catalyst, adsorbent and in microelectronics, chemical, aerospace and other high-technology 

industries [32]. Alumina has a high green density which is helpful in 3D printing of complex-

shaped alumina parts [33]. Weng et al. observed that the tensile strength and modulus of the 

3D printed products increase by 20.6% and 65.1% respectively, if 5% w/w of 

SiO2 is added to commercial SLA feedstock [34]. 

3.4.BIOMATERIALS 

Materials of biological origin instead of fossil fuels are called as biomaterials [35]. 

Biomaterials may be called cell-encapsulating inks, or bioinks, and acellular inks, depending 

on the presence of living cells [36]. Some of the properties which should be considered 
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regarding biomaterials are; surface chemistry, surface reactivity, surface roughness, surface 

charge, contact angle, and rigidity [37]. These characteristics lead to some cell-biomaterial 

interactions and cell-cell interactions which play an important role in cell attachment, viability, 

and differentiation in case cells are present in the biomaterial. They determine the success of 

the product. Apart from properties, there are some important prerequisites for biomaterials are; 

cell survival support, biodegradability, mechanical strength, biocompatibility, adaptability in 

fabrication procedure, cell adhesion and response, directional stability [38]. Biomaterials can 

be natural and synthetic. Some natural biopolymers are collagen, chitosan, hyaluronic acid, 

alginate, etc. synthetic non-degradable biopolymers include as polyethylene derivatives, 

poly(tetrafluoroethylene), poly(methyl)acrylates, polyacrylamides, polyethers, polysiloxanes, 

and polyurethanes on the other hand degradable biopolymers includes polyesters, poly(α-

hydroxy acids), polylactones, polyorthoesters, polycarbonates, polyanhydrides, and 

Polyphosphazenes [39]. Bioceramics are also in use due to their biocompatibility and 

bioactivity. Some are obtained from biological sources like demineralized bone matrix [40]and 

coral [41], and other are synthetic which include hydroxy apatite (HA), β-tricalcium phosphate 

(β-TCP), α-tricalcium phosphate (α-TCP) [42] bi-phasic calcium phosphate (BCP—a mixture 

of β -TCP and HA) [39] calcium sulfate (CS) [43], calcium silicates and bioactive glasses [44]. 

 Some examples of the use of biomaterials in 3D printing are; Gaebel et al. used laser-based 

3D technology in bioprinting for the regeneration of cardiac tissue. They transferred human 

umbilical vein endothelial cells and human mesenchymal stem cells on a specified area on 

polyester urethane urea cardiac patch for the regeneration of cardiac tissues. The printed 

product was incorporated into the infected heart of a rat and vessel development of printed 

tissue was observed [45]. 

3.5.POLYMERIC NANOCOMPOSITES 

Polymers have become part and parcel of the industry as they are used in the manufacturing of 

toys, tools, bottles, bags, electronics and transportation accessories [46]. The importance of 

polymer is due to their excellent properties i.e. easy processing, light in weight, durability, and 

ductility [47]. But due to significantly less modulus, dielectric constant and mechanical 

strength, polymers are not used alone or in a pure state as compared to ceramics and metals 

[48-51]. To overcome problems associated with polymers, some other materials such as metal 

ceramic or polymers in the form of fibers, pallets, whiskers or particles are added in the polymer 

[52, 53]. The host polymer is known as a matrix and the addition of any inclusion makes it a 

composite [54]. It is normally called a polymer matrix composite [55]. When polymer matrix 
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composites are formed by adding Nano-sized inclusions it gives nanocomposites which means 

that PMCs have constituents with at least one phase in nanometer range [56]. Traditionally 

PMCs were formed by the addition of any additive of micro-size [57] but the trend has shifted 

towards the addition of additives of Nano-size with an average size range of [58,59] 1nm-

100nm. Polymer nanocomposites can be prepared in several ways. Some of them are; One of 

the processes is adding Nano inclusion to the polymer solution and using the process of 

sonication in the Nano-inclusion-polymer suspension to disperse the additive. In another 

process, a monomer is polymerized after the addition of nanoparticle in accordance with the 

nature of the monomer as well as nanoparticle [60]. 

Adding Nano inclusions to the polymer enhances its mechanical [61], electrical [62], thermal 

[63], flame retardance [64] and optical [65] properties. In addition to this, additives also 

improve the UV and radiation resistance [66–68], and anti-fouling properties [69–71]. For 

instance, a nanoparticle of silver (Ag) behaves differently towards electrons and photons as 

compared to bulkier silver [72]. Additives can be silica [73, 74] organoclay, carbonaceous 

Nano-fillers (carbon nanotubes (CNTs), graphene-based fillers, carbon black (CB), carbon 

nanofibers (CNF) and metallic nanoparticles [75-77]. But carbon tubes [78,79] graphene [80] 

and graphite [81,82] are widely used as inclusions. Polymer-metal composites are also being 

used [83] for example, polymer with metal oxide nanoparticles like TiO2 or MoO3 were printed 

by 3D technique and checked for antimicrobial and antifungal characteristics [84]. Graphene 

oxide (GO), an oxidized form of graphene which is said to be 1000 times more conductive as 

compared to copper and  200 times stronger than steel, is one of the outstanding nanofiller 

(additive) due to its unique characteristics of mechanical strength thermal and electrical 

conductivity, and antibacterial and biocompatibility [85-90]. Lin et al. printed a photopolymer 

loaded with 0.2% w/w graphene oxide which showed a 62.2% increase in the tensile strength 

[91] and. Manapat et al. observed a 673.6% increase in the tensile strength because of the 

addition of 1% w/w graphene oxide [92].  

 

4. PRINTING TECHNOLOGY 

3D printing also is known by many other names such as Rapid Prototyping, Additive 

Manufacturing, Additive Technique and many more names [93] is a process of creation of 

physical products from a geometrical blueprint by addition of materials successively [94]. This 

process allows the production of products within hours and minutes by using CAD software 

and raw materials [95,96]. This technology became famous in the 1990s [97] but soon 
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afterward many new 3D printing technologies were introduced [98]. Now there are different 

types of printing technologies available which are classified on the basis of materials used, 

mechanism and characteristics of the product. The American Society for Testing and Materials 

(ASTM) divides 3D printing/ Additive Manufacturing into seven classes shown in Table 1 

[99]. 

 

 

Table 1. Classification of additive manufacturing 

 

ASTM 

Category 

Technologies Substrate Mechanism of Layering 

Binder jetting 

 

Powder bed inkjet 

printing 

S-printing 

M-printing 

TheriformTM 

ZipDose® 

Solid particles 

(plastic, metal, sand, 

ceramics, and 

polymer) 

 

A liquid binding material 

is particularly settled  

to bind powder materials 

 

 

 

Vat 

polymerization 

 

Stereolithography 

(SLA) 

Digital light 

processing  

(DLP) 

Continuous layer 

interface production 

(CLIP) 

Liquid 

(photopolymer) 

 

Liquid photopolymer in 

a vat is particularly 

treated with light-

activated polymerization 
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Powder bed 

fusion 

 

 

Selective laser 

sintering  

(SLS) 

Direct metal laser 

sintering  

(DMLS) 

Selective laser 

melting  

(SLM) 

Electron beam 

melting  

(EBM) 

Concept laser 

Solid particles (metal, 

plastic, polymer) 

 

Regions of powder bed 

are fused particularly by 

thermal energy 

 

Material 

extrusion 

 

Fused deposition 

modeling  

(FDM) 

Gel/paste extrusion 

 

Filament 

(thermoplastic 

polymers e.g. ABS; 

PLA; PC; ULTEM™ 

resin) 

 

Material is particularly 

distributed through an 

opening or aperture 

Material jetting 

 

printing 

Poly jet 

Thermo jet 

Liquid (acrylic-based 

photopolymers, 

Elastomeric 

photopolymers, wax-

like materials) 

Drops of formed material 

are particularly settled 

Directed 

energy 

Electron beam direct 

Manufacturing 

Wire (metal) Pointed thermal energy 

is concentrated on fusing 
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deposition Direct metal tooling 

(DMT) 

Be additive 

manufacturing 

(BeAM) 

materials to deposit them 

as they melt  

 

Sheet 

lamination 

Laminated object 

manufacturing 

(LOM) 

Selective deposition 

lamination 

 (SDL) 

Ultrasonic additive 

manufacturing 

(UAM) 

 

Sheets 

Object is made by 

joining sheets of material 

 

 

5. STEREOLITHOGRAPHY 

Stereolithography is an additive manufacturing technology that involves the fabrication of a 

model or sample or prototype [100-102] in a complex shape by depositing layers of the polymer 

through the process of photopolymerization with the help of computer-aided design (CAD) 

[103]. Dr. Hideo Kodama developed stereolithography (SLA) for the first time in 1981 when 

he saw it as a speedy and inexpensive process as an alternative for holographic technology 

[104]. Later, in 1986 Charles W. Hull patented the first SLA printer [105]. Figure 2. 
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Fig. 2 Schematics of a 3D Printer 

 

Generally, a stereolithography apparatus has the following parts. 

• A photopolymer (clear liquid) in a tank. 

• An ultraviolet laser (high-powered) 

• A platform is submerged in a tank (it can move up or down in accordance with the 

printing process being used)  

• A software/ computer interface to handle and monitor platform and laser[106]. 

 

The basic principle behind the working of stereolithography is photopolymerization [107] i.e. 

solidifying a photosensitive polymer with the help of a light, laser or an ultraviolet (UV) source 

[108]. This procedure involves the use of CAD software to store information and instructions 

for the object to be printed. In the very first step, a model is prepared in CAD which is converted 

to an STL file (Standard Tessellation Language). An STL file is a system of coordinates (x, y, 

z), triangles and vectors which are responsible for the 3D designed structure. The right-hand 

rule is used for determining interior and exterior surfaces. The designed structure is cut into 

pieces/layers ranging from 25‐100 μm which consists of information. During this 

cutting/slicing process additional edges are introduced but due to the replacement of continuous 

contour with discrete stair steps because of the algorithm can cause inaccuracy in the slicing 

procedure. This inaccuracy can be treated by creating multiple STL files and then combining 



   
 

25 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

them. Also, the dimension in z coordinate should be such that it is the multiple of layer 

thickness value. There many other file formats as well such as stereolithography contour (SLC),  

Hewlett-Packard graphics language (HPGL) and initial graphics exchange specifications 

(IGES), etc. The information in the STL file is used in the stereolithography apparatus for the 

3D printing process. Other than CAD software, the stereolithography apparatus consists of a 

tank containing liquid polymer and a platform, used to hold and support the structures being 

printed. A light source such as laser light or a UV laser (computer-controlled) is directed on 

the photosensitive polymer to solidify it at particular places on each layer. Then after 

solidification of one layer, the platform is again lowered, and the process is repeated. The 

thickness and resolution of the layer is dependent upon the instrument [109-115]. 

There are a number of resins that can be used in SLA. Resin is a liquid that solidifies upon 

curing with the laser light [112]. Many of the resins present for stereolithography are low in 

molecular weight and have multifunctional monomers. They can be glassy, hard and rigid and 

brittle. There are some resins which are high molecular weight (1-5 kg/mol) and can give 

elastomeric products. They are mostly combined with non-reactive diluents like N-

methylpyrrolidone (NMP) or water to decrease the viscosity of the resin [116-118]. 

Photoinitiator and UV absorbers can be added to resin for the adjustment of the depth of 

polymerization that occurred [119]. A number of photoinitiators (PI) and its nature can affect 

the reaction kinetics, required light amount, conversion, cross-linking density and up to some 

mechanical strength of the product [120-122]. Light absorber acts as a shield and controls the 

penetration of light in the resin. It decreases and prevents the deep penetration of light until the 

curing of the resin. This is important for complex geometries to have a predetermined curing 

depth so that additional and over curing in the direction of z-coordinate and feature 

development loss can be avoided [123-125]. One of the UV absorbers which can be used are 

derivatives of benzotriazole [126]. Along with other properties such as laser power, scan speed, 

and UV exposure time, depth of polymerization also act as quality determining a property of 

the final product [127].  

Stereolithography can be done in three different modes or routes given below: 

• Aces Mode. 

• Quick Cast 

• Solid Weave 

In the ACES route, the products have additional strength and are as transparent as crystal. It is 

an incomparable mode of stereolithography when it comes to the products with high visual 
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quality and excellence e.g. lenses and optics. On the other hand, Quick Cast gives 80% hollow 

product i.e. it produces quasi-hollow parts through a robust honeycomb interior in the hollow 

form. Then after doing rapid prototyping, metal parts can be completed within 3-5 days. Solid 

weave has the fastest reversal time. It does not compromise on strength and precision of product 

along with this it is also in-expensive of all of the three modes. [128]. 

Stereolithography is no more limited to the use of only liquid resin or polymer. New materials 

have been used in stereolithography. A brief account of which is given below: 

 

5.1.METAL STEREOLITHOGRAPHY 

Metal stereolithography deals with the use of powdered metal instead of the liquid polymer as 

a resin along with LASER as a source of light. This is extensively being used in industries for 

daily life accessories 

5.2.CERAMIC STEREOLITHOGRAPHY 

Ceramic materials have always been used conventionally but now they are being used in 

stereolithography as a resin. LASER acts as a light source [128]. Photopolymerization in 

ceramic resin occurs only in the organic part i.e. in organic monomer because ceramic particles 

are neutral and inert to laser [129]. It has become a common technique by now [128]. Graham 

and Holloran used a slurry system instead of a resin-based system. The slurry was composed 

of a suspension of ceramic particles. Micro/nanometer size, light-sensitive monomers, and a 

photoinitiator were added to the suspension. This ceramic suspension (alternative of the resin-

based system) when exposed to the Laser light became solid by the process of the photo-

polymerization mechanism [130]. Materials other than ceramic which were added to slurry 

helped the ceramic particles to get stabilized and avoid agglomeration and settling down [131]. 

Phenomena of light scattering is the main difference between conventional SLA and Ceramic 

SLA [130, 132]. 

Apart from this SLA has also a new type of process called micro stereolithography. This 

process has very high resolution and it can give layers with a thickness of less than 10 µm. 

[113]. 

SLA has extensive and widespread applications and is successfully being applied in every field. 

Its widespread use includes applications in the field of fabrication of implantable devices [133], 

tissue engineering [134,135], tissue scaffolding [136,137], production of highly elastic 

silicones for use in soft robotics [138], high-strength thermally post-cured epoxy resins [139], 

dentistry [140] and many more such as in oral 
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surgery [141, 142] and preparing moulds by utilizing data from CT scans to prepare implants 

in cranial surgery [143, 44]. 

SLA has a preference over other 3D printing processes because of its high-resolution printing. 

High resolution can be determined by the number of photons to be applied since one photon 

can generate a polymerization process. There is a possibility that localized polymerization 

initiation can help in achieving resolution even higher than 100 microns. High resolution 

enables the printing of objects which are highly complexed and advance [145]. Whereas 

Formlabs Form2 SLA3D can have a resolution (layer thickness) of about 25 microns [146]. 

SLA process also has one more advantage i.e. it does not have an issue of blockage or clogging 

because it does not use nozzles [145]. However, cytotoxicity due to utilizing photoinitiators 

and radicals during the SLA process entrapped unreacted monomer and an unused 

photoinitiator, and incompetency of creating a compositional gradient in the direction of 

horizontal planes are some of the challenges [147]. The high cost of the SLA-based 3D printing 

system is an additional problem manufacturing industry [148,149]. 

 

5.3.PHOTOPOLYMER JETTING  

Photopolymer jetting is known as the advanced type of inkjet printing technique in which many 

print nozzles efficiently spray small drops of liquified photopolymer or any other material as 

an alternative of ink for printing [150]. It works on the principle of inkjet printing which can 

be stated as that different substances like photocurable polymers [151], ceramics [152] and 

metallic nanoparticles [153] can be liquified, converted to droplets and are then allowed to 

deposit on surfaces like polyimide [154] and alumina [155]. The droplets of the substance to 

be used are utilized using a thermal or piezoelectrical drop-on-demand device, deposited on a 

particular place at the substrate and finally it is converted to solid with the help of chemical or 

thermal process like curing or sintering [156]. Photopolymer jetting works on the same 

principle i.e. use of liquified droplets instead of ink. In the process of photopolymer jetting 

more than one printing heads are used which move backward and forward in the x-y direction. 

These printing heads spray the small drops of liquified photopolymer on the substrate according 

to the STL file. Multiple jetting heads are used for the printing of the desired product and for 

the support of materials as well. The function of support material (wax-like) is to keep the 

material together, stabilize them in the direction in which object is building,  filling the empty 

spaces and holes that are present in digital design, which can be removed by using a high-

pressure water jet or chemical procedure at the end of the printing process. [157-161]. Cazon 
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et al used different types of processes at the end of printing on the products from polyjet 

printing. They used processes like a matte or glossy option, water pressure to remove the 

supporting material, and caustic soda bath at the end of the printing process. These processes 

did not affect any quality of the product like tensile strength but have some effect on the 

property of roughness [162]. The layers formed by the tiny droplets of photopolymer are then 

cured using an ultraviolet (UV) lamp [163]. When one layer of deposited photopolymer is cured 

with the help of an ultraviolet lamp then the new layer is cured and hardened on previous by 

lowering the platform. Moreover, using more than one jetting head can give different coloured 

objects in one structure [161]. 

Poly jetting is an advance and advantageous process. Some of its advantages are the high 

resolution of 16 µm thickness (smaller than human RBC) within the range of accuracy of 

0.1mm, multi-coloured products, a smooth and clean process with no need of post-curing, 

support multi-materials at the same time which can increase yield, and ability to print complex 

structures in a fine and smooth way with smallest details [158,161,164-166]. Table 2 [163] 

shows some of the facts of poly-jet technology. Poly-Jet printing with Stratasys J750 system is 

said to have the capability of producing tiny objects which have layers 14 µm thick with the 

resolution parameters as 600 dpi in X and Y direction, and 1800 dpi in Z direction [167]. 

However, print jetting heads have high price value and are expensive in comparison to others. 

Apart from this as they are needed to be replaced on a regular basis, so they also have 

maintenance costs too which makes them further expensive [168].  

Table 2.  Poly-jet technology 

Material type Liquid (photo polymer) 

Material Photopolymer resin 

Maximum part size 19.30 x 15.40 x 7.90 in. 

Min feature size 0.006 in. 

Min layer thickness 0.0006 in. 

Tolerance 0.0010 in. 

Surface finish & Build speed Surface finish is smooth and build speed is 

fast 

Applications Very detailed parts, Rapid tooling patterns, 

Presentation models, Jewellery and fine 

items. 
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6. FUSED DEPOSITION MODELLING 

Fused deposition modelling (aka FDM) is an additive 3D extrusion-based technique that is 

commonly used to print fibre reinforced polymer composites [169,170]. Crump et al. first time 

patented it (FDM) in 1989 [171] whereas Stratasys Inc. has the credit of commercializing it in 

the year 1990 [172]. Stratasys Inc. is called as pioneers of the 3D AM technique of FDM and 

is known for creating 3D models via FDM and work for its development [173].  

The general principle of FDM is the extrusion of molten material and its deposition, with the 

help of a feeding mechanism e.g. by using a pressure system, on some substrate in layers to 

create a 3D product [174, 175]. In the FDM process, a filament of material is added to the 

extrusion head where it is heated above its melting point and forms a viscous liquid. It is then 

extruded through a nozzle to create layers. The layer formed is solidified quickly. The platform 

on which the deposition occurs on the substrate is run through the same process again to form 

another layer in the same way, but the previous layer is cooled and solidified properly before 

the deposition of a new layer. A CAD software acts as a brain of the process since it controls 

and design the operation and is responsible for creating a layer-by-layer model used for 

deposition and printing. The 3D printed product is, in fact, the translation of sliced layers of 

digital data from CAD software. There is a different range available for the thickness of sliced 

layers i.e. it can be from 0.178 mm – 0.356 mm but is not static as it can be changed according 

to the need. During the process, the size of the extrusion head/nozzle is important since it 

determines the thickness which is responsible for vertical dimensional resolution [60,161, 176-

179]. 

There are different types of materials which can b used in FDM process, but the material used 

must be of excellent qualities since the mechanisms such as pressure systems, tension and 

compression and heating are used during FDM, therefore, the material used must be 

mechanically and thermally so that it can bear stress and heat [145]. Thermoplastics are a good 

option for FDM and are widely used as their melting temperature is low and have a better 

ability to flow which is important for the printer to be accurate and functional [140,156].  Some 

of thermoplastics are polylactide (PLA) [180, 181], polyacrylonitrile butadiene styrene (ABS) 

[182,183], polyamide (PA) [184], Polycarbonate (PC), polyphenylsulfone (PPS) [185], and 

(PC/ABS) blends [186]. However, one way to increase the stability of thermoplastics is by 

incorporating fillers [60]. Fillers like metal particles or carbon nanotubes can be incorporated 
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into thermoplastics for use in FDM [187,188]. To print thermal devices, enhanced thermal 

conductivity and stability are needed which can be achieved by using thermal conductive fillers 

such as graphene, boron nitride (BN), and CNTs [189, 190]. For instance, the thermal stability 

of ABS is enhanced by using copper powders [ 191]. Peng and co-workers printed a heat sink 

via FDM by utilising graphite flake-based [189].  

Fused deposition modelling is a useful and advantageous technology. Krejcova et al. utilized 

polylactide to print a microfluidic chip which can be used for electrochemical analysis of the 

influenza virus with the help of CdS quantum dots [192]. FDM is also being used in the medical 

field for the printing of cells such as corneal stromal cells, dermal fibroblasts [193], and 

fabricating in vitro pharmokinetic [194]. 

FDM is not only a low-cost and simple process but it is also capable of printing at high speed 

[195,196]. Apart from this FDM can also add more possible functions to the materials like 

polymer-based composites in different ways such as blending functional particles with polymer 

filaments [197], and use of multiple nozzles and heating heads for printing different materials 

i.e. printing composites of multiple materials with various functions [198]. However, limitation 

of availability of materials [199], the product being porous i.e. increased porosity [200] and 

weak interfacial bonds [201] are some of its weaknesses. The heating and cooling process 

which must be quick and immediate also affects the thermal and mechanical properties [202].  

7. BIOPRINTING 

Bioprinting is one of the AM techniques which is said to have been helpful in overcoming the 

shortage of organs for transplant. It can be defined and explained in a number of ways. 

Bioprinting in 2010 was explained as a process which uses CAD for designing and combining 

living and non-living substances in a specific fashion in order to get biologically engineered 

products which can be helpful in regenerative medicine, pharmacokinetic and basic cell biology 

studies [203]. In another way, it is defined as a process that uses different materials and 

techniques to construct a biological structure that has tissue cells and biomolecules which 

perform biological functions in the specific organization [204]. In simple words, it is a process 

in which AM techniques are used to print a 3D object by using biological materials and CAD 

which can resemble or replicate a functional tissue or organ [205,206]. Figure 3. 
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Fig.  3 3D Printed human mandible 

 

Bioprinting is a stepwise process in which a biologically active substance is printed on some 

substrate [207]. The assembly for bioprinting consists of a bioprinter, bioink (living or non-

living material used for printing), biogel (gel/liquid used for support of bioink/cells) [208]. In 

the stepwise, the first step is to construct a CAD model of the object and then bioinks are added 

in the printer heads which deposits the layers of bioinks on some base or substrate until many 

layers are formed which are allowed to dry and mature in an incubator for a time period of one 

day to a week depending upon the material. In this way, a 3D object is printed [209].  

There are different techniques used for bioprinting which are micro-extrusion, inkjet printing, 

and laser-assisted printing [210]. A brief description of these methods for bioprinting is given 

below. 

7.1.MICRO-EXTRUSION BIOPRINTING 

Micro-extrusion bioprinting is based on the use of pneumatic pressure, plunger-screw based 

pressure or robotic power. In this method, a CAD model is first constructed which defines the 

directions for the bioinks. The extrusion of bioink occurs first with the help of any of the 

pressure mechanism on some substrate through a micro-size nozzle or a standard micro 

extrusion needle. The extrusion occurs in the x, y, z planes as directed by a CAD software. 

Layers of bioink are formed dried matured and treated until a complete 3D product is printed 

[211, 212]. The phase of the bioink, its viscosity are important factors in extrusion-based 

printing [213]. Biomaterials in solutions, pastes, or dispersions form which has a viscosity 
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between 30 mPa/s-6× 107 mPa/s and are suitable for micro-extrusion process [214, 215]. 

Aortic valves [216], tumour models [217] and vascular tissues [218] have been printed by using 

the micro-extrusion process. However, increasing printing resolution and speed are the 

drawbacks [219].  

 

7.2.INKJET BIOPRINTING 

Inkjet bioprinting is the same as conventional inkjet printing in which droplets of bioink are 

deposited on some substrate by using CAD software [220]. The bioprinters which were initially 

utilized for bioprinting were the modified form of 2D ink-based printers [221,222]. In inkjet 

bioprinting, acoustic and thermal forces are used for the ejection of bioink on a substrate [223]. 

Inkjet printers working on thermal technology uses electrical heat energy to produce droplets 

which are forced out of nozzles with pressure [212, 224]. On the other hand, an acoustic force 

can be created in two ways i.e. with the help of air bubbles or piezoelectric actuators [225]. 

The piezoelectric actuator uses short-lived pressure to produce drops of bioink [212]. Bioinks 

like synthetic and natural-derived polymeric solutions which have low viscosity can be utilized 

for inkjet printing [226, 227]. Although regeneration of functional skin [228] and cartilage in 

situ [229] have been achieved via inkjet bioprinting but it is confined to low cell densities to 

prevent clogging of nozzles and to decrease shear stress [208]. 

7.3.LASER-ASSISTED BIOPRINTING 

Laser-assisted bioprinting (LAB) is based on the principle of Laser-Induced Forward 

Transfer (LIFT) in which bioink is deposited on the substrate by using a laser pulsed beam 

[219, 230]. LAB assembly is made up of a pulsed laser beam, a focusing system, an absorbing 

layer, and a substrate for the bioink. The pulsed laser beam is used for stimulating the 

transmission of bioink, the focusing system is used to help laser in focusing, absorbing layer is 

a gold or platinum ribbon. Initially, a high-pressure bubble from a bioink layer is created. It 

can be created by focusing a laser beam on an absorbing layer which is gold or platinum ribbon. 

This ribbon creates the high-pressured bubble which is used to transmit the bioink on the 

substrate [219]. LAB technology gives resolution at a single cell per droplet [231] whereas 

resolution is dependent on various factors such as laser energy, the air gap between the 

absorbing layer and substrate, nature of the substrate surface, surface tension and viscosity of 

the bioink [232]. Moreover, this system does not require any nozzles so clogging of materials 

is no problem here [219].  
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Other than these three methods of bioprinting given above there are also some other newly 

developed methods such as integrated tissue organ printer (ITOP) and robotic bioprinting 

[219]. Table 3 [219,233,234] gives a comparison of different bioprinting techniques.  

Bioprinting has opened new opportunities and horizons in the field of technology. Various 

tissues, nerves [212], blood vessels [235], hearts [236], bone [237], cartilage [238], kidneys 

[239], skin [240] have been printed via bioprinting technology. Cooper et al. printed a bone 

using DermaMatix and BMP-2 (Bone Morphogenetic Protein-2) which has been helpful in 

curing a calvarial defect in a mouse model [241].  

Table 3. Various bioprinting techniques 

 

Nature Micro 

extrusion 

Inkjet 

printing 

Laser 

assisted 

bioprinting 

ITOP Robotic 

bioprinting 

Viscosity 6–30×107 

mPa/s 

3.5–12mPa/s 

 

1–300mPa/s N/A N/A 

Cell density High Low < 106 

cells/mL 

Medium, 108 

cells/mL 

 

High 

 

High 

High 

Cell viability 40–80% 85% >95% >90% >90% 

Resolution 100 μm 

millimetre 

75 μm 10 – 100 μm 

 

2–50 μm N/A 

Print speed 100 μm/s 1–10000 

drops/s 

2–1600 

mm/s 

N/A N/A 

Nozzle size 20 μm- 

millimetre 

20–150 μm Nozzle-less 

 

50 μm N/A 

Working 

principle 

Contact Non-contact Non-contact Contact Contact 

Mechanical 

integrity 

High Low Low High Medium  

Purchase 

cost 

Low Low Medium High High 

Reference [219] [219] [219] [233] [234] 
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8. APPLICATIONS OF 3D PRINTING 

3D printing is used in a wide variety of fields and this can be put into some exceptional uses. 

Many people and scientists have found different uses to make products by 3D printing that just 

not only shuns the use of plastic made products, but it also has made the material useful that is 

commonly considered as non-traditional and unavailable to print objects [242]. In developing 

countries, the technology of 3D printing is limited only to engineering departments of 

universities and workshops which are dedicated to such critical work such as Fabrication 

Laboratories [243]. A factory that is small-scale and is equipped with tools and software of 

electronics and fabrication of industrial-grade which used by specialist individuals to 

manufacture prototypes. These labs are being adopted in countries that are developing [244]. 

3D printing has found usages in different areas such as research, in manufacturing of artistic 

items, visual aids, covers of devices, custom parts, presentation models, functional models and 

patterns and series production [245]. In today’s world, rapid prototyping has spread its roots in 

broad domains. It is being used in different industries, factories and educational institutions 

which involves from basic level to higher level and for individual use as well [246]. 

3D printing technology is being used in making hearing aids [245]. Organs and parts of body 

printing is being done using this technology [247]. Parts of body such as titanium pelvic, plastic 

tracheal splint, titanium jaws using 3D technology have been printed [245]. 3D blood vessels 

have been printed because this technology has found remarkable advances in Tissue 

Engineering [248]. In developing countries like Uganda and South-Sudan, this technology is 

being used to produce 3D printed Prosthetic limbs [245]. To print cartilage and bone, used to 

replace the bone and cartilage that has bony voids caused by trauma or disease [249]. 

Customized 3D printed teeth are provided to the individuals [250]. Before this technology, fake 

teeth were of one universal size for all age people, but now this technology has made it possible 

to customize implant teeth, that is suited to a particular person [245]. 

This technology is used in the construction industry for either printing of the entire building or 

creation of the construction component. The development in the business Information Model 

will help facilitate the improved use of 3D printing [251]. A digital demonstration of physical 

and functional characteristics that can give the knowledge of 3D printing is Building 

Information Modelling. This can provide a dependable source for decisions during the cycle of 



   
 

35 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

its life that includes basic or initial concepts to its destruction for the building design [252]. It 

is predicted that in the future, we might be living in 3D printed houses. It is claimed by the 

researcher at the University of Southern California to have designed a 3D printer that has the 

ability to print an entire house in one day. The base elements used in this conceptual model 

was concrete to duplicate the computer programs of the house. To ensure the compatibility of 

the house with plumbing and electrical gadgets, layered fabrication tech called ‘Contour Craft’’ 

is used [242]. One-story house has been built in one day in China by this technology [253]. 

Decorative and Ornamental objects such as pendants, rings and plastic toys can be printed at 

the domestic level. People in the future would be able to print the goods on their own instead 

of buying them from markets [254,255]. 

For the food industry, the doors have been opened by 3D printing technology. The demand for 

the production of customized dietary food for a special group of people such as children, 

pregnant women, athletes’ patients and so on is increasing that requires the more amount of 

healthy ingredients and reduction in the amount of unhealthy and unnecessary ingredients 

[256]. NASA is also putting attention on food printing and doing funding research to provide 

food to astronauts in space [242]. 

Industry of Art and Fashion have started getting the benefits of 3D printing. Artists have got to 

know more easy and straight ways of carrying out ideas to reality and fashion designers are 

using this technology to make shoes, luggage and other fashion accessories. [257]. 2012 Vapor 

Laser Talon football shoe by Nike [258] and for athletes New Balance custom-fit shoes by 

using 3D prototype has been made [259] on the commercial scale[245]. 

In learning processes and curriculum, with the help of applications from models of printed 

molecules to plastic gears, 3D technology is used [260]. It helps students in practical learning 

because now they can print prototype models in 3D [245]. 

The aerospace industry is among one of the areas that first used 3D technology to create a 

prototype [257]. In this industry, it is applied to make parts which lighter in weight, enhanced 

and complicated geometries, that minimize the use of resources and energy [261]. It not only 

saves the fuel but minimizes the usage of materials to produce parts of aerospace. This 

technology has been applied to produce spare parts for components of aerospace like engines 

[262]. 
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3D printing has dramatically changed the automotive industry that designs, develop and makes 

new things. It is used in a process that gives new shines, for lighter and complicated structures 

in real quick time. 3D-printed electric car in 2014 had been printed by this technology. 3D 

printing technology broad range of applications has been extended by Local Motors by 

manufacturing a 3D- the printed bus that is electric can run without a driver, a recyclable and 

extremely smart bus called OLLI. Moreover, Ford is a leader in using this technology to make 

parts of the engine and prototype [263]. Parts of cars and airplanes are being printed efficiently 

and in a fast manner which contributes greatly to the value chain [264]. Figure 4. 

 

Fig. 4 Applications of 3D printing 

 

 

9. CONCLUSION 

3D printing is fastest growing and diverse field of research for scientists with endless 

applications. Steriolithography results in prototypes with finely finished prints. The degree of 

error in these prints is minimum. Moreover, polymer and polymer-based inks used for in 3D 

printer can be used to produce valuable products with applications in the field of biomedical 

and energy. 

 



   
 

37 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

REFERENCES 

[1] Lee I, Kim Y (2015) The recent patent analysis and industrial trend of 3D printing. Indian 

Journal of Science and Technology 8:70-75.  

[2] Berman B (2012) 3-D printing: The new industrial revolution. Business horizons 

55(2):155-162. doi.org/10.1016/j.bushor.2011.11.003 

[3] Petrovic V, Vicente Haro Gonzalez J, Jordá Ferrando O, Delgado Gordillo J, Ramón Blasco 

Puchades J, Portolés Griñan L (2011) Additive layered manufacturing: sectors of industrial 

application shown through case studies. International Journal of Production 

Research 49(4):1061-1079. doi.org/10.1080/00207540903479786 

[4] Stemp-Morlock, G. Personal fabrication. Communications of the ACM 2010, 53(10), 14-

15; doi.org/10.1145/1831407.1831414 

[5] Hull CW (1986) US Patent No. 4,575,330.  

[6] Sachs EM, HJ CM, Williams P A (1989) Three-dimensional printing techniques, US Patent 

5204055.  

[7] Thilmany J (2009) A new kind of design. Mechanical Engineering 131(01):36-40. 

doi.org/10.1115/1.2009-JAN-3 

[8] Negi S, Dhiman S, Sharma RK (2013) Basics and applications of rapid prototyping medical 

models. Rapid Prototyping Journal. 256 –267. doi.org/10.1108/RPJ-07-2012-0065. 

[9] Wagner S (2010) UK engineers speed 3D printing technology. The Engineer 10. 

[10] Olivarez, N (2010) 3-D printers go beyond paper and ink: Mostly celebrated by hobbyists 

and geeks, 3-D printers may be commonplace one day. Buffalo News 4. 

[11] Klaft L (2010) Open-source 3-D printers head to a desktop near you; instantly make a part 

to replace what’s broken. Worcester Telegram and Gazette  B5. 

[12] Pandian A, Belavek C (2016) A review of recent trends and challenges in 3D printing. 

In Proceedings of the 2016 ASEE North Central Section Conference, American Society for 

Engineering Education  

[13] Wang JY (2017) U.S. Patent Application No. 15/317,904.  

https://doi.org/10.1016/j.bushor.2011.11.003
https://doi.org/10.1080/00207540903479786
https://dl.acm.org/doi/fullHtml/10.1145/1831407.1831414
https://doi.org/10.1115/1.2009-JAN-3


   
 

38 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[14] Ishihara T, Furomoto S (2019) U.S. Patent No. 10,480,098. Washington, DC: U.S. Patent 

and Trademark Office.  

[15] COX, John M. (9911 Brecksville Road, Cleveland, Ohio, 44141-3247, US), 

VONTORCIK, JR., Joseph J. (9911 Brecksville Road, Cleveland, Ohio, 44141-3247, US), 

AULT, Edward W. (9911 Brecksville Road, Cleveland, Ohio, 44141-3247, US) 2015 

Methods Of Using Thermoplastic Polyurethanes In Fused Deposition Modeling And Systems 

And Articles Thereof Lubrizol Advanced Materials, INC. (9911 Brecksville Road, Cleveland, 

Ohio, 44141-3247, US) WO/2015/109141. 

[16] Ligon SK, Liska R, Stampfl J, Gurr M,  Mülhaupt R (2017) Polymers for 3D Printing and 

Customized Additive Manufacturing. Chem Rev 117(15):10212–

10290. doi.org/10.1021/acs.chemrev.7b00074 

[17] COSTLOW, Douglas B. (1379 Grant Street, Akron, Ohio, 44301, US) 2016 

METHODS AND APPARATUSES FOR ADDITIVELY MANUFACTURING RUBBER 

BRIDGESTONE AMERICAS TIRE OPERATIONS. 

[18] CN104650587. A modified polyphenylene sulfide resin material suitable for 3D printing, 

its preparation method and application  

[19] Palacio J, Orozco VH, López BL (2011) Effect of the molecular weight on the 

physicochemical properties of poly (lactic acid) nanoparticles and on the amount of ovalbumin 

adsorption. J. Braz. Chem. Soc 22:2304–2311. doi.org/10.1590/S0103-50532011001200010    

[20] Das S, Bourell DL,  Babu SS (2016) Metallic materials for 3D printing. MRS Bulletin 

41(10):729-741. doi.org/10.1557/mrs.2016.217 

[21] Pandian A, Belavek C( 2106) A review of recent trends and challenges in 3D printing. 

In Proceedings of the 2016 ASEE North Central Section Conference, American Society for 

Engineering Education  

[22] Hitzler L, Alifui-Segbaya F, Williams P, Heine B, Heitzmann M, Hall W, Merkel M,  

Öchsner A (2018) Additive manufacturing of cobalt based dental alloys: analysis of 

microstructure and physicomechanical properties. Advances in Materials Science and 

Engineering 2018:1-12. doi.org/10.1155/2018/8213023 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5553103/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5553103/


   
 

39 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[23] Murr LE (2016) Frontiers of 3D printing/additive manufacturing: from human organs to 

aircraft fabrication. Journal of Materials Science  Technology 32(10):987-995. 

doi.org/10.1016/j.jmst.2016.08.011  

[24] Horst DJ, Duvoisin CA, de Almeida Vieira R (2018) Additive Manufacturing at Industry 

4.0: a review. International Journal of Engineering and Technical Research  8(8):3-8. 

[25] Uhlmann E, Kersting R, Klein TB, Cruz MF,  Borille AV (2015)  Additive manufacturing 

of titanium alloy for aircraft components. Procedia Cirp  35:55-60. 

doi.org/10.1016/j.procir.2015.08.061 

[26] Trevisan F, Calignano F, Aversa A, Marchese G, Lombardi M, Biamino S, Ugues D,  

Manfredi D (2018) Additive manufacturing of titanium alloys in the biomedical field: 

processes, properties and applications. Journal of applied biomaterials  functional materials 

16(2):57-67. doi.org/10.5301/jabfm.5000371  

[27] Marcus HL, Beaman JJ, Barlow JW, Bourell DL (1990) Solid freeform fabrication. 

Powder processing. American Ceramic Society Bulletin 69(6):1030–1031.  

[28] Sachs E, Cima M, Cornie J (1990) Three-dimensional printing: rapid tooling and 

prototypes directly from a CAD model. CIRP annals 39(1):201-204. doi.org/10.1016/S0007-

8506(07)61035-X 

[29] Gmeiner R, Deisinger U, Schönherr J, Lechner B, Detsch R, Boccaccini AR, Stampfl J 

(2015) Additive manufacturing of bioactive glasses and silicate bioceramics. J. Ceram. Sci. 

Technol  6(2):75-86. doi.org/10.4416/JCST2015-00001 

[30] Tesavibul P, Felzmann R, Gruber S, Liska R, Thompson I, Boccaccini AR, Stampfl J 

(2012) Processing of 45S5 Bioglass® by lithography-based additive manufacturing. Materials 

Letters 74:81-84. doi.org/10.1016/j.matlet.2012.01.019 

[31] Chen Z, Li Z, Li J, Liu C, Lao C, Fu Y, Liu C, Li Y, Pei W, He Y (2019)  3D printing of 

ceramics: A review. Journal of the European Ceramic Society  39(4):661-687. 

doi.org/10.1016/j.jeurceramsoc.2018.11.01  

[32] Tang X, Yu Y (2015) Electrospinning preparation and characterization of alumina 

nanofibers with high aspect ratio. Ceramics International 41(8):9232-9238. 

doi.org/10.1016/j.ceramint.2015.04.157  

[33] Zocca A, Lima P, Günster J (2017) LSD-based 3D printing of alumina ceramics. Journal 

of Ceramic Science and Technology 8(1):141-148. doi.org/10.4416/JCST2016-00103 



   
 

40 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[34] Weng Z, Zhou Y, Lin W, Senthil T, Wu L (2016) Structure-property relationship of nano 

enhanced stereolithography resin for desktop SLA 3D printer. Composites Part A: Applied 

Science and Manufacturing 88:234-242. doi.org/10.1016/j.compositesa.2016.05.035 

[35] Van Wijk AJM, Van Wijk I (2015) 3D printing with biomaterials: Towards a sustainable 

and circular economy. IOS press BV, Amsterdam, The Netherlands.  

[36] Jakus AE, Rutz AL, Shah RN (2016) Advancing the field of 3D biomaterial 

printing. Biomedical Materials 11(1):88-102. doi.org/10.1088/1748-6041/11/1/014102 

[37] John AA, Subramanian AP, Vellayappan MV, Balaji A, Jaganathan SK, Mohandas H, 

Paramalinggam T, Supriyanto E, Yusof M (2015) physico-chemical modification as a versatile 

strategy for the biocompatibility enhancement of biomaterials. RSC Advances 5(49):39232-

39244. doi.org/10.1039/C5RA03018H 

[38] Khang G, Kim SH, Kim MS, Lee HB (2008) Hybrid, composite, and complex biomaterials 

for scaffolds. In Principles of Regenerative Medicine 636-655. Academic Press. 

[39] Jammalamadaka U, Tappa K (2018) Recent advances in biomaterials for 3D printing and 

tissue engineering. J. Funct. Biomater 9(1):22. doi.org/10.3390/jfb9010022 

[40] Wildemann B, Kadowromacker A, Haas N, Schmidmaier G, Quantification of various 

growth factors in different demineralized bone matrix preparations. J. Biomed. Mater. Res.-

Part A 81(2):437-442. doi.org/10.1002/jbm.a.31085 

[41] Guillemin G, Patat JL, Fournie J, Chetail M (1987) The use of coral as a bone graft 

substitute. J. Biomed. Mater. Res. 21(5):557–567. doi.org/10.1002/jbm.820210503 

[42] Diker N, Gulsever S, Koroglu T, Akcay EY, Oguz Y (2018) Effects of hyaluronic acid 

and hydroxyapatite/beta-tricalcium phosphate in combination on bone regeneration of a 

critical-size defect in an experimental model. Journal of Craniofacial Surgery 29(4):1087-

1093. doi.org/10.1097/SCS.0000000000004338 

[43] Walsh WR, Morberg P, Yu Y, Yang J, Haggard W, Sheath P, Svehla M, Bruce WJ (2003) 

Response of a Calcium Sulfate Bone Graft Substitute in a Confined Cancellous Defect. Clin. 

Orthop. Relat. Res. 406(1):228–236. doi.org/10.1097/01.blo.0000030062.92399.6a 

[44] Miguez-Pacheco V, Hench LL, Boccaccini AR (2015) Bioactive glasses beyond bone and 

teeth: Emerging applications in contact with soft tissues. Acta biomaterialia 13:1-15. 

doi.org/10.1016/j.actbio.2014.11.004 



   
 

41 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[45] Gaebel R, Ma N, Liu J, Guan J, Koch L, Klopsch C et al. (2011) Patterning human stem 

cells and endothelial cells with laser printing for cardiac regeneration. Biomaterials 

32(35):9218-9230. doi.org/10.1016/j.biomaterials.2011.08.071 

[46] DeGarmo EP, Black JT, Kohser RA, Klamecki BE (1997) Materials and process in 

manufacturing. Upper Saddle River: Prentice Hall. 

[47] Song JH, Murphy RJ, Narayan R, Davies GBH (2009) Biodegradable and compostable 

alternatives to conventional plastics. Philosophical transactions of the royal society B: 

Biological sciences 364(1526):2127-2139. doi.org/10.1098/rstb.2008.0289 

[48] Deffenbaugh PI, Rumpf RC, Church KH (2013) Broadband microwave frequency 

characterization of 3-D printed materials. IEEE Transactions on Components, Packaging and 

Manufacturing Technology 3(12);2147-2155. doi.org/10.1109/TCPMT.2013.2273306 

[49] Dutton S, Kelly D, Baker A (2004) Composite materials for aircraft structures. American 

Institute of Aeronautics and Astronautics. doi.org/10.2514/4.861680 

[50] Huang ZM, Zhang YZ, Kotaki M, Ramakrishna S (2003) A review on polymer nanofibers 

by electrospinning and their applications in nanocomposites. Composites science and 

technology 63(15):2223-2253. doi.org/10.1016/S0266-3538(03)00178-7 

[51] Ortiz-Acosta D, Moore T (3018) Functional 3D Printed Polymeric Materials. 

In Functional Materials 1-15. doi.org/10.5772/intechopen.80686. 

[52] Masuelli MA (2013) Introduction of fibre-reinforced polymers− Polymers and 

composites: Concepts, properties and processes. In Fiber Reinforced Polymers-The 

Technology Applied for Concrete Repair. Intech Open. doi.org/10.5772/54629. 

[53] Clyne TW, Hull D (2019)  An introduction to composite materials. Cambridge university 

press. 

[54] Chang JH, An YU (2002) Nanocomposites of polyurethane with various organoclays: 

thermomechanical properties, morphology, and gas permeability. Journal of Polymer Science 

Part B: Polymer Physics 40(7):670-677. doi.org/10.1002/polb.10124 

https://doi.org/10.1109/TCPMT.2013.2273306
https://doi.org/10.2514/4.861680


   
 

42 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[55] Zavyalov SA, Pivkina AN, Schoonman J (2002) Formation and characterization of metal-

polymer nanostructured composites. Solid State Ionics 147(3-4):415-419. 

doi.org/10.1016/S0167-2738(02)00038-3 

[56] Seal S, Kuiry SC, Georgieva P, Agarwal A (2004) Manufacturing nanocomposite parts: 

present status and future challenges. MRS bulletin 29(1):16-21. doi.org/10.1557/mrs2004.11 

[57]  Jordan J, Jacob KI, Tannenbaum R, Sharaf MA, Jasiuk I (2005) Experimental trends in 

polymer nanocomposites—a review. Materials science and engineering: A 393(1-2):1-11. 

doi.org/10.1016/j.msea.2004.09.044  

[58] Chan CM, Wu J, Li JX, Cheung YK (2002) Polypropylene/calcium carbonate 

nanocomposites. Polymer 43(10):2981-2992. doi.org/10.1016/S0032-3861(02)00120-9 

[59] Rong MZ, Zhang MQ, Zheng YX, Zeng HM, Walter R, Friedrich K (2001) Structure–

property relationships of irradiation grafted nano-inorganic particle filled polypropylene 

composites. Polymer 42(1):167-183. doi.org/10.1016/S0032-3861(00)00325-6 

[60] Khan I, Kamma-Lorger CS, Mohan SD, Mateus A, Mitchell GR (2019) The Exploitation 

of Polymer Based Nanocomposites for Additive Manufacturing: A Prospective Review. 

Applied Mechanics and Materials 890:113-145. 

doi.org/10.4028/www.scientific.net/AMM.890.113 

[61] Kim J, Creasy TS (2004) Selective laser sintering characteristics of nylon 6/clay-

reinforced nanocomposite. PolymerTesting 23(6):629-636. 

doi.org/10.1016/j.polymertesting.2004.01.014 

[62] Kim SG, Chu WS, Jung WK, Ahn SH (2007) Evaluation of mechanical and electrical 

properties of nanocomposite parts fabricated by nanocomposite deposition system 

(NCDS). Journal of materials processing technology 187:331-334. 

doi.org/10.1016/j.jmatprotec.2006.11.209 

[63] Bai J, Goodridge, RD, Hague RJ, Song M (2012) Carbon nanotube reinforced Polyamide 

12 nanocomposites for laser sintering. In Proceedings of the 23th Solid Freeform Fabrication 

Symposium 98-107. 

[64] Khalil H, Gläsel HJ, Buchmeiser MR (2013) High‐Mechanical‐Strength Flame‐Retardant 

Nanocomposites Based on Novel Al (III)‐and Zr (IV)‐Melamine Phosphates and 

https://doi.org/10.4028/www.scientific.net/AMM.890.113
https://doi.org/10.1016/j.jmatprotec.2006.11.209


   
 

43 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

Sulfates. Macromolecular Materials and Engineering 298(6):690-698. 

doi.org/10.1002/mame.201200168 

[65] Lin D, Nian Q, Deng B, Jin S, Hu Y, Wang W, Cheng GJ 92014) Three-dimensional 

printing of complex structures: man made or toward nature?. ACS nano 8(10):9710-9715.  

doi.org/10.1021/nn504894j 

[66] Soliman YS, Basfar AA, Msalam RI (2014) A radiochromic film based on leucomalachite 

green for high-dose dosimetry applications. Radiation measurements 62:45-51. 

doi.org/10.1016/j.radmeas.2014.01.004 

[67] Gafar SM, El-Ahdal MA (2015) A new developed radiochromic film for high-dose 

dosimetry applications. Dyes and Pigments 114:273-277. 

doi.org/10.1016/j.dyepig.2014.11.021 

[68] González-Pérez G, Burillo G (2013) Modification of silicone sealant to improve gamma 

radiation resistance, by addition of protective agents. Radiation Physics and Chemistry 90:98-

103. doi.org/10.1016/j.radphyschem.2013.03.014 

[69] Dalsin JL, Messersmith PB (2005) Bioinspired antifouling polymers. Materials today 

8(9):38-46. doi.org/10.1016/S1369-7021(05)71079-8 

[70] Magin CM, Cooper SP, Brennan AB (2010) Non-toxic antifouling strategies. Materials 

today 13(4):36-44. doi.org/10.1016/S1369-7021(10)70058-4 

[71] Ngo BKD, Grunlan MA (2017) Protein resistant polymeric biomaterials. ACS Macro Lett 

6:992-1000. doi.org/10.1021/acsmacrolett.7b00448  

[72] Matzeu G, Pucci A, Savi S, Romanelli M, Di Francesco F (2012). A temperature sensor 

based on a MWCNT/SEBS nanocomposite. Sensors and Actuators A: Physical 178:94-99. 

doi.org/10.1016/j.sna.2012.02.043 

[73] Qu L, Wang L, Xie X, Yu G, Bu S (2014) Contribution of silica–rubber interactions on 

the viscoelastic behaviors of modified solution polymerized styrene butadiene rubbers (MS-

SBRs) filled with silica. RSC Advances 4(109):64354-64363. doi.org/10.1039/C4RA09492A 

https://doi.org/10.1021/nn504894j
https://doi.org/10.1016/j.radmeas.2014.01.004
https://doi.org/10.1016/j.dyepig.2014.11.021
https://doi.org/10.1016/j.radphyschem.2013.03.014
https://doi.org/10.1016/S1369-7021(05)71079-8
https://doi.org/10.1016/S1369-7021(10)70058-4
https://doi.org/10.1021/acsmacrolett.7b00448
https://doi.org/10.1016/j.sna.2012.02.043
https://doi.org/10.1039/C4RA09492A


   
 

44 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[74] Leblanc JL (2002) Rubber–filler interactions and rheological properties in filled 

compounds. Progress in polymer science 27(4):627-687. doi.org/10.1016/S0079-

6700(01)00040-5  

[75] Fu K, Yao Y, Dai J,  Hu L (2017) Progress in 3D printing of carbon materials for energy‐

relatedapplications. Advanced Materials 29(9):160-348. doi.org/10.1002/adma.201603486 

[76] Jin Y, Liu C, Chai W, Compaan A, Huang Y (2017) Self-supporting nanoclay as internal 

scaffold material for direct printing of soft hydrogel composite structures in air. ACS applied 

materials  interfaces 9(20):17456-17465. doi.org/10.1021/acsami.7b03613 

[77] Zhai XY, Ma YF, Hou CY, Gao F, Zhang YY, Ruan CS, Pan HB, Lu WJ, Liu WG (2017) 

3D-printed high strength bioactive supramolecular polymer/clay nanocomposite hydrogel 

scaffold for bone regeneration. ACS Biomaterials Science  Engineering 3(6):1109-1118. 

doi.org/10.1021/acsbiomaterials.7b00224 

[78] Liang J, Huang Y, Zhang L, Wang Y, Ma Y, Guo T, Chen Y (2009) Molecular‐level 

dispersion of graphene into poly (vinyl alcohol) and effective reinforcement of their 

nanocomposites. Advanced Functional Materials 19(14):2297-2302. 

doi.org/10.1002/adfm.200801776 

[79] Balog R, Jørgensen B, Nilsson L, Andersen M, Rienks E, Bianchi M, Fanetti M, 

Lægsgaard E, Baraldi A, Lizzit S, Sljivancanin Z (2010) Bandgap opening in graphene induced 

by patterned hydrogen adsorption. Nature materials 9(4):315-319. doi.org/10.1038/nmat2710 

[80] Kuilla T, Bhadra S, Yao D, Kim NH, Bose S, Lee JH (2010) Recent advances in graphene 

based polymer composites. Progress in polymer science 35(11):1350-1375. 

doi.org/10.1016/j.progpolymsci.2010.07.005 

[81] Zheng W,  Wong SC (2003) Electrical conductivity and dielectric properties of 

PMMA/expanded graphite composites. Composites Science and Technology 63(2):225-235. 

doi.org/10.1016/S0266-3538(02)00201-4 

[82] Sengupta R, Bhattacharya M, Bandyopadhyay S, Bhowmick AK (2011) A review on the 

mechanical and electrical properties of graphite and modified graphite reinforced polymer 

composites. Progress in polymer science 36(5):638-670. 

doi.org/10.1016/j.progpolymsci.2010.11.003 

https://doi.org/10.1038/nmat2710
https://doi.org/10.1016/j.progpolymsci.2010.07.005
https://doi.org/10.1016/S0266-3538(02)00201-4
https://doi.org/10.1016/j.progpolymsci.2010.11.003


   
 

45 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[83] Salea A, Prathumwan R, Junpha J, Subannajui K (2017) Metal oxide semiconductor 3D 

printing: preparation of copper (II) oxide by fused deposition modelling for multi-functional 

semiconducting applications. Journal of Materials Chemistry C 5(19):4614-4620. 

doi.org/10.1039/C7TC00990A  

[84] Horst DJ, Tebcherani SM, Kubaski ET, de Almeida Vieira R (2017) Bioactive Potential 

of 3D-Printed Oleo-Gum-Resin Disks: B. papyrifera, C. myrrha, and S. benzoin Loading 

Nanooxides—TiO2, P25, Cu2O, and MoO3. Bioinorganic chemistry and application 2017:63-

67. doi.org/10.1155/2017/6398167  

[85] de Leon AC, Chen Q, Palaganas NB, Palaganas JO, Manapat J, Advincula RC (2016) 

High performance polymer nanocomposites for additive manufacturing applications. Reactive 

and Functional Polymers 103:141-155. doi.org/10.1016/j.reactfunctpolym.2016.04.010 

[86] Wang X, Jiang M, Zhou Z, Gou J, Hui D (2017) 3D printing of polymer matrix 

composites: A review and prospective. Composites Part B: Engineering 110:442-458. 

doi.org/10.1016/j.compositesb.2016.11.034 

[87] Avouris P, Dimitrakopoulos C (2012) Graphene: synthesis and applications. Materials 

today 15(3):86-97. doi.org/10.1016/S1369-7021(12)70044-5 

[88] Shinohara H, Tiwari A (2015) Graphene: an introduction to the fundamentals and 

industrial applications. John Wiley & Sons. Inc.  

[89] Scott C (2018) Herston Biofabrication Institute to Research Graphene’s Medical 

Applications. https://3dprint.com/232120/herston-biofabrication-institute-to-research-

graphene/ 

[90] Wajid AS, Das S, Irin F, Ahmed HT, Shelburne J, Parviz D, Fullerton RJ, Jankowski AF, 

Hedden RC, Green MJ (2012) Polymer-stabilized graphene dispersions at high concentrations 

in organic solvents for composite production. Carbon 50(2):526-534. 

doi.org/10.1016/j.carbon.2011.09.008 

[91] Lin D, Jin S, Zhang F, Wang C, Wang Y, Zhou C, Cheng GJ (2015) 3D stereolithography 

printing of graphene oxide reinforced complex architectures. Nanotechnology 26(43):43-51. 

doi.org/10.1088/0957-4484/26/43/434003 

https://doi.org/10.1016/j.reactfunctpolym.2016.04.010
https://doi.org/10.1016/j.compositesb.2016.11.034
https://3dprint.com/232120/herston-biofabrication-institute-to-research-graphene/
https://3dprint.com/232120/herston-biofabrication-institute-to-research-graphene/


   
 

46 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[92] Manapat JZ, Mangadlao JD, Tiu BDB, Tritchler GC, Advincula RC (2017) High-strength 

stereolithographic 3D printed nanocomposites: graphene oxide metastability. ACS applied 

materials  interfaces 9(11):10085-10093. doi.org/10.1021/acsami.6b16174 

[93] Pereira GR, Gasi F, Lourenço SR (2019) Review, Analysis, and Classification of 3D 

Printing Literature: Types of Research and Technology Benefits. International Journal of 

Advanced Engineering Research and Science 6(6):167-187. doi.org/10.22161/ijaers.6.6.17 

[94] ISO/PRF 17296-1,"Additive manufacturing -- General principles -- Part 1: Terminology", 

2015. https://www.iso.org/obp/ui/#iso:std:iso:17296:-1:dis:ed-1:v1:en 

[95] Abreu, S. A. C. Impressão 3D baixo custo versus impressão em equipamentos de elevado 

custo. 2015, 1-235 

[96] Lopes, G. T. F. Exploração das possibilidades da impressão 3D na construção. 2016, 1-78 

[97] Nale Swati B, Kalbande AG (2015) A Review on 3D Printing Technology. International 

Journal of Innovative and Emerging Research in Engineering 2(9):33-36. 

[98] Yin H, Qu M, Zhang H, Lim Y (2018) 3D printing and buildings: A technology review 

and future outlook. Technology| Architecture+ Design 2(1):94-111. 

doi.org/10.1080/24751448.2018.1420968 

[99] Trenfield SJ, Awad A, Madla CM, Hatton GB, Firth J, Goyanes A, Gaisford S, Basit AW 

(2019) Shaping the future: recent advances of 3D printing in drug delivery and 

healthcare. Expert opinion on drug delivery 16(10):1081-1094. 

doi.org/10.1080/17425247.2019.1660318 

[100] Mahindru DV, Priyanka Mahendru SRMGPC, Tewari Ganj L (2013) Review of rapid 

prototyping-technology for the future. Global J.  Com. Science and Technol 13(4):27-38.  

[101] Bhargav A, Sanjairaj V, Rosa V, Feng LW, Fuh YHJ (2018) Applications of additive 

manufacturing in dentistry: A review. Journal of Biomedical Materials Research Part B: 

Applied Biomaterials 106(5):2058-2064. doi.org/10.1002/jbm.b.33961. 

[102] Vashishtha VK, Makade R, Mehla N (2011) Advancement of rapid prototyping in 

aerospace industry—A review. Int. J. Eng. Sci. Technol 3(3):2486–2493. 

[103] Pham DT, Dimov SS (2001) Rapid prototyping processes. In Rapid Manufacturing. 

Springer, London.  

https://www.iso.org/obp/ui/#iso:std:iso:17296:-1:dis:ed-1:v1:en
https://doi.org/10.1002/jbm.b.33961


   
 

47 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[104] Kodama H (1981) Automatic method for fabricating a three‐dimensional plastic model 

with photo‐hardening polymer. Review of scientific instruments 52(11):1770-1773. 

doi.org/10.1063/1.1136492  

[105] Hull CW (1984) Apparatus for production of three-dimensional objects by 

stereolithography. United States Patent, Appl., No. 638905, Filed. 

[106] Sharma S, Chauhan A, Narasimhulu A (2019) A Review of Recent Developments on 

Stereolithography, Int. J. Eng. Res. and Technol 8(8):180-185.  

[107] ASTM, I. (2013). ASTM52921-13 Standard Terminology for Additive Manufacturing-

Coordinate Systems and Test Methodologies. West Conshohocken: ASTM International. 

https://www.iso.org/standard/62794.html 

[108] Low ZX, Chua YT, Ray BM, Mattia D, Metcalfe IS, Patterson DA (2019) Perspective 

on 3D printing of separation membranes and comparison to related unconventional fabrication 

techniques. J. of Membrane Sci 523:596-613. https://doi.org/10.1016/j.memsci.2016.10.006 

[109] Noorani R (2019) Rapid prototyping: principles and applications. John Wiley & Sons 

Incorporated. 

[110] Cooper K (2001) Rapid prototyping technology: selection and application. CRC press. 

[111] Kruth JP (1991) Material incress manufacturing by rapid prototyping techniques. CIRP 

annals 40(2):603-614. doi.org/10.1016/S0007-8506(07)61136-6 

[112] Melchels FP, Feijen J, Grijpma DW (2010) A review on stereolithography and its 

applications in biomedical engineering. Biomaterials 31(24):6121-6130. 

doi.org/10.1016/j.biomaterials.2010.04.050 

[113] Halloran JW, Tomeckova V, Gentry S, Das S, Cilino P, Yuan D, Guo R, Rudraraju A, 

Shao P, Wu T, Alabi TR (2011) Photopolymerization of powder suspensions for shaping 

ceramics. Journal of the European Ceramic Society 31(14):2613-2619. 

doi.org/10.1016/j.jeurceramsoc.2010.12.003 

[114] Kim H, Choi JW, Wicker R (2010) Scheduling and process planning for multiple material 

stereolithography. Rapid Prototyping Journal 16(4):232-240.  

doi.org/10.1108/13552541011049243 

https://www.iso.org/standard/62794.html


   
 

48 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[115] Iancu C, Iancu D,  Stăncioiu A (2010) FROM CAD MODEL TO 3D PRINT VIA" STL" 

FILE FORMAT. Fiability  Durability/Fiabilitate si Durabilitate  1(5):73-80.  

[116] Bens A, Seitz H, Bermes G, Emons M, Pansky A, Roitzheim B, Tobiasch E, Tille C 

(2007) Non‐toxic flexible photopolymers for medical stereolithography technology. Rapid 

Prototyping Journal 13(1):38-47. doi.org/10.1108/13552540710719208 

[117] Dhariwala B, Hunt E, Boland T (2004) Rapid prototyping of tissue-engineering 

constructs, using photopolymerizable hydrogels and stereolithography. Tissue engineering 

10(9-10):1316-1322. doi.org/10.1089/ten.2004.10.1316 

[118] Mapili G, Lu Y, Chen S, Roy K (2005) Laser‐layered microfabrication of spatially 

patterned functionalized tissue‐engineering scaffolds. J Biomed Mater Res B Appl Biomater 

75B(2):414‐424. doi.org/ 10.1002/jbm.b.30325 

[119] Heller C, Schwentenwein M, Russmueller G, Varga F, Stampfl J, Liska R (2009) Vinyl 

esters: low cytotoxicity monomers for the fabrication of biocompatible 3D scaffolds by 

lithography based additive manufacturing. J. Pol Sci Part A: Pol Chem 47(24):6941-6954. 

doi.org/10.1002/pola.23734 

[120] Stampfl J, Baudis S, Heller C, Liska R, Neumeister A, Kling R, Ostendorf A, Spitzbart 

M (2008) Photopolymers with tunable mechanical properties processed by laser-based high-

resolution stereolithography. Journal of Micromechanics and Microengineering 

18(12):125014. doi.org/10.1088/0960-1317/18/12/125014 

[121] Badev A, Abouliatim Y, Chartier T, Lecamp L, Lebaudy P, Chaput C, Delage C (2011) 

Photopolymerization kinetics of a polyether acrylate in the presence of ceramic fillers used in 

stereolithography. Journal of Photochemistry and Photobiology A: Chemistry 222(1):117-122. 

doi.org/10.1016/j.jphotochem.2011.05.010 

[122] Bail R, Patel A, Yang H, Rogers CM, Rose FRAJ, Segal JI, Ratchev SM (2013) The 

effect of a type I photoinitiator on cure kinetics and cell toxicity in projection-

microstereolithography. Procedia CIRP 5:222-225. doi.org/10.1016/j.procir.2013.01.044 

[123] Han LH, Mapili G, Chen S, Roy K (2008) Projection microfabrication of three-

dimensional scaffolds for tissue engineering. Journal of Manufacturing Science and 

Engineering 130(2):021005. doi.org/10.1115/1.2823079 

https://doi.org/10.1002/jbm.b.30325
https://doi.org/10.1088/0960-1317/18/12/125014
https://doi.org/10.1016/j.jphotochem.2011.05.010


   
 

49 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[124] Choi JW, Wicker RB, Cho SH, Ha CS, Lee SH (2009) Cure depth control for complex 

3D microstructure fabrication in dynamic mask projection microstereolithography. Rapid 

Prototyping Journal 15(1):59-70. doi.org/0.1108/13552540910925072 

[125] Sun C, Fang N, Wu DM,  Zhang X (2005) Projection micro-stereolithography using 

digital micro-mirror dynamic mask. Sensors and Actuators A: Physical 121(1):113-120.  

doi.org/10.1016/j.sna.2004.12.011 

[126] Bail R, Hong JY, Chin BD (2016) Effect of a red-shifted benzotriazole UV absorber on 

curing depth and kinetics in visible light initiated photopolymer resins for 3D printing. Journal 

of Industrial and Engineering Chemistry 38:141-145. doi.org/10.1016/j.jiec.2016.04.017 

[127] Cho YH, Lee IH, Cho DW (2016) Laser scanning path generation considering 

photopolymer solidification in micro-stereolithography. Microsystem technologies 11(2-

3):158-167.  doi.org/10.1007/s00542-004-0468-2 

[128] Ahire Satishkumar S, Ghongade Harshvardhan P, Jadhav Mahesh C, Joshi Bhagyashri 

A, Chavan Shekhar S (2016) A Review on Stereo-Lithography. GRD Journals- Global 

Research and Development Journal for Engineering 1(7):16-19. 

[129] Xing H, Zou B, Li S, Fu X (2017) Study on surface quality, precision and mechanical 

properties of 3D printed ZrO2 ceramic components by laser scanning 

stereolithography. Ceramics International 43(18):16340-16347. 

doi.org/10.1016/j.ceramint.2017.09.007 

[130] Hinczewski C, Corbel S, Chartier T (1998) Ceramic suspensions suitable for 

stereolithography. J. Eur. Ceram. Soc 18(6):583–590. doi.org/10.1016/S09552219(97)00186-

6 

[131] Hinczewski C, Corbel S, Chartier T (1998) Stereolithography for the fabrication of 

ceramic three-dimensional parts. Rapid Prototyp. J 4(3):104–111. 

doi.org/10.1108/13552549810222867 

[132] Griffith ML, Halloran JW (1994) Ultraviolet Curable Ceramic Suspensions for 

Stereolithography of Ceramics. In The 1994 international mechanical engineering congress 

and exposition. 529–534. 

https://doi.org/10.1016/j.sna.2004.12.011
https://doi.org/10.1016/j.ceramint.2017.09.007
https://doi.org/10.1016/S0955-2219(97)00186-6
https://doi.org/10.1016/S0955-2219(97)00186-6


   
 

50 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[133] Popov VK, Evseev AV, Ivanov AL, Roginski VV, Volozhin AI, Howdle SM (2004)  

Laser stereolithography and supercritical fluid processing for custom-designed implant 

fabrication. Journal of Materials Science: Materials in Medicine 15(2):123-128. 

doi.org/10.1023/B:JMSM.0000011812.08185.2a 

[134] Arcaut K, Mann BK, Wicker RB (2006) Stereolithography of three-dimensional 

bioactive poly (ethylene glycol) constructs with encapsulated cells. Annals of biomedical 

engineering 34(9):1429-1441. doi.org/10.1007/s10439-006-9156-y 

[135] Arcaute K, Mann B, Wicker R (2010) Stereolithography of spatially controlled multi-

material bioactive poly (ethylene glycol) scaffolds. Acta biomaterialia 6(3):1047-1054. 

doi.org/10.1016/j.actbio.2009.08.017  

[136] Lee SJ, Zhu W, Heyburn L, Nowicki M, Harris B, Zhang LG (2016) Development of 

novel 3-D printed scaffolds with core-shell nanoparticles for nerve regeneration. IEEE 

Transactions on Biomedical Engineering 64(2):408-418. 

doi.org/10.1109/TBME.2016.2558493 

[137] Kim JH, Lee JW, Yun WS (2017) Fabrication and tissue engineering application of a 3D 

PPF/DEF scaffold using Blu-ray based 3D printing system. J. Mech. Sci. Technol. 31(5):2581-

2587. doi.org/10.1007/s12206-017-0456-y 

[138] Thrasher CJ, Schwartz JJ, Boydston AJ (2017) Modular elastomer photoresins for digital 

light processing additive manufacturing. ACS applied materials  interfaces 9(45):39708-

39716. doi.org/10.1021/acsami.7b13909 

[139] Kuang X, Zhao Z, Chen K, Fang D, Kang G, Qi HJ (2018) High‐Speed 3D Printing of 

High‐Performance Thermosetting Polymers via Two‐Stage Curing. Macromolecular rapid 

communications 39(7):1700809. doi.org/10.1002/marc.201700809 

[140] Khorsandi D, Fahimipour A, Saber SS, Ahmad A, De Stephanis AA (2018) Fused 

Deposition Modeling and Stereolithography 3D Bioprinting in Dental Science. EC Dental 

Science 18(1):110-115. doi.org/10.31080/ecde.2018.18.00897 

[141] Sarment DP, Sukovic P, Clinthorne N (2003) Accuracy of implant placement with a 

stereolithographic surgical guide. Int J Oral Maxillofac Implants 18(4):571‐577.  

https://doi.org/10.1016/j.actbio.2009.08.017
https://doi.org/10.1109/TBME.2016.2558493


   
 

51 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[142] Valente F, Schiroli G, Sbrenna A (2009) Accuracy of Computer‐Aided Oral Implant 

Surgery: A Clinical and Radiographic Study. Int J Oral Maxillofac Implants 24(2):234‐242. 

[143] D'Urso PS, Earwaker WJ, Barker TM, Redmond MJ, Thompson RG, Effeney DJ (2000)  

Custom cranioplasty using stereolithography and acrylic. Br J Plast Surg 53(3):200‐204. 

doi.org/10.1054/bjps.1999.3268  

[144] Wurm G, Tomancok B, Holl K, Trenkler J (2004) Prospective study on cranioplasty with 

individual carbon fiber reinforced polymere (CFRP) implants produced by means of 

stereolithography. Surg Neurol. 62(6):510‐521. doi.org/10.1016/j.surneu.2004.01.025 

[145] Dizon JRC, Espera Jr AH, Chen Q, Advincula RC (2018) Mechanical characterization 

of 3D-printed polymers. Additive Manufacturing 20:44-67. 

doi.org/10.1016/j.addma.2017.12.002 

[146] Form 2 – The Most Advanced Desktop 3D Printer Ever Created, Formlabs,[Online], 

2017, Available: https://formlabs.com/3d-printers/form-2/ 

[147] Chia HN, Wu BM (2015) Recent advances in 3D printing of biomaterials. Journal of 

biological engineering 9(1):4. doi.org/10.1186/s13036-015-0001-4 

[148] Wang X, Jiang M, Zhou Z, Gou J, Hui D (2017) 3D printing of polymer matrix 

composites: A review and prospective. Composites Part B: Engineering 110:442-458. 

doi.org/10.1016/j.compositesb.2016.11.034  

[149] de Leon AC, Chen Q, Palaganas NB, Palaganas JO, Manapat J,  Advincula RC (2016) 

High performance polymer nanocomposites for additive manufacturing applications. Reactive 

and Functional Polymers 103:141-155. doi.org/10.1016/j.reactfunctpolym.2016.04.010 

[150] Dizon JRC, Espera Jr AH, Chen Q,  Advincula RC (2018) Mechanical characterization 

of 3D-printed polymers. Additive Manufacturing 20:44-67. 

doi.org/10.1016/j.addma.2017.12.002 

[151] Mueller J, Shea K, Daraio C (2015) Mechanical properties of parts fabricated with inkjet 

3D 

printing through efficient experimental design. Mater Des 86:902–912. 

doi.org/10.1016/j.matdes.2015.07.129 

https://formlabs.com/3d-printers/form-2/
https://doi.org/10.1016/j.addma.2017.12.002


   
 

52 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[152] Derby B (2011) Inkjet printing ceramics: From drops to solid. J Eur Ceram Soc 

31(14):2543–2550. doi.org/10.1016/j.jeurceramsoc.2011.01.016.  

[153] Vaithilingam J, Simonelli M, Saleh E, Senin N, Wildman RD, Hague RJM,  Leach RK, 

Tuck CJ (2017) Combined Inkjet Printing and Infrared Sintering of Silver Nanoparticles using 

a Swathe-by Swathe and Layer-by-Layer Approach for 3-Dimensional Structures. ACS Appl 

Mater and Interfaces 9(7):6560–6570. doi.org/10.1021/acsami.6b14787. 

[154] Ko SH, Pan H, Grigoropoulos CP, Luscombe CK, Fréchet JMJ, Poulikakos D (2007) 

All5inkjet-printed flexible electronics fabrication on a polymer substrate by low temperature 

high-resolution selective laser sintering of metal nanoparticles. Nanotechnology 

18(34):345202. doi.org/10.1088/0957-4484/18/34/345202. 

[155] Vaithilingam J, Saleh E, Körner L, Wildman RD,  Hague RJ, Leach RK, Tuck CJ (2018) 

3-Dimensional inkjet printing of macro structures from silver nanoparticles. Materials & 

Design 139:81-88. doi.org/10.1016/j.matdes.2017.10.070 

[156] Bekas DG, Hou Y, Liu Y, Panesar A (2019) 3D printing to enable multifunctionality in 

polymer-based composites: A review. Composites Part B: Engineering 179:107540. . 

doi.org/10.1016/j.compositesb.2019.107540 

[157] Red eye (2013). Polyjet™ Technology. [Online] Available at: 

http://www.redeyeondemand.com/Polyjet_technology.aspx   

[158]  Stratasys (2013). Polyjet Technology. [Online] Available at: 

http://www.Stratasys.com/3d-printers/technology/Polyjet-technology. 

[159] Barclift MW,  Williams CB (2012) Examining variability in the mechanical properties 

of parts manufactured via polyjet direct 3D printing. In International Solid Freeform 

Fabrication Symposium (pp:6-8). University of Texas at Austin Austin, Texas.  

[160] Ionita CN, Mokin M, Varble N, Bednarek DR, Xiang J, Snyder KV, Siddiqui AH, Levy 

EI, Meng H, Rudin S (2014) Challenges and limitations of patient-specific vascular phantom 

fabrication using 3D Polyjet printing. In Medical Imaging : Biomedical Applications in 

Molecular, Structural, and Functional Imaging 9038:90380M. doi.org/10.1117/12.2042266. 

International Society for Optics and Photonics.  

 [161] Han T, Kundu S, Nag A, Xu Y (2019) 3D Printed Sensors for Biomedical Applications: 

A Review. Sensors 19(7):1706. doi.org/10.3390/s19071706 

https://doi.org/10.1016/j.compositesb.2019.107540
http://www.redeyeondemand.com/Polyjet_technology.aspx
https://doi.org/10.1117/12.2042266
https://doi.org/10.3390/s19071706


   
 

53 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[162] Cazón A, Morer P, Matey L (2014) PolyJet technology for product prototyping: Tensile 

strength and surface roughness properties. Proceedings of the Institution of Mechanical 

Engineers, Part B: Journal of Engineering Manufacture 228(12):1664-1675. 

doi.org/10.1177/0954405413518515 

[163] Ramya A, Vanapalli SL (2016) 3D printing technologies in various applications. 

International Journal of Mechanical Engineering and Technology 7(3):396-409.  

 [164] Fast protos (2013).What is Polyjet? [Online video] 1 July 2007. Available at:  

http://www.fastprotos.com/technology/Polyjet.php.   

[165] S. Naidu, Polyjet Technology, MKS Technology Pvt. Ltd., 15 March 2017[Online], 

2017, Available: http://www.mkstechgroup.com/polyjet-technology/ 

[166] Polyjet Technology, Stratasys, [Online], 2017, Available: http://www.stratasys.com/3d-

printers/technologies/polyjet-technology  

[167] Stratasys, TM. “THE 3D PRINTING SOLUTIONS COMPANY Unmatched Product 

Realism Maximum Versatility.” 2018. 

[168] Al-Maliki JQ, Al-Maliki AJQ (2015) The processes and technologies of 3D 

printing. International Journal of Advances in Computer Science and Technology 4(10):161-

165. 

[169] Ferreira RTL, Amatte IC, Dutra TA, Bürger D (2017) Experimental characterization and 

micrography of 3D printed PLA and PLA reinforced with short carbon fibers. Composites Part 

B: Engineering 12:88-100. doi.org/10.1016/j.compositesb.2017.05.013. 

[170] Ning F, Cong W, Qiu J, Wei J, Wang S (2015) Additive manufacturing of carbon fiber 

reinforced thermoplastic composites using fused deposition modeling. Composites Part B: 

Engineering 80:369-378. doi.org/10.1016/j.compositesb.2015.06.013 

[171] Crump SS (1992) U.S. Patent No. 5,121,329. Washington, DC: U.S. Patent and 

Trademark Office. 

[172] Chua CK, Leong KF,  Lim CS (2003) Powder-based rapid prototyping systems. Rapid 

prototyping: principles and applications. Singapore: World Scientific. 

[173] Usher JM, Roy U, Parsaei H (Eds.) (1998)  Integrated product and process development: 

methods, tools, and technologies Vol. 6. John Wiley & Sons.  

http://www.fastprotos.com/technology/Polyjet.php
http://www.mkstechgroup.com/polyjet-technology/
http://www.stratasys.com/3d-printers/technologies/polyjet-technology
http://www.stratasys.com/3d-printers/technologies/polyjet-technology


   
 

54 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[174] Vaezi M, Seitz H, Yang S (2013) A review on 3D micro-additive manufacturing 

technologies. The International Journal of Advanced Manufacturing Technology 67(5-

8):1721-1754. doi.org/10.1007/s00170-013-4962-5 

[175] Placone JK, Engler AJ (2018) Recent Advances in Extrusion‐Based 3D Printing for 

Biomedical Applications. Advanced healthcare materials 7(8):1701161. 

doi.org/10.1002/adhm.201701161 

[176] Taufik M, Jain PK (2016) A study of build edge profile for prediction of surface 

roughness in fused deposition modeling. Journal of Manufacturing Science and Engineering 

138(6): 061002. doi.org/10.1115/1.4032193 

[177] Chen Z, Li Z, Li J, Liu C, Lao C, Fu Y, Liu C, Li Y, Wang P, He Y (2019) 3D printing 

of ceramics: A review. Journal of the European Ceramic Society 39(4):661-687. 

doi.org/10.1016/j.jeurceramsoc.2018.11.013Get 

[178] Wang X, Jiang M, Zhou Z, Gou J, Hui D (2017) 3D printing of polymer matrix 

composites: A review and prospective. Composites Part B: Engineering 110:442-458. 

doi.org/10.1016/j.compositesb.2016.11.034 

[179] Chua CK, Leong KF, Lim CS (2010) Rapid prototyping: principles and applications 

(with companion CD-ROM). World Scientific Publishing Company. 

[180] Song Y, Li Y, Song W, Yee K, Lee KY, Tagarielli VL (2017) Measurements of the 

mechanical response of unidirectional 3D-printed PLA. Materials & Design 123:154-164. 

doi.org/10.1016/j.matdes.2017.03.051 

[181] Tymrak BM, Kreiger M, Pearce JM (2014) Mechanical properties of components 

fabricated with open-source 3-D printers under realistic environmental conditions. Materials & 

Design 58:242-246. doi.org/10.1016/j.matdes.2014.02.038 

[182] McLouth TD, Severino JV, Adams PM, Patel DN, Zaldivar RJ (2017) The impact of 

print orientation and raster pattern on fracture toughness in additively manufactured 

ABS. Additive Manufacturing 18:103-109. doi.org/10.1016/j.addma.2017.09.003 

[183] D’Amico, A. A.; Debaie, A.; Peterson, A. M (2017) Effect of layer thickness on 

irreversible thermal expansion and interlayer strength in fused deposition modeling. Rapid 

Prototyp J  , 23, 943–53. doi: 10.1108/RPJ-05-2016-0077. 

https://doi.org/10.1115/1.4032193
https://doi.org/10.1016/j.jeurceramsoc.2018.11.013
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0955221918306782&orderBeanReset=true
https://doi.org/10.1016/j.compositesb.2016.11.034
https://doi.org/10.1016/j.matdes.2017.03.051
https://doi.org/10.1016/j.matdes.2014.02.038


   
 

55 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[184] Caminero MA, Chacón JM, García-Moreno I,  Rodríguez GP (2018) Impact damage 

resistance of 3D printed continuous fibre reinforced thermoplastic composites using fused 

deposition modelling. Composites Part B: Engineering 148:93-103. 

doi.org/10.1016/j.compositesb.2018.04.054. 

[185] Koç M, Özel T (Eds.) (2011) Micro-manufacturing: design and manufacturing of micro-

products. John Wiley & Sons. 

[186] Wendel B, Rietzel D, Kühnlein F, Feulner R, Hülder G, Schmachtenberg E (2008) 

Additive processing of polymers. Macromolecular materials and engineering 293(10):799-809. 

doi.org/10.1002/mame.200800121 

[187] Campbell TA, Ivanova OS (2013) 3D printing of multifunctional nanocomposites. Nano 

Today 8(2):119-120. doi.org/10.1016/j.nantod.2012.12.002 

[188] Ivanova O, Williams C, Campbell T (2013) Additive manufacturing (AM) and 

nanotechnology: promises and challenges. Rapid Prototyping Journal 19(5):353-364. 

doi.org/10.1108/RPJ-12-2011-0127 

[189] Jia Y, He H, Geng Y, Huang B, Peng X (2017) High through-plane thermal conductivity 

of polymer based product with vertical alignment of graphite flakes achieved via 3D 

printing. Composites Science and Technology 145:55-61. 

doi.org/10.1016/j.compscitech.2017.03.035 

[190]  Dul S, Fambri L, Pegoretti A (2016) Fused deposition modelling with ABS–graphene 

nanocomposites. Composites Part A: Applied Science and Manufacturing 85:181-191. 

doi.org/10.1016/j.compositesa.2016.03.013 

[191] Hwang S, Reyes EI, Moon KS, Rumpf RC, Kim NS (2015) Thermo-mechanical 

characterization of metal/polymer composite filaments and printing parameter study for fused 

deposition modeling in the 3D printing process. Journal of Electronic Materials 44(3):771-777. 

doi.org/10.1007/s11664-014-3425-6 

[192] Krejcova L, Nejdl L, Rodrigo MAM, Zurek M, Matousek M, Hynek D, Zitka O, Kopel  

P, Adam V, Kizek R (2014) 3D printed chip for electrochemical detection of influenza virus 

labeled with CdS quantum dots. Biosensors and Bioelectronics 54:421-427. 

doi.org/10.1016/j.bios.2013.10.031 

https://doi.org/10.1002/mame.200800121
https://doi.org/10.1016/j.nantod.2012.12.002
https://doi.org/10.1108/RPJ-12-2011-0127
https://doi.org/10.1016/j.compscitech.2017.03.035
https://doi.org/10.1016/j.bios.2013.10.031


   
 

56 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[193] Nara S, Chameettachal S, Ghosh S (2014) Precise patterning of biopolymers and cells 

by direct write technique. Materials Technology 29:10-14. 

doi.org/10.1179/1753555713Y.0000000112 

[194] Chang R, Nam J, Sun W (2008) Direct cell writing of 3D microorgan for in vitro 

pharmacokinetic model. Tissue Engineering Part C: Methods 14(2):157-166. 

doi.org/10.1089/ten.tec.2007.0392 

[195] Ngo TD, Kashani A, Imbalzano G, Nguyen KT, Hui D (2018) Additive manufacturing 

(3D printing): A review of materials, methods, applications and challenges. Composites Part 

B: Engineering 143:172-196. doi.10.1016/j.compositesb.2018.02.012. 

[196] ASTM F2792-12a, Standard Terminology for Additive Manufacturing 

Technologies, (Withdrawn 2015), ASTM International, West Conshohocken, PA, 

2012,  doi: 10.1520/F2792-12A 

[197] Bollig LM, Hilpisch PJ, Mowry GS, Nelson-Cheeseman BB (2017) 3D printed magnetic 

polymer composite transformers. Journal of Magnetism and Magnetic Materials 442:97-101. 

doi.org/10.1016/j.jmmm.2017.06.070 

[198] Espalin D, Muse DW, MacDonald E, Wicker RB (2014) 3D Printing multifunctionality: 

structures with electronics. The International Journal of Advanced Manufacturing Technology 

72(5-8):963-978. doi.org/10.1007/s00170-014-5717-7 

[199] Postiglione G, Natale G, Griffini G, Levi M, Turri S (2015) Conductive 3D 

microstructures by direct 3D printing of polymer/carbon nanotube nanocomposites via liquid 

deposition modeling. Composites Part A: Applied Science and Manufacturing 76:110-114. 

doi.org/10.1016/j.compositesa.2015.05.014 

[200] Parandoush P, Lin D (2017) A review on additive manufacturing of polymer-fiber 

composites. Composite Structures 182:36-53. doi.org/10.1016/j.compstruct.2017.08.088. 

[201] Dizon JRC, Espera AH, Chen Q, Advincula RC (2018) Mechanical characterization of 

3D-printed polymers. Addit Manuf  20:44–67. doi.org/10.1016/j.addma.2017.12.002 

[202] Casavola C, Cazzato A, Moramarco V, Pappalettera G (2017) Residual stress 

measurement in Fused Deposition Modelling parts. Polymer Testing 58:249-255. 

doi.org/10.1016/j.polymertesting.2017.01.003 

https://doi.org/10.1179/1753555713Y.0000000112
https://doi.org/10.1089/ten.tec.2007.0392
https://doi.org/10.1016/j.jmmm.2017.06.070
https://doi.org/10.1016/j.compositesa.2015.05.014
https://doi.org/10.1016/j.addma.2017.12.002


   
 

57 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[203] Guillemot F, Mironov V, Nakamura M (2010) Bioprinting is coming of age: report from 

the International Conference on Bioprinting and Biofabrication in Bordeaux 

(3B'09). Biofabrication 2(1):010201. doi.org/10.1088/1758-5082/2/1/010201 

[204] Mironov V, Reis N, Derby B (2006) Bioprinting: a beginning. Tissue engineering 12(4): 

631-634. doi.org/10.1089/ten.2006.12.631 

[205] Murphy SV, Atala A (2012) 3D bioprinting of tissues and organs. Nature biotechnology 

32(8):773–785. doi.org/10.1038/nbt.2958 

[206] Derby B (2012) Printing and prototyping of tissues and scaffolds. Science 

338(6109):921-926. doi.org/10.1126/science.1226340 

[207] Mironov V, Reis N, Derby B (2006) Bioprinting: a beginning. Tissue engineering 12(4): 

631-634. doi.org/10.1089/ten.2006.12.631 

[208] Munoz-Abraham AS, Rodriguez-Davalos MI, Bertacco A, Wengerter B, Geibel JP,  

Mulligan DC (2016) 3D printing of organs for transplantation: where are we and where are we 

heading?. Current Transplantation Reports 3(1):93-99. doi.org/10.1007/s40472-016-0089-6 

[209] Guillemot F, Mironov V, Nakamura M (2010) Bioprinting is coming of age: report from 

the International Conference on Bioprinting and Biofabrication in Bordeaux 

(3B'09). Biofabrication 2(1):010201. doi.org/10.1088/1758-5082/2/1/010201 

[210] Chang CC, Boland ED, Williams SK, Hoying JB (2011) Direct‐write bioprinting three‐

dimensional biohybrid systems for future regenerative therapies. Journal of Biomedical 

Materials Research Part B: Applied Biomaterials 98(1):160-170. doi.org/10.1002/jbm.b.31831 

[211] Ozbolat IT, Hospodiuk M (2016) Current advances and future perspectives in extrusion-

based bioprinting. Biomaterials 76:321-343. doi.org/10.1016/j.biomaterials.2015.10.076 

[212] Li J, Chen M, Fan X, Zhou H (2016) Recent advances in bioprinting techniques: 

approaches, applications and future prospects. Journal of translational medicine 14(1):271. 

doi.org/10.1186/s12967-016-1028-0 

[213] He Y, Yang F, Zhao H, Gao Q, Xia B, Fu J (2016) Research on the printability of 

hydrogels in 3D bioprinting. Scientific reports 6:29977. doi.org/10.1038/srep29977 

https://doi.org/10.1089/ten.2006.12.631
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1186/s12967-016-1028-0
https://doi.org/10.1038/srep29977


   
 

58 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[214] Chia HN, Wu BM (2015) Recent advances in 3D printing of biomaterials. Journal of 

biological engineering 9(1):4. doi.org/10.1186/s13036-015-0001-4 

[215] Hölzl K, Lin S, Tytgat L, Van Vlierberghe S, Gu L, Ovsianikov A (2016) Bioink 

properties before, during and after 3D bioprinting. Biofabrication 8(3):32-

42.doi.org/10.1088/1758-5090/8/3/032002 

[216]  Duan B, Hockaday LA, Kang KH, Butcher JT (2013) 3D Bioprinting of heterogeneous 

aortic valve conduits with alginate/gelatin hydrogels. J Biomed Mater Res Part A 101A:1255–

1264. doi.org/10.1002/jbm.a.34420 

[217] Knowlton S, Onal S, Yu CH, Zhao JJ,  Tasoglu S (2015) Bioprinting for cancer 

research. Trends in biotechnology 33(9):504-513. doi.org/10.1016/j.tibtech.2015.06.007 

[218] Skardal A, Zhang J, Prestwich GD (2010) Bioprinting vessel-like constructs using 

hyaluronan hydrogels crosslinked with tetrahedral polyethylene glycol 

tetracrylates. Biomaterials 31(24):6173-6181. doi.org/10.1016/j.biomaterials.2010.04.045 

[219] Sundaramurthi D, Rauf S, Hauser C (2016) 3D bioprinting technology for regenerative 

medicine applications. International Journal of Bioprinting 2(2):9-26 

doi.org/10.18063/ijb.2016.02.010 

[220] Mohebi MM, Evans JR (2002) A drop-on-demand ink-jet printer for combinatorial 

libraries and functionally graded ceramics. Journal of combinatorial chemistry 4(4):267-274. 

doi.org/10.1021/cc010075e 

[221] Xu T, Kincaid H, Atala A, Yoo JJ (2008) High-throughput production of single-cell 

microparticles using an inkjet printing technology. J. Manuf. Sci. Eng 130(2):021017. 

doi.org/10.1115/1.2903064 

[222] Xu T, Olson J, Zhao W, Atala A, Zhu JM, Yoo JJ (2008) Characterization of cell 

constructs generated with inkjet printing technology using in vivo magnetic resonance imaging. 

J. Manuf. Sci. Eng 130(2):021013. doi.org/10.1115/1.2902857 

[223] Seol YJ, Kang HW, Lee SJ, Atala A, Yoo JJ (2014) Bioprinting technology and its 

applications. European Journal of Cardio-Thoracic Surgery 46(3):342-348. 

doi.org/10.1093/ejcts/ezu148 

https://doi.org/10.1088/1758-5090/8/3/032002
https://doi.org/10.1002/jbm.a.34420
https://doi.org/10.1016/j.tibtech.2015.06.007
https://doi.org/10.1016/j.biomaterials.2010.04.045
https://doi.org/10.1115/1.2903064
https://doi.org/10.1115/1.2902857
https://doi.org/10.1093/ejcts/ezu148


   
 

59 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[224] Murphy SV, Atala A (2014) 3D bioprinting of tissues and organs. Nature biotechnology 

32(8):773785. doi.org/10.1038/nbt.2958 

[225] De Gans BJ, Duineveld PC, Schubert US (2004) Inkjet printing of polymers: state of the 

art and future developments. Advanced materials 16(3):203-213. 

doi.org/10.1002/adma.200300385 

[226] Cui X, Boland T, DD'Lima D, K Lotz M (2012) Thermal inkjet printing in tissue 

engineering and regenerative medicine. Recent patents on drug delivery & formulation 

6(2):149-155. doi.org/10.2174/187221112800672949 

[227] Knowlton S, Yenilmez B, Anand S, Tasoglu S (2017) Photocrosslinking-based 

bioprinting: Examining crosslinking schemes. Bioprinting 5:10-18. 

doi.org/10.1016/j.bprint.2017.03.001 

[228] Skardal A, Mack D, Kapetanovic E, Atala A, Jackson JD, Yoo J, Soker S (2012) 

Bioprinted amniotic fluid‐derived stem cells accelerate healing of large skin wounds. Stem 

cells translational medicine 1(11):792-802. doi.org/10.5966/sctm.2012-0088 

[229] Cui X, Breitenkamp K, Finn MG, Lotz M, D'Lima DD (2012) Direct human cartilage 

repair using three-dimensional bioprinting technology. Tissue Engineering Part A 18(11-

12):1304-1312. doi.org/10.1089/ten.tea.2011.0543 

[230] Catros S, Fricain JC, Guillotin B, Pippenger B, Bareille R, Remy M, Lebraud E, Desbat 

B, Amédée J, Guillemot F (2011) Laser-assisted bioprinting for creating on-demand patterns 

of human osteoprogenitor cells and nano-hydroxyapatite. Biofabrication 3(2):025001. 

doi.org/10.1088/1758-5082/3/2/025001 

[231] Ozbolat IT, Hospodiuk M (2016) Current advances and future perspectives in extrusion-

based bioprinting. Biomaterials 76:321-343. doi.org/10.1016/j.biomaterials.2015.10.076 

[232] Larson C, Shepherd R (2016) 3D bioprinting technologies for cellular engineering. 

In Microscale Technologies for Cell Engineering. Springer, Cham. 

[233] Kang HW, Lee SJ, Ko IK, Kengla C, Yoo, JJ, Atala A (2016) A 3D bioprinting system 

to produce human-scale tissue constructs with structural integrity. Nature biotechnology 

34(3):312-319. doi.org/10.1038/nbt.3413 

https://doi.org/10.1038/nbt.2958
https://doi.org/10.1002/adma.200300385
https://doi.org/10.2174/187221112800672949
https://doi.org/10.1016/j.bprint.2017.03.001
https://doi.org/10.5966/sctm.2012-0088
file:///C:/Users/sagheer/Desktop/BS%20research/Sidrah/review%20paper/.%20https:/doi.org/10.1089/ten.tea.2011.0543
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1038/nbt.3413


   
 

60 
Pakistan Science Bulletin, Volume 1, Number 1: 16-64 
 

[234] Mironov V, Kasyanov V, Markwald RR (2011) Organ printing: from bioprinter to organ 

biofabrication line. Current opinion in biotechnology 22(5):667-673. 

doi.org/10.1016/j.copbio.2011.02.006 

[235] Skardal A, Zhang J, Prestwich GD (2010) Bioprinting vessel-like constructs using 

hyaluronan hydrogels crosslinked with tetrahedral polyethylene glycol 

tetracrylates. Biomaterials 31(24):6173-6181. doi.org/10.1016/j.biomaterials.2010.04.045 

[236] Beyersdorf F (2014) Three-dimensional bioprinting: new horizon for cardiac surgery. 

Eur J Cardiothorac Surg 46(3):339-341. doi.org/10.1093/ejcts/ezu305 

[237] Sawkins MJ, Mistry P, Brown BN, Shakesheff KM, Bassar LJ,  Yang J (2015) Cell and 

protein compatible 3D bioprinting of mechanically strong constructs for bone 

repair. Biofabrication 7(3):035004. doi.org/10.1088/1758-5090/7/3/035004 

[238] Markstedt K, Mantas A, Tournier I, Martínez Ávila H, Hagg D, Gatenholm PB (2016) 
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