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Abstract 

A new photopolymer extrusion 3D printing technique is proposed in this research. This hybrid 

3D printer combines the strengths of two well established and commercial 3D printers i.e. fused 

deposition modelling (FDM) and UV assisted 3D printing (UV3DP). One of the distinct 

features of this novel technique is its two additional rotational axes, which are installed to print 

free-form and self-supported structures. A detailed and comprehensive study is carried out in 

this research on the mechanical characterisation, analysis and modelling of particulate 

nanocomposites printed using photopolymer extrusion technique.  

Photopolymer resin is used as the base material in this technique. Generally, polymers are 

found to have low strength and stiffness. Nano sized fibres or particles are generally embedded 

in the polymer matrix to enhance their properties. Therefore, in order to improve the 

mechanical behaviour of the parts manufactured using photopolymer extrusion 3D printing 

technique, nano silica filler was added to the base material. Different concentrations of the 

silica filler were added and its effect on material viscosity, dimensional accuracy, strength and 

ductility have been studied. This part of the research outlined a suitable range of viscosities 

corresponding to different filler concentrations, provided plausible explanation on dimensional 

accuracy, reported significant improvement in mechanical properties of nanocomposite with 

the addition of the silica filler and  demonstrated the capability of the proposed technique to 

print free-form and self-supported structures.   

Interfacial adhesion, i.e. the bond between matrix and nanoparticles is one of the major 

contributors to the strong mechanical properties of the particle reinforced polymers. A 

comparison of the interfacial adhesion was drawn between 3D printed and casted samples. This 

part of the research outlined with the aid of scanning electron microscopy, why nanocomposites 
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printed using photopolymer extrusion technique have superior mechanical properties than 

casted samples.   

Polymers are viscoelastic materials and they exhibit time dependent response. To study the 

time dependent mechanical response of the photopolymer used in the proposed technique, 

tensile tests at different strain rates were conducted. Silica filler was added to enhance the 

mechanical properties of the polymer. Quasi linear viscoelastic (QLV) model combining hyper 

and viscoelastic phenomena was used to model the rate dependent mechanical behaviour of the 

polymer and polymer reinforced composite with different concentrations of the filler. This part 

of the research outlined that the addition of the silica enhanced the mechanical properties of 

the polymer. It also outlined that higher filler content could lead to weak mechanical properties. 

Furthermore, it showed that QLV model with Yeoh’s strain energy density function 

successfully captures the rate dependent stress-strain behaviour of the polymer and 

nanocomposite.      

Finite element modelling (FEM) is a powerful tool and is commonly used to predict the 

behaviour of polymer nanocomposites.  A FE model was developed by combining hyper and 

viscoelastic phenomena to investigate the effect of filler concentration on mechanical 

behaviour of the 3D printed particulate nanocomposite. The FE model with Yeoh’s strain 

energy density function showed good agreement with experimental results. Finally, In order to 

study the mechanical behaviour of filler concentrations outside the reliable printing zone, 

empirical models were developed. These empirical models can predict the tensile strength of 

the nanocomposite based on filler concentration and the material viscosity.    

The findings of this research give an insight into the mechanical characterisation and modelling 

of the 3D printed particulate nanocomposites using photopolymer extrusion technique.  
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CHAPTER 1: INTRODUCTION 

1.1  Motivation and scope 

At present, three dimension (3D) printing is widely used in different engineering fields 

(biomedical, mechanical, aerospace and many more). 3D printed objects are commonly used 

in various applications such as microsensors and actuators, fuel nozzles, scaffolds for cellular 

growth, home furniture and jewelry, to name a few [1]. Polymers are commonly used in 3D 

printing techniques due to characteristics like cost effectiveness, low weight and low 

processing time. Different 3D printing techniques have been used to manufacture polymers. 

Some are well established techniques such as stereolithography (SLA), fused deposition 

modelling (FDM), selective laser sintering (SLS), and inkjet printing; where some of the 

techniques are still in development stages.  

Polymers are commonly found to have weak mechanical properties i.e. low tensile strength and 

Young’s modulus. In order to improve their mechanical properties and expand their 

applications, inorganic particulate fillers ranging from micro/nano-silica, glass, Al2O3, 

Mg(OH)2 and CaCO3 particles, and carbon nanotubes are normally added. These fillers by 

introducing their rich mechanical behaviour enhance the physical and mechanical properties of 

the polymers. Particles can be mixed in polymers, whether they are in powder shape as for SLS 

or in liquid form as for SLA, or further to be extruded into printable filaments for FDM. The 

main purpose for 3D printing of particle reinforced composites is to increase the tensile 

strength, toughness and Young’s modulus.  

Even though the addition of micro/nano particles improves the mechanical properties of the 

polymer composites, when compared with the polymer composites manufactured with 

traditional techniques, majority of the 3D printed composites still found to have weak 

mechanical properties. Weak matrix-particle interfacial adhesion, non-homogenous dispersion, 
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and particle loading are some of the factors that contribute to the weak mechanical properties 

of 3D printed particulate-polymer composites.  

Several complex 3D structures that include supported (layer-by-layer) and self-supported 

(helix), can be printed using most of the 3D printing techniques. However, manufacturing of 

3D free form micro structures like helical geometries without the need of support material is 

still a big challenge [2-4]. The existence of support materials in 3D printing techniques have 

also been found to be disadvantageous as excessive material is required to hold the shape and 

rigidity of an object. The concept of adding additional rotational axes to the system to eliminate 

this problem has shown promising results, but systems still lack the capability to print complex 

structures without supports.  

The aforementioned issues lead to the development of a new 3D printing technique which 

combines the strength of two well established commercial 3D printing techniques e.g. FDM 

and UV assisted 3D printing (UV3DP). This hybrid 3D printer uses liquid photopolymer and 

cures it using two UV laser diodes similar to UV3DP and extrudes the material in similar 

fashion to FDM. In addition, the proposed printer has two additional rotational axes which are 

installed to print complex free form and self-supported structures.   

Therefore, in this research, a detailed investigation has been carried out in order to study, 

analyse, characterise and model the behaviour of the samples printed using the new 

photopolymer extrusion 3D printing technique. 

1.2 Outline and objectives of the thesis 

As the proposed method is a new 3D printing technique, mechanical characterisation, analysis 

and modelling of the parts manufactured using this technique are yet to be studied. Therefore, 

detailed experimentation and computer simulations were carried out in this research on the 
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parts manufactured using the proposed technique and its basic capability to print free form and 

self-supported structures using additional rotational axis was studied. 

As part of these investigations, chapter 2 provides the literature review of the existing state of 

the art 3D printing techniques and different material used in the respective techniques. Chapter 

2 also discusses 3D printing of filler reinforced polymer composites using existing 3D printing 

technologies. This chapter outlines from the literature certain limitations that the existing 3D 

printing techniques face in order to print polymer composites. It also provides a brief overview 

of the analytical and finite element (FE) methods used to model nanocomposites. The literature 

on the analytical modelling of nanocomposites indicates that existing models only predict 

effective stiffness and very little attention has been given to model the stress-strain relationship. 

In case of finite element method (FEM), majority of the work focused only on linear elastic 

properties of the nanocomposites. Little attention has been given to model the viscoelastic 

properties of the 3D printed particulate-polymer composites. It also indicates that most of the 

existing 3D printing techniques struggle to print free form and self-supported 3D structures; 

however, there are some 3D printers that are designed to cater this difficulty, but still these 

systems are unable to print free standing structures.   

Chapter 3 provides the detailed experimental analysis by outlining the basic structure of the 

new 3D printing technique. Preliminary experimental study was conducted on old 3-axis printer 

to explore the range of filler concentrations, UV light intensity and other process parameters.  

Experimentation on 5-axis 3D printer was then formulated first by studying the effect of filler 

on material viscosity, which plays a crucial role for the smooth extrusion of the material. 

Different filler concentrations were added in the photopolymer and their viscosities were 

measured. A suitable range of viscosities was then proposed to effectively extrude the material. 

The effect of filler on dimensional accuracy was examined which provides plausible 

explanation on the difference between the printed and target dimensions. The effect of filler on 
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surface roughness was investigated by using optical profilometer and elaborated further with 

the help of scanning electron microscopy (SEM). The effect of filler on mechanical properties 

was also studied by conducting tensile and 3-point bending tests. Adding the filler enhanced 

the mechanical properties of the photopolymer and significant improvement in tensile as well 

as flexural strength was observed. Finally the basic capability to print free form and self-

supported structures by utilising two rotational axes was successfully demonstrated, stair case 

and horizontal U shape objects were successfully printed, demonstrating the capability of this 

new technique of utilising 5-axis to print free standing structures.  

Chapter 4 discusses the effect of filler on interfacial adhesion of the printed nanocomposite. A 

comparison of interfacial adhesion of printed and casted samples is drawn by conducting tensile 

tests and employing existing theoretical models yielding interfacial adhesion parameters. In 

addition, the chapter discusses that 3D printed samples have much stronger interfacial adhesion 

compared to cast samples and evaluates this finding by using scanning electron microscopy 

(SEM) to study the distribution of the filler on subsurface of the nanocomposite.  

Chapter 5 investigates the strain rate dependent mechanical behaviour of the silica reinforced 

nanocomposite by conducting the tensile tests at different strain rates. It also outlines the effect 

of filler on mechanical properties, further it provides minimum amount of filler required to 

enhance the mechanical properties of the nanocomposite. Quasi linear viscoelastic (QLV) 

model combining hyper and viscoelastic phenomena has been employed which successfully 

captures the stress-strain relationship of the nanocomposite over the range of strain rates.   

A numerical study was conducted in chapter 6 by FE modelling of the mechanical behaviour 

of the 3D printed nanocomposite based on hyper and viscoelastic phenomena. Tensile tests 

were conducted on three filler concentrations, stress relaxation tests were conducted to identify 

the viscoelastic properties. Computational model was found to have good agreement with 
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experimental results. To explore the mechanical properties of the filler concentrations outside 

the reliable printing zone, empirical models were developed. The empirical models can predict 

the tensile strength of the nanocomposite based on filler concentrations and material viscosity.   

In the end, chapter 7 provides the conclusions of the thesis and suggests potential areas 

deserving further research and investigations.  
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Additive manufacturing or 3D printing  

Three dimension (3D) printing, also known as additive manufacturing, follows the principle of 

laying down successive layers of material (sheet material, powder or liquid) on top of each 

other by detecting the data from a CAD file [5, 6]. Every layer equals to a slice of a CAD model 

and they join together to make the final shape. In 1981 Hideo Kodama of Nagoya Municipal 

Industrial Research institute introduced this procedure after inventing manufacturing methods 

to create a 3D plastic model [7]. The process is much more advanced now a days and different 

3D printers have been developed which are more sophisticated than the original machine. This 

has enabled the application of 3D printing technology in the fields such as aerospace, food 

industry, consumer products, education, manufacturing and medicine [8, 9].  

3D printing techniques usually do not require the use of masks, moulds or dies to fabricate the 

3D objects. However, a 3D CAD model is used in all 3D printing technologies, a .STL 

(Streolithography or Standard Triangulate Language or Standard Tessellation Language) file 

format is imported to the printer containing the coordinates of the vertices of triangulated 

sections for each surface of the CAD model. The .STL file can then be interpreted and 

converted into a G-Code (numerical programming language) by printer slicer software. A G-

code contains the information on 2D horizontal cross sections, which prints 3D replicas of the 

input 3D CAD model in a layer by layer arrangement [10].  

2.2 3D printing processes  

The following sections outline the 3D printing processes and most common 3D printing 

technologies associated with each process.  
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2.2.1 Binder jetting  

In this process, fabrication of objects is done by joining powdered materials through jet 

deposition of binding agents. Figure 2.1 shows the schematic of the binder jetting process. 

Materials used in binder jetting are polymers, ceramics, and metals. The technology which 

utilises this method is discussed below.  

 

Figure 2.1. Schematic of binder jetting process [11] 

2.2.1.1 Powder bed and inkjet head 3D printing (3DP) 

This technique is based on powder processing; first powders are spread on the build platform 

and then selectively combined into the patterned layer by deposition of liquid binder through 

inkjet print head, which moves in x-y directions. The most important advantages of this 

technique are the material selection flexibility and room temperature processing environment. 

Theoretically, this technique can print any polymer materials in powder state.  

2.2.2 Material jetting  

In this process, fabrication of objects is done by setting down small droplets of filaments, which 

are later cured by exposure to UV light. Figure 2.2 shows the schematic of the material jetting 

process. Materials used in this technique are photopolymer and wax.  
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Figure 2.2. Schematic of material jetting process [12] 

2.2.3 Direct energy deposition 

In this process fabrication of objects is done by suing focused thermal energy for fusing 

material as it is deposited on substrate; materials used are powder and wire. Figure 2.3 shows 

the schematic of binder jetting process.  

Figure 2.3. Schematic of direct energy deposition [11] 
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2.2.4 Material extrusion  

The basic working principle of the material extrusion is to selectively dispense material through 

nozzle or orifice at discrete locations in build volume, material used are polymers. The 

technologies which utilise this method are discussed below. 

2.2.4.1 Fused deposition modelling 

FDM printer as shown in Figure 2.4 works by inserting thermoplastic filament into a hot 

extruder, which through the print head melts and extrudes the filament with a thickness 

depending on the software and hardware settings. Layer by layer format is used to deposit the 

melted thermoplastic in order to create 3D objects [10, 13]. 

 

Figure 2.4. FDM printer [14] 

After the deposition of first layer, in order to deposit the subsequent layer, build platform of 

the printer moves downward with the distance equal to the thickness of first layer. The process 

continues until the printing of the 3D object is completed [15].  

Fused deposition modelling (FDM) is the most commonly used 3D printing technique for the 

manufacturing of polymer composites. ABS, PC and PLA are most commonly used 
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thermoplastics because of low melting temperatures. One of the common difficulties in printing 

composite material with FDM is that the material has to be in filament form in order to enable 

the extrusion process. Homogenous dispersion of reinforcements and removal of void 

formation during manufacturing of composite filaments is a challenging task. Another 

drawback of FDM printer is limitation of material used which is limited to thermoplastic 

polymers having sufficient melt viscosity. Advantages of FDM printers include high speed, 

low cost and simplicity [16].  

2.2.4.2 3D plotting/direct-write 

Smay et al [17] developed the direct-write technique which is an extrusion based system in 

which variety of inks can be patterned both in planar and 3D shapes having feature sizes as 

fine as 250 nm. In this technique, compressed air is used to push inks with controlled 

rheological properties using single nozzle having diameter in the range of 1 to 500 µm. This 

technique deposits inks at room temperature depending on ink rheology and nozzle diameter 

using controlled printing speed and pressure. A wide range of inks can be processed by direct-

write assembly e.g. colloidal suspension and gels, polymer melts, nanoparticle-filled inks, and 

hydrogels. Figure 2.5 shows the schematic of the 3D plotting/direct write technique.  
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Figure 2.5. Schematic of 3D plotting/direct write technique [16] 

Material flexibility is the key advantage of this technique. 3D plotting printers can easily load 

solutions, pastes and hydrogels.  

2.2.5 Photo-polymerisation 

Photo-polymerisation is an additive manufacturing process that follows the principle of 

selectively curing a liquid polymer by polymerisation process, which is initiated by a light 

source (most commonly UV light). Some of the most commonly used technologies which use 

this method are discussed below.  

2.2.5.1 Stereolithography (SLA) 

Stereolithography uses photopolymer liquid resin curable by ultraviolet (UV) light to print 3D 

objects as shown in Figure 2.6. It works by curing the liquid photopolymer using UV light layer 

by layer, while printed 3D object is slowly pulled down by build platform by a distance equal 

to the thickness of the first layer. One whole 2D cross section of the final 3D object is cured 
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by UV laser based on the input 3D CAD model by scanning the laser along the 2D cross section 

[10, 13, 18]. After a layer is cured, a resin loaded blade levels the surface of the resin in order 

to ensure a uniform layer of liquid before the next layer is cured. 

 

 

 

 

 

 

 

 

Figure 2.6. SLA Printer [14] 

A relatively new subtype of SLA printer is the digital light processing (DLP) in which photo-

polymerisation of liquid resins are carried out by using DLP projector light instead of scanned 

laser. The major differentiating factor between SLA and DLP 3D printing techniques is that 

DLP projector uses one single shot to cure on whole 2D cross section, whereas in SLA the laser 

has to be scanned across the entire 2D cross section. [10, 15].  

Acrylic and epoxy resins are typical polymers used in SLA. In order to control the quality of 

the final printed part, it is critical to understand the curing reactions occurring during photo-

polymerisation. Laser power intensity, duration of exposure to UV light and scan speed has 

some effects on curing time and printing resolution [19]. Depth of photo-polymerisation can 

be controlled by adding the UV absorbers and photo initiators to the resin [20].  
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2.2.5.2 UV – assisted 3D printing (UV-3DP) 

The UV- 3DP technique is based on robotically-controlled micro-extrusion of a UV curable 

ink filament while the extrusion point is moved in three directions. Photo-polymerisation of 

uncured material occurs within seconds under UV exposure. Robot head contains the UV light 

emission set up which follows the extrusion point. Circular pattern of a set of six optical fibres 

as shown in Figure 2.7 delivers the UV light which is provided by two high intensity UV light 

emitting diodes of wavelength 356 nm near to the extrusion point at the tip of the extrusion 

micronozzle [21].  

Figure 2.7. UV assisted 3D printing process [21] 

2.2.5.3 Digital light processing (DLP) 

DLP is a relatively new derivative of SLA technology, DLP utilises projector light instead of 

UV lasers to cure the photopolymer. The major difference between DLP and SLA is the entire 

2D cross section is cured by DLP projector in a single shot, while in SLA laser scans across 

the 2D cross section. Figure 2.8 shows the schematic of the digital light processing technique.  
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Figure 2.8. Schematic of digital light processing technique [22] 

2.2.6 Powder bed fusion  

Powder bed fusion is an additive manufacturing process which follows a principle of 

selectively fusing regions of a powder bed using thermal energy (laser or electron beam 

source). Some of the most commonly used technologies which use this method are discussed 

below.  

2.2.6.1 Selective laser sintering (SLS) 

A laser (normally a CO2 laser) is utilised in laser sintering as shown in Figure 2.9 that 

selectively sinter bonds the powder in layer by layer arrangement in order to develop the 3D 

object [23, 24]. After the completion of laser sintering of one thin layer of powder, the next 

layer of powder is ready to be spread over and the build platform lowers at a distance equal to 

thickness of the first layer.  

Even though theoretically SLS can process thermoplastic polymer in powder form, there is a 

limitation in the choice of materials in SLS process due to complex consolidation behaviour 
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and molecular diffusion during sintering [25]. Presently, polycaprolactone (PCL) and 

polyamide (PA) are commonly used laser sintering materials.  

Figure 2.9. SLS printer [14] 

2.2.6.2 Selective laser melting (SLM) 

Selective laser melting’s working principle is similar to SLS, apart from lasers having higher 

power to melt metal powders in an inert gas atmospheres [23]. Compared to SLS printing, SLM 

provides denser metal objects. Generally, parts manufactured by SLM have low porosity and 

high mechanical strength [26]. Figure 2.10 shows the schematic of SLM technique.  
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Figure 2.10. Schematic of selective laser melting technique [27] 

2.2.6.3 Electron beam melting (EBM) 

Another powder bed fusion technology that utilises high-power electron beam source rather 

than a laser source under vacuum is known as electron beam melting (EBM) [13, 23]. The 

electromagnetic coils are used to focus the electron beams and deflect them to desired spots 

using electromagnetic steering coils [28]. Figure 2.11 shows the schematic of EBM technique. 
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Figure 2.11. Schematic of electron beam melting technique [29] 

2.2.7 Other techniques 

A number of new techniques have been developed in the recent past, for example Polyjet which 

works by polymerisation, by depositing the droplets of photopolymer ink [30]; digital light 

processing (DLP) in which the entire surface of photopolymer is selectively polymerised with 

the help of projector light [31]; liquid deposition modelling (LDM), which is based on additive 

deposition of material layers directly from a solution in a volatile solvent [32]; and fibre 

encapsulation additive manufacturing (FEAM) in which  a fibre and a matrix are co-deposited 

simultaneously within a single printer and the extruded flowable polymer matrix encapsulates 

the fibre. When compared with conventional 3D printing techniques, these techniques are less 

time consuming or have variety of material selection. However, these techniques have been 

adapted in few researches due to their complexity and high cost.  
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2.3 3D printing of polymers 

Polymer materials having low melting point or in liquid state are commonly used in additive 

manufacturing industry due to the characteristics like low cost, light weight and shorter 

processing time. 3D printing technology can be used to process thermoplastic polymer 

materials such as acrylonitrile butadiene styrene (ABS) [33-35], polylactic acid (PLA) [33, 35, 

36], polyamide (PA) [37] and polycarbonate (PC) as well as thermosetting polymer materials 

like epoxy resins. In order to complete the polymerisation process, epoxy resins require thermal 

or UV-assisted curing as they are reactive materials, and they initially show low viscosity, 

which increases as the curing proceeds [38-40]. Therefore, epoxy resins are ideally suited for 

heat or UV-assisted printing process. 3D printed polymers are used in different applications 

e.g. creating complex lightweight structures for aerospace industries [41], structural models for 

architectural industries [42], artefact replication or education in art fields [43] and printing of 

tissues and organs for medical field [8]. However, majority of 3D printed polymers are still 

used as conceptual prototypes, since 3D printed pure polymer products bear the disadvantage 

of weak strength and struggle to be used as efficient load bearing parts. These disadvantages 

lead to the limited use of 3D printed polymers in industrial applications.  

3D printed polymer composites overcome these limitations using combination of matrix and 

reinforcements, so that enhanced structural properties not attainable by any of the constituents 

alone can be achieved. Polymer matrix composites are formed by the addition of particles, fibre 

or nanomaterials as reinforcements into polymers, which bear improved mechanical properties 

and excellent functionality. Traditional composite manufacturing techniques such as, moulding 

and machining, manufacture objects with complex geometries by removing material from a 

larger stock or sheet metals [44]. Even though using these methods, performance and 

manufacturing processes of composites are well controlled and understood, the capability to 

control the complex internal structure is limited. Additive manufacturing is able to manufacture 



19 
 

complex composite structures without generating typical waste. Computer aided design (CAD) 

precisely controls the size and geometry of the composites. Thus 3D printing of composites 

yields a very good combination of high performance products and process flexibility [16]. 

Addition of different materials for attaining required mechanical properties is a positive step to 

enhance the properties. Therefore, significant attention has been given to the development of 

the composite materials which are compatible to the available printers. Many studies in 

acquiring new printable particles, fibres or nanomaterials reinforced composites have been 

conducted [45-47]  

Different 3D printing techniques have been used to manufacture polymer composites. Some of 

them are well-established techniques such as stereolithography (SLA), fused deposition 

modelling (FDM), selective laser sintering, and inkjet printing; whereas some of the techniques 

are still in development stages or in practice with small groups of researchers. Each technique 

has its own advantages and disadvantages in manufacturing composites materials.  

2.4 Particle reinforced polymer composites  

Particle reinforcements are commonly used to enhance the properties of polymer matrix due to 

their low cost. Particles are easy to mix in polymers, whether they are in powder shape as for 

SLS or in liquid form as for SLA, or further to be extruded into printable filaments for FDM. 

Different types of reinforcement particles can be used for enhancing the properties of 3D 

printed polymer matrix composites, such as improvement in tensile/storage modulus by the 

addition of glass beads [48] and iron and copper particles [49]; or improvement in wear 

resistance by addition of aluminium and aluminium oxide (Al2O3) [46]. FDM, SLS or SLA 

techniques were used to fabricate cuboid or cylinder shaped parts in these cases and 

improvement in the properties were observed.   
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Adding the particles in the polymers also helps to eliminate some obstacles in the printing 

process. For instance, one of the obstacles in FDM printing process is the deformation of the 

final printed parts, which is due to the thermal expansion of the polymer. Addition of metal 

particles into the polymer was found to be an effective solution to this obstacle [50]. When 

copper and iron particles are added, large reductions in the coefficient of thermal expansion 

was observed in ABS composite, thus reducing the distortion of the printed part. [50] A novel 

magnetically assisted 3D printing platform was developed by Kokkin’s et al. [51] in which the 

orientation of particles can be controlled by incorporating magnetised alumina platelets into 

polymer matrix. The alignment of anisotropic particles helped to achieve the target properties 

in particular direction of the printed composite.  

Although, the performance of the polymer composites is improved with the addition of 

reinforcements, in comparison with the polymer composites developed by traditional moulding 

methods, majority of the printed composites still found to have weak mechanical properties 

and struggle [16]. Several factors contribute to the weak mechanical strength of 3D printed 

particulate-polymer composites, e.g. non-homogenous dispersion, weak interfacial adhesion, 

particle loading, and presence of voids. How to avoid the occurrence of these factors to ensure 

strong mechanical properties requires a further significant research.   

Homogenous dispersion of nanoparticles plays an important role to attain the desired properties 

of the composite by 3D printing technique. If the nanoparticles are dispersed homogenously 

throughout the matrix, the interfacial adhesion between the matrix and the nanoparticles will 

be very strong, and the externally applied load can be effectively transferred from the matrix 

to the nanoparticles. Hence, improved mechanical properties are achieved. If the particles are 

not dispersed homogenously, load cannot be transferred effectively from the matrix to the 

nanoparticles because of the weak interfacial adhesion and the strength of the composite cannot 

be any higher than the neat polymer. To eliminate agglomeration of nanoparticles and to ensure 
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improved interfacial adhesion between matrix and nanoparticles, a proper homogenisation 

technique should be employed. Some researchers have used the chemical surface treatment of 

nanoparticles [52] prior to printing and they reported significant improvement in the 

mechanical properties.  

2.5 Nanocomposites  

Nanocomposites are the type of composite materials in which matrix material is reinforced by 

nano sized filler materials in order to enhance the properties. Polymers are most commonly 

used as matrix material for nanocomposites. Nanomaterials have characteristic dimensions 

(e.g. grain size, diameter, aspect ratio) smaller than 100 nm.  

Carbon nanotube [53], graphene [54], graphite [55], metal nanoparticle [56] and ceramic [57] 

as nanomaterials demonstrate unique mechanical, electrical and thermal properties. Thus, 

adding nanomaterials into polymers could lead to the development of high-performance 

functional composites.  

Basically, there are three kinds of fillers in nanocomposites. They can be classified as cylinder-

like nanofibres (nanotubes), flake-like (disk-like) platelets, (nanoclays, nanolayers) and 

spherical-like particulates as shown in Figure 2.12. 

 

Figure 2.12. Schematic of (a) nanotube (b) nanoplatelet [58] 
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In case of nanocomposites reinforced with fibre, there are two categories which depends on the 

orientation of the fibres, i.e. aligned fibres and randomly oriented fibres as seen in Figure 2.13. 

(a)          (b) 

              (c) (d) 

Figure 2.13 Nanocomposite containing (a) aligned fibres (b) randomly distributed fibre (c) 

aligned platelets (d) randomly oriented particulates [58] 
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There have been a number of attempts in which nanomaterials were used to enhance the 

mechanical properties of printed composite parts. Adding 5% nano-titanium dioxide (TiO2) 

[59], 10% by weight of carbon nanofibre [60] or 10% by weight of multi-walled carbon 

nanotube [61] demonstrated a 13.2%, 39% and 7.5% improvement in tensile strength of printed 

nanocomposite compared to neat polymer parts respectively; however, a decrease in elongation 

and more brittle behaviour were observed in these cases. SLA fabricated graphene 

oxide/photopolymer composite was investigated by Lin et al. [62]. They reported a significant 

improvement in strength and ductility with 62.2% increase in tensile strength and a 12% 

increase in elongation with 0.2% of graphene oxide.  In addition, an increase in thermal stability 

of printed nanocomposite was obtained by the addition of nano-TiO2 [52] and nano-clay [63] 

into polymer matrix.  

2.5.1 Modelling of nanocomposites 

Even though applying continuum mechanics (including micro mechanics) to nano filler 

reinforced composites have been critically reviewed [64], many researchers have applied 

continuum mechanics to nanostructures and nanomaterials and have reported positive results 

and clarified certain issues [65, 66]. Micromechanics is a technique that identifies the properties 

of composite materials by studying the constituents of the composite materials. By identifying 

the properties of each constituent, micromechanical methods predict the mechanical behaviour 

of composite materials as a function of the properties of those constituents.  

2.5.1.1 Analytical models 

Several analytical models have been developed for studying and analysing the stiffness of the 

filler reinforced composite materials. Voigt [67] derived the equations for the effective 

modulus in fibre direction by assuming that the same uniform strain is applied to fibre and 

matrix in the fibre direction. Reuss [68] applied uniform stress on the fibre and matrix in the 

transverse direction and obtained the effective modulus in the transverse direction. Hashin and 
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Shtrikman [69, 70] worked on the macroscopical isotropy and quasi homogeneity of the 

composite, where shape of the filler is not the limiting factor, and used vibrational principles 

of elasticity to estimate the upper and lower bounds of the composite. Halpin and Tsai [71] got 

the equations for the estimation of elastic constants based on the work of Herman and Hill [72]  

for aligned fibre reinforced composite material. Mori and Tanaka [73] derived the analytical 

expressions to obtain elastic constants based on equivalent inclusion model of Eshelby [74].  

Response of the composite is predicted by all micromechanics models based on volume 

fraction in addition to the individual properties of the matrix and inclusion phases and can 

typically account for orientation distribution and inclusion shape within the composite. 

Generally, similar results can be obtained from most established micromechanics models for 

the prediction of modulus at relatively low volume fractions, with these discrepancies 

becoming more evident at higher volume fractions and as the modulus of the inclusion 

decreases towards zero (in case of voids). While these micromechanics based models are able 

to predict the effective modulus of the material, they are unable to provide stress or strain 

results due to the effective medium averaging approach.  

2.5.1.2 Finite element modelling (FEM) 

Finite element method as a powerful numerical tool has been used to model mechanical 

behaviour of composite materials since early 1970s [75, 76]. Ever since, various finite element 

models have been developed to characterise different kinds of composite materials [77, 78]. A 

single unit cell of nanoparticle and polymer is considered as the simplest case for FEM [79, 

80]. While other cases have also been considered with larger representative volume elements 

(RVEs) in which interaction of particles could be studied. 

The representative volume element is generally considered as a volume of heterogeneous 

material that is adequately large to engulf all major heterogeneities of the composite’s 
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microstructure, and to be statically representative of that composite material. The size of the 

RVE is of great importance in order for it to be representative. Different kinds of boundary 

conditions can be applied on RVE to calculate the effective properties of the composite. Figure 

2.14 shows the RVEs consisting of randomly distributed identical spherical particles and 

periodically distributed identical particles, respectively. 

    

                                  (a)  (b) 

Figure 2.14. (a)  RVE consisting of randomly distributed identical spherical particles (b) RVE 

consisting of periodically distributed identical particles [81] 

Li and Chou [82] further studied the RVE concept employed by Hyer [83] and Nemat-Nesser 

and Hori [84] for conventional fibre-reinforced composites at the microscale to nanoscale, and 

used three dimensional nanoscale RVE based on elasticity theory to predict the effective 

mechanical properties of CNT-based composites and solved it using finite element method. A 

single or multiple nanofiller(s) make up an RVE with surrounding matrix materials, together 

with proper boundary conditions that are applied to account for the effects of surrounding 

materials. It is used as a building block to assemble the composite. In a study conducted by 
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Zhang et al. [85], RVE method was used to study the mechanical behaviour with particular 

attention to the damage mechanisms of SiCp/Al composites. They developed a 3D 

microstructure finite element model predicting elasto-plastic response and fracture behaviour 

of 7% volume fraction SiCp/Al composite. Hua et al. [86] analysed the mechanical behaviour 

of TiO2 nanoparticle reinforced resin based dental composites using a 3D nanoscale RVE. They 

characterised the effects of nanoparticle volume fraction, aspect ratio, stiffness and interphase 

zone between resin matrix and nanoparticle on bulk properties of the composite. Hua et al. [87] 

used nanoscale RVE to investigate the effect of interphase geometry and property on the 

mechanical behaviour of the silica-epoxy resin nanocomposite. They found that interphase 

modulus and interfacial bonding conditions have significant influence on effective stiffness of 

nanocomposites. After analysing the literature on FEM of nanocomposites, it is quite evident 

that until now, majority of the studies focused on linear elastic properties of the nanocomposites 

as functions of volume fractions, filler properties and in some cases filler orientation. The 

influence and effect of viscoelastic properties have been neglected.  

2.6 Three dimensional printing of free form and self-supported structures 

Many complex 3D features require support structures to hold the shape of an object during 3D 

printing process. The existence of these supports has been a major drawback for the technology 

as it increases production time, in terms of printing time as well as the time required for removal 

of the supports. Additional materials are required to build the supports, hence increasing the 

production cost. Due to the fact that the tool pathway is restricted by the printing sequence of 

layer by layer technique, printing capability is limited and complex shapes might not be 

feasible. The mechanical properties will also depend on the orientation of the slicing plane. 

Difference in strength of the materials along and in between the slice planes may cause errors 

in design calculation and prevent its use in potential applications.  
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One approach to eliminate the difficulty of printing complex free form and self-supported 

structures is the introduction of additional rotational axes to the system. At the moment there 

are very few 5-axis printers and they are still under development. Some of them are discussed 

below.  

2.6.1 Optomec Inc. 5-axis printer 

Optomec Inc. has developed a 3D printer that implements a 5 axes system to print electronics 

on complex 3D surfaces. It has a print envelope of 200mm ×300mm ×200mm, and has the 

capability to print features from 10 μm to 1 mm. Following the steps from Figure 2.15, the 

material in the liquid state is atomised and the particles are refined through a virtual impactor. 

Inert carrier gas is utilised to transfer the aerosol to the deposition head. In the end, the aerosol 

is deposited at a high velocity by focusing the aerosol with an annular sheath gas. The 

additional axes of the system enable the printer to access complex surfaces of an object. Despite 

utilising a 5 axes system, the printer is still limited to layer by layer techniques as the 

technology involves high velocity deposition, materials are volatile and hard to handle and 

sensitive to the environment [88].  

Figure 2.15. Aerosol jet process [88] 
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2.6.2 TWI 5-axis printer 

Another 3D printer that utilises a 5-axis system has been developed by The Welding Institute 

(TWI) using laser metal deposition (LMD) technology. The principle of this technology is 

based on selective laser sintering and laser cladding. Two processes are considered in the 

project; laser metal deposition with powder (LMD-p) and with wire (LMD-w). Figure 2.16 (a) 

describes the concept of LMD-p. In this process, metal powder is used to clad conformal 

surfaces and to build up self-supporting 3D structures. The metal is injected through the nozzle 

and to the laser focal zone. It is then melted and re-solidified into fully dense metal parts. In 

comparison, as seen from Figure 2.16 (b), LMD-w uses wire from a continuous spool feeder 

[89]. The advantage of this system is that it is versatile to make a custom alloy by combining 

different materials. The toolpath is mapped in a 5-axis vector with deposition parameters to 

guide a 3-axis coaxial nozzle across a moving substrate manipulated by a 2-axis CNC rotary 

table. By utilising rotational axes, generation of rotational and helical structures are relatively 

easy. The technique deposits the material layer by layer and the rotary table acts like a potter’s 

wheel in forming a clay pot. Figure 2.16 (c) shows an example of the printing process. The 

technology is mainly used for coating and repairing of complete products, combining different 

production methods and bridging of gaps. Since the materials used are metal powders, the 

technology shows extensive applications in the aerospace and automotive industries [90]. The 

use of a rotational axis significantly reduced production time, especially in generation of helical 

shapes. However, the technology is still a layer by layer method, and it is unavoidable to build 

a supporting platform that is difficult to disconnect due to strong bonding between welded 

components. 
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Figure 2.16. (a) Laser metal deposition with wire (LMD-w) concept (b) laser metal 

deposition with powder (LDM-p) (c) 5-ais manufacturing of the helicopter engine 

combustion casing [89] 

2.6.3 FDM based 5-axis printer 

The most recent research that integrates additional axes to a 3D printing system uses FDM 

technique and has been developed by the University of Oslo [91] As can be seen from Figure 

2.17, the printer has a fixed XZ plane motion on the print head. Two rotational axes and the Y-

axis are attached to the print bed. This enables the printing of overhanging structures without 

the need for support materials. Hence, it saves time to remove the support and also minimises 

the use of material to print. However, the additional degree of freedom is used here 

predominantly to have the capability to print smoother surfaces on curvature planes. With a 

fixed nozzle head, not only that it limits tool pathing while printing complex structures, but 

also gravitational factors are to be considered if the object is tilted during the printing process. 

Thermal degradation of the material also prevents its application for smart materials [91]. 
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Figure 2.17. FDM based 5-axis printer [91] 

2.7 Research gap 

3D printing technique proposed in this study is relatively new and in depth study on mechanical 

characterisation of the photopolymer used as base material and reinforced with silica filler has 

not been characterised yet. Theoretical modelling i.e. capturing stress-strain behaviour of 

photopolymer and nanocomposite, and finite element modelling of the parts manufactured 

using the proposed technique have not been carried out either.  The proposed technique has 

two additional rotational axes which makes it unique compared to existing 3D printing 

techniques, its capability to utilise those axes to print free-form and self-supported structures 

have not been demonstrated yet.  

Therefore, in this thesis in order to study mechanical behaviour, theoretical and finite element 

modelling and testing the capability of proposed technique to print free-form and self-

supported structures, following investigations will be carried out: 

• In order to identify the suitable range of viscosities to print reliably, study on the effect

of filler on material viscosity will be carried out.
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• Silica is used as a filler and its effect on mechanical properties e.g. tensile strength and

flexural strength, dimensional accuracy and surface roughness of 3D printed

nanocomposite will be studied.

• The proposed technique’s capability to print free-form and self-supported structures

utilising additional rotational axes will be demonstrated.

• Interfacial adhesion which plays very important role in improving mechanical

properties of the nanocomposites will be thoroughly investigated.

• Viscoelastic properties of the polymer and nanocomposite will be determined,

minimum amount of filler required to enhance the mechanical properties of the

nanocomposite will be proposed and existing theoretical models will be used to capture

the stress-strain behaviour of the polymer and nanocomposite.

• Printing the nanocomposite with high filler concentration is difficult, in order to study

the behaviour of the high filler concentrations bearing high viscosity, a finite element

model will be developed. After validating the finite element model, empirical model

will be developed which will predict the behaviour of filler concentrations bearing high

viscosities.

2.8 Chapter summary 

As discussed in section 2.3, majority of the 3D printed polymers still struggle to be used as 

conceptual prototypes since they bear the drawback of weak strength and not effective as load 

bearing parts. And as mentioned in section 2.4, to overcome these limitations, fillers are added 

to enhance the properties of the polymers. Even though these fillers diversify the mechanical 

properties of the polymers by introducing their rich mechanical behaviour, most of the polymer 

still found to have weak mechanical properties. There are several factors that lead to weak 

mechanical properties of 3D printed particulate-polymer composites, e.g. non-homogenous 
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dispersion, particle loading, weak matrix-particle interfacial adhesion, and presence of voids. 

An increase in filler content, may further complicate these factors.  

As discussed in section 2.6 the existence of support materials in 3D printing techniques have 

also been found to be disadvantageous as excessive material is required to hold the shape of an 

object. The concept of adding additional rotational axes to the system to eliminate this problem 

has shown promising results, but systems still lack the capability to print complex structures 

without supports. 

In order to address the limitations discussed in the literature review, there is a need to develop 

new 3D printing technologies, which are diverse enough to handle issues pertaining to the 

previous well-established techniques and methods. There is a need to develop a new technique, 

which enables the manufacturing of parts with improved mechanical properties and has the 

capability to print free form and self-supported structures. Therefore, a new photopolymer 

extrusion 5-axis 3D printing technique is proposed in this research which incorporates the 

strengths of FDM and UV3DP printers. This hybrid 3D printer extrudes photopolymer in a 

similar configuration to an FDM printer. By using an extrusion nozzle, photopolymer resin will 

be deposited on a build plate. The extruded photopolymer will then be cured solid on demand 

by exposure to ultraviolet light (UV) light. This developed new 3D printing technique not only 

allows the traditional layer upon layer printing, but is capable of printing free form and self-

supported 3D structures with the approach of implementing additional degrees of freedom, i.e. 

2 rotational axes to the system which will be unique compared with current printing systems. 

As mentioned in section 1.2 of the chapter 1, the 3D printing technique proposed in this 

research is new and study on mechanical properties, analysis and modelling of the proposed 

technique has not been carried out yet. Therefore, in this thesis, detailed study on mechanical 

properties of the parts manufactured using this new technique, as well as theoretical and finite 
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element modelling have been carried out. Furthermore, the capability of the proposed printer 

utilising 5-axis to print free form and self-supported structures have been successfully 

demonstrated.  

In the next chapter a comprehensive experimental study outlining basic structure of the 

photopolymer extrusion 5-axis printer is carried out. The chapter discusses the effect of filler 

on dimension accuracy, material viscosity, surface roughness and mechanical properties. It also 

outlines the capability of the proposed technique to print free-form and self-supported 

structures.  
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CHAPTER 3:  A NEW PHOTOPOLYMER EXTRUSION 5-AXIS 3D 

PRINTER 

3.1 Introduction 

As discussed in previous chapters, 3D printing is a useful technique for manufacturing 

mechanical parts, with several advantages including freedom to fabricate intricate geometries, 

lack of material waste, and elimination of expensive tooling [92]. Particularly when the number 

of parts required is small, 3D printing techniques can help to avoid high setup costs, as well as 

reducing manufacturing time [93]. Although it might take up to several hours or even days to 

manufacture an object, this is still a short total time to obtain a physical product from a CAD 

file. Various 3D printing technologies such as fused deposition modelling (FDM) [94], 

stereolithography (SLA) [95], selective laser sintering (SLS) [96], and binder jet technique [97]  

have been developed. Each technique has different capabilities for the material(s), size, 

complexity, and geometry of the printed objects, as well as different ability to deposit support 

material layer-by-layer and print overhanging or bridging structures. As discussed in section 

2.3 of the chapter 2, well established 3D printing techniques such as FDM, SLA, and SLS have 

certain limitations and challenges when it comes to printing polymer composites. Although 

printing of functional parts combining smart and conventional materials is a promising area, 

existing printers are not ideally suited to this, with FDM printers typically requiring high 

operating temperatures and SLA using a tank containing one single material. Additionally, 

multi-material 3D printing is increasingly desirable to allow functional parts combining 

materials of different mechanical properties, or even integrated sensors, to be produced [98, 

99]. A technology well suited to multi material printing that avoids the high temperatures of 

FDM and single material bath of SLA is therefore desired.  
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As discussed in section 2.6 of chapter 2 that the construction of self-supporting [100] 3D 

freeform structures (e.g. a helix) without requiring support material remains a big challenge 

[101, 102]. Common 3D printers also require the deposition of additional “support” material 

to hold the shape of an object when printing overhang structures. The concept of adding 

additional rotational axes to the system to eliminate this problem has shown promising results, 

but such systems still lack the capability to print complex structures without supports. Ideally, 

a 3D printer should be able to produce parts of any desired geometry. In practice, it is 

challenging to produce overhanging or bridging structures due to the effect of gravity on the 

softened material (in FDM) or wiping action between layers (in SLA). Until now, this difficulty 

has been addressed by generating additional “support” material to prevent overhanging 

elements of the printed structure from sagging until it is solidified or cured. The requirement 

for these supports is a significant drawback due to the increased production time and material 

wastage. Removing support material after curing may be difficult (e.g. internal supports in a 

tube or cavity) or leave damage or marks on the part surface. Methods to allow printing of 

complex structures without support are therefore desired. While FDM has sometimes been used 

to print free-from microstructures, this technique has some shortcomings: as the material is a 

thermoplastic, it can be softened by heat during the remainder of the printing process, with 

deformation of the extruded material during the cooling and hardening stage making it difficult 

to achieve accurate geometry without support material [103]. Photopolymer extrusion is a more 

promising technique for fabricating freeform structures e.g. by ultraviolet light assisted 3D 

printing (UV-3DP) [103] and direct-print photo-polymerisation [104]. Both of these examples 

use a syringe driver to extrude the material, with the drawback of small reservoir size meaning 

that this method is effective for small test parts only. In addition, these photopolymer extrusion 

techniques have a conventional 3-axis layout. Even using photopolymer extrusion, it is difficult 

to print complex free-form structures with a 3-axis machine.  
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5-axis printing has advantages for printing complex structures. As discussed in chapter 2 

sections 2.6.1, 2.6.2 and 2.6.3 that there are some 5-axis printers which are developed, these 

systems are under development and still struggle to print complex free form and self-supported 

structures. A move from 3-axis to 5-axis printing has another potential advantage. Existing 3D 

printers usually produce objects in a strict layer by layer fashion. While this substantially 

simplifies tool path generation, the mechanical properties of printed structures may depend on 

the orientation of the slicing plane [97]. In particular, a part that has been printed layer by layer 

is likely to have different strength along and between the slice planes. Combined with 

appropriate tool path generation, a 5-axis printer could deposit material in a wider range of 

directions allowing for the strength of a part in various directions to be customised. Whereas, 

the method of using additional axes to the system is increasing nowadays, these axes are all 

rotational axes to allow either the tools or build platform to accommodate the movements in 

the space. By using this method, complex free-from and self-supported 3D structures can be 

printed more accurately and in less time.  

To overcome the limitations discussed above and short comings of the existing printers outlined 

in chapter 2, there is a need to develop new 3D printing methods that combine the strengths of 

existing techniques and fully realise printing of free-form, self-supported 3D structures. A 

printing technique where deposited material can be instantly cured so as to be self-supporting, 

and a machine layout that allows complex extrusion paths, must be combined in one device. 

Printing of macroscopic objects with a high level of detail will also require a material extrusion 

system that can precisely control the deposited volume independent of the total size of the part 

(unlike a syringe driver). Ideally, deposition of a range of materials will be possible, without 

requiring feed materials to be diluted with a solvent (that would otherwise reduce the speed 

and efficiency of producing bulk objects). 
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Therefore, a new photopolymer extrusion 5-axis 3D printing technique is proposed, which 

combines the strength of FDM and UV3DP and has three translational axes and two rotational 

axes. In this chapter, a detailed experimentation to study the effect of filler on mechanical 

properties and dimensional accuracy of the parts printed using the novel 3D printing technique 

and basic capability of this novel technique to print free form and self-supported structures 

have been demonstrated. Results presented in this chapter outline the operational procedure of 

the proposed new technique, mechanical properties of the parts manufactured, suitable filler 

concentration based on viscosity and its ability to print free standing structures.  

3.2 Methods and materials   

Our proposed system is a hybrid of FDM and UV assisted 3D printing technologies, which 

combines FDM-style extrusion from a nozzle with UV curing, and implements 5 axis 

movement for printing of complex structures. The combination of photopolymer extrusion with 

the integration of two additional rotational axes on the extruder allows various free-form and 

self-supported 3D structures to be printed easily. With these additional two degrees of freedom, 

the extruder can maintain the proper angle relationship between the extrusion nozzle and the 

deposited material even while following a complex motion path, improving the ability of our 

system to print true free-form and self-supported structures. A positive displacement peristaltic 

pump is applied to precisely control the amount of material extruded. This approach has the 

advantage that the precision at which the volume of deposited material can be controlled does 

not depend on the amount of material in the reservoir.  

This hybrid 3D printer extrudes photopolymer in a similar manner to a FDM printer. 

Photopolymer resin is deposited from an extrusion nozzle that is attached to a 5-axis motion 

system. The extruded photopolymer can then be cured solid soon after leaving the nozzle upon 

exposure to ultraviolet (UV) light from UV laser diodes that move with the printing nozzle. 

Two rotational axes (A, B) along with the Cartesian axes (X, Y, Z) allow freeform printing in 
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addition to conventional layer by layer printing. As this printing technique does not require a 

material bath, works at low temperature, and can print more viscous materials than an inkjet 

printing head, it is suitable for future printing of multi material structures. 

To customise the properties of the deposited material during printing and the mechanical 

properties of the finished part after curing, fillers were added into the photopolymer resin. The 

effect of adding different concentrations of fumed silica as filler on the viscosity of the 

deposited liquid and the strength and dimensional accuracy of the finished parts is investigated 

to provide a starting point for producing mechanical parts using the developed technique.   

 

Prior to moving to the novel 5-axis photopolymer extrusion 3D printer, some preliminary 

experimentations were carried out on 3-axis photopolymer extrusion 3D printer which has the 

same printing methodology expect the curing source which was UV light. Details of the 

preliminary experimental procedure carried out on 3 axis printer are discussed in the following 

sections 

3.3 3-axis photopolymer extrusion 3D printer with UV light as curing 

source 

3.3.1 Preliminary experimentation  

In the beginning, a 3 axis 3D printer using UV light as curing source was used as shown in 

Figure 3.1. In order to set the foundation for a shift from 3-axis printer to 5 axis printer, initial 

parameter optimisation, adequate filler concentration determination and mechanical tests were 

conducted on the samples printed using the 3-axis machine. An open source software (Repetier 

– Host) was used to control the printing process and fluid delivery.  
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Figure 3.1. Schematic of 3-axis photopolymer extrusion 3D printer 

The parameters initially studied, that influenced the printing process were printing speed which 

can be split into two parts infill speed and outline speed, extrusion factor which defines how 

quickly resin can be extruded and UV light intensity which control how fast resin can be cured. 

Fumed silica was used as reinforcement filler. In order to determine the adequate range of filler 

concertation, resin blends with 6%, 8.2%, 9.5%, 11% and 12% (percentage of silica by weight) 

were mixed. After mixing the resin it was held under vacuum for 1.5 hours to eliminate air 

bubbles. Using different combinations of parameters, dog-bone samples following the ASTM 

standard (D638) type V were printed. Resin blends with 6% and 12% filler concentrations 

would not print because of very low and very high viscosities, respectively, hence these two 

concentrations were ruled out.  

Preliminary test results showed that 8.2% filler had disproportionate dimensions as shown in 

Figure 3.2 (a) with tensile strength of 18 MPa. Samples with 9.5% resulted in more conformed 

dimensions than 8.2% as shown in Figure 3.2 (b) with more improved tensile strength of 22 
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MPa. Samples with 11% filler had better representation of required shape than 8.2% as 

illustrated in Figure 3.2 (c), but when compared with 9.5% it had weaker tensile strength. 

(a)                 (b) (c) 

Figure 3.2. (a) Vertical dimensions for 8.2% (b) vertical dimension for 9.5% (c) vertical 

dimensions for 11% 

Since 9.5% filler had better overall representation of required shape and better tensile strength 

it was used in all subsequent prints to examine the effect of other print variables such as outline 

speed/infill speed, extrusion factor and UV light intensity. Different combinations of the 

variables were also used in order to achieve better surface finish and good mechanical 

properties with relatively shorter print time. Tensile and 3-point bending tests were conducted 

on the printed samples to determine the mechanical strength of the printed samples.  

Different samples were printed at different speeds, extrusion factors and UV light intensities, 

in order to determine the best printing variables combination.  Here, five different variables 

settings were used to print the dog bone samples. Three samples were printed for each setting, 

of which two samples were used for tensile test and one for 3-point bending test. 

Table 3.1 shows the five settings of the three print variables (outline/infill speed, extrusion 

factor and UV light intensity) used to print the samples.  
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Table 3.1. Print setting with different print variables 

Setting 

No 

Outline 

Speed/Infill 

Speed 

(mm/s) 

Extrusion 

Factor 

Light Intensity 

(Watts) 

 

1 25/15 2.0 1.0 

2 30/30 2.5 1.0 

3 30/20 2.5 1.0 

4 20/15 1.5 0.8 

5 20/15 2.0 1.0 

 

The printed samples with the above settings are shown in Figure 3.3. 

 

Figure 3.3 The top and side views of the printed samples of setting number (a) 1 (b) 2 (c) 3 
(d) 4 (e) 4 

 



42 

Table 3.2 summarises the five settings, with the worst case mechanical testing results, together 

with measurement on the closeness of the printed samples to the required dimensions and the 

printing time. 

Table 3.2. Overview of parameters, tensile and 3-point test results 
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1 9.5% 25/15 2 1 19 1.3 25.66/7.59 1.01,1.04,1.13,1.0

4,1.1 

Medium 15 

2 9.5% 30/30 2.5 1 25 2.4 51/6.08 0.995,1.03,1.12,1.

03,1.02 

Rough 10 

3 9.5% 30/20 2.5 1 21 1.85 39.33/5.49 1.01,1.01,1.07,1.0

5,1.13 

Rough 12 

4 9.5% 20/15 1.5 0.8 16 3 20/8.53 1.001,1.08,1.24,1.

07,0.87 

Smooth 17 

5 9.5% 20/15 2 1 26.5 3.2 41.66/5 0.998,1.05,1.18,1.

05,1.02 

Smooth 17 

The results showed that printing with setting combinations 4 and 5 had the best average surface 

finish and settings 2 and 3 had the worst surface finish. However, settings 4 and 5 have lower 

printing speed and settings 2 and 3 have higher printing speed, which confirm the fact that 

lower printing speed has better surface finish. As this was the preliminary experimental stage, 

observation of the surface finish was based on the visual inspection of the specimen.  

Also settings 4 and 5 share the same printing speed; however, the extrusion factor is the major 

difference between the two settings. Higher extrusion factor results in higher tensile strength 
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and higher bending load. More amount of material is extruded in case of higher extrusion 

factor, thus in order to reach the same curing speed, higher UV light intensity is required.  

The lowest UV light intensity of 0.8 Watt was used in setting 4 which resulted in a significant 

drop in tensile strength and bending load and was more stretchable before failure. This indicates 

that the 9.5% photopolymer resin required at least 1Watt of UV light intensity to have sufficient 

cross-linking in the resin for mechanical strength. 

The following sections outline operational procedure and experimental analysis including 

mechanical tests, suitable filler concentration based on viscosity and capability of using 5-axis 

to print free form and self-supported structures using 5-axis photopolymer extrusion 3D printer 

which utilises UV laser as curing source and has two additional rotational axes.    

3.4 A New photopolymer extrusion 5-axes printer 

Figure 3.4 shows the 5-axis photopolymer extrusion (PPE) printing technique. The entire 3D 

printing system includes the UV curing system based on two UV laser diodes, an extrusion 

system consisting of the stationary peristaltic pump, flexible tubing, and the extrusion nozzle, 

and a platform with 3 linear motions (X, Y and Z) and 2 rotary motions (A and B).  

 

Figure 3.4 A schematic of the 5-axes photopolymer extrusion printer 
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Figure 3.5 shows a picture of the PPE printer showing the 5-axes and a close-up of the nozzle 

with laser diodes mounted on each side. 

 

 

 (a) (b) 

Figure 3.5. (a) 5-axes PPE printer (b) UV laser and extrusion nozzle    

All axes can be controlled simultaneously for continuous adjustment of the nozzle angle and 

position while printing complex objects. Most importantly, the 2 additional rotational axes are 

implemented by mounting rotational motors on the built platform. These 2 additional rotational 

axes (A and B) provide better printing of free-form and free standing objects (for example a 

helical object). By having more degrees of freedom, the extrusion nozzle has the ability to 

move in a more complex path providing the ability to print much more complex objects. 

As the aim of the system is to print complex free standing and free-form structures, the 

extrusion system must be capable of delivering a precise amount of fluid in small quantities 

and have sufficient power to push the viscous fluid through the nozzle. Deposition should be 

done through a small nozzle tip to control its output, a 21 gauge (0.51 mm) nozzle is used in 

this study. A pair of peristaltic pumps as shown in Figure 3.6 is used to deliver the 

photopolymer blend from a reservoir to an extrusion nozzle. In comparison to the common 

UV 
Laser 

UV 
Laser 

Extrusion 
Nozzle 
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use of syringe drivers [104, 105], the size of the material reservoir is not related to the smallest 

volume increment that can be dispensed enabling multi-scale printing. An Arduino 

microcontroller [106] and the open source host software Pronterface [107] control the 

machine. The entire equipment is enclosed in a UV-opaque case to prevent unwanted curing 

of the resin from ambient white light, and protect the operator from laser radiation.  

 

Figure 3.6 Extrusion system assembly including peristaltic pump 

3.4.1 Integrated slicer and print communication software 

The modified Marlin firmware communicates with the printer communication programme 

called Printrun [107] shown in Figure 3.7. It is an integrated software with slicer utility, 

Slic3r, and it consists of a command window to send G-code (Pronsole), G-code command 

entry with graphical user interface (Pronterface) and graphical model viewer. 
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Figure 3.7. Printer communication programme 

Printrun is chosen as user communication interface due to its capability to send commands 

directly to the printer. This gives flexibility to handle the variables, codes and to troubleshoot 

errors with ease without modifying the embedded software. Errors such as triggering 

endstops of translational axes and detection of door open will be reported by the Pronsole. 

The software also gives a graphical model view that shows the print path in real time. The 

imported G-code file can be accessed from the console for monitoring and editing. It also 

estimates the time taken for the object to be printed. The software communicates with the 

designed 3D printer with a default baudrate of 115200. The connection can be controlled on 

printer communication port as seen in Figure 3.7. Another useful feature that Printrun utilises 

is Pronterface, which provides a graphical user interface to control the translational axes and 

extrusion of materials manually.  
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Printrun is integrated with a slicer program, Sli3er that generates G code by importing a stl 

file formatted CAD model. It slices the model into several layers so that the print undergoes 

a layer upon layer process. The program allows the user to manipulate the print settings and 

to optimise the printing process. As seen on Figure 3.8, a model is imported in stl file format. 

It is divided into 4 main sections: plater, print settings, filament settings, and printer settings. 

The plater allows the user to arrange and transform the objects freely. 

Figure 3.8. Slicer programme 

Print settings give options to change several variables that influence time taken and quality 

of the printed object. They are divided into following sections: layers and perimeters, infill, 

speed, skirt and brim, and support material.  
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3.4.2 UV curing system 

The UV curing system uses two UV laser diodes as shown in Figure 3.9 (a) placed around the 

extrusion head to provide even curing of the extruded photopolymer. The purpose of using 

UV laser as curing source is to focus on the deposited polymer without affecting surrounding 

material. The lasers have an output power of 40 mW with a wavelength of 405 nm (Thorlabs 

DL5146-101S) [108] which can rapidly cure the resin. The laser beams have an elliptical 

profile with beam divergence of 8 degrees in the narrow axis of the ellipse and perpendicular 

divergence of 19 degrees in the long axis of ellipse as shown in the Figure 3.9 (b).   

(a) (b) 

Figure 3.9. (a) UV laser diode (b) laser elliptical profile 

 A holder unit is designed to hold up to 2 lasers; i.e. one laser on each side of the nozzle head 

Figure 3.10. The holder unit is directly mounted on B-axial rotary stage and can easily be 

removed for maintenance and troubleshooting. The unit is made of mainly acrylic as it is light 

weighted, easily manufactured and replaceable if problem arises. 
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Figure 3.10. Holder unit 

3.5 Preparation of UV curable resin 

The photopolymer resin (UV Dome 58) being extruded was commercially procured from 

Whitehall Technical Services Ltd, Auckland, New Zealand. It is based on a proprietary epoxy 

acrylate that is designed to be cured with UV exposure at 405 nm. Fillers due to their high 

stiffness can be used to diversify and improve mechanical properties [109]. In this study, 

fumed silica is added to the resin. The fumed silica is used to control the fluid viscosity and 

may be useful for increasing the mechanical properties [109]. Fumed silica has nanoparticles 

with a very large surface area and a low bulk density. Before mixing, it is in the form of a 

white powder. The powder is very lightweight and insoluble with water. With adequate 

homogenisation, it is possible to mix the fumed silica particles with other components of the 

resin. Adding silica changes the rheological behaviour of the resin, adjusting the viscosity of 

the fluid [110]. As shown in Figure 3.11, the fumed silica nanoparticles have a spherical shape 

with diameters ranging approximately between 25 to 30 nm. The particles make up long chains 
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or form agglomerates. The diameter of agglomerates depends on the interaction conditions 

when the particles are mixed with the resin.  

Figure 3.11. SEM image of the fumed silica nanoparticles 

To investigate the mechanical properties of printed parts, samples were prepared with different 

concentrations of the silica filler (by weight) mixed into the resin. Mixtures were prepared the 

same day to have samples with the same aging and were prepared inside a room with UV-free 

illumination to avoid premature curing. A total of 100 g of mixture was made for each 

concentration, for instance for a mixture with 2% filler by weight, 98 g of the resin was mixed 

with 2.0 g of fumed silica. After a slow manual stirring for 5-10 minutes with a thin spatula, 

the mixture was treated with an ultrasonic homogeniser. The Sonics and Materials Inc 

ultrasonic homogeniser [111]  was applied for 2 periods of 1 minute at 20 kHz of ultrasound 

frequency and 130 W of intensity. Finally, to remove air bubbles from the mixture, the samples 

were degassed in a vacuum oven for 45 minutes at 65 °C.   
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3.6 Results and discussion  

The key parameters for the material (such as filler concentration) and printing process (such as 

extrusion rate) were investigated to observe their effects on the dimensional accuracy and 

mechanical strength of the printed objects. 

3.6.1 Effect of filler on material viscosity 

In order to obtain smooth extrusion, the viscosity of the resin must lie within a certain range. 

If the viscosity of the resin is low, it is likely to spread due to gravity before it can be cured by 

the UV laser, but if the viscosity is high, it will be difficult to extrude the resin through the 

nozzle. Therefore, the resin viscosity was measured with different filler concentrations using 

a rheometer and their printability was observed.  

Resins with 2%, 4%, 6%, 8%, 10%, and 12% of fumed silica by weight were prepared as per 

section 2.2. The dynamic viscosity of each concentration was measured using a rheometer 

(Brookfield Ltd  DV3T Extra)  

The rheometer drives a spindle immersed in the fluid to be tested, through a calibrated spring. 

The user gives a constant rotational speed value (rpm) to the spindle and the fluid, inside a 

stationary cylinder container. The viscous drag created by the rotational force (or moment force 

or torque: τ ) against the spindle is measured by the spring system. 

In order to accurately measure the viscosity of the resins with the concentrations of fumed silica 

mentioned above, a 64 gauge spindle as shown in Figure 3.12 was used. For each sample, the 

revolution speed was adjusted to achieve a torque close to the midpoint (50%) of the sensor 

range. The rheometer then calculates a viscosity value based on the spindle, speed, and 

measured torque. Table 3.3 lists the parameters used and the measured viscosities.  
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Figure 3.12 Different spindles used to calculate viscosity 

Table 3.3. Rheometer parameters and measured viscosities 

Filler 

Concentration 

(%) 

Spindle Speed 

(rpm) 

Torque 

(%) 

Time (s) Viscosity 

(cP) 

Viscosity 

(Pa.s) 

0 64 50 50.4 36 6048 6.05 

2 64 40 50.3 35 7545 7.54 

4 64 38 52.5 37 8289 8.29 

6 64 35 58.1 58 9960 9.96 

8 64 21 52 30 14860 14.9 

9 64 18 50.7 33 16900 16.9 

10 64 12 50 33 25000 25 

11 64 10 59.5 41 35700 35.7 

12 64 4 53.2 32 79800 79.8 
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Higher viscosity can cause difficulties during printing, resulting in inconsistent extrusion. Low 

viscosity results in material not being able to stay in shape while being cured by the pulsed UV 

beam. Therefore, defining an appropriate range of viscosities to precisely extrude the material 

from the deposition nozzle is very important. As shown in Figure 3.13, dynamic viscosity 

increases substantially with increasing percentage of filler. Fillers up to 6% were found to have 

low viscosity, while viscosity increased rapidly for filler concentrations greater than 9%.  With 

the printer using a 21 gauge (0.5 mm) nozzle, only a narrow window of filler concentrations of 

8%, 9% and 10% (corresponding to the dynamic viscosities of 15000 cP and 25000 cP) were 

found to be suitable to print reliably. However, 10% filler concentration still found to be a bit 

difficult to print. Therefore, in this chapter mechanical properties of 8% and 9% filler 

concentrations will be studied and analysed.    

 

Figure 3.13. Effect of filler concentration on dynamic viscosity 

3.6.2 Effect of filler on dimensional accuracy  

The aim of dimensional accuracy measurement was to study the effect of filler on printed 

dimensions, ideally printed dimensions should closely resemble with CAD model dimensions. 
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In the present work, width (at two positions) and thickness of the printed samples were taken 

into account with CAD model as a reference. Figure 3.14 presents the average and deviation 

of the printed dimensions of width (at two positions) and thickness of samples printed with 8% 

and 9% filler concentrations. Three samples were printed and measured for each filler 

concentration. From Figure 3.14, the variation in the printed dimensions are slightly higher in 

9% filler samples. The thickness of 9% filler sample is higher as the uncured material with this 

high filler percentage has higher viscosity; hence less spread out sideways than 8% filler 

samples. Higher filler concentration may lead to more deviated printed dimensions, as it is 

difficult to extrude from the deposition nozzle owing to its higher viscosity. The printed part 

could vary from the nominal dimension and obtaining a part with very high precision is often 

not possible.  

 

Figure 3.14. Comparison between designed and printed dimensions 
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3.6.3 Effect of filler on surface roughness 

Effect of filler on surface roughness was analysed using the optical profilometer, this 

instrument measures the roughness of the surface in terms of Ra and Rq values. Optical 

profiliometer is a non-contact method with a confocal laser scanning microscope (CLSM). It 

generates the 3D images of the surface at a nano to micro range. Surface roughness tests were 

conducted on 8% and 9% filler concentrations, specimens were first coated as the profilometer 

works with reflection of photons. Figure 3.15 show the dog-bone specimen before and after 

coating.  

(a) (b)

Figure 3.15. Printed dog-bone specimen (a) before coating (b) after coating 

Gage lengths of the samples with 8% and 9% filler concentrations were scanned as shown in 

Figure 3.16. Three different values of Ra and Rq (or RMS) were obtained on the scanned image 

and the average of these values was calculated. 
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                                (a)  (b) 

Figure 3.16. Surface roughness measurement of (a) 8% filler concentration (b) 9% filler 

concentration 

Table 3.4. Surface roughness parameters of 8% and 9% filler concentrations 

Filler concentration  Ra (µm) Rq (µm) 

 

 

8% 

1.304 3.488 

1.466 3.914 

1.324 3.593 

Average 1.365 3.665 

 

9% 

0.24 0.665 

0.617 1.102 

0.258 0.444 

Average  0.372 0.737 

 

As it is evident from Table 3.4, Ra and Rq values of 9% filler concentration are lower than 8% 

filler concentration indicating 9% filler concentration has better surface roughness. This could 
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be due to lower viscosity of 8% filler compared to 9% filler as the filler with low viscosity 

tends to spread sideways which leads to uneven surface during printing. Scanning electron 

microscopy (SEM) was used to further analyse the surface of 8% and 9% filler concentrations 

before fracture. As evident from Figure 3.17, 9% filler concentration has smoother surface 

compared to 8% filler which confirms the findings of optical profilometer.  

 

Figure 3.17. SEM image of (a) 8% filler concentration (b) 9% filler concentration 

 

3.6.4 Effect of filler on mechanical properties   

In order to test the strength and quality of the printed objects, dog-bone samples of specific 

dimensions (adopting ASTM D638 standard type V as shown in Figure 3.18) were 3D printed 

(see Figure 3.19). Table 3.5 represents the process parameters used to print 8% and 9% 

samples. Tensile and 3-point bending tests were conducted on these samples to characterise 

tensile strength, Young’s modulus, strain at break and flexural strength. 
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Figure 3.18. ASTM D638 type V specimen 

 

Figure 3.19. 3D printed specimen 

Table 3.5. Process parameters for 8% and 9% samples 

Process parameters Variables  

Print setting 

Layers and perimeters 
Layer height (mm) 3.22 

First layer height (mm) 0.20 

Infill Fill density (%) 40 

Speed (print moves) 
Perimeters (mm/s) 20 

Infill (mm/s) 40 

Overall time/sample (min) 10 

Filament setting 
Filament diameter (mm) 1 

Extrusion Extrusion multiplier  0.0055 

 

3.6.4.1 Tensile test  

Improved mechanical properties e.g. tensile strength and Young’s modulus may be achieved 

by optimising the filler loading due to increase in weight fraction or volume fraction leading 

to a continuous and uniform interface, which creates a strong polymer network [112]. A large 

amount of research has been conducted on different polymer nanocomposites in order to study 

the effect of weight fraction and volume fraction (%) on mechanical properties of polymer 
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nanocomposites [112-117]. In an attempt to understand the effect of weight fraction of silica 

nanoparticles on mechanical properties of epoxy, Liu et al. calibrated Young’s modulus and 

tensile stress at different weight fractions [113]. They reported gradual increase in both 

Young’s modulus and tensile strength with an increase in weight fraction of silica 

nanoparticles. Other studies have also been conducted on the effect of different weight 

fractions of silica nano-particles on tensile stress and Young’s modulus of epoxy resin [112, 

118]. They found that values of Young’s modulus and yield stress of epoxy-silica 

nanocomposite at 20% weight fraction are 1.22 and 1.28 times the value of pure epoxy [118].  

In order to study the effect of our chosen filler on mechanical properties of the nanocomposite, 

resins with 8 % and 9% silica nanoparticles were used. Six pieces for each concentration were 

printed. Tensile and flexural strengths were then determined from tensile and 3-point bending 

tests respectively.     

 

Figure 3.20 Tensile stress-strain diagram 
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Figure 3.20 shows the stress-strain diagram representative of 2 different filler concentrations. 

It is quite evident from the stress-strain diagram that samples printed by 8% filler have higher 

strain at break, while the samples printed with 9% filler have higher yield stress. Table 4 shows 

the tensile properties of samples with 8% and 9% filler concentrations. It indicates that higher 

filler percentage made the samples less elastic.  

As shown in Table 3.6, a significant increase in the Young’s modulus is observed with 

increasing the filler content, suggesting efficient transfer of stresses via interface and high 

interfacial stiffness. Effective stress transfer form matrix to nanoparticles is only possible when 

interfacial adhesion between the two is good, if the bond between the matrix and filler is weak, 

stress cannot be effectively transferred from matrix to nanoparticles which results in weak 

mechanical properties, therefore the effect of interfacial adhesion on tensile strength of 3D 

printed nanocomposites is discussed in detail in chapter 4.  

Due to the high rigidity of silica nanoparticles, tensile strength and Young’s modulus of the 

particulate nanocomposite is increased with increasing the filler content compared with the 

neat resin. It was found that the average tensile strength of 8% and 9% filler concentrations is 

4.13 and 4.26 times and average Young’s modulus is 6.68 and 8.13 times the value of neat 

resin, respectively. As the standard deviations shown in Table 3.6 are not high in comparison 

to the difference between the averages of the sample groups, the experimental results are 

reasonably low-variance.  
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Table 3.6. Tensile properties for 8% and 9% filler concentrations 

Filler concentration 

(%) 

Average 

ultimate 

tensile 

strength 

(MPa) 

Standard 

deviation  

(UTS) 

Average 

Young’s 

modulus 

(MPa) 

Standard 

deviation  

(Young’s 

modulus) 

Average 

yield 

(MPa) 

Standard 

deviation  

(Yield) 

Average 

strain at 

break 

(%) 

Standard 

deviation 

(strain at 

break)  

 

8 30.2 3.1 478.5 79.9 13.9 2.1 15.0 4.7 

9 31.1 4.9 582.3 65.3 15.8 3.1 7.1 2.4 

3.6.4.2 Flexural test  

Researchers have reported the flexural properties of silica nanocomposites; e.g. Hsiao et al 

[119] reported flexural strength of ductile and brittle matrix epoxy-silica nanocomposite and 

observed linear increase in flexural strength with increase in particle loading.   

A 3-point test was used to determine the flexural properties of the printed objects with 8% and 

9% filler. Table 5 summarises the results of the 3-point tests. As listed in Table 3.7, the increase 

in flexural strength of nanocomposite compared with neat resin can be observed which is due 

to the reinforcement with silica nanoparticles. Both concentrations of 8% and 9% found to have 

nearly the same flexural strength. Again, it shows that higher percentage of filler makes the 

sample slightly more brittle.  

Table 3.7. Flexural properties of 8% and 9% filler concentrations 

 

Filler 

concentration 

(%) 

 

Average 

Fmax (N) 

Standard 

deviation 

(Fmax) 

Average max 

deflection 

before break 

(mm) 

Standard 

deviation 

(Max 

deflection 

before break) 

Average 

flexural 

strength 

(MPa) 

Standard 

deviation 

(flexural 

strength) 

8 16.3 0.8 8.5 2.1 18.8 1.4 

9 14.6 0.8 7.9 1.3 18.4 1.0 
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3.7 Free-form and self-supported structures  

The basic capability of printing free-from and self-supported structures using this 5-axes 

extrusion printer was demonstrated, including exploiting the two rotational axes A and B. Since 

there is no available translational algorithm to convert the CAD model into a free-from printing 

path, the printing of free-from and self-supported structures is controlled through manually 

generated G-code. As this is in the preliminary development stage, the demonstrated free-form 

structures will be limited. 

Figure 3.21 shows the printing of a self-supporting staircase shape object. This is done by 

moving the x, y, z and B axes. Figure 3.21 shows how the fourth axis; i.e. the B-rotational axis 

is turned by 30° with respect to the z-axis, when the horizontal traces are being printed. 

Figure 3.21. Diagram indicating nozzle orientation (B-axis) for printing vertical and 

horizontal sections of the staircase object 

The staircase objects in Figure 3.22 show the progression of altered printing parameters. The 

printed staircase objects has the first step height of 20 mm, and subsequent steps are 10 mm 

tall. The difference between the models in Figure 3.22 (a), (b), and (c) are varying feed rates 

for motion in the z- and x-directions, as well as when rotating, and varying extrusion rates. 
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Figure 3.22. Staircase printed models (a) extrusion too high (b) slow rotation feed rate (c) 

smaller extrusion but faster feed rate 

Table 3.8 shows that the printing parameters corresponding to Figure 16 (c) providing 

relatively better dimensional accuracy.  

Table 3.8. Printing parameters for Figure 3.22 (c) 

S.No Printing Parameters Value 

1 Vertical Feed Rate 21 mm/min 

2 Horizontal Feed Rate 19 mm/min 

3 Extrusion 1.4 mm/min 

4 Rotation Angle (B-Axis) 30° 

5 Laser Angle 40° 

 

Finally, to demonstrate the 5 axes capability of the printer to print a self-supporting and free 

form structure, a horizontal U-shape was printed as shown in Figure 3.23. This requires all the 

x, y, z, A and B axes to move. The nozzle has its B-axis tilted to 45° (along y-axis) with respect 

to the z-axis when it travels at the bend and then reduces slightly to 30° while tilting the A-axis 

to 10° (along x-axis) with respect to the z-axis as it travels to the right. As the nozzle travels 

along the U-bend, the B-axis is being tilted in steps to -30°. Then the nozzle will return the A-

axis angle to 0° and B-axis to 45° when travelling to the left. Finally both A and B axes will 
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change to 0° to print the vertical trace. Blobs were formed during the printing process when 

the angle of A or B changes and to eliminate these blobs and ensure consistent diameter 

throughout the print, a better control of the polymer extrusion is required in the future. 

However, this preliminary demonstration has showed the capability of the 5-axis PPE printer 

to print free-form structures. 

Figure 3.23. Free-form horizontal U-shape 

3.8 Chapter summary 

A 5-axis photopolymer extrusion 3D printer has been developed and tested. The system 

extrudes UV-curable resin through a nozzle moving in free space, while rapidly curing the 

deposited material using UV diode lasers. Because the nozzle can be rotated around two axes 

to approach a point in space from the desired angle, and the UV lasers cure the photopolymer 

resin quickly as it leaves the nozzle, the method is suitable for printing of freeform structures. 

To reinforce the resin, and achieve proper viscosity for proper extrusion, fumed silica is added 

to the uncured resin to form a composite. The fumed silica content helps ensure that the 
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extruded resin stays in form long enough to be cured through UV exposure without flowing as 

well as improves the mechanical properties of the photopolymer significantly. 8 % to 10% filler 

concentration was found to be suitable with the current nozzle size.  

Dog bone samples were printed to investigate whether adding filler in the photopolymer have 

any effect on mechanical properties and dimensional accuracy of the printed parts. The strength 

of the fabricated parts was measured through tensile and flexural tests. It was found that silica 

filler significantly increased the tensile and flexural strength.  

Although a system capable of printing self-supporting and free-form structures have been 

successfully demonstrated, future work will be required to improve the smoothness and 

accuracy of the printed objects. Also, automated software (comparable in function to the slicing 

software for conventional 3D printing) to generate and optimise the complex 5-axis printing 

path is required and an on-going research concern.  

Interfacial adhesion i.e. effective stress transfer from matrix to nanoparticles plays a key role 

in the improvement of the mechanical properties, a detailed study on interfacial adhesion of 

the parts printed using photopolymer extrusion technique is discussed in next chapter.   
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CHAPTER 4:  EFFECT OF INTERFACIAL ADHESION ON TENSILE 

STRENGTH OF PARTICULATE NANOCOMPOSITES PRINTED 

WITH PHOTOPOLYMER EXTRUSION TECHNIQUE  

4.1 Introduction  

To overcome the apparent limitations of polymers such as low stiffness, low yield and low 

strength inorganic particulate fillers such as micro/nano silica, Al2O3, Mg(OH)2, CaCO3 

particles, glass and carbon nanotubes are commonly used in the manufacture of polymer 

composites. These fillers diversify the mechanical and physical properties of polymers by 

introducing their rich mechanical behaviour. By adding either micro or nano particles, Young’ 

modulus or stiffness can be dramatically improved owing to higher stiffness of the micro or 

nano particles compared to polymer matrices [120-128]. Also, it is evident from chapter 3 

sections 3.6.4.1 and 3.6.4.2 that adding nano silica filler significantly enhances the tensile and 

flexural properties of the photopolymer. However, strength is heavily dependent on the 

effective stress transfer between particles and matrix. If the bond between the matrix and 

particle is good, stress can be effectively transferred from the matrix to particles, and this leads 

to increase in the strength [120, 129-133]. However, for poorly bonded micro particles, strength 

is found to decrease with increase in filler content [121-123, 134-138].   

The mechanical properties of polymer matrix nanocomposites rely on three main 

characteristics; i.e. particle size, matrix-particle adhesion and particle loading. Matrix – particle 

interface adhesion, plays an important role in enhancing the mechanical properties of polymer 

composites. For instance, tensile strength of glass bead filled polystyrene composites is 

dependent on matrix–particle adhesion and found to have increased with it [121]. Thus, 

coupling agents are used, which helps increasing particle-matrix adhesion resulting in higher 

strength [126, 139-142]. Rigid inorganic nanoparticles, for example, silica and calcium 
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carbonate, not only improve the toughness, but also enhance the tensile strength. However, 

interfacial adhesion between nanoparticles and matrix plays a key role in improving the 

mechanical properties. Jancar and Kucera [143, 144] found that weak adhesion between 

Polypropylene (PP) and CaCO3 resulted in decrease in tensile strength with the increase of 

volume fraction of CaCO3. It is quite evident that matrix-particle interfacial adhesion, particle 

size and particle loading affect mechanical properties of polymer matrix nanocomposites. 

Significant amount of research were conducted on 3D printing of polymer matrix composites 

[145-148], which were also discussed in detail in chapter 2. These researchers have reported 

significant improvement in elastic modulus (up to 57 GPa in tension) [148] and the control of 

filler orientation and architecture [145], but the 3D printed particulate nanocomposites have 

not been comprehensively characterised and investigated in the context of interfacial adhesion. 

In addition, as mentioned in previous chapters, the printing technique proposed in this research 

is new and little has been done to study the interfacial adhesion of the samples printed using 

this technique. Therefore, in this chapter, we investigate the effect of interfacial adhesion on 

the mechanical properties of particulate nanocomposite printed using this novel printing 

technique. In order to demonstrate superior mechanical properties of 3D printed particulate 

nanocomposites a comparison is drawn from specimens with similar particulate 

nanocomposites, but instead were mould casted. 

4.2 Background  

4.2.1 Effect of matrix-particle interfacial adhesion on tensile strength  

The strength of polymer matrix nanocomposites heavily depends on the effective stress transfer 

from matrix to the particles. When the matrix-particle bond is weak, the stress transfer at 

matrix-particle interface is inefficient. Defects in the form of debonding exists due to non-

adherence of particle to matrix. Thus, the particles are unable to carry any externally applied 
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load and the decrease in composite strength is observed with increasing the particle content. 

However, for effectively bonded composites, the addition of particles will result in increased 

strength especially for high surface area nanoparticles [149].  

In the case of the stress not able to be transferred from matrix to the filler, the strength of 

polymer-matrix nanocomposite is determined by the available effective region of load bearing 

matrix in the absence of filler [149]. Interfacial layer is unable to transfer stress and the strength 

of nanocomposite is dependent on effective load bearing cross sectional area portion (1 − 𝜑𝜑) 

as 

𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑚𝑚 (1 − 𝜑𝜑)                                                      (4.1) 

where 𝜎𝜎𝑐𝑐 and 𝜎𝜎𝑚𝑚 are tensile strength of composite and matrix (base material) respectively. 

Considering 𝜑𝜑 as a power law function, Eq. (4.1) can be rewritten as: 

𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑚𝑚 (1 − 𝑎𝑎𝜑𝜑𝑏𝑏)                                                     (4.2) 

where 𝜑𝜑 is volume fraction and a and b are constants depending upon particle shape and 

arrangement in the composite.  

Nicolais and Narkis [138] used Eq. (4.2) and presented a model to predict the tensile strength 

of nanocomposite reinforced with spherical filler as: 

𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑚𝑚 (1 − 𝑎𝑎𝜑𝜑2/3)                                              (4.3) 

When particles and matrix possess good adhesion, a small portion of the stress is transferred 

by the interfacial region, if the deformation of the matrix is very small. In this case, stress is 

effectively transferred and tensile strength is a combination of the matrix and filler properties. 

Therefore, parameter a in Eq. (4.3) becomes smaller than 1.21 indicating strong adhesion.  

Another model presented by Kunori and Geil [150] associated the tensile strength of composite 

with parameter a, considering it as stress concentration factor as:  
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𝜎𝜎𝑅𝑅 = 𝑒𝑒𝑒𝑒𝑝𝑝 (−𝑎𝑎𝜑𝜑) (4.4) 

where 𝜎𝜎𝑅𝑅 is relative tensile strength and expressed as(𝜎𝜎𝑐𝑐 /𝜎𝜎𝑚𝑚). Higher values of parameter a 

indicate higher stress concentration.  

A model developed by Pukanszky [130] relates the spontaneous formation of interphase in the 

nanocomposite considering variation of tensile strength as a function of composition [151]. 

The model can be written as: 

 𝜎𝜎𝑅𝑅 = 𝜎𝜎𝑚𝑚  1−𝜑𝜑
1+2.5𝜑𝜑

𝑒𝑒𝑒𝑒𝑝𝑝 (𝐵𝐵𝜑𝜑)             (4.5)

Parameter 𝐵𝐵 is expressed as the load carried by the dispersed phase based on its interaction, 

which can be considered as a measure of matrix-filler adhesion. The parameter 𝐵𝐵 can be written 

as:  

𝐵𝐵 =  (1 + 𝐴𝐴𝐴𝐴𝐴𝐴) ln ( 𝜎𝜎𝑖𝑖
𝜎𝜎𝑚𝑚

) (4.6) 

where 𝐴𝐴 is surface area of particles, 𝐴𝐴 is the density of particle, 𝐴𝐴 and 𝜎𝜎𝑖𝑖 are thickness and 

strength of interphase, respectively.   

4.3 Materials and methods  

4.3.1 Preparation of UV curable resin 

UV curable resin was prepared and mixed with fumed silica filler in accordance with the 

methodology discussed in section 3.5 of chapter 3. 

4.3.2 Fabrication of 3D printed and casted samples 

3D printed samples were fabricated using a new photopolymer 5-axis 3D printer as discussed 

in detail in section 3.4 of chapter 3. Dog-bone specimens of specific dimension as discussed in 

section 3.6.4 of chapter 3 were fabricated. In order to compare the mechanical properties of 3D 

printed samples, casted samples were prepared using a mould of the type V dog-bone specimen 
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as shown in Figure 4.1. UV curable resin prepared as discussed in section 3.5 of chapter 3 and 

was manually poured into the mould using a syringe and placed under UV light box for 3 

minutes. Samples with 8%, 9% and 10% concentration of the filler prepared with two 

techniques; i.e. 3D printed and casting.

Figure 4.1. Mould used for fabricating casting samples 

4.4 Experimental procedure 

4.4.1 Tensile test 

In order to characterise and compare the mechanical properties (e.g. tensile strength and 

Young’s modulus) of 8%, 9% and 10% filler concentrations samples, tensile tests were 

conducted. Three dog-bone samples of each concentration of specific dimensions (following 

ASTM D638 standard type V) were fabricated in accordance with the methodologies 

discussed in section 4.3. Fillers of 8%, 9% and 10% concentrations were printed and casted 

as dog-bone samples. Results of the tensile tests are depicted in Table 4.1, and Figure 4.2 

shows the printed and cast samples after the test. As the viscosity of the pure resin is too low 
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to be extruded through nozzle, pure resin samples were only casted and not printed for testing. 

Tensile testing shows that pure resin have an ultimate tensile strength of 12.87 MPa. 

Table 4.1. Tensile properties of 8%, 9% and 10% 3D printed and casted samples 

Tensile properties of 3D printed 

samples 

Tensile properties of casted samples 

 

Filler 

concentration 

 

 

Sample 

Ultimate 

tensile 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

 

Filler 

concentration 

 

 

Sample  

Ultimate 

tensile 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

 

8% 

a 32.5 535  

8% 

a 7.5 195.4 

b 28 422 b 12.0 250 

c 16.7 209  c 13.5 308 

 

9% 

a 22.2 507  

9% 

a 10.3 141.5 

b 34.6 617 b 19.3 256 

c 27.6 623 c 11.8 259 

 

10% 

a 28.5 443  

10% 

a 12.9 231 

b 23.6 386 b 9.9 184.4 

c 25.4 448 c 13.0 249 
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(a) (b) 

Figure 4.2. (a) 3D printed specimen after tensile test (b) casted samples after tensile test 

4.5 Results and discussion 

4.5.1 Application of interfacial adhesion parameter models 

3D printed and casted samples were fabricated and tested as discussed in sections 4.3 and 4.4. 

Nicolais and Narkis model Eq. (3), Kunori and Giel model Eq. (4) and Pukanszky Model Eq. 

(5) were applied to investigate and compare the interfacial adhesion parameters of 3D printed

and casted samples. In order to convert the weight fraction into volume fraction, densities of 

filler (fumed silica) and UV dome 58 (polymer) are taken as 2.2 g/cm3 and 1.1 g/cm3

respectively. Volume fractions (𝝋𝝋) of 0.041, 0.047 and 0.052 were calculated for 8%, 9% and 

10% weight fractions, respectively. Figure 4.3 (a, b & c) represents the boxplots of the 

calculated interfacial adhesion parameters for 8%, 9% and 10% filler concentrations 

respectively based on Eq. (4.3), Eq. (4.4) and Eq. (4.5).   
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(a)

(b)
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(c) 

Figure 4.3. (a) 8% filler concentration boxplot (b) 9% filler concentration boxplot (c) 10% 

filler concentration boxplot 

From Figure 4.3 (a, b & c), it can clearly be seen that all three models predict very strong 

interfacial adhesion for 3D printed samples, when seen on the scale defined by each model for 

perfect and weak adhesion. Casted samples exhibit weak interfacial adhesion as their interfacial 

adhesion parameters are weaker when compared with 3D printed samples. 3D printed samples 

for 8%, 9% and 10% filler concentrations exhibit much stronger bond between the filler and 

the matrix resulting in higher ultimate tensile strength. In order to further investigate this 

behaviour of 3D printed samples and to elaborate the reason behind stronger interfacial 

adhesion, scanning electron microscopy (SEM) was used to study the distribution of the filler 

at subsurface in both 3D printed and casted samples.    

4.5.2 Scanning electron microscopy (SEM) 

Figure 4.4 shows SEM images of the 3D printed and casted samples. It is evident from the 

SEM images that the distribution of the filler in the 3D printed samples is more homogenous 
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and the filler is well distributed throughout the image, compared to the casted sample where 

the distribution is not homogenous and areas that are absence of filler can be seen. This could 

be the reason why the casted samples have weak interfacial adhesion and non-homogenous 

distribution of filler resulted in weak bond between filler and matrix in casted samples. 

Homogenous distribution of filler in 3D printed samples results in a strong matrix–filler 

adhesion providing strong bond and ultimately higher interfacial adhesion and mechanical 

properties. For nanocomposites with weak matrix-filler adhesion, the particles cannot sustain 

any externally applied load and the strength of the composite cannot be any higher than that of 

neat resin.  

Figure 4.4.SEM images of (a) 8% 3D printed sample (b) 8% cast sample (c) 9% 3D printed 

sample (d) 9% cast sample 

a) b) 

c) d) 
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4.6 Chapter summary  

In this chapter, interfacial adhesion parameters of 3D printed and casted samples were 

investigated with the aid of interfacial adhesion parameter models and SEM. Tensile tests were 

conducted on both 3D printed and casted samples in order to determine the tensile strength and 

Young’s modulus. Measure of interfacial adhesion was obtained by applying existing 

theoretical models. After comparing the interfacial adhesion of 3D printed and casted samples, 

it was found that printed samples exhibit stronger interfacial adhesion. Casted samples on the 

other hand demonstrated weak interfacial adhesion. In order to further demonstrate this finding, 

SEM was used to study the distribution of the filler on the subsurface of 3D printed and casted 

samples. SEM revealed that the silica filler is homogenously distributed throughout the matrix 

in 3D printed samples where, in case of casted sample, non-homogenous distribution is 

observed. Homogenous distribution of filler is believed to create strong bonds between matrix 

and filler in 3D printed samples, which lead to superior mechanical properties.   

In the next chapter, strain rate dependent mechanical behaviour of the photopolymer and 

photopolymer reinforced with nano silica filler will be studied. The chapter will investigate 

and validate the time dependent mechanical response using QLV model by combining hyper 

and viscoelastic phenomena. The viscoelastic properties of the photopolymer and 

nanocomposite will be determined.  
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CHAPTER 5:  INVESTIGATION OF THE STRAIN-RATE DEPENDENT 

MECHANICAL BEHAVIOUR OF A PHOTOPOLYMER MATRIX 

COMPOSITE WITH FUMED NANO-SILICA FILLER 

5.1 Introduction 

Photopolymers are light sensitive polymeric materials, which change their chemical and 

physical properties when exposed to UV light. These photopolymers are commonly used in 

additive manufacturing processes such as Stereolithography (SLA) and Fused Deposition 

Modelling (FDM). Polymers commonly exhibit weak mechanical properties; for example low 

stiffness and low strength. In order to improve their mechanical properties and expand their 

applications, fillers such as micro/nano sized silica, carbon nanotubes, CaCO3 and glass are 

added as polymer composites. In the recent past, there have been serious attempts on the 

development of more advanced materials by adding nano-fillers on different matrices for 

improved mechanical and physical properties. Nanocomposites have attracted scientists, 

engineers, and industrialists with the aim to design and develop nanocomposites having unique 

combinations of properties, unlike traditional materials. Nanocomposites could have 

polymeric, metallic or ceramic matrices. Generally, polymer matrix composites yield good 

specific stiffness, fatigue, corrosion resistance, and specific strength. Still, they exhibit weak 

residual strength and weak impact energy absorption [152-154]. Studies have been conducted 

in which nano sized fillers with different diameters have been added to polymeric materials 

[149], and it was reported that nano sized fillers with smaller diameters have more profound 

effect on mechanical properties. Also, it is evident from chapter 3, sections 3.3.1 and 3.3.2 that 

significant improvement in mechanical properties of 3D printed photopolymer was observed 

with the addition of nano sized silica filler.   
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An in depth understanding of the mechanical response of polymers over a range of strain rates, 

temperatures and pressures are required in a wide variety of fields, e.g. aerospace, automotive 

and medical devices. Researchers have characterised the mechanical response of polymers 

(specifically stress- strain relationship) over the past 40 years at strain rates between 10-4 and 

105 s-1 [155-158]. Polymers commonly exhibit time dependent mechanical response as shown 

by rate dependent yield strength, elastic moduli and post yield behaviour. A range of strain 

rates and temperatures can cause the polymer to change mechanical behaviour from rubbery to 

ductile plastic to brittle [159-165]. 

Traditional micromechanical analytical models [73, 166, 167] commonly used for micro-sized 

reinforcement composites, were recently used to predict the overall stiffness of 

nanocomposites. These conventional theories are based on the observation that the overall 

mechanical responses of composite materials are functions of constituent properties, volume 

fraction, the shape of inclusion and dispersion, but are not dependent on size. Finite element 

method [168-170] and molecular mechanics [171, 172]  have been recently used to study the 

behaviour of nanocomposite systems.  

There are various types of viscoelastic models which are proposed to predict the rate dependent 

behaviour of polymers. Green and Rivlin proposed the early models for capturing nonlinear 

response of viscoelastic solids in which stress is expressed as a function of the history of the 

deformation gradient. For materials with fading memory, Green and Rivlin [173] and Coleman 

and Noll [174] proposed constitutive models, which demonstrate the point that material 

response at present time is more strongly dependent on the latest deformations than those 

happened in the distant past. Pipkin and Rogers [175] used the history of strain rate rather than  

the history of strain to express the time dependent stress. In addition, they analysed the 

likelihood that such integral expressions are also effective when the role of stress and strain are 

switched. Scharphy [176] analysed the nonlinear viscoelastic behaviour of polymers 
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experiencing small deformations and expressed a nonlinear single integral model. In this 

model, he presented four nonlinear parameters related to instantaneous (elastic), loading rate, 

transient and accelerated/decorated time-dependent responses. In addition, he discussed dual 

representations, in which the roles of stress and strain are switched.  

In order to capture the viscoelastic behaviour of biological materials, Fung [177] proposed 

Quasi Linear Viscoelastic (QLV) model. In the QLV model, stress relaxation function is 

modelled by separating it into two functions, i.e. reduced (normalised) time function and 

nonlinear elastic function. The nonlinear elastic function can be derived from strain energy 

density function [178-180]. The benefit of using the QLV model is that it has mathematical 

and experimental advantages as it is easy to resolve the constitutive equations and material 

parameter characterisation. The reduced relaxation function is not special and any function that 

is continuous, positive and monotonically decreasing with time is acceptable.  

Muliana et al. [181] presented a modified form of QLV model in which they expressed strain 

as an integral of a nonlinear measure of the stress. They predicted the behaviour of elastomers 

[182] and light activated shape memory polymers using these models [183]. The QLV model

is commonly employed nowadays because it provides the simplest way to include both 

nonlinearity (dependence of properties of load or strain) and time dependence (viscoelasticity) 

in a simplified integral model. Apart from biomedical applications [184], the QLV model has 

also been employed to model materials such as elastomeric polymers, rubbers and composites 

[182, 185]. 

In this chapter, in order to study the rate dependent mechanical behaviour of the photopolymer 

and nanocomposite used in this study, tensile tests have been conducted at different loading 

rates to characterise the rate dependency of the material. Similar to chapter 3, fumed silica is 

used as the nano filler to enhance the mechanical properties. Different concentrations by weight 
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have been added in to the polymer and dog-bone samples have been fabricated by casting. QLV 

model which combines hyper elastic and viscoelastic phenomena have been implemented by 

developing a MATLAB script to capture the rate dependent mechanical response of the 

polymer and nanocomposites with different filler concentrations. The QLV model with Yeoh 

strain energy density function bears good agreement with the experimental results as it 

adequately captures the behaviour of all four filler concentrations and of the polymer.  

5.2 Materials and methods 

5.2.1 Preparation of UV curable resin and casting of samples  

UV curable resin was prepared and mixed with fumed silica filler in accordance with the 

methodology discussed in section 3.5 of chapter 3. 

Casting of the samples were carried out by following the procedure outlined in section 4.3.2 

of chapter 4. Six samples for the polymer, 4%, 8%, 9% and 10% filler concentrations were 

fabricated.  

5.3 Results and discussion  

5.3.1 Uniaxial tensile tests at different strain rates 

Stress relaxation, creep, and uniaxial tension are different experiments normally conducted to 

demonstrate the material properties of a rate dependent material.  However, the uniaxial tensile 

test is considered to be the most common mode of deformation. Uniaxial tension tests at 

different strain rates could provide plausible information about the viscoelastic behaviour of 

the rate dependent materials [186-188]. Therefore, we considered this mode to study the 

mechanical behaviour of the photopolymer (UV Dome 58) with four different filler 

concentrations e.g. 4%, 8% 9% and 10%. Tensile tests were conducted on dog-bone samples 

with specific dimensions (following ASTM D638 standard type V) as shown in Figure 5.1 at 

different strain rates of 1.3×10-2 s-1, 1.3×10-3 s-1 and 1.3×10-4 s-1. In order to capture the 
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localised strain in gauge part of the sample, a commercial digital image correlation (DIC) open 

source software GOM Correlate® was used, and a video camera was mounted in front of the 

tensile testing machine to record the test. Before the tests, random speckle patterns were created 

on the samples with the combination of white and black spray paint as shown in Figure 5.3 (c). 

Strain was measured using a recorded video from start of the experiment till the failure of the 

specimen. Depending on the deformation rate, the number of pictures per minute is chosen 

such that the smaller strain increment can be obtained from one image to another using DIC. 

(a) (b) (c) 

Figure 5.1. Dog-bone specimen of (a) polymer, (b) nanocomposite with silica filler, and (c) 

with random speckle pattern 

After the tests, recorded videos were post processed in GOM to obtain the strain in the gauge 

part of the specimen. Fig 5.2 (a, b & c) shows the DIC images captured during localised strain 

measurement at gauge part of the specimen.   
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(a) 

(b) 

(c) 

Figure 5.2. Strain measurement using GOM at gauge part (a) 10 mm/min (b) 5 mm/min (c) 

0.1 mm/min 
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Figure 5.3 (a, b & c) shows the stress-strain curves obtained for the polymer, as well as 

nanocomposites with 4%, 8%, 9% and 10% filler concentrations with the loading rates 

discussed above. As most rate dependent materials exhibit a stronger response to faster loading 

rates, the tensile strengths of the pure photopolymer as well as the nanocomposites with all four 

filler concentrations increase by increasing the strain rate. At 1.3×10-2 s-1, adding filler content 

decreased the strain to failure of the material except for 4%. At 1.3×10-3 s-1, pure polymer is 

found to exhibit more brittle behaviour compared to all the filler concentrations used, while 

4% filler showing high strain to failure demonstrating more ductile behaviour. At 1.3×10-4 s-1, 

pure polymer has low strain to failure compared to all filler concentrations used; 4% and 8% 

filler contents exhibited almost similar strain to failure demonstrating more ductile behaviour 

than other filler concentrations.  

Tensile strength of polymer is significantly increased by the addition of nano sized silica filler. 

Tensile strength of nanocomposite with 4% mass fraction of filler concentration is higher than 

8%, 9% and 10% at all loading rates, this is because by increasing the filler concentration 

diameter of the nanoparticles increases and the surface area decreases which leads to poor 

matrix-particle interfacial adhesion. Nanoparticles with higher surface area provide more 

enhanced matrix-particle interfacial adhesion. Increasing filler content increases the diameter 

of the filler and thereby decreasing the surface area, which results in poor matrix-particle 

interfacial adhesion, the particles are unable to carry any part of the externally applied load. 

Therefore, the strength of the composite cannot be higher than the neat polymer matrix [189] 

Nanocomposites could overcome these issues if a suitable processing method is selected for 

problems such as uniform dispersion of nano fillers in the matrix. Local stress concentration 

arises within the nanocomposite structure when aggregation is formed in the nano filler. While 

strength is heavily dependent on the effective stress transfer between particles and matrix. If 

the bond between the matrix and particle is weak, stress cannot be effectively transferred from 
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the matrix to the particles. This results in a premature failure of the polymer reducing its 

strength and strain to failure. To create a strong interface, a suitable nano filler that is 

compatible with the polymer matrix is essential. A Significant amount of research has been 

conducted using particulate nanocomposites and promising results have been obtained 

especially for the improvement of mechanical properties [190, 191].

(a)
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                                                                          (b) 

 

                                                                             (c) 
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Figure 5.3 Stress-strain curves of polymer, and particulate nanocomposites with 4%, 8%, 9% 

and 10% filler concentrations at strain rates of (a) 10 mm/min (b) 5 mm/min (c) 0.1 mm/min 

As seen in Figure 5.3, 4% filler concentration has stronger mechanical properties compared to 

8%, 9%, and 10%. Therefore, it can be established that 4% filler content is the maximum 

amount of filler at which photopolymer (UV Dome 58) exhibits a stronger response.  

5.4 Application of QLV model with Yeoh strain energy density function 

Viscoelasticity is the property of the materials that exhibits both viscous and elastic 

characteristics when undergoing deformation. After the load is applied, there is an 

instantaneous elastic deformation, and the viscous part occurs with respect to time. Fung [177] 

first proposed the Quasi-Linear Viscoelastic (QLV) model which is frequently used to study 

the behaviour of soft biological tissues. The QLV is capable of capturing elastic non-linearity 

of soft tissues. The Cauchy stress for QLV model is represented as 

𝝈𝝈(𝑡𝑡) = −𝑝𝑝𝑰𝑰 + 𝐹𝐹(𝑡𝑡) �𝑺𝑺𝒆𝒆[𝑪𝑪(𝑡𝑡)] + ∫ 𝑺𝑺𝒆𝒆[𝑪𝑪(𝑡𝑡)] 𝜕𝜕𝜕𝜕(𝑡𝑡−𝑠𝑠)
𝜕𝜕(𝑡𝑡−𝑠𝑠)

𝑑𝑑𝑑𝑑𝑡𝑡
0 � 𝑭𝑭(𝒕𝒕)𝑇𝑇 (5.1) 

where, 𝝈𝝈(𝑡𝑡) is the Cauchy stress tensor, 𝑭𝑭 is the deformation gradient, 𝑪𝑪 = 𝑭𝑭𝑻𝑻𝑭𝑭 is the right 

Cauchy-Green tensor, 𝑝𝑝 is Lagrange multiplier and I is identity tensor. The term  𝑺𝑺𝒆𝒆[𝑪𝑪(𝑡𝑡)] can 

be taken as effective (instantaneous) second Piola Kirchhoff elastic stress tensor [192].  

Recently, Slesarenko and Rudykh [186] demonstrated QLV model by combining Yeoh strain 

energy density function and Neo Hooken strain energy density function to study the behaviour 

of soft rubber-like digital material made by Polyjet multi-material 3D printing. They reported 

that QLV model with Yeoh strain energy density function successfully captures the behaviour 

of most of the soft digital materials.  

In this study, we employed a similar hyper-viscoelastic approach using QLV model with Yeoh 

strain energy density function to model the behaviour of our chosen material under uniaxial 
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tension. Equation (5.3) represents the QLV model with Yeoh strain energy density function, 

for the detailed theoretical background of the model readers are recommended to read the work 

of Slesarenko and Rudykh [186] and references therein.  

Strain energy density function for classical two-term Yeoh model [193] can be defined as 

𝑊𝑊 =  𝜇𝜇
2
�(𝐼𝐼1 − 3) + 𝛼𝛼

2
(𝐼𝐼1 − 3)2�    (5.2) 

where 𝜇𝜇 is the instantaneous shear modulus, 𝛼𝛼 is a constant. 

The Cauchy stress component for QLV model with Yeoh strain energy density function can be 

represented as 

 𝜎𝜎11(𝑡𝑡) =  [𝛼𝛼𝜆𝜆3(𝑡𝑡) + (1 − 3𝛼𝛼)𝜆𝜆(𝑡𝑡) + 2𝛼𝛼][𝜆𝜆(𝑡𝑡) − 𝜆𝜆−2(𝑡𝑡)] + 𝜇𝜇 ∫ 𝐷𝐷′(𝑡𝑡 − 𝑑𝑑)[𝛼𝛼𝜆𝜆3(𝑑𝑑) +𝑡𝑡
0

(1 − 3𝛼𝛼)𝜆𝜆(𝑑𝑑) + 2𝛼𝛼] �2
3
𝜆𝜆2(𝑡𝑡){𝜆𝜆−1(𝑑𝑑) − 𝜆𝜆−4(𝑑𝑑)} + 1

3
𝜆𝜆−1(𝑡𝑡){𝜆𝜆2(𝑑𝑑) − 𝜆𝜆−1(𝑑𝑑)}� 𝑑𝑑𝑑𝑑         (5.3)   

Stress relaxation function 𝐷𝐷(𝑡𝑡) defines the influence of current stress state in QLV model, 

which is represented here by the Prony series as  

𝐷𝐷(𝑡𝑡) = 1 − ∑ 𝛾𝛾𝑖𝑖 �1 − 𝑒𝑒
− 𝑡𝑡
𝜏𝜏𝑖𝑖�𝑛𝑛

𝑖𝑖=1 (5.4) 

𝛾𝛾𝑖𝑖 and 𝜏𝜏𝑖𝑖 relaxation coefficients and  represents relaxation times respectively. 

 Five term Prony series with relaxation times 𝜏𝜏 = 0.01, 0.1, 1, 10 and 100 s have been used 

considering relaxation occurs at different time scales and one term Prony series is normally 

insufficient to adequately define the material response at different rates. The experimental 

stress strain curves with different strain rates have been fitted with MATLAB script using trust 

region reflective algorithm with non-linear least square criterion. Figure 5.4 (a, b, c, d & e) 

exhibits the fitting results of the QLV model with Yeoh strain energy density function, Eq. 

(5.3). It can be clearly seen that the model shows very good agreement with experimental 
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results of pure polymer as well as nanocomposite with 4%, 8%, 9% and 10% filler 

concentrations. Table 5.1 shows the calibrated material parameters of the QLV model with 

Yeoh strain energy density function for the polymer, 4%, 8%, 9% and 10% filler 

concentrations. As seen in Table 5.1, instantaneous shear modulus µ increases with an increase 

in the filler concentration up to 8%, for 9% and 10% it was found to be decreasing. This is 

because with higher filler concentration particles tends to form agglomerates, which results in 

weak matrix-particle interfacial adhesion. Homogenous dispersion of nanoparticles helps to 

decrease the agglomeration and improve the mechanical properties. However, it is very 

challenging to homogeneously disperse the nano-filler because of the strong tendency of 

nanoparticles to agglomeration [194, 195]. In addition, as discussed in section 5.3.1, adding 

higher filler content decreases the surface area of the particles leading to weak interfacial 

adhesion, which is also a major contributor to weak mechanical properties.  

(a)
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(b) 

(c)
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(d) 

(e) 

Figure 5.4. Fitting of experimental results with QLV model with Yeoh strain energy density 

function (a) polymer (b) nanocomposite with 4% filler concentration (c) nanocomposite with 
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8% filler concentration (d) nanocomposite with 9% filler concentration (e) nanocomposite 

with 10% filler concentration 

Table 5.1. Material parameters for QLV model with Yeoh strain energy density function 

Calibrated parameters of QLV model with Yeoh strain energy density function 

 

Material  µ (MPa) α 𝜸𝜸𝟏𝟏 𝜸𝜸𝟐𝟐 𝜸𝜸𝟑𝟑 𝜸𝜸𝟒𝟒 𝜸𝜸𝟓𝟓 

 

Polymer 

 

 

   142.90 

 

-1.069 

 

0.999 

 

0.601 

 

0 

 

0 

 

0.742 

 

4% 

 

 

172.89 

 

-0.9416 

 

0.1025 

 

0.999 

 

0.3334 

 

0 

 

0 

 

8% 

 

 

245.322 

 

-0.1105 

 

0.7305 

 

0.999 

 

0.3744 

 

0 

 

 

0.6860 

 

9% 

 

 

231.45 

 

-0.5989 

 

0.5902 

 

0.999 

 

0.0343 

 

0 

 

0 

 

10% 

 

 

168.97 

 

-0.9679 

 

0 

 

0.999 

 

0.3768 

 

0.0295 

 

0.999 

 

5.5 Chapter summary  

In this chapter, the rate dependent behaviour of pure polymer and polymer reinforced with 

different concentration of filler have been studied by conducting tensile tests at different strain 

rates. Similar to chapter 3, fumed silica is used as a reinforcement and different concentrations 

of filler have been added to enhance the mechanical properties. It was found that the ultimate 

yield strength is significantly affected by the strain rate; for example, tensile strength of the 

photopolymer is 2.2 times higher at 1.3×10-2 s-1 compared to the tensile strength at 1.3×10-4 s-
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1. Adding silica filler enhanced the mechanical properties of the photopolymer; for example

with 4% filler content, tensile strength is 2.25, 2.38 and 2.42 times higher than the tensile 

strength of the polymer at 1.3×10-2 s-1, 1.3×10-3 s-1 and 1.3×10-4 s-1 respectively. QLV model 

combining hyper and viscoelastic phenomena have been used to capture the rate dependent 

non-linear behaviour of the material. Uniaxial tensile tests with three different strain rates have 

been used to calibrate and capture the viscoelastic parameters and time dependent response 

respectively. In the end, QLV model with hyper-viscoelastic phenomena successfully 

demonstrated the capability to capture the rate dependent stress-strain behaviour of the 

material, as the QLV model with Yeoh strain energy density function bears very good 

agreement with the experimental results.  

In the next chapter, experimental and numerical studies on the effect of silica filler on tensile 

strength of 3D printed particulate nanocomposite are conducted. The chapter will include FEM 

model which is used to study the behaviour of the high filler concentrations which were 

difficult to print using photopolymer extrusion technique.  
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CHAPTER 6: EXPERIMENTAL AND NUMERICAL STUDY ON THE 

EFFECT OF SILICA FILLER ON TENSILE STRENGTH OF 3D 

PRINTED PARTICULATE NANOCOMPOSITE 

6.1 Introduction 

As discussed in the introductory sections of Chapters 4 and 5, the most common technique to 

enhance the properties of polymers is the addition of reinforcements elements such as 

nanoparticles or fibres. Several composites have been manufactured by adding micro sized 

reinforcements in the past twenty years [196-198]. In this modern age, nano sized 

reinforcements have attracted a significant interest from scientific and industrial sectors. In 

fact, the nano sized reinforced composites have proven to show better mechanical behaviour 

when compared with conventional ones [199, 200]. Especially, significant amount of interest 

has been dedicated to bi-phase or multiphase systems in which inorganic nano fillers are added 

to the polymer. These nanometric fillers produce large surface area if homogenously distributed 

in the matrix; thus, these systems can potentially enhance the interfacial interaction between 

matrix and filler resulting in an improved mechanical properties of the material [201]. 

Researchers have reported considerable amount of enhancement in mechanical and tribological 

properties even at very low volume fractions [202]. Especially, some researchers have reported 

that ceramic and nano sized silica particles can prominently enhance bulk polymers’ 

mechanical properties [169, 202, 203]. This is true as significant improvement in tensile and 

flexural properties of the photopolymer after adding silica nanoparticles is evident from 

Chapter 3, sections 3.6.4.1 and 3.6.4.2.   

Finite Element Modelling (FEM) has been successfully implemented by some researchers to 

model the composites being reinforced with nanometric fillers. For instance, Liu and Chen [10] 

studied the possibility of applying FEM to composites reinforced with carbon nanotube using 
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representative volume element (RVE). Other numerical techniques such as 3D FEM and 2D 

nano scale FEM were also used by other researchers to model the mechanical behaviour of 

nanocomposite materials [204-206]. It can be noted that such FEM based models are 

commonly executed by using representative volume elements, thus making the assumption that 

the nanocomposite microstructure can be replicated by gathering large quantity of these 

elements. An RVE normally has one or more nanofiller(s) which is surrounded by resin, and 

adequate loads or boundary conditions are applied to predict the effect of the surrounding 

materials. It is considered as a building block to accumulate the composite. Until now, majority 

of the studies focused on linear elastic properties and yielding predictions for the elastic 

toughness of the nanocomposites with respect to filler concentration, filler properties and in 

some cases filler orientation. 

Zhang et al. [85] utilised the RVE technique to analyse the mechanical behaviour with 

particular attention to the damage mechanisms of SiCp reinforced Al composites using 

experiments and FEM. They developed a 3D microstructure FEM model predicting elasto-

plastic behaviour and breakage behaviour of 7% volume fraction of SiCp reinforced Al 

composite. Hua et al. [86] studied the mechanical behaviour of the dental composite resin 

reinforced with titanium oxide nanoparticles using a 3D nanoscale RVE. They characterised 

the effect of nano filler concentration, geometrical aspect, toughness and interphase zone 

among the matrix material and nano filler on bulk properties of the composite. Hua et al. [87] 

used nanoscale RVE to study interphase property and geometry effect on the mechanical 

behaviour of the silica-epoxy resin nanocomposite. They found that interphase modulus and 

interfacial bonding conditions have notable effect on effective stiffness of nanocomposites.  

In this chapter, mechanical behaviour of 3D printed silica reinforced nanocomposites have been 

analysed. Similar to Chapters 3 and 4, nano sized silica filler have been added to enhance the 

properties of 3D printed photopolymer. Different concentrations of the filler were added and 
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their effects on mechanical properties were studied by conducting uniaxial tensile tests. 

Improvement in mechanical properties by the addition of nano sized filler have been observed. 

In order to observe the tensile strength, dog-bone samples using new photopolymer extrusion 

printing were prepared. Stress relaxation tests were conducted on photopolymer in order to 

calibrate the viscoelastic parameters. A numerical model of nano reinforced particulate 

nanocomposite was developed which takes into account the nanostructure and dispersion of 

nanoparticles. Hyper and viscoelastic phenomena was employed to validate and analyse the 

stress-strain relationship of 8%, 9% and 10% filler concentrations. In order to represent the 

nanostructure, a 3D representative volume element (RVE) was developed on multi-scale 

material modelling platform DIGIMAT [207] and subsequent simulations were ran in 

commercial finite element package ABAQUS. The model with hyper and viscoelastic 

phenomena bears good agreement with experimental results of 8%, 9% and 10% filler 

concentrations. As part of parametric study, stress relaxation simulations, creep simulations 

and investigation of the effect of RVE size on tensile strength were carried out after validating 

the numerical model. In the end, empirical models were developed relating the tensile strength 

with range of filler concentrations and viscosity at different strain levels. Results acquired in 

this chapter could lead to better understanding of the mechanical characterisation of the 

nanoparticle reinforced composite, manufactured using the new photopolymer extrusion 5-axis 

3D printing technique.  

6.2 Experimental procedure  

6.2.1 A new photopolymer extrusion 5-axis 3D printing technique 

Samples were printed using a new photopolymer extrusion 3D printing technique the working 

principle of the technique is discussed in detail in section 3.4 of chapter 3.  
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6.2.2 Preparation of UV curable resin 

UV curable resin was prepared and mixed with fumed silica filler in accordance with the 

methodology discussed in section 3.5 of chapter 3. 

6.2.3 Adequate material viscosity for printing  

Methodology of finding the adequate amount of viscosity is discussed in detail in section 3.6.1 

of chapter 3. In accordance with the findings observed in section 3.6.1 of chapter 3, only a 

narrow window of filler concentrations of 8%, 9% and 10% (corresponding to the dynamic 

viscosities of 15000 cP and 25000 cP) were found to be suitable to print reliably. So, in this 

chapter, filler concentrations having 8%, 9% and 10% mass fraction were used to print the 

samples.  

6.2.4 Tensile test 

In order to observe the tensile strength of the printed parts, dog-bone specimens following the 

similar standard and procedure as discussed in chapter 3 section 3.6.4 were printed (Figure 6.1) 

and tensile tests were conducted on each specimen to observe the tensile strength and strain to 

failure.  

 

Figure 6.1. ASTM D638 printed specimen 

As discussed in section 6.1, fillers are employed to enhance the mechanical properties of the 

polymers. However, there are certain characteristics on which the overall strength of the 

nanocomposite rely, e.g. matrix-particle interfacial adhesion, particle size and particle loading 

[149] . As it is generally understood that adding fillers might increase the mechanical properties 

of the nanocomposite, but stresses sometimes do not behave as it is expected [189]. Particle 
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size plays a very important role in increasing the strength of the composite. Also discussed in 

section 5.3.1 of chapter 5 that Dittanet and Pearson [23] studied the effects of different particle 

sizes on tensile strength of the composite by increasing the volume fraction and concluded that 

nano sized particles increase the tensile strength with increasing volume fraction. This is true 

as smaller particles have larger surface area providing more enhanced matrix-particle 

interfacial adhesion, which results in effective transfer of the stress from the matrix to particles. 

Increasing filler content increases the diameter of the filler and thereby decreasing the surface 

area which sometimes results in poor matrix-particle interfacial adhesion, and as a result, the 

nanoparticles cannot withstand majority of the externally applied force. Therefore, the 

mechanical properties of the composite will be similar as that of neat resin.   

As shown in Table 6.1, tensile strength of sample with 8% filler concentration is higher than 

that of 9% and 10%; this is caused by better interfacial adhesion because at lower filler 

concentration nanoparticles have larger surface area which gives rise to better bond between 

matrix and nanoparticles. Tensile strength of 10% filler concentration is close to 9% but lower 

than 8% because higher filler content increases the diameter and decreases the surface area 

which results in weak interfacial adhesion leading to weak mechanical properties. Figure 6.2 

shows the stress-strain curves of the 8%, 9% and 10% filler concentrations, it can been seen 

that increasing volume fraction made the samples less elastic as strain at break of both 9% and 

10% filler concentrations is smaller compared to 8% filler concentration.  

Table 6.1. Tensile properties of 8%, 9% and 10% filler concentrations 

Filler concentration (%) Tensile strength (MPa) Strain at break (%) 

8% 28 11 

9% 22.2 5.6 

10% 23.6 8.6 
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Figure 6.2. Stress-strain curve of 8%, 9% and 10% filler concentrations 

 

6.3 Finite element simulations procedure  

6.3.1 Constitutive equations 

The experimental stress stain data of polymer (UV Dome 58) was used to calibrate an isotropic 

hyperelastic strain energy density function (SEDF) in ABAQUS in order to obtain the material 

constants to be used in FE simulations. After performing the curve fitting procedure in 

ABAQUS, out of various SEDF available, Yeoh’s function captured the behaviour of the 

photopolymer more accurately as shown in Figure 6.3. Yeoh’s model in the form of SEDF can 

be written as 

                                           𝑊𝑊 = ∑ 𝐶𝐶𝑖𝑖0(Ῑ1 − 3)𝑖𝑖 + ∑ 1
𝐷𝐷𝑖𝑖

(𝐽𝐽 − 1)2𝑖𝑖𝑁𝑁
𝑖𝑖=1

3
𝑖𝑖=1                               (6.1) 
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Figure 6.3. Curve fitting using different SEDF in ABAQUS 

 

where 𝐽𝐽 = det(𝐹𝐹) and F is considered as deformation gradient. The term Ῑ1 is the first invariant 

of the left Cauchy-Green strain tensor B. ABAQUS employs linear least square fitting in order 

to calibrate the material constants. The calibrated material constants of the Yeoh’s function are 

shown in Table 6.2. 

Table 6.2. Material constants for Yeoh's strain energy density function 

𝑪𝑪𝟏𝟏𝟏𝟏 (MPa) 𝑪𝑪𝟐𝟐𝟏𝟏 (MPa) 𝑪𝑪𝟑𝟑𝟏𝟏 (MPa) 𝑫𝑫𝟏𝟏 𝑫𝑫𝟐𝟐 𝑫𝑫𝟑𝟑 

76.88 -1225.40 13201.63 6.002e-3 0 0 

 

6.3.2 Stress Relaxation Test 

ABAQUS uses Prony series in order to obtain the coefficients of the viscoelastic material as 

shown in equations 6.2. To calibrate the Prony series coefficients in ABAQUS, stress 
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relaxation test was conducted at room temperature, sample was subjected to constant strain of 

6% applied at the rate of 3 mm/min. Curve fitting procedure was carried out as shown in Figure 

6.4, it is quite evident from Figure 6.4 that the normalised shear moduli obtained from 

ABAQUS are in good agreement with the experimental stress relaxation data. Table 6.3 shows 

the Prony series coefficients obtained by curve fitting procedure.   

𝑔𝑔𝑅𝑅(𝑡𝑡) = 1 − ∑ 𝑔𝑔𝑖𝑖
−𝑝𝑝 �1 − 𝑒𝑒

−𝑡𝑡
𝜏𝜏𝑖𝑖
𝐺𝐺�𝑁𝑁

𝑖𝑖=1                                 (6.2) 

Table 6.3. Prony series coefficients 

G(i) K(i) Tau(i) 

1 0.2950 0 23.90 

2 0.4050 0 451.61 

 

 

Figure 6.4. Normalised shear modulus vs time                                                                                 
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6.3.3 Finite element modelling  

The nanostructure of silica reinforced photopolymer matrix nanocomposite is shown by a 3D 

RVE (220 nm each side) for 8%, 9% and 10% filler concentrations as shown in Figure 6.5 (a, 

b & c), respectively. 30 similar spherical silica nanoparticles are randomly dispersed in the 

matrix. Random sequential adsorption algorithm [208] is used to generate nanoparticle centres, 

in which probability of finding a nanoparticle at a given position is same in all directions. 

Nanoparticle diameter is dependent on the volume fraction and aspect ratio. Aspect ratio of 1 

is chosen for all filler concentrations. As the silica nanoparticles have the diameter of around 

30 nm shown in Figure 3.11 of chapter 3, same is used for 8% filler concentration, the diameter 

increases with an increase in volume fraction. Elastic modulus of fumed silica nanoparticles 

was taken as Ep= 70 GPa and Poisson’s ratio as ʋp= 0.3. For the properties of resin matrix epoxy 

urethane, calibrated Yeoh’s hyperelastic material constants and Prony series coefficients were 

used as discussed in sections 6.3.1 and 6.3.2. Both phases are meshed with quadratic 

tetrahedron elements (C3D10M) with initial seed size of 11 nm as shown in Figure 6.6. In order 

to extend the RVE periodically periodic boundary conditions implemented from a user defined 

python script and were applied in all directions, i.e. observing the interlinkage among the RVE 

with its reflecting images. Displacement vector u was used to express the periodic boundary 

conditions, which relates the displacement among the opposed ends rendering to  

                                        𝒖𝒖(𝑒𝑒,𝑦𝑦, 0) − 𝒖𝒖𝒛𝒛 = 𝒖𝒖(𝑒𝑒, 𝑦𝑦, 𝐿𝐿)                                            (6.3) 

                                         𝒖𝒖(𝑒𝑒, 0, 𝑧𝑧) − 𝒖𝒖𝒚𝒚 = 𝒖𝒖(𝑒𝑒, 𝐿𝐿, 𝑧𝑧)                                            (6.4) 

                                         𝒖𝒖(0,𝑦𝑦, 𝑧𝑧) − 𝒖𝒖𝒙𝒙 = 𝒖𝒖(𝐿𝐿, 𝑦𝑦, 𝑧𝑧)                                             (6.5)  

in which L corresponds to the RVE length and x, y, and z are coordinate axes and 𝒖𝒖𝒙𝒙, 𝒖𝒖𝒚𝒚 and 

𝒖𝒖𝒛𝒛 are dependent on the load applied to the RVE. A strain equal to the strain at break observed 

during uniaxial tensile test for each concentration was applied to the model in x-direction.  
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                  (a)                                              (b) (c) 

Figure 6.5. RVE showing (a) 8% filler concentration nanostructure (b) 9% filler 

concentration nanostructure (c) 10% filler concentration nanostructure 

 

Figure 6.6. RVE showing periodic boundary conditions, applied load and mesh                                                                                   
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6.3.4 FE simulations and model verification  

A nanoscale RVE reinforced by silica filler with different concentrations was validated in this 

study, FE simulations were ran on RVE composed of randomly dispersed nanoparticles with 

proper boundary conditions as discussed in section 6.3.3 and results were compared with 

experiments. Many researchers have validated the hyperelastic models with experimental data 

[209-212] using different FE packages. In order to validate the proposed model, Yeoh’s 

hyperelastic coefficients and Prony series coefficients were applied to the FE simulations of 

samples with filler concentrations of 8%, 9% and 10% and the results were compared with the 

experimental results.  

Comparisons of the output obtained from the experiments and the FE model are depicted in 

Figures 6.7, 6.9 & 6.11. It is observed that the FE simulation with hyper and viscoelastic model 

using Yeoh’s SEDF has good agreement with the experimental stress-strain curves of samples 

printed with 8%, 9% and 10% filler concentrations. Figures 7, 9 & 11 show the contour plots 

of the 8%, 9% and 10% filler concentrations respectively. Figures 6.8 (a), 6.10 (a) & 6.12 (a) 

show the reaction forces of the respective filler concentrations, stress was obtained by dividing 

the area of RVE with reaction force. Figures 6.8 (b), 6.10 (b) & 6.12 (b) show the displacement 

of the respective filler concentration, strain was obtained by dividing the length of the RVE 

with displacement.  
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Figure 6.7. Comparison of stress-strain curves obtained from experiments and FEM for 8% 

filler concentration 

       

(a)                                                                        (b) 

Figure 6.8. Contour plot showing (a) reaction and (b) displacement for 8% filler 

concentration 
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Figure 6.9. Comparison of stress-strain curves obtained from experiments and FEM for 9% 

filler concentration 

(a) (b) 

Figure 6.10. Contour plot showing (a) reaction force and (b) displacement for 9% filler 

concentration 
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Figure 6.11. Comparison of stress-strain curve obtained from experiments and FEM for 10% 

filler concentration 

    

                    (a) (b)   

Figure 6.12. Contour plot showing (a) reaction force and (b) displacement for 10% filler 

concentration       
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6.4 Parametric study  

After validating the numerical model, parametric study was carried out on 8%, 9% and 10% 

filler concentrations which included stress relaxation simulations, creep simulations and 

investigating the effect of RVE size on the tensile strength of nanocomposite.  

6.4.1 Stress relaxation  

Figure 6.13 represents the stress relaxation diagram of 8%, 9% and 10% filler concentrations.  

A constant displacement was applied for a very short period of time in all three filler 

concentrations, initial vertical line shows the stress it took to displace the material. As the 

material is held at the applied constant displacement, the stress in the material decreases over 

time as evident from Figure 6.13. At the end, the stress became constant indicating the material 

has reached equilibrium.  

 

Figure 6.13. Stress relaxation curve of 8%, 9% and 10% filler concentration 

6.4.2 Creep  

Figure 6.14 shows the creep curve of 8%, 9% and 10% filler concentrations. Instantaneous load 

equivalent to 5 MPa stress was applied in all three filler concentrations. As seen in Figure 6.14, 
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initial straight line indicates instantaneous deformation, this deformation is partially elastic. 

After this, deformation rate decreases with time, this phase is called a transient or primary creep 

and is not considered to represent damage. Finally, the creep is moving toward stabilisation, 

where the rate of creep will be nearly constant, this stage is called secondary creep.  

Figure 6.14. Creep curve of 8%, 9% and 10% filler concentrations 

6.4.3 Effect of RVE size on tensile strength 

In order to study the effect of RVE size on tensile strength, RVE with 3 different sizes were 

developed. RVE models of 150 nm × 150 nm × 150 nm, 175 nm × 175 nm × 175 nm, and 200 

nm × 200 nm × 200 nm sizes were developed for 8%, 9% and 10% filler concentrations. After 

running the simulations it was found that RVE size does not have any significant effect on the 

tensile strength of all three filler concentrations used.  
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6.5 Empirical model 

As discussed in section 3.1 of chapter 3, filler concentrations having the viscosity in a range of 

15000 cP to 25000 cP were found to be suitable to print reliably. However, after validation of 

the numerical model, mechanical behaviour of the concentrations that were difficult to print 

can be simulated. In order to explore the mechanical behaviour at wider range of filler 

concentrations, the empirical models based on maximum tensile strength versus different filler 

concentrations and viscosity at different strain levels were developed.  

6.5.1 Maximum tensile strength vs filler concentrations at 8%, 10% & 
12% strain levels 

Figure 6.15, 6.16 & 6.17 and Eq. (6.6), (6.7) & (6.8) represents the polynomial order 3 fit and 

its equations for the maximum tensile strength at 8%, 10% & 12% strain levels versus range of 

filler concentrations respectively.  

 

Figure 6.15.Polynomial order 3 fit for maximum stress at 8% strain vs different filler 

concentrations 

                    𝑓𝑓(𝑒𝑒) = −0.00019𝑒𝑒3 + 0.00932𝑒𝑒2 + 0.07385𝑒𝑒 + 19.92                      (6.6) 
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Figure 6.16. Polynomial order 3 fit for maximum stress at 10% strain vs different filler 

concentrations 

                    𝑓𝑓(𝑒𝑒) = −0.00146𝑒𝑒3 − 0.01576𝑒𝑒2 + 0.3961𝑒𝑒 + 20.39                        (6.7) 

 

Figure 6.17. Polynomial order 3 fit for maximum stress at 12% strain vs different filler 

concentrations 
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                    𝑓𝑓(𝑒𝑒) = −0.00201𝑒𝑒3 − 0.07113𝑒𝑒2 + 0.3008𝑒𝑒 + 24                        (6.8) 

6.5.2 Maximum tensile strength vs viscosity at different strain levels  

Figures 6.18, 6.19 & 6.20 and Eq. (6.9), (6.10) & (6.11) represent the power term 2 fit and its 

equations for the maximum tensile strength at 8%, 10% & 12% strain levels versus viscosity 

respectively.  

 

Figure 6.18. Power term 2 fit for maximum stress at 8% strain vs viscosity 

                           𝑓𝑓(𝑒𝑒) = −14.73𝑒𝑒−1.001 + 22.11                          (6.9) 
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Figure 6.19. Power term 2 fit for maximum stress at 10% strain vs viscosity 

𝑓𝑓(𝑒𝑒) = −26.16𝑒𝑒−0.6493 + 26.04               (6.10) 

Figure 6.20. Power term 2 fit for maximum stress at 12% strain vs viscosity 

𝑓𝑓(𝑒𝑒) = −85.7𝑒𝑒−1.066 + 35.06                              (6.11) 
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6.6 Chapter summary 

In this chapter, a detailed experimental and numerical study have been carried out on 3D printed 

particulate nanocomposites. As mentioned in chapter 1 that photopolymer extrusion is a new 

3D printing technique and the mechanical behaviour of the samples printed is yet to be 

explored, therefore experimental and numerical analysis on the parts manufactured using the 

novel technique have been successfully carried out. Nano silica filler is used as reinforcement 

to enhance the mechanical properties of the photopolymer. Different concentrations of fumed 

silica filler have been added and its effect on mechanical properties have been analysed. A 

significant improvement in the tensile strength of the photopolymer was observed; for example 

tensile strength after the addition of 8%, 9% and 10% silica filler was 1.87, 1.48 and 1.57 times 

the tensile strength of the pure photopolymer respectively. A finite element model using hyper 

and viscoelastic phenomena have been developed and successfully corroborated with the 

experimental results. Multi-scale material modelling platform DIGIMAT was used to develop 

the RVE to represent the nanostructure of the nanocomposite, silica nanoparticles were 

randomly dispersed and proper boundary conditions were applied. Properties of the matrix 

were represented by Yeoh’s material constant and Prony series coefficients. FE simulations 

were conducted using ABAQUS after importing the user defined python script. The developed 

FE model based on hyper and viscoelastic phenomena successfully captured the behaviour of 

the 3D printed nano silica reinforced particulate nanocomposite. By employing the 

combination of hyperelasticity and viscoelasticity, the model was found to have good 

agreement with experimental stress-strain relationship of 8%, 9% and 10% filler 

concentrations. Stress relaxation and creep behaviour of 8%, 9% and 10% filler concentrations 

were simulated after validating the numerical model as part of the parametric study. In addition, 

effect of RVE size on tensile strength was also analysed. As mentioned in section 3.6.1 of 

chapter 3, only narrow window of 8% to 10% filler concentrations can be reliably printed 
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because of viscosity. Therefore, in order to explore mechanical properties of wide range of 

filler concentrations, empirical models were developed. The empirical model provided the 

tensile strengths of the filler concentrations that were not possible to be printed with the 

photopolymer extrusion 3D printer at different strain levels, providing the possibility to analyse 

the mechanical properties at range of filler concentrations.  
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CHAPTER 7:  CONCLUSIONS AND FUTURE WORK 

A comprehensive mechanical characterisation, analysis and modelling of particulate 

nanocomposites made by a new photopolymer extrusion 3D printing technique have been 

carried out in this work. As the technique is relatively new, the mechanical properties, analysis 

and modelling of the printed parts have not been investigated yet. Therefore, investigations 

based on detailed experimentations and modelling approaches were undertaken in order to 

explore the mechanical behaviour of the 3D printed particulate nanocomposites.  

7.1 Conclusions  

First, a detailed experimentation was carried out in order to study the mechanical properties of 

the parts. The photopolymer resin is used as a base material in this technique and in order to 

reinforce the polymer and make the resin non-Newtonian, fumed silica filler is added. Effect 

of silica filler on mechanical properties, viscosity and dimensional accuracy have been 

investigated. As the technique has two additional rotational axes, capability to print free form 

and self-supported structures have been analysed. This leads to the work carried out in chapter 

3.  

Results showed that samples bearing viscosity in a range of 15000 cP to 25000 cP 

corresponding to 8% to 10% filler concentrations can be printed reliably. Fumed silica as filler, 

enhanced the mechanical properties of the polymer as demonstrated by the significant increase 

in tensile and flexural strengths. The effect of the filler on dimensional accuracy revealed that 

higher filler concentrations could lead to more deviated printed dimensions as it is difficult to 

extrude from the extrusion nozzle. Its capability to print free form and self-supported structures 

utilising rotational axes have been successfully demonstrated by printing stair case and 

horizontal U shape objects.  
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The strength of 3D printed objects heavily rely on interfacial adhesion i.e. bond between matrix 

and nanoparticles. Therefore, an experimental study was carried out in order to observe the 

interfacial adhesion of 3D printed particulate nanocomposites. A comparison of interfacial 

adhesion of 3D printed samples was drawn by fabricating the samples using casting. Tensile 

tests were conducted on 3D printed and casted samples. Existing theoretical models were used 

to determine the interfacial adhesion of 3D printed and cast samples. This leads to the work 

carried out in chapter 4.  

Results revealed that 3D printed samples possess stronger tensile strength and Young’s 

modulus compared to the casted samples. In order to find out the reason behind the strong 

mechanical properties of 3D printed samples, their interfacial adhesion was measured and 

compared with that of casted samples. It was found that interfacial adhesion in 3D printed 

samples is stronger compared to casted samples, which led to strong mechanical properties for 

3D printed samples. To further elaborate the reason behind this behaviour of 3D printed 

samples, SEM micrographs were used to study the distribution of silica filler at subsurface of 

both 3D printed and casted samples. In the case of 3D printed samples, SEM micrographs 

revealed that the filler is homogenously distributed throughout the sample, where in casted 

sample, non-homogenous distribution was observed as clear absence of filler was evident. This 

leads to the strong mechanical properties in 3D printed samples.  

Polymers are viscoelastic materials, which exhibit time dependent response. They also possess 

weak mechanical properties and to enhance the properties, fillers are added. In order to enhance 

the mechanical properties and study the time dependent response of the photopolymer resin 

used in this research, a comprehensive study based on experimental and theoretical modelling 

is carried out. Different concentrations of fillers were added to enhance the properties, and 

tensile tests were conducted at different strain rates to observe the rate dependent response. 
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QLV model based on hyper and viscoelastic phenomena was used to capture the rate dependent 

response and these are reported in chapter 5.  

Results show that addition of the reinforcement filler significantly enhanced the mechanical 

properties of the polymer. 4%, 8%, 9% and 10% filler concentrations were used to enhance the 

properties of the polymer. However, it was found that 4% filler content had more profound 

effect on mechanical properties compared to all other filler concentrations used. This is because 

increasing the filler content decreases the surface area of the nanoparticles, also nanoparticles 

have the tendency to form agglomerates. This leads to weak interfacial adhesion causing the 

nanocomposite to exhibit weak mechanical properties. As viscoelastic materials exhibit time 

dependent response, tensile strength of the polymer and all filler concentrations increased by 

increasing the strain rate. Three different strain rates of 1.3×10-2 s-1, 1.3×10-3 s-1 and 1.3×10-4 

s-1 were used and stronger response was captured at 1.3×10-2 s-1. QLV model combining hyper

and viscoelastic phenomena have been used to model the rate dependent behaviour of the 

material. MATLAB script of the QLV model with Yeoh strain energy density function was 

developed in optimisation tool box, global fitting procedure was carried out with nonlinear 

least square criterion and trust region reflective algorithm.  It was found that QLV model bears 

very good agreement with the rate dependent stress-strain response of the pure polymer and 

nanocomposite with 4%, 8%, 9% and 10% filler concentrations.  

Finally, experimental and numerical studies on the effect of filler on mechanical properties 

were also carried out. Tensile and stress relaxation tests were conducted on the samples. 

Numerical model combining hyper and viscoelastic phenomena was developed using the 3D 

RVE. RVE was developed on multi-material modelling platform DIGIMAT© and subsequent 

simulation were performed in ABAQUS. The results of these studies are reported in chapter 6. 
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8%, 9% and 10% filler concentrations were used to enhance the mechanical properties of the 

samples. Results show that fumed silica filler enhanced the mechanical properties of the 3D 

printed samples. 8% filler found to have more profound effect on tensile strength of 3D printed 

samples compared to 9% and 10%. Reason behind this behaviour is decrease in surface area of 

nanoparticles and agglomeration at higher filler content. Numerical model was developed 

combining hyper and viscoelastic phenomena and it was found that the developed model has 

good agreement with the experimental stress-strain results of 8%, 9% and 10% filler 

concentrations. After validating the numerical model, parametric study was carried out, which 

included stress relaxation behaviour, creep behaviour and the effect of RVE dimensions on 

tensile strength. In order to study the behaviour of high filler concentrations which were 

difficult to print due to their high viscosities, empirical models were developed. The developed 

empirical models could provide prediction of tensile strength of wide range of filler 

concentration.  

7.2 Contributions 

• Experimental study carried out in chapter 3 proposed a suitable range of viscosity to

print the nanocomposite smoothly using the proposed technique. Different

concentrations of the filler were added and their viscosities were measured, based on

the viscosity it was proposed that 8% to 10% filler concentrations can be printed

reliably. Effect of filler on mechanical properties, dimensional accuracy and surface

roughness was also determined which provided plausible information on the addition

of the filler for the respective tasks. The capability of the proposed technique for

printing free-form and self-supported structures using addition rotational axes is also

successfully demonstrated by printed stair case and horizontal U-shape objects.

• Study conducted in chapter 4 outlined a very important property of 3D printed

nanocomposite i.e. interfacial adhesion.  Interfacial adhesion of 3D printed samples
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were compared with cast samples using the existing interfacial adhesion parameter 

models and the reason behind the superior interfacial adhesion of 3D printed samples 

was elaborated with the help of SEM micrographs  

• In chapter 5 effect of filler on tensile strength was studied, different concentrations of

filler were added. Filler concentration which had more profound effect on tensile

strength compared to other concentrations was proposed.  QLV model with Yeoh strain

energy density function was used to calibrate the viscoelastic properties and to capture

strain rate dependent mechanical behaviour of the polymer and nanocomposite.

Uniaxial tensile tests were conducted at different strain rates. MATLAB script of the

QLV model with Yeoh strain energy density function was developed in optimisation

tool box, global fitting procedure was carried out with nonlinear least square criterion

and trust region reflective algorithm. It was found that QLV model combining hyper

and viscoelastic phenomena successfully captured the stress-strain behaviour of the

polymer and the nanocomposite with 4%, 8%, 9% and 10% filler concentrations.

• In chapter 6, FE model of 3D printed nanocomposite having 8%, 9% and 10% filler

concentrations was developed based on the hyper-viscoelastic material behaviour. FE

model was developed using commercial FE package ABAQUS©, the nanostructure of

the nanocomposite was imported from multi-material modelling platform DIGIMAT©.

After validating the FEM as part of the parametric study stress relaxation behaviour,

creep behaviour and effect of RVE size on tensile strength were evaluated.

Furthermore, FEM model was used to predict the mechanical behaviour of the filler

concentrations having high weight fractions i.e. an empirical model was developed

which predicts the mechanical behaviour of the nanocomposite based on filler

concentration and viscosity.
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7.3 Future work 

Based on the findings obtained in this thesis, some potential directions for future research are 

as follows:  

• Experimental study conducted in chapter 3 can be extended by printing and testing type

V specimen with 6 mm thickness in order to analyse the effect of thickness on

mechanical properties. In addition, fatigue test can be carried out to study the fatigue

life of the 3D printed nanocomposite.

• A different filler having diameter in micrometre can be added to reinforce the polymer

and results can be compared with the results obtained in this thesis.

• Study on interfacial adhesion of 3D printed nanocomposite conducted in chapter 4 can

be extended by adding surfactant or linker with fumed silica filler to avoid

agglomeration and have better homogenisation.

• FEM study conducted in chapter 6 can be extended by studying the role of interphase

on tensile strength. Furthermore, damage mechanism of the nanocomposite can also be

investigated using FEM.

• One of the distinct feature of this hybrid 3D panting technique is the two additional

rotational axes, its additional capability to print free-form and freestanding structures

have been successfully demonstrated in this research. However, more researches are

needed to develop new path generation algorithm that can convert the CAD models into

printing path.
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